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Abstract 

The North Pacolet River valley is incised into the Blue Ridge Escarpment (BRE) near Tryon in southwestern North Carolina. The 
BRE is a mountain front that marks the change from the mountainous Blue Ridge physiographic province to the lower, rolling 
topography of the foothills zone of the Piedmont provinces. This escarpment is often comprised of steep slopes with exposed 
bedrock cliffs and shallow colluvial soils. The down slope sides of the escarpment have evidence of past slope movements in the 
form of large scale deposits, debris fans, talus slopes, and dormant debris slides. Debris flows have been documented along the 
BRE in multiple past storm events including those in 1916, 1940, 1996, and 2004. On May 18, 2018, debris flows again initiated 
near the top of the BRE slopes and travelled down to the North Pacolet River valley floor during heavy rains on soils with high 
antecedent moisture contents. At least 27 debris flows were initiated, travelling up to ~966 meters (~3,170 feet) down drainages 
below. At least 6 homes were damaged or destroyed and one fatality occurred due to these debris flows. Main highways, 
interstates, and multiple private roads were covered by the debris. Appalachian Landslide Consultants, PLLC (ALC) and the 
North Carolina Geological Survey (NCGS) responded to this emergency situation in order to provide Polk County Emergency 
Management information about the stability of the slopes before the arrival of Tropical Depression Alberto just 9 days after the 
May 18 rains. During this reconnaissance, ALC and the NCGS identified areas of potential instability in the coming rains. 
County Emergency Management used this information when deciding to issue a voluntary evacuation recommendation to the 
people of the North Pacolet River valley. This paper discusses the findings of the reconnaissance mapping, as well as a general 
overview of the integration of geological information into emergency response and preparation. 

Keywords: debris flow; North Carolina; Blue Ridge Escarpment, landslide, natural hazards identification, management policy 

1. Introduction

On May 18, 2018, the North Pacolet River valley (Pacolet Valley), on the Blue Ridge Escarpment near Tryon, in
Polk County, North Carolina, received as much as 20 cm (8 inches) of rain in just a few hours (NCEI, 2018b). These 
heavy rains triggered numerous small and large slope movements, particularly impacting communities near U.S. 
Highway 176 and Warrior Drive. “One 59-year-old woman died when her garage collapsed as she was trying to flee 
her home. Her husband was swept into Highway 176 but survived with mostly minor injuries” (NCEI, 2018b). These 
landslide events impacted all who lived in the Pacolet Valley, as the Highway was closed for several days while mud 
from the debris flows was removed. Some people in the community whose homes were damaged were not able to 
return for several months. Other homes were completely destroyed and dismantled by the owners. These events 
occurred nine days before Subtropical Depression Alberto was forecast to hit the same area. 
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Fig. 1. Hillshade map of Western North Carolina. Ellipsoids define erosional reentrants into high relief areas. Blue Ridge Escarpment extends 
from the southern to northern border of North Carolina, separating the mountains from the piedmont. Landslide locations from the NC Geological 
Survey geodatabase are indicated as yellow polygons for 1916 landslide areas, and red points for all other mapped landslide locations. 

While these damaging debris flows took residents by surprise, there is evidence that debris flows have been 
taking place in this valley and similar topographic regions in North Carolina for quite some time. During 
reconnaissance mapping of the 2018 debris flows, previous slope movement deposits were identified, but dates were 
not determined. Many homes had been built on debris deposits or close to streams draining the steep slopes above. 
Landslide susceptibility maps are not available for Polk County, and people in the valley were not aware of these 
hazards. 

1.1. Geomorphic Location 

The North Pacolet River valley is a reentrant incised into the regional landform known as the Blue Ridge 
Escarpment (BRE) (Fig. 1). The BRE is a high relief, erosional feature that extends from northeast Georgia to 
northwest Virginia, which generally corresponds with the Eastern Continental Divide, and marks the boundary 
between the Blue Ridge Mountains and the rolling foothills of the Piedmont physiographic province to the east 
(Wooten et al, 2016). Landslides, particularly rapid to extremely rapid-moving debris flows and slides, have been 
recorded along the Blue Ridge Escarpment in multiple storms in historic times. “Heavy rainfall, when combined 
with the high-relief areas of certain landforms and erosional reentrants into them, are more prone to debris flow 
activity,” (Wooten et al, 2016) (circled areas in Fig 1). This is especially the case with high antecedent soil moisture 
conditions. In the past 102 years, there have been four scenarios where back-to-back, major storms within 6-20 days 
of each other triggered debris flows in WNC (July 15-16 1916; August 1940; September 2004, May-June, 2018). 
The May-June, 2018 storms triggered landslides along the Blue Ridge Escarpment and other areas in surrounding 
counties.  
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Fig. 2. 2004 hillshade draped with Saluda 1:24,000 quadrangle topographic map. Debris flow outlines are yellow polygons, red points are slope 
movement initiation zone locations; tan polygons are slope movement deposits. Data from NCGS and ALC geodatabases, 11/01/2018. Home 
location of Mr. and Mrs. Case is highlighted. 

1.2. Summary of events of May, 2018 

On the evening of May 18, 2018, heavy rains inundated the Pacolet Valley and surrounding area, triggering debris 
flows, other types of slope movements, and flooding in the area. The home of Mr. and Mrs. Case was initially hit by 
a debris flow from the eastern drainage above their home (Fig 2, Fig 3). The Cases tried to get out of their home at 
that time, but Mrs. Case was not able to due to health complications. Mr. Case assisted Mrs. Case into a detached 
garage next to the home. He then left, wading through the mud trying to get help, when a second debris flow from 
the western drainage behind the home hit the garage (Fig 3). Mr. Case tried to get back to the house to get to his 
wife, but was unable to do so. Early the morning of May 19, Polk County Emergency Management (EM) requested 
assistance from North Carolina Geological Survey (NCGS) to determine if slopes above the home were stable 
enough for crews to get to Mrs. Case. Sadly, she was not alive when crews were able to access the garage. 

During the following days, NCGS geologists surveyed the damage throughout the valley, assisted by volunteers 
from Appalachian Landslide Consultants, PLLC (ALC) and former members of the NCGS landslide mapping team. 
ALC and NCGS geologists spoke to individual members of the community whose homes, property, and/or roads had 
been damaged by debris flows, and investigated the potential debris-flow source areas upslope of some of the 
affected properties. The NCGS and ALC participated in Emergency Management meetings, passing on information 
gathered in the field. The NC Forest Service provided a helicopter flight so geologists could view the extent of the 
damage and potential remaining source areas from the air. 
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Fig. 3. (a) Georegistered 2018 UAV Image from the NC Geodetic Survey. Original location of Case home and detached garage outlined in black. 
(b) Georegistered 2018 Aerial Image from the NC Forest Service. Two debris flows that merged at the base of Little Warrior Mountain at the 
Case home location along Highway 176. 

The week following the debris-flow events, Subtropical Depression Alberto was forecast to bring significant rains 
to the same region along the Blue Ridge Escarpment. EM requested that the NCGS and ALC provide locations that 
remained unstable, which they provided in GIS format. Meteorologists from the National Weather Service in 
Greenville-Spartanburg, SC came up to survey the damage with the NCGS and to participate in EM meetings to 
assist in preparations for additional rain. Based on information from the geologists and meteorologists, EM decided 
to issue a voluntary evacuation for the entire Pacolet Valley and Warrior Drive area during Subtropical Depression 
Alberto. Bobby Arledge, Polk County Emergency Management Director issued a statement saying “The county has 
been surveyed by professional geologists and these storms will further destabilize areas that have experienced above 
average rainfall and potentially cause further landslides. A heightened level of concern exists for residents in and 
around areas that have already experienced land movement” (Tryon Daily Bulletin, 2018). 

Rainfall from Subtropical Depression Alberto spanning from May 26-31, 2018 totaled over 18 cm in the Tryon, 
NC area (7 inches), contributing to continued sliding of unstable areas and erosion (NWS, 2018a). Two news media 
personnel were killed during these rains when a tree fell on their vehicle on Hwy 176. 

2. Data Collection

2.1. Data collection 

In the days after the May 18 debris-flow events, data collection was initially targeted to capture GPS locations of 
debris deposits that had damaged or destroyed homes or roadways. To assist a client, ALC, along with a local 
grading contractor, hiked to the source area of a coalescing debris flow that impacted homes and roads along 
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Meadowlark Drive. Most of the other data collection was along Hwy 176 in the Pacolet Valley, or along Howard 
Gap Road. At the request of a landowner trying to decide if she should evacuate her horses from her farm, ALC and 
NCGS geologists noted impacts along a trail above her home below the heavily-damaged Howard Gap Road and 
Warrior Drive.  

Several times within the weeks after the May 18 and Alberto events, NCGS geologists went back to the Pacolet 
Valley to gather more detailed information about debris-flow tracks and characteristics and debris deposits. ALC 
geologists evaluated another site off of Meadowlark Drive for a client concerned about their driveway. Data was 
collected in an ArcGIS geodatabase of points, lines, and polygons (Fig 2). Point locations were taken for slope 
movement initiation locations and for field data collection locations. Lines were used to indicate extents of ground 
rupture (i.e. tension cracks and scarps). Data for slope movement outlines, delineating the extents of the debris flows 
or debris slides, were collected as polygon features. These features were mapped either from field observations, 
aerial photographs (see below), or a combination of the two. Polygons were also used to delineate extents of debris 
deposits, either from field observation, or remote sensing of a 2004 lidar-derived digital elevation model (6 meter 
horizontal pixel resolution).    

2.2. Aerial photographs 

Many types of aerial photographs were taken of the valley and the debris flow features. Multiple photos were 
taken from a digital camera and smartphone cameras from the North Carolina Forest Service (NCFS) helicopter. 
Video was also taken with a GoProTM camera. The Broad River Fire Department and the North Carolina Geodetic 
Survey captured photos of some of the debris flow locations with an unmanned aerial vehicle (UAV). Unfortunately, 
orthophotos were not taken immediately after the debris-flow events; however, orthophotos taken during the 
following leaf-off season greatly aided mapping efforts. Select UAV and NCFS photographs were georeferenced and 
used for drawing slope movement outlines or areas of impact. 

3. Findings

3.1. Debris-flow characteristics 

Twenty seven debris flows were cataloged in the geodatabase, although several others remain uncatalogued 
because they were difficult to delineate through the tree cover. Nineteen debris flow initiation zones were explored 
in more detail either by foot or via aerial photographs. The dominant initiation zone scenario was one where shallow 
colluvial soil less than 1.5 meters (5 feet) thick slid, and then flowed off of competent bedrock (stained-state to fresh 
on the Unified Rock Classification System scale), where groundwater was flowing at the interface of the two. 
However, there were also examples of debris flows initiating within boulder- and cobble-filled colluvial soil, and 
residual soil. The common finding was groundwater flow at or near the failure surfaces. 

Many of the debris flows on these steep slopes started upslope of the prominent rock cliff, marking the upper 
edge of the BRE. Most started in concave hollows where water was converging, and most flowed down drainages. 
Springs were noted just upslope of the cliffs within the debris-flow tracks that were walked. The lengths of the debris 
flows catalogued range from 966 meters (3170 feet) to 40 meters (130 feet). The depths of these debris flows 
exceeded 3.6 meters (12 feet) in some areas, based on mudlines and nick marks on standing trees, see Fig 4. The 
approximate average width of the debris-flow tracks themselves is around 17 meters (56 feet), ranging from 7.6 
meters (25 feet) to 30 meters (100 feet). The volumes of material that flowed down the slope have not been 
calculated to date. 

One debris flow that initiated on a convex slope was observed to flow through the trees, rather than uprooting 
them. This debris flow did not travel far, and spread its deposit out across the convex slope. Another debris flow 
upslope of Interstate 26 flowed through the trees, and onto the interstate, blocking traffic and creating a traffic 
control issue for Emergency Management, while they were experiencing the torrential rains, flooding, and 
landslides. 
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Fig. 4. Downstream view of debris flow in the Meadowlark Drive area. Tree nick marks can be observed twice as high as the height of the worker 
by the tree, approximately 3.6 meters high (12 feet). 

3.2. Debris deposit characteristics 

Many of the debris flows deposited material in areas where prior slope movement deposit material was observed 
or mapped using a lidar-based digital elevation model. In some locations, pre-existing deposits were incised during 
the May 2018 event (Fig 2). Many of the homes that were damaged were constructed on these past debris flow 
deposits.  

Debris deposits consisted of silt, sand, gravel, cobbles and boulders. 2018 debris also included woody debris, and 
in some cases, debris from structures. In the main Pacolet Valley, debris flows tended to stay within the drainages all 
the way down to the valley bottom. On Meadowlark Drive, several roads and culverts had been placed to access 
homes on the middle part of the mountain. The debris flows took out these roads in some cases, and blocked culverts 
in others. Where culverts were blocked, debris was diverted across and down the paved road, and off the 
embankment side. One home in particular received up to 3.6 meters (12 feet) of mud in the lower driveway. Another 
home was somewhat protected by a large van parked between the house and the slope that the debris flowed down. 
The van diverted the mud around the home along the ditch and driveway on both sides, instead of into it.  

3.3. Other landslides 

There were many (perhaps dozens) of other types of slope movements observed during the aerial reconnaissance 
flight and while driving the roads. Many of the road cut failures were debris slides or rock/weathered rock slides. 
Most of these road cut or fill slope landslides have not yet been documented, and therefore are not discussed in detail 
here. 

3.4. Unstable locations and communication 

After the initial May 18 landslide events, EM asked NCGS and ALC geologists to provide them with locations of 
unstable soil that could mobilize during rainfall from Subtropical Depression Alberto. Geologists identified several 
locations, many of which included fill slopes that had been damaged or destroyed. The sides of the fill along the 
drainages had been over-steepened by the scour of the debris flows, and loose, unstable slide blocks remained. 
Because of the remaining dense tree vegetation, and the narrowness of the debris-flow tracks in many areas, it was 
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difficult to identify all of the potential log jams or blocks of loose soil from the helicopter reconnaissance flight. Two 
impoundments for ponds or sediment retention structures were identified as potentially unstable locations to monitor. 
Geologists recommended that anyone living downslope of the areas that were identified, as well as any areas that 
had experienced previous debris flow activity, evacuate during Alberto. In addition, they recommended that anyone 
who lived in the valley that was impacted evacuate, due to the potential for additional road damage preventing 
emergency rescue.  

After hearing these recommendations from geologists and other members of the emergency response team, and 
the predicted rain amounts from the NWS meteorologists, the County Emergency Manager issued a voluntary 
evacuation recommendation for several of the communities in Polk County.  

4. Conclusions

4.1. Debris flows 

The May 18 landslide event is the latest in a long history of slope movements in the Pacolet Valley and along the 
Blue Ridge Escarpment. The exposed bedrock near the top of the ridge is likely evidence of past initiation zones, too 
steep for vegetation to regrow. Slope movement deposits at the base of the slope indicate past movement events, and 
now have an additional layer of debris on them, where it has not yet been removed. There were numerous landslides 
reported along the Saluda Railroad grade on the south side of the Pacolet River valley during the 1916 storm 
(Southern Railway Company, 1917). The Atlanta Journal Constitution, July 18, 1916 reported ‘landslides from the 
mountains buried the road for long distances’ on the Saluda-Tryon Road (current-day Howard Gap Road). 
Additionally, the NC Department of Transportation had landslide problems during construction of I-26 on the Saluda 
grade in 1968 (NCGS geodatabase, 2018).  

Debris flows from the May 18 event are evidence that although their source areas can be relatively narrow and 
shallow, they can, nonetheless, cause significant damage and even fatalities because of long run out distances and 
proximity of residences to the drainages. Intense rainfall was the trigger for these debris flows, where surface or 
groundwater contributed to destabilizing the relatively shallow colluvial and organic soil on top of the bedrock. 
Debris flows that started on concave slopes and travelled down drainages had the longest run out distances, 
compared to debris flows on convex slopes. 

4.2. Communication 

This event is an example of two communication scenarios: 1) post-May 18 emergency management and pre-
Alberto planning and 2) pre-May 18 awareness and preparedness. In scenario one, there was open communication 
among a vast number of interdisciplinary professionals. Emergency Managers were relying on the geologists and 
others on the ground for updates on slope stability. Geologists were relying on emergency responders, the NC Forest 
Service, and others for assistance with evaluation. Landowners were providing access to geologists, the Red Cross, 
and others assessing damage. Many partners played a role in helping evaluate the current situation, responding to it 
appropriately, and providing recommendations to best prepare for the predicted upcoming additional heavy rains. 
However, it became obvious that having tools, such as debris flow susceptibility maps indicating potential source 
areas and potential debris flow pathways would have assisted in making evacuation decisions. 

In the second scenario, pre-May 18 awareness and preparedness, it is clear that the communication in this 
scenario was not sufficient. Many of the people living in the Pacolet Valley and at the base of the BRE were not 
aware that they were in the path of debris flows. They did not know that the small stream behind their home could 
become a raging torrent of mud, rocks, and trees that could destroy their homes. Slope movement deposits that are 
obvious to a trained geologist’s eye looked like nice relatively flat home sites with pretty boulders to the untrained 
eye. Local citizens did not have this information because the valley had not been evaluated, mapped and modeled. 
Without this prior work, potential hazards could not have been communicated thoroughly and effectively and 
therefore, no evacuations were called-for. 
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4.3. Future work 

Recognizing the importance of landslide mapping information to residents of mountainous areas, the North 
Carolina legislature reallocated funding to the NCGS to re-start a landslide mapping program that was de-funded in 
2011. The intention of the funding is to provide maps for the mountainous areas that do not currently have landslide 
maps (Macon, Watauga, Buncombe, and Henderson Counties were mapped previously by the NCGS, a portion of 
Haywood County, and all of Jackson County were mapped by ALC). Communication about landslide hazards will 
be an important component to the landslide mapping program. As the May 18 event in the Pacolet Valley 
exemplifies, mapping + communication and awareness can save lives. 
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Abstract 

The Piees de ra Mognes fan at the base of the Punta Nera cliffs, in the Venetian Dolomites (Italy), has been subject to debris flow 
activity for decades. Until recently, these debris flows never reached the National Road 51 on the valley bottom. Debris flows 
usually initiated at the base of an incised rocky channel in the Punta Nera cliffs where runoff is delivered to loose scree deposits of 
the fan. The main debris flow channel is strongly incised at the apex of the fan and splits into several minor channels at lower 
elevations.  During the autumn 2014 and May 2016, two cliff collapses produced large debris deposits. Since then, the frequency 
of debris flows increased considerably because of the availability of debris deposits at very steep slope that lowered the runoff 
discharge needed for the debris flow initiation. In a few cases, debris flows that initiated in the rocky channel reached and 
interrupted the National Road 51, about 2 km downstream the well-known touristic village of Cortina d’Ampezzo. On July 2016, 
a monitoring station was placed at the beginning of the debris flow channel just downstream the base of the rocky channel. In the 
period between July and -September, the monitoring station recorded six debris flow events. Analysis of these data is used to 
describe the characteristics of debris flow initial routing. Moreover, we use video image analysis to investigate the velocity and 
depth of the surge from the 5 August 2016 event. 

Keywords: runoff-genenerated debris flows; initiation area; front velocity; flow depth. 

1. Introduction

Several adjacent debris-flow catchments parallel the south side of the Boite Valley, in the Venetian Dolomites,
Northeast Italy. The debris-flow channels incise the dolomitic bedrock in their upper part and transition to run over 
the scree deposits at lower elevations (Gregoretti et al., 2016). High intensity rainfalls of short duration (tipically < 1 
h) produce abundant runoff which entrain loose debris along the channel forming solid-liquid surges that route
downstream as debris flows (Berti and Simoni, 2005; Gregoretti and Dalla Fontana, 2008; D’Agostino et al., 2010, 
Gregoretti et al., 2019). The debris flows initiated by the entrainment of solid material into runoff, are named runoff-
generated debris flows (Kean et al., 2013). These debris flows are widespread in Alps (Theule et al., 2012; Navratil et 
al., 2013; Tiranti and Deangeli, 2015) and other contexts (Coe et al., 2008; Hurlimann et al., 2014; Imazumi et al., 
2006; Kean et al., 2011; Okano et al.; 2012; Ma et al., 2018). Nevertheless, due to poor accessibility monitoring 
systems in the initiation area of debris-flow catchments are rare. Instrumented sites include those described by Berti 
et al. (1999), McCoy et al. (2012), Kean et al., (2013), Navratil et al., (2013) and Hurlimann et al. (2014). Field 
observations of the debris-flow initiation are very important to understand its dynamic and models testing. 

In the Autumn of 2014 and May 2016, two rockfall events deposited approximately 100.000 cubic meters of debris 
in the headwater basin of the Punta Nera debris-flow catchment. The rockfalls were possibly favoured by climate 
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change that, at higher altitudes, can cause permafrost melting in this area (Boeckli et al., 2012). They caused a dramatic 
increase in the frequency and magnitude of debris flows because their deposits, positioned on slopes averaging 40 
degrees can be easily entrained by runoff caused by unexceptional rainfall events. We installed a monitoring system 
downstream the rocky cliffs where the debris-flow channel is stable, with the purpose of observing the debris flow 
characteristics during the initial stages.  

2. Materials and methods

2.1. The study site 

In dolomitic areas, abundant coarse hillslope sediment is commonly found at the toe of rocky cliffs. Debris-flow 
channels origin where the bedrock surfaces deliver surface runoff, at the outlet of chutes incised into the cliffs. Debris 
flows initiate along such talus-incised channels following intense rainfall and determine the progressive erosion and 
deepening of the channels. Sediment recharge mechanisms include rock fall, dry ravel processes, channel-bank 
failures  

The Punta Nera basin includes the cliffs of Punta Nera peak (2847 m a.s.l.) and the Piées de ra Mognes fan (Fig. 
1a and Fig. 2) and is dominated in its upper part by the dolomitic cliffs belonging to the “Dolomia Principale” 
Formation  of Triassic age (Fig. 2). It is located on the left side of the Boite Valley in the Venetian Dolomites (northeast 
Italy, see the inset of Fig. 2). The upper rocky headwater basin is incised by a very steep channel (about 40°) ending 
with a chute delivering runoff discharge to the apex of the Piées de ra Mognes fan (Fig. 1a and Fig. 2). The debris 
flow-channel begins at the chute and 400 m further downstream, splits into multiple channels (Fig. 2). In this area, 
channel avulsion is common due to debris-flow deposits often clogging the channel.  

Before 2014, debris flows used to initiate downstream the rocky chute along the talus-incised channel and exhibited 
poor mobility with most of the sediment depositing at elevations ranging between 1500 and 1300 m a.s.l.. Cliff 
collapses occurred between 2014 and 2016 (Fig. 1a), deposited a large amount of loose unconsolidated debris along 
the rocky channel in the headwater basin. Such deposits resting on slopes at or in excess of 40° were easily entrained 
by runoff, triggering debris-flow mass transport phenomena that propagated downstream along the debris-flow 
channel located on the fan (Fig. 1b).  

This explains the notable increase of debris-flow events since June 2015. For the first time, in the last few decades, 
debris flows repeatedly reached and blocked the National Road 51. Local authorities consequently built road defense 
structures in the form of a series of retaining basins (Fig. 2). We installed a monitoring system at short distance from 
the fan apex where the debris-flow channel is deeply incised and avulsion is unlikely (Fig. 1b and Fig. 2), at the 
purpose of observing the debris flow characteristics shortly after its initiation.  

In the last decade, the occurrence of cliff collapses and large rockfalls notably increased in the Alpine region, likely 
due to thermoclastism and permafrost melting whose action is intensifying due to the increase of average temperatures 
caused by global climate change. These phenomena commonly affect reliefs higher than 2500 m a.s.l. (Cremonese et 
al., 2011) as in the case of the Punta Nera Peak. Similar evidences include the rockfall occurred on November 2014 
on the dolomitic massif Mount Antelao, located just few kilometers south of Punta Nera. It deposited a large amount 
of debris on a rocky sloping plateau that was mobilized on August 2015 by abundant runoff descending from the 
overhanging cliffs, producing a debris flow whose magnitude (about 100000 m3) has never been reported in the 
historical records for the specific catchment (Gregoretti et al., 2018).  
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Fig. 1. Frontal view of the Punta Nera rocky cliffs and Piées de ra Mognes fan (a) and the initial reach of the debris-flow channel downstream of 
the rocky chute with the monitoring station installed at 1515 m a.s.l. (b). 

2.2. The monitoring station 

Debris-flow initiation is expected to happen upstream or downstream the bedrock – scree transition, so we installed 
the monitoring station, in this area on the left bank of the debris-flow channel (Fig. 1b). The monitoring station is a 
programmable data-logger that acquires data from a rain gauge, anemometer, two pressure transducers buried in the 
channel 7 m apart and two time-lapse cameras that record images to a memory card (frequency: 0.5 s-1). The 
monitoring station is powered by a battery and a solar panel. Data are acquired every 5 min (normal mode). When the 
rainfall intensity exceeds 6 mm/h, the system switches to “event” mode and acquires data every five seconds; the time-
lapse cameras are also triggered and capture images for two hours. The time-lapse cameras frame different scenes: 
one frames upstream to record the routing of the debris flow along the chute and the upper reach of the channel; the 
other frames the channel downstream with the intent to calculate flow depths and velocity. Several targets were placed 
on the opposite bank of the cameras to provide scale and framing. 
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Fig. 2. Schematic geological map of the studied area showing instrumentation and main morphological features. Red line denotes the boundaries 
of the basin where runoff is simulated. 

3. General characteristics of the occurred debris-flow events

During the period from 17 July to 29 September 2016, six debris flows and six runoff events occurred, four debris
flows occurred during daylight, one at dusk and one during the night (no time-lapse video). In two cases, the debris-
flow events were preceded by water runoff.  

3.1. Observed behavior of the debris flows during  their initial stages 

The debris flows that occurred during daylight consisted of a series of solid-liquid surges. The majority of surges 
flowed down the channel in unsteady flow conditions. In some cases, incoming surges overtook those preceding. In 
other cases, surges or their rear part stopped in the channel and their deposits were totally or partially re-mobilized by 
incoming surges and/or by runoff that infiltrated the deposit. We distinguish two re-mobilization mechanisms to the 
in-channel deposits. The first mechanism is due to entrainment and is observed when a sediment-laden water flow 
overtops a deposit and progressively erodes the material owing to the exerted shear stress. The second mechanism is 
a sliding failure and is observed when seepage of incoming runoff infiltrates the deposit increasing pore pressures and 
exerting a drag force within it (i.e. the seepage force). A similar mechanism was proposed for the mobilization of 
sediments accumulated to form a dam at Chalk Cliff (Colorado) by Kean et al. (2013). The two mechanisms can act 
together, due to the action of runoff, when loose deposits are present along bottom of the channel. The surges arriving 
from the rocky channel are typically composed of cobbles, gravel and sand. In the initiation area, the debris-flow 
surges can erode the channel banks inducing local failures that supply additional debris for entrainment. Samples of 
surge deposits upstream of the monitoring station indicate scarce or no fine fraction (silt and clay); however, fines are 
present in the channel bank samples and in surge deposits sampled further downstream.   

3.2. The debris flows occurred on 5 August 2016 

On 5 August 2016 two debris-flow events occurred, separated by runoff. The first from 9:14 to 9:58, the second 
from 18:00 to 18:05. The first event was composed of fourteen surges, while the latter event, initially a unique surge, 
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switched to two surges because the surge tail stopped in-channel and after two minutes was subsequently re-mobilized 
by the action of runoff that infiltrated the deposit.  

Fig. 3. Measured and simulated data of the debris-flow event occurred in the morning of August 5. The timing of observed debris-flow surges 
(roman numbers) is compared to pore pressures (hF) measured in the channel bed and simulated runoff discharge (Q). Blue bars represent the 5 
min rainfall (h5MIN). 

The surges are described in Table 1 (time of occurrence, duration and some of the characteristics) and Figure 3 
graphs the sampled rainfalls, the simulated runoff, and the pressure head measured by the two transducers.  Runoff 
was simulated at the transition between the rocky channel and the debris-flow channel (see Fig. 2) using the model 
proposed by Gregoretti et al. (2016) for headwater rocky basins, and tested against discharge measurements taken in 
a basin 8 km north with similar geologic and morphologic characteristics. The simulated discharge exhibits a rapid 
raise to peak (~ 0.4 m3/s) followed by a nearly constant plateau, and after 40 minutes, it slowly decreases. Surge I is 
close to the peak of runoff (i.e. it coincides with the end of the sudden hydrograph growth) confirming the results of 
Rengers et al. (2016) who demonstrated that the runoff model can provide the timing of debris-flow surge close to the 
initiation area. Gregoretti et al. (2016) also obtained similar results in the two basins of Acquabona and Rovina di 
Cancia that share similar geologic and geomorphologic features with the Punta Nera basin. In the present case (Figure 
3), the simulated runoff hydrograph nicely fit the timing of occurrence of the debris-flow surges. The last minor surges 
(XIII and XIV) are observed to travel down the channel at the beginning of the progressive hydrograph decrease when, 
probably, the discharge is no longer sufficient to mobilize sediment.  This result confirms the model capabilities and 
indicates that the continue action of runoff higher than a certain critical threshold is required to maintain the mobility 
of debris-flow surges, as also observed by Capra et al., (2018) for lahars.  

In between each of the 14 surges (Table 1), water runoff is observed in the channel except between surges IV-IX 
when the debris-flow surge IV stopped blocking the channel. The deposit remained stable despite incoming surges 
and infiltrating water until surges VIII and IX progressively entrained the material. Conversely, during the second 
event, the debris material deposited during the first surge was re-mobilized by runoff, generating the second surge. In 
this case, the simulated runoff intensity was larger (not shown here for brevity). 

Pore water pressures measured in the channel bed during the first event correlates very well with the arrival of the 
debris-flow surges: they quickly raise up to the peak during the passage of the front and then gradually decrease. The 
two transducers were swept away during the passage of surges V and VIII, both transporting boulders of size larger 
than 2 m. Front velocity and flow depth were estimated by image analysis of the time-lapse videos. Cross sections of 
the channel together with the position targets were surveyed by Real–Time Kinematic GPS (RTK-GPS). The surveys 
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allow for the computation of the distances (along and normal to the flow direction) needed in the image analysis to fix 
the position of the surge front at different time steps and the quote of the surface of the surge with respect to the 
bottom. The flow depth is estimated in a fixed position located 2 m downstream of the upstream pressure transducer. 
The average velocity of the front is estimated during its advancement from the position where flow depth is estimated, 
so that the first estimate coincides with the fixed position. Both flow depth and front velocity can be estimated until 
the front is in view of the camera, for a time interval of about ten seconds.  

Figure 4 shows the estimates of the front velocity and debris-flow surge depth together with the pore pressures 
measured by the transducers. Front velocity ranges between 1 and 2 m/s. Flow depth is increasing during the passage 
of surges II and V because these fronts have an elongated shape. The short time interval of measure prevents any other 
consideration about flow depth. Conversely, flow depth is rather constant for surge IV, suggesting that in this case 
conditions close to the uniform flow are attained. Pressure heads tend to increase rapidly only after the front arrival 
(see Figures 3 and 4) except for surge IV, when they remain nearly constant. This could mean that, in general, the 
front is not saturated and it is dominated by collisional and frictional stresses. Berti et al., (2000) and McArdell et al., 
(2007) observed similar effects, also explained as incomplete saturation of the front. In the case of the surge IV, maybe 
the interstitial fluid could be negligibile. 

Table 1. The surges of the two debris-flow events occurred on 5 August 2016 with their description (R = runoff after the surge; F = surge 
followed by another one; * bed returned to the topographical condition preceding the first surge routing). 

n. surge Time of occurrence (h:m:s) Duration 
(sec) 

Characteristics of the surge 

I 9:13:50 R 116 Front composed by gravel without boulders 

II 9:17:50 F 68 Front with boulders of size > 2 m 

III 9:18:58 R 108 Front composed by gravel without boulders 

IV 9:21:16 106 Front with boulders of size > 2 m; deposit on the bed 

V 9:24:26 96 Front and body rich of boulders with size > 2 m;  deposit on the bed 

VI 9:30:50 120 Front and body rich of boulders with size > 2 m; deposit on the bed 

VII 9:36:14 94 Front and body rich of boulders with size > 2 m; deposit on the bed 

VIII 9:39.14 124 Front and body rich of boulders with size > 2 m; small erosion of the bed 

IX 9:42:48 R 272 Front and body rich of boulders with size > 2 m; large erosion of the bed* 

X 9:48:40 F 70 Front with boulders of size > 2 m 

XI 9:50:04 R 84 Front composed by gravel without boulders 

XII 9:51:54 R 60 Front composed by gravel without boulders 

XIII 9:54:42 R 38 Front composed by gravel and cobbles 

XIV 9:57:54 R 26 Front with boulders of size > 2 m 

I 17:00:25 R 78 Front with boulders of size > 2 m 

II 17:04:11R 58 Solid-liquid surge restarted by runoff as in Kean et al., (2013) 
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Fig. 4. Estimates of front propagation velocity (V) and flow depth (hF) compared to measures of pore water pressures (Head) debris flow surges 
II, IV and V.  

4. Discussion and Conclusions

Two cliff collapses, occurred between November 2014 and 2016, deposited a large amount of debris in the rocky 
headwater basin of Punta Nera. In particular, the material deposited along the main bedrock-incised steep (> 40°) 
channel was subject to frequent rainfall-induced mobilization. Since June 2015, debris-flow activity increased in 
frequency and magnitude. Multiple events reached the National Road along the valley bottom causing repeated 
interruptions whereas the Punta Nera debris flow has no record of such events.  

Monitoring activities began in 2016 and focused on the debris-flow channel at short distance from the fan apex. 
Our data document that the debris-flow initiation occurs in the headwater rocky basin and involves the recent rockfall 
deposits. Debris-flow events arrive at the outlet of the rocky basin with a substantial solid concentration and surging 
behaviour. It is our belief that prior to the rockfall episodes, debris-flow activity was much less intense because debris 
was scarce in the steep headwater basin and events used to initiate at the fan apex where the slope is lower (~ 25°) and 
the channel is incised in talus deposits. Aerial photographs confirm that before 2015, debris-flow events at Punta Nera 
were rare and much less mobile depositing debris at 1300 m or higher.  

The rockfalls triggered an abrupt change in the regime of the Punta Nera debris-flow catchment. Such modification 
that can be interpreted as accidental or related to the general temperature increase due to the global climate change. In 
fact, unusually high temperatures favour thermoclastism and permafrost melting which promote instability at high 
elevation in the Alpine region (Boeckly et al, 2011; Cremonese et al., 2011). Such effect may influence the behaviour 
of an increasing number of first-order alpine catchments in the near future.  

Monitoring activities provided also other more specific information. During the summer of 2016, we documented 
six debris flows. All of them were composed of solid-liquid surges that in some cases merged, in some cases stopped 
along the channel to be re-mobilized by incoming surges or by the action of water runoff.  

The comparison between the water discharge simulated by an hydrologic model, specifically developed for 
headwater rocky basin (Gregoretti et al., 2016), measured pore water pressures in the channel bed and image-derived 
flow properties yields good results in terms of timing. Observed arrival and propagation of the solid-liquid surges 
correspond to the simulated peak water discharge. Whenever the simulated water discharge drops significantly, the 
flow becomes turbulent and sediment transport is greatly reduced. Measures of pore fluid pressure on the channel 
bottom show that the surge front is less saturated than the body and that collisional-frictional forces dominate the flow. 
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Abstract 

In the Thompson-Fraser Rail Corridor in Interior British Columbia, the Canadian National (CN) rail line traverses several alluvial 
fans, which are subject to occasional debris flows. Debris flows pose a significant geohazard due to the combination of high flow 
velocities, large impact forces, long runout distances and poor temporal predictability. When a debris flow occurs, the cost of 
repairs, maintenance, and construction along these single-track railway lines is compounded by the fact that these activities also 
impede the flow of rail traffic, which has financial repercussions for the operators. As a result, it is vital to be able to identify and 
prioritize the slopes that pose the greatest hazard to the rail lines. A thorough understanding of the geohazards present on site is an 
essential component of risk assessment. The Canadian Railway Ground Hazard Research Program (RGHRP) was established in 
2003 with the aim of better understanding the natural hazards impacting railway operations across Canada. The present study is 
part of this initiative and focuses on an active site called the White Canyon, which is located 275 kilometers northeast of Vancouver, 
BC. In this study, we use terrestrial laser scanning (TLS) and panoramic imagery datasets to analyze the debris recharge patterns 
that develop between debris flows in a select channel in the White Canyon. TLS scans taken before and after the events provide 
insight into the volumes of material mobilized and how we can leverage this series of TLS data to give insight into the amount of 
debris accumulating in the channels prior to failure. The temporal data acquisition rate was found to have a significant influence 
on the amount of movement that can be interpreted from the TLS change detection analysis and panoramic images. Therefore, the 
temporal data acquisition rate is key consideration when using TLS to support the determination of accurate return periods on 
debris flows.  

Keywords: Terrestrial Laser Scanning; Channel Recharge 

1. Introduction

Over the past decade, the use of remote sensing technologies for the monitoring of landslides and rock slope
instabilities has increased dramatically (Jaboyedoff et al. 2012; Abellán et al. 2014; Telling et al. 2017). Airborne 
Laser Scanning (ALS) and Terrestrial Laser Scanning (TLS) have increased the spatial coverage and density of 
available datasets through non-selective sampling of millions or even billions of survey points to produce 3D point 
clouds. Advances in new algorithms for point cloud comparison and acquisition have improved the level of detection 
to mm-scale using advanced temporal filtering techniques and continuous TLS data acquisition (Kromer et al. 2015, 
2017; Williams et al. 2018).  

Remote sensing techniques have been used to characterize and monitor the transport of debris in steep channels and 
processes occurring on alluvial fans. In Switzerland, both ALS (Bennett et al., 2013) and TLS (Oppikofer, 2009; 
Schürch et al., 2011) have been applied to document movements occurring in the Illgraben debris-flow channel. ALS 
or TLS have been used to monitor volumes of sediment moving in channels in the Manival Torrent, in France (Theule 
et al., 2012), the Glyssibach and Glattbach channels in Switzerland (Scheidl et al., 2008), and the Chalk Cliffs in the 
USA (McCoy et al., 2010; Staley et al., 2011; Scheinert, 2012). Wasklewicz and Hattanji (2009) use cross-sections 
derived from TLS scans to investigate changes in channel shape and dimensions following a debris flow in the Ashio 
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Mountains in Japan. In almost all studies, the methodology of performing change detection has been primarily 
restricted to Digital Elevation Model (DEMs) of Difference (DoD). A DoD is used to quantify the volumetric change 
between two DEMs. The process involves subtracting the two digital elevation models from one another and then with 
subsequent error analysis, real topographic changes can be distinguished (Williams, 2012). DoDs are restricted to 
quantifying change in a single vector direction (vertical), as opposed to methods like Multiscale Model to Model Cloud 
Comparison (M3C2) (Lague et al., 2013). Schürch et al. (2011) address issues arising from DEM generation on 
complex surface geometry with abrupt changes in slope, aspect, local surface roughness and high local relief. In their 
study, they present a method to quantify volumetric uncertainty in change detection specific to data from terrestrial 
laser scanning in a 300 m reach of the Illgraben.  

As a component of the Canadian Railway Ground Hazard Research Program (RGHRP), TLS and other remote 
sensing techniques have been applied to monitor active rock slopes in the Thompson-Fraser Rail Corridor in Interior 
British Columbia (BC), Canada. The White Canyon located just outside the community of Lytton, BC, has been a 
central focus of this research effort. Over the 5+ years of TLS monitoring at the White Canyon, several debris flows 
have occurred on this active slope. In a few cases, these events have overwhelmed mitigation and have directly 
impacted the track. These events disrupt the safe operation of rail traffic through this major transportation corridor. As 
noted by Jakob et al. (2016), the most significant contributor to debris flow occurrence is a supply of readily erodible 
material, often created by rockfalls and other types of landslides. Additionally, May (2002) notes that as the channel 
length increases, the relative contribution of the initial failure volume decreases. In other words, the total debris-flow 
volume approaches more closely the volume of entrained sediment and depends strongly on the length of channel 
travelled by the debris flow. Therefore, understanding the processes and time-frame that recharge debris to the channel 
is crucial for evaluating debris-flow hazard.  

The aim of this study is to present a methodology to monitor the spatial and temporal accumulation of debris on a 
slope with terrestrial laser scanning. This methodology will help evaluate the recharge threshold for debris flow 
initiation as suggested by the supply-limited threshold proposed by Jakob (1996). The supply-limited threshold 
indicates that a debris flow will occur when a precipitation threshold is exceeded provided sufficient debris is present 
in the channel. In addition, the work also supports considerations for evaluating return periods on debris flows with 
remote sensing approaches.  

2. Study Site

The steep slopes of the White Canyon (50.266261°, -121.538943°), located 5 km northeast from the community of 
Lytton, BC, near the confluence of the Thompson and Fraser Rivers, present geohazards to the safe operation of the 
Canadian National (CN) mainline (Fig 1a). Rockfalls and rockslides contribute to the production of debris which 
accumulates in channels (Bonneau and Hutchinson, 2017; van Veen et al., 2017). Dry granular flows and debris flows 
facilitate the transport of debris downslope, which can result in consequences that range from minimal maintenance 
and repair of warning systems, to complete closure and rebuilding of the impacted rail lines and most unfortunately, 
the loss of life. The consequence of repairs, maintenance, and construction along single-track railway lines is 
compounded by the fact that during any such activity the flow of traffic is impeded or stopped. 

Differential erosion of the White Canyon has formed a morphology that is highly complex and consists of vertical 
spires and deeply incised channels (Fig 1b). The Canyon spans approximately 2.2 km between Mile 093.1 and 094.6 
of the CN Ashcroft subdivision. The active portion of the Canyon reaches up to 500 m in height above the railway 
track. Two short portals (tunnels) mark the entrances to the Canyon. A third portal is located in the middle of the 
Canyon which separates the eastern and western portions of the Canyon. 

The dominant geological unit in the White Canyon is the Lytton Gneiss. The Lytton Gneiss is composed of a 
quartzofeldspathic gneiss with amphibolite bands, containing massive quartzite, gabbroic and amphibolite intrusions. 
Two sets of dykes have intruded the Lytton Gneiss. The first dyke set consists of tonalitic intrusions that are believed 
to be related to the emplacement of the Mt. Lytton Batholith (Brown, 1981). The second dyke set is a series of dioritic 
intrusions that cross cut the Lytton Gneiss and tonaltic dykes. These dioritic intrusions are believed to be part of the 
Kingsvalle Andesites (Brown, 1981). All of these units contribute to the production of material to the debris channels, 
and the dykes provide geometric controls on flow of material toward the rail line. 

For this study, the focus will be on a specific channel in the eastern section of the Canyon. The selected channel is 
highlighted in red in Fig 1. The channel is approximately 450 m in length and has an average slope angle of 35 degrees 
(Fig 1c). Draped mesh and a ditch protect the rail line at the base of the channel. Due to the vantage of the TLS system 
in the survey design, a portion of the ditch is occluded in the TLS scans.  
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Fig. 1. (a) Map view of an October 2015 orthophoto of the White Canyon and location map; (b) August 2016 panoramic photograph taken 
from track level at the western end of the canyon displaying the complex morphology of the White Canyon; (c) April 27, 2017 photograph 
looking North across the Thompson River at the channel being analyzed in this study. The channel is highlighted in the red dashed line.  

3. Methods

3.1. Remote sensing datasets 

Terrestrial laser scans (TLS) were taken with an Optech Illris 3D-ER scanner. The Optech Illris is a time-of-flight 
terrestrial laser scanning system that utilizes a 1,535 nm (infrared) wavelength. The reported instrumental accuracy of 
the Optech Illris 3D-ER is 0.008 m in horizontal and vertical directions with a 0.007 m accuracy in range at a distance 
of 100 m (Optech, 2014). 

For this study, seven TLS scans were taken approximately every two to three months from two scan positions across 
the Thompson River (Fig. 1A). These two scan positions were used for all TLS scan acquisitions. The baseline scan 
being taken in November 2014 and the last scan used in this study was taken in May 2016. All TLS scans, with an 
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average point spacing of 10 cm, were first parsed using the Optech Parsing software. Once parsed, vegetation, slide-
detector fences and mesh were all manually removed from the point clouds. After the scans were cleaned, they were 
aligned to the baseline scan using the Polyworks ImAlign module. The alignment process was completed in two steps; 
1) a coarse point picking of common geometric features in each scan, and  2) an iterative closest point algorithm for
fine alignment (Besl and McKay, 1992). The standard deviation for alignments varied from 0.018 to 0.025 in the 
summer months, and 0.035 to 0.05 m in the winter months. The higher standard deviations corresponded to the winter 
scans where there is a higher amount of humidity in the air and possibly water on the slope surface which have all 
been noted to influence the alignment process (Abellán et al., 2014). To compute the changes between sequential TLS 
scans, the limit of detectable change must be specified. The limit of detection (LOD) can be defined based on the 
registration error (Abellán et al., 2014). In this study, we take two times the standard deviation (95% confidence 
interval) of the registration error to define the LOD. This limit equates to approximately 5 cm in the summer months 
and 7 to 10 cm in the winter months. The higher limit of detection in the winter months correspond to a higher standard 
deviation in the registration error (alignment). 

High-resolution digital images were taken with Nikon D800 and D7200 DSLR cameras. The DLSR cameras were 
mounted on a Gigapan robotic head and equipped with a Nikkor 135mm 2/f prime lens. For each TLS scan location, 
a swath of overlapping photographs were additionally captured using the described setup. After the photos were 
captured they were then stitched together using Gigapan Stitch software to generate high-resolution panoramic images. 
These panoramic images were used for verification of all changes seen in the change maps and visual inspection of 
the slope.  

3.2. Debris monitoring methodology 

Figure 2 displays a visual representation of the methodology developed. At Time 1 (T1), a preliminary TLS scan 
of the channel is completed. The volume of debris in the channel is at this point unknown. However, preliminary 
estimates of the volume of channel material can be made utilizing approaches developed by Jakob et al., (2005). 
Locations in the channel where debris is accumulating can also be documented from visual inspection of the panoramic 
imagery. Subsequently at T2, a debris flow has occurred and scoured the channel to bedrock at select locations along 
the channel length. With an additional TLS scan and panoramic imagery, the channel bed and geometry can be 
captured. Locations of exposed bedrock along the channel length are first confirmed with the panoramic imagery and 
theses locations within the TLS scans are stored to generate a bedrock baseline model of the channel. The orientations 
and spacing of discontinuities in the rockmass can be assessed using the TLS scan and panoramic imagery. The 
lithology of the channel bedrock can also be mapped from photographs. The areas of exposed bedrock within the 
channel serve as the baseline for subsequent monitoring. As time progresses (T3), the channel bed begins to recharge 
with debris from rockfall and rockslides. Debris from accumulations on benches moves into the main channel. When 
a scan taken at T3 is compared to the bedrock baseline model (T2), volume estimates demonstrate the spatial and 
temporal location of debris accumulating in the channel. These estimates are all confirmed with visual inspection of 
the panoramic imagery. Finally, a debris flow occurs at T4. Comparing a TLS scan captured after the debris flow to 
the bedrock baseline (T2) permits the calculation of the degree of entrainment and bedrock incision. 

Fig. 2. Overview of the proposed recharge monitoring methodology. T1 – baseline scan of channel. T2 – debris flow has occurred and scoured 
channel to bedrock. T3 – channel begins to recharge from rockfall and rockslides. T4 – debris flow occurs. Using the T2 baseline, the degree 
of debris and bedrock incision can be calculated for T4. 
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3.3. Change detection methodology and volumetric analysis 

Multiscale Model to Model Cloud Comparison (M3C2) (Lague et al., 2013), a vector-based change detection 
algorithm, was used for all change detection computations used in this study. M3C2 does not require mesh generation 
and operates directly on point clouds. For further details on M3C2, readers are referred to Lague et al. (2013).  

All volume calculations were completed in CloudCompare. To compute the volume, CloudCompare first generates 
rasters in a user defined projection direction. After this process is completed, the contributions of each cell are summed 
together. The contribution is the volume corresponding to the cell footprint multiplied by the difference in heights 
between sequential 3D models. To calculate the volumes, areas of change, based on the limit of detection and 
confirmation of changes within the panoramic imagery, were first segmented out using the segmentation tool in 
CloudCompare. The area of change was translated to align with one of the principal axes of the scene orientation. This 
ensured that the projection direction would correspond to the change direction, to minimize the potential for over or 
underestimation of the volume. 

4. Results and Discussion

Using the debris monitoring methodology and panoramic imagery described above, the spatial and temporal 
accumulation of debris was able to be monitored within the study period. Over the course of the study, two debris 
flows occurred which scoured the channel to bedrock in several locations along the channel length. These scour 
locations were confirmed with visual inspection of the panoramic photographs. The first debris-flow occurred between 
November 2014 and February 2015 (Fig. 3A) while the second event occurred between February 2016 and May 2016. 
The first debris flow had an estimated volume of approximately 135 m3. The second debris flow had an estimated 
volume of approximately 120 m3.  Although these volumes are relatively small, they represent an operational challenge 
for CN with substantial financial repercussions for each hour the rail line is out of service. Both events deposited levees 
in some locations along the channel length. In addition, in-channel deposits were observed in the panoramic imagery 
in both events. Inspecting the levees of the debris-flow deposit in the panoramic imagery, the outer extents of the 
levees displayed a concentration of coarse clasts, where the orientation of apparent long-axis of some of the clasts, 
was parallel to flow direction. Both debris-flow events overwhelmed draped mesh, installed immediately upslope of 
the rail line, and filled the ditch adjacent to the rail line.  

Between February 2015 (after the first debris flow) and February 2016, the channel was replenished with debris 
from rockfalls and granular flows which moved debris from directly below the cliffs into the channel. Several rockfalls 
were detected from the analysis of sequential scans leading up to the second debris-flow event. We estimated the 
calculated in-channel stored debris for each of the scan dates used in this analysis as shown in Fig 4. The maximum 
estimated volume accumulated prior to each debris flow event was approximately 150 m3.  

The channel can be classified as a weathering-limited system (supply-limited) following Jakob's (1996) definition. 
The definition indicates that a debris flow will occur when a precipitation threshold is exceeded provided sufficient 
debris is present in the channel. It should be noted that the intrinsic precipitation threshold is constant throughout time 
in Jakob’s model. Brayshaw and Hassan (2009) presented an updated model of sediment recharge, whereby the 
threshold value for debris-flow initiation is dependent on the volume of sediment in the gully channel, hence on 
sediment recharge rate and time since last debris flow. A debris flow occurrence resets the volume threshold value to 
a lower level. Volumetric analysis before and after each debris flow event can provide insight into the amount of 
material mobilized. However, the TLS scans were taken approximately every 3 months. As a result, we cannot assess 
whether any additional debris was deposited into the channel prior to the debris flow occurring. In addition, the 
volumes of material mobilized and deposited do not always match up, due to fact that CN removes debris that is 
deposited on the track to allow operation of the trains. Furthermore, the TLS scanning survey setup from across the 
river results in the occlusion of part of the ditch. Moving forward, a 4D monitoring system, which provides near real-
time data, such as proposed by Cucchiaro et al. (2018) (SfM) or Kromer et al. (2017) (TLS), would provide great 
insight into the rate of debris accumulation. This would provide engineers with information about the volume of in-
channel stored debris to permit forward modelling under a variety of different precipitation scenarios.  

The temporal sampling interval has a significant influence on the amount of change detected (Fig. 3a & 3c.). If only 
the first and last scans are analyzed, the intermittent change that occurred between these dates is not detected and is 
overprinted by apparent larger scale movements within the debris (Fig. 3c). Change detection between the first and 
last scans, misses the second debris-flow event entirely. This has significant implications for assessing the return period 
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and trying to establish a frequency-magnitude relationship for the channel (Jakob et al., 2016). Therefore, decreasing 
the time between scans should help refine the movements and recharge occurring in the channel.  

Fig. 3. (a) Change map between scans taken on November 4th, 2014 and February 18th, 2015; (b) Change map between scans taken on 
February 18th, 2015 and June 9th, 2015. Note that the levees have collapsed and the channel has begun to recharge; (c) Change map between 
scans taken on November 4th, 2014 (first scan) and May 6th, 2016; (d) Estimated spatial in-channel stored debris accumulation for the scan 
taken on June 9th, 2015.  

Fig. 4. Estimated in-channel stored debris volumes for each scan date. Volumes are measured using the proposed methodology. 

570



Bonneau / 7th International Conference on Debris-Flow Hazards Mitigation  (2019) 

5. Conclusions and Future Work

The use of remote sensing techniques, such as sequential TLS scanning and panoramic photography, offers the 
ability to document changes occurring on the slope over time, including the volume and size of material moving or 
accumulating and the time-period over which the activity is occurring. This study has demonstrated that terrestrial 
laser scanning can be implemented to successfully monitor the spatial and temporal accumulation of debris on a 
geometrically complex slope.  

From an operational standpoint, the results of the current study can be integrated into engineering risk decision 
making for maintenance planning. The current study demonstrates the ability to document when, where and how much 
debris is stored in locations along the channel length. Integrating this knowledge into maintenance planning would 
allow operators to clear ditches or debris build-up behind draped mesh to ensure there is sufficient capacity for future 
debris-flows.  

This study has demonstrated that the temporal data acquisition rate has a significant influence on the amount of 
movement that can be interpreted from the TLS change detection analysis and panoramic images. During larger 
scanning intervals, larger debris movements was shown to overprint smaller magnitude debris movements that are 
occurring in this active channel in the White Canyon. Therefore, the temporal acquisition interval is a component that 
must be considered when considering survey design for a monitoring program. More frequent scanning or moving 
towards a near real-time monitoring system is proposed to capture the timing of channel recharge to better establish if 
the selected channel follows Jakob’s (1996) or Brayshaw and Hassan’s (2009) debris recharge model. Furthermore, 
more frequent scanning would capture the small magnitude events which will help to refine the cumulative frequency 
magnitude curves that can be generated and, in turn, improve the design of mitigation measures.  
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Abstract 

On the early morning of 15 August 2010, a runoff-generated debris flow routed along the Rio Val Molinara Creek and inundated 
the village of Baselga di Piné (Autonomous Province of Trento, northeast Italy) with about 50000 m3 of debris. Post-event field 
surveys allowed both the identification of the initiation area, and the estimate of the average erosion-deposition depths on different 
zones of the affected area. On one hand, the map of erosion-deposition depths along the Rio Val Molinara Creek was obtained by 
subtracting the corresponding pre- and post-event DEMs elevation values, interpolated by using the LiDAR data of two aerial 
surveys carried out in 2007 and 2011, respectively. On the other hand, the map of debris deposits on the inhabited fan was obtained 
by integrating the direct post-event field estimates and photo interpretation. In the research, the studied debris-flow event was 
simulated from the triggering to the inundation through a models cascade, which relies on the sequential application of rainfall-
runoff, triggering, and routing models.  After that, the routing model results were compared with the observed erosion-deposition 
pattern in order to assess the reliability of the proposed approach. In detail, the runoff was simulated in the initiation area and then 
used for building the solid-liquid hydrograph. After that, the solid-liquid hydrograph was routed downstream by means of a bi-
phase GIS-based cell model, previously parametrized by using approximately the same values employed for the back-analysis of 
two debris-flow events occurred in the Dolomites (northeast Italian Alps). The comparison between the observed and simulated 
erosion-deposition depths and volumes is quasi-satisfactory. This is an important research outcome since the reliability of both 
debris-flow hazard assessments and risk analyses based on routing models relies on the trustworthiness of model simulations. In 
addition, due to the scarcity of pre- and post-event topographic surveys, the map of erosion-deposition depths might become a 
precious data source for testing the predictive capability of debris-flow routing models proposed in the literature by other authors. 

Keywords: debris flows; routing modeling; integrated hazard assessment approach 

1. Introduction

On the early morning of 15 August 2010, a very high intensity rainstorm hit the Dosso di Costalta Ridge (northeast
Italian Alps), with a cumulative rainfall depth of about 130 mm in four hours and a half (return period larger than 100 
years). At an altitude of about 1300 m a.s.l., the generated runoff triggered a debris flow that routed the Rio Val 
Molinara Creek before inundating the village of Baselga di Piné with about 50000 m3 of debris (Fig. 1). 

Runoff-generated debris flows are a common natural hazard both in the Alps (e.g., Berti and Simoni, 2005; Theule 
et al., 2012; Navratil et al., 2013; Degetto et al., 2015; Tiranti and Deangeli, 2015) and in other mountainous regions 
worldwide (e.g., Coe et al, 2008; Hurlimann, 2014; Imazumi, 2006; Kean et al., 2011; Okano et al.; 2012; Ma et al., 
2018). These phenomena, due to their magnitude and unpredictability, have a high socio-economic impact (Fuchs et 
al., 2007; Thiene et al., 2017), that is growing with the increase of both human activities and their occurrence rate 
(Stoffel and Beninston, 2006; Bollschwailer and Stoffel, 2010). Therefore, the protection of inhabited areas and 
infrastructures from debris flows is becoming a crucial task for a safe and sustainable development of mountain 
regions. 
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Useful tools for assessing both the hazard and the effectiveness of defense plans are the numerical models for 
simulating a debris flow at the event-scale (i.e., from the runoff to the routing). At this purpose, Gregoretti et al. (2019) 
proposed the integrated modeling of all involved physical processes (i.e., rainfall-runoff, triggering, and routing) by a 
models cascade, for an effective reproduction of a debris-flow event. In detail, for rainfall-runoff and triggering 
simulations they used models able to simulate the runoff at the initiation area and to provide the corresponding solid-
liquid hydrograph. After that, for simulating the routing of the solid-liquid mixture, they employed a bi-phase GIS-
based cell model capable to simulate both the erosion and deposition processes. It is worth pointing out that only 
routing models which are able to simulate both erosion and deposition should be used for such a type of analysis (e.g., 
Brufau et al., 2000; Chen et al., 2006; Medina et al., 2008; Armanini et al., 2009; Hussin et al., 2012; Frank et al., 
2015; Cuomo et al., 2016). As a matter of fact, the sediment entrainment along the channel can be regarded as the 
main contributor to the overall transported sediment volume, thus influencing both the extension and the height of 
debris deposits on the fan (Iverson et al., 1998; Rickenmann, 1999; Santi et al., 2008; Reid et al., 2016). 

The object of this paper is the application of the integrated approach for debris-flow hazard assessment proposed 
by Gregoretti et al. (2019) in the different geologic and morphologic context of the Rio Val Molinara basin, by 
considering the debris-flow event there occurred on 15 August 2010. In detail, the entire debris-flow process is 
reproduced through a models cascade (i.e., the sequential application of rainfall-runoff, triggering, and routing 
models), and then the routing modeling outcomes are compared with the observed erosion-deposition pattern.  

Fig.1. Aerial view of the study area. 

2. Material and methods

2.1. The study site 

The Rio Val Molinara basin is located on the west-northwest side of the forested slope descending from the Dosso 
di Costalta Ridge (altitude of about 1950 m a.s.l., Fig. 1). In the upper part of the basin, four steep headwater channels 
(average slope of about 30°) incise the underlayer (Gargazzone Formation) just below the ridge line, before joining at 
an altitude of about 1300 m a.s.l.. From this point to the fan apex, the bed slope angle of the Rio Val Molinara Creek 
(1.2 km length) progressively diminishes from an average of about 15° to 10°. The main channel is characterized by 
a narrow v-shaped valley, with banks bordered by very steep and wooded slopes that have the major control over the 
debris recharge of the channel bed. Further downstream, the fan where the village of Baselga di Piné was built, has an 
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area of 0.12 km2, with a mean slope of about 10° that represents a typical value for debris flows-generated alluvial 
fans. 

Noteworthy, until the August 2010, the Rio Val Molinara basin did not experienced meaningful alluvial events in 
the 150-200 years before. Therefore, according to Bovis and Jakob (1999), it can be regarded as a supply-limited 
basin. Only after the 2010 debris-flow event an artificial debris retention basin (about 15000-20000 m3 in volume) 
equipped with a filtered check dam was built at the fan apex. 

2.2. Post-event field surveys and debris-flow event 

Post-event field surveys carried out on 17-18 August 2010 allowed the identification of the zone where the solid-
liquid surge formed. In detail, it is the area just downstream the confluence of the four steep headwater channels (Fig. 
1), where the Rio Val Molinara Creek experienced meaningful erosion processes (depths up to 5-6 m). Furthermore, 
during the field surveys point estimates of the average erosion-deposition depths were also carried out both in the 
inundated fan and along the Rio Val Molinara Creek. 

The analysis of the 5-minutes rainfall data collected by the rain gauge of the Sant’Orsola station (3.5 km away in 
the southeast direction) highlights that the rainstorm that triggered the debris-flow event (cumulative rainfall depth of 
127.7 mm in four hours and a half) was composed of two bursts of 46.6 mm and 32.2 mm in 70 and 45 minutes, 
respectively (Fig. 2). The corresponding 5-minutes rainfall peak intensities were equal to 4.6 mm (0.92 mm in one 
minute) and 6.4 mm (1.28 mm in one minute), respectively.  

Once triggered, the routing solid-liquid surge entrained a significant amount of sediment before reaching the fan 
apex, by exposing the bedrock in a number of channel reaches. Along with the channel bed scouring, another relevant 
sediment source for the 2010 debris-flow event was represented by the channel banks failure and undercutting (Fig. 
3). 

After reached the fan apex, the flow spilled out of the channel and flooded the entire village of Baselga di Piné 
(Fig. 1 and Fig. 3). The volume of deposited sediments was approximately 50000 m3, with depths up to 2-3 m in the 
central-upper part of the fan. Overall, the event caused significant damage to infrastructures and houses, but without 
human being lost. 

Fig.2. Recorded 5-minutes rainfall data (DF: debris-flow occurence). 

2.3. Topographic data and erosion-deposition maps 

The available topographic data include the pre- and post-event 1-meter resolution DEMs, interpolated by using the 
LiDAR data of two aerial surveys carried out in 2007 and 2011, respectively. Furthermore, real-time kinematic GNSS 
measurements were acquired along the Rio Val Molinara Creek in 2016 by using a TOPCON GRS-1 dual frequency 
ground receiver, in order to map the rocky outcrops exposed by the 2010 debris-flow event. It should be noted that 
due to the vertically extensive and narrow valley walls, the altimetric error of the GNSS measurements was noticeable. 

DF 
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For this reason, this topographic dataset cannot be used to assess the vertical accuracy of the pre- and post-event 
LiDAR-derived DEMs. Therefore, after a preliminary planimetric alignment check, we evaluated the “relative” 
accuracy of the two gridded surfaces by comparing the elevations of areas not affected by the occurred debris flow, 
and that do not experienced meaningful geomorphologic changes in the considered period (e.g., stable roads and paths, 
walls, and dams). The median of “vertical errors” resulted -0.05 m, and it was eliminated by means of a 2.5D 
calibration procedure (i.e., a rigid translation in the Z dimension of the post-event LiDAR-derived DEM). 

After the vertical alignment of DEMs, the map of erosion-deposition depths along the Rio Val Molinara Creek was 
obtained by first subtracting the corresponding pre- and post-event elevation values, and then thresholding the derived 
DEM of Difference map by using a minimum level of detection (e.g., Lane et al., 2003; Wheaton et al., 2010; Milan 
et al., 2011) equal to ± 0.35 m*. As a matter of fact, in attempting DEMs subtraction exercises it is essential to take 
into proper account the inherent uncertainties of the differenced gridded surfaces in order to distinguish any detectable 
signal (e.g., significant geomorphological changes) from the noise. On the other hand, the map of the deposition 
pattern on the fan was produced by integrating the direct post-event field estimates and photo interpretation of post-
event terrestrial and aerial images. In fact, all debris deposits in the inhabited fan were immediately removed by the 
Torrent and Erosion Control Service of the Autonomous province of Trento, thus not allowing a direct spatially 
distributed estimate of the deposition depths through DEMs differencing. For this reason, in the research we carefully 
recognized six homogenous areas where the estimated deposition depth ranges in a defined interval, and we associated 
with them their algebraic mean. The Figure 3 depicts the observed erosion-deposition pattern for the two areas. 

Fig.3. Map of the observed erosion-deposition depths along the Rio Val Molinara Creek and on the inhabited fan. 

The estimated total volume of eroded sediment downstream the initiation area is equal to 28120 ± 4218 m3, with a 
corresponding mean (standard deviation) and maximum scour depth equal to 0.29 (±0.85) and 6.01 m, respectively. 
On the other hand, the estimated total volume of deposited sediment on the fan is equal to 47600 m3, with a 
corresponding minimum and maximum average depth equal to 0.05 and 2.25 m, respectively. It should be noted that 
according to Gregoretti et al. (2019) the dry bed concentration C* (i.e., the ratio between the solid and total volume 
of the dry undisturbed sediment) of the entrained material along the main channel (equal to 0.75 (-)) is different from 
that of the debris deposit on the fan (equal to 0.62 (-)). Therefore, for the mass balance, the sediment volume entrained 
in or upstream the initiation area can be estimated in about 11250 m3, by assuming a C* equal to 0.75 (-). It represents 
the total sediment volume of the flow descending from the four headwater channels, which triggered the Rio Val 
Molinara debris flow. Noteworthy, the presence of meaningful vertical discrepancies between the compared DEMs in 
the upper part of the basin (probably due to a poor LiDAR systems calibration, such as inaccurate determination of 

* This value was calculated by taking the sum in quadrature of the pre- and post-event LiDAR-derived DEMs vertical error. Due to the lack of 
ground reference values, it was estimated equal to 0.25 m for both the gridded surfaces, according to e.g. Cilloccu et al. (2009) and Molina et al. 
(2014). 
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boresight angles and offsets between instruments) did not allow the direct estimate of the triggering sediment volume 
through DEMs differencing. 

3. Integrated simulation of the occurred debris flow

The simulation of the occurred debris flow at the event-scale is carried out through the integrated approach
proposed by Gregoretti et al. (2019). In detail, all involved physical processes (i.e., the runoff production, the sediment 
entrainment with the solid-liquid surge formation, and its downstream routing) are simulated in series by means of a 
models cascade as it follows. 

3.1. Runoff production and solid-liquid surge formation 

The rainfall-runoff is simulated by means of the hydrological model developed by Gregoretti et al. (2016). In detail, 
the model initially evaluates the excess rainfall by coupling the SCS-CN method with a simplified hortonian law. 
After that, it routes the effective rainfall to the catchment outlet by using a land use-dependent constant velocity along 
slope flow paths and the matched diffusivity kinematic-wave model proposed by Orlandini and Rosso (1996) along 
the channel network. The simulated hydrograph of the runoff at the triggering section is shown in Figure 4a. The 
simulated runoff peak discharge is equal to 6.50 m3/s, with a corresponding liquid volume of 60500 m3. Noteworthy, 
the employed parameters of the rainfall-runoff model are those used by Gregoretti et al. (2016). 

The hydrograph of the corresponding solid-liquid surge in the initiation area is then determined by summing the 
triggering sediment volume (estimated through mass balance in about 11250 m3, see Section 2.3) to the hydrograph of 
the runoff contributing to the surge (equal to 34919 m3). It represents the runoff with discharge values larger than the 
critical discharge for debris-flow occurence (Qcrit, Fig. 4a). In the research, Qcrit (equal to 0.44 m3/s) is computed 
according to the relation proposed by Gregoretti and Dalla Fontana (2008), based on the channel bed slope angle (equal 
to 21°) and the mean sediment grain size (equal to 0.11 m) of the debris material in the initiation area. As shown in 
Figure 4b, the shape of the solid-liquid surge hydrograph is assumed triangular, with a linear decreasing sediment 
concentration from the front to the flow tail. The simulated solid-liquid surge peak discharge is equal to 8.15 m3/s, 
with a corresponding debris-flow volume of 46169 m3. Furthermore, the estimated front sediment concentration is 
equal to 0.27 (-), with an average of 0.18 (-).  

Fig.4. Simulated hydrograph of the runoff (a), and corresponding simulated solid-liquid one (b). 

3.2. Solid-liquid surge routing 

The employed bi-phase GIS-based cells routing model is that of Gregoretti et al. (2019). It simplifies the momentum 
equation according to the kinematic wave approximation, which is usually assumed valid in debris-flows routing 
modeling since they generally propagated along steep channels (e.g., Arattano and Savage, 1994; Di Cristo et al., 
2014). In detail, in the case of gravity-driven flows, the momentum equation is that of uniform flow in a likewise 
Chezy form with a dimensionless conductance coefficient C. Conversely, in the case of flows along adverse slopes, 

a b 

Qcrit 

contributing 
runoff 
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the momentum equation is that of broad-crested weir. The deposition and entrainment processes are simulated through 
a modified version of the Egashira et al. (2001) equation for the rate of change of bed elevation, by assuming as 
controlling factors the flow velocity (U) and the channel bed slope angle (). In particular, the erosion occurs when 
both the flow velocity and the channel bed sloping exceed the user-defined limiting values ULIM-E and LIM-E, 
respectively. Likewise, the deposition occurs when both the flow velocity and the channel bed sloping are smaller than 
the user-defined limiting values ULIM-D and LIM-D, respectively. The mass balance (total and solid) at the DEM cell 
scale allows the closure of the equations system, which are solved with an explicit scheme subject to the Courant-
Friedrichs-Lewy convergence condition. 

For the modeling of the solid-liquid surge routing, the pre-event DEM was adjusted by reporting both the buildings 
and the obstacles (e.g., dry stone walls) that were present at the time of August 2010, and by removing the artifacts 
common in LiDAR-derived digital models (e.g., flow obstructions at road crossings). Furthermore, the values of the 
conductance coefficient C were set equal to 4 (-) and 2 (-) along the Rio Val Molinara Creek (where the flow was 
channelized) and on the deposition area (where the flow spread in several directions), respectively. It should be noted 
that these values are smaller than those used by Gregoretti et al. (2018, 2019) for the back-analysis of the debris-flow 
events occurred on 18 July 2009 and the 4th of August 2015 at Rovina di Cancia and at Ru Secco Creek (Mount 
Antelao, Venetian Dolomites). Likewise, the parameters governing the erosion (LIM-E) and deposition (LIM-D) 
processes were respectively set equal to 13° and 12°, which are smaller than the values used by Gregoretti et al. (2018, 
2019). These choices are justified after considering the debris material of the Rio Val Molinara channel bed and of the 
corresponding deposits. As a matter of fact, the visual analysis of post-event terrestrial photos highlighted the presence 
of no-negligible quantities of lime and clay. Therefore, the value C = 5 (-), which is suitable for a granular and 
channelized debris flow, might not be reliable due to the different flow behaviour. 

The Figure 5 shows the simulated erosion-deposition pattern. The comparison of the routing simulation results with 
the observations (Fig. 3) highlights that the main features of the observed erosion-deposition pattern are quite well 
reproduced by the simulation, both along the Rio Val Molinara Creek and on the alluvial fan. Actually, both the 
observed meaningful channel bed scouring and deposition pattern appear adequately reproduced by the cell model, in 
terms of both extension and spatial trend. It is worth noting that the simulated deposition processes along the Rio Val 
Molinara Creek are mainly due to a poor topographic characterization of the real channel morphology. As a matter of 
fact, the erosion-deposition processes are modeled by assuming the flow velocity and the channel bottom slope as 
controlling factors, which in turn depend on the channel morphology. Furthermore, during the occurred debris-flow 
event, local low magnitude deposition processes took place also along the Rio Val Molinara Creek (see insert in Fig. 
5). However, due to the small deposition depths, these geomorphologic changes cannot be captured through DEMs 
differencing. 

Overall, the simulated volumes compare well with the observed ones. In detail, the simulated erosion volume along 
the Rio Val Molinara Creek (24440 m3) is similar to that observed (28120 m3), with about 90% of it (22490 m3) 
modelled in the area with observed erosion. On the other hand, also the simulated deposition volume on the fan (41748 
m3) is nearly equal to the observed one (47627 m3), with about 90% of it (38359 m3) modelled in the area with observed 
deposition. Likewise, the simulated deposition area on the fan (94370 m2) compares well with the observed one 
(110402 m2). Overall, these results can be regarded as satisfactorily when the cell model is used at forecasting 
purposes. 

4. Conclusion

The 15th of August 2010 a runoff-generated debris flow routed along the Rio Val Molinara Creek and inundated 
the village of Baselga di Piné with about 50000 m3 of debris. In the research, the occurred debris-flow event was 
simulated from the triggering to the inundation through an integrated approach, which relies on the sequential 
application of rainfall-runoff, triggering, and routing models. After that, the routing model results were compared with 
the observed erosion-deposition pattern in order to assess the reliability of the proposed approach. 

Overall, the main features of the observed erosion-deposition pattern are quite well reproduced by the routing 
simulation. In fact, both the observed meaningful channel bed scouring and deposition pattern appear adequately 
reproduced by the cell model, in terms of both extension and spatial trend. Furthermore, also the simulated erosion-
deposition volumes and areas compare well with the observed ones. These results appear satisfactorily when the cell 
model is used at forecasting purposes, and they also show the possibility of using the model itself in environment 
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contexts different from the Dolomites, where the channels bed is covered by granular material. Nevertheless, deepen 
investigations have to be carried out. 

Fig.5. Map of the simulated deposition and erosion depths (insert: red arrows on low magnitude later debris deposits).  
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Abstract 

The Eagle Creek Fire burned 48,832 acres (196 km2) of steep, heavily forested terrain along the Columbia River Gorge, Oregon, 
from September 2nd to November 30th, 2017. The Columbia River Gorge is a critical lifeline for Oregon and Washington, including 
Interstate Highway 84 (I-84), State Route 14 (SR-14), commercial train lines, a shipping corridor, major pipelines, and hydroelectric 
dams. The Gorge is also a major tourist destination and home to thousands of permanent residents. Before the Eagle Creek Fire, 
there was significant landslide and debris-flow hazard in the Gorge due to the steep topography and high annual precipitation (>254 
cm). More than 80 landslides have been recorded in the Gorge during the last ~100 years, with 58 of these recorded in the 
exceptionally wet and stormy winters of 1996 and 1997. Several of these landslides damaged property, temporarily closed I-84, and 
interrupted train and ship traffic. There is some uncertainty on the degree to which the fire will enhance debris-flow susceptibility, 
because the climate, terrain and geology is different from the regions where most post-fire debris-flow research has been conducted. 
A large portion of the Columbia River Gorge National Scenic Area, including popular hiking trails, remains closed 18 months after 
the fire, and the Historic Columbia River Highway was closed for 14 months after the fire. In the aftermath of the Eagle Creek Fire, 
emergency managers and first responders identified the critical need for a post-fire landslide response plan and hazard map. To help 
meet this need, the Oregon Department of Transportation, the Oregon Department of Geology and Mineral Industries, and the U.S. 
Geological Survey created a landslide hazard map that combined knowledge of pre-fire landslide activity and post-fire debris-flow 
susceptibility. We describe how this map was created and briefly touch on how this map was integrated into the post-fire response 
planning. 

Keywords: post-fire debris flows; Columbia River Gorge; landslide hazard maps; Oregon; Eagle Creek 

1. Introduction

The effect of wildland fires on the landscape can last decades, and have a direct influence on soils, plants, animals,
and humans (e.g., Brown et al., 2000). An important secondary hazard created by wildfires is the increased 
susceptibility of steep slopes to flooding and debris flow during rain storms. The risk of post-fire flooding and debris 
flow is especially high along the wildland-urban interface, as seen in 2018 with the destructive Montecito debris flows 
in southern California (WERT, 2018) and many other instances in the western United States (e.g., Cannon and 
DeGraff, 2009). Over the last two decades, scientists have been studying the secondary impact of increased landslide 
hazard following wildfires (e.g., Cannon et al., 2010; Staley et al., 2016).  Most of these studies have been undertaken 
in regions with relatively dry climates, which also experience intense bursts of precipitation, such as southern 
California and the intermountain West. In dry-climate regions, wildfire typically reduces the infiltration capacity of 
the soil, such that moderate intensity rainstorms can initiate debris flows through processes that result from runoff 
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generation during moderately intense rainfall (Cannon, 2001, Kean et al., 2011, Kean et al., 2013). Post-fire debris-
flow generation in wetter climates like the Pacific Northwest is not well understood because the soils in the region 
tend to have very high infiltration capacities that limit overland flow even after fire (Wondzell and King, 2003; Jackson 
and Roering, 2009). By combining the known areas of debris-flow deposits with the highest hazard tributary segments 
and basins, we account for the initiation, transport and depositional area of potential erosion-related debris flows in 
the Columbia River Gorge in Oregon.  

1.1. Study Area 

The Columbia River Gorge (CRG) is steep, heavily forested, and characterized by cliffs and flanking talus slopes, 
ranging in elevation from ~5,000 ft (1525 m) asl at the high point to the Columbia River at about 12 ft (3.7 m) asl. The 
study area is the extent of the Eagle Creek Fire (Fig. 1). The region receives >100 inches (>254 cm) of precipitation 
annually with most falling as rain between October and May (PRISM, 2004). The Miocene-aged Eagle Creek 
Formation, consisting of fluvial conglomerate and andesitic lahar deposits, is the oldest exposed geologic unit along 
the Oregon side of the Columbia River Gorge. Cliff-forming Columbia River Basalt Group flow sequences of the 
Grande Ronde, Wanapum, and Saddle Mountains Basalt, also Miocene in age, unconformably overlie the Eagle Creek 
Formation (Tolan and Beeson, 1984).  

The CRG is a critical multimodal lifeline for Oregon and Washington, including Interstate (I-84) and State Route 
(SR-14), commercial train lines, and commercial shipping. There are also major hydroelectric dams and electric 
transmission in this corridor (Fig. 1; Wang and Chaker, 2004). The study area, within the CRG, also has approximately 
1,400 permanent residents (U.S. Census, 2010), living in approximately 810 buildings (Microsoft building footprint 
data, 2018).  The area is also a major tourist attraction for Portland and the Pacific Northwest, featuring the Columbia 
River Gorge National Scenic Area. 

Fig. 1. Study area in the Columbia River Gorge, with the Columbia River dividing Washington State to the north, encompassing the Eagle Creek 
burn area and downslope infrastructure. I-84 and the rail lines here in the CRG are the primary access through the Cascade Range; the next 
closest pass is 150 miles to the north via I-90 and ~500 miles to the south via I-80 in Sacramento, CA, through the Sierra Nevada. Note brown 
box outlining Dodson-Warrendale fan, seen in Fig. 2. 
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Landslides are a chronic hazard in the CRG. More than 80 landslides have occurred in the study area portion of the 
CRG during the last ~100 years, with 58 of these recorded in the exceptionally wet and stormy winters of 1996 and 
1997 (Burns et al., 1998; Burns and Lindsey, 2017; Burns and Watzig, 2017). Several of these landslides can be seen 
in an aerial photo of the Dodson-Warrendale area from 2000 (Fig. 2a), and debris flows in this area have damaged 
property and forced the closure of the rail lines, I-84, and shipping lanes. A 2001 event closed I-84 for 12 days (Wang 
and Chaker, 2004). Due to the Eagle Creek Fire, related damage, and potential hazards related to rockfall and debris 
flows, significant road segments were closed from September 2017-November 2018 and much of the recreational area 
of the Columbia River Gorge National Scenic Area remains closed as of February 2019. 

The Eagle Creek Fire engulfed 48,832 acres (196 km2) within the Columbia River Gorge, beginning September 2nd, 
swiftly growing to the west then east, driven by unfavorable, strong winds (Schnackenberg, 2017). The Eagle Creek 
burn was deemed 100% contained by November 30th, 2017. Fig. 2b illustrates the variability of burn intensity and a 
visual perspective of the Columbia River Gorge and the Dodson-Warrendale area. 

Fig. 2. (a) Aerial photograph from year 2000 draped over topography from Google Earth, at an oblique angle looking south. Several debris-flow 
tracks from the winter of 1996 are evident (Burns et al., 1998), with I-84 in the foreground. (b) An oblique photograph of the Dodson-Warrendale 
fan taken September 26th, 2017, looking eastward. The variability of the burn intensity of Eagle Creek Fire is evident, with black- to yellow-
scorched trees interspersed with green. I-84 is the highway on the right side of the photograph. (Image provided by ODOT Photo/Video).  

An estimated 45% of the area had high or moderate soil burn severity (Fig. 3; Schnackenberg, 2017). The map 
shown in Fig. 3 was created immediately after the fire by a U.S. Forest Service Burn Area Emergency Response 
(BAER) team using Landsat satellite imagery products, such as the Burned Area Reflectance Classification (BARC), 
and field verification. The satellite imagery was analyzed by remote sensing specialists to estimate soil burn severity 
comparing near-infrared and mid-infrared bands (Parsons et al., 2010). The satellite estimate of burn severity was then 
field checked by the BAER team soil scientists (Parsons et al., 2010; Schnackenberg, 2017).  

In the aftermath of the Eagle Creek Fire, local and regional scientists from the Oregon Department of Transportation 
(ODOT), Oregon Department of Geology and Mineral Industries (DOGAMI), and the U.S. Geological Survey 
(USGS), alerted emergency managers and the public of the potential for increased rockfall and debris flows because 
of the burn. Emergency managers and first responders then identified a critical need for a post-fire landslide response 
plan and a generalized hazard map. In this paper, we describe how we created the post-fire rockfall and debris-flow 
hazard map in the Eagle Creek burn area, and briefly touch on how this map was integrated into the post-fire response 
planning. 

2. Methods

In order to make a hazard map for the Eagle Creek burn area, we relied on the established methods of the USGS 
post-fire debris flow model (Gartner et al., 2014; Staley, et al., 2016, 2017) and the existing landslide inventory created 
for Multnomah County (Fig. 4, Burns and Lindsey, 2017), which includes historical landslide points and deposits, and 
prehistoric landslide deposits, mapped at 1:8,000 scale. The landslide inventory includes shallow (<3 m) and deep (>3 
m) deposits, rockfall talus and debris flow fans, of different ages and certainty levels, though we extracted debris flow
fans and rockfall talus polygons only. We also completed new preliminary landslide inventory mapping (rockfall talus 
and debris-flow fans only) in the Hood River County portion of the study area. Observations from emergency managers 
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and first responders identified a need for a combined hazard map that included both datasets in one map, generalized 
enough for quick decision making and without the need for expert interpretation.  

Fig. 3. Soil burn severity map and extent of the Eagle Creek burn (Schnackenberg, 2017), modified to include our study area polygon and 1-m 
lidar hillshade. See Fig. 1 for study area location. 

Fig.4. Rockfall and debris-flow fan deposits extracted from Burns and Lindsey (2017) in Multnomah County, with newly delineated rockfall and 
debris-flow fans in western Hood River County. The black outlines denote historical debris-flow deposits, meaning movement occurred in the 
last 150 years. See Fig. 1 for study area location. 

The post-fire landslide hazard map combines lidar-derived 1-m cell size bare earth DEM as base data from the 
Oregon Lidar Consortium (DOGAMI, 2009), published landslide inventory (Fig. 4, Burns and Lindsey, 2017), post-
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fire debris-flow hazard assessment data (Fig. 5; USGS, 2017) and unpublished remote sensing-based mapping of 
rockfall and debris-flow fan areas in western Hood River County (Fig. 4), digitized by the author specifically for this 
hazard map.  

We used the combined hazard attribute in the USGS post-fire debris-flow hazard assessment, which includes both 
probability and volume. The USGS models use basin morphology, burn severity, soil properties and rainfall 
characteristics to estimate the statistical likelihood (Staley et al., 2016) and potential volume (Garter et al., 2014) of 
debris flows in response to a storm of a given rainfall intensity. We used the combined hazard for the most intense 
design storm in the USGS hazard assessment, which had a 15-minute peak rainfall intensity of 40 mm/hr, 
corresponding to a 5-year recurrence interval based on the methods of Arkell and Richards (1986).  

The USGS combined hazard map does not, however, identify zones of potential debris-flow inundation, because 
an operational tool for rapid post-fire runout prediction does not exist.  To estimate zones of potential debris-
flow inundation, we used a combination of (1) geomorphic evidence of deposition based on the landslide, rockfall, 
and fan mapping described above, and (2) enlarged (buffered) versions of the "watch stream" segments that are 
included in the USGS hazard assessments. "Watch streams" are defined as large trunk streams (drainage area >8 km2), 
which may experience extensive flooding and the effects of debris flow in the drainage network upstream of the watch 
stream. We merged these datasets into the final post-fire landslide hazard zones defined as low, moderate, and high 
susceptibility within a geographic information system (GIS).  

Fig. 5. Debris-flow estimates of combined hazards of both the stream segments and basin scales, from the USGS post-fire debris flow model, for 
a given peak 15-minute rainfall intensity of 40 mm/hr. Data accessed via the USGS Post-Fire Debris Flow Hazards under the Landslide Hazards 
Program (USGS, 2017). See Fig. 1 for study area location. 

The inputs to the three hazard zones are as follows: 
High Zone 

• Rockfall and debris-flow fan deposits: Extracted from landslide inventory maps (Burns and Lindsey, 2017);
deep- and shallow-landslide polygons excluded from hazard map input.

• Buffered Moderate and High Hazard Stream Segments: Combined hazard attribute of stream segments,
with associated buffer: high with 100 ft (30 m) buffer and moderate with 75 ft (23 m) buffer. We selected
different buffer distances for moderate and high hazard stream segments based on measured channel widths
for streams in this area. The high hazard stream segment buffer of 100 ft (33 m) was determined from
measured mean stream width in the upper, smaller tributaries.

• High Hazard Basins: Combined hazard attribute for basin-scale analysis: all high hazard basins included
(with no buffer).

585



Calhoun / 7th International Conference on Debris-Flow Hazards Mitigation  (2019) 

• Buffered Watch Streams: Watch stream segments were buffered 200 ft (65 m) for entire length, based on
measured channel widths for large trunk streams in this area.

• Manual Revisions: Revisions of merged datasets to include isolated areas not included but surrounded
entirely or mostly by other high hazard data inputs and small-scale linework alterations, to better align with
1-meter resolution topography.

Moderate Zone 
• We buffered the high-hazard zone by 200 ft (65 m).

Low Zone 
• Areas within the study area boundaries that were not included in moderate or high zones.

The post-fire rockfall and debris-flow hazard map (Fig. 6) is intended to be used by the emergency managers and 
first responders for the affected area as a tool for choosing operation centers, safe rally points for officers, and similar 
needs. We do not expect an event where the entire high-hazard zone has landslides at the same time throughout the 
zone. Instead, the map identifies the most likely areas where landslides may occur and areas where landslides are very 
unlikely. 

3. Results

The final post-fire debris-flow and rockfall hazard map for the Eagle Creek burn area highlights the widespread
high hazard, narrow bands of moderate hazard and isolated areas of low hazard near the Columbia River and atop the 
flat plateau above the gorge (Fig. 6). Human modification of slopes, such as road construction and associated grading, 
as well as mitigation efforts, such as rockfall fences and jersey barriers, are not considered in these maps, but may 
affect the hazard. 

Fig. 6. Post-fire rockfall and debris-flow hazard map created for local first responders and emergency managers. As is evident, much of the upper 
basins are included in their entirety, because of the steep, confined channels and rockfall hazards along slopes. See Fig. 1 for study area location. 
Note brown box outlining Dodson-Warrendale fan, seen in Fig. 7. See Fig. 1 for study area location. 

4. Discussion and Conclusions

The Eagle Creek Fire garnered local, regional, and national attention during the fall of 2017, with dramatic images
of tall Douglas Firs on steep slopes, engulfed in large flames. At several of the post-fire planning meetings hosted by 
the U.S. Forest Service and others attention turned from the fire hazard to the looming wet season and the post-fire 
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landslide hazard and associated risk. The goal of the post-fire landslide hazard map was to modify existing landslide 
hazard data for the Columbia River Gorge into a usable, safety-driven hazard map.  

Debris flows are an existing and recurrent hazard in the CRG. A closer view of historical debris-flow deposits from 
the landslide inventory (Burns and Lindsey, 2017) are shown in Fig. 7 (see also Fig. 2). The unincorporated 
communities of Dodson-Warrendale have experienced debris flows in the past, and, as is shown in the hazard map, 
are at continued risk after the fire. The landslide inventory of debris-flow deposits (fans) and rockfall talus slopes 
likely record thousands of years of debris flow and rockfall accumulation (Burns and Lindsey, 2017). Since the Eagle 
Creek Fire, frequent rock raveling and isolated, small rockfall events have been observed. As of February 2019, there 
have been no major debris flows since the fire; however, there have been seven small shallow landslides. 

Fig. 7. A closer view of the hazard zonation, in an area with repeated historical debris flows (delineated in black lines) and exposed buildings in 
the unincorporated communities of Dodson-Warrendale and Interstate Highway 84. See Fig. 6 for study area location (brown box). 

Extensive research around the USA demonstrates that wildfires increase debris-flow susceptibility and magnitude 
(e.g., Cannon et al., 2010). By combining the best available data, we include the area of likely origin, transport and 
potential depositional areas for debris flows and rockfall in the burn area.  USGS empirical models for debris-flow 
likelihood (Staley et al., 2016) and volume (Gartner et al., 2014) are based on data mostly from semiarid regions of 
southern California and the intermountain West. Most of the debris flows in the USGS database were triggered in the 
first two years after the fire by runoff and associated erosion, not debris flows mobilized from shallow landslides. 
Shallow landsliding may be the more likely mode of slope failure in the wetter Eagle Creek burn area, and the time 
window of increased susceptibility may last up to 10 years (like the window of disturbance for an unburned but clear-
cut slope). Although the USGS models have not been developed or tested with data from the Pacific Northwest, we 
consider our results to be valid in an ordinal sense (i.e., for identifying areas with high, moderate, and low 
susceptibility), because the USGS models correctly identify areas with both steep slopes and moderate to high burn 
severity, two factors that strongly affect slope stability regardless of the style of landslide initiation or duration of 
vegetation recovery.  

The Eagle Creek rockfall and debris-flow hazard map highlights the near-term, secondary impacts of potential 
rockfall and debris flows in the Columbia River Gorge within the Eagle Creek burn area. The overlap of highly burned 
soils, slope steepness, existing rockfall talus and debris flow-fans, result in widespread high hazard throughout the 
footprint of the Eagle Creek burn. The central portion of the study area, along the steep cliffs of the Columbia River 
Gorge, and in the upper steep watersheds, the high-hazard zone is nearly ubiquitous.  

This hazard map was created in response to requests and questions from local first responders and emergency 
managers, and attempts to create generalized, conservative high and moderate hazard areas to avoid in times of wet 
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weather. This map highlights a few areas of low hazard that may be secure as a base for operations if a debris flow 
occurred and rescue operations were to commence. The hazard map also alerts the city of Cascade Locks where 
potential danger along water bodies and streams may be concentrated within city limits.  
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Abstract 

Geoscientists, researchers and engineers study and work on similar projects all over the world. The exchange of information 
between colleagues of different countries who work on homologous projects or in similar fields requires a common technical 
vocabulary. Differences in the usage of technical terms and their varying definitions in different regions of the world may 
constrain the transfer of knowledge, for example in guidelines. Translations of technical papers and of presentations are 
particularly complicated and troublesome. Moreover, writers waste valuable time when they try to find proper technical terms in 
a different language. This is currently the case in the fields of fluvial geomorphology and steep creek hazard mitigation since 
several countries are active in these domains. Papers, guidelines, and policies are published in several languages, such as 
Japanese, Italian, French, German, English, Korean, Chinese and Spanish. International delegates are also submitting papers to 
journals, presenting and participating at conferences that are predominantly in English. Finally, working groups with 
multinational participants have been formed to advance research and transfer of knowledge in fluvial geomorphology and steep 
mountain creek hazard mitigation. Therefore, standardization and better definitions of technical terms are required. We propose 
in this paper a lexicon of French, English and German technical terms, and their definitions, related to the fields of fluvial 
geomorphology and steep mountain creek hazard mitigation. This paper focuses on the most important terms. In the future, other 
languages and supplemental terms could be added to this document with the help of other contributors. 

Keywords: debris flow; debris flood; hydrogeomorphology; hazard; mitigation; torrent; mountain river; steep mountain creek; 

1. Introduction

International scientific and technical exchanges play a key role, at least since the 19th century, in sharing good
practices, lessons learned from past events and recent results in natural hazards, risk management and mitigation 
(Piton et al., 2017). New concepts regularly emerge and technical jargons continuously evolve. Therefore, to 
properly understand the specialized literature, updated glossaries and lexicons acknowledging the current state of 
definitions and vocabulary are required (e.g. Hungr et al., 2014). Such documents should, if possible, be multilingual 
to ease sharing of knowledge published abroad. Table 1 shows some topics with wide audiences that have already 
been covered. To our knowledge, FAO (1981) is the last published multilingual lexicon dedicated to torrent control 
and debris-flow hazard mitigation. However, some terms are somewhat outdated, and some recent ones are missing. 

This paper lists the existing multilingual glossaries partially related to torrent control, and then reviews frequently 
used terms in hazard mitigation of steep mountain creeks, as well as their uses and definitions in English, French and 
German. The terms are presented and explained in a summary table with links to publicly available dictionaries or 
papers.  

Finally, this paper uses terms “torrent”, “mountain river” and “steep mountain creek” interchangeably. Their 
meaning is the same, however their uses are regional; different countries or areas will usually employ only one of the 
three terms.  

Table 1. Non-exhaustive list of existing multilingual glossaries or lexicons related to hydrogeomorphic hazards 
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Lexicon / 
Glossary 

Covered topics Languages Weblink, Source 

FAO Torrent control EN.; FR.; DE.; IT.; ES. http://www.fao.org/docrep/006/AD076F/AD076f0
0.htm, (FAO, 1981)

ICOLD Dams, dikes, 
hydraulic structures 

EN.; FR.; DE.; IT.; 
NL., ES.; PT.; SI.; SE. 

http://www.icold-
cigb.net/GB/dictionary/dictionary.asp 

ISSMGE Soil mechanics EN.; FR.; DE.; IT.; 
ES.; PT.; JA.; RU.; 
CN., etc. 

https://www.issmge.org/lexicon 

OFEV Flood protection EN.; FR.; DE.; IT.; 
ES.; PT.; etc. 

https://www.termdat.bk.admin.ch 

REFORM River restoration EN.; FR.; DE.; IT., 
GR., CZ., ES., PL. 

http://wiki.reformrivers.eu/index.php/Multi-
lingual_glossary 

UNISDR Disaster risk 
reduction 

EN.; FR.; ES.; RU.; 
AR.; ZH. 

https://www.unisdr.org/we/inform/terminology 

WP/WLI Landslides EN.; FR.; DE.; ES.; 
RU.; ZH.  

http://www.cgs.ca/pdf/heritage/Landslide%20Glos
sary.pdf 

WSL Dendrochronology EN.; FR.; DE.; IT.; 
ES.; PT.; RU. 

https://www.wsl.ch/dendro/products/dendro_gloss
ary/index_EN 

2. Review method

This paper is much shorter than the FAO (1981) book that constitutes its main reference source. The book
includes the following: an index, 156 pages of English, French and German definitions, translations of key terms in 
Italian and Spanish, and sketches of structures and processes. The book would deserve a complete update since some 
terms have new synonyms and new ones have been introduced. Moreover, the update should include a user-friendly 
online version, along with translation in Japanese, Chinese and other relevant languages. 

For the sake of conciseness, this paper covers only a selection of the terms that are believed to be the most 
frequently used in debris-flow hazard mitigation. Table 2 presents selected terms, frequent synonyms, concise 
definitions, and the main source of information. The reader interested in other terms, not covered in this paper, can 
browse the FAO’s web version (link available in Table 1). 
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Table 2. Lexicon table, alphabetical ordering of the English terms 

English terms, Synonym, Definition 
(source) 

Termes français, Synonyme, 
Définition (source) 

Deutsche begriffe, Synonym, Definition 
(quellen) 

Aggradation, Silting: Accumulation 
of sediment in a channel or upstream 
of a structure (adapted from 1). 

Atterrissement, aggradation, 
engraissement: ensemble des 
alluvions déposées dans un tronçon 
naturel ou en amont d’un ouvrage (1). 

Auflandung: Hebung des Flussbetts durch 
Sedimentablagerungen (3). 

Alluvial cone, Debris cone, Alluvial 
fan: A fan- or cone-shaped deposit of 
sediment crossed and built-up by 
steep mountain creeks (adapted from 
Wikipedia). 

Cône de déjection : Zone où les 
matériaux se déposent au débouché du 
torrent dans la vallée et relief formé 
par leur accumulation (1). 

Schwemmkegel: Ablagerungskegel am 
unteren Ende eines Wildbaches, der sich in 
Tälern bildet. Die Ablagerungen entstehen, da 
das verrignerte Sohlgefälle im Unterlauf einen 
Rückgang der Geschiebetransportkapazität 
verursacht, d.h., das Gleichgewichtsgefälle 
verändert sich. 

Anchoring, keying: The attachment or 
insetting of a channel structure into 
the bed or bank of a stream to prevent 
its by-passing (1) 

Ancrage: Liaison d’un ouvrage avec 
les berges et le lit par insertion 
profonde et solide faisant obstacle au 
contournement et au déchaussement 
par affouillement de l’ouvrage (1). 

Verankerung: Die Verankerung eines 
hydraulischen Bauwerks oder 
Schutzbauwerks im angrenzenden Terrain ist 
notwendig um die Bauwerksstabilität zu 
garantieren (2). 

Avulsion, outflanking: The breaking 
through of the banks of a stream thus 
forming a new channel, mostly 
observed on fans (1). 

Changement de lit, bifurcation de lit, 
avulsion: Abandon par un cours d’eau 
de son lit antérieur et formation d’un 
nouveau chenal, principalement 
observés sur les cônes de déjections. 

Gerinnesprung, Avulsion, 
Gerinneverlagerung: Natürliche, sprunghafte 
Verlagerung eines alluvialen Flussbettes. 
Vornehmlich bei Überschreiten des 
bettbildenden Hochwassers in alluvialen 
Wildbächen zu beobachten (3). 

Bedload/sediment transport: Coarse 
sediment transport by rolling and 
sliding on the bottom of the bed due 
to the force of water (1). 

Charriage: Transport de sédiments 
grossiers sur le fond du lit par roulage 
et glissement sous la force exercée par 
l’eau. 

Geschiebetransport: Sediment, das auf oder 
Flussbett durch den Abfluss transport wird 
(5).  

Bedload transport capacity: 
Maximum amount of sediment of a 
given grain size distribution that a 
stream can transport in traction as 
bedload (Hickin, 1995). 

Capacité de transport par charriage: 
Charge solide maximale d’un 
écoulement donnée et d’un mélange 
sédimentaire donné, transporté par 
charriage. 

Geschiebetransportkapazität: Hydraulisch 
bedingte maximaler Geschiebetransport. In 
Wildbächen ist der Geschiebetransport meist 
begrenzt durch die Sedimentzuflussrate. Bei 
Murgängen kann jedoch die hydraulische 
Transportkapazität zum limitierenden Faktor 
werden (typische Gefahrensituation). 

Block ramps (structured / 
unstructured): Fish-friendly 
alternative hydraulic structure to 
drops and sills for the stabilization of 
river beds that are created with tightly 
packed blocks (large rocks) or 
dispersed block clusters (adapted 
from 8). 

Rampe / seuil / radier en blocs / 
enrochements : Ouvrage de 
stabilisation du lit des rivières 
alternatifs aux seuils subverticaux, 
visant à faciliter la montaison des 
poissons et constitués de blocs libres 
organisé en densité et rugosité plus ou 
moins fortes.  

(Aufgelöste) Blockrampe: Künstlicher 
Gerinnesprung gestaltet durch grobe Blöcke, 
die so angeordnet sind, das aquatische 
Lebewesen passieren können (8). 

Bypass channel, Diversion works / 
structure: A diversion channel 
through which surplus flood water 
may be diverted around an area to be 
protected (1). 

Canal de décharge, Ouvrage de 
dérivation: Ouvrage assurant la 
chenalisation des écoulements 
excédentaires pour les détourner 
d’une zone à protéger. 

Entlastungskanal / Entlastungsgerinne: 
Künstliches Parallelgerinne zur Erhöhung der 
Abflusskapazität. 

Canyon, Gorge, Narrows: Narrow 
passageway of a torrential stream as it 
passes between canyon walls (1). 

Gorge: Nom parfois donné au lit 
d’écoulement d’un torrent lorsqu’il est 
creusé entre des berges abruptes (1). 

Schluchtstrecke: Steile Abflusssektion, die 
durch Felshänge und anstehenden Fels in der 
Gerinnesohle geprägt ist (2). 

Channel bed: It is the channel bottom 
of a stream or creek, the physical 
confine of the normal water flow. 

Lit mineur: Espace d’écoulement 
normal des eaux. 

Gerinnebett, Flussbett: Ständig überflossene 
Fläche. 
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Table 2. (Continued) 

English terms, Synonym, Definition 
(source) 

Termes français, Synonyme, 
Définition (source) 

Deutsche begriffe, Synonym, Definition 
(quellen) 

Channel cleaning, dredging: 
Removal of debris and bedload from 
a channel (1). 

Curage du lit: Enlèvement des 
matériaux encombrant localement le 
lit d’un torrent (1). 

Räumung des Abflussprofils: 
Unterhaltsmaßnahme, bei der 
Abflusshindernisse (Pflanzen, 
Sedimentablagerungen und Schwemmholz 
oder anderes Treibgut) aus dem Flussbett 
entfernt werden (3). 

Check dam, Solid body dam, Chute 
structure: Transverse structure to 
stabilize and consolidate a creek 
channel or to retain debris (adapted 
from Moase, 2017). 

Barrage de correction torrentielle: 
Ouvrage établi en travers du lit d’un 
torrent ou d’un ravin en vue de 
stabiliser son lit, consolider ses berges 
ou retenir des sédiments. 

Wildbachsperre: Künstliche Querbauwerke in 
Wildbächen um den Sedimentrückhalt und die 
Gerinnestabilität zu fördern (2). 

Concrete/grouted stone-pitching, 
grouted riprap wall: Stonework made 
of very large rocks, which have not 
been cut to shape, that are grouted 
together. 

Mur/perré de maçonnerie de pierre 
dégrossies : Ouvrage en maçonnerie 
de pierres anguleuses brutes liées au 
mortier (1). 

Zementmörtelmauer: Mit Zement verstärktes 
Mauerwerk. 

Danger event/flood/level, : Extreme 
event/flood/level conditions over 
which structure’s safety is no longer 
guaranteed (CFBR, 2013). 

Crue/évènement de danger : 
Crue/évènement au-delà duquel la 
stabilité de l’ouvrage n’est plus 
garantie. 

Gefahrenhochwasser: Die Bauwerksstabilität 
ist nicht garantiert für Abflüsse, die höher als 
das Gefahrenhochwasser sind. 

Debris flood: It is a very rapid flow of 
water, heavily charged with debris, in 
a steep channel (Hungr at al., 2014)  

Charriage hyperconcentré, 
Écoulement de biphasique très chargé 
en sédiment, capable de mobiliser de 
gros blocs de façon épars, écoulement 
potentiel par bouffées mais sans front 
granulaire. 

Rutschung / Hangsturz: Zweiphasiger, 
intensiver Abgang von Sediment und Wasser 
in steilem Gelände (2). 

Debris flow: It is a relatively rapid to 
extremely rapid movement of a single 
phase of saturated non-plastic debris 
in a steep channel, showing a steep 
front partially granular and usually 
generating strong entrainment of 
material and water from the flow path 
(adapted from Hungr et al., 2014). 

Lave torrentielle: Écoulement 
relativement rapide et par bouffées 
d’un mélange monophasique de 
sédiments, blocs, eau et 
éventuellement de flottants dans les 
chenaux raides. Présence d’un front 
raide, souvent granulaire, au grand 
pouvoir érosif, générant un 
recrutement de matériaux du lit le 
long de sa propagation. 

Murgang: Mischung aus Wasser und 
Sediment, das plötzlich mobilisiert wird, 
wobei der Sedimentanteil mindestens 10 % 
beträgt (2). 

Design event/flood/level: The 
events/floods/level adopted for the 
design of a comprehensive hazard 
mitigation system, i.e., in torrent 
control context, events for which the 
efficacy of hazard mitigation 
regarding downstream assets should 
be maximum. 

Evènement/Crue/cote de projet, de 
protection: Crues/évènements adoptés 
pour dimensionner un dispositif de 
protection ; dans le contexte des 
risques torrentiel, évènements pour 
lesquels l’efficacité de protection des 
enjeux aval doit être maximale.  

Projektwassermenge, 
Dimensionierungshochwasser: 
Hochwasserabfluss, der der Bemessung von 
Schutzbauwerken zugrunde liegt (3). 

Diversion dyke: A structure in the 
creek to divert some of the high-water 
flow or debris (1). 

Digue de dérivation / déviation: 
Digue construite obliquement dans le 
lit d’un torrent et destinée à dévier les 
laves torrentielles et les crues (1). 

Ablenkdamm, Leitdamm: Hydraulisches 
Bauwerk zur Ableitung von Wasser (3). 

Dyke, Levee, Training wall: Structure 
built parallel to channel banks to limit 
flooding potential.  

Digue longitudinale: Ouvrage 
parallèle à l’axe d’un cours d’eau 
ayant pour objet de limiter le 
débordement par-dessus les berges. 

Deich, Längsdamm: Länglicher Damm, der 
parallel zu einem Fließgewässer als 
Hochwasserschutzmaßnahme gebaut ist. 
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Table 2. (Continued) 

English terms, Synonym, Definition 
(source) 

Termes français, Synonyme, 
Définition (source) 

Deutsche begriffe, Synonym, Definition 
(quellen) 

Drainage: Process of removing water 
from slopes, hillsides, i.e. topography 
with relief, to stabilize it or protect 
crops (1). 

Drainage: Collecte et évacuation hors 
d’une zone menacée des eaux 
excédentaires imprégnant une portion 
de versant au détriment de sa stabilité 
ou de ses cultures (1). 

Entwässerung: Überbegriff für die Abführung 
von Wasser. 

Drainage basin, Watershed, 
Catchment: The whole area having a 
common outlet for its surface runoff 
and groundwater flows (1). 

Bassin versant: Zone d’alimentation 
des écoulements souterrains et de 
ruissellement drainé par un exutoire 
donné. 

Einzugsgebiet: Abgegrenztes Gebiet, aus dem 
sämtliches Wasser an einem Punkt stammt 
(4). 

Dry stone apron, Artificial armoring: 
Protective lining or coatings for 
channels, below structures and 
streambanks, either stones, concrete 
or gabion-baskets (adapted from 1). 

Pavage artificiel, Radier en 
enrochements/pierres de taille: 
Revêtement du lit d’un torrent en 
pierres brutes ou taillées, béton armé 
ou gabions. 

Künstliche Deckschicht: Manuel (künstlich) 
gestaltete Deckschicht eines Flussbetts, die 
aus Grobgestein besteht, welches nicht durch 
den Abfluss mobilisiert werden kann. 

Equilibrium bed slope / profile: The 
slope or the profile of a channel 
which attains equilibrium, where 
aggradation and erosion are in 
balance (adapted from 1). 

Pente de compensation ou 
d’équilibre: Pente d’un lit torrentiel 
permettant d’équilibrer dépôt et 
érosion liées aux apports amont 
(adapté de 1). 

Gleichgewichtsgefälle: Stabiles Sohlgefälle, 
dass sich einstellt, wenn die Geschiebezufuhr 
und die Geschiebetransportkapazität eines 
Flussabschnitts gleich groß sind. 

Floodplain: The land area under 
water during floods (1) 

Lit majeur, Plaine d’inondation: 
Espace recouvert par les hautes eaux. 

Flussaue: Angrenzende Flächen oberhalb des 
Flussbetts. Geprägt durch wechselnde 
Wasserführung (überschwemmt bei 
Hochwasser). 

Hazardous event/flood/level, Routine 
event/flood/level: Events at which 
infrastructures and assets become 
endangered, usually close to the bank-
full discharge. Torrential control 
structures should generally be 
activated when the hazardous flood 
discharge is exceeded (Schwindt et 
al., 2018a). 

Événement/crue/cote de plein bord, de 
limite de débordement: Événements 
générant des niveaux d’écoulement 
atteignant la limite haute des berges et 
donc la limite de début des 
inondations, généralement crue à 
partir de laquelle les ouvrages de 
protection doivent commencer à 
fonctionner. 

Sicherheitsabfluss: Entspricht dem 
Hochwasserabfluss, ab dem Schutzbauwerke 
aktiviert werden müssen um Infrastruktur zu 
schützen (6) 

Landslide: It is the movement of a 
mass of rock, debris, or earth down a 
slope (USGS definition). 

Glissement de terrain: Déplacement 
d’une masse de terrain par glissement 
sur une pente sous l’action de la 
pesanteur (1). 

Rutschung: Plötzliches Abgleiten von Hängen 
oder Böschungen. 

Log jam, Large wood jam, Driftwood 
accumulation: Accumulation of 
woody debris that partly or 
completely blocks the flow of water 
in a streambed, channel or structure. 

Embâcle, Accumulation de flottants 
Obstruction partielle ou totale de 
l’écoulement par accumulation de 
matériaux flottants et de sédiment. 

Eisstau: Rückstau gebildet durch Eisblöcke. 

Morphologically significant flood: 
Event generating non-negligible 
geomorphological changes of the bed 
due to sediment transport. 

Crue morphogène: Crue générant des 
modifications non négligeables de la 
morphologie du lit par transport 
sédimentaire. 

Bettbildendes Hochwasser: Entspricht dem 
Hochwasserabfluss, der die Deckschicht eines 
Flussbetts aufreißen und umbilden kann. 

Mountain river, Steep mountain 
creek, Torrent: A mountain stream 
which is prone to flood, debris flood 
and debris flow. 

Torrent: Petit cours d’eau de 
montagne, temporaire ou permanent, à 
forte pente et à crues violentes et 
subites, au débit liquide et solide très 
variable, subissant épisodiquement 
des crues morphogènes majeures (1). 

Wildbach Steiler Bach in Gebirgsregionen mit 
einem Sohlgefälle von mehr als 0.2 % (9).  
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Table 2. (Continued) 

English terms, Synonym, Definition 
(source) 

Termes français, Synonyme, 
Définition (source) 

Deutsche begriffe, Synonym, Definition 
(quellen) 

Mud flow, Hyper-concentrated flow: 
Very muddy debris flow-like event 
involving significantly greater water 
content relative to the source material 
(Hungr et al., 2014). 

Coulée boueuse, Lave torrentielle 
boueuse: lave torrentielle constitué 
d’une part importante de matériaux 
terreux. 

Schlammlawine: Ähnlich einem Murgang. 

Natural channel bed armoring, 
Natural bedload pavement:  The 
coarse stone channel bed pavement 
where arrangement of bedload 
particles due to natural sorting leaves 
a pavement of coarser size (adapted 
from 1). 

Pavage naturel: Consolidation 
naturelle du lit d’un torrent résultant 
d’un arrangement par le courant des 
matériaux grossiers arrangés 
jointivement en surface, les matériaux 
fins ayant été entraînés (adapté de 1). 

Natürliche Deckschicht: Grobmaterial eines 
Flussbetts, dass nur durch bettbildende 
Hochwasser mobilisiert werden kann. 
Natürliche Deckschichten treten 
typischerweise in Flüssen mit regelmäßigem 
Abfluss und regelmäßigen kleineren 
Hochwassern auf. 

Open check dam, Debris retention 
basin/structure, sediment trap, 
Torrential barrier, SABO dam, 
Permeable check dam: A dam 
constructed with large openings so as 
to retain only large woods, larger 
debris and the largest bedload, for the 
most part (1). 

Plage de dépôt, Dépotoir, Barrage 
filtrant. Barrage muni de larges 
ouvertures permettant de ne retenir 
que les matériaux grossiers et le bois 
d’embâcle (1). 

Geschiebesammler: Dolensperre mit großen 
Öffnungen für den Rückhalt von 
Grobmaterial (2). 

Retention check dam: Check dam 
whose function is to definitively trap 
a maximum amount of sediment in its 
backfilling reach (Piton et al., 2017). 

Barrage de rétention, Barrage de 
retenue sédimentaire: Barrage bâti 
spécifiquement pour piéger 
définitivement un volume maximum 
de sédiments dans sa zone 
d’atterrissement. 

Rückhaltesperre: Dient dem Rückhalt von 
Sediment oder Schwemmholz bei Hochwasser 
(2) 

Retention basin, Debris-flood 
retention structure, Flood control 
dam: Dry dam or similar structure 
designed to retain water and debris in 
order of reducing the peak flow 
during a flood event. 

Bassin de rétention, Barrage écrêteur 
de crue: Bassin qui vise à stocker, 
temporairement un certain volume 
d’eau, de sédiments et de flottants, de 
façon à diminuer le débit de pointe de 
la crue aval. 

Rückhaltebecken: Trockendamm für den 
Rückhalt von Geschiebespitzenabflüssen und 
Murgängen.  

Rill erosion: Small cut into a slope 
caused by surface runoff (1). 

Griffe d’érosion: Incision peu 
profonde provoquée par le 
ruissellement; première phase de 
l’érosion linéaire (1). 

Rillenerosion: Erosionsrillen (Furchen) 
entstehen durch abfließendes Wasser (1). 

Riprap: Large rock, or other material, 
used to armor shorelines, streambeds, 
bridge abutments, pilings and other 
structures against scour and erosion. 

Enrochements: Protection d’un 
ouvrage ou d’une berge contre 
l’affouillement par accumulation 
artificielle de gros blocs (1). 

Blocksatz: Meist unbearbeitete, grobe 
Steinblöcke zur Sohl- oder Uferstabilisierung 
(10) 

Safety check event/flood, maximum 
water level: Events/floods that can be 
transferred by the structure and its 
spillway under the maximum water 
level, i.e., with sufficient freeboard to 
consider the structure failure very 
unlikely (CFBR, 2013). 

Evènement/crue/cote de sureté: 
Evènements/crues qui peuvent être 
transférées par un ouvrage et ses 
évacuateurs de crues sous la cote de 
sureté, i.e., avec une revanche 
suffisante pour considérer la ruine de 
l’ouvrage très improbable. 

Höchsthochwasser: Das größte Hochwasser, 
dem ein Bauwerk standhalten muss unter 
Berücksichtigung eines Freibords (vertikaler 
Abstand zwischen dem Höchsthochwasser-
spiegel und der Oberkante des Bauwerks); 
siehe auch: “Höchstes jemals gemessenes 
Hochwasser“ HHQ oder “Rechnerisch 
höchster Hochwasserabfluss” RHHQ. 

Siltation slope:  The predictable angle 
of slope for siltation, for example for 
the sediment deposition behind a 
structure (1). 

Pente d’atterrissement: Pente 
prévisible d’un dépôt de matériaux 
dans une section donnée du lit d’un 
torrent, par exemple en amont d’un 
ouvrage (1). 

Verlandungsgefälle: Sohlgefälle, dass sich 
oberhalb eines Querbauwerks (oder 
natürlichem Abflusshindernis) einstellt (3). 
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English terms, Synonym, Definition 
(source) 

Termes français, Synonyme, 
Définition (source) 

Deutsche begriffe, Synonym, Definition 
(quellen) 

Sluice, slot, slit: An opening in a 
structure which may be regulated to 
allow water passage (adapted from 1). 

Pertuis: ouverture ménagée dans le 
corps d’un barrage pour assurer le 
passage des eaux et des matériaux 
charriés de petite dimension (adapté 
de 1). 

Durchlass, Dole: Öffnung in einer Wildbach- 
oder Rückhaltesperre (2). 

Stone masonry wall: A stone wall 
having a masonry work with mortar 
(1). 

Mur/perré en maçonnerie de mortier: 
Ouvrage en maçonnerie de pierres 
liées au mortier (1). 

Zementmörtelmauer: Mit Zement verstärktes 
Mauerwerk. 

Stone-pitching, Boulder-size stone 
wall: Stonework made of very large 
(boulder-size) rocks which have not 
been cut to shape (1). 

Mur/perré de maçonnerie 
cyclopéenne: Ouvrage constitué de 
blocs de forte taille non taillés (1). 

Zyklopenmauer: Natursteinmauer bestehend 
aus unregelmäßig großen und unterschiedlich 
geformten Blöcken, die sorgfältig angeordnet 
sind (7). 

Stone wall, Rustic stone wall: Stone 
wall construction, stacking without 
mortar or other binding material (1). 

Mur/perré en pierres sèches: Ouvrage 
constitué de pierres assemblées à la 
main sans mortier (1). 

Trockenmauer: Naturstein bestehend aus 
unregelmäßigen Blöcken, die lokal verfügbar 
sind (10). 

Structural bedload: bedload transport 
associated with bed remobilization 
(Piton and Recking, 2017). 

Structural bedload : transport par 
charriage associé à la remobilisation 
du lit. 

Sohlgeschiebe: Transportiertes Geschiebes, 
dass der Gerinnesohle entstammt. 

Structure by-passing, Outflanking: 
During a flood, flows pass beyond the 
limits of a structure, causing erosion 
usually on the side (adapted from 
FEMA). 

Contournement: Érosion des berges 
latérales d’un ouvrage résultant en le 
passage des écoulements sur le côté 
plutôt que sur l’ouvrage. 

Seitenerosion:  Aushöhlung der seitlichen 
Verankerung einer Bauwerks durch 
Hochwasser. 

Toe scouring, Under-mining, Plunge 
pool action: Degradation of the 
streambed at the foot of the structure 
due to the water and chute action.  

Affouillement, Sous-cavage: 
Creusement du lit pied d’un ouvrage 
par l’effet de la chute d’eau sur 
l’ouvrage.  

Kolk / Auskolkung: Erosion am Fuße eines 
Bauwerks (2). 

Torrent control, Steep creek 
mitigation: Various engineering and 
biological measures carried out in a 
steep mountain creek and its 
watershed to control the processes 
and therefore provide protection 
against erosion, sedimentation and 
runoff (adapted from 1). 

Correction d’un torrent: Ensemble 
des travaux ayant pour objet, dans un 
bassin versant torrentiel, de réduire, 
en luttant contre l’érosion des versants 
et des berges, la production 
d’alluvions, et d’en contrôler la 
circulation et le dépôt. 

Flusskorrektur: Oberbegriff für technische 
Eingriffe in Wildbächen und Flüssen. 

Travelling bedload: Bedload transport 
rapidly transported in a paved reach, 
with little or no local morphological 
effect (Piton and Recking, 2017)  

Travelling bedload: transport par 
charriage traversant un tronçon pavé 
avec un effet morphogène local nul ou 
marginal. 

Laufgeschiebe: Transportiertes Geschiebe, 
dass sich nicht ablagert und von seitlichen 
Zuflüssen / Sedimentablagerungen  genährt 
wird 

Weir, Sill, Grade control structure, 
Chute structure: A low submerged 
structure built across the creek to 
control erosion of the channel bed. A 
weir is usually described for small 
barrier for diverting or controlling 
water (adapted from 1).  

Seuil: barrage de correction 
torrentielle de faible hauteur, 
éventuellement calée au niveau du 
fond du lit pour éviter de futures 
incisions (adapté de 1). 

Schwelle: Niedriges Querbauwerk zur 
Sohlstabilisierung. Wegen der Unterbrechung 
der Gerinnekontinuität sollten Blockrampen 
bevorzugt eingesetzt warden (3). 

Woody debris: Logs, whole trees, and 
other timber debris transported by 
floods, which can form into a log jam 
(1). 

Bois d’embâcle, Gros bois flottants : 
Éléments ligneux transportés par les 
hautes eaux susceptibles de provoquer 
des embâcles, accumulations. 

Schwemmholz: Holz, dass von der Strömung 
eines Fließgewässers mitgerissen wird. 
Umschließt Bäume, einzelne Stämme, Äste 
und Wurzeln. 

Référence : (1) FAO, 1981; (2) Bergmeister et al., 2009; (3) Willi et al., 2001; (4) DIN 4049-1, 1992; (5) Einstein, 1950; (6) 
Schwindt et al., 2018b; (7) Spycher, 2000; (8) Tamagni, 2013; (9) Wohl, 2000; (10) Zeh, 2007. 
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3. Discussion and conclusion

Table 2 intends to capture the most common synonyms, definitions and translations for each term presented in this 
lexicon. However, not everyone will accept the chosen terms and their prioritization in this lexicon. There are 
simply too many different definitions and possible uses of the same terms. As an example, one term can refer to 
slightly different structure types in different countries. Discussion and feedback are encouraged to improve this 
lexicon. More terms should be added and could be translated into other languages. Finally, an online storage 
platform, for a growing lexicon, should be planned to ensure easy access by all interested party. Our references 
include such pertinent online dictionaries as, for instance, the Swiss “Termdat” database (Swiss Federal 
Administration, 2018). 

Standardization and definition of technical terms commonly used in the fields of fluvial geomorphology and steep 
mountain creek design and risk mitigation is required. This lexicon is a first step in that direction, with some of the 
most commonly used terms included, and it may provide a good base for a long-term project that could include more 
terms in more languages. 
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Abstract 

Debris flows is one of the primary mass movement processes in the Serra do Mar, a system of escarpments and mountains that 
stretches more than 1,500 km in south and southeast of Brazil. Usually, these processes cause environmental and social damages. 
On March 1967 only one small city was affected by 947 mm, with 115 mm on the 17th and 420 mm on the 18th and triggered 
numerous landslides and debris flows with the great mobilization of material, reaching a 15 km radius, causing approximately 440 
fatalities. Approximately 50 years later, another city, located in the same mountain range, was affected by cumulative rainfall of 
150 mm/6 hours causing deaths and houses destroyed and structural damage to bridges. Thus, the objective of this work was to 
evaluate of vulnerability to debris flows in some watersheds located in two cities of the Serra do Mar affected in 1967 and 2014, 
respectively. For this purpose, some procedures were defined: (a) the evaluation of the vulnerability of buildings, considered, for 
instance, the number of floors, the presence of broad terraces, large doors, windows and high walls surrounding the buildings. (b) 
elaboration of indicators and maps of vulnerability that consider the hazard properties, the exposure, preparedness and prevention 
of elements at risk; (c) elaboration of indicators and map of risk perception. The results show38 areas with vulnerable construction 
to debris flows: 8%-high;70%-medium;22%-low vulnerability of buildings. As preliminary results, an inventory of damages was 
provided from the sectors of the affected districts and preliminary mapping of the debris flow. 

Keywords: Serra do Mar, Brazil, Morphometric Parameters, PTVA, Vulnerability 

1. Introduction

Debris flows is one of the primary mass movement processes in the Serra do Mar, associated with the rainy season
between December and March when 60% of the annual average precipitation of 3,300 mm occurs. The Serra do Mar 
is a mountain range that extends for about 1,500 km along the south and southeast coast of Brazil. The region has 
great economic importance since it is crossed by the major land transportation network that connects the city of São 
Paulo to other large metropolitan areas, as well as to the port of Santos. According to Almeida (1953), the Serra do 
Mar is one of the most relevant orographic features in the Atlantic coast of the South American continent, and it is 
known for having the most “Tormented” relief in Brazil due to its steep slopes, tectonic processes, and faults. It is an 
outstanding feature in the Brazilian terrain for its grand geomorphological features and its role on human occupation 
from the colonial period to present. Since the 1960s, catastrophic important events were recorded, resulting in millions 
of dollars in economic loss, thousands of fatalities and homelessness. Several events are remarkable in Brazilian 
history, particularly in the years 1966, 1967, 1985, 1988, 1995, 2008, 2009, 2010, 2011 and 2014 (Table 1). Thus, the 
objective of this work was to evaluate the vulnerability of debris flows in some watersheds located in two cities of the 
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Serra do Mar, affected in 1967 and 2014, respectively. 

Table 1: Occurrences of mass movements (landslides and debris flows) in the Serra do Mar, highlighting the events 
studied in this paper. 

Year LOCATION (STATE) Rain Area (Km²)/Speed 
(m/s)/Volume (m³) 

LOSSES 
(nº deaths); other damage 

1928 Monte Serrate (SP) 649 mm/Jan and 564 mm/Feb. Vol: > 1x105 (60); destruction of Santa Casa 
1958 Monte Serrate (SP) 373 mm/24 h - (43); destruction of 100 houses 
1966 Rio de Janeiro (RJ) > 250 mm/<12 h - (>230) 

1967 Serra das Araras (RJ) 275 mm/24 h Vol: > 10x106 
(1200); > 100 houses destroyed, damage to highways, 

destruction of the hydroelectric plant 
Caraguatatuba (SP) 580 mm/48 h Vol: > 7.6x106 (120); 400 houses destroyed, damage to highways 

1971 Santos-Jundiaí Railway 
(SP) 

- Vol: 1x105

(estimated) 
Steel viaduct destroyed, works for slope stabilization 

1974 Tubarão (SP) 
394 mm/ 72 h 

742 mm/16 days - (195); urban area flooded 

1975-
1976 

Grota Funda (SP) - S:8.4/Vol: > 10x106 Pillars of railway bridge damaged 

1976 Cachoeira River (SP) 276 mm/24 h A:4/Vol: 1x105 
Flooding for industries, two rock-filled and earth-filled 

dams was built  
1985 Cubatão (SP) 380 mm/48 h - (10) 
1988 Petrópolis (RJ) 145 mm/24 h - (171); 5,000 displaced, 1,100 homes interdicted 

Rio de Janeiro (RJ) - - (~300); destruction of dozens of homes 

1994 Cubatão (SP) 60 mm/24 h 
A:2.64/S:10 
Vol: 3x105 

Flooding of Petrobrás Refinery, interruption of 
operations and clean-up (US$44 mil) 

1996 

Cubatão (SP) A: 2.64/S: > 10 
Vol.: 1.6x104 

Clean-up works 

Oswaldo Cruz Highway 
(SP) 

10 mm/10 min 
442 mm/13 h - 

Highway damaged, works for slope stabilization, water 
capture station affected 

Papagaio River Basin 
(RJ) 

202 mm/24 h A: 2.13/Vol.: 9x104 (1); hundreds of houses destroyed 

Quitite River Basin (RJ) 202 mm/24 h 
A: 2.53 

Vol.: 4x104 houses destroyed 

Rio de Janeiro (RJ) 301 mm/72 h (54) 

1999 Anchieta Highway (SP) 
128 mm/24 h 
274 mm/72 h Vol.:3x105 

200 m of the affected area, traffic stopped for several 
weeks, water capture station affected 

2001 
Rio de Janeiro, Petrópolis 

(RJ) 
300 mm/24 h - (40);164 wounded 

2002 Petrópolis (RJ) - (88) 

2008 Santa Catarina (SC) 720 mm/72 h - 
(135); 80,000 displaced/homeless, 85 municipalities in 

state of emergency  

2010 
Angra dos Reis (RJ) 143 mm/24 h - (53) 

Rio de Janeiro 120 mm/24 h Vol: 680 m³ (253) 1,410 displaced, 368 homeless 

2011 

Rio de Janeiro 
Córrego Dantas (stream) 

(RJ) 
269 mm/72 h A: 52 

(429); 3,220 disappeared, 2,031 homeless, displaced, 
and many economic losses,  Córrego Vieira (stream) 

(RJ) 269 mm/72 h A: 33 

Córrego da Posse (stream) 
(RJ) 

92.6 mm/72 h A: 12 
(343); 9,110 disappeared, homeless, 6,727 displaced and 

numerous losses 
Córrego do Cuiabá 

(stream) (RJ) 
35.8 mm/72 h A: 36 (71); 6,223 disappeared, homeless, 191 displaced and 

numerous losses 
Antonina (PR) (4) 

2013 
Córrego do Pilões 

(stream) (SP) 

23 mm/10 min 
115 mm/1 h 
273 mm09 h 

- 
Damage to the water reservoir, chlorine cylinders, and 

road service station destroyed  

Petrópolis (RJ) (31); 4,000 displaced 

2014 Itaóca 150 mm/6 hours Structural damage to bridges, destroyed houses, two 
disappeared and 25 death 

Source: adapted from Vieira e Gramani (2015). A = Area (Km²), S = Speed (m/s) and Vol = Volume (m³) 
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2. Methods

We selected eight basins in two areas of the Serra do Mar affected by intense rainfall, trigging shallow landslides, 
debris flows, mudflows, and flash floods. Area 1 (A1) is in the northern portion of the Serra do Mar and Area 2 (A2) 
south of this escarpment in the State of São Paulo (Fig. 1). In A1 five basins were selected (Massaguaçu, Guaxinduba, 
Santo Antonio, Ribeirão da Aldeia, and Pau d'alho) with and without records deposits of the debris flows generated 
in 1967. In this area the mass movements were triggered by intense rainfall events during the summer of 1966/1967 
(Fig. 2); rain occurred almost every day that summer and reached 945.6 mm by March 1967. The 535-mm rainfall 
recorded on the 17th and 18th of that month as responsible for the occurrence of hundreds of shallow landslides and 
debris flows; these events left their mark on the landscape and can still be seen today in the extensive deep scars on 
the slopes and large deposits of blocks in the slope ruptures (De Ploey and Cruz 1979).  

Approximately 50 years later, on 2014, another city, Itaóca, located in the same orographic feature was affected by 
cumulative rainfall of 150 mm/6 hours causing deaths with houses destroyed and structural damage to bridges (Fig. 
2). In this area we selected three basins more: two basins with records of landslides and debris flows (Palmital 1 and 
Gurutuba) and a third basin, with similar morphological characteristics, on the other hand, without any record of any 
landslide or debris flows registered. 

It was evaluated the influence of all 8 morphometric parameters to debris flows in the 8 basins, however in only 
one of them, the Guaxinduba, it was possible to estimate the vulnerability of the constructions to debris flows using 
the PTVA method. 

Fig. 1. Location of the eight basins in the Serra do Mar, State of São Paulo. 
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Fig. 2. (A, B) Mass movements in the Serra do Mar, Caraguatatuba, on March 1967 (C, D) and Itaóca municipality on January 2014. Source: 
Marcelo Gramani; Municipal Archive Caraguatatuba 

2.1 Morphometric parameters 

Morphometric parameters have been used by some authors to evaluate the susceptibility of basins to debris flows, 
because some of these parameters, like drainage channel and slope curvature, sediment availability, shape and area of 
the basin can influence in the dynamics of the debris flows, including their range, the disposal of the deposits and their 
magnitude of destruction. 

The morphometric parameters used (Drainage Density; Ruggedness Index; Circularity Index; Relief Ratio; 
Drainage Hierarchy; Slope Mean Channel; Curvature Concave) were defined from literature (Augusto Filho, 1993; 
De Scally et al., 2001; Jakob, 2005; Chen and Yu, 2011; Dias et al., 2016). The mapping of those parameters derived 
from two sets of elevation data, one a topographic map (1:10,000 scale) and SRTM (1 arc-sec). The litho structural 
data were obtained from the geologic map from Brazilian's Geologic Service (Fig. 2).   

The debris flows mapping was carried out using the research made by Cruz (1974) as a base, interpretation of aerial 
photographs in scale 1:25.000 and satellite images, fieldwork, where were collected the characteristics of the deposits. 
The information was spatialized using the location and characteristics of the deposits, being elaborated a classification 
of the deposits based in boulders size - “Small, Medium, Large and Very Large,” based on the classification proposed 
by Stoffel (2010). For the delimitation of the deposits, we made a 50meters buffer in the drainage, relating the location 
of the boulders with the drainages that could have transported and deposited the boulders. We also used the altimetry 
where the boulders are located and its proximity to slopes as criteria for the mapping.  

2.2 PTVA Method 

For the vulnerability, the PTVA (Papathoma Tsunami Vulnerability Assessment) method developed by Papathoma-
Köhle (2016) was used. Then, two classes of criterion were selected: the constructive itself (building material, the 
presence of high walls, number of floors, the presence of large doors and windows) and the surrounding of the 
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constructions (presence of vacant lots or wide-open area, the presence of blocks and their dimensions and proximity 
of buildings). Subsequently, the method of Multicriteria Evaluation (Voogd, 1983) was applied using a simple linear 
transformation to count each criterion and assign the weights. The weights were organized according to their 
importance for the application of the mitigation measures by the public power, as stated by Papathoma and Dominey 
- Howes (2003). This is the following assignment: Construction material (weight 7), High walls (weight 6), Presence 
of large / wide doors and windows (weight 5), Large land / wasteland (weight 4), Number of floors, Presence of blocks 
(weight 2) and Size of blocks (weight 1). In front of the counting and the assigning of weights, the vulnerability was 
calculated with the sum of the multiplication of each weight by the standardized count of each criterion. Thus, the 
final vulnerability was divided by the sum of the weights to be expressed in the scale of 0 to 1. 

3. Results

3.1 Susceptibility / Morphometric Parameters 

Considering the morphometric parameters and the morphology of debris flows deposits, all eight basins presented 
favorable conditions for debris flows (Table 1). There were high values of Drainage Density (Dd), mainly the Area 2 
(A2) and the Guaxinduba basin of Area 1 (A1), where large blocks were also identified and the highest values of the 
Roughness Index (Ri), indicating its high sediment yield potential, along with the Palmital 1 and Gurutuba (A2) basins. 

Table 1: Morphometric Parameters of the five basins in Area 1 and three basins in Area 2, with predominant lithology. 
Legend: Area (km²); Drainage Density (Dd) (km/km²); Ruggedness Index (Ri) (m/km); Circularity Index (Ci) 
(km²/km²); Relief Ratio (Rr); Drainage Hierarchy (Dh); Slope Mean Channel (Smc); Cc (Curvature Concave). 
In highlight = Critical values. 

According to the Circularity Index (Ci), all basins have a more elongated shape (Ci <0.5), except Palmital 1 and 
Palmital 2, where the large and extra-large rock block deposits were identified, especially the Guaxinduba and Pau 
d'alho basins (Fig. 3B). According to literature, this elongated shape is more favorable to deflagration of debris flows 
in steep landscaping slopes (Crozier, 1986). However, two basins (Santo Antonio and Aldeia) presented a circular 
shape as well large deposits related to previous debris flows (Fig.3A). Although all basins show high values of Relief 
Ratio (Rr), indicating a significant potential of transport and flows, those with higher volumes of deposits had the 
lowest values of this index (Santo Antonio, Pau d'alho and Guaxinduba).  

The Gurutuba basin (A2) has critical values in all morphometric parameters, where, in its lower portion, the large 
debris flows with large size deposits were mapped and the high destructive power (Fig. 3) and rapid flash floods that 
reached elevations between 1.90 and 2.60 m, destroying about 15 buildings.  

The Palmital 1 and Palmital 2 basin, which also present critical values in all morphometric parameters, are 
tributaries of the Palmital river basin, wherein 2014, recorded mudflows and flash floods. All these basins drain into 

Area Basin Area Dd Ri Ci Rr Dh Smc Cc Lithology (>50%) 

1 

Massaguaçu 20,5 1,7 1,6 0,55 132 3º 10º - Granitoids 
Guaxinduba 24,1 3,4 3,4 0,25 78 4º 10º 26% Granitoids  

Aldeia 22.3 2.4 2,6 0,43 112 4º 11º 30% Granitoids 
S. Antônio 40,0 2,2 2,0 0,43 94 5º 11º 20% Granitoids   Quartzites 
Pau d’alho 23,0 2,2 2,2 0,28 91 4º 14º 29% Complex (gneiss-migmatite) 

2 
Palmital 1 0,8 7,7 3,8 0,61 299 3° 22º 25% Phyllite, Metarenite 
Palmital 2 1,0 5,2 2,7 0,62 252 3º 23º 30% Phyllite, Metarenite 
Gurutuba 0,5 5,1 8,7 0,42 170 2º 29º 27% Phyllite, Metarenite /Granite 
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neighborhoods and districts of two cities (Itaóca and Apiaí) with urban and rural occupations, crops fields and forest. 

In 2014 this area was affected by debris flows, mudflows and flash floods that destroyed more than 500 buildings, 
300 people homeless and 25 people killed (Gramani and Arduin, 2015, Matos et al., 2016). 

Fig. 3. Deposits in Santo Antônio basin (A), Pau d’alho basin (B), mudflows and flash floods in Itaóca city from 2014. Source: Itaoca municipality. 

3.2 Vulnerability 

Regarding the vulnerability 38 part of the basin were mapped (Fig. 4) with high (8%), average (70%) and low 
(22%) vulnerability and with a variation of 30% between the lowest vulnerability and the highest one. The high 
vulnerabilities (76% to 85%) are concentrated in the northern and central portions. Mean vulnerabilities (66% to 75%) 
are predominant and well distributed, with low vulnerabilities (55% to 65%) concentrated in the central and southern 
portions. 

There was a variation of about 30% of the lowest vulnerability (55%) and the highest vulnerability (83%), as a 
result of the variation in the conditions of the vulnerability criteria. Some criteria were more important for the increase 
of the final vulnerability, like lack of high walls involving the constructions, presence of blocks in the surroundings 
and proximity of the constructions mapped with open lands. On the other hand, other criteria contributed to the 
reduction of vulnerability: masonry constructions, distance from vacant lots such as fields or vacant lots and absence 
of previous blocks of races. 
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Fig. 4. Vulnerability map of buildings. 

4. Conclusions

• No criterion was determinant in the final classification of the vulnerability and the result depends on the variation
of a set of criteria that tends to increase or reduce the final vulnerability. In general, the condition of the constructions
that most increased the vulnerability met the following criteria: 1) absence of high walls involving construction, 2)
the presence of blocks in the surroundings, 3) proximity to buildings mapped with open land, and 4) buildings with
only one floor

• There are still few studies on the spatialization, identification, and evaluation of the magnitude of debris flows in
Brazil at basin scales. Thus, it is believed that these studies can contribute to future work that aims to identify the
potential of watersheds in the generation of debris flows.

• It was not possible in this work to associate the susceptibility and the vulnerability for all analyzed basins. Future
works will produce new maps of the deposits seeking to identify this association.
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Abstract 

Historical patterns of debris flows have been reconstructed at the town of Forest Falls in the San Bernardino Mountains using a 
variety of field methods (mapping flow events after occurrence, dendrochronology evidence, soil chrono sequences).  Large flow 
events occur when summer thunderstorms produce brief high-intensity rainfall to mobilize debris, however the geomorphic system 
exhibits properties of non-linear response rather than being a single-event precipitation-driven process.  Previous studies contrasted 
the relative water content of flows generated by varying intensity summer thunderstorms to model factors controlling their velocity 
and pathway of deposition.   We hypothesize that variation in sediment discharge also results from complexity in this geomorphic 
system, and this paper presents ongoing empirical field studies focused on sources of complexity in three formative components of 
recently monitored debris-flows at Snow Creek Canyon: 1) thresholds of sediment delivery from sources at the higher reaches of 
bedrock canyons; 2) storage effects in sediment transport down the bedrock canyons; and 3) feedbacks in deposition and transport 
of sediment as flows from the bedrock canyon collect into a single active channel on a fan landform downslope. An example of the 
first component occurred in March 2017, when snow melt generated a rapid translational landslide/debris slide of about 80,000 m3; 
this sediment was deposited in the bedrock canyon, but moved no further down-gradient.  A second component has been observed 
when accumulation of meta-stable sediments in the active channel remain in place until fluvial erosion or subsequent debris flow 
created dynamic instability to mobilize the mass downslope.   The third component occurred in the active channel where low-water 
content debris flows deposited sediments that filled the channel, raising the channel grade level to levy elevation, allowing for 
subsequent spread of non-channelized flows onto the fan and new scouring channel pathways down fan.  Assessment of spatial and 
temporal complexities in a debris-flow system can improve risk prediction. 

Keywords: debris flows; hyperconcentrated flows; debris-flow system 

1. Introduction 

Debris flows entail considerable spatial and temporal uncertainties that complicate efforts to predict hazards.  
Geomorphic systems that exhibit non-linear dynamics are said to be ‘complex’ and multiple sources of complexity 
have been recognized in geomorphology studies (Temme et al. 2015, Murray and Fonstad 2007, Phillips 2003). This 
paper reports an ongoing empirical field study to explore sources of complexity in a debris-flow system spanning from 
a canyon catchment to fan landform, located in the Transverse Range of Southern California. 

1.1  Site Description 

The Transverse range is a west-east oriented mountainous physiographic region of California associated with 
the transform boundary of the Pacific and North American tectonic plates (Harden 1998).  The San Andreas Fault 
Zone makes the “Big Bend” step-over in Southern California, resulting in regional transpressional tectonic stress 
which has uplifted the San Bernardino Mountains (Yule and Sieh 2003).  The study site is Snow Creek Canyon (Lat. 
34.0669° N, Long. 116.9103° W), located on Yucaipa Ridge at the southeastern escarpment of the San Bernardino 
Mountains in the San Bernardino National Forest (place names after GNIS 2018).  

Snow Creek Canyon originates on the north side of Yucaipa Ridge at 2,657 m, and flows into Mill Creek at 
1,663 m elevation, over a horizontal distance of 2.6 kilometers.  Snow Creek flows through the community of Forest 
Falls, among several other drainages that form a bajada along the base of Yucaipa Ridge.  The bajada trends downhill 
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in a northward direction to the grade level of Mill Creek Valley (Fig. 1a and 1b).  The California Geological Survey 
and County of San Bernardino classified the northern and southern flanks of Mill Creek Valley as a landslide hazard 
zone (Tan, 1990; San Bernardino County, 2010).  The only ingress to the town is along Valley of the Falls Drive, a 
two-lane paved, county-maintained road built upon the bajada and intersected by numerous active flow channels.  

Forest Falls has a Mediterranean-type climate with warm, dry summers and cold, wet winters.  Yucaipa Ridge 
results in significant orographic enhancement of precipitation.  Winter season precipitation occurs during the passage 
of mid-latitude cyclones, and summer monsoonal rainfall occasionally occurs in thunderstorms with brief intense 
showers.  Flood-intensity rain events infrequently occur in late summer or fall if the region is impacted by the remnants 
of a dissipating tropical cyclone, as well as in winter if a Pacific atmospheric river circulation pattern develops. A 12-
year record of precipitation (2006-2018) is provided by the San Bernardino County Flood Control District that has 
operated a remote automated weather station (RAWS) with tipping-bucket rain gauge for alert of hazardous rainfall 
atop Yucaipa Ridge at 2753 m elevation (San Bernardino County Flood Control District, Meteorological Sensor ID: 
2900). The rain gauge registers a mean annual precipitation of 85.8 cm ± 24.9 SD for the October to September 
hydrologic year.  Approximately 84% of precipitation occurs from October through June.  On average, the wettest 
month of the year is December (21.7 cm) and the driest month is June (0.4 cm). 

Historically, the study site has experienced several debris and hyper-concentrated flows.  Within the last two 
decades, debris and hyper-concentrated flows have damaged structures, caused one fatality, and produced numerous 
closures of the only road into this valley (Morton et al., 2008); these flows occurred during summer months.  The area 
has also experienced extensive tectonic activity with the Mission Creek Fault, a part of the San Andreas Fault zone, 
mapped across the bedrock portion of the Snow Creek channel and the Mill Creek Fault (North Branch of the San 
Andreas Fault) is concurrent with the main drainage of the valley of which Snow Creek is a tributary (Fig. 1, USGS, 
2002).  The tectonism not only produces uplifting mountains, and hence source of the debris, but surface faulting and 
intense shaking has created a highly fractured, and in some cases deeply weathered, rock mass.  

Fig. 1.  (a) Map showing Forest Falls location between two strands of the San Andreas Fault in the San Bernardino Mountains of Southern California.   
(b) Aerial photo showing Snow Canyon, the community of Forest Falls, and nearby features (source: modified from Google Earth Pro, 2018). 

1.2 The 2017 and 2018 Mass Movements and Flows 

On February 17, 2017, the first of two mass-wasting episodes occurred in the upper reaches of Snow Creek 
Canyon (Fig. 2a).  Less than two months later, a second mass movement occurred in the same area of Snow Creek 
Canyon (Fig. 2b).  These events occurred as seasonal temperatures produced melting of the snow pack on these slopes. 
From photographs and videos taken by a telephoto lens about 1-1/2 kilometers away in Mill Creek Canyon, and 
subsequent inspection of the debris slide, the mass movements appeared to be translational landslide movements of 
intact bedrock with a colluvial veneer.  Some detrital material was deposited at the base of the approximate 45 to 50-
degree side slope, and at the surface this consists of 1 to 3-meter diameter angular boulders.  However, an interesting 
aspect of this mass movement was the accompanying rapid sediment runout that extended 600 to 700 meters 
downslope within the narrow bedrock canyon.  This runout episode was fortuitously captured on video.   Based on the 
video, the mass of clastic material moved in a fluid manner, at a velocity on the order of 100-140 km/hr, and sediment 
clasts and sediment waves reached heights estimated of up to 50 meters (Prochaska et al., 2008).  The bedrock slope 
was observed to ravel small amounts of sediment  during the following three relatively abnormally dry seasons 
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(summer 2017, Fall 2017, and winter 2018). However, most of the debris deposited in the canyon from the two mass 
movement events has remained stationary and has not been remobilized. 

About a year and a half later, on August 16, 2018, an intense precipitation cell over Yucaipa Ridge dropped 
over 5 cm of rain in a 2-hour period.  The runoff from this storm produced a hyper-concentrated mudflow that forced 
closure of Valley of the Falls Road as approximately 0.1 to 0.25 meters of sediment covered the road.  Post flow 
inspection of the fan upstream of the road showed that the sediment produced channel filling and channel avulsion. 
This sediment was ultimately deposited into the Mill Creek drainage. The sediment source for the flow is not obvious 
but is thought to be primarily from the scarred area of the 2017 mass wasting event, and material that accumulated 
600 to 700 meters downstream from that event having fines flushed from debris interstices. 

Fig. 2.  (a) Mass wasting area in Slide Canyon after first episode (on February 17, 2017); area of movement outlined in yellow.). (b) Second 
movement event in Slide Canyon (about 2 months later).  Trees on slide mass are approximately 25 meters high.  (Photo source: McIntosh, 2017). 

1.3 Empirical approaches to study sources of complexity in the Snow Canyon Debris-Flow System 

For almost two decades, the damaging effect of Snow Creek canyon debris flows on the Forest Falls 
community has been recognized, with the primary causative mechanism attributed to high-intensity summer storms 
on Yucaipa Ridge.   However, the non-linear dynamics of 2017-18 flow events suggests this debris-flow system also 
functions with multiple sources of complexity. This paper hypothesizes that complexities occur in 3 system 
components that we describe to guide ongoing empirical field study of the debris-flow system, including:  storage 
effects in episodic sediment loading from bedrock landslide events; sediment storage thresholds and flow movement 
triggering in the narrow channel; and sediment transport across the alluvial fan in a complex channel filling, cutting, 
and avulsion process of feedbacks.   A Geographical Information System (GIS) modelled dimensions of the catchment 
source area for debris flow generation. The catchment area of Snow Creek Canyon was analysed from a 10 m cell 
resolution Digital Elevation Model (DEM) downloaded from the National 3D Elevation Program (USGS 2018), and 
processed with ArcMap 10.3 software (ESRI, Redlands, CA).  The ‘surface tool’ in ArcMap Spatial Analyst derived 
slope angles of each grid cell.  The ‘watershed tool’ was used to delineate the planimetric area of the catchment 
upstream from a fan apex pour-point. The ‘stream order’ tool was used to determine the rank of trunk stream channel 
at the fan apex using a 1,000 grid cell flow accumulation rule. The ‘surface volume’ tool in ArcMap 3D Analyst was 
used to compute a 2D projected area encompassed by the catchment, and a 3D surface area of the canyon slopes. 

2. Previous Studies 

This paper uses creek names shown on the U.S Geological Survey 7.5' Forest Falls quadrangle (after GNIS 
2018), which is consistent with current US Forest Service and local emergency response usage.   The names “Snow 
Creek Canyon” and “Rattlesnake Canyon” have been used interchangeably on some publications. 

Previous research concluded that, cumulatively, debris-flow events in Snow Canyon and Rattlesnake Canyon 
occur on average every 3.5 years with some years having two episodes. This average was based on documented events 
since 1951 and tree ring data over the past 300 years (Morton et al., 2001; Morton et al., 2008; Turk et al., 2008), 
which documented 15 large-scale debris-flow events up to 2008. 

The active channel of Snow Creek is presently located on the eastern side of the fan.  The age of fan surface 
deposits generally increases from east to west across the landform, as evidenced by chronosequence studies of soil 
development, and tree-ring age dates of surface deposits (Morton et al., 2008, Turk et al., 2008).  The west edge of 
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the fan is bounded by an inactive debris-flow channel that is cutoff by the active channel at the fan apex. These studies 
indicate that debris flows are distributed across the fan over time, and identify a need for higher resolution study of 
how channel pathways change. 

3. System Components Operating in Snow Creek Canyon 

Three components are observed to operate in different areas of Snow Creek Canyon and each appears to have 
its own controls, but inputs and thru-puts may link the components or only influence that component.  The components 
include:  1) sediment delivery from source at the higher reaches of bedrock canyons; 2) sediment transport down the 
bedrock canyons; and 3) deposition and transport of sediment on and across the debris-flow fan. 

Our GIS model indicates that Snow Creek Canyon has local relief of 862 m from fan apex (1795 m) to the crest of the 
highest headwall at Yucaipa Ridge (2657 m), over a total length of 1.6 km horizontal distance (53.8% gradient).  Slope 
angles of DEM grid cells range from 2.7° to 69.5°, with mean of 39.8° (Fig 4b).  Although the catchment encompasses 
67.2 ha of planimetric area upstream from the fan apex, the 3D surface model provides an estimate that 93.6 ha of 
surface area covers the steep slopes within this canyon.  The trunk channel of this catchment ranks as a 2nd order 
stream by tributary accumulation of flow from >10 ha drainage area on these slopes, and has a nearly linear drainage 
pattern.  Below the fan apex at the base of the canyon, the trunk channel spans a horizontal distance of approximately 
530 m with an average gradient of 17.2% (Fig 4b).  The channel makes an s-turn from 317 m to 342 m below the fan 
apex and is the location of the levee breaches during recent flows. 

3.1 Sediment delivery from source at the higher reaches of the bedrock canyon 

The Winter-Spring 2017 mass wasting event in Snow Creek Canyon occurred on the west canyon wall, at an 
elevation of 2347 m.  A variety of geological and meteorological conditions may have contributed to the mass wasting 
event including, rock weathering, steep terrain inducing rock fall, high precipitation rates, tectonic activity,  and warm 
temperatures that produced rapid snow melt.   

The rocks are mapped Mesozoic quartz monzonite and Precambrian gneiss (Dibblee, 1964; Gutierrez, 2010). 
These rocks were observed to be highly fractured and weathered.  The walls of Snow Canyon are steep, ranging from 
50 degrees to near vertical.  The area of movement is a mapped landslide complex with slopes in the failure area at 
50-55 degrees.  A colluvial layer 1-2 meters thick overlies a highly fractured bedrock mass (Fig 3a and 3b). The mass 
movement occurred on a plane that is oriented subparallel to the valley wall.  At the base of the slope, the block size 
of the angular boulders ranges from 1.5 to 3.5 meters.  By contrast, at the toe of the debris runout located 600-700 
meters downslope, the block diameter of the angular boulders exposed at the surface was 0.6 to 1.5 meters. While 
material size is obviously sorted with distance from the slide area, the rapid and violent nature of this event is also 
thought to have produced a rapid breakdown of particle sizes.  This was most likely enhanced by the rock mass’s in 
situ fracturing and weathering.  And even further downstream on the alluvial fan surface, clast diameters range from 
10 cm to 0.5 meters along with a considerable sand and silt-sized fraction. 

This location is an extremely active tectonic zone.  The Mission Creek Fault (aka., North Branch of the San 
Andreas fault) is about 0.50 km from the Snow Canyon mass movement episode (USGS, 2002). At the bottom of the 
valley, nearer the Forest Falls community, the Mill Creek fault is about 2.5 km to the north.  The main South Branch 
of the San Andreas fault, located approximately 3.5 km south of upper Snow Canyon, trends along the south side of 
the Yucaipa Ridge.  According to the California Geological Survey’s Alquist-Priolo Earthquake Fault Zone maps, all 
three of the above-mentioned faults are considered potentially active during the Holocene period (CGS, 1974).  
However, another related factor, seismic shaking is an ongoing process and this topographic high would amplify any 
seismic shaking at the site. For example, since February 12, 2017, there have been 24 documented earthquakes greater 
than M2.5 within a 20 km radius of Snow Canyon.  According to the USGS Earthquake Hazards program, a magnitude 
3.4 earthquake occurred on February 10th, less than one week prior to the Snow Canyon mass movement event, 
approximately 8 km southwest of the site.   

Data obtained from the Yucaipa Ridge rainfall gauging station shows Forest Falls having received 0.81 m of 
precipitation from October 23, 2016 to February 18, 2017 (San Bernardino County Flood Control District, 2017).  In 
the preceding weeks prior to the mass wasting event there were no recorded precipitation events; however, the warm 
temperatures during this time melted much of the snow pack and this runoff could have facilitated movement.  Note 
the difference in snow coverage shown in photographs on Figures 2a and 2b. 

Based on our observations and conclusions by O’Keefe, 2017, the 2017 Snow Canyon mass wasting event 
appears to combine aspects of the flow and slide mechanisms, including flow as a debris avalanche (Cruden and 
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Varnes, 1996).  Summerfield (1991) notes that debris avalanches often begin as landslides and historically, the 
documented major mass wasting episodes in Forest Falls have been classified as debris flows and debris avalanches. 
Prior to 1999, Forest Falls experienced 11 debris flows and during July 1999 a debris flow and debris avalanche 
occurred at Snow Creek, east of Snow Canyon (Morton and Hauser, 2001).  The California Geological Survey and 
San Bernardino County have classified the northern and southern mountains of Mill Creek Valley, surrounding Forest 
Falls and encompassing Snow Canyon, as a landslide hazard zone. 

Fig. 3.  (a) Source area of mass wasting taken in May 2017, about 2 months after last movement occurred.  Rock mass structure is evident, as is 
moderate to high degree of weathering. Slope orientation is approximately 50 degrees; (b) Trees and large boulders were mobilized by the Winter-
Spring 2017 mass wasting event.  The landslide source area is several hundred meters upslope from this location. Angular boulder diameters range 
from 0.2 to 2.0 meters in diameter. 

3.2 Sediment storage and transport down the bedrock canyons 

Less information is known about this part of the system than of the two other components because it is easily 
overlooked as an independent component of the process mode.  More attention is given to the upslope mass movement 
that produces the sediment or the downslope alluvial fan.  Had it not been for the unique opportunity of the photo and 
video documentation of this event, we could have also overlooked its importance; however, the fact that all of the 
sediment produced in the Winter-Spring 2017 mass wasting event was stored in this section, suggests it should not be 
overlooked.  At very least, the amount of sediment stored and estimating its control on groundwater flow within this 
sediment mass pose intriguing questions.   

We are in the process of quantifying the 2017 sediment that was deposited within this bedrock channel 
segment.  Our pre-flow aerial photography is not high enough resolution to use as a base.  We are currently using a 
LIDAR base obtained in 2016 that has been recently made available as our pre-flow base (NCALM, 2014).  For post 
flow, will be using new sUAV LIDAR once it becomes operational or sUAV conventional photography.  For both, 
the steep topography in the area has created logistical obstacles.  For obtaining information on groundwater flow 
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within the deposited sediment and how this sediment may be remobilized into an active debris or hyper-concentrated 
flow can at this time only be estimated or modelled hydrologically.  

 At this point we know that the estimated 120,000 cubic meters that moved in the 2017 event was stored 
within the bedrock channel area from the slide mass site to a distance downstream 600-700 m.  In August 2018, a 
hyper-concentrated sediment flow was produced on the fan and extended onto Valley of the Falls Drive.  The volume 
estimate for this sediment was not able to be accurately determined as precise depth and sediment extent records were 
not recorded. However, based on crude sediment depths, we roughly estimate that about 15,000 cubic meters of 
sediment was deposited on and downstream of the road.  This combined with the sediment estimates that mapping of 
alluvial fan surface mapping determined, which was on the order of 10,000 cubic meters, then the total amount of 
sediment mobilized during event was on the order of about 120,000 cubic meters.  This would leave about 95,000 
cubic meters of sediment, produced by the 2017 mass wasting event, still stored within the bedrock channel segment.  

From a risk standpoint at this time, we can only speculate about the amount of sediment or debris that another 
intense rainstorm could possibly produce. For example, will a repeat storm again produce another hyper-concentrated 
flow of relatively fine-grained sediment? Or did the August 16, 2018 storm runoff remove all loose, available stored 
sediment?  At what point will the coarser material be mobilized?  Does the coarser material currently exist in a meta-
stable state with only the fine material able to be mobilized by fluid flow?  What is its threshold trigger? For example, 
could the coarser material only be mobilized into a true debris flow only episodically, say when another large mass 
wasting event produces enough kinetic energy (i.e., bull-dozing driving force) to physically mobilize this material (as 
opposed to mobilization by hydraulic forces alone)?   

3.3 Sediment deposition and transport of sediment on and across the debris-flow fan 

Open traverse surveys of topography on the fan were recorded using submeter precision global positioning 
system (GPS) roving receivers (Trimble GEO7x with Zephyr antenna, ArcPad 10 software).  The GPS positional data 
(x,y,z) were recorded only if a real-time differential correction was obtained and the 3D position dilution of precision 
(PDOP) was < 3.0.  Elevation (z) was calibrated using the GEOID03 model offset of -30.414 m reported by the 
National Geodetic Survey at the latitude and longitude coordinates of Forest Falls CA relative to height above the 
WGS84 ellipsoid (NGS 2017, 2018).  

Fig. 4.  LIDAR imagery of Snow Creek and alluvial fan. (a) Entire system downstream of mass movement area with features annotated.  Area A is 
the channel where sUAV point cloud imagery was acquired that shows the channel changes produced by the August 16, 2018 hyper-concentrated 
flow       (b) Enlarged area from Fig 4a that shows close up of alluvial fan channels. 

A total of 3,022 GPS survey points were recorded across the fan on September 23, 2017. This procedure was 
repeated on September 28, 2018 to record 2,362 GPS survey points over the active channel and extent of debris flow. 
Only GPS survey points with Estimated Positional Error (EPE) � 1 m were used for geospatial analysis of the fan 
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surface elevation change.  This resulted in use of 2,002 points (66.2%) from the 2017 survey, and 2,113 points (89.4%) 
from the 2018 survey.  This GNSS data for both years was exported to ArcMap and converted into 10 m cell grids 
using the ‘Point to Raster’ tool that averaged all elevations within each cell.  The Spatial Analyst ‘Raster Calculator’ 
tool was used to compute the difference in elevation (ΔZ) for 2018 minus 2017. Cells with negative values of -1 m or 
more indicate areas where net erosion exceeded the range of GPS measurement imprecision (figure of ΔZ).  Likewise, 
positive values greater than 1 m indicate where net deposition measurably occurred.  Taken together, our GPS 
surveying, sUAV photography, and analysis of existing LIDAR across the fan provide multiple lines of evidence that 
deposition appears to be shifting in a westward direction by spread of non-channelized flows onto the fan. At the same 
time, there has been significant fluvial erosion by new scouring of channel pathways down fan in a process of channel 
avulsion below where the active channel was overtopped by bedload accumulation.  

4. Discussion of system 

Previous work had concluded that summer monsoon rainfall events on Yucaipa Ridge were the hydraulic 
driving force that produced debris flows.  For example, including the 1999 and 2016 debris and hyper-concentrated 
flows, Forest Falls has experienced 13 debris flows since 1951.  However, monsoonal storms occur much more 
frequently than do documented debris incidents.  Based on observations of the 2017 mass wasting event, where 
sediment was observed to accumulate within the middle portion of the bedrock channel, and then where an August 
2018 monsoonal event created a hyper-concentrated flow that mobilized about 25,000 cubic meters, we observed that 
a large percentage of the coarse-grained material boulders and clasts remain as a meta-stable sediment plug in the 
middle channel.  What is unknown is what type of an event will be required to mobilize the larger volume and larger 
diameter material into a presumed true debris flow.   

Fig. 5.  Some event causes the course sediment stored in the middle section (the bedrock channel) to become mobilized and transported downslope. 
These two possible scenarios are possible models for the complex controls that operate to control the type and volume of flow that may occur in 
Snow Creek canyon and alluvial fan. 

5. Conclusions & Recommendations for Future Research 

Sediment loads contained within the debris-flow system at Forest Falls are produced in multiple non-linear 
components of erosion, transport, and deposition.  We identify a need to quantify ‘thresholds’ of rainfall intensity 
required for sediment mobilization, recognizing that ‘storage effects’ occur in bedrock canyons and active drainage 
channels which accumulate significant loads of sediment mobilized by antecedent mass-movement processes, as well 
as from deposits of smaller water-limited debris flows that traveled short distances. Debris flows from the canyon 
deposited sediments that aggraded within the active drainage channel and breached the active channel levy, allowing 
for subsequent spread of non-channelized flows onto the fan.   A ‘feedback’ process of channel avulsion progressed 
in subsequent flow events that eroded new channel pathways down fan.  Field investigations and monitoring will 
progress to gather data that will build a model of these complexities. Existing and future imagery such as LIDAR, 
InSAR, and conventional aerial photography are being analysed through the use of Point Cloud software to quantify 
baseline geomorphic conditions and provide measurements of event-specific changes.  Possible future work is: 

• The amount of sediment stored in the bedrock channel needs to be quantified.  LIDAR and InSAR may allow
more precise calculations so the hypotheses developed can be tested.

• The amount and location of sediment that is stored on the alluvial fan.  The forested nature of this geomorphic
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surface has limited the use of historic stereo photography or new high resolution sUAV photography for this 
purpose.  LIDAR and InSAR may provide the ability for this purpose.   
A sediment budget to determine how much sediment is being produced in which area, where it is being 
temporarily being stored, and how much sediment passes through the system.  

• The locations where individual mass-wasting and debris-flow events are triggered needs to be determined
with higher spatial and temporal resolution.  A time series of such data could potentially be useful to provide
a statistical frequency distribution for occurrences of sediment mobilization, contrast different scales of flow
events, as well as to determine the flow distances contained within this system.  An array of field
instrumentation may be useful, such as infrasound acoustic sensors for mass-wasting events and geophones
for ground vibration detection caused by debris flows (after Hurlimann et al. 2003, Abanco et al. 2014,
Havens et al. 2014), and could be calibrated with events documented by the aerial surveys and GPS surveys.
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Abstract 

Long-term records of the magnitude and frequency of debris flows on fans are rare, but such records provide critical information 
needed for debris-flow hazard and risk assessments. This study explores the history of debris flows on a fan with seasonally 
inhabited cabins at Pope Creek along the Entiat River about 48 km upstream from the town of Entiat, Washington. Motivation for 
this study was provided by the Duncan Fire, a wildfire which burned the Pope Creek basin in 2014 and resulted in debris flows 
and water-dominated floods on the fan between August 2014 and October 2016. We excavated and mapped seven 6-m long (2.4-
m deep) trenches, mapped deposits on the surface of the fan, and constrained the ages of deposits using radiocarbon dating and 
the computer program OxCal. Preliminary results indicate that there have been at least 10 debris-flow events (DFEs) since 4000 
cal yr BP. The mean recurrence interval between events was 433 +/-44 years, but intervals range from 724 to 20 years. The four 
most recent events have the shortest recurrence intervals. The largest event had an estimated sediment volume of 97,000 m3 and 
occurred at about 285 cal yr BP (1665 AD) during the Little Ice Age. The most recent debris-flow event that was triggered by 
rainstorms following the Duncan Fire was about 8x smaller than the largest event. These results may indicate that the largest DFE 
was triggered by an exceptional meteorological event that occurred during a cool, wet time, and that smaller DFEs were triggered 
by less exceptional meteorological events that occurred following wildfires. 

Keywords: debris flow; fan; magnitude; frequency; Washington State 

1. Introduction

In most parts of the world, debris-flow frequency and magnitude relations, and changes in those relations due to
wildfires, are poorly documented, but are critical for hazard and risk assessments. Debris-flow frequency and 
magnitude relations are poorly documented because of a scarcity of systematic trenching studies of debris-fan 
deposits. In the western United States, existing studies of natural exposures of fan stratigraphy show an increase in 
fire-related sedimentation events (floods and debris flows) during warm climatic conditions and multidecadal 
droughts (e.g., Pierce and Meyer, 2008; Frechette and Meyer, 2009). 

In this paper, we present preliminary results from a systematic study of debris-flow deposits on a debris fan in an 
area susceptible to wildfires in central Washington State. We studied the debris flows by mapping deposits on the 
fan surface, and by mapping and dating debris-flow stratigraphy in seven ~2.4-m deep trenches distributed across 
the fan. We used dated deposits to model debris-flow recurrence intervals for 4000 cal yr BP and compared our 
results to available climate and fire histories in central Washington.  
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2. Setting

The debris-fan that we studied is at the mouth of Pope Creek, a tributary to the Entiat River in the Okanogan-
Wenatchee National Forest (Fig. 1). The Pope Creek fan and basin cover areas of 0.2 km2 and 9.1 km2, respectively. 
Relief from head of basin to the toe of the fan at the edge of the Entiat river is 1,340 m. The basin is underlain by 
an Eocene-age biotite and hornblende-biotite granodiorite within the Duncan Hill Pluton (Tabor et al., 1987). The 
fan and river valley were mapped by Tabor et al. (1987) as Holocene and Pleistocene alluvium ranging from 
poorly-sorted sandy gravelly sand on the fan, to moderately-sorted cobbly gravel along the river.  

The geologic history of the study area is complex. The area is on the east side of the volcanically active 
Cascades Range about 45 km southeast of the Glacier Peak volcano. Pumaceous tephra is present in the Pope 
Creek basin and most likely originated from an eruption of Glacier Peak between 11,000 and 13,000 years ago 
(Porter, 1978). The area is also near the western edge of the Okanogan ice lobe of the Pleistocene Cordilleran 
continental ice sheet, but just outboard from the area that was glaciated (e.g., Balbas et al., 2017). Alpine glacial 
drift has been mapped in isolated parts of the Entiat Valley near Pope Creek (Haugerud and Tabor, 2009). 

Fig. 1. Map of the Pope Creek debris fan showing surficial geology mapped in 2017, location of trenches excavated in 2017, and location of 
cabins and outbuildings near the Entiat River. Trenches 1, 3, 7, 8, and 12 were not excavated, and are therefore not shown here. All post-2014 
deposits are part of debris-flow event 10 (DFE10). Coordinates of tick marks are UTM, zone 10, meters. Elevation data are from the National 
Elevation Dataset (NED, USGS, 2018), contour interval is 20 m.  Small inset map shows the location of the fan and basin in Washington State. 
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The Entiat River basin has a long history of destructive wildfires and subsequent floods and debris flows 
including events in the 1970s (e.g., Perkins et al., 1971; Klock and Helvey, 1976; Woodsmith et al., 2004), 2014 
(Duncan Fire, Burned Area Emergency Response, 2014), and 2015 (Wolverine Fire, Burned Area Emergency 
Response, 2015).  After a wildfire in 1970, debris flows in June 1972 destroyed private cabins and killed four people 
on the Preston Creek fan in the Entiat Valley (Klock and Helvey, 1976). At the Pope Creek fan, there are records 
from two historical debris-flow events, one on May 19, 1995 (U.S. Bureau of Reclamation, 2009) that was not 
related to a wildfire, and another following the Duncan Fire which burned in July and August, 2014. The 1995 event 
deposited boulders and large woody debris at the head of the fan, and finer sediment on lower parts of the fan, 
including on National Forest Road 51, and near private, seasonally occupied cabins located on the periphery of the 
fan near the Entiat River. The post-2014 debris-flow event deposited material on the fan in a similar manner to the 
1995 event.  

The Duncan Fire burned about 65 percent of the Pope Creek basin at moderate to high soil-burn severity (Burned 
Area Emergency Response, 2014). Prior to the Duncan Fire, a mixed conifer forest blanketed the basin and fan, with 
ponderosa pine, grand fir, silver fir, and mountain hemlock trees in the basin, and ponderosa pine on the fan. This 
vegetation regime is classified by the U.S. Forest Service as Pacific Northwest forested, mixed conifer, eastside 
mesic. For this vegetation regime, the Forest Service Fire Effects Information System gives mean fire return 
intervals as 200 yrs, 150 yrs, and 40 yrs for stand replacement, mixed, and surface fire-severity classes, respectively 
(U.S. Forest Service, 2018).  There is not a correlation between soil-burn severity and fire-severity classes (e.g., 
Safford et al., 2007). 

3. Methods

During field work in the spring and summer of 2017, we mapped deposits on the surface of the Pope Creek fan, 
and excavated and mapped seven trenches in the fan. We identified deposits on the fan surface and then mapped 
deposit boundaries on a June 2016 Digital Globe WorldView-2 image. Trenches were about 6 m long, 2.4 m (8 ft) 
deep, and had two 1.2 m (4 ft) high walls separated by a 1.2 m (4 ft) wide bench. At each trench, we mapped and 
described deposits, flagged unit contacts using nails and flagging, surveyed the position (UTM zone 10 coordinates 
and elevation above mean sea level in m) of all flagged nails using a total station surveying unit, and collected 
charcoal samples for radiocarbon dating.  Charcoal samples were all detrital charcoal, meaning that the charcoal was 
not created in-situ, but instead was transported to its deposition location from an upstream location either on the fan 
or in the basin, and thus provided maximum ages for the deposits.    

We interpreted deposits as debris-flow deposits or flood (water-dominated) deposits based on sedimentological 
characteristics. Debris-flow deposits were unsorted, matrix-supported deposits that contained randomly oriented 
clasts (cobbles and boulders). Flood deposits were sorted, clast supported, contained layers, and were generally finer 
grained than debris-flow deposits.     

From surface and subsurface exposures, we documented that the Pope Creek fan is dominated by debris flows 
rather than floods, but, we also know from observations of debris-flow events in multiple locations that individual 
events often have both debris flow and flood components, both in time and in space. Previous investigations have 
shown that there can be debris flows and/or floods over periods of years to possibly decades that leave 
sedimentologically identical deposits that cannot be distinguished from one another in cross section unless there are 
soil horizons visible between the deposits (see Major, 1997 for additional details). To account for such uncertainties, 
throughout this paper, we use the term debris-flow event (DFE) to describe historical and pre-historic flow events on 
the fan. A single DFE can include one or more flows that cannot be distinguished from one another, either on the fan 
surface, or in stratigraphic sections. We identified 10 DFEs at Pope Creek, with the oldest designated as DFE1 and 
the youngest as DFE10. An individual DFE can contain both debris-flow deposits and flood deposits on different 
parts of the fan surface, or at single locations. Flows on the fan after the Duncan Fire (Post-2014 DFE10, Fig. 1) are 
useful to illustrate this point. In DFE10, there were multiple flows following the 2014 Duncan Fire that were 
indistinguishable from one another on the fan surface and in trenches. Additionally, DFE10 had debris flow and 
flood components (Fig. 1), with debris-flow deposits near the head of the fan, and flood deposits on the middle and 
lower parts of the fan.  

Soil horizons can be useful to distinguish DFEs because they indicate hiatuses in the debris-flow depositional 
cycle. For soil descriptions, we used the nomenclature of Schoeneberger et al. (2012). Specifically, we described A, 
B, and C soil horizons.  An A horizon is organic matter and mineral-rich material that accumulates at or near the 
land surface. A B horizon underlies an A horizon and is different from the original parent material because of an 
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accumulation of secondary material, color, or structures (aggregation of soil particles). A C horizon is a 
subsurface horizon and can be like or unlike the material from which the soil formed. C horizons lack properties 
of A and B horizons. At the Pope Creek fan, C horizons are the parent material from which the A and B horizons 
formed. In some cases, because of a lack of adequate time and/or climatic conditions, there are C horizons at 
Pope Creek that never had A and B horizons form. Additionally, it is possible that some C horizons had A and/or 
B horizons at one point in time that were locally scoured away by subsequent floods and debris flows.     

We submitted 17 charcoal samples for accelerator mass spectrometry (AMS, 14C) dating to the Woods Hole 
Oceanographic Institute (16 samples) and Beta Analytic, Inc. (1 sample). Prior to submittal, we removed 
inorganic sediment and any organics from modern plant roots and dried the samples by heating them in an oven 
at 50°C for 2 hours.  

We identified and correlated DFEs (Fig. 2) using soils and radiocarbon dates as constraints. To model the 
timing of DFEs from radiocarbon dates, we used OxCal radiocarbon calibration and analysis software version 
4.3.2 (Bronk Ramsey, 2009, 2017) and the IntCal13 calibration curve of Reimer et al. (2013). OxCal is a 
Bayesian analysis tool that probabilistically models the timing of undated DFEs by incorporating the time 
distributions of all available chronological constraints (14C dates from charcoal in our case). Oxcal produces a 
probability density function (PDF) for each undated event. We modeled the maximum ages for the deposition of 
DFEs (i.e., the age of fires that created the charcoal) using OxCal R_Date commands for units with single 
charcoal samples, OxCal R_Date and Phase commands for units with multiple charcoal samples, and Date 
commands for ages of the individual DFEs (see Lienkaemper and Bronk Ramsey, 2009, and DuRoss et al., 2011 
for additional details regarding these OxCal commands). Our modelling provides mean values and 95% 
confidence interval bands for the maximum ages of DFEs.  

We estimated volumes for each DFE based on our observations of the post-2014 DFE10 event. We used the 
percentage of the fan area covered by DFE10 (19%) and the number of trenches where deposits from DFE10 
were exposed (2) to establish an equation to estimate the sediment volume (V) of DFE10, and the other nine 
DFEs: 

V = MT*TE*PF*TA (1) 

where MT is the mean thickness (m) of DFE deposits from map and/or trench exposures, TE is the number of 
trenches where DFE deposits are exposed, PF is 0.095, which is the estimated percentage (9.5%, 19%/2 based on 
DFE10) of the fan that is covered for each trench where DFE deposits are exposed, and TA is 204000, which is the 
total area of the fan (m2). For DFE10 (the post-2014 event), MT was based on about 10 natural exposures as well as 
trench exposures. For all pre-2014 DFEs, MT was estimated from trench exposures alone. This approach for 
calculating DFE volumes relies on an assumed positive correlation between the percentage of fan area covered by a 
DFE, and the number of trenches where the DFE is exposed. An additional assumption is that all DFEs would have 
a similar pattern of deposition to that of DFE10. For example, if a pre-2014 DFE primarily transported material 
down a single channel and into the Entiat River, rather than spreading across the fan in multiple depositional 
“fingers” as DFE10 did, then our method for estimating volume would underestimate the volume of the event, or we 
would simply not see the event in our limited number of trenches. The obvious limitation of our methodology is that 
it yields rough volume estimates that are subject to refinement as additional trench data become available, or if 
better subsurface mapping methodologies are used at the fan.  

4. Results

Our surficial map of the fan (Fig. 1) distinguishes two ages of material: pre-2014 material that is boulder-rich 
debris-flow deposit, and post-2014 (DFE10) material that was deposited in 2 or 3 separate flows that the U.S. 
Forest Service documented as occurring between August 2014 and October 2016.  DFE10 had both debris-flow 
and flood deposits and had an estimated sediment volume of 12,000 m3 (Table 1). The pre-2014 material can be 
broken into DFEs based on exposures in trenches and from radiocarbon dates (see Fig. 2).  

Trench exposures reveal a total of 10 DFEs in the last 4000 years (Fig. 2).  The timing of DFEs 10 and 9 are 
from historical records. The ages of DFEs 8-6 are well constrained both spatially and temporally because of the 
presence of buried A and B soil horizons, as well as an abundance of radiocarbon dates. The ages and spatial 
correlations between trenches for DFEs 5-1 are poorly constrained because of a general lack of soils and sparse 
availability of radiocarbon dates. The average thicknesses of individual DFEs range from 0.1 to 1.1 m (Table 1). 
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Estimated sediment volumes of DFEs ranged from 2,000 m3 (DFE9) to 97,000 m3 (DFE7, Table 1). We estimate 
that the largest DFE in the 4000-year period of record (DFE7) covered about 48% of the total fan area (Table 1).     

The modelled ages for each DFE are shown in Figure 3. DFEs had a mean recurrence interval of 433 +/- 44 years 
for the 4000-year period of record. However, over the last 300 years, DFEs seem to be occurring more frequently, 
with mean recurrence intervals for the last 4 DFEs (DFEs 10-7) ranging from about 260 to 20 years (Fig. 3). We 
suspect that this observation is an artifact because we have good soil, radiocarbon, and historical constraints for the 
last several hundred years that allow us to better distinguish DFEs compared to the rest of the period of record. The 
largest DFE in the period of record, DFE7, occurred about 285 +/-98 cal yr BP (1665 AD).   

Fig. 2. One-meter wide sections showing stratigraphy exposed in each trench shown in Figure 1.  “N” and “S” in trench names refers to north and 
south walls, respectively. Correlation of debris-flow events (DFEs) between trenches are shown with colors. Soil designations shown in 
individual sections refer to A, B, and C soil horizons used to correlate deposits between trenches. Conventional radiocarbon ages are shown in the 
table and calibrated ages are shown in stratigraphic sections.  Correlations of older deposits (DFEs 1-5) were difficult because of poor soil and 
radiocarbon constraints.  These correlations are subject to revision as additional radiocarbon dates become available in the future.   
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Table 1. Estimated areas and sediment volumes for debris-flow events. Estimates are based on measurements of 
DFE10 which covered 19% of the total fan area and was exposed in two of the seven trenches. Average thickness of 
DFE10 was estimated from both surface and subsurface (i.e., trench) mapping. All other average thickness estimates 
were made from multiple measurements in trenches alone. Total fan area is 204,000 m2. If deposits from a debris-
flow event were exposed in all seven trenches, we estimate that the event would have covered 67% of the fan. 

Debris-Flow Event Number of 
trenches where 
DFE is present 

Estimated 
average 
thickness (m) 

Estimated 
percentage of 
total fan area 
covered by the 
deposits 

Estimated area 
covered by the 
deposits (m2) 

Estimated 
sediment 
volume (m3) 

DFE10 2 0.3 19.0 39,000 12,000 

DFE9 1 0.1   9.5 19,000   2,000 

DFE8 3 0.5 28.5 58,000 29,000 

DFE7 5 1.0 47.5 97,000 97,000 

DFE6 4 0.7 38.0 78,000 54,000 

DFE5 3 0.3 28.5 58,000 17,000 

DFE4 2 1.1 19.0 39,000 43,000 

DFE3 2 0.7 19.0 39,000 27,000 

DFE2 1 0.3   9.5 19,000   6,000 

DFE1 1 0.5   9.5 19,000 10,000 

By combining the modelled ages (Fig. 3) and estimated volumes (Table 1) for DFEs over the last 4000 years, 
we defined a magnitude/frequency relation for debris-flow events on the fan (Fig. 4). This relation shows that the 
annual probability of DFEs exceeding 1000 m3 is about 0.3 percent, whereas the annual probability for events 
exceeding 90,000 m3 is about 0.03 percent. This relation is based on the entire period of record and assumes 
stationarity in climate over the period of record. Stationarity is the concept that climate and other natural systems 
fluctuate within an unchanging envelope of variability (e.g., see Milly et al., 2008 for details). Climate change is 
altering the range of historical climate variability (i.e., temperatures and precipitation) and is expected to render 
the stationarity assumption invalid (Milly et al., 2008). Our magnitude/frequency relation (Fig. 4) does not 
account for a change in climate stationarity that could be related to the observed increase in DFE frequency over 
the last several hundred years.   

5. Discussion

Wildfires increase the susceptibility of hillslopes to debris flows (e.g., Cannon and Gartner, 2005), but
meteorological events trigger the flows. Based on the prevalence of charcoal in our trenches, wildfires have 
repeatedly burned the Pope Creek basin during the last 4000 years. For the vegetation assemblage that existed at 
Pope Creek prior to the Duncan Fire, the estimated mean return period for surface fires and stand replacement 
fires are 40 and 200 years, respectively (U.S. Forest Service, 2018). The surface fire interval is about an order of 
magnitude less than our mean debris-flow recurrence interval (433 years), whereas the stand replacement interval 
is about half of our debris-flow interval. In addition to the post-Duncan fire DFE (DFE10), past fires have 
undoubtedly contributed to other DFEs at Pope Creek. However, the resolution of our data does not allow us to 
establish a direct link between the timing of fires and debris flows at Pope Creek.     

Our records of climatic variations in the Holocene that could influence the magnitude and frequency of fires 
and meteorological events are similarly crude. Available climate data for our 4000-year period of record come 
from two sources, radiocarbon-dated pollen records from multiple sites in Washington State (e.g., Whitlock, 
1992), and historical records of world-wide climate anomalies such as the Medieval Warm Period and the Little 
Ice Age (e.g., Broecker, 2001).  Pollen records reveal broad changes in temperature and precipitation during the 
Holocene. In general, these records (e.g., Prichard et al, 2009; Mack et al., 1979) indicate a shift from warm dry 
conditions in the mid Holocene (~8000 to ~4500 cal yr BP) to cool moist conditions in the late Holocene (~4500 
cal yr BP to Present). All of our DFEs occurred in this cooler, moister time period. The Medieval Warm Period 
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and the Little Ice Age are warmer and cooler periods that are overprinted on this overall period of cool moist 
conditions.   

The largest debris-flow event in our record (DFE7, Table 1) occurred during the Little Ice Age and the 2nd largest 
event (DFE6, Table 1) occurred at the end of the Medieval Warm Period or in the transition period between the 
Medieval Warm period and the Little Ice Age (Figure 3). The significance of the largest event occurring during the 
Little Ice Age is unclear.  However, there is about an 8x difference in size between DFE7 and the size of the event 
that we know is related to wildfire (DFE10). If we speculate a little, this difference may indicate that the largest DFE 
was triggered by an exceptional meteorological event that occurred during a cool wet time period, and that smaller 
DFEs were triggered by less exceptional meteorological events that occurred closely following wildfires. 

. 

Fig. 3. Probability (PDFs) for the time of debris-flow events (DFEs) on the fan. Fig. 4.  Annual probability of exceedance for debris- 
BP is “Before Present” with “Present” (0 on the x -axis) defined as 1950 AD.  PDFs  flow event volumes on the Pope Creek fan derived 
were modeled using the Date command in OxCal.  Mean values are shown as small  from data in Table 1 using the Poisson probability 
black circles. Horizontal bars under each PDF show 2σ ranges.  Recurrence intervals model and methods described in Coe et al. (2004). 
between DFEs are the time periods between mean values. Times of the Medieval  
Warm Period (1150-750 cal yr BP, 800-1200 AD) and Little Ice Age (600-90 cal yr  
BP, 1350-1860 AD) are from Broecker (2001). 

6. Conclusions

We mapped and trenched a small debris-flow fan in central Washington State and found evidence of 10 debris-
flow events in the last 4000 years. We used radiocarbon dates from trenches in the program OxCal to model the ages 
and recurrence intervals between debris-flow events. The mean recurrence interval is 433 years, but intervals range 
from 724 to 20 years. The four most recent events have the shortest recurrence intervals. The largest event, with an 
estimated sediment volume of 97,000 m3, occurred at about 285 cal yr BP (1665 AD) during the Little Ice Age. The 
most recent debris-flow event that was triggered by rainstorms following a wildfire in 2014 was about 8x smaller 
than the largest event. These results may indicate that the post-fire debris-flow event was triggered by a rainstorm 
with a relatively small (short) return period compared to the meteorological event that triggered the largest debris 
flow.  
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Abstract 

Debris flows are a common problem in Western Washington State. One persistent location of debris flows is Slide Ridge. Glacial 
till deposits erode in debris flows which travel to Lake Chelan, passing through the community of Shrine Beach in Washington 
State. In the early 1990s an unlined debris channel was constructed from the apex of Slide Ridge to Chelan lake and a large debris 
basin was constructed on the upslope side of the road crossing. Every 1-2 years there is a flow large enough to fill the basin, pass 
over the road to continue downstream to Lake Chelan, and the road is left covered in debris. The largest debris flows since 2003 
have volumes estimated to be between 803 m3 to 9863 m3. Samples show the sediment is 85% gravels and dominated by angular 
cobbles. A number of models are being tested for their ability to predict future debris-flow volume, maximum debris-flow height, 
and runout distance. Results of the modeling will be used to design and evaluate mitigation measures that include the installation 
of grates, nets, altering the road configuration, and combination of these measures.  

Keywords: debris flow; Cascades; debris channel; mitigation 

1. Introduction

Slide Ridge basin is a steep mountainous catchment with rock outcrops split by numerous scree (loose rock) slopes
and very sparse areas of soil or vegetation. Based on cursory inspection, the upslope rocks are highly fractured, 
unstable and are frequently mobilized into debris flows. The occurrence of debris flows in the area has a long history 
and the GLO maps (circa 1890’s) call out the area as “Rock Slide 1000 ft deep”. Over geologic time, debris flows 
have transported sediment from the upper reaches and built an alluvial fan to Lake Chelan. The downstream area of 
the fan and lakefront have been developed in recent decades despite the prevalence of debris flows. With increased 
development, the occurrence of road closure due to debris-flow deposition became an issue. The road provides the 
only year-round access to properties located uplake along the south/west shore.  

Debris flows were unmanaged on Slide Ridge until the 1990s. Following a sequence of large debris flows that took 
multiple paths down the alluvial fan and caused a significant amount of property damage, the County developed an 
Environmental Impact Statement and options for debris-flow mitigation. The EIS called for construction of a debris 
flow channel on Slide Ridge to funnel future debris flows to a depositional basin upslope of the road, a culvert under 
the road to allow for debris passage without overtopping the road, and earthen check dams in the upslope channel to 
reduce the debris volume transported downstream. These features were built and have been maintained since 1994, 
but the incidence of debris deposition on the road and around downslope properties has continued. The debris basin 
was built with 3058.2 m3 (4000 yd3) capacity, and the largest recorded debris-flow volume was 12156.4 m3 (15900 
yd3) in 2005. 

This presentation presents the results of a mitigation alternatives evaluation for Slide Ridge. The history of the 
ridge and debris flows were investigated and aided by a large debris flow occurring during the study time frame. Field 
data collected following this debris flow were combined with historical data to calibrate a DFLOWZ model. This 
model was used to predict deposition from a range of different debris-flow volumes, including volumes larger than 
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any previously recorded, under a range of mitigation alternatives. Alternatives were developed with the goal of 
reducing or eliminating road closures, reducing the required maintenance, and reducing the public safety hazard. 
Alternatives included increasing the size and/ or number and location of debris basins, installing a herringbone style 
debris breaker, and altering the defined debris-flow channel geometry and slope to increase the volume transported 
into the lake during a debris flow. This presentation focuses on how the alternatives have been selected and analyzed. 

2. Site

Lake Chelan is located on the eastern side of the Cascade Range in Washington State. The lake has an upper and
lower basin connected by a constricted, shallow reach known as the Narrows. The upper basin, Wapato Basin, was 
carved by the Chelan glacier and the lower basin, Lucerne Basin, by the Okanogan-Columbia Valley lobe of the 
Cordilleran Ice Sheet (Kendra and Singleton, 1987). The lake drains to the Columbia River.  

Slide Ridge is on the southwest side of Lake Chelan immediately downstream of the Narrows. It is a steep, 
mountainous catchment of coarsely crystalline granites, schists, and gneisses with well developed jointing. Vegetation 
is sparse, and outcrops are separated by scree slopes. Debris flows have built an alluvial fan over time, and many 
historic remnant channels and flow deposits are visible across the fan. Large debris-flow events have deposited 
sediment into Lake Chelan over time. In 1967, bathymetry measurements identified 45 m of sediment accumulation 
in the channel center, and it was inferred to have originated with flows off Slide Ridge (Whetten, 1967). Shoreline 
bathymetry from 1987 were used to estimate the off-shore slope at 11%. LiDAR was collected over the study area in 
May, 2018.  

Fig. 1. Channel slopes based on 2018 Lidar for Slide Ridge debris channel. 

The existing Slide Ridge geometry channelizes the debris flows from the apex to efficiently convey flows to S 
Lakeshore Road. Above the apex the upper basin slopes are 45 degrees or more and rapidly contribute water and 
debris down a dendritic series of steep channels. There is a 30-foot high rock step in the main flow path of this system 
where the “channel” generally begins. From this step to the apex, hill slopes vary dramatically throughout the year as 
small events deposit debris and large events scour and transport the debris downstream. Using this surface, measured 
hillslopes measured from the 2018 LiDAR ranged from 25 to 40% from the step to the apex (Figure 1). The 
channelization begins at the apex, with a levee attached to the left/north valley wall. The slopes for the channelization 
gradually decrease from 25% at the apex to 18% above the debris basin as shown in Fig. . The channel slope locally 
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increases to an average of 22% leading into the debris basin, which is flat. Debris flows entering the basin must turn 
right/south 90 degrees, travel across the flat basin, then turn 90 degrees through a constrictive 2 m (H) by 3.2 m (W) 
(6.2 ft (H) by 10.5 ft (W)) corrugated culvert. The bottom of the basin is about 4.3 meter (14 ft) below the road surface. 
This geometry has effectively conveyed small debris flows to the basin, but also encouraged large debris flow 
deposition over the road.  

3. Debris-Flow History

The recent history of debris-flow timing and volumes have been documented locally since the 1970s. In 1972 a
large debris flow scoured a channel 4.6-6.1 meter (15-20 ft) deep along the upper hillslope. As this flow traveled 
downstream, it spread out and deposited among homes and damaging properties downslope of Lakeshore Road. A 
broad channel was constructed between the road and lake in response with side levees to contain future flows. The 
channel downstream of the road has slopes ranging from 14% at the upstream end near the culvert outlet to 8-10% at 
the lake. 

 In 1990 two large debris-flow events overwhelmed the downstream channel, depositing on the road and houses. 
A larger mitigation effort was deemed necessary as development around the Lake continued, and in 1994, the deep 
and narrow debris channel with levees was constructed from the apex to the road to constrain debris flows and convey 
them down the constructed channel corridor. Plowed earth check dams were included in the upper channel. A debris 
basin was built on the upstream side of the road with a 3058.2 m3 (4000 yd3) capacity. A culvert ran under the road 
with the plan that debris could pass through the culvert and continue downslope to Lake Chelan. This system remains 
in place. The channel sections vary in size upstream and downstream of the road. The upstream channel section is 
confined with a bottom width of 4.3-6.1 meter (14 to 20 ft), steep side slopes, 10.7-13.7 meter (35 to 45 ft) top width 
and depths of 4.3-5.5 meter (14 to 18 ft). The downstream channel is broader with a bottom width of 12 to 20 feet, 
gradual side slopes, 55 to 80 feet top width and depths of 2.4-3 meter (8 to 12 ft). Channel and basin are cleaned of 
sediment and the earthen check dams are re-built following debris flows.  

Debris-flow volumes overwhelm the basin capacity every few years, requiring road closure, emergency county 
excavation of the road, and typically contracted excavation of large debris volumes deposited in the basin and channel. 
The County recorded volumes for those debris flows requiring basin clean outs for the past 15 years. There are 8 
recorded events, and it is suspected that many smaller events occurred within this time period that were not recorded. 
The volumes recorded reflect only the amount deposited on the road and in the basin. We were able to visit the site 
within days of the 2017 debris-flow event.  

Based on our observations, survey, and field measurements following this event, we estimate an additional 764.6 
m3 (1000 yd3) of debris/sediment deposited in and around the debris basin that is in addition to the reported volume 
for basin clean out. Therefore, this estimate has been used to increase volumes from the historic record to account for 
the entire debris-flow volume (Table 1).  

Table 1. Historic debris-flow volumes reported at Lakeshore Road since 2003. Dates were estimated based on 
available background data (rainfall records, photos), and may not be the exact date of debris flow for all events. 

Year Date Estimated total volume (m3) Estimated total volume (yd3) 

2003 Nov. 11 8,594 11,240 

2005 May 10 12,156 15,900 

2006 June 11 4,293 5,615 

2010 Aug. 3 8,410 11,000 

2011 June 10 7,454 9,750 

2014 June 13 2,600 3,400 

2015 Dec. 9 803 1,050 

2017 Oct. 22 7,034 9,200 
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4. Hydrologic Analysis

Gage records of rainfall intensity and duration in the vicinity of Slide Ridge were analyzed to determine if a
correlation exists between observed rainfall and debris-flow volumes. Although there are three nearby rain gages, 
there is considerable spatial variability in local storm events. The rain gages have varying record lengths, and the 
longest had recorded data as far back as the 2003 event. Storm data from the dates when large debris flows were 
documented were used to develop rainfall threshold curves to estimate when a debris flow is likely to occur. A separate 
threshold curve was created for each gage due to spatial variability in rainfall patterns (Figure 2). Seven of the eight 
documented debris flows were well represented by the data. The 2011 event was poorly recorded and may have been 
a more localized thunderstorm. 

Fig. 2. Duration plot of debris flow events for all 3 rain gages. Historic debris flow events are shown a x. The calculated minimum rainfall 
thresholds for each gage are shown as dashed lines.  

Spearman and Pearson tests showed the 2-hour rainfall duration had the highest statistical correlation between 
debris flow and rainfall events. A regression curve was fit to the rain gage data for the 2-hour rainfall intensities to 
provide an approximation of debris-flow volume for predicted average 2-hour rainfall intensities (Figure 3). While 
highly speculative, this correlation enables managers to begin planning debris-flow mitigation measures.  

5. Debris-Flow Characteristics

Field investigations were conducted in 2017 and 2018 to collect sediment samples and evaluate the debris channel.
Sediment samples were collected from multiple locations in the defined debris channel (Figure 4). The first site visit 
was 2 days after the October 2017 event. Samples were collected from the debris slurry downslope of the road (SR1) 
and in the channel area upstream of the debris basin (SR2). Water contents were measured by weight at 8.2% water 
for the main part of the debris flow (SR2) and 17.2% water in the runout slurry sample (SR1). The SR1 sample was a 
suspended liquid, and the SR2 sample from the debris flow was deformable under body weight even with the presence 
of large angular cobbles. The combination of low water content, silts, and cohesive sediments created the slurry 
capable of transporting 3 to 4-foot boulders downslope. Three additional samples were collected during a second visit 
in December, 2017. The full debris channel was investigated during this visit and samples were taken at the apex 
(SR5), and at major slope breaks on the upper slope (SR3, SR4). There was an abundance of boulders that are 
commonly 3 to 4 feet in diameter were abundant in the area and evidenced periodic mobilization by debris flows. The 

624



Curran / 7th International Conference on Debris-Flow Hazards Mitigation  (2019) 

matrix of smaller sediment sizes was saved from these samples and sieved (Figure 5). Samples SR3-5 indicate the 
matrix in the upper slope area was composed of approximately 10% sand.  

Fig. 3. Regression equation for Slide Ridge debris-flow volume based on Camp4 rain gage intensity (at 2 hour duration). The 2011 event did not 
appear to be captured by the Camp4 gage and was removed from the fit. 

Fig. 4. Locations of sediment samples (call out boxes), earthen check dams (red rectangles), and deposition from the 2017 debris flow on Slide 
Ridge (grey hatch marks). The background image is the 2018 LiDAR of the site.  
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The runout length of a debris flow is highly dependent on the water content in the debris-flow front (aka debris-
flow snout) and the grain sizes within the debris. Observation and sediment samples indicate that for Slide Ridge the 
grain size distribution will remain relatively constant. The water content and debris volume will vary with event and 
act as the main controls over run out lengths and widths. Evidence of rapidly deposited debris snouts were apparent 
throughout the upper debris channel for flows that did not travel to Lake Chelan. Deposition on the reach between the 
road and the lake evidenced continued movement of the smaller gravels that had been part of the larger debris-flow 
matrix. The combination of slope break and culverted basin immediately upstream of the lower reach acted to arrest 
movement of the largest boulders. Maximum gravel sizes downslope of the road reach 0.5 meter. The debris slurry is 
much more mobile and extends beyond boundaries of debris deposition. Following the 2017 event, slurry had filled 
open space in the debris basin, flowed down the road and side ditches, and flows past the debris deposition and into 
the Lake. It is suspected that slurries associated with large debris events follow this general pattern with a large amount 
flowing into the Lake.  

The earthen dams constructed in the debris channel act as accumulation points for small debris flows and normal 
bedload transport events that occur between large debris-flow events. Sediment deposits immediately upstream of 
these dams were observed during field reconnaissance. These check dams may be mobilized during large debris 
events, adding to debris-flow bulking with distance downslope.  

Fig. 5. Grain size distributions for slide ridge samples SR1 to SR5. Samples SR1 and SR2 were taken 2 days after a large debris flow in October, 
2017. SR1 is from the debris-flow slurry. SR2 is debris deposited at the road. Samples SR3, SR4, and SR5 were taken from the upper debris 
channel in December, 2017. 

6. Debris-Flow Model

Data were used to calibrate the debris-flow model DFLOWZ. The DFLOWZ model is used to simulate runout
length and area for given debris volume events. This information will help determine a mitigation strategy that can 
reduce maintenance in the future. The model predicts debris-flow runout length and area with a maximum uncertainty 
of 3 that can be improved upon with calibration data. The model is fully described in Berti and Simoni (2007), Simoni, 
Mammoliti, and Berti (2011), and Berti and Simoni (2014). We employed the version DFLOWZ_J. Calibration 
parameters are used to adjust the cross-sectional and planimetric depositional areas for a given debris-flow volume 
and path. The grain size distribution and water content are used as guides in setting the calibration parameters.  
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The model was calibrated to within 10% of the documented depositional area and volume from the October 2017 
event. The measured grain size and water content were used to guide the calibration. Water content was the least 
constrained parameter and was the focus of the calibration. Grain size information was assumed to be constant between 
model runs, while event volume is varied to simulate historic or recurrence interval debris flows. The model does not 
simulate the slurry deposition downstream of the main debris deposit. Once calibrated to the 2017 event, the model 
was used to simulate the depositional area and depths associated with the past debris flows documented in Table 1. 
This was done to evaluate the severity of these debris flows, including when and where debris deposits extended 
outside the defined channel area. These results were compared to historical photos and evaluated by County staff 
familiar with the area to provide a qualitative model check. The model calibration was refined using information 
gained on the past flows.  

7. Mitigation Alternatives

The calibrated model was used to aid in conceptual evaluation of mitigation options. Debris flows of larger volume 
were simulated to predict runout pattern and volume. These present a ‘worst case’ scenario useful when considering 
possible mitigation and changes in current management practices at the Slide Ridge site. As described above, the 
existing system is effective at causing debris deposition at the road crossing, however the existing basin is undersized 
and debris frequently deposits on the road.  Alternatives were developed with the goal of reducing or eliminating road 
closures, reducing required maintenance, and reducing the public safety hazard. A number of alternatives were 
investigated, and the most promising were to increase debris retention on the channel slope, alter the water content of 
the debris flow to arrest downstream movement of the largest boulders, and to alter debris channel geometry and slope 
to increase the volume of debris transported into the lake.  

Trapping and storing the debris flow in a retention basin is a proven management technique to trap debris where it 
can then be more easily hauled away after a debris flow. The existing basin could be lowered to provide additional 
volume. A large debris basin could be added into the existing system anywhere upstream of S Lakeshore Road. 
Locating a debris basin below the apex is a typical management strategy as it allows debris flows to be captured from 
a known location, without relying on the conveyance channel to contain all events. The debris-flow volumes would 
require that the basin either be very large, or a series of smaller basin be constructed. In either case there is a large 
disruption to an already unstable slope with little vegetation.  

As an alternative to retaining all the debris during an event, systems have been designed that capture only the largest 
particles allowing the remaining debris flow to have increased water and sand content. Such a system could result in 
longer runout distances for the remaining debris flow. Installation of the herringbone style debris breaker detailed in 
Xie et al. (2016, 2017) could be placed in the upstream channel or at the existing basin. The system would arrest the 
movement of the larger particles in the flow while allowing the smaller gravels to transport downstream in a slurry 
with a now relatively larger water content. Therefore the grain size distribution of the debris was adjusted to represent 
an artificially increased water volume. A rough estimate is that about 3058 m3 (4,000 yd3) of 0.3 meter or larger 
material would reach the road during a 100-year event. If that amount were extracted and retained, the remaining 
debris would be much more likely to be conveyed to the lake.  

An alternative to convey the entire debris flow to the lake in an unlined channel was evaluated. The evaluation 
included frequent reference to the October 2017 event and historic performance. Different system geometries were 
evaluated using the DFLOWZ model, following an empirical technique presented by Rickenmann (1999) and with 
consideration of site geometric constraints. The debris-flow model was applied to determine how debris flows would 
deposit in the reach from the existing basin to the lake if there were a debris channel for that distance. To simulate 
this, the current debris basin and road were removed from the model surface. A new debris channel was graded to 
have a consistent slope from the end of the current channel (just upstream of the existing debris basin) to the lake. 
Channel slopes of 12% and 14% were tested. The 14% slope is the same as the slope immediately downstream of the 
road. The slope quickly lessens as the channel approaches the lake and a 12% slope was also tested.  

A number of scenarios were tested in the debris-flow model for runout pattern and length. The effectiveness of the 
alternatives was determined from the ability of the alteration to maintain the debris flow within a contained channel, 
the relative amount of debris transported to the lake, and the height of the debris at the site of the road. Channelizing 
the debris flow downstream of the road crossing aiding in transport to the lake. It was quickly found that a channel 
lined with berms would be necessary to prevent debris deposits from extending into properties near the lakefront while 
conveying debris to the lake. Different berm and channel geometries were testes, and berm heights over 6 feet did not 
increase the amount of deposition in the lake. The width of the berm had a greater influence than height on the elevation 
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of the debris deposits. Berms widths up to 75 feet reduced the height of the deposit at the road. Debris-flow runout 
length was not found to be sensitive to the channel slope. Altering the slope between 12% and 14% had little influence 
on the area covered by debris deposition. Debris volumes up to 7646 m3 (10000 yd3) were contained within the area 
of the channel for all scenarios. Deposition became significant when the debris volume exceeded 15291 m3 (20000 
yd3).  

8. Summary

Debris flows are a common on Slide Ridge, on the shores of Lake Chelan in Washington State. Glacial till deposits 
continue to generate debris flows that travel to Lake Chelan, passing through the community of Shrine Beach. In the 
early 1990s an unlined debris channel was constructed from the apex of the ridge to Chelan lake and a large debris 
basin was constructed on the upslope side of the road crossing. Every 1-2 years there is a flow large enough to fill the 
basin, pass over the road to continue downstream to Lake Chelan, and the road is left covered in debris. Debris deposits 
are 85% gravels and dominated by angular cobbles. Field data were collected and used to calibrate a DFLOWZ model 
of the system. Modeling enabled formation and testing of a number of mitigation alternatives.  

The analysis of mitigation alternatives for debris flows on Slide Ridge in Washington State is under refinement. 
While a large number of alternatives mitigation options exist, those deemed most appropriate for Slide Ridge included 
expanding the system of debris storage upslope, increasing conveyance of debris to Lake Chelan through slope and 
debris channel manipulation, and installation of a herringbone style debris breaker to arrest movement of the largest 
boulders while increasing relative water content in the debris flow.  
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Abstract 

Debris-slides are a frequent hazard in fragile decomposed metasedimentary rocks in the Anakeesta rock formation in Great Smoky 
Mountain National Park. The spatial distribution of an existing debris-slide area could be used to prepare susceptibility map for 
future debris-slide initiation zones. This work aims to create a debris-slide susceptibility map by using a knowledge-driven method 
in a GIS platform in Anakeesta formation of Great Smoky Mountain National Park. Six geofactors, namely, elevation, annual 
rainfall, slope curvature, landcover, soil texture and various slope failure modes were used to create the susceptibility map. Debris-
slide locations were mapped from the satellite imagery, previous studies, and field visits. A Weighted Overlay Analysis was 
performed in order to generate the final susceptibility map, where individual classes of geofactors were ranked and were assigned 
weights based on their influence on debris-slide. The final susceptibility map was classified into five categories: very low, low, 
moderate, high and very high susceptible zones. Validation of the result shows very high category predicted ~10%, high and 
moderate categories predicted 75.5% and ~14.5% of the existing debris-slide pixels respectively. This study successfully depicts 
the advantage and usefulness of the knowledge-driven method, which can save considerable amount of time and reduce complicated 
data analysis unlike statistical or physical based methods. However, the accuracy of the model highly depends on the researcher’s 
experience of the area and selection of respective geofactors.  

Keywords: Debris-slide Susceptibility; Heuristic; Weighted Overlay Analysis; Great Smoky Mountain National Park. 

Introduction 

Debris-slides are fast movements of earth materials, which occur including subarctic regions (Rapp and Stromquist, 
1976) and humid tropics (Simonett, 1970). Debris-slides are common in the Appalachian Valley and Ridge, and Blue 
Ridge physiographic provinces of the United States (Bogucki, 1976). Van Westen (1993) discussed that under the 
presence of favorable causal and triggering factors, such as earthquakes and extreme rainfall, most of the mountainous 
terrains are susceptible to slope failure.   The same was pointed out by Bogucki (1976), who found that a combination 
of Appalachian slope and rainfall has eroded the mountains by several thousand noticeable debris-slides. About 2000 
slides have formed in Georgia, North Carolina, Tennessee, Kentucky, West Virginia, and Virginia and as many as 200 
deaths that may have been caused directly by slide activity from 1940 to recent (Scott 1972, Wooten, et al., 2016). 
Additionally, these events have caused damage to homes, property and road networks, and have had major impacts on 
federal lands.   

It is important to develop a detailed understanding of the causes and mechanisms of debris-slide events for better 
prediction and risk assessment. One of the preliminary steps to evaluate events and predict future slide related hazards 
is to develop debris-slide susceptibility maps (Pradhan, 2011). These maps are used to identify zones that are prone to 
mass failures depending on the geofactors that have caused the slides in past. Presumably, the same factors would 
cause the slides in future (Varnes, 1978; Carrara et al., 1995; Guzzetti et al., 1999).  Geographic Information Systems 
(GIS) provides a powerful tool to analyze spatial hazard related data, and hence, it has become indispensable tool for 
regional slope failure hazard and risk analysis. Several authors have applied different methods to map slope failure 
susceptibility and hazard (e.g., Nandi and Shakoor, 2010; Pradhan, 2011; Lee and Pradhan, 2007). Regional slope 
failure mapping is generally grouped into three categories: (i) heuristic or knowledge-driven methods (ii) data-driven 
methods and (iii) physically based models.  The heuristic methods are again divided into direct or indirect methods. A 
direct heuristic method deals with detailed field investigation of area’s geomorphology, geology, and hydrology 
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(Brabb, 1984). The accuracy of the method is highly dependent on the experience of the investigator and the precision 
level of the work (Ghosh et al., 2013). On the other hand, the indirect heuristic methods are based on assigning some 
weights or rating to the individual geofactors according to their importance, which is solely decided by the investigator, 
based on similar existing research (Hansen, 1984; Varnes, 1984). 

Data-driven methods are mostly statistical, which include bivariate and multivariate analysis and are primarily 
based on the observed data of landslides and relevant spatial geofactors (Nandi and Shakoor, 2010; Ghosh et al., 2013). 
In these methods, several causative factors for debris-slides are integrated with the slide inventory to statistically model 
the relationship between the geofactors and slope failure. (Van Westen, 1993).  Nandi and Shakoor (2017) used the 
same approach to study debris-slide susceptibility in Little Pigeon River (WPLPR) watershed in the southern 
Appalachian Mountains, where debris-slide locations were identified from aerial photographs, and satellite images. 
Topographical, bedrock geology, and hydrological data were collected, processed, and constructed into a spatial 
database using GIS.  Logistic regression model was used to evaluate the role of these factors in controlling debris-
slide susceptibility. While the method was rigorous and powerful, the limitations of the method were (i) time 
consuming and not recommended for urgent projects, and (ii) rock discontinuity data were not used as input variable.  
Therefore, the objective of this research is to include bedrock discontinuity data that play crucial role in controlling 
the debris-slide events in the form of rock kinematical index, and create a knowledge-driven susceptibility model for 
predicting the spatial probability of debris-slide initiation zones. 

Study area 

The study was conducted in the Anakeesta rock formation in the Upper West Prong Little Pigeon River watershed 
(WPLPR), Great Smoky Mountain National Park, TN. The elevation of the study area ranges from 1105 m to 2010 m.  
Temperature in Great Smoky Mountains varies from -2.22˚C (28 ˚F) to 31.11˚C (88˚F) at the base and -7.2˚C (19 ˚F) 
to 18.33˚C (65˚F) at the ridges.  The area receives annual rainfall of 1397mm (55 inches) at the base and 2159 mm (85 
inches) at the highest point of the park. The rainfall increases with increase in the elevation and is highest at the 
Anakeesta formation. Torrential rainfall associated with severe thunderstorms and hurricanes are the main triggering 
factors for debris-slide in the study area (Bogucki, 1976; Clark, 1987). 

Geologically Anakeesta formation is characterized by fine grained dark colored sedimentary and metasedimentary 
rock having craggy pinnacle structure i.e., needle-shaped rock faces and steep slopes. The dark color of the rocks is 
mainly due to presence of graphite and some part of the formation exhibits rusty orange color due to presence of iron 
sulfide minerals mainly pyrite. The main rock types include phyllite, chloritoid slate, graphitic and sulfidic slate, 
feldspathic sandstone, laminated metasiltstone and coarse grained metagraywacke (Southworth et al., 2012).  Different 
sets of discontinuities exist in form of joints, fractures and to some extent as cleavage, which enhance the weathering 
along these discontinuity planes. 

Fig. 1. Study area (a), Debris-slide initiation zones photos in Anakeesta Formation (b, c). [Photo courtesy: Greg Hoover (b) 
gosmokies.knoxnews.com (c)] 

a
a

b 

c 
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Methodology 

The present study used both digital data and field investigation.  A flow chart in Fig. 2, provids a step by step 
process of the methodology.  

3.1. Digital Data 

In order to create the debris-slide susceptibility map, six geofactors, namely, elevation, rainfall accumulation, soil 
texture, landcover, slope curvature, and various bedrock discontinuity layers responsible for slope failures were used. 
Elevation and slope curvature maps were derived from LiDAR Digital Elevation Model (DEM) of 0.76m spatial 
resolution. The LiDAR DEM for Tennessee is available at TNGIS website (http://www.tngis.org/). Soil texture, 
landcover and rainfall accumulation maps were collected from the National Park Service’s database 
(https://irma.nps.gov/DataStore/Search/Quick) (Fig.3.a-e).  Debris-slide initiation locations were digitized from 
historical to recent aerial photos and satellite imageries, and about 30% of the locations were confirmed during field 
studies.  The debris-slide initiation locations were used to evaluate the suitability of susceptibility analysis.    

3.2. Field investigation and Kinematical index 

Geometrical relationship between orientations of the topographic slope and geological discontinuities play 
important role in controlling the slope instability in an area, which is known as rock kinematics.  Slope instability 
analysis based on this mutual relationship is known as rock kinematic analysis. Factors like topographic slope angle 
and aspect, internal friction angle of the rock and orientation of geological discontinuities combined with each other 
control slope stability within a rock mass. Depending upon the number of geological discontinuities and their 
orientations with the topography, three different modes of rock failure can occur (i) Planar (ii) Wedge (iii) Topple (Eq. 
1 and 2) (Ghosh et al., 2010). The kinematical index layer was prepared using the geometric relationship between 
geological discontinuities and the topographic slope angle and direction (Fig. 3f). From field mapping and previous 
work, structural orientations (dip angle and dip direction) of a total of 313 discontinuities were used in the study.  The 
internal friction angle (ϕ) of the bedrock was estimated from Rock Mass Rating system data collected in the field 
(Bieniawski, 1989). Topographic slope angle (θ) was obtained from the LiDAR DEM, dip/plunge angle (β) and 
direction of discontinuities were obtained by plotting the structural data in Stereonet 10 software (Allmendinger et al., 
2012).  Subsequently, the following equations were used in ArcGIS to spatially detect the areas where slope failures 
were kinematically possible (Ghosh et al. 2010): 

    ϕ ≤ β  ≤ θ (for Plane and Wedge Failure)  (1) 

    θ ≥ [ ϕ + (90° - β)] (for Topple Failure)       (2) 

Eleven combinations of planer, wedge and topple failures were possible in the study area that produced 11 different 
kinematic layers susceptible to failure.  The wedge type of failures were dominant in the study area, and were more 
prevalent in bedding (52°       151°) and Joint1 (50°       255°) governed discontinuities. All layers were ranked based 
on presence of actual debris-slide initiation location, and the ranked layers were combined into one kinematic index 
layer.  A detailed description of the preparation of composite kinematic index layer is presented in a forthcoming 
paper (Das, et al., in preparation).  

A Weighted Overlay Analysis was performed to generate the debris-slide susceptibility map, using a heuristic 
approach. Weighted Overlay Analysis tool is available in the Spatial Analyst extension in ArcGIS 10.5.  All geofactor 
layers were converted into raster format and rescaled to 0.76-m grid size before the susceptibility analysis.  Based on 
the field studies and prior knowledge of the study area, the individual classes of the geofactors were ranked and the 
relative weights were assigned to each individual geofactor. The weights represented the degree of influence of 
individual geofactors in producing debris-slides in the region on a scale of 0 to 100 that added up to 100%.  Table 1 
summarizes the different geofactors and their corresponding weighting that were used in the susceptibility analysis.  
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Table 1. Summary table of the geofactors. 

Geofactor Source Average (Range) Weight 

Elevation Digital Elevation Model 1526 m (1105m – 2010m) 30 

Rainfall National Park Services 2051mm      
(1854mm– 2159mm) 

25 

Soil National Park Services Channery loam, Channery silt loam, 
Loam, Slide area, Peat,      
Very Channery loam 

15 

Kinematical Index Digital elevation model and 
Lithological map (National Park 
Service)     

5.68 (0 - 57.95) 15 

Landcover National Park Services Barren land, Deciduous forest, 
Developed Open space, Developed  low 
intensity, Developed medium intensity, 
Evergreen Forest, Mixed Forest, Shrub 

10 

Curvature Digital Elevation Model -6.62 (-6839   to + 11380) 5 

Fig. 2. Flow chart of the methodology. 
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Result 

In the study area, there were 256 debris-slide initiation zones (Fig. 1a).  Majority of debris-slides were present in 
the Newfound Gap and Mt. LeConte areas in the northeastern corner.  The elevation of the area ranged from 1105 m 
to 2010 m with a mean of 1526.64 m (Fig. 3b), rainfall varies from 1854.2 mm to 2159 mm (Fig. 3d) and curvature 
ranged from -6839.87 to +11380 having mean of -6.62 (Fig. 3c) (Table 1).  The negative curvature value stands for 
upwardly convex surface and positive value indicates concave surface at that cell. 

The debris-slide initiation zone susceptibility map from the Weighted Overlay Analysis were classified into: very 
low, low, medium, high, and very high susceptibility categories (Fig. 4). Only 0.03 % and 9% of the total map area 
were located under very low and low susceptibility zone, respectively. When the area was compared with the actual 
debris-slide initiation zones, these areas exhibited no trace of past or recent slide activities. Medium susceptibility zone 
occupies 43.43% of the study area and predicted 14.44 % of actual debris-slide occurrence zones. High susceptibility 
zone represented the largest area in the map (45.43%) and accounted for 75.53 % slides in the study area. Very high 
susceptibility covered only 2% of the total study area; however, it predicted nearly 10% of the known slide locations 
(Fig. 5).   

a b c 

e 
f 

d 

Fig. 3. (a) Landcover Map; (b) Elevation Map; (c) Curvature Map; (d) Annual Rainfall Map; (e)  Soil Texture Map; (f) Kinematical Index Map. 

e 
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Fig. 4. Debris-slide susceptibility map. 

Fig. 5.  Debris-slide susceptibility zones compared to the known slide initiation areas. 

Discussion 

Anakeesta ridge in the northeastern part of the study area has experienced failures in the past and is expected to 
experience failures under the present climatic, geological, and hydrological conditions. Failures in high elevation, and 
high rainfalls area support the finding. On the other hand, the very channery loam soil texture seems to have a positive 
correlation with debris-slide initiation zones, which are subangular, blocky, and friable earth materials derived from 
weathering of phyllitic Anakeesta formation. Evergreen forest and shrub are the dominant vegetation in the area and 
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show strong spatial relation with debris-slides. Curvature does not reveal any trend with the initiation of slides. Debris-
slides could be found in both concave and convex surfaces.  The field study and spatial analysis suggested the presence 
of kinematically triggered failures due to movement of geological discontinuities within bedrock.  The investigation 
also suggested that initial wedge failures dominated the slides on steeper slopes and these slides were eventually 
converted into debris flows with increasing water content, and soil/decomposed plant/broken rock debris as they 
moved along existing drainage channels. The present drainage channels were probably paleo debris flow channels, but 
they were not studied during this research.  

The model predicted the existing debris-slides with high accuracy, where 86% of the known slides were situated in 
high and very high susceptibility categories.  However, this study focused on rapid analysis using a heuristic approach. 
Success of a heuristic model relies on the expert’s opinion and selection of incorrect geofactors and assigning 
inappropriate weighting can lead to erroneous results.  Future work will apply data-driven statistical-based approaches 
like logistic regression or artificial neural networks to model the debris-slide susceptibility and compare the results 
with the heuristic approach used in the existing study.  The study used 256 debris-slide initiation zones; however the 
dates of failure were unknown, therefore, several thunderstorms and hurricanes induced debris-slides could not be 
studied. That hindered the spatio-temporal probability analysis of debris-slides in the area.  In the future, a time-
stamped debris-slide inventory should be generated in order to provide a complete spatio-temporal hazard analysis of 
the area.  

Conclusion 

This paper successfully demonstrated the usefulness of the heuristic model or knowledge-driven method in order 
to rapidly generate debris-slide susceptibility map.  This study also introduced a kinematical index layer, which is a 
new addition, and could be included as one of the structural geology based geofactors for debris-slide susceptibility 
modelling.  A satisfactory result was achieved by using this new variable. Validation of the model shows most of the 
debris-slides (86%) were located in the very high and high susceptible zones. Therefore, it can be concluded that the 
geofactors used in this study were appropriate with the region’s conditions and most likely to be important for 
predicting debris-slides in the study area.  
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Abstract 

Avulsions remain a critical but understudied aspect of debris-flow fans and flow hazard. A substantial body of work on fluvial 
systems provides a conceptual framework for understanding avulsions, but equivalent research on debris-flow systems has lagged 
behind. A small but growing set of field examples and analogue experiments shows that many, but not all, avulsions on debris-
flow fans follow a relatively predictable ‘avulsion cycle’ that consists of (1) deposition of debris-flow material in the active 
channel, (2) backstepping of deposition toward the fan apex in one or more small- to medium-sized surges or flows, and (3) 
avulsion during a subsequent larger surge or flow that leaves the channel and establishes a new pathway down the fan. Debris 
flows tend to occupy persistent pathways on the time scale of individual flows, but over longer time scales (perhaps greater than 
~5-20 flows, based on very limited data) flows tend to avulse to fill topographic lows, leading to compensational behavior. 
Avulsions may be encouraged by sequences of small- to medium-sized flows followed by a large flow, and discouraged by 
sequences of large flows in succession, although this idea remains speculative and needs to be tested. Avulsion frequency is 
important for understanding flow hazard but is poorly constrained, and cannot yet be predicted as a function of either flow or 
catchment characteristics. The advent of new, high-resolution topographic data from fan surfaces, coupled with methods to 
estimate the timing and abandonment of deposition on a wide range of fans, should allow us to begin to make some initial 
estimates of avulsion frequency and to understand the key controls on the timing and pattern of avulsions. 

Keywords: debris flows; fans; avulsions; avulsion frequency; hazard 

1. Introduction

Debris-flow fans are semi-conical landforms that grow by the deposition of sediment in repeated flows from a 
mountain catchment. They are ubiquitous in high-relief areas around the world, and because of their relatively low 
surface slopes they are commonly used for settlement, agriculture, or other human activities. The construction of a 
debris-flow fan, however, requires that the locus of deposition must shift over time in order to fill the available 
accommodation. These episodic shifts in the position of the active channel are called avulsions. 

Avulsions are critical events in the evolution of a debris-flow fan, and are important for several reasons. First, 
they control how sediment is distributed across the fan surface. Switching of the active channel between different 
pathways creates a small number of distinct sectors on the fan surface (Fig. 1). Each of these sectors records debris-
flow activity during a particular period of time and over a number of flows (e.g., Schumm et al., 1987; Duehnforth et 
al., 2007; Schuerch et al., 2016). The sectors thus serve as an archive of past flow size and behavior, and potentially 
of the environmental conditions under which the flows occurred (d’Arcy et al., 2017). The intervals between 
avulsions set the period of time recorded by each sector, which can be as long as tens of thousands of years (e.g., 
Whipple and Dunne, 1992; Duehnforth et al., 2007; 2017). 

_________ 
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Fig. 1. Sectors on the Straight Canyon debris-flow fan, Chalfant Valley, California, USA, labelled from 1 (oldest) to 10 (youngest, the active 
channel). Flows travel from right to left across the fan. Stars show locations of major avulsions between sectors. 

Second, the frequency of avulsions also determines the persistence of transport pathways (Jerolmack and Paola, 
2007; Straub et al., 2009) and thus the architecture of the developing fan stratigraphy (Pederson et al., 2015). 
Finally, avulsions are also a key determinant of debris-flow hazard. Debris flows that leave the main channel pose 
the greatest threat to people and infrastructure, because mitigation measures such as check dams are usually applied 
only to the presently-active channel. Any migration of debris-flow activity outside of the main channel will thus 
bypass those mitigation measures and threaten other parts of the fan surface. 

Despite this importance, avulsions on debris-flow fans have received little research attention. There are some 
documented examples in the literature, but very few systematic studies of avulsion location, trigger, mechanism, or 
frequency. This may in part be due to the long time periods between flows in many settings, which make direct 
observations of avulsions very rare (de Haas et al., 2018a). In addition, there are few debris-flow fans worldwide 
where debris-flow deposition in space and time has been monitored (e.g., Suwa and Okuda, 1983; Wasklewicz and 
Scheinert, 2016; Imaizumi et al., 2016) or reconstructed (e.g., Stoffel et al., 2008; Schuerch et al., 2016).  

Here, we draw together findings from recent work on debris-flow avulsions and identify some key research 
priorities that must be tackled in order to understand the full role of avulsions in debris-flow hazard and fan 
development. For a wider review of debris-flow avulsions, we refer interested readers to de Haas et al. (2018a). 

2. Fluvial context

Avulsions have long been recognised as a key element in fan development, irrespective of the sediment transport 
process. Dutton (1880) wrote eloquently about avulsions in describing the deposition of alluvial sediments at the 
‘gate’ or mouth of a mountain catchment: 

“When the stream is progressively building up its bed outside of the gate, it is obvious that it cannot long occupy 
one position; for if it persisted in running for a very long time in one place it would begin to build an embankment. 
Its position soon becomes unstable, and the slightest cause will divert it to a new bed which it builds up in turn, and 
which in turn becomes unstable and is also abandoned. The frequent repetition of these shiftings causes the course of 
the stream to vibrate radially around the gate as a center, and in the lapse of ages it builds up a half-cone, the apex of 
which is at the gate. The vibration is not regular, but vacillating, like a needle in a magnetic storm; but in the long 
run, and after very many shiftings, the stream will have swept over a whole semicircle with approximately equal and 
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uniform results.” (Dutton, 1880, pp. 220-221) 

Much of our understanding of avulsions has been derived through observations of fluvial systems, and it is 
instructive to review some of that work here. Mohrig et al. (2000) showed that avulsions in ancient river deposits 
were linked to the aggradation of the river system by approximately one channel depth above the surrounding 
floodplain. We can define an avulsion frequency fA as the rate of avulsion per unit time; Jerolmack and Mohrig 
(2007) argued that fA should scale with mean channel depth h̄, sediment aggradation rate vA, and the number of 
active channels N as: 

𝑓𝑓𝐴𝐴 = 𝑣𝑣𝐴𝐴𝑁𝑁
ℎ�

(1) 

Reitz and Jerolmack (2012) proposed an alternative approach to estimate fA based on channel geometry and the 
sediment supply rate, building on earlier work by Bryant et al. (1995): 

𝑓𝑓𝐴𝐴 = 𝑄𝑄𝑠𝑠
�ℎ𝐵𝐵𝐵𝐵(𝑡𝑡)+𝜃𝜃6∑∆𝑦𝑦𝐵𝐵

2(𝑡𝑡)�
       (2)

where Qs is the sediment supply rate, B is the channel width, r(t) is the fan radius as a function of time, θ is the 
width of a channel lobe, and Σ∆y is the total vertical aggradation at the fan apex since a fan sector was last active. 

Studies of natural and laboratory fluvial fan systems have documented the sequence of events in a typical 
‘avulsion cycle’ (e.g., Schumm, 1987; Hoyal and Sheets, 2009; Reitz and Jerolmack, 2012; Ganti et al., 2016): an 
upstream-propagating wave of in-channel deposition and backfilling, followed by overbank flooding and a 
‘searching phase’ during which several new channel pathways may be active, followed by concentration of flow into 
a new channel. Jerolmack and Paola (2007) argued that avulsions are steered by the presence of abandoned channels 
on the fan surface, leading to persistent re-occupation of a small number of sediment transport pathways. Straub et 
al. (2009) termed such behavior ‘persistent’ or ‘anti-compensational’, in contrast to ‘compensational’ behavior in 
which the channel avulses frequently to fill the topographically-lowest part of the fan surface. 

While these studies provide a useful framework and show how avulsion frequency might scale with different 
measures of a sedimentary system, it is not clear how applicable they are to debris-flow fans. Field observations 
show that channel beds on debris-flow fans can be super-elevated by 2-5 channel depths or more above the 
surrounding fan surface (de Haas et al., 2019), so direct application of equation (1) may be limited. The episodic 
nature of debris flows and the capacity for flows to both erode and deposit sediment on a fan surface (e.g., Schuerch 
et al., 2011) complicate the definition of a sediment aggradation rate except over long time periods. For the moment, 
therefore, an expression for avulsion frequency fA that is relevant for debris-flow fans remains a research priority. 

3. Field observations

Field observations of avulsions have tended to focus on individual events, such as the major avulsion that 
occurred in 1984 on the Dolomite Canyon fan, California, USA, as documented by Blair and McPherson (1998). 
There, the initial flow surges formed a complex of levee and lobe deposits along the active channel pathway. The 
boulder-rich front of a large subsequent surge then blocked the channel near the fan apex and diverted the flow by 
an angle of about 70° into a new pathway. 

To identify some common elements of debris-flow avulsions, de Haas et al. (2018a) assembled observations 
from 16 fans worldwide for which the spatio-temporal evolution of debris-flow activity could be determined. They 
noted that avulsions often, but not always, occurred in response to the deposition of debris-flow lobes that formed 
sediment ‘plugs’ (Fig. 2) within the active channel (e.g., Whipple and Dunne, 1992). These avulsions were often 
preceded by a sequence of small- to medium-size flows, and were most likely to occur when plugs were deposited in 
locations from which alternative pathways could be easily accessed by future flows. Plug formation was more likely 
in smaller flows or those with limited mobility. This overall pattern mimics in some way the avulsion cycle observed 
on fluvial fans – in particular, the role of small flows in setting the conditions for a subsequent avulsion, as argued 
by Field (2001) – although the processes involved in the individual phases are quite distinct. 
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Fig. 2. (A) Shaded-relief image of the proximal part of a small debris-flow fan in Saline Valley, California, USA, showing a sequence of 
individual debris-flow lobes numbered 1-5 from oldest to youngest. Relative ages are based on cross-cutting relationships. Dark grey shaded area 
show left-lateral levee deposited after abandonment of lobe 2; black arrow shows flow direction. Image derived from Lidar topographic data with 
0.5 m cell size. (B) Field photograph of lobe 2 from panel (A), outlined in black. Flow was toward the camera; note the figure on the lobe for 
scale. White arrows indicate the crests of the channel-margin levees. This lobe filled and blocked the active channel, forcing an avulsion to the 
east; a subsequent flow has deposited a lateral levee across the head of the channel (highlighted in dark grey), forcing its abandonment. Black 
arrow shows flow direction during subsequent levee deposition, as in panel (A).  

De Haas et al. (2018a) noted that, unlike on fluvial fans (e.g., Ganti et al., 2016), very large flows (that is, those 
in the tail of the volume distribution) can have highly variable roles in avulsions. Large debris flows can spill out of 
the active channel and excavate a new channel or re-occupy an older abandoned channel. Sequences of large flows, 
however, may be more likely to erode the existing channel, enlarging it and thus making avulsion less likely, 
especially if the rate of bed entrainment depends on some measure of boundary shear stress (Schuerch et al., 2011; 
Iverson, 2012; Iverson and Ouyang, 2015). Large flows can also split among multiple channels, depositing material 
over a large area of the fan surface and increasing the likelihood of future avulsion (de Haas et al., 2018a). 

Over sequences of ~5-20 flows, de Haas et al. (2018a) showed that the locus of deposition often tends to shift 
toward the topographically lowest areas of the fan. This indicates that flow pathways can persist over short time 
scales of a few flows, but tend toward compensational behavior over longer time scales, as seen in other sedimentary 
systems (e.g., Straub et al., 2009; van Dijk et al., 2016). A tendency toward long-term compensational behavior was 
also observed by Pederson et al. (2015), who demonstrated that deposition on three well-exposed debris-flow fans 
was intermediate between random and fully compensated over sequences of 22-28 individual beds. They inferred 
that compensational behavior and more frequent avulsions were likely to be enhanced by thick, wide, coarse-grained 
flows with high clay contents, arguing that such flows can more easily fill topographic lows and form thick deposits 
that will steer subsequent flows toward other areas of the fan (e.g., Whipple and Dunne, 1992). 

4. Analogue experiments

To explore the link between the distribution of flow sizes and avulsion behavior, de Haas et al. (2018b) ran a 
series of analogue debris-flow experiments in a small laboratory flume and tank. This work built on earlier 
experiments in the same flume by de Haas et al. (2016), who constructed a model fan with a sequence of 55 flows, 
each with a total flow mass of ~6.5 kg. De Haas et al. (2018b) ran two additional experiments under identical 
conditions; however, rather than keeping the flow mass constant, the mass of each flow was chosen from a steep- or 
shallow-tailed double Pareto mass distribution. The mass of each flow in the two additional experiments ranged up 
to ~13 kg, although the mean flow mass in all three experiments was the same. All flows had an identical grain-size 
mixture and a water content of 44% by volume (see de Haas et al., 2016, for materials and methodology). 

All three experiments showed broadly similar avulsion cycles that consisted of channel establishment, 
backstepping of deposition toward the fan apex, a ‘searching phase’ during which deposition spread across the 
proximal fan, and avulsion toward a new topographically-favorable sector. Comparable behavior was observed in 
analogue experiments by Schumm et al. (1987). In detail, however, the different flow mass distributions led to 
markedly-different avulsion mechanisms. A uniform flow mass distribution led to regular avulsion cycles in which 
backstepping deposition proceeded from fan toe to apex before avulsion occurred. In contrast, a steep-tailed 
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distribution, corresponding to a narrow range of flow masses, led to two additional avulsion mechanisms: large 
events that could overtop existing channels and occupy new pathways, and sequences of small flows that led to 
plugging of only the proximal part of the active channel. A shallow-tailed distribution, with a wide range of flow 
masses, also showed these additional avulsion mechanisms, although the more frequent large flows excavated the 
main channel and made avulsions less common. 

While these results are based on a small number of experiments and do not consider other factors that may be 
important, such as variations in flow mobility due to grain size or water content, they suggest that sequences of 
several small- to medium-sized flows may be critical in forcing avulsion in a subsequent larger flow – as observed, 
for example, on the Kamikamihori fan in Japan (Suwa and Okuda, 1983). The experimental results also highlight a 
major difference between the fluvial avulsion cycle and that observed on debris-flow fans: backfilling and channel 
plugging need not proceed up the entire fan surface in order to force avulsion on debris-flow fans, as is often the 
case on fluvial fans, but can be limited to a key reach or even a single point. This makes debris-flow avulsions 
harder to anticipate than their fluvial counterparts, and calls for research on likely avulsion locations. 

5. Research priorities

In this final section, we summarise some of the key research priorities that would help to develop a more 
complete picture of avulsion. 

5.1. Avulsion mechanisms and triggers 

 The avulsion cycle model outlined above predicts that avulsions should be enhanced by particular sequences of 
flow volumes – especially those in which a series of small- to medium-sized flows that partly or fully block the 
channel are followed by a large flow that triggers avulsion. As estimates of debris-flow volume are accumulated at 
more and more observation stations (e.g., McArdell et al., 2007), it should be possible to begin to relate the 
sequencing of flow volumes to the temporal evolution of bed elevation in different settings. It would also be useful 
to look for evidence of ‘pre-conditioning’ of an active channel for avulsion – e.g., via channel blockage in key 
locations on a fan, perhaps where channel incision into the fan surface is minimal and where there are abandoned 
channels that could form new flow pathways after an avulsion. 

Some additional understanding of the formation of channel plugs can be gained by examining the characteristics 
of flow deposits that have triggered avulsions in the past. Measurements of channel depths and debris-flow 
depositional lobe thicknesses on fans in Saline Valley, California, USA (Fig. 2) from high-resolution Lidar 
topography (de Haas et al., 2019) show that depositional lobes that have plugged channels and triggered avulsions 
tend to be substantially thicker than the median lobe thickness at the same radial position on the fan (Fig. 3A), and to 
have thicknesses that are comparable to the median channel depth at the same radial position (Fig. 3B). While 
perhaps not surprising, this result confirms that plugs must fill a substantial portion of the available channel in order 

Fig. 3. Characteristics of debris-flow depositional lobes that form channel plugs on fans in Saline Valley. (A) Histogram of channel plug 
thickness. Values are binned at 50 m radial distance intervals from the fan apex and normalized by median lobe thickness within each bin. Most 
channel plugs that have triggered avulsion are thicker than the median lobe within that distance bin. (B) Histogram of channel plug thickness. 
Values are normalized by median channel depth within the same 50 m bins. Note similarity between plug thickness and median channel depth. 
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to force avulsion, and that channel plugging, rather than aggradation above the floodplain (e.g., Mohrig et al., 2000), 
is the key avulsion mechanism at this site. Avulsions can still be forced by plugs which are thinner than the median 
lobe thickness (Fig. 3A) or channel depth (Fig. 3B), but they are the exception. Similar measurements from other fan 
settings would be helpful in elucidating the sequence of events involved in channel plugging and avulsion. 

5.2. Avulsion size and location 

The impact of an avulsion on a fan surface depends on three factors: the size of the flow, the radial position at 
which the avulsion occurs, and the ‘opening angle’ between the old and new flow pathways. One reasonable 
measure of avulsion size is the incremental area of fan surface that is inundated after the avulsion, such that full 
resurfacing of the fan will occur once those incremental areas sum to the total fan area (e.g., Cazanacli et al., 2002). 
This measure, however, ignores the fact that a large opening angle can pose a hazard to infrastructure that is far from 
the old pathway, especially if mitigation measures are concentrated close to the active channel. Thus, an alternative 
measure of avulsion size Ma could be the product of the opening angle Daz, normalized by the total angle described 
by the fan, and the radial distance of the avulsion site from the fan toe Dr, normalized by the fan length (Fig. 4). Ma 
thus varies between 0 (no avulsion) and 1 (an avulsion at the apex from one fan margin to the other), and provides a 
way of comparing the potential impacts of avulsions that occur at different locations on the fan. 

Fig. 4. Schematic of avulsion size Ma  as a product of the normalized opening angle Daz and the normalized radial position Dr. 

Jerolmack and Paola (2007) showed that avulsion sizes in their experiments (measured in terms of the length of 
new channel created) followed an exponential distribution. They demonstrated that there was no binary distinction 
between ‘nodal’ avulsions that occur at the fan apex and ‘local’ avulsions that occur elsewhere; instead, the former 
are simply less frequent. Field observations by de Haas et al. (2018a) tend to support that continuum, with avulsions 
possible at all radial positions on a fan surface. Field observations by Pederson et al. (2015) and experimental work 
by de Haas et al. (2018b) both suggest, however, that flows become more compensational, and avulsions thus 
somewhat more likely, on the distal parts of the fan surface – perhaps driven by down-fan decreases in channel 
depth that outweigh down-fan decreases in lobe thickness (Whipple and Dunne, 1992). It may thus be possible to 
identify avulsion ‘hotspots’ by comparing the thickness of typical debris-flow depositional lobes with typical 
channel depths; as both of these quantities vary down-fan, avulsions should be more common in areas where lobes 
can more easily fill and block the channel network. These observations also suggest that avulsions with high Ma – 
those that occur near the apex and have wide opening angles – should be comparatively rare events. 

5.3. Avulsion frequency 

We currently have no capacity to predict the occurrence or frequency of avulsions on debris-flow fans, meaning 
that our understanding of avulsion occurrence is almost entirely reactive. A major research priority is therefore to 
compile sufficient information on avulsion occurrence and timing to enable first-order comparison with channel and 
flow characteristics, sediment supply, and fan climatic and tectonic setting. De Haas et al. (2018a) reviewed the 
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available data on historically-active debris-flow fans, and showed that documented avulsions occurred 
approximately every 3-8 flows. It is worth bearing in mind that those fans were specifically studied because of their 
frequent flow activity, and they are not necessarily representative of avulsion frequency on less-active fans. 

Over the longer term, fans show evidence of switching between different sectors on a range of time scales: for 
example, sectors on the Illgraben fan in Switzerland are typically active for ~102 yr (Schuerch et al., 2016), but 
sectors on fans in Owens Valley, California, may be active for ~103-104 yr (Duehnforth et al., 2007; Le et al., 2007; 
d’Arcy et al., 2015). There are still relatively few well-dated fan surfaces worldwide for which the timing of sector 
activity and abandonment can be estimated. The explosion in the practicability of surface dating by analysis of in-
situ cosmogenic radionuclides over the last 20 years, however, means that it is now more feasible than ever to 
generate quantitative fan-surface age estimates (e.g., Ivy-Ochs et al., 2013). 

At the same time, fan sector identification is typically based on both quantitative and qualitative measures of fan 
surface topography, including such diverse observations as surface roughness at various scales, channel cross-
cutting relationships, downlapping or onlapping relationships, relative weathering of surficial materials, soil 
development, and vegetation growth. Despite some efforts to quantify these measures (e.g., Frankel and Dolan, 
2007), division of the fan surface into discrete sectors remains an uncertain and somewhat ambiguous exercise. 
Thus, while there is clearly a need for more fan-surface chronologies, we also suggest that attention should be given 
to the ways in which fan sectors are formed and abandoned, and the implications of these processes for the fidelity 
with which fan surfaces record avulsions. 

5.4. Numerical modelling of avulsions 

A promising approach for exploring the controls on avulsion frequency is through the numerical modelling of 
repeated flows and the concomitant evolution of fan surface topography. McDougall (2017), in a thorough review of 
landslide and debris-flow runout models, pointed out that predicting the occurrence, location, and impacts of 
avulsion in numerical flow models remains a major outstanding challenge. While existing flow models can simulate 
flow paths given some assumptions about initial flow volume and entrainment or deposition along the flow path 
(e.g., Frank et al., 2015), it is difficult even a posteriori to simulate major avulsions due to the need to model the 
dynamic feedbacks between entrainment or deposition, changes in the channel bed topography, flow volume, and 
flow behaviour. Recognition of other possible flow paths, for example due to the presence of abandoned channels on 
the fan surface, is not sufficient; avulsion into those paths requires filling of the active channel, routing of material 
down the new pathway, and sufficient excavation of the new channel to ensure that it is maintained in subsequent 
surges or flows. While runout models are typically used to reconstruct the pathways of individual debris flows, there 
has also been much less attention devoted to modelling the impact of series of flows on a fan surface; thus, the 
suggestion by de Haas et al. (2018b) that the sequence of flow sizes, as well as the sizes themselves, may be 
important for triggering avulsion remains untested by independent observations. Finally, fan surface models require 
sufficient field data to allow testing and evaluation – especially high-resolution topographic data that can resolve 
individual channels and lobes, as well as repeat imagery of fan surfaces that can be used to identify avulsion 
occurrence and magnitude. We therefore close by calling for concerted research effort toward the development of 
numerical approaches that can simulate avulsions and thus the spatial evolution of debris-flow hazard over 
sequences of multiple flows. 
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Abstract 

Morphological characteristics of debris-flow deposits are a fundamental part of the field study of the process. The deposits show 
aspects related to flow dynamics, which reflects its main mechanics and enables the correct identification of process. Occurrences 
of debris flows are quite common in Brazil, especially in the Serra do Mar region, located at the southern/southeastern coast of 
the country. Geological and geomorphological characteristics and high rainfall indexes contribute to high susceptibility of the 
process in the region. In one of those occurrences, in the summer of 1967, the city of Caraguatatuba was intensely affected by 
high rainfall far above the average, with maximum values in between the 17th and 18th of March (586 mm/48h), which triggered 
landslides and debris flows that destroyed the city. In this way, the goal of this research was the morphological characterization 
and identification of debris-flow deposits from the 1967 event, in Caraguatatuba, Serra do Mar/Brazil. To achieve this goal, the 
following steps were made: a) selection of watersheds hit by debris flows; b) mapping of the debris-flows deposits in field 
surveys; and c) identification of morphological characteristics of deposits, applying field records. The results showed that the 
deposits mapped presented common characteristics described in literature as typical of debris flows, highlighting the presence of 
inverse grading, lateral levees and large boulders. The watersheds showed differences related to morphology types of deposits, 
indicating the influence of its characteristics in deposition. Those results contribute to the study of debris  flow, mostly to 
identification of susceptible areas but also to mitigation actions promoted by the government, aiming to improve land use 
planning, avoiding occupation of those areas by population. 

Keywords: geomorphology; mass movement; hydrogeomorphic processes; mapping; tropical environment. 

1. Introduction

Debris flows are among the mass movements with the highest destructive power due to their capability to
transport high volume of several types of material (e.g. boulders, organic matter) through long distances in high 
velocities. When debris flows reach areas of lower relief, where people and infrastructure are concentrated, they 
commonly cause social and economic damage, including casualties.  

In the southern and southeastern region of Brazil, the occurrences of debris flow are common, which causes 
destruction and damage to local infrastructure, homelessness and a higher number of deaths (Vieira and Gramani, 
2015). By being a process with a long time return and for the lack of risk mapping and government support, the 
population occupies susceptible areas, constructing its houses in deposits from past events or using it with 
landscaping purposes, ignoring the risk to new occurrences. In Brazil, the primary historic debris flows which 
caused casualties include: Caraguatatuba in 1967 with 120 fatalities; Santa Catarina in 2008 with 135 fatalities; Rio 
de Janeiro Mountain Region in 2011 with more than 1.000 fatalities; and Itaoca in 2014 with 25 fatalities (Jones, 
1973; Avelar et al. 2011; Kobiyama and Michel, 2014; Matos, et al., 2017; Dias et al., 2016a; Dias et al., 2016b; 
Gramani and Martins, 2016; Picanço et al., 2016; Gomes, 2016; Dias, 2017; Côrrea, 2018). 

Identification of debris-flow deposits is an important determinant of areas susceptible to debris flow. Identifying 
distinctive sedimentary features that show flow dynamics, such as inverse grading, lack of sorting and large 
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boulders, differentiates debris-flow deposits from other deposits, like floods or debris floods. (Johnson, 1970; Costa, 
1984; Jakob, 2005; Welsh and Davies, 2010).  

Characterization of debris-flow deposits can contribute to a better understanding of the process, in addition to 
serving as a support to the government in preventive and mitigative measures in susceptible areas. Therefore, the 
aim of this research was identification and characterization of debris-flow deposits in the city of Caraguatatuba, 
related to the 1967 event. 

2. Study Area

The city of Caraguatatuba is located on the southeastern Brazilian shore, (São Paulo State), in a mountainous 
region named “Serra do Mar” (Fig. 1). Due to its geological, geomorphological and climatic characteristics, the 
occurrence of landslides and debris flow is frequent in Serra do Mar. However, despite the high susceptibility and 
occurrence of fatal debris flow, the area is densely populated with none or little control from authorities, which 
contribute to higher risk of new fatalities (Matos, 2017). 

Fig. 1. Location of the study area and the watersheds Pau d’alho (1) and Guaxinduba (2). 

Rainfall volumes among the summer season between 1965 – 2011 shows a high rate, typical of the region, 
however, in the summer of 1966-1967 an unusual rainfall volume affected the city, when the total rainfall exceeded 
1.400 mm (Fig. 2), with critical values on March 16th and 17th when it rained about 548 mm/48h, triggering 
landslides and debris flows. Several watersheds were hit, including Santo Antônio, Guaxinduba, Pau d’alho, 
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Canivetal and Camburu. The events devastated the city, destroying urban infrastructure, including the main highway 
to the city, displacing 400 people and causing 120 fatalities (Fig. 3) (Cruz, 1974; De Ploey and Cruz, 1979; Dias et 
al., 2016). More than 50 years after, the area affected has been re-occupied by population, who ignore the evidence 
of the debris flows which is still visible in the landscape.  

Fig. 2. Total rainfall in the summers of 1965 – 2011 in Caraguatatuba, Brazil, highlighting the summer of 1966 – 1967. Source: Dias et al., 
2016b. 

Fig. 3. (a) Debris-flow deposits (boulders size: approx. > 10 meters of diameter) and (b) part of a bridge destroyed in the 1967 event, in 
Caraguatatuba, SP. Source: (a) Cruz (1974); (b) Public Archive of Caraguatatuba. 
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3. Methods

3.1. Selection of watersheds hit by debris flows 

The selection of watersheds was based on the geomorphological mapping presented by Cruz (1974; 1990), in 
which identified the areas affected by landslides and debris flows soon after the 1967 event. The affected areas 
present differences concerning occupation and magnitude of the processes. Thus, the watersheds selected are 
Guaxinduba and Pau d’alho (Fig. 1). Guaxinduba is a densely occupied area and is near the urban center of the 
county. Pau d'alho is located within a privately-owned farm. Both watersheds are identified by Cruz’s map as areas 
where debris flows occurred, but without information regarding morphology of deposits (e.g. size, morphological 
features). 

3.2. Mapping of debris-flow deposits 

The mapping of debris-flow inundated area was made using the geomorphological map from Cruz (1974; 1990) 
in which the author identified mass movements occurrences in general, without specifying the typology. With this 
map, it was possible identifying watersheds where debris flows gone through, as well deposition areas. The map was 
treated on Geographical Information System (GIS) to locate and delimitate the inundated area of debris flows in 
each watershed. After the digital treatment, field surveys were made to confirm the location of the hit areas and if 
the characteristics of the deposits correspond to the process analyzed. It was collected information about location, 
access, size and typology of the deposits. 

3.1. Identification of the morphological characteristics of deposits 

We characterized the morphological features of deposits during field surveys, including location information 
(e.g., altitude, coordinate, access, occupation) and features of the deposit (e.g., size, morphological characteristics, 
presence of large woody debris). First, it was verified if the areas indicated by Cruz (1974;1990) as from debris 
flows shows characteristics indicated in literature as typical from the deposition of the process, such as lack of 
sorting, lateral levees and large boulders (Johnson, 1970; Costa, 1984; Eisbacher and Clague, 1984; Ujueta and 
Mojica, 1995; Jakob, 2005; Takahashi, 2007; Welsh and Davies, 2010). After that, the location of deposits visited in 
the field was overlaid with the digitized mapping from Cruz (1974; 1990) in GIS and new cartographic products 
were generated with that information.  

4. Results and Discussion

Results showed that both watersheds exhibit morphology typical of debris-flow deposition, as mentioned in
literature, highlighting deposits with inverse grading features and lack of sorting in sediments, one of the main 
characteristics indicated as typical from debris flows (Ujueta and Mojica, 1995; Jakob, 2005; Takahashi, 2007; 
Welsh and Davies, 2010). However, the deposits are distinct in each watershed. Guaxinduba watershed exhibits 
deposits with inverse grading, lack of sorting, and very large boulders. No lateral levees or organic matter were 
found (Fig. 4). 

 The main body of the deposit is in the central area of the watershed where the largest boulders are located, which 
are currently used in landscaping. It is an area very much modified and occupied; however, evidences of the 1967 
disaster are still visible in the landscape, indicating the susceptibility of the area and the potential risk that residents 
are subjected to. 

Pau d’alho watershed shows more preserved deposits, with features of inverse grading, sediments with lack of 
sorting and predominance of lateral levees along the main channel (Fig. 5). No large boulders or presence of organic 
matter were found. 
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Fig. 4. Debris-flow deposits in Guaxinduba watershed. The inundated area is from digitized of the mapping made by Cruz (1974; 1990). Pictures 
A and C are identified in the enlarged area, near the urban areas. 

Fig. 5. Debris-flow deposits in Pau d’alho watershed. The inundated area is from digitized of the map made by Cruz (1974; 1990). 
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By comparison with Guaxinduba watershed, Pau d’alho has no residential occupation, only pasture areas. There 
are also buildings to support farm activities and employees, and infrastructure (e.g. roads and powerlines). All main 
activities of the farm are established on the flat zones, distant from deposits and steep areas. 

Other differences were observed between the two watersheds, beside the occupation. In Pau d’alho, inside the 
farm area, was installed the Gas Treatment Unit (UTGCA), from PETROBRAS, responsible to process the natural 
gas that will be distributed to the domestic market. The construction of the unit was carefully planned considering 
the susceptibility of the area to the occurrence of debris flows, as shown in the report made by the IPT (2006) 
(Institute for Technological Research of São Paulo State). Thus, preventive measures were made aiming to mitigate 
damages, such as the elevation of part of the structure, to avoid debris, and the construction of a barrier.  

This demonstrates a difference in the evaluation and precautions taken in each watershed against debris-flow 
hazards. The Guaxinduba population occupies an area without mitigation measures or governmental planning and is 
centered among previous debris-flow deposits. Some houses use the large boulders of the debris-flows deposits as 
part of their construction (Fig. 6b), in Pau d’alho, the risk of new occurrences was a worry before the UTGCA 
installation, aiming to mitigate damages and loss due the occurrence of debris flows (Fig. 6a).  

Fig. 6. (a) The Gas Treatment Unit (UTGCA), from PETROBRAS installed in Pau d’alho watershed, with precautionary measures to debris-
flows damage, as the elevation of the pipes (left) and culverts to withstand debris-flow passage (right); (b) boulder used as part of the construction 
of a wall from a house, in Guaxinduba watershed.
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5. Conclusion

This work showed the characteristics of debris-flow deposits in two watersheds from the city of 
Caraguatatuba/SP (Guaxinduba and Pau d’alho) from the 1967 event. The features found in the deposits correspond 
with the main aspects related to the occurrence of debris flows, such as inverse grading and lack of sorting, which 
validate and complement the geomorphological mapping made after the event, in 1974. 

Also, the results show differences related to the occupation and preventive actions in watersheds despite both 
being susceptible to the occurrence of debris flows and still had evidences from past events in the landscape. In spite 
of being a very occupied area, Guaxinduba doesn’t have any structure or precautions aiming to mitigate damages. In 
comparison, Pau d’alho is a farm area, without residents, however, the recent installation of a natural gas treatment 
unit (UTGCA) included debris-flow mitigation design and construction. 

Thus, with this work it was possible to characterize the morphology of debris-flows deposits in both watersheds, 
as well as the locating debris-flow deposits from the 1967 event and characterizing the risk to the local population 
and infrastructure. This study contributes to the understanding of debris flows in Brazil and may promote mitigation 
actions to be included through land use planning and the population living in areas susceptible to debris flows.  
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Abstract 

On December 16, 2017, a rockslide was triggered in the headwaters of the Burrito River (Chaitén district, 43.4° SL) 
which produced debris and mud flows that flooded Villa Santa Lucía, destroying half of the town’s urban area. These 
mass wasting events covered an area of 3 square-kilometers on Rute 7 and 1 square-kilometer on Rute 235, which 
resulted in twenty-one fatalities and one person still missing. The rockslide was produced by an intense rainfall which 
took place on the 15th and 16th of December, same year. The rainfall’s measured depth totaled 122.8 mm in only 24 
hours, with a high isotherm of 0° (2.700 m asl). This event was preceded by a two-week-long period of high 
temperatures (22°C daily maximum) previously registered. The main playing factors were the presence of deeply 
altered volcanic rocks (clay-iron oxides) of the Cordón Yelcho Pleistocene Volcanic Range (SERNAGEOMIN-
BRGM 1995) plus vertical fractures, open cracks and very steep slopes. The rockslide impacted a covered glacier and 
ice-cored moraine that resulted in a very high-speed blast, followed by large debris and mud flows that traveled a 
distance of 8 kilometers, deeply eroding the Burrito valley walls including its forest, soil and sediments (Duhart et al., 
2018). A 7.2 x 106 m3 total of sediments, water, ice and vegetal coverage were estimated and about 2 x 106 m3 were 
deposited on a 9 x 105 m2 fan area, covering the northern area of Santa Lucía village. An average velocity of 72 km/h 
was estimated for the higher part of the flow (Fernandez et al., 2018), although the initial blast was higher due to the 
trees that were uprooted and torn alongside the valley walls. As of today, the rockslide scar is still unstable with steep 
slopes, open cracks, a prominent hanging block and vertical fractures. A Laser Scan monitoring test was developed 
and is currently under assessment design. The implementation of permanent monitoring beneficial to the understanding 
of the rock’s failure origins in the generation zone may enhance the development of an alert system for landslide 
hazard risk reduction. 

Keywords: destructive landslide, rock fall, debris flow, covered glaciar, triggered rainfall. 

1. Introduction

This article is a report of the geology, velocity and volume estimations, of the Santa Lucía landslide, which occurred 
on 16 December 2017 that caused damage and fatalities in the homonymous village and the ‘7 way’. This landslide 
was generated in a periglacial environment with the conjugation of several conditioning factors and triggers. 
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1.1. Location 

The area is located in the Andean Main Range (43,413°S -72,367°W). The Santa Lucía village is a located in the 
north-south oriented tectonic valley (Fig. 1), that corresponds to the Liquiñe-Ofqui Fault Zone. The valley has 
experienced erosion by glaciers and later filled by glacial, volcanic, alluvial and fluvial sediments. The Cordón Yelcho 
Mountain has northwest-southeast orientation with height above 2400 m asl, has covered by glaciers and is 8 km from 
the village. 

1.2. Geology of the area 

The Villa Santa Lucía area is composed of metamorphic, granitic, volcanic and limited sedimentary rocks (Fig. 1). 
The oldest rocks of the area are Paleozoic micaceous schist and amphibolites (PzTrbm). The intrusive basement is 
composed of Miocene diorites (Md) and tonalites (Mt), and Cretaceous tonalites (Kt), granites (Kg) and monzogranites 
(Kmg) (Fig. 1). As well as Jurassic-Cretaceous volcano sedimentary rocks (JKvs), Oligocene-Miocene sedimentary 
rocks (OlMvs), Pleistocene-Holocene volcanic rocks (Q(P)v) and unconsolidated sedimentary deposits (Fig. 1).  

The landslide generation area corresponds to a Middle to Upper Pleistocene volcanic chain called ‘Complejo 
Volcánico del Cordón Yelcho’ (Moreno, 1995; in SERNAGEOMIN-BRGM, 1995) which is covered by glaciers and 
edified above 15 km-long metamorphic and granitic rocks with an N-S orientation and an average altitude of 2,100 m 
asl, its deep incisions forming radial valleys with virtually vertical walls. These rocks correspond mainly to lapilli and 
blocks tuffs, andesitic to dacitic, with fragments sub-rounded to angular, immersed in a matrix of fine ash with intense 
argillic alteration and the presence of iron oxides which are characterized by an orange-brown color. 

The volcanic layers are displayed sub horizontally and exhibit marked sub-vertical fracturing. They overlay to an 
intrusive tonalite of amphibole and biotite (which is cut by basaltic dikes of metric width with a preferential east-west 
orientation) and a sub-vertical trend. 

The outcrops exhibit streaks that represent an intense glacial polish. Glacial activity is also exhibited by the presence 
of subglacial rivers, subglacial lakes, ‘U’-shaped valleys and debris-covered glaciers that exhibit thick and fine 
sediments, containing ice cores on their frontal part.  

The main structural component region-wise is the Liquiñe-Ofqui Fault Zone (ZFLO) with an N-S orientation and a 
strike slip fault (Cembrano et al., 1996), whose primary trace corresponds to the Villa Santa Lucía valley. 

2. Santa Lucía landslide

The landslide area amounts to a total length of 12 km of distance from the generation area up to the confluence of
the Burrito and Frio rivers. Six indicative segments were recognized (Fig. 2). 

2.1. Characterization of the triggering event 

The landslide was triggered by the presence of warm rainfall during a two-weeks-long period in which the maximum 
daily temperatures exceeded 22°C, even reaching maximum temperatures above 27°C for two days which 
considerably aggravated the snowmelt (Rivera, 2017). During the 24 hours prior to the landslide event, rainfall reached 
a depth of 122.8 mm (www.dgastel.mop.cl, Table 1), with a maximum intensity of 10.6 mm/hr at 16:00 on 15.12.18. 
The rainfall event took place with a high isotherm of 0°C, above 2,700 m asl (Rivera, 2017), hence on 15.12.18 and 
16.12.18 in Santa Lucía village, and on the Cordón Yelcho and its associated glaciers only liquid precipitations 
received. 

2.2. Generation area 

The generation area (number 1, Fig. 2) corresponds to the headwaters of the Burritos River, whose height ranges 
from 1,000 m to 1,400 m asl and whose main escarpment possesses a length of 900 meters long and 520 meters wide, 
covering an estimated area of 44 hectares. The northern wall’s highest average slopes range between 77° and 81°. A 
rockslide originated from this area, which incorporated blocks of ice, snow, water, vegetation cover and variable grain 
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size sediments thus originating the debris flow that was channeled down the valley. Two lakes were generated as a 
result, with both of their frontal sections dammed by debris and ice blocks. 

2.3. Channeled debris flow, Burritos river headwaters 

The channelized debris flow followed a 2 km long course (number 2, Fig. 2) descended from  elevation of 1,000m 
to 600m asl, had an aproximated affectation width ranging from 200 to 400m wide and covered an approximate surface 
area of 54 hectares. From the Digital Surface Model (DSM) (SAF, 2017) and field observations, a wave height of 20m 
was estimated during the course of this path due the flow’s incorporation of a large number of uprooted trees and 
vegetation cover, thus dramatically increasing its total mass, volume and energy.  

Fig. 1. Geological regional map (SERNAGEOMIN-BRGM, 1995) of Villa Santa Lucía and its surroundings. The area affected by the 16.12.17 
landslide is marked in red.  
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2.4. Unchannelized debris flow 

It corresponds to the piedmont (number 3, Fig. 2), where there is a noticeable decrease in the slope to 10°, causing 
the flow to lose its confinement and start spreading sideways, covering an approximate area of 274 hectares in the 
process. It descended from 600 to 380m asl, reaching a width of 1.4 km for 2.3 kilometer-long route in a west-east 
direction and going over ‘7 way’ at the 2 km mark, with a wave height of 40-50 m tall caused by the debris flow’s 
energy, evidenced by the razed vegetation. 

2.5. Channeled debris flow, Burritos river’s northern-southern canyon 

In this segment (number 4, Fig. 2), the debris flow entered to the canyon 20 m deep, of the Burritos river from 380 
to 250 m asl, throughout a distance of 2 km. The affected area measures up to approximately 16 hectares. According 
to of the DSM (SAF, 2017), it is estimated that the flow’s wave would have reached a visual estimated height of 30 m 
tall. 

Table 1. Rainfall on the triggering event 

15-12-2017 16-12-2017 

Hour Accumulation 
per hour 
(mm) 

Cumulative 
precipitation 
(mm) 

Hour Accumulation 
per hour 
(mm) 

Cumulative 
precipitation 
(mm) 

8:00 

9:00 

10:00 

11:00 

12:00 

13:00 

14:00 

15:00 

16:00 

17:00 

18:00 

19:00 

20:00 

21:00 

22:00 

23:00 

0:00 

0,8 

1 

4,6 

5,6 

6,8 

5,2 

8,4 

7,4 

10,6 

5,4 

8,2 

5,4 

6,8 

6,4 

7 

7 

4,8 
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2.6. Channeled debris flow, Burritos river’s northern-southern canyon 

It corresponds to the area where most of the debris flow’s sediments were deposited in, thus resulting in the main 
affectation (number 5, Fig. 2) which covered about 50% of the total urban area of Villa Santa Lucía. The resulting 
deposit begins right at the apex of the fan, location where the flow loses its confinement and expands in a radius of 
600 to 1,000 m to the southeast and southwest directions. The deposit is primarily composed of tree trunks and 
fragments of volcanic and intrusive rocks in a matrix of fine sand, silts and clays, thus forming a large, muddy mass 
of slow drainage that covered most of the low gradient topography to a thickness ranging from 1 to 7 m. 
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2.7. Deposit and flood in the lower course of the Burritos river 

On the lower course of the Burritos river (number 6, Fig. 2) palisades that dammed the course were formed and 
resulted in the flooding of all the surrounding area. Meanwhile, fences (wired fences) held back, trapped branches and 
tree trunks that in turn caused water deviation, and more floods of the lowland areas.  

2.8. Volume estimation involved in the generation area 

The estimated volumes (of rock and ice) for the generation area were calculated by comparing the digital elevation 
models built prior to the event (INTERMAP, 2015; SRTM 30, 2000) with the digital elevation model (DSM) built by 
SAF on 19.12.2017 (Fig. 3). The estimated volume of the landslide was of 7,200,000 m3, out of which 2,200,000 m3 
were deposited on the upper part of the river basin and the remaining 5,000,000 m3 were deposited on Santa Lucía 
village. 

The area covered by the fan deposit at Villa Santa Lucia was estimated to be 900,100 m2 as reported by the 
orthophotomosaic’s interpretation (SAF, 2017). An average thickness of 2 m from excavations to search for missing 
persons, was taken into account, thus obtaining an estimated volume of 1,800,200 m3. Additionally, by using the digital 
elevation models DSM-SAF (2017) plus NEXTMAP World 10® DSM of INTERMAP (2015) for the fan deposit area 
in Villa Santa Lucía a volume of 2,130,192 m3 was further estimated. As a result, a total volume of 2,000,000 m3 is 
estimated for the fan deposit in Villa Santa Lucía. 

Fig. 2. Near infrared image (SAF, 2017). Red tones highlight the vegetation while gray tones delimit the affected area. Numbers indicate the 
segments described in this article. Circles indicate the curves used for velocity estimations. 
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2.9. Velocity estimation 

By using the 'on inclination in curve' formula (Johnson, 1970), an average speed of the flow was estimated 72 km/hour 
for the Burritos River’s confined channel (number 4, Fig. 2) (in a N-S direction). 

𝑉 = √(𝑔 ∗ 𝑅 ∗ 𝑐𝑜𝑠 ∝ ∗  
∆ℎ

∆𝑥
) (1) 

 𝑉  = median velocity (m/s)
 𝑔  = gravitational acceleration (m/s2)
 𝑅  = radius of curvature (m)
 α  = channel slope (°)


Δℎ

Δ𝑥
= cross-flow slope 

The formula of Johnson (1970) was applied in 3 different curves (Fig. 2, Table 2) with the variables of the equation 
extracted from the surface model and the orthophotomosaic (SAF, 2017). 

Fig. 3. DSM Profile. The red line corresponds to DSM SAF (2017), the orange line corresponds to NEXTMAP (2015) and the blue line 
corresponds to SRTM (2000). 

Table 2. Variables and results of the equation (1) 

Curve C1 C2 C3 

R 460 210 225 
∝ 2.121 1.626 10 
∆𝑥 145 55 57.4 

∆ℎ 12 11 11 
∆ℎ

∆𝑥 0,082 0,2 0,191 
𝑐𝑜𝑠 ∝ 0,999 0,999 0,984 

V2 372,820 411,434 416,141 

V (m/s) 19,308 20,283 20,399 Average 

V (Km/hr.) 69,510 73,021 73,438 71,990 
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3. Conditioning factors and triggers

Photographs taken prior to the event (as of April 2017), field observations and analysis of satellite and GoogleEarth 
images, all allow the interpretation of the geomorphological and geological conditions were combined with the major 
trigger (intense rainfall with a high isotherm of 0°C) for generate the rockslide and debris and mud flows. The 
following are the factors that contributed to the debris flow event. 

1. From 1985 up to 2017, the Yelcho Glacier (Rivera, 2017) receded approximatively 1 km, according to the
records. 

2. Satellite images from GoogleEarth back in 2006 show the presence of a remnant glacier and a lateral moraine,
both which are linked to a debris-covered glacier coming from the escarpment on the northwest and north directions 
of the Burritos River headwaters. The escarpment reveals orange and brown coloring representative of the action of 
argillic hydrothermal alterations (clays) on volcanic rocks of the ‘Complejo Volcánico del Cordón Yelcho’ which, 
consequently, contribute to the weakening of the rock mass. In addition, field observations also determined an intense 
sub-vertical fracturing of the volcanic rocks and the presence of abundant basaltic dikes. 

3. The photographs from April 2017 and those taken after the events show an abundant presence of fractures, which
are at least 1 m wide on the upper part of the north scar of the Burritos River headwaters. Furthermore, on the lower 
part of the generation area (corresponding to the basal outline of the escarpment) 350 m of the glacier covered by 
debris appears to have retreated. There is also evidence indicative of an incipient glacial lake, which would be partially 
clogged by debris and cryo-glacial morphologies (cavities in the ice) on the lateral moraine. 

 The conditions described above indicates the presence of water available (the glacial lake previously described) and 
an unstable retreating glacier (that would be melting) right beneath an active rockslide zone. The scarp of the active 
rockslide had steep slopes (approximately 80°), an intense fracturing, argillic alteration and open fractures in the 
volcanic rocks. Intense rains associated to a high isotherm of 0°C on 16 December 2017 triggered the rockslide and 
debris flow that would impact this covered glacier at the north-northwest orientation of the escarpment. The rockslide, 
in addition to water and sediments (debris) from the glacial lake, also forced the glacier down the Burritos River 
(Figure 4). This explains the formation of a debris flow with enough water to overtopped and eroded the banks of the 
Burritos River, stripping vegetation and entraining debris to create a cohesive flow (made of debris flow and mud) 
that included vegetation, soil, tree trunks, ice and detritus. This debris flow mobilized 8 km and eventually was 
deposited on the area of lower slope of the Burritos River valley, then was channeled down into the canyon where it 
would open as a fan, impacting Villa Santa Lucía. A less cohesive flow (debris flow) made of rocks and ice deposited 
on the intermediate zone of the mud flow as a result of the gravitational transport of the initial rockslide at the north-
northwest escarpment.  

4. Conclusions

The event that took place on 16.12.17 corresponds to a rockslide and debris-mud flow that impacted and partially 
covered the town of Villa Santa Lucia. This event was triggered by an hydrometeorological incident characterized by 
abnormally high and prolonged temperatures (registered beforehand) followed by intense rainfall with a high isotherm 
of 0°C on the day of the event. All the conditioning factors (including steep slopes, rock mass weakness, a retreating 
glacier, the presence of material ready to be dragged away) plus all the triggering factors (including intense rain and 
high isotherm of 0°C) culminated in an event of significant magnitude. 

It was estimated through digital elevation models that the initial rockfall volume in its generation area was of 
7,200,000 m3, out of which approximately 2,200,000 m3 worth of sediments were deposited on the upper part of the 
basin and the remaining 5,000,000 m3 mobilized towards Villa Santa Lucía. Regarding this last one, about 2,000,000 
m3 constitute the fan deposit that hit Villa Santa Lucía and covered an area of 900,100 m2. By using the 'on inclination 
in curve' formula (Johnson, 1970), it was estimated that the average flow velocity for the Burritos River canyon was 
72 km/hour. 

As of today, the rockslide generation area is still active increasing the possibility of similar events happening again. 
These events could be triggered again by an intense precipitation with a high isotherm of 0°C either by subduction 
earthquakes or by crustal earthquakes linked to the Liquiñe-Ofqui Fault Zone’s activity. 
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Fig. 4. Profile and sketch showing the current condition of the generation area. Picture was taken on 18.12.17, showing an unstable remnant 
blockstable; the current deposit of the landslide made of debris and ice blocks; the glacier, the dammed lake and the Burrito river headwaters. 
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Abstract 

In 2005 the settlement of Matatā on Awatarariki fan, Bay of Plenty, North Island, New Zealand was devastated by a 
>3 x 105 m3 debris flow; several dwellings were destroyed and many damaged, but no fatalities occurred. In the 7 years 
following the event, design options for a debris-flow containment structure in the catchment were developed. 
Following a formal determination by the Government’s building control agency in 2006, building consents were 
granted for a number of replacement dwellings on the fan. In 2012, the previously chosen containment structure project 
was cancelled due to effectiveness and cost concerns. Subsequent investigations confirmed there were no viable 
engineering solutions to manage debris-flow risk from this catchment, and risk analyses have demonstrated that no 
debris-flow management systems, warning and evacuation systems, or individual dwelling protection mitigation 
measures, independently or in combination, could deliver a residential environment with tolerable risk-to-life levels. 
Since 2013, Whakatāne District Council (the Council) has been working towards a non-legislated managed voluntary 
retreat from the area where the risk to life is greater than about 10-4a-1, which is also the area of boulder deposition in 
the 2005 event. This has involved many meetings with affected landowners, including legal counsel and experts, but 
the currently 13-year delay in resolving uncertainty about landowners’ futures has generated considerable stress and 
even hostility. A parallel legislation-based workstream the Council has undertaken to fulfil its statutory responsibilities 
has exacerbated tension between the Council and some property owners. From a technical perspective, this study 
emphasises the danger of lay officials and consultants placing too much confidence in immature technologies to 
reliably modify debris-flow occurrence. From a public management perspective, it highlights the immaturity of New 
Zealand’s natural hazard management policy framework, in particular the significant disconnect between policy intent 
and policy implementation and its polarising effects on a small provincial community. 

Keywords: Debris-flow risk-to-life; risk reduction; national and local government responsibilities; engineered risk reduction; managed voluntary 
retreat; New Zealand. 

1. Introduction

Although New Zealand is exposed to a wide range of natural hazards, use of formal risk management practices for 
low-frequency, high-consequence natural hazards is still an emerging field. New Zealand is one of 187 signatories to 
the 2015 Sendai Framework for Disaster Risk Reduction which refocused international policy direction for disaster 
reduction from disaster management to disaster risk management. In 2017, changes to New Zealand’s Resource 
Management Act formally recognized the Sendai philosophy of proactively managing risks from natural hazards. 
However, the Act was changed with minimal consideration of how it might be applied in practice. And therein lies the 
problem. Some local authorities, in response to events, have identified situations where significant risk from natural 
hazards exists and for which no pragmatic and affordable engineering solution exists. In such cases, retreat from the 
high hazard area is the only option. For these scenarios, the legislative provisions of the Resource Management Act 
are proving to be not only woefully inadequate, but also polarizing to communities, driving a wedge between the 
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affected residents and the local authorities endeavoring to apply the legislation. We demonstrate the challenges 
involved in implementing a disaster risk reduction framework through a case study involving Matatā, a small rural 
township in the eastern Bay of Plenty of New Zealand that experienced debris flows in 5 catchments in and around the 
township in 2005. Matatā is part of the Whakatāne district which has a land area of 4,442 km2 and a population of 
32,691 (2013 Census). The Whakatāne District Council (the Council) is the governing territorial authority. 

2. The Natural Hazard Event

In May 2005, extremely heavy rainfall in the steep catchments behind Matatā caused many slope failures that 
initiated debris flows and debris floods, devastating much of the coastal township (McSaveney et al, 2005). Twenty-
seven homes were destroyed, 87 other properties damaged and major transport links cut, resulting in an estimated 
NZ$20 million in damage. About 700,000 m3 of debris was deposited from 5 catchments. The most destructive debris 
flow was from the Awatarariki Stream, where about 300,000 m3 of debris was deposited throughout the fan. Boulders 
up to 7 metres diameter were mobilised in this debris flow. While there were no deaths or injuries, the nature of this 
event was such that deaths could easily have occurred. 

The closest automatic rain gauge was at Awakaponga, 5km SSE of Matatā. This recorded 367.5 mm for the period 
17-19 May, with a peak 1- and 24-hr rainfalls of 94.5 mm and 307.5 mm respectively. These are between 200-500 
year recurrence intervals based on extreme value statistics – but may be more frequent. Blackwood (2005) regards 
them as ~ 20 percent greater than the 1% AEP estimated rainfall intensities. Morphological evidence at Matatā and the 
adjacent Manawahe area indicated that rainfall intensities in the storm centre were even higher (Ibid). Peak debris and 
water discharges in the streams flowing into Matatā are estimated to have been between five and twenty times the 
theoretical 100-year flood discharges, with water flows up to twice the estimated 100-year floods (Tonkin and Taylor 
Ltd, 2005). For the Awatatariki catchment, the subject of this case study, the 100-year design flow is 44 m3/s whereas 
the estimated peak debris-flow discharge for the May 2005 event was 700 m3/s (Tonkin and Taylor Ltd, 2015). 

There is evidence that equally large and larger, debris flows have occurred many times over the last 7,000 years, 
with four smaller flows occurring since 1860 (McSaveney et al, 2005). 

3. An Engineering Solution?

Following the 2005 debris flows, the Council engaged external experts to advise what options were available to 
manage the risk to the Matatā community from future debris-flow events. Considerable community engagement 
informed option selections.  For all of the five catchments, cost-benefit analyses ranked engineering solutions higher 
than managed retreat (Walton and Clough, 2005). 

The Awatarariki fan community wished to re-establish the residential environment through an engineered solution 
that reduced the risk from future debris flows to acceptable levels. The Council considered a range of mitigation 
options and settled on a debris dam to achieve this. Subsequent consultation with the community, however, identified 
that any option involving large scale earthworks would not be supported by tangata whenua (local people of Māori 
descent who exercise customary authority in an identified area) due to the presence of highly-valued burial caves in 
the planned location of the dam. The Council then investigated alternative, less intrusive options. A combination of 
active marketing and an appetite for innovation by key Council officers and Council advisors resulted in adoption of 
a flexible ring-net proposal as the preferred solution. As the detailed design process proceeded and the requirement to 
contain >3 x 105 m3 of debris was established, significant design and construction challenges were identified, in 
particular the unprecedented 14 m high by 39 m wide size of the barrier required as well as the ability of the local 
bedrock to withstand the anchor forces involved. Ongoing maintenance costs were a separate community concern.   

As a consequence of better understanding the design and maintenance parameters, external engineering experts 
eventually advised the Council that an engineered debris detention structure in the catchment was not viable. The 
Council then investigated engineering options for a fan solution. Despite a range of options being considered, no 
viable solution could be identified. 

In December 2012 the Council resolved to not proceed with an engineered solution, and to investigate and develop 
a planning framework to manage the risk. This was a pivotal decision by the Council, not just for the affected 
landowners but also for the Council itself in its regulatory roles of building consent authority and resource consent 
authority. The Council decision formally recognised that the properties known to be at risk from the debris-flow hazard 
from the Awatarariki Stream catchment would continue to be exposed to that risk in the future. 
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4. Policy Framework for Natural Hazard Risk Management

In 2014 the New Zealand Insurance Council estimated that natural disasters can be expected to cost New Zealand 
just under 1% of its GDP (about NZ$1.6B) in any year (Insurance Council of New Zealand, 2014). This ranked New 
Zealand as having the third most vulnerable economy in the world to the impact of natural disasters. However, a lot 
of natural hazard damage is uninsured and many of the consequences are difficult to monetize; a Government agency 
recently estimated the total annual cost of natural hazard events in New Zealand to be between NZ$12B and NZ$18B. 
Annual costs of this magnitude are not sustainable for a country with a population approaching 4.9 million (Stats NZ, 
2018). Thus a policy shift away from disaster response to disaster risk management has wide-ranging support within 
New Zealand. Proactive risk reduction, strengthened community resilience, and reduced expenditure on disaster 
response are anticipated outcomes of the new policy direction.  Current policies and legislation relevant to natural 
hazard management in New Zealand are summarised in the following table. 

Table 1 Key legislation and policies relevant to natural hazard management in New Zealand 

Strategic document Description/Purpose Relevance 

Sendai Framework 
for Disaster Risk 
Reduction 2015-2030 
(SFDRR) 

SFDRR increases emphasis on disaster risk 
management and makes reduction of disaster risk a 
primary responsibility of signatory governments. 

New Zealand is a signatory to the SFDRR.  The nation has 
committed to reduce levels of risk that have been identified 
as being unacceptably high. 

Civil Defence 
Emergency 
Management Act 
2002 (CDEM) 

To improve the sustainable management of hazards. 
Achieves acceptable levels of risk by identifying, 
assessing, and managing risks, consulting and 
communicating about risks, and identifying and 
implementing cost-effective risk reduction. 

Both the Bay of Plenty Regional Council (BOPRC) and 
Council are part of the Bay of Plenty CDEM (Civil Defence 
Emergency Management) Group and contribute to the 
CDEM Group Plan.  The Plan provides a framework for 
civil defence and emergency management decisions to be 
made across the Bay of Plenty.  The Plan is linked to the 
Regional Policy Statement (RPS) which cascades to 
regional and district plans. 

Local Government 
Act 2002 (LGA) 

To meet the needs of communities for local 
infrastructure, local public services, and 
performance of regulatory functions in a way that is 
most cost-effective for households and businesses.   

Section 11A(d) states that a core public service to be 
considered is the avoidance or mitigation of natural hazards  

Resource 
Management Act 
1991 (RMA) 

Sets out how we should manage our environment, 
including the integrated management of natural and 
physical resources.   

Natural hazard risk management is now a matter of national 
importance.  Every RMA decision must take natural hazard 
risk into account.  In this context regional authorities can 
extinguish existing use rights, without compensation. 

Land Drainage Act 
1908 and Soil 
Conservation and 
Rivers Control Act 
1941 

Provide for the conservation of soil resources, the 
prevention of damage by erosion and to make better 
provision for the protection of property from damage 
by floods.   

Enable the regional council to undertake or maintain works 
to minimise flooding and damage in a catchment.  Some 
mitigation measures have been carried out at Matatā under 
these Acts following the 2005 debris-flow event. 

Local Government 
Official Meetings 
and Information Act 
(s 44A) 1987 
(LGOIA)  

Provides for Land Information Memoranda (LIM) - 
Council reports about a particular property or section 
or special features of the land, including hazard 
information. Their most common application is 
during the sale and purchase of properties. 

Debris-flow risks within the hazard areas on the 
Awatarariki Stream fanhead are identified in Land 
Information Memorandum (LIM) reports.   
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Building Act 2004 Provides for Property Information Memoranda 
(PIM) - Council reports about a particular property 
or section or special features of the land, including 
hazard information that may impact upon a new 
development.  Typically applied for before lodging a 
building consent application.  Sections 71-74 relate 
to limitations and restrictions for the construction of 
buildings on land subject to natural hazards. 

The NZ Building Code includes functional 
requirements and performance criteria for buildings. 
Code Clause B1 – Structure, includes requirements 
relating to building failure and references annual 
exceedance probabilities for some natural hazards 
that vary depending on occupancy and nature of 
activity undertaken.   

The Council applied to the Ministry of Business, 
Innovation and Employment (MBIE) for two determination 
under this Act during the Matatā process 

Bay of Plenty 
Regional Policy 
Statement (RPS) 

Provides overarching policy for the Bay of Plenty 
which is given effect through regional and district 
plans.  The RPS draws on long term plans, national 
policy statements and standards, and CDEM Group 
Plans (the latter being influenced by the National 
Civil Defence Emergency Management Strategy and 
National Civil Defence and Emergency Plan). 

In 2016, BOPRC introduced a risk management approach 
to natural hazards (Plan Change 2 – Natural Hazards).  The 
RPS now requires both the Regional Council and District 
Council to take steps to reduce high natural hazard risk.   

Whakatāne District 
Plan 

Identifies the important resource management issues 
in the District, and guides development in the 
district.  Helps ensure Whakatāne is developing the 
way the community wants it to. 

Currently, the District Plan zones the Awatarariki Stream 
fanhead as Residential.  The Council has commenced a 
process to re-zone the land to manage the debris flow and 
debris-flood risk to property and people.  This will also 
fulfil the Council’s responsibilities under the new natural 
hazard provisions of the RPS for the debris-flow hazard 
from the Awatarariki Stream catchment.   

The NZ Government’s adoption of the SFDRR signals the need for Government involvement in the development 
of national natural hazard risk management policies and frameworks, and in mitigation of risk from future (inevitable 
and foreseeable) high-impact natural hazard events that are beyond individual or community means to address. 

Recognising the SFDRR commitment, recent changes to the Resource Management Act (RMA) have elevated the 
importance of managing natural hazard risk to now be a matter of national importance when statutory decisions are 
made. Additionally, the RMA provides for regional councils, under certain circumstances, to remove existing uses 
without payment of compensation; however, this contentious provision has yet to be tested through the judicial system. 

A risk management approach to disaster reduction requires individual risks to be identified, quantified, and then 
managed according to priority. This introduces challenges for communities and regulatory decision-makers, including: 

 developing an understanding of multiple (interacting and cascading) natural hazards;
 identifying the impacts associated with each hazard (alone and in combination with others);
 establishing a reasonable likelihood of the hazard event occurring;
 comparative analysis of different hazard impacts together with the levels of risk they present; and
 development and funding of risk reduction interventions.

It is already clear that these are formidable challenges. Firstly, the level of risk for many natural hazard events is 
being established on an ad-hoc basis with no guidance, support, or oversight by central Government.  Second, risk 
quantification has proven costly and problematic due to the complex and uncertain nature and frequency of natural 
hazard events, particularly those of low probability where there are limited (if any) robust data from historical events. 
Also, and more importantly, no national framework has been established to guide communities on when risk reduction 
intervention is appropriate. Similarly, no national or regional funding framework exists to support risk reduction 
interventions. These challenges reflect the immature state of policy development for natural hazard risk management 
within New Zealand at the time this paper is authored. 

The new risk management approach means management of natural hazards is prioritised by the risk they present. 
The policy intent of the recently introduced Bay of Plenty Regional Policy Statement (RPS) is to ensure that the 
consequences of natural hazard events, when they do occur, are as low as practicable. This recognises that under-
acknowledgement of hazard risk in historical land use planning decisions has contributed to the high level of natural 
hazard vulnerability of many New Zealand communities. 
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Whereas the RMA focuses on environmental management, the Building Act (BA) focuses on building performance 
standards to ensure that buildings are safe for people to use. Specific provisions of the BA cover new building work 
on land that is potentially subject to natural hazards. In such cases, a building consent may be refused, or may be 
granted where the building construction won’t accelerate or worsen the natural hazard on the site or other property; 
the owner is prepared to accept the risk from the unmitigated hazard; and the building consent authority can reasonably 
grant a waiver or modification of the building code. The BA requires the consenting authority to record this information 
on the property title at time of granting of the building consent.  Building consent decisions can be challenged to the 
Ministry of Business of Business, Innovation and Employment (MBIE) through a determination application.  

5. Application of the Policy Framework to Management of Debris-Flow Risk on the Awatarariki Fan

In 2006, the year following the Matatā disaster, the Council applied for a BA determination from MBIE around 
whether it could issue dangerous building notices to prevent the Awatarariki fan properties being reoccupied. At the 
time it was considered that the 2005 debris flows were initiated by a rainfall event with a 0.005 to 0.002 AEP, and that 
if the event was replicated at any time in the future, similar consequences could be expected. The Council’s position 
was that the area should not be reoccupied, however, MBIE concluded otherwise and determined that the Council 
should allow residents to reoccupy their homes (Department of Building and Housing, 2006). The decision was 
subsequently extended to those wishing to rebuild homes destroyed by the 2005 debris flow. As well as repairs to 
existing dwellings, six replacement dwellings were also constructed between 2007 and 2011. 

Engineering works were completed on four of the five catchments affected by the 2005 event. The December 2012 
Council resolution to not proceed with engineering works for the Awatarariki catchment, and to move to a planning 
solution instead, caused the Awatarariki residents to be (understandably) very upset. 

In 2012, there was (and there still is) no national guidance on natural hazard risk management assessment 
methodologies, interpretation of assessments, or on tolerable/intolerable risk levels. The Council sought expert 
external advice to assist its decision-making processes. The Australian Geomechanics Society Landslide Risk 
Management Guidelines (AGS, 2007) were identified as an internationally well-respected framework. Debris flows 
can be considered a subset of landslides, providing justification for the use of the Guidelines for the Awatarariki debris-
flow risk assessment. These assessments generated an annualised loss-of-life risk distribution across the fan that ranged 
from 10-2 to 10-6 (Tonkin and Taylor, 2013). International comparisons indicated that an annual loss-of-life risk greater 
than 10-4 for an existing environment was unacceptable for residential use. This criterion was also adopted for rockfall 
risk assessments on the Christchurch Port Hills following the 2010-2011 earthquakes (Massey et al., 2014). Similarly, 
societal risk plotted on a F-N chart presented in AGS (2007) confirmed the risk to be unacceptable. 

Awatarariki fan residents were provided with the risk assessments conducted by Tonkin and Taylor Ltd and 
supporting information. A representative group of residents was invited to participate in a decision-making exercise 
to develop a way forward for the residents and the Council. A Consensus Development Group was subsequently 
established, including residents, a senior manager from the regional council, an elected representative and senior staff 
from the Council, expert technical and planning advisors, and independent facilitators. The Group met for four days 
over a two month period and explored a wide range of potential solutions. However not everything was agreed upon; 
for example, there was a significant gap between the Council and the landowners’ views on where the line of 
tolerable/intolerable risk should be drawn or whether a line should be drawn at all. The group agreed that a high risk 
exists but individuals varied widely in their personal tolerance of this risk, with many prepared to take individual 
responsibility for accepting the risk. The group agreed that engineering options were likely to be unaffordable and 
accepted that the Council had legal responsibilities to manage natural hazard risk to all people in society including the 
young, the elderly, and visitors. At the end of the process, there was agreement on a roadmap to move things forward. 
This roadmap included a further review of the quantitative risk assessment; investigation of early warning systems; 
consideration of on-site mitigation options; and development of a settlement agreement for voluntary managed retreat, 
with funding provided by a number of agencies, if on-site mitigation of the risk is not possible.  

A peer review of the risk assessment suggested that the modelled risk understated, by an order of magnitude, the 
risk-to-life during the 2005 debris-flow event, and consequently the area with loss-of-life risk greater than 10-4 a-1 was 
increased. The reviewers concluded that the risk in the expanded area (the “high risk area” hereafter) made residential 
use unsafe (McSaveney and Davies, 2015). This area includes 34 private properties of which 16 have dwellings, the 
rest being vacant sections. The other 11 publically-owned properties include transport infrastructure and reserves. 
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Early warning systems were investigated by GNS Science Ltd, a New Zealand Crown Research Institute, and it 
was concluded that they were unlikely to be effective due to the short time between event initiation in the catchment 
and impact on the fan. An escalating alert and warning system was also considered but discounted due to the lack of 
data on which to base reliable triggering, and the inevitable false warnings the system would produce. Capital and 
operational costs were additional factors, as was operational liability for system performance (Litchfield, 2015). 

On-site mitigation options were explored through a second Building Act determination. Two property owners 
lodged building consent applications to build dwellings within the high risk area. With knowledge of the high level of 
natural hazard risk and the lack of any suitable risk mitigation option, the Council’s building consent authority declined 
to issue a waiver or modification of the requirements of the New Zealand building code, and thereby declined to grant 
the building consents. The Council tested this decision by applying to MBIE for a determination.  Two years after the 
application was lodged, the determination decision was finalised (Determination 2016/034). The decision confirmed 
that vacant sites in the high risk area should not be developed for residential use. 

6. Voluntary Managed Retreat

Elimination of other possible solutions led to the final option identified by the Consensus Development Group, that 
of voluntary managed retreat; this would provide for acquisition of properties by the Government, BOPRC or the 
Council, on a ‘willing buyer – willing seller’ basis.  One of the Government’s responses to the devastating 2010 - 2011 
Canterbury earthquake sequence was to enact special legislation which enabled large areas of badly-damaged land and 
buildings to be acquired and people relocated. Most of the acquisitions involved land that had been damaged in the 
earthquakes, whose loss-of-life risk was low. In a policy environment promoting disaster risk management, and where 
a high loss-of-life risk had been proven with no viable risk reduction mitigation intervention available, Awatarariki 
fan residents and the Council looked to the Government in the first instance, and BOPRC in the second instance, to 
support an outcome consistent with that provided to property owners in Canterbury. 

To inform discussions with the Government and BOPRC an Acquisition Strategy was developed that would 
incentivise property owners to relocate away from the high risk area. Legal advice to the Council indicated that owners 
of all of the 34 properties in the high risk zone (i.e. vacant sites as well as sites with houses) needed to be offered the 
same process; final offers would reflect the difference in value of the land and assets obtained through a formal 
valuation process.  

The Acquisition Strategy recognized the “chicken and egg” dilemma for the Council: it needed to establish financial 
parameters for meaningful engagement with potential funding partners through identifying indicative settlement offers, 
without confirmed funding arrangements being in place. Legislative provision exists in New Zealand for compulsory 
acquisition of private land under the Public Works Act, however voluntary managed retreat is not a public work and 
therefore these provisions do not apply. Experience of managed retreat in the United States indicated that unless 
residents were incentivized to relocate, take-up of a retreat package would be low (Freudenberg et al., 2016). Accepting 
that a significant proportion of property owners in the high risk area had limited capacity to repay additional debt, 
voluntary retreat proposals were developed to incentivise owners to relocate. The proposals were based on the current 
market value ignoring the natural hazard risk at the time of a formal offer, plus contributions towards legal expenses 
and relocation where the fan property was the primary residence of the owner.  A valuation appeal procedure was also 
proposed. In sum, these provisions largely mirrored the acquisition provisions of the Public Works Act. 

Individual property valuations were needed to establish the financial envelope for managed retreat of the 34 
properties in the high risk zone. All but two owners gave consent for property valuers to visit their property. The 
valuation process assessed the potential cost of property purchases and clean-ups at NZ$15M. Indicative voluntary 
retreat proposals were provided to individual property owners who were then asked to register their interest in 
exploring the managed retreat process further. Two property owners declined to participate, one of whom was a Maori 
family group who owned a large parcel of land on the fan and had plans to register that land as a Maori reservation 
with a reserve status to avoid further development; this group supported retreat from the area and wished to integrate 
the development of the reservation with the Council’s broader plans for a coastal reserve for all of the high risk area. 
For a range of reasons including distrust of and lack of confidence in the Council, misunderstanding of the process, 
misunderstanding of the indicative offer, and different expectations of property values, 11 property owners did not 
return registrations of interest. The remaining 21 property owners wished to see the process continue. 

Despite the shift in national policy direction towards DRR, little support for managed retreat from Government 
ministers, BOPRC elected representatives, and officials has been forthcoming. Feedback from the Minister of Local 
Government in mid-2017 included a statement that Government wished to see a more definite expression of intent by 
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the Council to pursue the formal legislative provisions of the Resource Management Act as provided for by Parliament, 
and to apply the recent changes to the RPS. The RMA provisions required a District Plan change to alter the zoning 
of the high risk area from ‘Residential’ to ‘Coastal Reserve’, and a change to a Regional Plan that would remove the 
occupancy rights of the 16 property owners with houses on their land, with no compensation. Whereas the change to 
the District Plan reflected the status quo arrived at following the 2016 BA determination, the change to the Regional 
Plan removed the ‘voluntary’ component of the Council’s managed retreat strategy. This drastic change created a 
moral dilemma for several councilors who considered it one step too far. The subsequent Council resolution to progress 
along the RMA route was based on a majority vote rather than by consensus.   

BOPRC introduced a risk management framework to the Bay of Plenty region through its change to the RPS. It 
will also be responsible for implementing and enforcing the change to the Regional Plan.  The Council asked BOPRC 
to develop the Plan Change to the Regional Plan. This request was declined by BOPRC. As a consequence, the Council 
developed both plan changes.  BOPRC was then asked to adopt the prepared Regional Plan Change, but again this 
request was rejected.   

The lack of support from BOPRC and Central Government, combined with an absence of national and regional 
policy implementation direction and guidance, has required the Council, a provincial territorial authority with only 
34,500 residents, to chart a course through unexplored and incomplete national and regional natural hazard risk 
management frameworks with relevant key public sector actors observing from the sidelines.  

And what of the fan property owners, those most affected? The Council has maintained regular communication 
with all property owners throughout the process. For owners of vacant sites, the 2016 BA determination confirmed 
their inability to obtain a building consent to build on the land and their expectations largely reflected an acceptance 
of this.  Unsurprisingly, a number of the owners of properties containing houses reacted angrily to the Council’s 
decision to proceed with a Regional Plan Change that could see them forcibly removed from their homes without 
compensation. Their concerns were appropriately picked up by a sympathetic national media which resulted in 
Government Ministers taking a more active interest in engaging with the Council to pursue a managed retreat solution 
that is separate from the legislative RMA processes.   

A change in Government in October 2017 has seen an holistic approach to public governance that includes 
wellbeing of citizens. The willingness by the current Government to engage with the Council over a managed retreat 
solution for the Awatarariki fan has had a moderating influence on BOPRC.   

Now, 13 years after the event, and 6 years after a decision to not pursue an engineered solution, the level of risk is 
understood, and meaningful dialogue is occurring. This may not only lead to a solution for Awatarariki fan residents, 
but also result in a policy implementation template for managed retreat within New Zealand where unacceptable risk 
has been identified, no viable alternate solution to retreat exists, and the scale is such that local communities cannot 
afford to fund retreat on their own. 

7. Conclusion

An initial proposal for an earth containment dam in the upper catchment reflected a traditional ‘build back better’ 
approach to management of debris-flow risk from the Awatarariki Stream and its tributaries. Community consultation 
resulted in an alternative construction proposal that was attractive to professionals and local authority officials for its 
innovation and cost. Unfortunately, the risk inherent in innovation went unrecognised and it wasn’t until the detailed 
design phase that the inadequacies of the innovative design became apparent. Engineered fan solutions were also 
investigated and rejected. 

Since all engineering options had been exhausted, a disaster risk management approach was adopted.  Loss of life 
and property damage risks have been quantitatively assessed, with annualised loss-of-life risk ranging from 10-2 to 
10-6a-1 across the fan. 34 properties with an annual loss-of-life risk of >10-4a-1 were classified as being unsafe for 
residential use. Several risk reduction options were investigated including provision of early warning systems and 
active catchment management, but none proved to be viable. Having discounted all other risk reduction options, retreat 
from the risk was the only remaining option. 

The journey the Council and property owners have gone through over the last six years has demonstrated 
significant failings in the national policy framework for disaster risk management. 

 Although the policy vision is clear, the means to achieve it are lacking.
 No advice exists on how natural hazard risk should be assessed or what levels of risk require intervention.
 Intervention options are not enabled through supportive legislation, nor access to appropriate funding to

implement risk reduction interventions.
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 This lack of national policy guidance and support creates high levels of uncertainty, placing an
unreasonable burden on local authorities and adversely influencing their ability to reduce natural hazard
risk at the local level.

 Affected communities are seriously demoralised and polarised in the process.
Until these deficiencies are corrected, risk reduction initiatives will be resisted, inefficient practices will persist, 

and the New Zealand Government’s natural hazard risk reduction objectives will not be realised – leaving people at 
unacceptable risk and personal hardship. 
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Abstract 

On July 9, 2017, west of the California-Nevada state line, USA, the 2.8 km2 Farad fire burned steep slopes above Interstate 80. 
On the evening of August 18, 2017, a localized convective storm produced short-duration, moderate-intensity rain, which in turn 
triggered debris flows in a historically inactive basin. These flows impacted Interstate 80. At least four additional debris flows, 
not related to wildfire, have occurred along this section of road since 2013, but during much higher intensity rainfall. Here we 
utilize the history of pre- and post-fire debris flows along this section of Interstate 80 to explore the impacts of wildfire on debris 
flows. Specifically, we combine pre- and post-fire rainfall data and field measurements with empirical debris-flow models to 
quantify the impacts wildfire had on debris-flow generation and to estimate the likelihood and magnitude of future events. A 
characteristic pre-fire debris flow occurred on July 25, 2013 in a susceptible path ~30 minutes after rainfall began and during 
peak 15-minute intensities of ~50 mm/hr. This event closed both east and westbound lanes of Interstate 80. No other nearby paths 
had debris flows during this rainstorm. In contrast, one month post-fire, on August 18, 2017 a debris flow occurred in a 
historically inactive path, but within an area of high burn severity. Debris-flow initiation occurred ~30 minutes after the 
beginning of rainfall, but with peak 15-minute intensities of only ~26 mm/hr. This amplified rainfall-runoff response is consistent 
with fire-induced changes in soil hydraulic properties for which we measured post-fire decreases of a factor of 2 in field-saturated 
hydraulic conductivity and a factor of 4 in sorptivity. From field measurements, total volume estimates for the August 18, 2017 
post-fire debris-flow event ranged between 1270 and 4700 m3 depending on assumptions regarding pre-event channel geometry 
and volume of hillslope sediment transported. A shallow landslide that liquefied and flowed into the channel contributed ~450 m³ 
of material and was apparently triggered by concentrated overland flow off an old road into the toe slope of a much older deep-
seated landslide. Debris flows eroded most of the travel path above the fan to bedrock and contributed >850 m³ of debris, at a 
nearly uniform spatial rate, both of which suggest this event was likely limited by sediment availability. Just 100-150 m above 
Interstate 80 the flow transported boulders with maximum diameters in excess of 1 m, at peak velocities of ~2-5 m/s. We used the 
analysis of the August 18, 2017 debris-flow event to verify empirical equations developed by the USGS for predicting the 
probability, total volume, and runout distance of post-fire debris flows. We found good agreement between model output and 
observations and hence used these equations to predict characteristics of debris flows likely to occur in the near future.  

Keywords:  Wildfire; debris flow; hazard assessment; erosion 

1. Introduction

 Wildfire can dramatically change the hydrologic response of burned watersheds (Doerr et al., 2000; Ebel and 
Moody, 2017; Meyer and Wells, 1997; Moody and Martin, 2001). Debris flows that initiate within a burn scar and 
travel into populated areas are a severe hazard following fire (Cannon et al., 2010). Debris flows can grow 
dramatically through entrainment of sediment along the flow path and have discharges many times that of 
comparable water flows (Kean et al., 2016; McCoy et al., 2012; Santi et al., 2008). Post-fire debris flows represent a 
pervasive hazard that will likely become more prevalent in the future as intense rainfall and wildfire increase with a 
warming climate (IPCC, 2014; Westerling et al., 2006). Hence, there is a growing need for accurate debris-flow 
hazard assessments depicting the likelihood and magnitude of post-fire debris flows, as well as a mechanistic 
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understanding of the magnitude and recovery time of factors that change post-fire hydrologic response. Here we 
present a case study from the Interstate-80 corridor in the Truckee River canyon (Fig. 1) in which we document the 
changing hydrologic response following fire in steep debris-flow-prone basins, verify the predictions of a set of 
empirical equations that make up the USGS emergency post-fire hazard assessment (Gartner et al., 2014; Staley et 
al., 2016) and then apply these equations to explore the probability and magnitude of future post-fire debris flows. 

Fig. 1. Overview of study area in the Truckee River Canyon and site of the July 2017 Farad fire. (a) Bare-earth shaded-relief map derived from 
0.5 m resolution lidar data. Red polygon outlines the basin that experienced a post-fire debris flow on August 18, 2017. The green polygon 
outlines the basin that has had multiple historic debris flows unrelated to wildfire; it was not burned or burned at low severity in the Farad fire, 
but had no debris flow in the August 18, 2017 storm. Inset: Location map showing study location (black square) on the eastern edge of the Sierra 
Nevada mountains (red line) and along the California and Nevada state line. (b) Close-up view of shallow landslide that occurred during the 
August 18, 2017 debris-flow event. (c) Close-up of debris-flow deposits (lighter colored) on the fan above Interstate 80 after the August 18, 2017 
event. (d) Oblique view of Digital Globe Imagery from September 2017 draped over digital elevation model. Red and green boundaries as in (a). 
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2. Characterization of pre- and post-fire rainfall-runoff response

2.1. Characteristics of rainstorms triggering debris flow pre- and post-fire 

Both pre- and post-fire debris flows in this portion of the Truckee River Canyon have been triggered 
predominantly by short-duration, moderate- to high-intensity rainstorms. We compare the pre-fire debris-flow event 
that occurred on July 25, 2013, for which we have the most complete rainfall and timing data, with the post-fire 
debris-flow event that occurred on August 18, 2017 to highlight the amplified rainfall-runoff response following 
fire. The nearest rain gauge that records 15-minute rainfall totals is located 4 km up river. On July 25, 2013 a 
convective storm tracked over this rain gauge, whereas on August 18, 2017 the rain gauge was almost completely 
missed. As an alternative to in situ rainfall measurements we used rainfall rates determined from radar reflectivity. 
Specifically, we used National Oceanic and Atmospheric Administration (NOAA), Next Generation Weather Radar 
(NEXRAD) stage-three precipitation intensity data product. This product incorporates gauge calibration and is 
collected at five-minute intervals (Kitzmiller et al., 2013). NEXRAD precipitation estimates have been used in 
hydrological modeling, and are generally found to compare favorably with gauge data (+/- 25 %), but with under or 
overestimation depending on site and storm characteristics (Cho and Engel, 2016; Habib et al., 2009; Kitzmiller 
David et al., 2013). We calculated a rainfall time series using the mean precipitation intensity of pixels within the 
burn perimeter for each radar image and then decimated the 5-minute resolution data to 15-minute intervals. 

The results of this analysis are shown in Fig. 2. On July 25, 2013, peak 15-minute rainfall intensity was 50 mm/hr 
based on gauge data compared to 90 mm/hr based on radar returns. The July 25, 2013 storm appeared to track 
directly over the gauge so it is unclear why such an overestimation by the radar occurs, especially considering that 
radar-derived intensity commonly underestimates high-intensity rainfall (Habib et al., 2009). We have not looked 
extensively at other storms to see if this overestimation is systematic, but for this analysis we treat radar-derived 
precipitation intensities as maximums. This intense storm only triggered a debris flow in a steep, sparsely vegetated, 
and historically active basin (green outline in Fig. 1). No response was observed in the other more vegetated basins.  

We lack gauge data for the post-fire August 18, 2017 storm, but radar data shows the storm had a peak 15-minute 
rainfall intensity of <26 mm/hr. In this storm, debris flows were triggered only in a severely burned basin (red 
outline in Fig. 1). Debris-flow paths that were not burned, but were historically more prone to debris flows had no 
response. Both storms were of short duration and only exceeded an intensity of 20 mm/hr for ~45 minutes. Post-fire 
peak rainfall intensities required to triggered debris flows were notably ~1/3 to 1/2 of intensities required pre-fire.  

2.2. Soil infiltration properties pre- and post-fire 

To quantify post-fire changes in runoff generation mechanisms potentially responsible for the amplified post-fire 
runoff response, we used a METER Minidisc tension infiltrometer with a radius of 2.25 cm set to a suction of 2 cm 
to make in situ measurements of field-saturated hydraulic conductivity, Kfs and sorptivity, S. We scraped away ash 
from the soil surface and then spread a thin layer of quartz sand to ensure uniform hydraulic contact with the 

Fig. 2. Rainfall data and timing of debris-flow initiation for (a) July 25, 2013, which is characteristic of pre-fire events and for (b) post-fire 
August 18, 2017 event. Upper axis plots rainfall intensity, lower axis plots cumulative rainfall. On July 25, 2013 the storm tracked over a gauge 
recording 15-minute rainfall totals approximately 4 km from the debris-flow path, whereas on August 18, 2017 the storm missed this rain gauge. 
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infiltrometer disc. We recorded total volume of water infiltrated with time. We collected measurements at 10-second 
intervals during the first 60 seconds of the test, after which we decreased the sampling rate to every 15 to 30 seconds 
depending on infiltration rate. We analyzed these data using the methodology in Zhang (1997) and the derivative 
curve fitting technique suggested by Vandervaere et al. (2000) for two layer systems. The sand layer resulted in 
anomalously high infiltration rates for the first 10 to 20 seconds. These data points were discarded.  

The Zhang (1997) methodology uses parameters of the van Genuchten soil water characteristic curve (SWCC) 
model to solve for Kfs and S. For both burned and unburned soils, we measured SWCCs using the simplified 
evaporation method (Fissel and Breitmeyer, 2017; Peters and Durner, 2008). We measured four SWCCs (two 
burned soils and two unburned soils) using a METER HYPROP apparatus as described in Fissel and Breitmeyer 
(2017). We estimated parameters for the van Genuchten SWCC model from the measured SWCC data using non-
linear regression implemented in the proprietary HYPROP-FIT software package. We measured high suction (low 
water content) SWCC data using a METER environment WP4 chilled mirror hygrometer and appended these to the 
HYPROP data prior to fitting. These data were collected in general accordance with ASTM D6836 (ASTM 
International, 2016). Best-fit parameters for van Genuchten SWCC were different between the burned and unburned 
soils, as such, infiltration measurements were processed with parameters specific to burned or unburned soil. 

We made a total of 50 infiltration measurements almost evenly split between soils that were burned at moderate 
to high severity in the Farad fire versus soils that were not burned. Measurements were made over a six-month 
period starting April 2018. Infiltration measurements were grouped into unburned and burned categories for 
subsequent analysis. Additionally, we calculated the wetting front suction head, hf, defined in the Green-Amped 
infiltration model, as a parameter incorporating the competing effects of Kfs and S (Ebel and Moody, 2017). 

We found that burned soils had measurably lower Kfs, S, and hf (Fig. 3). The geometric mean of Kfs for unburned 
soils (49 mm/hr) was a factor of 2.5 higher than for burned soils (19 mm/hr). The geometric mean of S for unburned 
soils (85 mm/hr0.5) was a factor of 4 higher than for burned soils (20 mm/hr0.5). The geometric mean of hf for 
unburned soils (133 mm) was a factor of 7 higher than for burned soils (19 mm). 

2.3. Initiation timing and initiation mechanisms of debris flows pre- and post-fire 

The California Department of Transportation (Caltrans) reported that on July 25, 2013 at ~15:29, Interstate 80 
was struck by a debris flow that closed both east and westbound lanes, which was ~30 minutes after the first rainfall 
and ~15 minutes after rainfall intensities increased above 20 mm/hr (Fig. 2a). Debris flows that impacted Interstate 
80 only occurred in the basin outlined in green in Fig. 1. Post-event decimeter-resolution Digital Globe satellite 
imagery revealed extensive rill networks extending up to the drainage divide and debris-flow levees/deposits along 
the main travel path. No evidence of shallow landsliding was apparent and hence we interpret that this debris-flow 
event was triggered strictly by rainfall runoff and in-channel failure of debris (Kean et al., 2013).  

On August 18, 2017, personal observation by S. McCoy revealed that by 17:40 Interstate 80 had been struck by 
debris flows. We assume that actual time of initiation was 5 to 10 minutes prior to 17:40 given the lack of first 
responders, which would put initiation ~30 minutes after rainfall intensities increased above 20 mm/hr (Fig. 2b). In 
contrast to pre-fire events that had generally been localized to the basin outlined in green, the post-fire event only 
triggered substantial debris flows in the basin outlined in red in Fig. 1, which had been historically inactive prior to 

Fig. 3. Hydraulic properties of soils that were either unburned or burned at moderate to high severity in the Farad fire. (a) Field saturated 
hydraulic conductivity, Kfs. (b) Sorptivity. (c) Wetting front potential. On the box plots, the centerline shows the median, box edges mark the 
lower and upper quartiles, the whiskers extend 1.5 times the interquartile range, and circles show data that fall beyond the limits of the whiskers. 
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being burned. Post-event field surveys revealed high-density rill networks on burned hillslopes that fed into the main 
channel. These observations support an initiation mechanism by rainfall runoff (Kean et al., 2013). However, near 
the headwaters, a shallow translational landslide was found that had failed and entered the channel as a debris flow 
(Fig. 1b). This shallow landslide initiated within an old deep-seated landslide complex and occurred where runoff 
from an old road concentrated overland flow into the headscarp (Fig. 1). Levees were found upstream of the shallow 
landslide giving evidence that debris flows unrelated to the landside were occurring upstream. 

3. Characterization of the August 18, 2017 Post-Fire Debris Flow

To calculate maximum discharge of the largest debris-flow surge front, we estimated the maximum cross-
sectional area of flow as the channel cross-sectional area beneath the maximum height of levee deposits and flow 
velocity using the forced vortex equation with the correction factor for viscosity and vertical sorting set to 1 
(Prochaska et al., 2008). We assumed that minimal changes occurred in the channel after the passage of the peak 
surge that formed the levees. Channel and levee geometry were surveyed with a laser rangefinder, whereas radius of 
curvature of channel were measured on post-event satellite imagery (Fig.1).  

Channel cross-sectional area was measured at eight locations between the fan head and 30 m above Interstate 80, 
at which point channel cross-sectional area abruptly decreased. The mean cross-sectional area was 9.4 m2. Flow 
velocity was calculated at two locations corresponding to the tightest channel bends on the fan. Velocity estimated 
near the fan apex was ~5 m/s whereas the velocity ~100 m above Interstate 80 was ~2.0 m/s. We used the mean 
velocity of flow on the fan and the mean cross-sectional area to estimate a peak discharge of 33.3 m3/s.  

We characterized composition of levee deposits on the fan through random-walk point measurements. Boulders 
greater than 25 cm in diameter and logs greater than 1 m long comprised ~20% of deposits. The average long axis 
length of boulders was 1.2 meters. The average log length measured was 3.4 m. The largest boulder was 2.4 x 1.8 x 
1.5 m and the largest log was 7.6 m long. All objects measured were located within 180 meters of Interstate 80. 

To measure the total volume of material eroded along the flow path we followed the methods of Santi et al. 
(2008) and Gartner et al. (2014) in which eroded volume is estimated as the difference in cross-sectional area 
between post-event channel cross sections and projections of un-eroded hillslopes to the channel center line (Fig. 4). 
Channel shape prior to erosion was assumed to form a perfect V, but channel geometry in adjacent channels where 
limited erosion occurred showed that channels where more flat-bottomed to U-shaped. To test the sensitivity 
between a perfect V-shaped pre-event cross section and a more flat-bottomed one we raised the pre-event channel 
bottom at the centerline by 0.3 m and recalculated entrainment (Fig. 4a). Post-event channel geometry was surveyed 
with a laser rangefinder every ~5 m in areas of large scour and up to every ~50 meters in areas of uniform scour. 
Link distances between cross-sections were measured with the laser rangefinder. Link volumes were found as the 
product of cross-sectional area eroded and link length, which were then summed to calculate total event volume. 

The estimated volume of material eroded due to in-channel erosion was 820 m3 for the V-shaped initial condition 
versus 1900 m3 for a flat-bottom geometry. The cross-sectional area of scoured channel or spatial entrainment rate 
was nearly uniform along the flow path with a mean of 2.1 m2 (Fig. 4b). These estimates are for the portion of 
channel from the base of the landslide to the point of transition from erosion to deposition at the fan head. Above the 
landslide, the channel did not show evidence of significant scour.  The uniformity of entrainment rate was likely due 
to sediment-supply limitations. 80% of the channel length below the landslide headscarp eroded to bedrock at some 

Fig. 4. Measurements of channel entrainment during the August 18, 2017 event. (a) Example of field-surveyed channel cross-section showing the 
two assumed geometries, V-shaped versus flat-bottomed, of the pre-event channel and the resulting area of eroded material (orange polygon 
shown for flat-bottom initial condition). (b) Spatial rate of channel entrainment as a function of distance from the landslide head scarp. 
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point in the channel cross section. The landslide contributed an additional volume of approximately 450 m3, 
resulting in a total debris-flow volume of 1270 m3 for V-shaped or 2350 m3 for flat-bottomed geometry. These 
estimates neglect any contribution of sediment eroded from hillslopes. Previous studies with high-resolution 
topographic differencing or modeling have shown hillslopes can contribute over half of the net eroded volume 
(Staley et al., 2014; McGuire et al., 2016). Significant hillslope contribution to total debris-flow volume is consistent 
with observations of significant hillslope erosion and extensive rill networks. We interpret a minimum debris-flow 
event volume as 1270 m3 with no hillslope contributions and V-shaped initial channel geometry versus a maximum 
event volume of 4700 m3 with 2350 m3 from channel entrainment and 2350 m3 from hillslope erosion.  

3.1. Comparisons of field observations to empirical models of post-fire debris-flow probability, volume, and runout 

We used the empirical logistical regression equations of Cannon et al. (2010) as updated by Staley et al. (2016) in 
which the probability of post-fire debris flows is a function of the proportion of upslope area in burned area 
reflectance class (BARC) Class 3 or 4 with gradients ≥ 23°, the average differenced normalized burn ratio (dNBR) 
of the upslope area, soil erodibility factor (KF-Factor), and peak 15-minute rainfall intensity. To predict expected 
volumes of post-fire debris flows we used the multiple linear regression equation developed by Gartner et al. (2014) 
which is based on the elevation range of the basin, the upstream area that was burned at a high or moderate severity, 
and the peak 15-minute rainfall intensity. This set of equations for probability and volume comprise the core of the 
operational Emergency Assessment of Post-Fire Debris-Flow Hazard by the USGS. Our inputs vary slightly from 
that used in the operational USGS model. Instead of using the soil characteristics in US digital soil database 
STATSGO (Schwarz and Alexander, 1995) to calculate the KF-Factor we took two soil samples from the burn site 
and characterized soil structure as well as measured grains size distributions and organic content using standard 
sieve and hydrometer methods (ASTM D422-63; ASTM D1140-00) (ASTM International, 2017). The KF-Factor of 
the soil was then determined for each soil using the nomograph provided by the National Resources Conservation 
Service’s National Soil Survey Handbook, Part 618, Subpart B. Our KF-Factor from in situ measurements was 
0.075, which was substantially lower than the value calculated from the soil database parameters, ~0.25, which in 
turn lowered our calculated probability of occurrence by ~10 to 20% as compared to the published USGS hazard 
forecast. Additionally, the geometry of the basin in which the August 18, 2017 event occurred (red outline in Fig. 1 
and basin 67 in Fig. 5) is unique with an extremely low-gradient headwaters that transition to the steep debris-flow 
prone lower basin. The upper basin does not appear to contribute debris-flow sediment to the lower basin and was 
removed for the volume calculation. For probability and volume predictions, we selected a 15-minute rainfall 
intensity for a five-year storm (38 mm/hr) from the NOAA Atlas 14 precipitation frequency data server.   

The basin in which the August 18, 2017 post-fire event occurred (red outline in Fig. 1 and basin 67 in Fig. 5) had 
a predicted probability of 30% for debris-flow occurrence in response to 15-minute rainfall intensity of 26 mm/hr. 
Basin 101 had an estimated 37% probability for the same precipitation intensity, and there was also a small debris 
flow that occurred in this basin, but it was intercepted by a dirt road before it could develop significantly. 
Nevertheless, the two drainages with the highest probability of occurrence for the August 18, 2017 precipitation 
intensity were the only ones that showed evidence of debris flows. The predicted volume for 26 mm/hr precipitation 
intensity in Basin 67 was 3950 m3, which is consistent with the upper range of our field-measured volume. The 
predicted volumes for a 5-year storm event for the basins most likely to experience a post-fire debris-flow event as 
numbered in Fig. 5 are 6500 m3, 4700 m3, 3900 m3, 6000 m3 for basins 67, 101, 20, and 139, respectively. 

We estimated expected planimetric debris-flow inundation area using the USGS Laharz framework (Iverson et 
al., 1998). Rather than using the semi-empirical relationships that were developed for non-fire related debris flows, 
we used purely empirical equations that were developed by Bernard (2007) specifically for post-fire debris flows, 
A=0.26V0.40 and B=7.4V0.81, where A is the maximum cross-sectional area of the flow, B is the total planimetric area 
inundated by the flow, and V is the total volume of material produced by the debris flow. We selected the point of 
deposition onset to be the point at which channel slope decreased below 16 degrees, which was where deposition 
began in the August 18, 2017 event. This criterion resulted in onset of deposition proximal to fan heads. For basin 
67, the predicted planimetric area inundated using the minimum of field-measured volume is much less than the 
observed, whereas the empirically estimated volume, which is consistent with the upper range of field-measured 
volume, matches observations well (Fig 5). Debris-flow inundation area was also estimated using volumes from the 
empirical volume model for a 5-year storm (38 mm/hr) for three drainages with 30% or greater probability of post-
fire debris flow occurrence during a 5-year storm, as well as Basin 20, because its historical activity pre-fire. For all 
basins analyzed, debris flows are expected to impact Interstate 80 for a five-year storm event (Fig. 5). 
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4. Discussion and Conclusion

Analysis of pre- and post-fire rainfall runoff in the Farad fire burn scar revealed an amplified rainfall-runoff
response following fire. Pre-fire, many moderately steep and moderately vegetated basins were historically inactive 
despite experiencing peak 15-minute rainfall intensities exceeding 50 mm/hr, and which triggered debris flows in 
adjacent more prone basins. Post-fire, one of these historically inactive basins that was almost completely burned at 
high to moderate severity, had a significant debris flow in response to peak 15-minute rainfall intensity of <26 
mm/hr, whereas historically active basins that were not burned, or only burned at low severity, showed no response. 
This amplified rainfall-runoff response is consistent with fire-induced changes in soil hydraulic properties for which 
we measured post-fire decreases of a factor of 2 in field saturated hydraulic conductivity and post-fire decreases of a 
factor of 4 in sorptivity. Debris-flow initiation pre- and post-fire occurred within ~30 minutes of significant rainfall 
intensities and appeared to be related to rainfall-runoff initiation mechanisms described by Kean et al., 2013. 

Field measurements of the August 18, 2017 post-fire debris-flow event showed it was moving quickly (greater 
than ~2 m/s), had a large peak discharge (~33 m³/s) and was transporting boulders just above Interstate 80; by all 
measures it was a flow that far exceeded a clear water flow out of such a small basin. Event-volume estimates from 
field measurements ranged between 1270 - 4700 m3 depending on assumptions made about pre-event channel 
geometry and volumes of hillslope sediment transported. Comparisons between post-event field observations and 
predictions from post-fire empirical models were favorable. Basins with the highest probability of debris-flow 
occurrence experienced debris flows, predicted debris-flow volumes were within the observed range, and predicted 
area inundated by debris flows closely matched that seen on post-event imagery. Predictions from these empirical 
models for a five-year rain event highlight the potential for post-fire debris flows to impact Interstate 80 in the 
future. Debris racks or nets, increasing channel conveyance capacity into existing debris basins and creating 
additional debris basins upstream of Interstate 80 would likely decrease debris-flow hazard. 
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Abstract 

Pipelines in mountainous terrain in British Columbia, Canada often cross debris-flow fans and channels along valley bottoms and 
can be susceptible to various geohazard impacts, including debris flows.  The design of new pipeline infrastructure and maintenance 
of existing pipelines necessitates debris-flow risk assessments and appropriate mitigation design. A methodology is presented for 
assessing debris-flow risk along pipeline routes that consists of estimating the probability of a debris flow causing a pipeline loss 
of containment or disruption in service.  The methodology consists of estimating debris-flow frequency, scour potential, and the 
vulnerability of the pipeline to break if impacted.  Debris-flow frequency is estimated based on field observations of debris-flow 
deposits, degree of vegetative growth on debris-flow deposits, evidence of debris-flow impacts on trees near the pipeline crossing, 
documented debris-flow events, review of historical air photos and terrain mapping based on LiDAR-generated topography. 
Debris-flow scour potential is estimated based on channel morphology, presence of bedrock and grain size distribution of channel 
bed material. Vulnerability is estimated based on flow width and velocity and can be modified for different pipe diameters and wall 
thicknesses. Mitigation options for buried pipelines include those intended to decrease the likelihood of bed and bank scour (e.g. 
rip rap bed and bank protection), decrease the likelihood of the pipeline being exposed (increasing the burial depth of the pipeline) 
and to increase the resiliency of the pipeline to debris-flow impacts if exposed, (e.g. increasing pipeline wall thickness, adding 
concrete coating to the pipeline). The final option is to prevent debris flows from reaching the pipeline by designing and installing 
debris-flow deflection berms or sedimentation basins. The methodology presented is embedded in risk-informed thinking where 
pipeline owners and regulators can define probability thresholds to pipeline exposure or rupture and the pipeline designer needs to 
show that the proposed mitigation measures achieve these threshold criteria in ways that honor the ‘as low as reasonably practicable’ 
(ALARP) principle. 

Keywords: Risk assessment; pipeline; vulnerability 

1. Introduction

Pipelines in British Columbia, Canada (BC) as in many other nations travel throughout variable physiographic
terrains that can include prairies, mountain ranges, upland plateaus, and lowlands occupied by floodplains. Since most 
fossil fuel reserves in western Canada lie either in Alberta or eastern BC, those needing to reach the ocean will have 
to cross mountainous terrain against its regional north-south grain; a legacy of BC’s tectonic history. The terrain 
between the BC coast and the western Canadian prairies is characterized by highly variable topography, climate and 
geology. As a result, a single pipeline may be exposed to numerous geohazards including landslides, rock avalanches, 
debris slides, rock falls, debris flows, debris floods, and scour and bank erosion from clear water floods.  

Extreme environmental, economic and safety consequences can result from debris flows or other geohazards 
impacting and breaking a pipeline. An analysis of pipeline incident data in BC found geohazards to account for 
approximately 22% of failures (Porter et al., 2016). For example, a Pacific Northern Gas pipeline in BC was ruptured 
by a rock avalanche that transitioned to a debris flow and resulted in environmental damage to a pristine coastal 
ecosystem (Boultbee et al. 2006; Jakob et al., 2004). Another recent example is a debris flow, initiated from the area 
burned by the Thomas Fire near Montecito, CA that impacted a high-pressure gas line in a residential area and caused 
a large explosion which impacted numerous houses (Kean et al., in print). Numerous other cases could be quoted 
worldwide. The potentially catastrophic safety or economic consequences emphasize the importance of accurately 
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characterizing the risks posed to a pipeline traversing rugged terrain, so that appropriate mitigation can be designed to 
minimize pipeline damages, loss of containment, and attendant consequences.  

This paper describes methods for estimating debris-flow risks and selecting appropriate mitigation designs that have 
been applied to various pipelines throughout British Columbia, Canada.  

2. Background

Due to the presence of existing right of ways and the logistical and geotechnically motivated desire to construct on 
shallow slopes, pipelines and other utilities are typically buried along valley bottoms. Where pipelines follow valleys, 
they will invariably intersect fans subjected by debris flows. Such fans are primarily depositional; however, channel 
scour is possible on parts of a fan during a debris flow. For example, a debris flow near the town of Hope, BC entrained 
most of its total volume in the colluvial channel extending through the debris-flow fan (Jakob et al., 1997) and Neff 
Creek near Pemberton, BC eroded approximately 80,000 m3 of material from its fan (Lau, 2017). At locations where 
the pipeline crosses a mountain pass or traverses steep terrain, the pipeline may cross debris-flow channels where 
massive channel scour is possible. In BC, yield rates in colluvial channels have been reported to range from 6 to 28 
m3/m (Hungr et al., 2005). More recent cases have shown yield rates up to 350 m3/m measured at Neff Creek (Lau, 
2017).  As highlighted by Jakob (2019, this conference), incorrect estimates of potential scour on fans prone to debris 
flow could lead to pipeline ruptures with highly disruptive outcomes to the environment, the pipeline owners and the 
design team. The question of when and by how much a debris flow can entrain versus deposit is highly complex and 
it appears that the mobilization of channel materials depends on pore water pressures of the channel base and banks 
(Iverson, 2011). Practically speaking, however, piezometers are not installed that could measure pore water pressures 
and antecedent moisture conditions to estimate if and how much debris flows could incise. Entrainment models have 
been proposed (Kang and Chan, 2018), but their practicality and application along pipeline corridors still needs to be 
tested. 

Pipeline crossings of debris-flow channels are characterized as hydrotechnical hazards because the channel may 
have at least ephemeral clear water flows. However, debris flows in ephemeral channels pose a different hazard to a 
pipeline due to their potential to deeply incise channels during a single debris-flow event, transport large boulders 
many meters in diameter at high velocities and avulse and travel down paleochannels.  

Pipeline design for watercourse crossings in BC is guided by the Government of British Columbia’s Guidelines for 
Managements of Flood Protection Works in British Columbia (BC MoE, 1999), which state that the standard design 
flood is the flood having a 200-year recurrence period interval. Furthermore, a minimum depth of cover (DoC) of 1.2 
m across watercourse crossings is typically adopted based on the Canadian Standards Association (CSA Z662-15). No 
such guidelines exist for debris flows which produce impact forces substantially higher than those exerted by 
hydrodynamic processes or by bedload mobilized through drag forces at the channel bed in rivers with alluvial beds. 
This realization necessitates a vastly different design approach for debris flows. 

Some guidelines for assessing debris-flow hazards to pipelines are described in Jakob et al. (2004) and Porter et al. 
(2004).  More recently, as part of the Trans Mountain Expansion Project, a pipeline proposed to connect Edmonton, 
Alberta to Vancouver, BC a plan has been developed to manage and mitigate geohazard sites that exceed specific risk 
tolerance criteria (Trans Mountain Pipeline ULC, 2017).  

The design basis for protecting pipelines from debris-flow hazards can be hazard or risk-informed. In the former 
case, it consists of a design event scenario (e.g. to protect against a debris flow with a 200-year return period or 
probability of occurrence of 0.5% in any given year). In the latter case, a level of tolerable risk is identified by the 
owner or regulator. The pipeline designer is then to work towards achieving or exceeding such tolerable risk levels 
which is the focus of this contribution.  

3. Risk Assessment Framework

Geohazard risk for pipelines can be calculated as the product of the annual probability of a geohazard, the spatial 
probability that the geohazard reaches the pipeline, the vulnerability of the pipeline to be damaged or broken by a 
geohazard and the consequence (CSA, 1997; AGS, 2000; Porter et al., 2004; 2017).  

Total risk would include a systematic evaluation of the consequences of loss of containment such as health and 
environmental outcomes and may go as far as reputational loss to the pipeline operator, the entire industry and loss in 
share value. Evaluations of such consequences are outside the geotechnical realm and thus we focus on a narrower 
definition of pipeline risk which treats all pipeline failures as having equal consequence. Pipeline risk is defined here 
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as the frequency of a loss of containment (FLoC) at a debris-flow crossing (Baumgard et al., 2016). The FLoC can be 
expressed as: 

𝐹𝐿𝑂𝐶(𝑖) = 𝐼(𝑖) × 𝐹(𝑖) × 𝑆𝐻(𝑖) × 𝑆𝑉(𝑖) × 𝑉(𝑖) × 𝑀(𝐼,𝐹,𝑆𝐻,𝑆𝑉,𝑉(𝑖)) 

where: 
• 𝐹𝐿𝑂𝐶(𝑖) is the frequency of loss of containment due to a debris flow or debris flood at location 𝑖, expressed

as an annual frequency.
• 𝐼(𝑖)  is the occurrence factor of 0 or 1 expressing whether a potential debris-flow or debris-flood hazard

has credible opportunity to occur at location 𝑖.
• 𝐹(𝑖)  is the frequency of occurrence of the debris flow or debris flood at location 𝑖 expressed as an annual

frequency.
• 𝑆𝐻(𝑖)  is the spatial probability of horizontal impact; expressed as a conditional probability that a debris

flow or debris flood would horizontally reach the pipeline at location 𝑖, given its occurrence.
• 𝑆𝑉(𝑖)  is the spatial probability of vertical impact; expressed as a conditional probability that a debris flow

or debris flood would erode vertically to the pipeline at location 𝑖, given its occurrence.
• 𝑉(𝑖)  is the vulnerability of the pipeline expressed as a conditional probability that a debris flow or debris

flood would result in loss of containment, given that it occurs and reaches the pipeline at location 𝑖. The
unmitigated case assumes standard pipeline construction and operation conditions.

• 𝑀(𝑆𝐻,𝑆𝑉,𝑉(𝑖)) is the mitigation reduction factor, ranging from 0 to 1, that is associated with various detailed
design measures. This reduction factor accounts for the decreased spatial probability of a hazard reaching
the centerline and eroding to the pipeline (identified by the SH and SV subscripts) or decreased
vulnerability due to a specific mitigation applied at location 𝑖 (identified by the V(i) subscript).

Probability of Exposure (PoE) can be expressed as: 

 𝑃𝑜𝐸 = 𝐼(𝑖) × 𝐹(𝑖) × 𝑆𝐻(𝑖) × 𝑆𝑉(𝑖) 

To fully characterize the debris-flow risk at a pipeline crossing, estimates of FLoC should be completed for the 
active channel on a debris flow fan, potential avulsion paths and the fan surface (due to the possibility of a flow 
avulsing and reaching any part of the fan). Multiple calculations of FLoC at a single site may be required to evaluate 
risk associated with debris-flow scenarios at various frequencies and magnitudes.  This is particularly important since 
it is the most frequent event leading to pipeline rupture that often provides the basis for total risk evaluations. 

4. Methods for Estimating FLoC

FLoC can be estimated through combining desktop analysis, field investigations and data analysis. Desktop
analyses of a debris-flow site may examine the following data sources, if available: 

• Air photos and/or google earth imagery
• Digital Elevation Models (DEMs) derived from LiDAR data
• Geologic maps
• Documentation of previous debris flows at the site.

Field observations of debris flow channels may include: 
• Grain size distributions in the debris-flow channel including maximum boulder size transported by

previous debris flows 
• Channel geometry, including channel width, channel depth, channel slope
• Observations of previous debris-flow deposits on the fan and along the channel
• Locations of previous avulsion channels
• The frequency of debris flows in the channel which may include:

o presence and abundance of boulder impact tree scars
o estimated ages of debris-flow deposits
o estimated ages of vegetation in the channel and surrounding area

While detailed dendrogeomorphic methods or radiocarbon dating of organic sediments in natural outcrops or test 
trenches can be used to decipher accurate debris-flow frequencies, those are often not feasible to be conducted over 
hundreds of kilometers of pipelines within typical project development timelines. However, new methods have 
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emerged to approximate debris-flow frequencies and corresponding magnitudes from fan areas alone (Jakob et al. 
2016). The following sections describe how this data can be incorporated into estimating the variables in the FLoC 
equation. 

4.1. Occurrence, 𝐼(𝑖) 

Occurrence (𝐼(𝑖)) indicates whether a debris-flow hazard exists at a given site. A debris flow is considered a hazard 
if it has the potential to scour down to at least the crown of the pipeline at a given location. As most of the pipeline 
length is not subject to debris-flow or debris-flood hazards; in these locations, 𝐼(𝑖) = 0. Where past debris flows led to 
the formation of a debris-flow fan and/or evidence of debris flows persist, 𝐼(𝑖) = 1.  

Geologic maps may identify alluvial fans which may have been formed primarily by debris-flow processes. Air 
photo analyses may reveal evidence of past debris flows. Literature searches of debris flows in the region may provide 
site specific information for the crossing. Field observations of debris-flow deposits, levees and tree impact scars can 
also be used to identify if there is a credible debris-flow hazard at the crossing. Watershed morphology can also help 
to identify watersheds dominated by debris-flow processes.  Typically, small, steep watersheds are most susceptible 
to debris flows and can be differentiated from watersheds dominated by debris floods and clearwater floods by plotting 
Melton ratio (defined as the watershed relief divided by the square root of the watershed area) against watershed length 
(Wilford et al., 2004). 

4.2. Frequency of Occurrence, 𝐹(𝑖) 

Frequency of occurrence (𝐹(𝑖)) is defined as the annual probability of occurrence of a debris flow (hazard 
probability) at location 𝑖. This frequency has a temporal and spatial component, i.e. how often does the debris flow 
both occur and reach the pipeline. Although most debris may deposit on the proximal or medial regions of a fan, the 
fluid afterflow should be assumed to reach the fan margins, and fine-grained channelized debris flows may transport 
most of their debris load to the fan’s margins. Channel incision that lowers the fan’s base level or artificial over-
steepening of the fan (for example by a highway or railroad cut) may further influence fine-grained flows and fluid 
afterflow to travel to the fan margins. Many pipelines cross fans in their distal portion for logistical and constructability 
reasons.  

Frequency can be expressed either as a return period or as an annual probability of occurrence. For example, if five 
debris flows have occurred within a 100-year period, the average return period is 20 years and the annual probability 
is 0.05 (or a 5% chance that a debris flow may occur in any given year assuming data stationarity). Given the 
uncertainty associated with estimating debris-flow frequency at a site, frequency classes with minimum and maximum 
bounds may be used (e.g. 0.03 to 0.1 for a 10 to 30-year return period). 

Frequency classification can be based on existing site conditions and site conditions for the historic period for which 
air photos are available. Debris-flow activity on a fan and the availability of erodible sediment in the upstream 
catchment is related to the frequency of a debris flow that may reach and impact the pipeline. An important 
consideration is that estimated frequencies based on historical data may differ from frequencies in the future due to 
changes in sediment supply by forestry-related instabilities or forest fires, or by changing hydroclimatic environments 
associated with climate change. The past is no longer a key to the future as it pertains to debris flows and debris floods 
(Jakob and Lambert, 2009, Jakob et al. 2018). In cases where the science has advanced sufficiently to allow for future 
changes in debris flow frequency, it should be adjusted accordingly. Likewise, observations of existing site conditions 
may be influenced by a recent, rare debris-flow event that may create bias towards interpreting the site as being subject 
to frequent debris-flow occurrence.  

4.3. Spatial Probability of Impact, 𝑆𝐻(𝑖) and 𝑆𝑉(𝑖) 

The spatial probability of horizontal impact (𝑆𝐻(𝑖)) is defined in the case of debris flows as the probability that a 
given event at location 𝑖 will reach the pipeline alignment. For input into the FLoC equation, only debris flows that 
cross the pipeline may be evaluated which would make 𝑆𝐻(𝑖) equal to one. As an alternative, empirical modeling such 
as Flow-R (e.g. Horton et al., 2013) or numerical modeling such as DAN3D (McDougall and Hungr 2004), FLO-2D 
(FLO-2D, 2007), RAMMS (RAMMS, 2017) or D-Claw (George and Iverson, 2014) may be used to evaluate the 
spatial probability of impact along a pipeline crossing of a debris-flow fan. 
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The spatial probability of vertical impact (𝑆𝑉(𝑖)), is defined as the probability that a given event at location 𝑖 will 
vertically expose at least the top of the pipeline (termed, the “crown”). Predicting debris-flow entrainment of channel 
material is challenging as previously noted, and there are no time-tested methodologies for reliably predicting scour 
depth of a debris flow. Therefore, estimates for 𝑆𝑉(𝑖) should be based on field observations, analyses of channel and 
fan morphology and professional judgement.   

Debris flows tend to scour channels upstream of the debris-flow fan apex, oftentimes removing all colluvium in the 
channel and possibly exposing bedrock.  As such, pipelines that cross a debris-flow channel upstream of the fan apex 
(which is rare, but possible) are particularly prone to be exposed by debris flows and would be assigned a high (between 
about 0.7 and 0.9) value for 𝑆𝑉(𝑖).  

Although debris-flow fans are dominated by debris-flow depositional processes, pipeline crossings of debris-flow 
fans may be subject to channel scour. In some scenarios, extreme scour (greater than about 10 m depth) on a fan is 
possible. For example, a watershed that has produced several small debris flows may deposit material near the apex 
of the fan, which steepens the fan gradient and makes it susceptible to extreme scour during a subsequent debris flow 
or debris flood.  Research on debris-flow and debris-flood fan scour has shown that the average fan gradient and 
watershed area can give a first indication of fans that could be prone to extreme scour (Lau, 2017). Flume studies in 
low gradient creeks (2-4%) have postulated that buried infrastructure on alluvial fans are not likely to exposed if their 
depth is greater than 3.6 times the formative depth of a flood (Eaton et al., 2017). Although these studies are not 
directly applicable to estimating 𝑆𝑉(𝑖), they provide guidance for making appropriate estimates for the likelihood of 
channel scour on a fan to reach a pipeline at a given burial depth.  

Figure 1 shows a pipeline crossing on a fan where material has been deposited on parts of the right of way, and 
channels have been eroded at other parts of the right of way. The erosion in this example, however, occurred likely 
due to fluvial material reworking, rather than due to the debris flow itself. 

Fig. 1. A pipeline crossing of a debris-flow fan near Chilliwack, BC was both inundated with deposited debris-flow material and eroded by the 
debris flow or it’s hyperconcentrated flow phase. Vehicles and road near the bottom of the photo are visible for scale. Photo taken November 
2017 by BGC Engineering Inc. 

The observed depths of active and abandoned channels on a fan can provide an indication of the flow depth of past 
flows. However, it could be overly conservative to conclude that this incision is attributable to a single event, and it 
may indeed be the legacy of fluvial reworking rather than attributable to debris-flow scour. Irrespective, field 
measurements of channel scour depths and/or lidar measurements of channel depths on a fan, can be used to evaluate 
total scour potential at the active or avulsion channels and arrive at an estimate for 𝑆𝑉(𝑖). This method assumes that the 
presence of at least one deeply incised channel on a fan and the inference that other deeply incised channels could 
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form in previously unchannelized areas of the fan. These assumptions are conservative, which is justifiable due to the 
potentially high consequences associated with a loss of pipeline containment.  

Some considerations for estimating scour potential on a fan include the position where the pipeline crosses the fan 
and the local channel geometry near the pipeline crossing. Scour depth can vary with respect to position on a fan with 
typically higher scour potential near the fan apex, where channel gradients are steeper, than at the distal part of the 
fan, where flows may be less confined by channel banks and travel over shallower gradients. Moreover, near the fan 
apex, there is less opportunity of streamflow to infiltrate into the coarse fan deposits. This implies higher degrees of 
channel bed saturation which enhances the likelihood of continued sediment entrainment and thus scour (Iverson, 
2011). Therefore, higher estimates for 𝑆𝑉(𝑖) are likely for pipeline crossings at the fan apex than at the distal part of 
the fan.  

Local channel geometry can lead to channel scour on fan when there is an abrupt increase in channel slope just 
downstream of the pipeline. At such locations, there is a possibility that a knickpoint (a sudden change in channel 
slope) may be exacerbated and migrate upstream and expose the pipeline.  During construction of a pipeline, it is 
common for the right of way to be constructed with a cut and fill slope.  The fill slope may create an over-steepened 
channel just downslope of the pipeline.  As a result, future debris flows are likely to deposit material in the right of 
way cut and to erode the right of way fill material downslope. Figure 2 illustrates this scenario. Equally, when pipelines 
are constructed upstream of logging roads or highways, those have also been cut into the distal fan deposits, potentially 
leading to a knickpoint that is out of equilibrium with the natural channel slope. 

Fig. 2. Illustration of how knickpoint erosion during the passage of a debris flow may erode fill material of a pipeline right of way to expose the 
pipeline. 

4.4. Pipeline Vulnerability, 𝑉(𝑖) 

Pipeline vulnerability (𝑉(𝑖)) is the vulnerability of the pipeline to loss of containment, given that the pipeline is 
exposed at location 𝑖. A loss of containment from a debris flow include may be caused by dynamic pressure on the 
pipeline or impact loading on the pipeline.  For dynamic loading to break a pipeline, the passage of a debris flow 
exposes the pipeline and subsequent dynamic pressure of debris-flow material on the pipeline exceeds the resisting 
strength of the pipeline. For a pipeline to break due to impact loading, only the crown of the pipeline needs to be 
exposed for a boulder to impact the pipeline with a point load that exceeds the resisting strength of the pipeline. 

Assessment of the vulnerability of a pipeline depends on the material strength of the pipeline which varies 
depending on pipeline wall thickness and pipeline diameter.  Vulnerability can be assessed probabilistically using 
probability distributions of pipeline yield strength, debris-flow velocity, debris-flow density and grain size. 

Debris-flow velocities can be estimated using superelevation of flow around a channel bend (Johnson, 1984) or 
runup against vertical barriers or adverse slopes (Iverson et al., 2016). However, sufficient field evidence for applying 
these methods may not be available and methods presented in Prochaska et al. (2008) may be applied with field 
estimates of debris-flow depth and measurements of channel slope. Grain size distributions can be estimated from field 
investigations of debris-flow deposits. Bulk density of debris flows in flume studies have ranged from 1400 – 2400 
kg/m3 and bulk densities of natural debris flows typically range from 1800 to 2300 kg/m3 (Iverson, 1997). 
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4.5. Mitigation Reduction Factor, 𝑀(𝑆𝐻,𝑆𝑉,𝑉(𝑖)) 

The mitigation reduction factor is a value from 0 to 1 that represents the reduction in the FLoC at a specific site due 
to a mitigation measure. Different mitigation measures could provide varying degrees of protection from impacts by 
changing either 𝑆𝐻(𝑖), 𝑆𝑉(𝑖), or 𝑉(𝑖) at location 𝑖. Mitigations that decrease 𝑆𝐻(𝑖) include debris retention basins and 
deflection berms.  Mitigations that can decrease 𝑆𝑉(𝑖) include increasing the depth of cover, adding rip rap or grouted 
rip rap channel protection, grade control structures.  Mitigations that decrease 𝑉(𝑖) include using pipeline with a thicker 
wall thickness or pipeline with a concrete coating. 

Values for decreasing 𝑀𝑆𝐻,𝑆𝑉,𝑉(𝑖) range from zero to one and depend on the risk reduction the mitigation offers. For 
example, rerouting a pipeline or construction of a debris retention basin or deflection berm may have a significant 
reduction in the 𝑆𝐻(𝑖) variable and the associated mitigation reduction factor, 𝑀𝑆𝐻(𝑖) may be low (e.g. approaching 
0.01). Increasing depth of cover may have varying effects on risk reduction depending on how deep the pipeline is 
buried and the associated mitigation reduction factor, 𝑀𝑆𝑉(𝑖) may have a broad range (e.g. from 0.1 to 0.9).  Increasing 
pipeline wall thickness may have a marginal benefit to reducing risk at the pipeline and the associated mitigation 
reduction factor, 𝑀𝑉(𝑖) may be higher (e.g. approaching 0.9). 

Accurate characterization of the mitigation reduction factors associated with different mitigation techniques allows 
for risk-informed design.  A pipeline operator or regulatory body may choose a risk tolerance threshold for individual 
crossings, or a total FLoC for the entire pipeline. In the latter case, the sum of all geohazard FLoCs would need to be 
less than the total tolerable FLoC. At sites where the risk, as characterized by the estimated FLoC, exceeds such 
threshold the amount of risk reduction afforded by various mitigations can be quantified to demonstrate that risk has 
been reduced below that threshold. Alternatively, a PoE (probability of exposure) criteria may be chosen where the 
pipeline can have a given maximum annual probability of being exposed.  Appropriate mitigations to reduce 𝑆𝐻(𝑖) 
and/or 𝑆𝑉(𝑖) could be applied until the PoE does not exceed this probability threshold.  

If needed, a variety of mitigation techniques may be required to achieve the tolerable FLoC or PoE value. Figure 3 
shows a site where channel erosion protection, grade control structures and increased depth of cover are present to 
protect the pipeline against an active debris flow channel. Where several mitigation methods are applied, multiple 
mitigation reduction factors can be integrated into the FLoC equation. Although complimentary mitigation measures 
provide greater risk reduction, engineering judgement needs to be applied to ensure that the combined mitigation 
reduction factors do not create an inflated level of risk reduction.  Furthermore, detailed design of mitigation should 
incorporate detailed site-specific analysis of potential debris-flow magnitudes. 

Fig. 3. Example of a combination of channel grade control and riprap erosion protection and increased depth of cover at a pipeline crossing of an 
active debris flow channel. Photo taken by BGC Engineering in May, 2016. 
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5. Summary

In this paper, a risk assessment methodology is presented suitable for quantifying debris-flow risk posed to 
pipelines. Risk is defined as the frequency of a loss of containment (FLoC).  The method can also be applied to identify 
appropriate design measures to reduce FLoC or PoE to below a tolerable threshold set by either the pipeline owner or 
regulatory authority. Research is continuing to define best practices for quantifying debris-flow frequency-magnitude 
relationships, runout, scour and rheology as applicable to long linear infrastructure corridors.  This methodology 
provides a framework that can be implemented with existing methods for debris-flow assessment and integrate 
scientific advancements in debris-flow research. 
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Abstract 

Dynamic debris-flow runout models are applied by practitioners (1) to generate hazard maps, (2) to help design mitigation 
measures such as dams and warning systems, (3) to explore potential impacts of rare events such as pro-glacial lake failure, and 
(4) to illustrate the hazard process to local decision makers and stakeholders. Automated observations of debris flows in several 
torrents have shown a large degree of variability in the flow process, ranging from fast muddy debris floods to relatively slow 
debris flows with granular fronts, at any given torrent. It is not yet possible to predict with certainty which type of debris flow can 
be expected in any given catchment. The prediction problem is amplified by the fact that topographic data are generally coarse 
(2m horizontal resolution in Switzerland) compared with typical channel widths (1–10 m) and because channel topography 
changes with time. These challenges and their impact on hazard assessment is illustrated using recent examples of typical applied 
projects. Herein we use the RAMMS debris-flow runout model. However, the general procedures presented here are applicable to 
other similar runout models. Common points in these examples include the accurate assessment of potential erosion, deposition, 
and avulsion along the channel, as well as the systematic modification of the friction coefficients in the model to account for 
variations in water content, sediment size, channel-bed roughness, and other properties of the flow. We mention the main 
challenges in these steps, as the exact procedure is still not clearly regulated in Switzerland. In general, it is desirable to work 
with several scenarios to account for multiple flow surges and the erosion and deposition produced by each surge, and 
uncertainties in the expected debris-flow type (granular vs. muddy). Thus, for the generation of appropriate scenarios, experience 
in the field and with the use of runout models is essential.  

Keywords: hazard assessment; debris-flow runout model; RAMMS; hazard maps  

1. Introduction

Debris flows are a major natural hazard in alpine regions. They can cause significant damage along steep
mountain torrents and especially on their fans due to their erosion potential, high impact forces and sudden 
occurrence. Because of their variable composition of coarse and fine rocks, mixed with water and other material, 
such as woody debris, their motion (speed, flow height, inundation area) are difficult to predict. When they develop, 
large solid masses can be transported within a short time inducing strong impact forces on structures. In addition, 
strong channel erosion and massive deposit of debris may occur outside the channel. They occur rarely and only in 
appropriate conditions, mostly triggered by meteorological factors.  

In order to counteract this danger, great efforts have been made to define the affected area and to improve the 
protection of persons and infrastructure by means of measures (structural and organizational ones). The reduction of 
the area at risk remains a challenge for natural hazard experts. In addition to field assessments, comparative 
considerations based on analogous examples, the numerical calculation with runout-models is increasingly being 
applied in practice. This requires a comprehensive and accurate knowledge of the main characteristics of the 
expected debris-flow events. In many mountainous countries, automated observation stations (Hürlimann et al., 
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2003) and event databases (Lateltin et al., 2005) provide such information over longer time periods for a certain 
location. The data can be used with restrictions for comparable sites, if there is no other information available.  

Computational dynamic debris-flow runout models are used to assess flow path, runout distance, velocity and 
flow depth (Crosta et al., 2003; Hürlimann et al., 2008; Hungr and McDougall, 2009; Christen et al., 2012) and they 
are a valuable tool for hazard assessment where predictions of flow intensity are required (e.g., Lateltin et al., 2005). 
The methods available for runout analysis can be divided into different classes, such as empirical, analytical, simple 
flow routing and numerical ones (Dai et al., 2002; Rickenmann, 2005). Besides defining the magnitude of an 
upcoming debris flow and the probability of occurrence, the determination of the debris-flow dynamics are the most 
important tasks for an in-depth hazard assessment (Jakob, 2005). It is important to emphasize that practitioners are 
increasingly basing (1) the generation of hazard maps, (2) the design of mitigation measures, (3) the exploration of 
potential impacts of rare events, and (4) the presentation of the hazardous process to local decision makers and 
stakeholders on results provided by numerical simulations. Therefore, the quality and accuracy of the input 
parameters is of utmost importance.  

In the last decades, a series of different debris-flow runout models became available for scientific and practical 
use. Many of these models remained at an academic level and where not designed for practical use in the debris-flow 
engineering community. Often the models relied on a small development team (sometimes even a single person) and 
therefore lack extensive documentation for application by practitioners.  
In recent years, practitioners have made frequent use of dynamic debris-flow runout models to generate hazard maps, 
to help design mitigation measures such as dams and warning systems, to explore potential impacts of rare events 
such as pro-glacial lake failure, and to illustrate the hazard process to local decision makers and stakeholders. 
Guidelines and standards for the minimal requirements are not yet regulated in Switzerland. Nevertheless, 
practitioners evaluate their field assessments, assess their design-event scenarios and visualize their study results to 
the authorities using numerical simulations. They have also extensively tested the existing tools, identified gaps and 
weaknesses, especially regarding existing flow theories, and formulated requirements for future models. The last 
point is quite important and useful for model development. Exchange of information e.g. by user workshops and 
knowledge exchange is very important. Because many of the numerical simulation tools need calibration and lack a 
strict calculation procedure e.g. by decision trees, only trained and experienced users will profit from the simulation 
results. Others might risk to produce questionable outcomes that show misleading or even wrong effects. The present 
situation is Switzerland can be summarized as a healthy skepticism of existing models, with a desire to improve both 
application guidelines as well as some of the underlying physics of numerical models, especially with regard to the 
constitutive modeling of granular/muddy mixtures. 

The interpretation of numerical output by practitioners is considered an important problem. Output of simulation 
tools depends on two main factors: a) the capabilities of the mathematical representation of the very complex process 
and b) the quality of the input parameters. The first problem can be solved by the choice of the appropriate tool, or 
better, by the choice of a small number of tools that provide results that can be compared. Often, in practical 
application, the use and comparison of the results from two or more numerical simulation tools is not feasible 
because of lack of time, money and human power. Model result comparison implies that practitioners would have to 
invest much more time and effort to learn the use of different tools. Presently, they rely on the results of one tool 
only and the choice depends on the knowledge of the available personal.  

In Switzerland, hazard assessment is part of the integral approach to natural hazards in Switzerland (PLANAT, 
2005). The main product is a hazard map that provides information about the natural hazard process (Lateltin et al., 
2005). The hazard is defined as the probability of a potentially damaging natural phenomenon within a specific 
period of time in a given area. For simplification, three levels of intensity are considered, high, medium and low. 
Regarding probability, the same three levels, high, medium and low, are used with the corresponding return periods 
1–30, 30–100 and 100–300 years. The work to be done for a potential hazard is therefore to determine its intensity 
for the chosen levels of probability at selected points in a specified area. The federal law requires the cantons to 
establish hazard maps which have to be incorporated in regional master plans and local development plans. Each 
canton has drawn up a specification for its preparation, which is based on the legal foundations and the general 
recommendations and guidelines of the federal government. The use of debris-flow runout models is mentioned in 
these guidelines. However, detailed instructions are not specified on how to use them. Therefore, every engineering 
office has established its own approach. In most cases, the choice of a specific numerical model is left to the 
contractor. The degree that government agencies prescribe how to assess debris-flow hazard, therefore plays a role in 
how numerical models are applied in practice.  
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In this paper, we consider more than a decade of experience gained in the use, application and expert monitoring 
of hazard assessment projects in the Swiss Alps, where the use of the numerical simulation tools was the main or an 
important part of the project. Our goal is to communicate to the modeling and debris-flow engineering community 
how to improve, perhaps even simplify, existing tools. The discussions were in most cases about choosing the ideal 
friction parameters during the calibration process. Subordinate questions were repeatedly discussed about the starting 
conditions (Deubelbeiss and Graf, 2013) or the inclusion of constructional measures (Graf and McArdell, 2008, 
Hohermuth et al., 2016). These challenges and their impact on hazard assessment is illustrated using recent examples 
of typical applied projects. Common points in the examples include the accurate assessment of potential erosion, 
deposition, and possible avulsion along the channel, as well as the systematic modification of the friction coefficients 
in the model to account for variations in water content, sediment size, channel-bed roughness, and other properties of 
the flow. Another issue is the generalization process necessary to produce reliable hazard maps. This paper focuses 
on the application of exiting user-friendly debris-flow simulations tools. The runout model used herein is the well-
known RAMMS 2D debris-flow runout model (Christen et al., 2010). However, the general procedures presented 
here are applicable to other similar runout models.  

2. Materials and Method

We analyzed many different case studies of debris-flow hazard analysis in Switzerland that were performed
ourselves using RAMMS (Christen et al., 2010) in the last decade or that we have advised during this period. Here 
we sum up the experiences made and point out the main topics. The evaluation is subject to a certain subjectivity. 
This is because the projects are not systematically evaluated in terms of the issues covered in this study.  

2.1. Case studies, main questions and guidelines 

We compare three different typical situations of hazard assessment using numerical simulation in debris-flow 
prone torrents in the Swiss Alps: Situation (1) shows only one important and well-documented event in the last 
century and several small, but not well documented events in the same period. The small events didn’t cause 
significant damage and were therefore not analyzed in detail. The date of occurrence is sometimes known, but no 
data is available on initial starting point, volume, flow depth and discharge of the corresponding event. Situation (2) 
shows regular small events that do not cause any damage and a few larger events that caused minor damage and 
therefor are not well documented. Field survey and geomorphic field evidence suggests that there were much larger 
events in the past. In situation (3) a catchment with a high potential for large debris-flow events but with only a small 
number of well-known events of small size has to be assessed. To protect against future major events, protection 
structures have to be dimensioned. We compare the three typical situations asking the following questions:  
 How important are well-documented events to determine the key parameters of different return periods?
 How does one single well-known event influence the determination of these key parameters?
 How does a potential situation of debris-flow susceptibility influence the determination of the key parameters?
 How many events are needed to determine trustful key parameters, and linked to this question:
 What series (mainly in terms of number, but also in terms of data quality) of documentation of debris-flow

activity is necessary to achieve a well-based data set?
 Which kind of events in regard to volume, mixture, speed variability is necessary to achieve such a well-based

data set?
Finally, we study the recommendations, guidelines and regulations in view of the use for numerical simulation

programs. We then identify the best procedures to use and steps to follow to make a timely and accurate assessment 
of the debris-flow hazard.  

2.2. RAMMS 

The debris-flow module of RAMMS (Christen et al., 2010) requires a terrain model and a geo-referenced map or 
orthoimage. The user defines a region as study area. This calculation domain covers the area from the initiation to 
the potential deposition area. In addition, the start volume and the start location are defined, as well as the initiation 
mechanism. For a simple calculation, two friction parameters are defined for the design composition to be 
calculated. In RAMMS, a Voellmy-Salm approach is used, which splits the total basal friction into a velocity 
independent dry-Coulomb term which is proportional to the normal stress at the flow bottom (friction coefficient μ) 
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and a velocity dependent “viscous” or “turbulent” friction (friction coefficient ξ) (Salm, 1993). Both parameters need 
to be calibrated carefully based on a back-calculation of known events (Christen et al., 2012). No binding 
classification of typical parameter sets for debris flows is available until now. The user manual provides some 
examples and parameter suggestions for the two friction parameters. Additional model features like entrainment of 
sediment or erosion (Frank et al., 2017) are not discussed in this study.  

2.3. Hazard assessment 

The general procedure for hazard assessment in Switzerland (FOEN, 1997, FOEN, 2016) is well-defined, 
including input parameters and products. It is up to the contractor how to determine and specify the input parameters 
in detail. The same applies to the use of numerical simulation programs. Model use is not mandatory or 
recommended.  

Figure 1 shows the general procedure to perform a hazard assessment using numerical simulation tools. In order 
to perform a hazard assessment and eventually to design protective measures against debris flows, it is necessary to 
determine basic parameters such as potential debris volume, mean flow velocity, peak discharge, and runout 
distance. In several studies, empirical relationships have been proposed to estimate these parameters (Rickenmann, 
1999). Other approaches are now available to define the corresponding values for the input parameters, combining 
field and computer work (e.g. Jakob, 2005, Frick, 2008). Basic information is gained from field work, cadastral data 
and characterization of the catchment area. The data must be evaluated in terms of quality. The model shall be 
calibrated based on well-documented events in the catchment area to be investigated.  

From basic information, scenarios for different recurrence times can be defined. These are evaluated either by 
expert opinion or by numerical modeling, or a combination of both. Further bases for the modeling are a digital 
elevation model, maps or orthoimage as well as possibly a mapping of envelopes of past events including deposition 
height information. Results need to be carefully interpreted. A validation and a plausibility check of the results is 
important and necessary. This is done first at the desk and then out in the field. In the field the potentially affected 
area, the expected intensity and possible weak spots are evaluated. The documentation of the work is done with 
intensity and hazard maps and a technical report, which comprehensibly describes their derivation and delineation.  

Fig. 1. Important steps in debris-flow hazard assessment using numerical runout simulation tools 

2.4. Evaluation 

The parameters for the input parameter in Fig. 2 are subjectively assessed on a scale (here from 1-10). The value 
1 means a very poor data quality, and a corresponding high uncertainty. A value of 10 indicates a very high certainty 
and good data quality. The brackets, dashes and crosses indicate that scoring can be done within a bandwidth, e.g. by 
the assessment by several experts. The evaluation method presented here is not standardized. It merely suggests how 
the quality of the data could be assessed. Depending on the procedure, the category and elements may not be listed 
exhaustively. In this example (Fig. 2), the counter reaches 116 points or 68 % of possible score. This would mean a 
relatively good database and the result of the simulation would be promising. In case of less than 50% of the possible 
score, the result of the simulation must be considered with caution, and if less than 25 %, the result would have to be 
seriously doubted, since the input parameters show too much uncertainty. For such a case, the parameters would 
have to be varied within a bandwidth to display the uncertainty area.  
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Fig. 2. Suggestion of a rating table for valuation of main input parameters of runout simulation tools 

3. Results

In the following, statements about the three typical situations are presented in generalized form. Only the most 
important aspects are considered and only situation (3) is described in more detail.  

Situation (1) with only one documented large event in the last century and many small events points out very well 
the difficulties in defining the parameters for a hazard assessment. We have no indication, if the large events was an 
extreme one, without any chance to be repeated in the future or if it’s an event size that has a return period of about 
100 years. The numerous small events could be used to calculate statistics regarding volume and return period but 
we are not sure if we miss large events. The conclusion of situation (1) is, that the time series is perhaps too short for 
the determination of the expected volumes for different return periods, especially the shorter ones. Therefore, the 
determination of the input parameters for volume, speed and discharge may be too high and too pessimistic. This 
result is reflected in the numerical simulations. The results indicate too large areas and too high intensities (as a 
product of flow height and flow velocity). Conversely, the description of the large event is an advantage for the 
calibration of the model. It allows the engineer to back-calculate a relevant debris-flow event and to better estimate 
important indications of the expected consequences, even for unknown, possibly larger events. The score using the 
proposed evaluation method for the different input parameters in such an example would be in the order of >50%. 
This is mainly due to good data on volume, runout and mixture, velocity and discharge of the large event. However, 
there are to make compromises in the spatial resolution of the terrain data. This is especially true if the event took 
place a long time ago.  

Situation (2) with many small to mid-size debris-flow events is a slightly different problem. For small to mid-size 
debris flows, we have at least evidence, that events with a short return period happen regularly and we can 
approximate the return time. We miss data for larger events and have to estimate the parameters by the use of 
empirical relationships, estimates, and expert knowledge. The score using the proposed evaluation method for the 
different input parameters in such an example would be on the order of 75%. This is mainly due to statistically well-
based data available for smaller events. Information on runout distances and weaknesses for out-break for large 
events is much more difficult to determine. The lack of information about damages also does not help the 
assessment.  

For situation (3) we were able to calibrate the friction parameters based on one event that caused some damage 
and left the channel (Fig. 3a). The total volume of 30,000 m3 is at the top of the reasonably well-documented events. 
The values given in the event documentation were reduced by experts as it was considered too high. The volume was 
estimated from the available documents and set at a slightly lower value. The friction values were varied in such a 
way that resampling of the specific image simulated the main features of the deposit image as closely as possible 
(Fig. 3b). These were the runout distance, the break-out points and the area of the channel inundated by the event. 
The resulting parameter set is in the range found for other locations and was therefore assessed as plausible. 
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Subsequently, various structural measures could be checked by means of a numerical model for different scenarios. 
It was very challenging to estimate the possible volumes and the probable composition of significantly larger events. 
The estimation yielded very high values because of a generally high sediment availability in the catchment area. In 
addition, unstable rocky areas threatened to fall in the near future and the site is located in an area with high and 
sometimes heavy precipitation. 

Since the drainage capacity of the channel on the fan is clearly too small for the assumed volumes, the out-break 
that happened in reality (Fig. 3a) became a model for an artificial deflection with a spillway (Fig. 3c). In the valley 
floor at the confluence with the receiving river there is insufficient room for deposition (Fig. 3b). For this reason, as 
much material as possible should be diverted in the case of a large event. The deposition is held back further down 
on the fan in a retention basin. If the volume deposited in it exceeds the retention capacity, the overflow returns to 
the main channel and flows to the receiving river. After action planning and implementation, numerical simulations 
proved the effects of the spillway for different event magnitudes, and have served to set the thresholds for a 
supplementary warning system.  

Fig. 3. (a) Aerial image of event traces with out-break (red circle) and flow direction highlighted by arrows; (b) back-calculation of documented 
event; approximate outline view figure a and figure c (white dashed lines); (c) oblique view of a scenario simulation evaluating new structural 
measure (spillway) 

The score using the proposed evaluation method for the different input parameters in this example is on the order 
of >75%. This is mainly due to good data on volume, runout and intermediate-quality data on mixture, velocity and 
discharge of the well-documented events. Calibration of the model becomes easier. Thanks to detailed investigations 
and the planning of structural measures, good and up-to-date terrain data is available. Only when determining the 
parameters for large events limitations are to be expected. Generally, calibrated friction parameters are used for all 
event magnitudes.  

4. Discussion and Conclusions

In general we found that debris-flow experts have little information on past debris-flow activity. There are
exceptions; however, they are rare. Only large events, and events that caused major damage are analyzed in detail. 
They provide the most important parameters for the numerical modeling, such as deposited volume, run-out distance 
and eventually a description of the event series based on eye-witness. Additional parameters such as velocity, flow 
height, water content, particle size and distribution are more or less non-existent. Sometimes they are available in 
catchments where automated monitoring is present or in catchments of special interest after a major event. The first 
challenge in modeling debris flows starts with the definition of the adequate starting volume. Typically, no exact 
details of initiation volume of past events are known. While the initial debris-flow volumes are typically small, they 
can evolve to be a multiple thereof by entraining material along their flow paths (Berger et al., 2011), which means, 
the starting and ending volumes sometimes differ considerably. This challenge is due to the fact that debris flows 
tend to bulk, accumulating material from the torrential bed and the embankment, but sometimes also depositing 
sediment through levée formation and lateral out-breaks.  

a b c 
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The prediction problem is amplified by the fact that topographic data are generally coarse (2m horizontal 
resolution in Switzerland) compared with typical channel widths (1–10 m) and because channel topography changes 
with time. Therefore, the data available for the representation of the terrain plays an important role, and the spatial 
resolution is critical. If relevant elements, such as side walls or blocks, are not given with sufficient accuracy, the 
simulation results are distorted. Terrain models therefore must be up-to-date. They have to reflect the condition of 
the channel and its surroundings for the investigation period. In addition, the geometry of protective structures, 
channel structures, surrounding buildings, and bridges are essential information that must be included in the terrain 
model. For buildings, the flow can usually be assumed during an event. This significantly influences the flow path. 
If, as discussed above, the grid mesh cannot provide a satisfactory and geometrically correct rendering, we 
recommend defining the buildings as impervious areas or no flux cells (Hohermuth et al., 2016). For structural safety 
measures and barriers, the question arises as to whether and when these factors are taken into account in the 
simulation. Investigations have shown that abrupt changes in inclination of artificial structures, such as dams or 
retention basins, represent major challenges for a numerical simulation model (e.g. Laigle and Labbé, 2016). If either 
the spatial resolution is too low or the grid size of the mesh does not optimally fit the object, incorrect effects will 
result, which are difficult to interpret by practitioners.  

The flow properties of a debris flow (i.e. whether it is granular or low-viscosity) and the scenarios to define, must 
be clarified outside the application of a simulation program as part of the hazard assessment. It is not yet possible to 
predict with certainty which type of debris flow can be expected in any given catchment. For scenario building this is 
quite challenging (Jakob, 2005). If several scenarios are considered to be decisive, these can be investigated by 
means of numerical simulation tools. The flow properties of the debris flow to be simulated must be defined outside 
the application of a simulation program. If several scenarios are considered to be significant, this can be investigated 
by means of numerical simulation. Rare and unique events are the most difficult to classify and consider. It can be 
assumed that due to climate change several situations can arise that make events possible that have never occurred in 
the past. However, a serious hazard assessment must ask exactly this question about the conceivable extreme event 
and answer it meaningfully. Numerical models can assist with the answer and provide helpful results to preview 
infrequent and extreme situations. Cascading processes, such as rock slope failures, and more frequent debris flows 
involving soil masses released by permafrost play an important role in hazardous events in alpine regions as a 
potential impact by climate change. More than one process has to be judged, including the interaction between them.  

Expert knowledge and experience continue to play an important role in the definition of input variables as well as 
in the interpretation of the simulation results. Very often, the basic data must be checked for plausibility and, if 
necessary, adapted. As a result, a lot of subjectivity comes into the choice of input data. It is therefore essential that 
the decisions are documented in technical reports in a comprehensible and detailed manner.  

The computational power and performance of the models is still a challenge, especially if very high resolution 
results (sub meter) are expected. Parallelization and the exploitation of computer graphics processing units are 
accelerating the computations. Logical sequences and parameter variations can be automated, leaving the user time 
for other activities. Increasingly, automated evaluation methods are available to produce extensive results files. The 
effort for an accurate and transparent determination of the input parameters is not to be underestimated. The effort is 
worthwhile, however, because it gives one more defensible simulation results. It is often observed that under time 
pressure often little time is spent in the preparation of the input variables for the numerical simulation. 
Unfortunately, this approach is in most cases counterproductive because an inadequate exploration of input 
parameters will not yield trustworthy results. In addition, poor parameter selection can cause incorrect assessments 
of the situation. A second step, which is often overlooked, is the step of calibration. The calibration difficulty often 
lies in the fact that there is simply insufficient data for the location being examined. The calibration problem must 
therefore be remedied by analogy, assumptions, or rough estimates. Regrettably, practitioners frequently take 
incorrect approaches for calibrating friction parameters. Instead of an objective calibration process, the standard 
parameters are used, assuming that they yield an approximately correct result.  

It must be noted that in the field of numerical modeling great progress has been made in recent years such that 
processes can be mathematically modeled with high precision. The model automates various tasks. On one hand, it 
delivers an independent expert opinion to the specialist. However, this requires the knowledge of the possibilities 
and limitations of the model and that the expert takes them into account when interpreting the results. On the other 
hand, in hazard assessment, the major challenge is not the model and its ability, but the adequate use of the model 
within the framework of the project.  

We have found that the use of numerical simulation programs is desired by stakeholders and authorities. 
However, there are no clear guidelines for how to perform runout modeling. There are also no minimum 
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requirements for the choice of the input parameters. This concerns both the naming of the input parameters 
themselves, as well as the specification of the data quality. Because numerical modeling is becoming increasingly 
important, new guidelines must include the role of numerical simulations in hazard assessment in general.  

We also need much more data on ongoing debris-flow activity. Therefore, we have to establish a well-structured 
data-base of debris-flow events including information of triggering conditions and parameters, the initial starting 
points, transit parameters such as super-elevation, bulking and levee deposits, deposition parameters such as break-
out zones, levee formation, in-channel deposits, number and characteristic of surges and their run-out distance, 
information on composition, including water content, grain size distribution, etc.  
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Abstract 

For hazard analysis, scenario design and mitigation there is a need to accurately and objectively predict the volume of debris 
flows. One approach is to base the calculation on rainfall properties. Herein we present an analysis of rainfall and debris-flow 
volume using data from the Illgraben catchment in Switzerland. The Illgraben debris-flow observation station, operated starting 
in the year 2000, has successfully recorded 75 debris flows and debris floods, with volume and bulk density estimates available 
for most of these events since 2000 and 2004, respectively. Here we describe results for 52 debris flows with sufficient data. 
Runoff coefficients determine the proportion of precipitation discharged from a catchment and support estimates on flow 
magnitudes. For each debris flow, runoff coefficients were determined by considering the event rainfall and the water contained 
in the debris flow. The events can further be characterized by the 14-day antecedent wetness. Runoff coefficients comprise a 
wide range from near 0 to close to 1. Clear trends are apparent, such as larger runoff coefficients during the snowmelt season. 
Furthermore, the debris-flow volumes are more sensitive to the antecedent rainfall than to the rainfall amount that triggered the 
event, likely because a wet channel bed enhances entraining. This study gives insights on which climate variables control the 
debris-flow volume. This will be further investigated and incorporated into the SedCas (Sediment Cascade) model (Bennett et al., 
2014) to improve prediction of debris-flow activity. 

Keywords: Runoff coefficient; Volume; Frequency 

1. Introduction

Objectively quantifying debris-flow volumes and frequencies is unavoidable for the hazard analysis. The debris-
flow volume indicates the severity of an event and can be a supportive parameter when planning mitigation 
measurements such as retention basins (Marchi and D’Agostino, 2004). Other magnitude parameters naturally also 
play a key role, such as the peak flow discharge for the planning of bridges crossing a torrent. Peak flow discharge is 
the most common parameter to assess flood magnitudes. For debris flows, however, volumes have shown to be a 
more robust measure. This is because there is more uncertainty in the friction parameter, which depends on the 
water-sediment proportions and grain sizes, and consequently affects the rheology of the flow (Pierson, 2005). 

Several methods have been developed in the past to estimate debris-flow volumes. For example, Marchi and 
D’Agostino (2004) applied regression techniques and proposed a volume dependency on catchment area, mean 
gradient of the stream and a dimensionless geological index derived from the lithological classes present in the 
catchment. Their data set was not very sensitive to the latter parameter, which can be excluded (when the 
coefficients are adjusted). Stoffel (2010) reconstructed a debris-flow time series of the past ~140 years by 
performing tree-ring analysis and volume estimation on fan deposits. The added value of this technique is that time-
series can be approximated for hazard assessment. In theory, once the volume has been estimated, it can be used to 
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infer parameters like peak discharge, velocity and cross-sectional area by applying empirical relations e.g. as 
presented by Rickenmann (1999). 

Although empirical formulations overcome common limitations such as the lack of magnitude-frequency 
distributions, a range of factors affecting the geology, land use, geomorphology and hydrology play a role for debris-
flow volumes and cannot easily be taken into account (Marchi and D’Agostino, 2004). Thus, debris flows can alter 
their composition, depending on the material they entrain from the bed (Takahashi, 2014). How much sediments are 
entrained, at which point in the channel entrainment starts and where it ends (i.e. stagnation or start of deposition) 
has not been uniquely defined and likely depends on parameters such as slope, sediment characteristics and 
discharge (Hungr et al., 2005). 

In the Illgraben catchment in the Swiss Alps, each year three to four debris flows have been observed on average 
in the most recent two decades. A world-wide unique debris-flow record including information on the time of 
occurrence and the volume, gives the opportunity to compute runoff coefficients and investigate how rainfall 
influences the debris-flow volume. Thereby, we intend to enhance the understanding of how climatic measures –
primarily rainfall – control the debris-flow volume. 

2. Study site

The Illgraben is located in the Rhône Valley in southwest Switzerland. The catchment spans from the Illhorn at 
2716 m a.s.l in the south to the meeting point with the Rhône river at 610 m a.s.l in the north and covers an area of 
9.6 km2. The catchment can be divided into two sub-catchments, the Illgraben and the Illbach. whereas only the 
Illgraben (4.8 km2) is susceptible to debris flows and is the focus of this study. Little direct runoff from the Illbach 
has been observed, and the tributary channel is comparatively small. The Illsee is an artificial reservoir and 
hydrologically disconnected from the study site (Fig. 1). 

The climate is comparatively dry and mild (Hürlimann et al., 2003). Yearly precipitation ranges from 600 mm in 
the valley to 1000 mm in the summit region (Hydrological Atlas of Switzerland). Precipitation can be twice as much 
in summer as in winter and often of a convective type, causing high-intensity rainfalls (Swiss Meteorological 
Service). In the catchment, rainfall is measured at three locations with tipping-bucket rain gauges at 10-minute and 
0.2 mm resolution. Although, only one of them (RG1) is representative for the initiation zone (Badoux, 2009). 

In the initiation zone, an area southeast above the channel mainly characterized by quartzites, mean hillslope 
erosion rates amount to 0.39 m/y mainly caused by landslides and rockfalls (Bennett et al. 2012). This material is 
transferred to the outlet primarily by debris flows. The sediment discharge when debris flows are excluded makes up 
less than 1% compared to the sediment discharge by debris flows (Schlunegger et al., 2009). 

The debris-flow frequency increased in the years after a large rock avalanche in 1961. As a consequence, a large 
retention dam was built in the torrent followed by multiple smaller check dams. The large dam and the check dams 
are now backfilled and do not serve as retention basins anymore but stabilize the channel. The Illgraben differs from 
other catchments in terms of its sediment discharge which exceeds Alpine standards by two orders of magnitudes 
(Schlunegger et al., 2009). Therefore, the catchment has been subject to a variety of studies on sediment transfer 
patterns (e.g. Schlunegger et al. 2009; Berger et al., 2011b; Bennett et al., 2013; Bennett et al., 2014). Between 2 and 
8 debris flows, 3 to 4 on average, have been observed per year (including debris floods) since the installation of a 
force plate in 2003 (McArdell et al., 2007). The force plate is located close to the catchment outlet. 

The Illgrabenbach has no base flow and after rain storms, runoff is not necessarily observed in the lower part of 
the stream, indicating that large parts of the rainfall are stored. Only in spring substantial amounts of water from 
snowmelt contribute to continuous runoff. 
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3. Methods

We determine runoff coefficients by defining the cumulated rainfall amount that triggered a debris flow (or debris
flood) and comparing it to the amount of water present in the debris flow. The rainfall record for RG1 is consistent 
for the years 2002 to 2017 and for the months of May to October. We assume that RG1 is representative for the 
entire catchment. Considering the steep gradients in elevation and the convective nature of storms in the summer, 
this assumption rarely reflects reality. Nevertheless, RG1 is the most representative for debris-flow triggering since it 
is located only 1-2 km away from the initiation zone and at similar elevation (2210 m a.s.l.). 

Fig. 1. Overview of the Illgraben catchment located in the Rôhne valley in Switzerland. The hillshade image and the digital elevation model have 
a spatial resolution of 2 m (Federal Office of Topography Swisstopo). Only the western Illgraben sub-catchment is susceptible to debris flows and 
is covered by 44% exposed bedrock, 42% forest and 14% grassland (Schlunegger et al., 2009). 
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A rainfall event is defined by a minimum inter-event time of 3 hours (Fig. 2). In other words, if the gap between 
two rainfall pulses is less than three hours, they belong to the same rainfall event. If a debris flow occurred not 
immediately after but during a rainfall event, the instant of debris-flow occurrence was set as the last rainfall to be 
attributed to the particular debris flow. 

The procedure for determining the debris-flow volumes was described in Schlunegger et al. (2009). The record in 
this study initially comprised 75 debris flows between 2000 and 2017. For some events, however, no volume could 
be determined and data on rainfall from RG1 is missing for large periods in 2000 and 2001. After excluding these 
cases the record consists of 52 debris flows. 

To determine the amount of water per event, we assume that 50% of the total debris-flow volume consists of 
water, which corresponds to a bulk density of 1800 kg/m3. Schlunegger et al. (2009) quantified bulk densities in the 
Illgraben to be in the order of 1400-1800 kg/m3 for debris floods and 1800-2200 kg/m3 for debris flows. We do, 
however, not differentiate between flow types and assume 1800 kg/m3 to be the average bulk density. Hereafter, we 
will use the term debris flow for both types throughout the text. Finally, runoff coefficients (Ψ) are determined as 
follows: 

Ψ = 
f ∙ VDF

∫  𝑝(𝑡)𝑑𝑡
 𝑡𝑒

 𝑡0

(1) 

where VDF is the total debris-flow volume, f is the fraction of water (50%), 𝑝(𝑡) is the 10-minute rainfall at a given
point in time 𝑡 and 𝑡0 and 𝑡𝑒 mark the start and the end of the rainfall event which can be attributed to the triggering 
of the debris-flow event. In Fig. 2, 𝑡0 and 𝑡𝑒 would be defined by the first and the last rain pulse of the triggering 
rainfall. 

4. Results and Discussion

Fifty-two debris flows which occurred in the Illgraben catchment were analyzed considering their volumes,
triggering rainfalls, runoff coefficients and antecedent wetness conditions (Fig. 3). The debris flows occurred 
between May and October, with highest frequency in July (25) and fewer in the shoulder seasons in May (7) and 
September and October (6). Debris-flow volumes range between 4 000 and 90 000 m3 (median 25 000 m3). Runoff 
coefficients have a median value of 0.3 but vary between 0.003 and 4.6. Although, 50% of the values lie between 
0.01 and 0.09. Four of the nine largest runoff coefficients were observed in May during the snowmelt period. Events 
with larger volumes have larger runoff coefficients and occur until the beginning of August. Triggering rainfall 

Fig. 2. Example of how an event is defined. Minimum-inter-event-time was set to 3 hours. 

> 3 hours 
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amounts varied between 0.2 and 34.6 mm and have a median of 9.6 mm. For all events, the catchment experienced 
rainfall in the 14 days prior to the triggering event. Smaller events can have both high or low antecedent wetness 
during all seasons. While large events in May do not necessarily show increased antecedent wet conditions, large 
events occurring later into the year do. 

The higher event frequencies during the summer months coincide with an increase in mean monthly temperatures 
and peak rainfall intensities (Fig. 4). In September and October, the decrease in debris-flow occurrence is 
accompanied by decreases in temperature, rainfall amounts and peak rainfall intensities. 

In May, debris flows can be triggered by very small rainfall amounts, and runoff coefficients can even exceed 1. 
This strongly indicates that snowmelt plays a key role early in the season. Schneider et al. (2010) also evaluated 
snowmelt to be an important factor for debris flows triggered in a catchment of similar altitude as the Illgraben in the  

Fig. 4. Climate variables. Median, highest and lowest Mean Monthly Temperature (MMT) and cumulated monthly precipitation is shown in the 
upper two boxes. In the bottom, box plots for event cumulated rainfall (left) and rainfall peak intensity between 2002 and 2017 are presented.

Fig. 3. Runoff coefficients (y-axis), debris-flow volumes (marker size), cumulated triggering rainfall (marker fill) and 14-day antecedent wetness 
(marker edge) of 52 debris flows (x-axis) that occurred in the Illgraben catchment between 2002 and 2017 in the period susceptible to debris 
flows between May and October. 
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Italian Dolomite Alps. Prenner et al. (2018) identified 6 of 41 debris flows where snowmelt fostered the triggering in 
an Austrian catchment also of similar altitude. Hence, our observation is consistent with others in similar catchments 
in terms of location and altitude. 

In general, the Illgraben runoff coefficients increase with event volume. This is in line with the expectations, 
since we determine the water volume as 50% of the debris-flow volume. We also expect runoff coefficients of events 
with high cumulated rainfall amounts to be lower because of its definition (Eq. 1). A surprising result is that the 
largest debris flows were not initiated by the heaviest rainfalls (in terms of rainfall amounts). Rickenmann and 
Koschni (2010) highlighted that debris-flow volumes can have a large variability for a given runoff volume, in an 
analysis of a large storm event in Switzerland in 2005. Excluding catchments which were affected by landslides, this 
variability could be decreased. Consequently, it implies that there are other factors adding substantial uncertainty to 
the debris-flow magnitude, while rainfall and the resulting runoff only enhances the probability of triggering. 

While the initial debris-flow volumes can be small, they can evolve to be a multiple thereof by entraining material 
along their flow paths (Berger et al., 2011a). Thereby, entrainment experiences positive feedback from the soil 
moisture in the flow path, because the pore water pressure increases as the debris-flow front approaches which can 
reduce the friction (Iverson et al., 2011; McCoy et al., 2012). Furthermore, the 14-day antecedent wetness can be 
considered as a proxy for the average soil moisture condition in the catchment. Debris flows in the Illgraben occur at 
all states of antecedent wetness, which therefore is not a good predictor for the actual event volume (Fig. 5). 
Nevertheless, out of the six largest debris flows, three occurred in May with modest antecedent wetness (~30 mm) 
while the other three took place later in the season under the highest observed antecedent wetness conditions 
(~80 mm). This exemplifies that there is a need to quantify the effects of snowmelt on the catchment, in order to 
make the climatic and hydrological conditions comparable. Furthermore, the results indicate that while events with 
smaller volumes can occur for the entire range of antecedent wetness, larger events with higher return periods are 
conditioned by antecedent wetness (except in May and June). Therefore, it is conceivable that there is an upper 
debris-flow volume limit for a given wetness condition (Fig. 5). These results are in line with McCoy et al. (2012) 
who observed substantially larger debris flows when the channel bed was wetter. It has also been noted that 
antecedent wetness is not necessarily required for debris-flow triggering (e.g. Coe et al., 2008; Abancó et al., 2016). 

In the case of sediment entrainment from the bed during an event, interstitial water stored in the soil is also 
entrained. This theory would explain the increased runoff coefficients for larger debris-flow volumes. In this study, 

Fig. 5. Scatter plot of antecedent wetness, which corresponds to the cumulated rainfall in the 14 days before the event (excluding the triggering 
rainfall) and the debris-flow volumes for the 52 studied events. In color, the months during debris-flow season is indicated. There are indications 
that larger events are conditioned by antecedent wetness, which is exemplified by the dashed threshold line. The points above the line are likely 
due to snowmelt effects and uncertainties in the actual wetness conditions, among others.
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we are not able to determine runoff coefficients as usually defined in hydrology, because an unknown amount is 
added into the fluid component of debris flows. Therefore, the runoff coefficients illustrate that the amount of water 
exiting the catchment as discharge can be altered by debris flows. 

Naturally, there are other factors enhancing the debris-flow volumes, which were not considered here. Even 
though the Illgraben catchment has indications of being transport-limited (Schlunegger et al., 2009), 
Bennett et al. (2014) modelled the long-term sediment output and only characterized 55% of the debris flows to be 
transport-limited. Therefore, it is likely that for a significant number of cases, the debris flows were supply-limited 
and sediment availability should also be considered as a variable controlling the debris-flow volume. 

Finally, residual uncertainties remain in the rainfall measurements. Measuring precipitation with a rain gauge is a 
point measurement and upscaling to areal rainfall comes along with uncertainties. Nevertheless, the gauge RG1 is 
situated comparatively close to the initiation zone and at a representative altitude. Some uncertainty also exists in the 
synchronization in the timing of the force plate and the rain gauge, since the latter is operated by the cantonal 
authorities. An uncertainty assessment, however, revealed that even a time shift of two hours would not change the 
runoff coefficients significantly (p-value = 0.1). There is also uncertainty in the assumption of the bulk density. If 
variations in this parameter would be considered, the range of runoff coefficients would be squeezed, but not alter 
the general pattern. 

5. Conclusions and Outlook

We determined volume, triggering rainfall, runoff coefficients and 14-day antecedent wetness for 52 debris flows 
in the Illgraben catchment. Runoff coefficients varied greatly and increase with increasing debris-flow volume. We 
conclude that the cumulated rainfall amount is not a proxy for the debris-flow volume. In fact, debris flows with the 
largest volumes were triggered by comparatively small rainfall amounts. Antecedent wetness, however, seems to be 
a key factor for the volume. Antecedent wetness has at least two effects. First, it enhances entrainment along the 
channel by increased pore-water pressure and second, in the process of entrainment, the interstitial water is also 
entrained, contributing to substantially larger runoff coefficients. 

Furthermore, seasonal variations in the debris-flow volumes and frequencies are apparent. In spring, snowmelt 
likely enhances the triggering and entrainment of sediments, leading to some of the largest debris-flow volumes. In 
the summer months, the increased frequency of debris-flow occurrence is accompanied with an increase in high 
rainfall intensities. In autumn, only few and small debris flows happen because of lower rainfall amounts and 
intensities. Another reason is possibly the occurrence of supply-limited conditions in autumn because sediments 
have been washed out earlier in the season. 

This study gives insights on which climate variables are likely to control debris-flow volume. Nevertheless, the 
variables discussed here are only indicators and do not replace the actual conditions which led to the formation of a 
debris-flow of a given volume. Therefore, it motivates future investigations on hydrological (snow, runoff, soil water 
content, etc.) and geomorphological variables (available sediments for mobilization) in more detail. Especially in a 
changing climate and for possible hazard mitigation adaptation, it would be interesting to explore debris-flow 
generation in a more quantitative approach. SedCas, a probabilistic sediment cascade model which has been 
developed for the Illgraben (Bennett et al., 2014), offers an ideal framework for the suggested investigations. 
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3.1. Surface Survey 
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3.3. Rainfall Event 
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4.1. Estimation and Validation of Landslide Volumes  
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Abstract 

Substantial advances have been made in various aspects of debris-flow hazard and risk assessments over the past 
decade. These include sophisticated ways to date previous events, runout models including multi-phase flows and 
debris entrainment options, and applications of extreme value statistics to assemble frequency-magnitude analyses. 
Finally, quantitative risk management (QRM) has emerged as the most rational and defensible method to assess debris-
flow risk and optimize mitigation efforts. Pertinent questions, of course, have remained the same: How often, how 
big, how fast, how deep, how intense, how far and how bad? Similarly, while major life loss attributable to debris 
flows can often, but not always, be avoided in developed nations, debris flows remain one of the principal geophysical 
killers in mountainous terrains.  Substantial differences persist between nations in hazard or risk management. Some 
rely on a design magnitude associated with a specific return period, others use relationships between intensity and 
frequency, and some allow for, but do not mandate, in-depth quantitative risk assessments. The range in return periods 
considered in hazard and risk assessments varies over two orders of magnitude from 1:100 to 1:10,000.  In many 
nations, access to funding and lack of at least regional prioritization provides the biggest obstacles to widespread 
safeguarding against debris flows. Two factors conspire to challenge future generations of debris flow researchers, 
practitioners and decision makers: Population growth and climate change. The former will invariably invite continued 
development in debris-flow prone areas, especially fans, floodplains and terraces subject to lahars or landslide/moraine 
dam/glacial outburst floods which, at times, assume debris-flow characteristics. As far as debris flows are concerned, 
climate change is manifesting itself increasingly by augmenting hydroclimatic extremes, especially a several-fold 
increase in the frequency of short-duration high-intensity rainfall that may soon exceed historical precedents.  While 
researchers will undoubtedly finesse future remote sensing, dating and runout techniques and models and bring some 
of those to a degree of maturity, the practitioners will need to focus on translating those advances into practical cost-
efficient tools and closely collaborate with clients to integrate those tools into meaningful long-term debris-flow risk 
management. Future debris flow disasters will not occur due to a lack of quantitative methods, but likely due to the 
lack of recognition, wilful ignorance of debris-flow hazards, lack of enforcement of risk management policies, or 
simply a lack of means to mitigate against known debris flow risks. 

Keywords: debris flow; debris flood; hazard assessment; risk assessment; 

1. Introduction

Adding some 70 million humans to Earth every year leaves a mark not only on ever-expanding urban centers and
their suburban fringes as well as development of wildland interface, but a proportion of that growth will spill directly 
into mountainous terrain. Mountains consist of peaks and valleys, plateaus and ridges, ice-clad or bone-dry, covered 
with dense vegetation and entirely arid. Irrespective of their individual geomorphological or hydrological setting, 
water, however much or little there may be, drains from zero order barely noticeable depressions to higher order 
streams until those debouche onto floodplains or peneplains at the piedmont. If sufficiently steep and if loose, erodible 
sediment is available for transport, debris flows will form whenever sufficient rainfall exceeds some hydroclimatic 
threshold. With these defining criteria there are likely millions of debris-flow prone streams worldwide.  Traditionally, 
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people have built homes and infrastructures on fans because in mountainous terrain these can be the areas with the 
shallowest gradients. The threat of debris flow may be recognized, but there can be a perception that riverine floods 
are the more damaging event because observable bank full flows may occur frequently and major overtopping of the 
flow channel at higher return periods may have been witnessed. Debris flows, in contrast, may occur at return periods 
of century scale, and thus outside the typical memory of residents or infrastructure owners. The longer the periods 
between events, the less obvious the signs of past destruction and geomorphic change. On top of that, the human trait 
of delusional thinking that such events are anomalous has led to continued urbanization of fans and cones in areas with 
high relief.  None of this is new, and nations such as Japan, European countries adjoining the Alps, countries straddling 
the North and South American cordilleras, and other nations have developed systems to map, analyze and assess hazard 
and risk, and mitigate to the standard of the day. Hundreds of thousands of mitigation works have been constructed 
worldwide, ranging from make-shift log-crib structures, or masonry dams built entirely by hand to impressive mega-
structures constructed with concrete capable of holding millions of cubic meters of sediment.  

This contribution is not meant as an exhaustive review of debris-flow hazard assessments of which hundreds have 
been reported in the literature.  Summaries of hazard assessments have been provided elsewhere (Jakob, 2005; 
Rickenmann, 2016; Chae et al., 2017). Rather, a few cases are highlighted to demonstrate the debris-flow risk 
assessments that have had a demonstrable effect of reducing risk to populations living amongst debris-flow hazards. 

There is a bewildering plethora of papers that are being generated by the scientific community every year. An 
attempt was made in 2005 by Jakob and Hungr to summarize the state of knowledge through an edit volume of debris 
flows and related phenomena. Now, 13 years later, this volume hardly does justice to the key advances. This paper 
cannot address all significant new findings due to lack of space and the admission by this author of not being able to 
keep up with all relevant advances in debris flow science. Hence, personal bias is unavoidable. 

2. Hazard Assessments

Debris-flow hazard assessments form the backbone of any plans to mitigate, if accompanied by a risk assessment 
or not. In simple speak, if the hazard assessment is faulty, so will be the risk assessment and, ultimately, the mitigation 
design to reduce hazard or risk. Of course, this can go both ways: An overestimated hazard will lead to an 
overestimated risk, which by extension results in overdesign of the mitigation works and the associated burden on 
funding agencies and/or the tax payer.  

What does a thorough hazard assessment entail? The list is long but is separated, by and large, by two principal 
aspects: 1) assessment of the frequency and magnitude of events, and 2) assessment of the intensity of the respective 
debris-flow scenario. Breakthroughs have been made in the assessment of frequency analyses with the refinement of, 
for example, dendrochronological methods (Ballesteros-Canovas et al., 2015) and radiocarbon dating methods 
(Chiverrell and Jakob, 2013; Sewell et al., 2015). Magnitude analyses have been greatly enhanced and refined through 
empirical methods (e.g. Gartner et al., 2014) and numerical modeling that may allow event magnitudes to be 
reasonably estimated from known source area volumes and user-specified and/or theoretical entrainment rates (e.g. 
McDougall and Hungr, 2005; Iverson, 2012). Both methods can and ought to be used complimentarily to decipher the 
“true” frequency-magnitude relationships. Unfortunately, it is literally impossible to characterize every known event, 
however, the statistical science has produced methods that are suited for a magnitude-limited truncation of datasets. 
Peak over threshold (POT) analyses can be applied to this problem set and statistical distributions such as the 
Generalized Pareto Distribution (GPD) are fit for application where fragmentary data exist but where one can be 
reasonably confident to have captured the biggest events (Jakob et al., 2017).   

The degree of sophistication that is being applied to such hazard assessments differs widely from nation to nation, 
but also within nations with poorly developed or missing guidelines, and is strongly dependent on the practitioner’s 
background knowledge and that of his or her team. Many such assessments are conducted by consulting firms who 
may have to write competitive proposals. If all or most methods available to the practitioners are proposed, the costs 
of such studies may become non-competitive and a lower bid may win the job. This competitive process may put 
pressure on firms to win jobs with the lowest reasonable effort possible. But what does that mean and is it truly a 
problem? 

Spectacular failures of debris-flow mitigation works are rarely reported in the scientific literature, presumably for 
reasons of embarrassment or potential ensuing legal action. Particularly in more litigative societies, legal action seems 
almost predictable and a thorough forensic analysis of a debris-flow mitigation system failure can be obscured through 
confidentiality clauses. This is lamentable, as the greatest advances in debris-flow mitigation may derive from an 
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analysis of past failures. In this sense, it is worthwhile to examine a few notable failure modes which have recently 
been summarized by Moase (2018). 

2.1. Regional debris-flow studies 

Most districts, states, provinces or even nations have limited funds for geohazard mitigation. This necessitates the 
allocation of existing funds to those sites with the highest risk potential. In reality, funds for studies and mitigation 
often get allocated because of particularly damaging events that result in focused public, media and political attention. 
Those sites, however, may not necessarily be the ones with highest risk. High risk sites are those that occur frequently 
and with a high economic or life loss potential. Only in the most affluent societies with long histories of debris-flow 
hazard recognition, quantification and management is it possible to systematically evaluate hazards and risks and 
prioritize mitigation accordingly (Sturzenegger et al., 2019, this volume, Kang and Lee, 2018). Even if possible, 
detailed fan and watershed studies for entire nations such as Switzerland, Austria or Japan take a very long time and 
hazard potential changes with land use, extreme events such as major landslides or volcanic eruptions and direct or 
indirect consequences of climate change. Therefore, it is advisable to devise methods in which debris-flow 
susceptibility can be adequately approximated and be readily compared to each other. Hazard frequencies can be 
assessed in classes with class boundaries being systematically defined and air photograph analysis allowing class 
designation. Debris-flow magnitude can be gleaned from regional debris-flow susceptibility models such as the 
empirically based Flow-R software. Flow-R model ("Flow-R" refers to "Flow path assessment of gravitational hazards 
at a Regional scale") was developed by Horton et al. (2008, 2013). It allows identification, at a preliminary level of 
detail, of potential debris flow or debris flood hazard and modeling of their runout susceptibility over large study areas. 
Unlike other numerical models suitable to simulate debris flows such as RAMMS, FLO-2D, DAN-3D and D-Claw, 
which may require substantial computer runtimes, depending on the model grid size and modelling domain, Flow-R 
runs very quickly and can be run on numerous debris-flow susceptible creeks at the same time.  Sturzenegger et al. 
(2019, this volume), demonstrate the use of the model for a debris-flow risk-based prioritization study in British 
Columbia. Once magnitude and frequency have been approximated many creeks, the consequences can be evaluated 
either for fixed assets (homes, industries, linear infrastructure), or people in transit (on roads, by rail). An example of 
such regional prioritization has been provided by Holm et al. (2016, 2017).  In this sense, debris-flow hazards and 
risks may not be estimated with any precision and susceptibility maps should not be interpreted as hazard maps. The 
importance lies in a systematic, replicable and transparent comparison of risks by using the same methodology for all 
sites investigated. Such prioritization studies cannot replace detailed fan hazard and risk assessments that would form 
the basis for mitigation design.  

Future advances in this science could include a linkage between regional frequency-magnitude analysis and 
susceptibility models. This would allow a higher granularity in regional studies that have design frequency caps. Such 
added granularity would glean more confidence in risk quantifications as, often, the highest risk locations are those 
where debris-flow impact leads to life loss at the lowest return period (highest frequency). 

2.2. Dating past debris-flow events 

In terms of dating past debris-flow events, practitioners have a substantial variety of methods at their fingertips, 
and environmental conditions and budget are the key constraints. One of the most deeply researched methods that is 
also one of the most useful is dendrochronology (Stoffel and Bollschweiler, 2008; Stoffel, 2010; Stoffel et al., 2010; 
Schneuwy-Bollschweiler et al., 2012; Ballesteros-Canovas et al., 2015). Some key refinements are still outstanding, 
such as estimating the individual deposit volumes and intra-seasonal dating precision (Stoffel, pers. comm., 2018). 
Dendrochronological investigations are also used increasingly to identify possible climate change signals (van den 
Heuvel et al., 2016). Obviously, one does need trees on the fan or along the channel, and preferably old ones to obtain 
a reasonable record. Relative dating methods such as lichenometry (Innes, 1983; Andre, 1990, Rapp and Nyberg, 1981; 
Bull, 2018) provide a decent approximation, but without calibration of the lichen growth curve, translation into areas 
affected by debris flows and their respective date hampers establishment of detailed frequency-magnitude 
relationships. Radiocarbon dating (i.e. Chiverell and Jakob, 2013) remains a profoundly successful method and can be 
used not only to date debris flows, but by measuring the thickness of dated deposits allows approximations of debris-
flow volumes.  
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2.3. Debris-flow magnitude analysis 

Empirical relationships between flow volumes and inundated areas are highly useful (e.g. Griswold and Iverson, 
2008), though local coefficients need to be established rather than blindly adopting reported ones, as was found in 
several of the author’s and his colleagues unpublished studies. More work is needed here to differentiate hybrid events 
between coarse granular and fine-grained highly mobile events.  

One aspect that is still rather challenging is to establish frequency-magnitude methods on a regional scale. For 
example, pipelines or other above-ground or buried linear infrastructure are still being built worldwide, some of which 
cross mountainous terrain. Oil and gas pipeline owners have a particularly low tolerance to pipeline rupture. Moreover, 
they wish to know the chance of pipeline impact for a range of return periods; in other words, a frequency-magnitude 
analysis is needed for tens if not hundreds of fans that their pipeline may cross. Detailed dendrogeomorphic studies, 
radiocarbon dating or even detailed mapping of previous deposits is very time and cost intensive and typically is not 
funded. Jakob et al. (2016) provided a simple, yet effective method to estimate frequency-magnitude relationships 
(Figure 1). However, this method is not particularly applicable if a high degree of precision is warranted. Using a 
series of well-researched debris-flow frequency-magnitude relationships, Jakob et al. (2016) were able to show that 
fan area or fan volume can well predict these relationships with quantifiable error. The underlying rationale is that the 
fan, unless truncated by a higher order stream, or obfuscated by a rapidly aggrading floodplain, reflects the sum of all 
fan-forming events. This method is particularly helpful in areas with late Pleistocene glaciation which means that the 
fan area or volume integrates all debris-flow events that occurred since deglaciation.  

Fan areas, are very simple to measure in Google Earth or from orthorectified air photographs. However, caveats 
must be identified, such as abnormally large fans for their respective watersheds that may be attributable to previous 
large landslides that have now been overprinted by debris flows. In such cases, the method above may result in overly 
conservative results. Alternatively, river erosion at the toe of a fan may result in a fan area that is small in relation to 
the frequency-magnitude of debris flows in the upstream catchment. 

The special case of debris-flow magnitude analysis in a post-fire setting has received much attention in the past 10 
years and this paper can hardly do justice of the plethora of literature that has emerged. For the practitioner, general 
guidelines and simple applications are particularly useful, such as the recovery time for decreasing debris flow volumes 
to pre-fire situations (Santi and Morandi, 2013), or estimates of peak discharge in burned and unburned areas from 
bulked rational formulae and their limitations (Brunkal and Santi, 2017). Other highlights include probabilistic post-
wildfire debris-flow modeling (Donovan and Santi, 2017) and studies on the timing of debris flows after fires (DeGraff, 
2014; De Graff et al., 2015), which is key in triggering risk assessments, as debris flows may occur very quickly after 
fires are out (Kean et al., 2019).  

Various statistical methods exist that help the practitioner with incomplete datasets that, in our science, are the rule 
rather than the exception. The application of simple magnitude-cumulative-frequency (MCF) methods or the GPD can 
lend credibility to the analysis and its extrapolation to annual probabilities outside the observed record. However, they 
come with a caveat, namely pronounced confidence bands. As has been shown by Jakob (2012), an honest reporting 
of such confidence bands may lead to a confidence loss with one’s client or those potentially affected. The only remedy 
does remain expert judgement, which in itself is based on a thorough understanding of the entire debris flow system. 
Only a comprehension of potential point sources, entrainment rates, multiple debris-flow triggering mechanisms and 
runout behaviour will allow the practitioner or scholar to properly identify and quantify hazard zones.  

2.4. Debris-flow scour and entrainment 

On September 20, 2015 an anomalously erosive debris flow occurred on the fan of Neff Creek, north of Pemberton, 
British Columbia, Canada (Lau, 2017). The debris flow mobilized before reaching the fan apex. However, the total 
volume of the debris flow that was eventually deposited was 275,000 m3 with 83,000 m3 having been eroded from the 
fan. The discrepancy between these two volumes is due to the erosion of a small canyon-sized channel into the upper 
to mid alluvial fan, which at its maximum was 14 m lower than the original fan surface. Similar highly erosive debris 
flows have been observed in Switzerland (Scheuner et al., 2009; Frank et al., 2015) and elsewhere in British Columbia 
(Jakob et al., 1997; BGC Engineering Inc., 2018), but the causes for debris flow fans to “switch” between deposition 
and erosion are poorly understood and have only been recently researched (e.g. de Haas et al., 2017).  Understanding 
when such highly erosive events occur on fans is crucial for practitioners tasked with specifying burial depth of 
pipelines or fiberoptic cables.  In the case of Neff Creek, it is virtually certain, that even a professional with vast 
knowledge of debris-flow processes may have under-designed a buried crossing due to a severely underestimated 
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scour depth on the fan. In addition, clients may exert some pressure on the practitioners not to be overly conservative 
with the recommended burial depth because costs of construction and maintenance increase substantially with 
increasing burial depth. Had a pipeline been built, it would have very likely resulted in a fracture and spill of whatever 
substance the pipeline had carried. It is such events that give us reason to pause and stimulate further research. 

Buried linear infrastructure that passes through mountainous terrain will invariably cross alluvial fans and colluvial 
cones.  While fans and cones are generally regarded as depositional landforms, observations of progressive and 
catastrophic scour on such landforms indicate that this view is too simplistic.  Fan and cone scour has exposed, and in 
the worst case, severed buried linear infrastructure. Continued expansion of buried linear infrastructure motivates a 
more detailed examination of fan scour to predict scour depth and manage the risk of buried infrastructure failure. 
Recent papers are split between physical-mathematical treatments of the problem, in large part supported by full-scale 
flume experiments, and papers reliant on case study and empiricism. 

Iverson et al. (2011) conducted large-scale experiments at the USGS’s debris-flow flume in Oregon to examine 
debris entrainment in steep channels. They addressed the pertinent question: How can flows that entrain bed material 
travel faster and further than those that do not, given that momentum conservation implies flow retardation? Iverson 
et al. 2011) found that debris-flow mass and momentum grows simultaneously when rapid debris loading over a wet 
alluvial channel surface produces large positive pore pressures. These elevated pore pressure fields encourage bed 
sediment scour, lead to friction reduction and unleash a positive feedback through further momentum increase. The 
key question is when the feedback becomes negative either due to deposition, avulsions or an increasingly dry bed, 
perhaps due to fan surface infiltration.  

Four years after these initial findings, Iverson and Ouyang (2015) reviewed various models and suggested that 
many existing models are not suitable to predict debris entrainment as they are incorrectly applying depth-integrated 
conservation principles. They show that erosion or deposition rates at the interface between layers must, in general, 
satisfy three “jump” conditions, which is rarely the case.  

A novel approach to debris-flow scour was suggested by Kang and Chan (2017), who proposed a model that 
accounts for surface erosional effects through progressive scouring and shear failure on the channel surface. By 
considering simple geometry and particle configurations, the authors developed equations for progressive scouring 
and considered rolling and sliding motion. In Kang and Chan’s model, a probability-density function (PDF) is used to 
calculate the entrainment rate. The authors compared the model to flume experiments and found that the entrainment 
rate can be calculated using a normal-distribution PDF. It will be interesting to observe if real debris flows and 
associated scour can be accurately simulated by the model. 

The importance of debris entrainment has also been highlighted in a recent paper by Frank et al. (2015), who provide 
instructive examples from the Swiss Alps. Theule et al. (2015) developed a functional relationship from a stepwise 
regression model as an empirical fit for the prediction of channel erosion by debris flows with a critical slope threshold 
at 0.19. The authors interpreted this slope threshold as the transition between the transport-limited and supply limited 
regimes, associated with the upstream decreasing erodible bed thickness. Finally, Haas and Woerkom (2016) 
experimentally investigated the effects of debris-flow composition on the amount and spatial patterns of bed scour and 
erosion downstream of a transition from bedrock to channel colluvium. The debris flows entrained bed particles grain 
by grain and en masse, and the majority of entrainment was observed to occur during passage of the flow front. 
Interestingly, the authors found that scour depth is largest slightly downstream of the bedrock to colluvium transition, 
except for clay-rich debris flows. The authors also found that basal scour depth increases with channel slope, flow 
velocity, flow depth, discharge and shear stress. From a practitioner’s point of view, this highlights that debris-flow 
fans with comparatively large watersheds, such as hanging valleys that result in high peak discharges, are particularly 
susceptible near their apices, where the transition from bedrock to colluvium occurs. This is very much in line with 
observed scour depths near fan apices and indicates that those locations should be avoided in the design of linear 
infrastructure. 

Using experiments from a 1:30 scale model, Eaton et al. (2017) were able to demonstrate that channel degradation 
due to floods on alluvial fans is dominated by lateral channel migration rather than vertical incision. However, 
experiments were conducted on a modeled fan of 4.5% gradient, and many debris flow fans are substantially steeper. 
Hence, it remains to be determined if the findings from Eaton et al. (2017) can be applied to steeper fans. 

3. Concluding Remarks

Debris-flow hazard and risk assessments have considerably improved from when the design of debris-flow 
mitigation works were largely based on a practitioner’s gut feel or some experience-based guidelines. The wealth of 
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methods, be they in dating past events, deciphering their magnitude, numerical models and measures of debris-flow 
intensities and vulnerabilities, has been bewildering and illuminating alike. Papers on one or another aspect of debris 
flows almost appear weekly, and only the most motivated may be staying abreast of absorbing this information 
tsunami. Rarely, however, can all or even several complimentary methods be applied to a specific problem. This is 
partially due to geographic constraints (i.e. dendrochronology is useless in treeless terrain, or radiocarbon dating is 
impossible in desert environments), and partially due to funding limitations in competitive bids for 
engineering/geoscientific studies.  

Even in economically and socially advanced nations in Europe and North America, steep creek science has not 
advanced as rapidly as would have been desirable. A recent contribution (in German) by Rickenmann and Badoux 
(2018) identified deficits that are equally applicable to other nations: They include underfunding of process-based 
studies of mountain torrents, insufficient documentation of methods used for process characterization, missing 
transparency in debris-flow hazard assessments, and gaps in the systematic training of debris-flow specialists. 

Only 10s of people (anecdotal data) die annually directly from debris flows in the US. However, indirect loss of 
life due to cutoff from health care, for example due to Hurricane Maria that affected Puerto Rico, can be much higher 
(Kishore et al., 2018). Globally, the total number of debris-flow-related deaths are more significant. Dowling and Santi 
(2014) estimated 77,779 fatalities have been recorded in academic publications, newspapers, and personal 
correspondence between 1950 and 2011, an average of approximately 1,250 fatalities per year. 

While insignificant in terms of fatalities, the national economic costs are still substantial due to direct impact or 
infrastructure interruptions (Dowling and Santi, 2014; McCoy et al., 2016). Hence, complacency is certainly not 
warranted, nor morally justifiable. As with any science, it is valuable to occasionally take stock of the key 
accomplishments and ask the question: What else needs to be achieved until a science has matured to a degree where 
progress has slowed to a crawl or even stagnates, or where progress is largely academic with no direct or obvious 
connectivity to practical application?  

One may argue that the quantitative methods available for debris-flow hazard quantification are approaching a level 
of maturity, as are the myriad of methods to mitigate hazard and associated risks. Clearly, refinements in numerical 
model capabilities, such as credible entrainment functions on channels and fans, are still necessary and welcome. There 
are potential pitfalls to widespread application of sophisticated debris-flow models by people with little modeling 
experience or a cursory understanding of the model being applied. Similarly, hazard intensity definition and mapping 
can still be homogenized and improved though existing tools that are well suited to deal with most, if not all, conditions 
adequately. National or regional databases are needed, as they allow a better statistical treatment of all components of 
hazard analysis. Setting tolerable risk thresholds will help to fine-tune and custom tailor mitigation measures while 
avoiding over-expenditure or underfunding. Finally, regional, or national-level debris flow risk prioritization is hugely 
helpful to allocate limited funding to the highest risk situations and to remove the arbitrariness of decisions on 
mitigation prioritization. None of the above will be useful unless a new generation of debris-flow experts is being 
trained in the science and art of debris-flow hazard and risk assessments. This needs to be complemented by the, 
formulation of detailed technical guidelines to homogenize approaches and enhancing research efforts including a 
systematic process documentation and its testing against existing methods. 

Climate change is posing, and will continue to pose, a key challenge to institutions and practitioners alike, as the 
expected changes in climate and the associated higher order effects (glacial and permafrost changes, changes in 
wildfire activities, beetle infestations and associated tree mortality, all of which are known to influence debris-flow 
activity) in the ecosystems are becoming unprecedented in recent human history. While a fascinating global 
experiment, debris-flow researchers and practitioners will need to respond swiftly with amending their analytical 
arsenal in the attempt to predict and manage the effects of climate change as they pertain to debris-flow systems.  

Despite all uncertainties clouding this science, future changes will require a new generation of experts who are 
knowledgeable in the ever-increasing subfields that feed into successful hazard and risk assessments. I hope that this 
contribution will inspire this debris-flow avant-garde and lead to ever more robust tools. It is also a call for funding 
agencies to provide academia with sufficient means to address pertinent outstanding questions so that science can be 
translated into practice with little delay. In conjunction with wise resource management and an acceptance of research-
based decision making, there is reason for hope that debris flows may not become ubiquitous killer landslides. Future 
debris flow disasters will not occur due to imprecise science, rather due to the failure to fully recognize, nor quantify 
the debris-flow hazards and associated risks. 
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Abstract 

Transient Rainfall Infiltration and Grid-based Regional Slope-stability analysis (TRIGRS) is a regional, physically 
based stability model which could be applied to predict shallow landslides. It is important to evaluate the accuracy of 
TRIGRS for the prediction of landslide locations using actual events before use the TRIGRS model for further 
applications. This study presents the application of TRIGRS for Bulathsinhala area, Kaluthara in south western part 
of Sri Lanka where the number of shallow landslides occurred on 26th May 2017 and many of those events transitioned 
into damaging and killing debris flows. A back analysis of that landslide event was executed to authenticate the model 
by using different methods and techniques for the definition of the input parameters.  Reliability of the model was 
evaluated through comparison with the 2017 landslide inventory in the particular area and it was revealed that most 
of the actual landslides were occurred in the predicted area (FS<1) of the model. In order to quantify the effectiveness 
of the model, an index was proposed in the study called LRclass (landslide ratio for each predicted FS class). The 
obtained values of the LRclass index realize the trustworthiness of the model which indicates the considerably higher 
value (60%) for the lowest stability class. With this particular manner, the output of the study could be used to 
implement more reliable land use management and development plans and resettlement procedures. Further the 
TRIGRS model is advantageous for susceptibility mapping and landslide flow path analysis, particularly when linked 
with various advanced applications using GIS spatial functions.  

Keywords:shallow landslide;factor of safety;transient pore presure 

1. Introduction

Landslides and debris flows are sources of severe natural disasters and societal hazards in mountainous regions in
Sri Lanka. Hence, people meet a challenge to find a balance risk of natural hazards and the need for spatial 
development. Densely populated hillside regions in humid, subtropical or tropical climatic zones are often prone to 
various types of landslides. The socioeconomic impact, moreover, has become much higher than before because of 
the high population in hazardous zones.  Accordingly, it is important to identify the areas prone to landslides and to 
categorize them in accordance with the risk level (i.e. high risk, moderate risk and low risk). Identification of lands, 
which have to be protected from human activities as well as to implement the stabilization measures in order to avoid 
possible mass movements, is also essential. 

Landslides could be categorized mainly as “deep-seated” and “shallow” in terms of the mechanism of failure of 
the slope. Shallow landslides (especially debris flows) can pose a serious threat to life or property, in particular due to 
their high velocity, impact forces and long run-out, combined with poor temporal predictability (Jacob and Hungr, 
2005). These phenomena consist of sudden mass movements of a mixture of water and granular material that rapidly 
develop downslope, eroding the soil cover and increasing their original volume (Iovine et al., 2003). Due to their high 
destructiveness, the study of these processes is an important research topic that can support decision makers in 
developing more detailed land-use maps and landslide hazard mitigation plans. 

In Sri Lanka, shallow landslides are most common in the Middle Peneplane from 30-200m elevation, in areas with 
either colluvium or thin residual soil overburden. These shallow landslides often mobilize into destructive and even 
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deadly debris flows. Failure of rupture of shallow landslides are typically 1–3m deep and often occur at boundaries 
between the colluvium and the underlying more solid parent rock (Salciarini et al., 2008) and also occur at boundaries 
between two residual soil layers with different permeability values or boundaries between residual soil and the 
underlying parent rock.  

The climate of Sri Lanka typical with South West (SW) monsoon (May-September), North East (NE) monsoon 
(December-February) and inter Monsoons (March-April and October-November) with pronounced seasonal 
precipitation. Therefore, rainfall-triggered landslides are a recurring problem in Sri Lanka. However, majorly the 
intense rainfalls occur with the SW monsoon especially to the south western part of the country where having generally 
less than 6m soil overburden because of the relatively shallow depth of the bedrock, and hence shallow landslides are 
frequent. Within the period of 25–26 May 2017, in particular, localized torrential heavy rainfall (419.25mm; 14 30 
hrs on 25th – 07 00 hrs on 26th) occurred in Bulathsinhala area, amount approximately equal to 18% of the total annual 
rainfall for that region. Under these conditions, precipitation induced landslides caused translational mass movements 
that occurred suddenly. During the storm, shallow landslides were mostly triggered by heavy rainfall that increased 
the pore pressure of soil in the near-subsurface, with an attendant decrease in its shear strength. With that particular 
precipitation event, during the period of 02 30 – 03 30 hrs on 26th May in Bulathsinhala area, number of landslides 
occurred with causing significant damage and 8 of them were catastrophic. Most of the landslides were accompanied 
by debris flows, and these mixtures of debris flowed down in to the roads and surrounding human settlements. Seventy 
four people were killed and ten buildings were damaged by those debris flows (NBRO, 2017). Four of the major 
failures occurred with above mentioned event is given in figure 1. 

It is not simple to predict the probability of the occurrence and magnitude of shallow landslides, considering the 
complexity of the phenomenon, mostly related to the variability of controlling factors (e.g., geology, topography, 
climate and hydraulic conditions). In this respect, a relationship between triggering events (i.e., rainfall) and landslide 
occurrences needs to be established. 

In order to understand when and where rainfall-induced landslides have occurred in mountainous regions, and how 
topographic, geotechnical and hydraulic parameters affect the initiation of landslides and might be used to predict 
them, models adopting both empirical and deterministic approaches have been used. 

In this study, it was taken an approach based on Transient Rainfall Infiltration and Grid-based Regional Slope-
stability analysis (TRIGRS) (Baum et al., 2002), a physically based model that predicts the timing and distribution of 
shallow, rainfall-induced landslides combining an infinite slope stability calculation with a transient, one-dimensional 
analytic solution for pore pressure response to rainfall infiltration. This model has been used in order to define different 

Fig. 1 Few major failures occurred on 26th May 2017; A - Kobowella, B - Niggaha, Pahiyangala, C - Paragoda, D – Thibbottawa. Locations of these 
landslides are marked in Figure 2. 
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shallow landslide-triggering scenarios in the study area (Bulathsinhala) by varying the rainfall input on the basis of 
the results deriving from the analysis of the historical rainfall data. 

The main objective of this study was to predict shallow, rainfall-triggered landslides using TRIGRS, in the region 
of Bulathsinhala. To evaluate accuracy of the predicted mode of initiation of shallow landslide comparative with the 
real situation (pre –failure mode) was also an objective. Results of the current study could be used for landslide early 
warning strategies, development of the mapping and development planning procedures as well as most importantly 
for further studies on landslide flow path analysis with the aid of models such as DAN 3D (Hungr, 1995) and Flow-R 
(Horton et al., 2013) 

2. Study Area

The study area is located in hilly terrain, which belongs to the Bulathsinhala DS Division of the Kalutara district
in Western province of Sri Lanka (Figure 2). It is bounded by Colombo, Ratnapura and Galle Districts and by Indian 
Ocean from north, east, south, and west respectively. Geographically the study area belongs to the lower country 
Peneplane (Cooray, 1984). It is located between 06° 36ʹ 40ʺ- 06° 41ʹ 15ʺ N latitudes and 80° 08ʹ 20ʺ - 80° 14ʹ 10ʺ E 
longitudes (Kandawala Datum) and demarcated in Figure 2. The elevation of study area is generally 80m above mean 
sea level. Population is distributed hilly and flat terrains and this area measures 160 km2. 

Fig. 2 Location Map of the Bulathsinhala area, Kaluthara District in Sri Lanka (Source: Survey Department of Sri Lanka) 

3. Methodology

The approach proposed in this study consists of two stages. The first one is back analysis of the 26th May 2017
event occurred in Bulathsinhala area and the second one is evaluation of different triggering scenarios. With this regard 
the factor of safety (FS) map obtained by using TRIGRS, a well-known regional, physically based stability model was 
compared with the inventory map of the landslides triggered during the event. This model couples an infinite-slope 
stability analysis with a one-dimensional analytical solution to predict the transient pore pressure response to the 
infiltration of rainfall. The results predicted by the TRIGRS model are presented as factor of safety (FS) maps 
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corresponding to transient rainfall events. It also adopts the geographic information system (GIS) framework for 
determining the whole behaviour of a slope.  

Reconnaissance field visit was done to obtain actual situation of the landslide locations and to identify landforms, 
physical factors such as soil type, overburden thickness, vegetation etc. and potentiality to further failures. Daily 
rainfall data and monthly rainfall in 2017 year were collected from Meteorological Department rain gauge stations 
and hourly rainfall data on 25th and 26th of May in 2017 was congregated from National Building Research 
Organization (NBRO) automated rain gauge located in the particular area. 

The 2017 landslide incidents in Kaluthara district have been investigated by the Kaluthara district NBRO office. 
Information about occurred landslides in particular period such as landside incident time and date, width of the 
landside, length of the landslide, aspect, slope angel, overburden thickness etc. were collected from investigation data 
reports done by the Kaluthara NBRO office as well as by the field observations. After the occurrence of landslides on 
26th May, subsurface geology as well as the properties of existing soils at the incident areas have been investigated by 
the Geotechnical Engineering and Testing Division (GETD) of the NBRO. All available data were obtained from the 
GETD and used in this analysis. 

Input parameters of the TRIGRS such as the terrain DEM file, the raster files of flow direction and slope as well 
as the relevant maps were constructed using the Arc GIS 10.2. Then the further analysis part was done and the model 
was created using the TRIGRS to simulate areas of potential landslide initiation. 

Many important parameters should be included to develop the model as topographic factors, soil thickness, as well 
as strength properties and hydraulic parameters of the soil. Accuracy and reliability of the results depend mainly on 
detailed knowledge of the study site, and on the quality of the input parameters. 

Topographic analyses for elevation, slope angle and aspect were calculated from 1:10 000 maps developed by the 
Survey Department of Sri Lanka. Maps of No 7412, 7413, 7417 and 7418 were used for analyses. To create grids with 
10m cells and to quantify the aforementioned information above for each cell of the DEM, ArcGIS was used. 

Hydraulic parameters including saturated hydraulic conductivity (KS), diffusivity (D0) and steady infiltration rate 
(IZ) were obtained from laboratory tests and derived according to soil classes and empirical references. The values of 
D0 and IZ were not well defined, since they had wide ranges according to the complex properties of soil (e.g. void, fine 
content, and soil density). These parameters are quite different for various samples, even though they were collected 
from the same site. Therefore, θs (saturated water content), θr (residual water content), diffusivity (D0) and Ks are 
directly predicted using the ROSETTA pedotransfer functions (Schaap et al., 2001).  

Information about the IZ rate, however, is rare in the literature. The IZ value is affected by soil characteristics 
including porosity, storage capacity, and transmission rate through the soil. The soil texture and structure, vegetation 
types and cover, water content of the soil and soil temperature also play a role in controlling the infiltration rate. If the 
soil is saturated, IZ can be the same as hydraulic conductivity, while it can be zero for dry soil. In this research, the 
reasonable value 0.01 of the KS (Salciarini et al., 2008; Liu and Wu, 2008; Kim et al., 2010) was selected for IZ because 
of the hot, dry conditions during the dry season which was existed just before the heavy storm event. 

In the simulations carried out in this study, a uniform soil depth of 4m was considered based on site investigation 
reports and overburden map created by the NBRO, and it conforms the several studies which show that most of shallow 
landslides in the mountainous regions of Bulathsinhala area are observed between 1 and 6m. The initial groundwater 
table was obtained from the piezometric data installed in bore holes and available water sources observed during the 
field visits. It was set at the same depth of soil thickness due to no heavy antecedent rainfall after the event.   

Then using the created model, Zones of minimum FS (FS <1) values were extracted and the variation of FS with 
the rainfall intensity was examined. After that the initiation area of real situation of landslide and values of the model 
were compared to evaluate the output of TRIGRS and to predict the landslide initiation area. Finally, the landslide 
ratio of each predicted FS class (LRclass) was employed to evaluate the performance of the landslide model. LRclass was 
based on the ratio of the percentage of landslide sites contained in each FS class in relation to the total number of 
actual landslide sites (total 40 locations) and the percentage of predicted landslide sites in each class of FS. 

LRclass = % of contained landslide sites in each class of FS  
% of predicted landslide sites in each class of FS 

(1) 
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4. Results and Discussion

4.1 Rainfall characteristics 

During May 2017 alone, Bulathsinhala area received about 18% of its total annual precipitation. Highest daily rain 
fall (419.25mm/day) was recorded in 26th May 2017(Figure 3). Hourly maximum rainfall was 68mmh−1 (02 30 – 03 
30 hrs on 26th May). Figure 4 shows the rainfall distribution in the critical period of time on 25th and 26th May 2017. 
Shallow landslides were triggered by the localized torrential rainfall during this period, characterized by a cumulative 
rainfall of 419.25mm, of which 85% poured down during the last 8h (22 00 hrs on 25 th – 06 00 hrs on 26th). The 
landslides started after the heavy rain occurred in first half of that 8 hours. 

Fig. 3 Daily rainfall distribution in month of May with the rainfall accumulation 

Fig. 4 Rainfall distribution in the critical period of time on 25th and 26th May 2017 with the rainfall accumulation 

4.2 Prediction of the initiation area of landslides 

One main objective of this research is to evaluate the spatiotemporal predictability of landslide events in 
Bulathsinhala area using the TRIGRS model for regional landslide hazard assessment. The factor of safety (hereafter 
FS) over the entire study area was calculated for each cell and plotted over time during this severe storm. Figure 4.3 
shows the spatial distributions of FS in different periods of time. In other words, these depict the temporal and spatial 
dynamics of FS values induced by heavy rainfall during the duration of 12 hours (from 19 00, 25 th May to 07 00, 26th 
May). The three FS maps are for 0, 3 and 12 hours, and 3h corresponded to the start of extraordinarily heavy rainfall 
for 8h. The areas characterized as having a factor of safety close to FS=1.0 progressively expanded when the rainfall 
became more intense. This implies that large numbers of the landslides were triggered by the intense rainfall. The 
study area has a lot of hillock and steep nature of mountainous terrain. This is why FS maps are very complex and 
tortuous. Nevertheless, the performance of the TRIGRS model for prediction, which has been evaluated by field 
investigation, can be considered reasonably applicable as indicated in Figure 5. 
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Fig. 5 Classes of topographic parameters (elevation, slope angle, aspect and curvature) for (A) 0 h (19 00 hrs., 25th May 2017), (B) 3 h (22 00 hrs., 
25th May 2017), and (C) 12 h (07 00 hrs., 26th May 2017). 
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In the Bulathsinhala event, it is difficult to know the size of the landslides that occurred, therefore the number of 
the debris flows occurred after the landslides have been considered. Most landslides are connected with debris flow 
paths. This is the purpose why counting landslide sites, instead of calculating landslide area, was used in the equation 
(1) to calculate the LRclass. 

In this study, in the numerator, the number of landslide sites, instead of the number of landslide cells, is used 
because of the difficulty in outlining boundaries between landslides and debris flows. The performance value derived 
by LRclass enables consideration of predicted stable areas as well as predicted unstable areas, and thus substantially 
reduces the overprediction of landslide potential. Disparate the numerator, the number of predicted and total cells is 
used in the denominator.  

Table 1 Summary of TRIGRS results in landslide simulations 
Factor of Safety 
Classes 

Landslide site (a) %of landslide 
sites (c)=a/b 

% of predicted area 
(d) 

LRclass(e) =c/d % of LRcalss 
=e/f 

FS≤1.0 22 55.00 6.08 9.05 60.0 
1.0<FS≤1.2 6 15.00 9.92 1.51 10.0 
1.2<FS≤1.4 3 7.50 5.34 1.40 9.3 
1.4<FS≤1.6 3 7.50 5.38 1.39 9.2 
1.6<FS≤1.8 2 5.00 6.04 0.83 5.5 
1.8<FS≤2.0 2 5.00 6.12 0.82 5.4 
2.0<FS 2 5.00 61.13 0.08 0.5 
Sum 40 (b) 100.00 100.00 13.61 (f) 100.00 

 
 

Table 1, Figure 6 and 7 show that 6.08% of the area was classified as unstable (FS≤1.0), and that 55% of the actual 
landslides were correctly localized within this predicted unstable area. LRFS<1 was about 9.05 with 55% over 6.08%. 
By calculating the % of LRclass, a quantitative result could be obtained. The percentage of LRFS<1 is 60%; in other 
words, if a landslide happens, then the predicted unstable area (FS<1) has 60% (Figure 6) chance of including the 
landslide. Also, lower factor of safety classes showed higher values of LRclass percentages. The results show significant 
agreement between the simulated and known landslide occurrences from a quantitative point of view, despite missing 
information on landslide area (Figure 5). 

5. Conclusions

In this study, an approach was introduced for the analysis of shallow landslide-triggering scenarios that uses the
TRIGRS code, a physically based model which describes the stability conditions of natural slopes in response to 
specific rainfall events. As a first step, the model has been validated through the back analysis of a reference landslide 
event, i.e., the disaster that occurred in the Bulathsinhala area in May 2017.  

Main purpose of this study was to suggest and verify an index LRclass (landslide ratio of each predicted FS class) 
for a pilot study. The biggest strength of this index is that it can estimate model performance quantitatively by 
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Fig. 7 Results obtained by TRIGRS in each class; the pie chart of 
LRclass with respect to the factor of safety class. 

730



Jayasekara / 7th International Conference on Debris-Flow Hazards Mitigation  (2019)  

minimizing the overestimated area, even in landslide-debris flow regions where the area of landslide scars is unknown 
or ambiguous. According to the results, the percentage of LRclass of unstable area is 60%, and well reflects the effect 
of transient rainfall. 

Comparing the results of the numerical simulation with the 2017 landslide inventory, it turns out that the model is 
able to reproduce the reference event quite well, both in terms of temporal evolution and spatial distribution of slope 
instability, identifying the areas most affected by shallow landslides. It is worth stressing that the model has been 
accurately parameterized through different methods and techniques, with specific focus on the evaluation of the spatial 
pattern of the triggering storm. 

With regards to the proposed approach, the use of different techniques allows its application to different case 
studies, on the basis of the data availability. Furthermore, if we consider the possibility of depicting constantly updated 
triggering scenarios, this approach could be used to develop specific landslide early warning systems in order to 
support decision makers in both risk prevention and emergency response. 
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Abstract 

Different factors influence the disposition of a watershed for initiation of debris flows, including meteorological trigger conditions 
as well as the hydrologic and geomorphic disposition. The latter includes slowly changing factors like relief energy or sediment 
availability, whereas the hydrologic state of a watershed may vary over short time scales.  This contribution summarizes the 
outcomes of a long term project to quantify meteorological and hydrological trigger conditions leading to debris flows at different 
temporal and spatial scales in the Austrian Alps. The analysis employs a database of more than 4,500 debris flows over the last 
100+ years, which is the period for which systematic rainfall data is available. A Bayesian analysis was carried out for determining 
occurrence probabilities for all Austria. For selected regions, hydrological trigger conditions were assessed using a semi-distributed, 
conceptual rainfall-runoff model, which was calibrated to measured runoff data. As expected we find increasing trigger probabilities 
with increasing rainfall amounts and intensities. However, the additional information of regional hydrological parameters as well 
as their temporal evolution over days prior to a debris-flow event, enables to capture different trigger conditions, including short 
duration rainstorms, long lasting rainfall events, and snow melt.  We also find that a trigger-type resolved prediction of debris-flow 
susceptibility based on the hydro-meteorological catchment information is superior to simple rainfall-only approaches. The results 
of this analysis shall improve our understanding of long-term trigger conditions and trends of extreme mass wasting processes in 
the Alps and aim to become a valuable tool in engineering hazard assessment. 

Keywords: initiation conditions, probabilitic thresholds, hydrologic modeling, susceptibility 

1. Introduction

Debris flows occurring in the European Alps are often triggered by rainfall events. Over the last decades a lot of
work has been done to identify triggering rainfall amounts, intensity, or intensity-duration thresholds, mostly in 
conjunction with shallow landslides (see review by Guzzetti et al., 2007; 2008). To overcome the uncertainties that 
come with deterministic thresholds, Berti et al. (2012) outlined a probabilistic approach and derived conditional 
probabilities for shallow landslide initiation in the northern Apennine mountains. In the recent years also remote 
sensing techniques like radar or satellite data have been employed to derive rainfall thresholds at high spatial and 
temporal resolution (e.g. Marra et al., 2014; Salio et al., 2015). For the Austrian Alps the only published work is the 
case study of Moser and Hohensinn (1983).  

Besides the triggering rainfall event also other factors, like sediment availability and hydrologic conditions within 
the watershed are expected to influence debris-flow initiation (Kienholz, 1995). As a proxy for the wetness state of a 
catchment the antecedent water was analyzed which consists of the rainfall inputs reduced by evapotranspiration and 
drainage losses within the last 10 days (e.g. Crozier, 1999; Wieczorek and Glade, 2005). The sum of the antecedent 
water and the rainfall input at the actual day were considered to conclude whether to expect a landslide or not. A more 
complex model was provided by Ciavolella et al. (2016), who simulate the water cycle of a catchment by using a 
conceptual hydrological model that was calibrated to the catchments observed runoff. Result of the work was a 
threshold curve based on catchment water storage and precipitation as a tool to evaluate landslide susceptibility of the 
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catchment. For events that were triggered in connection to snow melt, Meyer et al (2012) developed an intensity-
duration threshold that considers two sources of critical water – melt water and rainfall water.  

In this study we determined triggering rainfall events for more than 4,500 documented debris-flow events between 
1901 and 2014 on a daily basis. Following the method of Berti et al. (2012) we also determined non-triggering rainfall 
events to calculate conditional probabilities for debris-flow triggering in Austria. At a regional scale we quantified the 
hydrological state of six contrasting regions when debris flows occur in the headwater catchments (Mostbauer et al., 
2018; Prenner et al., 2018a,b). For that a semi-distributed rainfall-runoff model was setup covering periods of 40-60 
years. Based on the temporal evolution of storage components and fluxes, we differentiated between three typical 
hydro-meteorological trigger conditions for debris-flow initiation in Austria.  

2. Methods

2.1. Triggering rainfall 

For 4,620 debris flows of the database of the Federal Ministry for Tourism and Sustainability (www.bmnt.gv.at/), 
the information of the data and the location (of damage) was available. In this database the definition of torrential 
processes follows the Austrian standard rules ONR 24800 (ONR, 2009) that separates between fluvial flows (floods 
and intensive bedload transport) and debris flow-like flows (debris floods and debris flows). Due to a sometimes 
unclear distinction between different processes (Bel et al., 2017), we only considered debris flows. The meteorological 
data was derived from the Hydrological Service (“HD”, ehyd.gv.at/) and the “Zentralanstalt für Meteorologie und 
Geodynamik” (“ZAMG”, www.zamg.ac.at). In total 790 time series of daily precipitation, daily temperature (mean, 
minimum and maximum), snow fall, and pressure were available. Here we used only the rainfall information.  

For each observed debris-flow event the nearest active meteorological station was identified and the triggering 
event rainfall (TER) determined manually on a daily basis between 1901 and 2014 and on a sub-daily basis between 
1993 and 2014. In the following we concentrate only on daily data. Events, for which meteo-station data exceeded a 
distance of 10 km and for which the determination of the rainfall event was unclear, were excluded from further 
analysis, reducing the number of TERs to 1,417. The database of TERs are (1) a direct result available for the 
community, but were (2) subsequently used to calibrate a detection algorithm for automatically identifying triggering 
and non-triggering rainfall events in all available time series from meteo-stations. For that we used an adapted 
algorithm provided by Matteo Berti (personal communication) and explained in Berti et al. (2012).  

The probability 𝑃𝑃𝑃𝑃 of a debris-flow event 𝐸𝐸 conditional of a rainfall variable 𝑅𝑅 in class 𝑘𝑘 = 1,2, … ,𝑛𝑛 was calculated 
with  

𝑃𝑃𝑃𝑃 (𝐸𝐸|𝑅𝑅𝑘𝑘) = 𝑃𝑃𝑃𝑃 (𝑅𝑅𝑘𝑘|𝐸𝐸)×𝑃𝑃𝑃𝑃 (𝐸𝐸)
𝑃𝑃𝑃𝑃 (𝑅𝑅𝑘𝑘)

(1) 

2.2. Hydro-meteorological trigger conditions 

We setup a semi-distributed, process-based rainfall-runoff model for six contrasting regions in Austria (Fig 1) and 
analyzed the hydrological system state of the watershed on days were debris flows were observed in the steep 
headwater catchments and compared it to the days were no event was observed. The hydrologic model include several 
storage components that represent snow and glaciers, unsaturated soil, interception, as well as fast and slow responding 
system components. Within a catchment different precipitation and elevation zones were modelled separately on a 
daily basis. For model calibration a likelihood-based differential evolution adaptive metropolis sampler (Vrugt, 2016) 
was used to derive posterior distributions of 43 calibration parameters. A detailed description of the model and the 
rigorous uncertainty assessment can be found in Prenner et al. (2018; 2019). A simplified analysis is described in 
Mostbauer et al. (2018). The modeling period for the six watersheds ranged from 46 to 71 years, including 3 to 43 
days were debris flows were observed.  
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Fig. 1. Overview of the six study regions for the hydro-meteorological analysis 

Table 1. Hydrological signals for identifying different trigger types for debris flows 

Observation Signal for LLR Signal for SDS Signal for SM 

Increasing soil moisture in the prior days of 
event 

X 

Decreasing potential evapotranspiration in the 
prior days of events 

X 

Narrow air temperature span at the event day X 

Decreasing soil moisture in the prior days of 
the event 

X 

Constant high or increasing potential 
evapotranspiration in the prior days of events 

X 

Large air temperature span at the event day X 

Intense snow melt at the event day X 
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Hydro-meteorological trigger conditions were analyzed for each watershed separately by comparing the 
distributions of modeled and measured variables like precipitation, soil moisture, (potential and actual) 
evapotranspiration, or runoff. Based on the notion that trigger conditions leave distinct signals in the hydrological time 
series, we ex-post differentiate between the trigger type long-lasting rainfall events (LLR), short-duration storms 
(SDS), and snow melt (SM). The hydrological signals for these simplified trigger types are given in Tab 1. Importantly, 
direct rainfall recordings were not used as criteria to avoid epistemic uncertainties from single point precipitation 
measurements.  Here we try only to capture a general weather pattern, neglecting all different types of meteorological 
events. To also avoid a-priori definition of thresholds for these criteria, we sampled a 1000 times from a uniform 
distribution of plausible parameter values. Finally, the most frequent trigger type for each debris-flow event was 
selected (Prenner et al., 2018; 2019).  

3. Results

3.1. Triggering rainfall 

The median triggering rainfall amount for the analyzed debris-flow events was 40.0 mm, with a median intensity 
of 22.4 mm/d. Fig 2 compares derived triggering rainfalls and all automatically detected non-triggering rainfalls with 
the intensity-duration (I-D) thresholds for an Austrian case study of Moser and Hohensinn (1983), estimated by 
Guzzetti et al. (2007), and a global threshold for landslides and debris flows derived by Guzzetti et al. (2008, I-D 
threshold #6). Additionally we plot a quantile regression for the 5th percentile for the triggering rainfall. We see a wide 
range of measured trigger intensities. The 5% quantile regression plots below both thresholds. Especially for short 
triggering durations we expect that this daily analysis has limitations.  

Fig. 2. Triggering and automatically detected non-triggering rainfalls for debris-flow events between 1901 and 2014 in Austria; the solid line 
represents the thresholds of Moser and Hohensinn (1983) as estimated by Guzzetti et al. (2007), the dashed line is a global threshold derived by 
Guzzetti et al. (2008).  

As expected debris-flow occurrence probability increases with increasing precipitation. We find that the highest 
probabilities are associated with rainfall intensity, the total amount of rainfall, and the 3-day antecedent rainfall. The 
latter are shown in Fig 3. The two dimensional analysis of debris-flow probabilities in Austria conditional to the 
combination of rainfall intensity and duration shows that the highest probability emerges from high intensities > 24 
mm/d.  
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Fig. 3. (a) Probability of debris-flow occurrence conditional of total amount of rainfall (grey bars and red lines); (b) probability of debris-flow 
occurrence conditional of 3-day antecedent rainfall. In both plots dashed red lines refer to the 5th and 95th percentile of an assumed Poisson 
distributed counting error of debris-flow events; additionally the prior debris-flow probability 𝑃𝑃𝑃𝑃 (𝐸𝐸) and prior rainfall probability 𝑃𝑃𝑃𝑃 (𝑅𝑅) as well 
as conditional rainfall probability 𝑃𝑃𝑃𝑃 (𝑅𝑅|𝐸𝐸) are plotted. 

It is important to note that our analysis is biased towards long rainfall event durations. Especially one-day intensities 
maybe strongly underestimated, as rainfall events may only last for few hours or minutes. Additionally, these mostly 
very local convective processes might not have been captured by the nation-wide rain-gauge network. In other words, 
we expect that our analysis does not capture debris-flow events that were triggered by short duration storms (SDS). 
As shown in the next section, our analysis might therefore be representative only for roughly 1/3 of the debris flows 
occurred in Austria.  

3.2. Hydro-meteorological trigger conditions 

Modeling performance after calibration of the six study regions were measured with different metrics and reached 
satisfying results (e.g. Nash-Sutcliffe efficiency indexes varying between 0.7 and 0.89). Fig 4 exemplarily shows 
modeling results for the study region Defreggental, a high alpine valley in the southern part of the alpine chain, for 
the year 2012. We see highest runoff during summer and a high fraction of melt water input into the soil and channel 
system during spring and late fall. Soil moisture gradually builds up during spring.  

In the lower part of Fig 4 we show examples of the hydrologic state for three debris-flow event days. In the first 
example there is significant rainfall prior to the event day, leading to a continuous buildup of soil moisture. At the 
same time temperature and especially the difference between daily minimum and maximum temperature decreases, 
which is typically associated with a frontal rainfall of long duration (LLR). The second example shows a contrasting 
picture. Though some rainfall was measured on the days prior to the event, the temperature differences are high, 
indicating strong solar energy input during the day. Soil moisture slightly decreases. On the event day no significant 
rainfall was recorded. We classified this event trigger as a convective storm event of short duration (SDS). Finally, in 
the third example rainfall in conjunction with intensive snowmelt (SM) triggered the debris-flow event. We note that 
we also found debris-flow event days without any recorded rainfall but very intense snowmelt.   

a b 
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Fig. 4. (a) Example of selected modeling results for the study region Defreggental for the year 2012; (b) example of a debris-flow trigger that was 
classified as LLR, (c) as SDS, and (d) as an event were SM was important.  

Fig. 5. Distribution of event day precipitation (which was not used for trigger classification), potential evapotranspiration, snow melt, and soil 
moisture at event days in the Montafon region (modified after Prenner et al., 2018). 
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Selected hydro-meteorological variables associated with the roughly separated trigger types are shown in Fig 5. 
We find that the registered event rainfall on the daily basis (which was not used for classification) supports our 
classification. LLR events have higher total rainfall sums than SDS events. (SDS events might have higher intensities, 
but this is probably not captured by the station network). For SM events sometimes no rainfall was measured. 
Similarly, also other variables are statistically different between the three groups (tested with the method of Kruskal 
and Wallis, 1952), which strongly supports the notion that different hydro-meteorological trigger types can be found 
in our study region.  

Fig. 6. Trigger of debris-flow events in the study regions. 

In summary, we find the 50-70 % of the documented debris flows in the six study regions were triggered by SDS 
events, 20-44% due to LLR, and for up to 15 % snowmelt played are significant role (Fig 6). We think that for a better 
forecasting of debris-flow events, the combined information of rainfall forecasting and a real-time modeling of the 
hydro-meteorological history of a region, will be useful to capture these different trigger types.  

4. Conclusions

A new database of triggering event rainfall for debris flows in Austria on a daily and sub-daily basis was created.
The probabilistic analysis of triggering rainfall on a daily basis showed that probabilities for debris-flow occurrence 
increase with increasing rainfall amount, intensity and antecedent rainfall. The investigation of the hydro-
meteorological trigger conditions in six contrasting study regions indicated a strong variability of hydro-
meteorological trigger conditions of documented debris flows. The initial soil moisture as well as the rainfall on the 
event day, was higher for events associated with long-lasting rainfall events (LLR) than with short duration storms 
(SDS) across all study regions. Initial soil moisture and event day precipitation sums strongly vary across the regions 
for the same trigger type. Importantly, the temporal change of hydrological watershed state before events show similar 
signals across the regions and allows to draw more general conclusions about the susceptibility of regions to debris-
flow release and might allow the development of a forecasting tool similar to the model suggested by Prenner et al. 
(2018).  A major limitation of such a hydro-meteorological assessment, however, is the missing geomorphological 
component, e.g. temporal variation of sediment availability.  
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Abstract 

Slopes above Montecito burned by the Thomas Fire in December 2017 produced disastrous debris flows in response to a short 
period of intense precipitation on January 9, 2018, killing 23 people, injuring many others, destroying and damaging residential 
buildings, and community infrastructure. The intense precipitation was in a narrow cold frontal rainband which obviously exceeded 
the intensity and duration threshold for post-wildfire debris flows. Rain gauges with self-activating radio transmitters reported by 
County of Santa Barbara Department of Public Works documented the precipitation in the Montecito area as it occurred, which 
allowed short-duration intensities to be calculated. Data from the rain gauge on Montecito Creek was used in this paper and showed 
that the rainband that produced the precipitation that generated the debris flows passed over Montecito in about one-half hour. Two 
weather radar stations operated by the National Weather Service are located within about 100 km of Montecito. Both stations were 
operational and recorded radar reflectivity on a frequency of about five minutes during the entire storm; data from the KVTX 
station located east of Montecito was used for this paper. Montecito is located on a coastal plain south of the Santa Ynez Mountains, 
which shield the lower elevations in the Montecito area from direct view of the radar stations. Composite radar reflectivity 
represents the amount of water droplets in the atmosphere in line-of-sight above the ground. The weather radar shows patterns 
similar to the precipitation documented by the rain gauges. Radar reflectivity at the coordinates of the rain gauge on Montecito 
Creek and at the coordinates of a point in the Santa Ynez Mountains on the west side of the Santa Ynez Creek watershed was 
extracted and converted to an approximate rainfall depth using a general National Weather Service relationship. The results are 
used to demonstrate the value of weather radar reflectivity for visualization and for developing approximate rainfall intensity and 
duration estimates at positions of interest remote from rain gauges for comparison with post-wildfire debris-flow thresholds.. The 
analysis in this paper was developed as part of the Geotechnical Extreme Event Reconnaissance (GEER) Association response to 
the Montecito disaster. 
Keywords: Precipitation intensity and duration; Burned slopes; Weather radar; Debris flow 

1. Introduction

The Thomas Fire began in southwestern Ventura County on December 4, 2017, and was finally contained on
January 12, 2018, after burning over 114,000 hectares in Ventura and Santa Barbara Counties (CalFire, 2018). The 
fire advanced into the watersheds above Montecito beginning on December 10, 2017, and stopped its westward 
progression on December 18, 2017 (EcoWest, 2017), but continued to burn northward into wildland areas until it was 
contained nearly four weeks later. The burned slopes above Montecito had soil burn severity of predominantly 
moderate, with some small areas of high burn severity (CalFire, 2018). Burned drainage basins north of Montecito 
were rated as high hazard of producing debris flows in response to a design rain storm producing a 15-minute rainfall 
intensity of 24 mm h-1 (USGS, 2018, interactive preliminary hazard assessment map). 

A flash flood watch was issued by the National Weather Service (NWS) in Los Angeles/Oxnard, California, on 
January 6, 2018, for regions of southwestern California that included Montecito (IEM, 2018a). The NWS flash flood 
watch indicated “A strong cold front will interact with a deep plume of subtropical moisture bringing a period of 
moderate to heavy rainfall to the region beginning Monday afternoon through Tuesday morning. Behind the front, 
scattered showers and isolated thunderstorms will continue through Tuesday evening. Rainfall rates in excess of one 
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half to an inch per hour [12.7 to 25.4 mm h-1] are possible during the peak of the storm. This storm has the potential 
to create mud and debris flows in and around the recent burn areas. …” (IEM, 2018a). Another NWS flash flood watch 
on Monday, January 8, 2018, forecast peak rainfall rates between 0.5 and 1.0 inch per hour (12.7 to 25.4 mm h-1) with 
local rates up to 1.5 inch per hour (38.1 mm h-1) (IEM, 2018b). The precipitation event that triggered devastating debris 
flows was associated with a weak atmospheric river that generated an intense convective precipitation band along a 
narrow zone that formed along a cold front, known as a narrow cold frontal raniband (Oakley et al., 2018). The short 
duration precipitation was not unprecedented for the region, but records for some stations were set by it. 

The remaining sections of this paper describe the setting of Montecito in terms of weather radar and rain gauge 
locations, use selected NWS weather radar data and County of Santa Barbara rainfall records to estimate precipitation 
intensity and duration in the Montecito area on January 8 and 9, 2018, and compare the precipitation estimates to 
general thresholds for debris flows to be generated on burned slopes. 

2. Setting of Montecito relative to weather radar and rainfall sensors

Montecito is located in southeast Santa Barbara County approximately 5 kilometers east of Santa Barbara. Two
NEXRAD WSR-88D Doppler weather radar stations are located within 100 km of Montecito (Fig. 1), within the 230-
km distance for short-range weather radar products (https://www.ncdc.noaa.gov/data-access/radar-data/radar-map-
tool). Both weather radar stations were operating in precipitation mode, consisting of 16 360°-sweeps of 14 elevation 
angles in 5 or 6 minutes. Local mountains east and north of Montecito block the lowest elevation angles of both 
weather radar stations. Composite reflectivity data for the closer weather radar station, KVTX (-120.39583° Lon., 
34.83806° Lat., 375.8 m elev.), were downloaded and used in this analysis. Composite reflectivity represents the 
maximum reflectivity for the volume coverage pattern of the radar at each azimuth and range position of the scan. 
Radar reflectance is reported in a scale specific to meteorology (decibels in the Z scale, dBZ). NEXRAD products are 
archived and available for no-cost online retrieval at https://www.ncdc. noaa.gov/nexradinv/. Reflectivity is a measure 
of size and number of water droplets in a volume of the atmosphere and is correlated to precipitation intensity, or rain 
rate, RR in mm h-1. The correlation used in this study was calculated as equation (1) from a table of dBZ and RR 
values displayed on the NWS website (https://www.weather.gov/jetstream/refl), which corresponds exactly to the 
default Z=300 RR1.4 but is easier to use in spreadsheet calculations. Reflectance higher than 51 dBZ may be an 
indicator of ice in the atmosphere contributing to overestimation of rain rates (Fulton, 1999). 

RR = exp(-4.073 + 0.1644 × dBZ); 15 ≤ dBZ ≤ 55 (1) 

Fig. 1. Location map showing NWS weather radar station locations (NCEI, 2018). Thomas fire perimeter was obtained from GeoMAC (2018); 
shaded relief base map from U.S. Geological Survey bip file; county boundaries from ESRI basic data shape files. Projection: NAD 1927 
California Teale Albers. Area of Fig. 2 (blue rectangle) encompasses western tip of Thomas Fire perimeter and the Montecito community. 

741



Keaton / 7th International Conference on Debris-Flow Hazards Mitigation  (2019) 

The Montecito area has six automated rain gauges operated by the County of Santa Barbara Public Works 
Hydrology Section (Fig. 2). The Montecito gauge (#325; sensor 2547) is located on Montecito Creek and was selected 
for analysis in this paper. Data from the Montecito gauge for the storm of January 8-9, 2018, were obtained online 
(https://rain.cosbpw.net/site.php?site_id=47&site=d1f0d1f6-a251-4e7d-a036-927432472f28). The automated gauges 
record rainfall as it occurs and self-activating radio transmitters send data at variable intervals, ranging from as little 
as 2 seconds to as much as 12 hours; the median frequency of readings during the storm was about 3 minutes (0.05 
hour). The frequency of readings was regularized to an interval of approximately 5 minutes for use in calculations. 

Fig. 2. Montecito area showing locations of Santa Barbara County rain gauges (COSBPW, 2018) and the Thomas Fire perimeter (GeoMAC, 
2018). Location #G is the position where radar composite reflectivity was converted to rainfall. Base map hillshade calculated from 10-m DEM 
from National Elevation Dataset obtained from U.S. Department of Agriculture Natural Resources Conservation Service Geospatial Data 
Gateway. Stream channels from National Hydrography Dataset also obtained from Geospatial Data Gateway. 

Location #G was selected as a point of interest because it is in the upper watersheds of San Ysidro Creek to the 
east and Montecito Creek to the west (Fig. 2). Sta #325 is on Montecito Creek; Location #G is approximately 4.5 km 
due north of Sta. #325. No rain gauges were located at positions other than those shown in Fig. 2 at the time of the 
January 8-9, 2018, storm; therefore, weather radar provides an opportunity for precipitation to be visualized, and 
estimated in a way that may be superior to interpolating or extrapolating from available rain gauges. 

3. Weather radar reflectivity and automated rainfall

The downloaded reflectivity data for NEXRAD WSR-88D Doppler weather radar station KVTX for January 8 and
9, 2018, were processed using the Weather and Climate Toolkit (https://www.ncdc.noaa.gov/wct/) and exported for 
display and analysis using ESRI ArcGIS 10.4. The Weather and Climate Toolkit viewer allowed the relevant times of 
the storm in Montecito to be identified. The radar product selected for this analysis was the Level III, short-range, 
composite radar reflectivity (NCR), which had a complete dataset every 5 or 6 minutes. The composite reflectivity 
represents the maximum reflectance value in the scanned volume of atmosphere at each pixel. The pixel dimensions 
of the reflectivity data in the Montecito area were about 1 km square. Fast-moving storms can be represented by high 
reflectivity values, but the precipitation in the atmosphere at that pixel may fall to the ground in an adjacent pixel.  

Four radar reflectivity scenes (Fig. 3), each 11 minutes apart, demonstrate that the strong narrow cold frontal 
rainband moved across Montecito in less than 30 minutes, with any one point receiving heavy precipitation for about 
10 minutes (Fig. 3 and Fig. 4). A radar dataset was available between each pair of scenes selected for Fig. 3, and all 
scenes were used in the analysis, even though only selected scenes are displayed in this paper.  

The radar data indicates that Montecito (Sta. #325) was experiencing light rain (15 dBZ) at 03:18 (Fig. 3A), as the 
main storm cell was making landfall on the west side of Santa Barbara. At 03:29 (Fig. 3B), 11 min later, Montecito  
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Fig. 3. Composite radar reflectivity of a narrow cold frontal rainband documented by KVTX on January 9, 2018. A. Radar scene at 03:18 PST 
with labels for the radar station, Thomas fire perimeter, Montecito, and area of Fig. 3B, 3C, and 3D; B. Radar scene at 03:29 PST with labels for 
rain gauges, point #G, Thomas fire perimeter, and Montecito; C. Radar scene at 03:40 PST; D. Radar scene at 03:51 PST. 

Fig. 4. Cumulative precipitation measured at Sta. #325 and calculated from radar reflectivity at Sta. #325 and Location #G. A. 31 hours of data 
from 00:00 Jan 8, 2018, to 07:00 Jan 9, 2018; B. 30 min of data from 03:25 to 03:55 Jan 9, 2018. Regularized line for precipitation has a 4- to 5-
minute time interval (light blue dashed line) interpolated from variable frequency readings (dark blue line); the two lines are nearly 
superimposed. 

Sta. #325 was receiving moderate to heavy rain (40 dBZ), while Location #G was receiving that same rate. At 03:40 
(Fig. 3C), 11 min later, Montecito Sta. #325 was receiving very heavy rain (50 dBZ), while Location #G was receiving 
even heavier rain (55 dBZ). By 3:51 (Fig. 3D), 11 minutes later, Montecito Sta. #325 was receiving light rain (30 
dBZ), while Location #G was receiving that same rate; the main storm cell had moved approximately 5 or 6 km east 
of the Montecito area by 03:51. Comparison of the main storm cell location in Fig. 3A with Fig. 3D indicates that it 
was moving east-northeast at a speed greater than 40 km h-1. 
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A graph of cumulative precipitation (Fig. 4) displays both measured rainfall at Sta. #325 and estimated precipitation 
at location #G based on successive rain gauge and weather radar datasets covering the same period of time. The 
reflectivity values in each radar scene were converted to rain rate using equation (1) and then multiplied by the duration 
in hours since the previous radar scene to produce an equivalent precipitation depth for the time increment. Cumulative 
precipitation is the sum of the incremental precipitation depths. The measured rain at the Montecito gauge (Sta. #325) 
was reported in inches with a YYYY-MM-DD HH:MM:SS timestamp; the rain was converted to millimeters and the 
timestamp to converted to a serial number by copying Date-Time function data in Microsoft Excel and pasting it as 
unformatted numbers. The serial time and cumulative rain depth were converted to a regular time and corresponding 
rain depth, with the time step of 0.0035 days using a cubic spline interpolation in Mathcad. The resulting time step 
alternated between 0.003 and 0.004 days, which is equivalent to 4.32 and 5.76 minutes. Equivalent hourly precipitation 
intensity values for a range of duration intervals were calculated for both measured rainfall and estimated radar rain 
depths by successively summing estimated rain depths for different durations in spreadsheets and normalizing the 
results to a one-hour time duration. 

Comparison of the rain gauge data for Sta. #325 (dark blue line in Fig. 4) with the calculated equivalent radar rain 
depth (red dotted line in Fig. 4) reveals that the radar-based rain at low intensity levels, before the main storm cell 
arrived at about 03:38 (Fig. 4B), exceeded the measured rain that reached the ground at that location. In contrast, by 
about 03:45 as the main storm cell departed Sta. #325 (Fig. 4B), the rain gauge data exceeded the calculated radar rain 
amount. The rain gauge data collected by Sta. #325 are the reference for its location. Rain depths estimated from radar 
reflectivity values are approximate and affected by at least three factors: 1) topography blocks the lowest elevation 
radar scans of Montecito from both weather radar stations, 2) the composite radar reflectivity values represent the 
maximum from all 14 elevation scans for the atmosphere volume above the Sta. #325 pixel, and 3) the correlation of 
rain rate from reflectivity is based on the default Z-R general relationship. 

Radar-based cumulative precipitation at Location #G (black dot-dashed line in Fig. 4) matches the radar-based 
cumulative precipitation at Sta. #325 until about 18:00 on January 8. At the time the main storm cell moved into 
Montecito at approximately 03:30 on January 9, Location #G had 3 mm more estimated rain depth than the calculated 
radar rain depth at Sta. #325. However, by 03:40, the radar rainfall at Location #G was 7 mm greater than at Sta. #325. 
By 03:45, the measured rain depth at Sta. #325 exceeded the calculated radar rain depth by about 2 mm, and by 07:00, 
measured rain depth at Sta. #325 was 11 mm greater than the calculated rain depth. 

The slope of cumulative precipitation plot is rainfall intensity, as indicated by the labeled thin black lines in Fig. 4. 
It is clear that the majority of the precipitation at the at Sta. #325 and location #G fell in a period less than 2 hours 
(Fig. 4A) and about 15 mm fell in less than 10 minutes (Fig. 4B). A graph of calculated precipitation intensity for the 
same 31-hour period in Fig. 4A is displayed in Fig. 5. The ~5-minute intensity values were calculated from the 
normalized measured rainfall data at Sta. #325 and the rain rate for individual weather radar scenes, which were 
collected at a 5- to 6-minute frequency. Therefore, each point plotted in Fig. 5 represents the rainfall amount over a 
period of about 5 minutes divided by the number of hours in the actual time interval. For example, a 5-minute 
precipitation amount of 11.67 mm divided by 0.0833 h = 140 mm h-1, which is the precipitation intensity at Location 
#G estimated from radar reflectivity at 03:40 on January 9, 2018 (Fig. 3C; green triangle in Fig. 5). A 190 mm h-1 
intensity for Sta. 325 (red dot in Fig. 5) was based on a single regularized 4.32-minute interval (Fig. 6A). 

4. Rainfall intensity and duration threshold for debris flows

Precipitation intensity and duration for Sta. #325 and Location #G (Fig. 6) were calculated from measured and 
regularized rainfall amounts (green diamond and black circle symbols in Fig. 6A) and weather radar reflectivity 
(variable symbols in Fig. 6A and 6B). The self-activating radio transmitter sensor at Sta. #325 sent rainfall data as it 
occurred, in intervals as short at 2 s for high-intensity rainfall. The intensity-duration values in Fig. 6 were calculated 
by summing the measured or calculated rain depth in mm over N successive measurements, where 1 ≤ N ≤ 95 for the 
automated rain gauge and 1 ≤ N ≤ 8 for weather radar reflectivity readings, and dividing by the corresponding duration 
in hours of the N measurements. The intensity-duration calculations were performed with spreadsheet functions in 
columns that allowed rows to be used in multiple, successive calculations. The large variety of duration values from 
measured rainfall (green diamond symbols in Fig. 6A) results from short intervals between data points. Plotting was 
arbitrarily cut off at intensities of about 2 to 7 mm h-1. 

The intensity-duration plots (Fig. 6) include two lines defining thresholds for post-fire debris flows on susceptible 
slopes (equations listed in Fig. 6B). The upper of the two lines (Staley et al., 2014) is an objective assessment of a 
database that includes the basis for the lower line (Cannon et al., 2008). It is clear from both rain gauge and weather  
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Fig. 5. Precipitation intensity at Sta. #325 and location #G based on approximately 5-minute increments. The irregular increments of rainfall 
measurements at Sta. #325 were regularized to 4- to 5-minute increments; weather radar in precipitation mode is in 5- to 6-minute increments. 

Fig. 6. Precipitation intensity and duration calculated at Sta. #325 and Location #G. A. Based on measured rainfall and radar reflectivity at 
Sta. #325; B. Based on radar reflectivity at Location #G. Thresholds from Cannon et al. (2008) and Staley et al. (2014) Calculated values are 
discussed in text. 

radar data that the thresholds were surpassed at Sta. #325. However, the flash flood and debris flow sediments 
originated in the drainage basins north of Montecito that were burned by the Thomas Fire (Fig. 2). Comparison of the 
measured and estimated rainfall at Sta. #325 indicates that measured rainfall exceeded the amount and intensity of 
radar rainfall, but the timing and general trend of estimated rainfall were similar. The radar rainfall calculated for 
Location #G exceeded the amount and rate calculated for Sta. #325. Location #G was close to the crest of the Santa 
Ynez Mountains, indicating some orographic enhancement (Oakley et al., 2018). Calculated precipitation intensities 
exceed the debris-flow thresholds at Location #G (Fig. 6B) at durations ranging from 0.1 to over 1 h; the most intense 
part of the storm began at about 03:35 (Fig. 4) with debris-flow triggering intensities. Precipitation that followed the 
10 minutes of highest short-duration intensity, suggested by estimates from radar rainfall, was sufficient to exceed the 
longer duration debris-flow thresholds for more than an hour. 

5. Conclusions

The storm that caused the devastation in Montecito was a fast-moving (>40 km h-1) narrow cold frontal rainband
event that dropped a modest amount of rain in 24 h (50-75 mm at lower elevations, including Sta. #325, and 100-125 
mm at higher elevations), which were less than one-year return interval totals (Oakley et al., 2018). It was the strong 
rainband that passed over the Montecito area in about 30 minutes with precipitation intensities exceeding the threshold 
for triggering debris flows on susceptible slopes that did the damage. The Thomas Fire burned the upper watershed 
slopes less than one month prior to the storm. The County of Santa Barbara operates automated rain gauges that 
provided an excellent record of the storm across the Montecito area; no rain gauges were located in the upper parts of 
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primary canyons that produced the most damaging flash floods and debris flows (Montecito and San Ysidro Creeks). 
Actual rainfall rates in Montecito exceeded those included in the NWS flash flood watch on January 6, 2018. 

Two National Weather Service NEXRAD WSR-88D Doppler radar stations recorded the storm from locations less 
than 100 km from Montecito; data from KTVX, the closer of the two stations, were used in this paper. Local mountains 
north and east of Montecito blocked the lowest of the precipitation-mode radar sweeps from each of the radar stations. 
Rainfall depths and intensities calculated from weather radar are approximate; however, comparison of calculated 
radar precipitation with measured rainfall at Sta. #325 indicates that radar rainfall was reasonable without over 
predicting. A few pixels in the main rainband had reflectivity values exceeding 51 dBZ, which typically is taken as 
the ice cap above which reflectivity values may not represent liquid water (Fulton, 1999). Precipitation intensity and 
duration values on January 9, 2018, clearly exceeded the threshold for triggering debris flows on susceptible slopes.  

Despite its many limitations, weather radar provides essentially continuous, useful information suitable for 
visualizing and estimating precipitation amounts and intensities at any location of interest, including areas remote 
from rain gauges. Rain gauges that provide hourly precipitation values are not suitable for estimating intensity values 
at durations of interest, but may be supplemented by radar rainfall. Weather radar data are available online for no-cost 
download and include dozens of products, in addition to the composite reflectivity that was used in this analysis. GIS 
and other data analysis and visualization software are indispensable for manipulating weather radar and rainfall data. 
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Abstract 

The term "mudslide" seems to be favored by news media for all localized processes in which damage is caused by moving earth 
materials, regardless of whether the processes involved mud or sliding. The term came into prominence sixty years ago when an 
atmospheric river moved over southern California with disastrous landslides, debris flows, and floods. Very costly floodlike 
damage resulting from "mudslides" was added to the National Flood Insurance Program coverage as a result of the 1969 disaster. 
Landslides were, and still are, excluded from the flood insurance program and other insurance instruments. Because of lack of 
clarity in what range of phenomena was intended to be covered by the flood insurance program, a panel of experts assembled by 
the National Research Council (NRC) categorized the continuum of moving water to moving earth into (1) clear-water floods, (2) 
mud floods, (3) mud flows, and (4) other landslides. These categories recognize the lack of clear distinction between slope-
movement classifications and floodlike damage caused by more fluid "landslides." Earth materials in the most recent landslide 
classification are subdivided into rock and soil; soil is further subdivided into debris and earth. Debris is composed of mineral 
fragments with 20 to 80 percent coarser than sand size, whereas earth is 80 percent sand and finer fragments. Mud was used in 
older geology-based classifications in a way similar to earth (e.g., mudstone). Mud is not a technical term in engineering usage. 
Sediment-water mixtures with sufficient water to behave hydraulically were called mud floods by the NRC. Mud flows differ from 
mud floods by having viscoplastic behavior, which allow mud flows to support fragments with densities greater than water during 
transportation and when the mass comes to rest. Mud flows and debris flows have a velocity-dependent strength (matrix viscosity) 
and a velocity-independent strength (shearing resistance of the mass). As a mud flow or debris flow slows to a stop, the velocity-
dependent strength goes to zero; however, dense fragments do not sink or settle into the mass because of its static shearing 
resistance. The deposits of this spectrum of processes have distinctive sedimentary structures: clear-water flood deposits are 
stratified, graded, and fining upward; debris-flow deposits are unsorted, unstratified, and fully matrix supported; hyperconcentrated-
flow deposits are fully clast supported. Debris-flow deposits may contain megaclasts, if they are available in the source area. 
Geoscientists and engineers need to understand contemporary terms used in the media to communicate with emergency managers 
and a variety of non-specialists, but also should recognize characteristics that are associated with specialized technical terms. 

Keywords: Sediment-water slurry; Streamflow; Debris flow; Mudflow; Landslide 

1. Introduction

This paper is intended to provide a limited review of terminology of sediment-water slurries and characteristics of
resulting deposits. The processes of sediment-water slurry movement are complex, variable, and gradational, making 
descriptions of the processes challenging. This paper does not provide a comprehensive literature review or attempt 
in-depth discussion of process rheology. However, sediment-water slurries range from water-dominated to sediment-
dominated, which results in deposits with distinctive characteristics. 

This paper draws from a few publications, as well as results of searches using internet resources. Anderson et al. 
(1984) includes a concise appendix entitled “Debris flow, mud flow, mud flood, and mudslide terminology” (p. 90) 
that summarizes key aspects. Pierson (2004) wrote a four-page U.S. Geological Survey fact sheet entitled 
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“Distinguishing between debris flows and floods from field evidence in small watersheds.” The remaining sections 
provide comments on the history of some terminology and examples of the process phases and the resulting deposits. 

2. History of ‘mud flow’ and related terminology

This section is an updated version of the appendix in Anderson et al. (1984), which was written by the author of 
this paper. The term "mudflow" has been used in geological literature since 1928 (Blackwelder, 1928). The term "mud" 
in geology refers to a wet material composed of clay and silt-rich sediment (USGS, 2017), and to a very fine-grained 
sedimentary rock formed from mud (e.g., mudstone). The term "mud" is not used in the Unified Soil Classification 
System (ASTM, 2017) and used only casually in engineering. However, it is a descriptive, commonly used word. 

As a result of very costly floodlike damage in southern California in January 1969 (Campbell, 1975), damage 
resulting from "mudslides" was added to the National Flood Insurance Program at that time (Committee on 
Methodologies for Predicting Mudflow Areas, 1982). The legislative amendment that added mudslides to the program 
included the following wording: 

“The Congress [of the United States] also finds that (1) the damage and loss which results from mudslides is 
related in cause and similar in effect to that which results directly from storms, deluges, overflowing waters, 
and other forms of flooding…”, and the following statement was added under “Definitions”: 
“The term "flood" shall also include inundation by mudslides which are caused by accumulations of water on 
or under the ground; and all of the provisions of this title shall apply with respect to such mudslides in the same 
manner and to the same extent as with respect to floods.” (Committee on Methodologies for Predicting 
Mudflow Areas, 1982, p. 5 and 6). 

Thus, although it might not have been clear what range of processes the word "mudslide" was intended to identify, the 
intent seemed to include floodlike damage. The term "landslide" is used widely for a spectrum of slope processes, 
including some that do not involve sliding. News media, particularly in southern California, seem to refer to a variety 
of slope movements collectively as "mudslides," perhaps because most damaging earth-related process occur during 
rainstorms and cause widespread disruption because of the “mud” that is deposited on roads and in communities, along 
with other landslide damage. 

Damage from "landslides" was specifically excluded from the flood insurance program, but the program was 
intended provide the same range of provisions regarding protection from mudslides as from floods, including mapping 
mudslide zones along with floodplains. In its initial approach to implementing the mudslide provision, the Federal 
Insurance Administration defined a mudslide as “a general and temporary movement down a slope of a mass of rock, 
soil, artificial fill, or a combination of these materials, caused or precipitated by the accumulation of water on or under 
the ground” (Committee on Methodologies for Predicting Mudflow Areas, 1982). Aside from the last phrase of the 
mudslide definition, it was equivalent to the Highway Research Board (1958) definition of a landslide. Because 
"mudslides" seemed to be defined as a type of flood, a technical committee was formed by an advisory board of the 
National Research Council (NRC) in the United States to provide guidance to the administrators of the National Flood 
Insurance Program on delineation of ‘mudslide’ hazard areas that would be consistent with the national flood insurance 
policy requirements (Committee on Methodologies for Predicting Mudflow Areas, 1982).  

A revision of the Standard Flood Insurance Policy in 1974 contained the phrase "mudslide (i.e., mudflow)." This 
phrase also appeared in the Code of Federal Regulations in 1976, and led to a general substitution of "mudflow" for 
"mudslide," but did not resolve the range of phenomena intended to be covered (Committee on Methodologies for 
Predicting Mudflow Areas, 1982, p. 8). The Federal Emergency Management Agency (FEMA) took over the Federal 
Insurance Administration in 1978 and in 1979 asked the National Academy of Sciences for guidance on identifying 
mudslide hazard areas. The National Academy of Sciences established the Committee on Methodologies for Predicting 
Mudflow Areas to identify and categorize the various phenomena that might be considered to be mudslides, as well as 
identify mudslide hazard areas, determine mudslide risk, and examine a mudslide hazard methodology that had been 
developed in Los Angeles County (Committee on Methodologies for Predicting Mudflow Areas, 1982). 

The Committee understood that conventionally recognized flood effects included: 
 Hydraulic forces associated with flowing water
 Inundation by flood water
 Impact from debris carried in a flooding stream and
 Deposition of sediment from a flooding stream.
The Committee also recognized that the legislative amendment to the flood insurance program suggested some 
additional set of phenomena were intended to be covered, because the flood effects were already covered. The 

749



Keaton/ 7th International Conference on Debris-Flow Hazards Mitigation  (2019) 

Committee considered that FEMA was responsible for defining phenomena intended to be included by "mudslide," 
and addressed processes triggered by heavy rains in mountain drainage basins in terms that reflect the nature of the 
physical aspects of the processes, locations where the processes occur, and the resulting kinds of damage. 

Floodlike damage can result from processes classified as floods and landslides (Committee on Methodologies for 
Predicting Mudflow Areas, 1982, p. 17); therefore, processes ranging from water flooding to landsliding were 
subdivided into four categories that recognized the lack of distinction between slope movement classifications and 
floodlike damage caused by some "landslides:"  
 Clear water floods
 Mud floods
 Mud flows
 Other landslides.

Under the heading "clear water floods and mud floods" in the Committee report, clear-water floods refer to
inundation by water that is carrying little or no sediment, typically in response to a river or stream flowing over its 
banks and onto adjacent areas, usually parts of floodplains. Mud floods refer to floods carrying up to half sediment by 
volume, typically occurring in drainage channels and alluvial fans adjacent to mountains, although they may occur on 
floodplains (Committee on Methodologies for Predicting Mudflow Areas, 1982, p. 15 and 16). Both clear-water floods 
and mud floods are described as causing damage by inundation associated with rising water levels and deposition of 
fine-grained sediment, mud floods also can cause damage associated with impact of their heavy sediment load, which 
may include debris. 

Under the heading "mud flows and other landslides" in the Committee report, mud flows refer to flow-type 
landslides that are able to support large boulders because of their viscous matrix. Mud flows may be confined to 
existing channels or be unconfined on hillslopes. Other landslides refer to non-flow type downslope movements of 
earth materials, including falling, toppling, sliding, and spreading. Other landslides may be wet or dry and can occur 
with or without heavy rainfall, although they may be triggered by such events and transition into mud flows as they 
move (Committee on Methodologies for Predicting Mudflow Areas, 1982, p. 16 and 17). 

The currently accepted classification of slope movements considers five types: falls, topples, slides, lateral spreads, 
and flows (Cruden and Varnes, 1996). Most slope movements are complex combinations of two or more types, and 
slides can be either rotational or translational. The materials involved in slope movements can be divided into rock 
and soil (in the engineering sense) (Cruden and Varnes, 1996). The soil can be subdivided into debris and earth, with 
debris being generally coarse-grained and earth being generally fine-grained. Cruden and Varnes (1996) describe the 
rate at which slope movements occur, ranging from extremely slow (less than 16 mm per year) to extremely rapid 
(more than 5 m per second). Cruden and Varnes (1996) define water content of materials in slope movements as:  
 Dry — no visible moisture
 Moist — some water but none free, may behave as a plastic material but not as a liquid
 Wet — contains sufficient water to behave in part as a liquid, has water flowing from it, or has significant

standing water
 Very wet — contains sufficient water to flow as a liquid under low-gradient conditions.

The distinction between mud flow and debris flow in the classification systems of Cruden and Varnes (1996) would
be on the basis of relative percentages of fine and coarse particles. Mud flows consist of material with more than 50 
percent sand, silt, and clay; debris flows have more than 50 percent particles larger than sand. Processes including 
sufficient water to behave hydraulically are called mud floods (Committee on Methodologies for Predicting Mudflow 
Areas, 1982, p.16 footnote); no mention is made in this distinction of mud floods exceeding channel banks and causing 
inundation of adjacent areas. Mud flows or debris flows differ from mud floods by behaving in a viscoplastic manner 
to support fragments with densities greater than water (e.g., boulders) during transportation and when the mass comes 
to rest. As stated by the Committee on Methodologies for Predicting Mudflow Areas (1982, p. 16 footnote), the “ability 
to support [a dense] inclusion during transport stems from a velocity-dependent strength (the matrix viscosity), and a 
velocity-independent strength (the shearing resistance of the mass). When the flow comes to rest, the velocity-
dependent strength goes to zero. However, the high density inclusion does not sink into the mass because it is supported 
by the static shearing resistance.” Mud floods are capable of transporting heavy loads of sediment, including coarse 
debris; however, mud floods do not have static shearing resistance. Consequently, the coarse debris in mud floods 
settles as the velocity-dependent strength of mud floods decline in response to slowing fluid velocity. 

The previous paragraphs demonstrate that slope movements consist of a range of processes involving a range of 
materials at a range of water contents moving at a range of rates. Distinctions between individual elements of each 
range typically are not sharp and clear, but gradational across any particular slope that may be moving. Furthermore, 
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the term flood is not restricted to a context of inundation beyond a normal channel and the term flow is not restricted 
to a context of containment within a normal channel.  

3. Field observations and sedimentology

This section is based largely on Pierson’s (2004) U.S. Geological Survey fact sheet, as well as descriptions and data 
in a 1985 paper by Pierson that related to some of the same debris flows and sediment-flood processes that were the 
subject of the Anderson et al. (1984) report. The relative concentration of sediment in discharges from steep watersheds 
controls the behavior of the flows into three process types that vary across indistinct boundaries based on the amount 
of silt and clay in the matrix:  

 water flow, hyperconcentrated flow, and debris flow if the sediment contains material coarser than sand, or
 water flood, mud flood, and mud flow, if the sediment lacks coarse fragments and is generally fine grained.

Furthermore, different flow types can occur at different times during a single discharge event, and a discharge event 
can exhibit different flow types in different places along the channel at the same time.  

In water flow or water flood, the amount of sediment is insufficient to induce behavior that differs from what is 
known as a Newtonian fluid, meaning that the capacity of the fluid to transport solid particles is dependent on the flow 
velocity. As a Newtonian fluid slows, its shear strength declines, and larger particles settle; a Newtonian fluid at rest 
has no capacity to keep coarse particles in suspension, and they settle as a function of fluid viscosity, particle diameter, 
and the density difference between the particle and the fluid. Normal streamflow (fluvial) deposits (Fig. 1) tend to 
have coarser particles at the bottom of a depositional unit and finer particles at the top that are described as "graded, 
fining upward." Normal streamflow deposits also commonly have cut-and-fill and other sedimentary structures. 

Hyperconcentrated flow can transport substantial amounts of sand-size and coarser sediment by dynamic 
suspension, which distributes sediment through the fluid column in response to the velocity and turbulence of the flow. 
Mud flood could transport coarser sediment by the same hydrodynamic process if such sediment were available; of 
course, if sediment coarser than sand size were available and being transported, the process name would be 
hyperconcentrated flow. As the hyperconcentrated flow velocity slows, turbulence reduces and sediment drops out of 
suspension leaving unsorted deposits within the depositional unit (Fig. 2). A series of depositional units, some of which 
may be normal streamflow, gives the impression of overall stratification even though hyperconcentrated-flow deposits 
are unstratified. 

Debris flow is a slurry condition similar to wet concrete that keeps gravel-sized and larger particles in suspension 
regardless of the flow velocity (Fig. 3). Mud flow, in this context, is a slurry condition similar to wet neat cement 
grout; if coarse rock fragments were available, they would have remained in suspension. Debris flows occurring in 
channels can attain high velocities; where debris flows lose the confinement of channels, they spread laterally, become 
thinner, possibly allowing some interaction of suspended sediment with the surface across which the flow is moving. 
Unchannelized slurries can lose water to the underlying material, which increases the sediment concentration and 
interaction between sediment particles and within the matrix, leading to energy dissipation between particles and 
within the matrix that exceeds the kinetic energy of the flowing slurry and causes the flow to come to a stop in a 
process known as frictional freezing or cohesive freezing (Lowe, 1982), depending on whether the flow type is 
dominated by particles or matrix.  

A graph presented in Appendix A shows the relationships among sediment concentration by volume, sediment 
concentration by weight, gravimetric water content, and void ratio. Descriptions by O’Brien and Julien (1985) were 
based in part on laboratory experiments of mud (water, clay, silt, and fine sand) and focused on the fluid matrix. 
Designations in Appendix A labeled O1, O2, O3, and O4 are taken from O’Brien and Julien (1985); the long-term 
objective of their research was to develop a predictive mathematical model for hyperconcentrated sediment flow. 

Descriptions by Pierson (1985) were based on phases of a channelized flow event in Rudd Canyon that occurred 
over a 22-minute period on June 5, 1983, and samples of the flow captured during the flow event. Images spanning 
about 3-1/2 minutes of the debris-flow surge (Fig. 4) show a boulder front (Fig. 4.A), the laminar flow trailing the 
boulder front (Fig. 4.B), a turbulent front of a surge without concentrated coarse particles (Fig. 4.C), and a laminar to 
turbulent trailing flow (Fig. 4.D). A short, steep riffle is reported to be the source of local turbulence at the right side 
the Fig. 4 photos. Estimated values of sediment concentration, flow velocity, and flow stage for the conditions depicted 
in Fig. 4 are listed in Table 1. 
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Table 1. Selected characteristics of June 5, 1985, sedimentation event in Rudd Canyon depicted in Fig. 4; estimated 
from Pierson (1985, Fig. 3). 

Element in Fig. 4 
Sediment concentration 
(% by weight) 

Flow velocity 
(m/s) 

Flow stage 
(m) 

A. Boulder front 90 1.3 2.0 

B. Trailing boulder front 88 3.0 2.2 

C. Turbulent front 81 4.3 0.4 

D. Trailing turbulent front 80 3.2 0.5 

Fig. 1. Photograph of stratigraphy dominated by normal streamflow processes. Cut-and-fill sedimentary structures and fining upward grain size 
distribution. Furnace Creek Ranch, Death Valley National Park, California; photo taken by the author on December 20, 2013. 

Fig. 2. Photograph of stratigraphy dominated by hyperconcentrated flow processes. Stratified sequence of mostly clast-supported, unsorted silty 
sand with gravel and cobbles with a few small boulders. Some units are matrix-supported debris-flow deposits. Cascade, Colorado; photo taken 
by the author on August 17, 2013. 
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Fig. 3. Photograph of stratigraphy dominated by debris flow processes. Matrix-supported, unsorted angular blocks of limestone in silty sand. 
Unchannelized depositional contact of debris-flow deposit on unsorted, unstratified hyperconcentrated deposits. Mosaic Canyon Trail, Death 
Valley National Park, California; photo taken by the author on December 22, 2013. 

Fig. 4. Photographs of a June 5, 1985, sedimentation event in lower Rudd Canyon, Davis County, Utah. (A) boulder front of debris-flow surge 
approximately 1-1/2 minutes after initial surge; (B) debris-flow surge trailing boulder front by 9 seconds; (C) turbulent front of debris-flow surge 
without concentrated coarse clasts approximately 5 minutes after initial surge; and (D) laminar condition of turbulent front 2 seconds after photo 
in C. Flow is right to left. All photos courtesy of Thomas C. Pierson; annotations by the author. Scale in (A) is based on Pierson (2004). 
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4. Discussion and conclusions

Processes involving sediment-water slurries are complex and gradational. Modern or historic debris-flow deposits 
provide opportunities for understanding the context of the processes. Stream flow, hyperconcentrated flow, and debris 
flow can be phases of a single discharge event from small drainage basins, and the phases tend to have distinctive 
landforms and deposits have sedimentary structures and sediment characteristics (Pierson, 2004; Giraud, 2005). 
However, post-depositional processes, including storm events and damage cleanup, may modify deposits that mask 
original features or create unnatural features, such as matrix material on large boulders being washed away by storms 
or unstratified deposits created from originally stratified material by earthmoving equipment operators. Debris-flow 
deposits in the geologic record (e.g., Fig. 3) may not preserve evidence of the full process, making interpretation of 
stratigraphy in natural or excavated exposures problematic (e.g., Giraud, 2005). 

A collection of terms is displayed in Fig. 5 in the context of the water-sediment-rock continuum and fluvial-
landslide process continuum. Suggested terminology is in the process name row in Fig. 5. The term "sediment" is 
added to hyperconcentrated flow because it seems necessary for communication. The term "mud" is used in mud flow 
because the term "earth flow" is not useful for communicating what is intended. The term "mud" is not used by Cruden 
and Varnes (1996) in their chapter on landslide types, although they mention mudslide in their section 8.3.2 on 
Complex and Composite Slides, but dismiss it as imprecise. The term "mud" is used in other chapters in the same 
book in figure titles and in reference to drilling fluids (Turner and Schuster, 1996). The term "mud" in this context is 
herein defined as "very wet earth" in the Cruden and Varnes (1996) glossary for naming landslides. The term "mud 
flow" is simpler than "very rapid to extremely rapid, very wet earth flow" that would be consistent with the glossary 
for naming landslides. The terms "mass wasting" and "mass movements" are too vague to have value. 

Fig. 5. Collection of relevant terms inspired by Blackwelder (1928), Nardin et al. (1979), Lowe (1982), the Committee on Methodologies for 
Predicting Mudflow Areas (1982), Pierson (1985, 2004), O’Brien and Julien (1985), Wieczorek (1986), and Gani (2004) 

Sediment-water slurry processes are complex and gradational. Earth scientists need to be able to communicate with 
a variety of individuals using understandable terms appropriate for the discussion. Terms imply concepts of processes 
that can have perhaps higher meaning in technical discussions, whereas casual discussions can be effective with less 
precise terms. The process and deposit examples in this paper may help with terminology usage in the future. 
Depending on who is using the terms, "mudslide" and "mudflow" should be interpreted in their context by 
knowledgeable technical professionals, similar to the way the terms "cement" and "risk" are interpreted to refer to 
"concrete" and "hazard" when intended. 
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Appendix A. Sediment concentration of earth-water mixtures 

Flow or movement behavior is a function of the ratio of sediment to water with potential conditions ranging from 
nearly 100 percent sediment to 100 percent water. Sediment concentration can be described in terms of volume (Cv) 
or weight (Cw) and calculated based on a unit volume (V = Vs+Vw+Va) comprised of the sum of the volumes of 
solids, water, and air. The corresponding weight (W = Ws+Ww) is the sum of the weights of solids and water. The 
specific gravity of solids (Gs) must be known or designated, and gravimetric water content (w = Ww/Ws) can be 
calculated. The void ratio (e) can be calculated from Gs w = S e for assumed saturated conditions (S=1), or from the 
ratio of volumes of voids and solids (e = Vv/Vs). 

Cw = Ws/W = Ws/(Ws+Ww) = Ws/(Ws+w Ws) = 1/(1+w) (A.1) 

Cv = Vs/V = Vs/(Vs+Vw+Va) = (Ws/Gs)/((Ws/Gs)+w Ws+Va) (A.2) 

V = 1 = Vs+Vw+Va;  1-Va = (Ws/Gs)+w Ws = Ws((1/Gs)+w) (A.3) 
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Ws = Gs (1-Va)/(1+w Gs) (A.4) 

Cv = Ws/Gs (A.5) 

e = (Vw+Va)/Vs =(w Ws+Va)/(Ws/Gs) = (Gs w)/S (A.6) 

The relationships among Cv, Cw, w, and e for Gs = 2.65 and three Va values are plotted in Fig. A.1. Flow behavior 
fields are denoted with letter-number combinations; O denotes O’Brien and Julien (1985) for a laboratory fluid matrix 
consisting of silt, clay, and fine sand (i.e., mud) with Gs = 2.72, whereas P denotes Pierson (1985 and 2004) for data 
related to a sedimentation event on June 5, 1983, at Rudd Canyon, Davis County, Utah, and other debris-dominated 
events. Symbols plotted in Fig. A.1 are based on values tabulated in Pierson (1985) and assumed air content; square 
symbols represent Va = 0, diamond symbols represent Va = 0.05, and triangle symbols represent Va = 0.1. Letter and 
letter-number designations in Fig. A.1 are described in Table A.1. 

Table A.1. Letter and letter-number designations used in Fig. A.1. 

Symbol Meaning Sediment Concentration by volume 

N Normal stream flow -- 

H Hyperconcentrated sediment flow -- 

T Transitional flow (subsequently included 
with hyperconcentrated sediment flow)  -- 

D Debris flow --

O1 Water flood ≤0.2 

O2 Mud flood 0.2 to 0.45 

O3 Mud flow 0.45 to 0.5 

O4 Other landslide 0.5 to 0.9 

P1 Normal stream flow < 0.05 to 0.1 

P2 Hyperconcentrated sediment flow 0.05 to 0.2 to 0.1 to 0.6 

P3 Debris flow >0.6
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Fig. A.1. Graph of sediment concentration based on a unit volume and specific gravity of solids of 2.65. Notations are explained in Table A.1. 
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Abstract 

More than 64% of Korea's land is occupied by mountain regions, which have terrain characteristics that make it vulnerable to 
mountain disasters. The trails of Taebaeksan Mountain National Park—the region considered in this study—are located in the 
vicinity of steep slopes, and therefore, the region is vulnerable to landslides and debris flow during heavy storms. In this study, a 
slope stability model, which is a deterministic analysis method, was used to examine the potential occurrence of landslides. 
According to the soil classification of the detailed soil map, the specific weight of soil, effective cohesion, internal friction angle 
of soil, effective soil depth, and ground slope were used as the parameters of the model, and slope stability was evaluated based on 
the DEM of a 1 m grid. The results of the slope stability analysis showed that the more hazardous the area was, the closer the ratio 
of groundwater/effective soil depth is to 1.0. Further, many of the private houses and commercial facilities in the lower part of the 
national park were shown to be exposed to danger. 

"Keywords: Slope stability; National park; Detailed soil map;" 

1. Introduction

Currently, several natural disasters are occurring all over the world, which have not been frequently experienced in
the past, owing to climate change. South Korea, where 64% of the land is occupied by mountain areas, is exposed to 
the risk of mountain disasters; this is also because the country experiences over 85% of annual average precipitation 
between April and September. For example, Typhoon Rusa (1,232 deaths and disappearances) in 2002 and Typhoon 
Maemi in 2003 (1,157 deaths and disappearances) occurred in the mountain areas and resulted in a great loss of life 
and property.  

To prevent such landslides in advance and in turn reduce damage, appropriate preventive measures developed using 
landslide risk mapping are required. However, landslide risk maps also contain uncertainties, and landslide risk 
assessments based on topographic and geological characteristics have been made without considering rainfall, which 
is an important external factor determining the occurrence of landslides. In general, the mechanism of landslide 
occurrence includes unstable internal factors (cohesion, internal friction angle, etc.) caused by external factors (rainfall, 
etc.); change of soil saturation along with these factors should be considered for the slope stability analysis. To 
effectively cope with landslides, quantitative analysis techniques that consider rainfall are needed to simulate the 
saturation of soil. 

Since 1990, it has become possible to estimate spatial distribution topography, geology, and clinical factors because 
of the rapid development of geographic information systems (GISs) and remote sensing (RS). Further, studies on an 
infinite slope stability analysis that considers these factors along with rainfall and soil saturation have been 
continuously carried out to better understand the regional landslide risk. Based on the concept of soil saturation 
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proposed by O'loughlin (1986), Mont-Geomery and Dietrich (1994) verified that the simulated results for the 
Tennessee and Oregon regions of the United States using the infinite slope stability analysis technique are similar to 
the landslide initiation site. Van Westen and Terlien (1996) extracted the geological and geomorphic factors in the 
Manizales area in Colombia and analyzed the slope stability for each scenario of rainfall and earthquake; further, they 
introduced the concept of the overlay pressure of slope (distribution load of vegetation, building, etc.) to the infinite 
slope stability analysis. Borga et al. (2002) attempted to analyze the slope stability in Cordon and Vauz areas in Italy 
considering the wetting index, overburden pressure, and root cohesion, and introduced the concept of critical rainfall 
and wetness index to determine the failure probability through geographical characteristics of a watershed. Acharya et 
al. (2006) applied an infinite slope stability analysis to the Rasuwa area in Nepal by dividing the soil into dry (m = 0), 
semi-saturated (m = 0.5), and fully-saturated (m = 1); and the variability of safety factor was analyzed considering the 
dynamic characteristics of rainfall in the region. Ray and De Smedt (2009) distinguish the dry soil (m = 0), semi-
saturated (m = 0.5), and fully saturated (m = 1) soil in the Dhaling area of Nepal similar to Acharya et al. (2006), and 
compared and analyzed the volatility of landslide-prone areas based on the specific yield calculated assuming a 2-year, 
25-year rainfall and an initial saturation of 0.5. 

However, in Korea, Oh et al. (2006) examined the applicability of a GIS-based mountain-terrain prediction model, 
SINMAP, to evaluate the applicability of a GIS-based debris flow prediction model. Through the risk analysis of the 
debris flow watershed using GIS, Jun (2011) developed a risk map of the disasters using various topographic, 
geological, and hydrological methods along with the SINMAP model analysis techniques that can be used in Korea. 
Jun (2012) examined the applicability of debris flow prediction in the regions of Umyeonsan Mountain, Seoul, 
damaged by debris flow using a slope stability model that considers the safety factor, which is a deterministic analysis 
method. 

In this study, we considered Taebaeksan Mountain National Park as the field of study, which was recently 
designated as a national park, and analyzed the slope stability using the slope stability model proposed by Brunsden 
and Prior (1984). The model can perform a simple and quick slope stability analysis in regions prone to mountain 
disasters.   

2. Theory of Slope Stability Model

Landslides can be classified depending on the type of occurrence; however, the stability factor of the slope is 
typically evaluated using the concept of safety factors. The safety factor is expressed as the ratio of the force of collapse 
to that of support, and the factors that constitute each force are well known through various landslide studies. The 
model used in this study is proposed by Brunsden and Prior, which is simple yet commonly used. This model is based 
on the assumption that the slope is an infinite slope as shown in Figure 1, and uses the ratio of rainfall to groundwater 
level, as in Equation (1). Infinite slopes measure the stability of the slope, and the slope that collapses is considered 
to be infinite. 

Fig. 1. Infinite slope stability analysis diagram 
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𝐹 =  
𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑜𝑟𝑐𝑒

𝐷𝑟𝑖𝑣𝑖𝑛𝑔 𝑓𝑜𝑟𝑐𝑒
=  

𝐶+(𝛾−𝑚𝛾𝑤) 𝑧 𝑐𝑜𝑠2𝛽 𝑡𝑎𝑛𝜑

𝛾 𝑧 𝑠𝑖𝑛 𝛽 𝑐𝑜𝑠 𝛽
(1) 

Here, F is the safety factor, C is the effective cohesion ton/m2, γ is the soil specific weight ton/m3, m is the ratio of 
the groundwater level to effective soil depth (𝑍𝑤/𝑍), 𝛾𝑤 is the specific weight of water (ton/ m3), 𝑍 is the depth (m)
of the soil from the surface of the earth, 𝑍𝑤 is the groundwater level (m), β is the ground slope (°), and 𝜑 is the internal
friction angle of soil (°). 

In Equation (1), if the safety factor is greater than 1, it is safe, and if the safety factor is less than 1, it is unstable, 
and the slope is taken at the time of collapse. 

3. Application of Slope Stability Model

3.1 Study area 

Since 2017, Taebaeksan Mountain National Park has been designated as a national park, and trail of the Danggol 
basin, which is the study area, is the most visited region in the national park (596,676 visitors to Taebaeksan Mountain 
National Park in 2017). In the downstream area, as there are private houses and many commercial facilities, there is a 
risk of personal injury and property damage. However, there are no such data regarding the disaster history because it 
was not until recently that the park was designated as a national park. Further, the result of the field survey shows that 
only a few risk areas are marked (6) and are being managed.  

Fig. 1. Study area 

3.2 Building database 

 To evaluate the slope stability, Lester data for the parameters given in Equation (1) are needed. In this study, to 
calculate the safety factor, ArcGIS 9.3.1 was used to extract DEM from a 1:5,000 digital topographic map provided 
by the National Geographic Information Institute with a 1 m resolution. A slope map was generated based on these 
data. In addition, to calculate the safety factor, effective cohesion, soil specific weight, and internal friction angle were 
constructed as a 1 m grid of Lester data from soil classification of the 1:25,000 detailed soil map provided by Korea 
Rural Development Administration. 
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3.3 Slope 

 The safety factor is calculated based on the slope map constructed from the DEM of a 1 m grid, and because the 
very low slope induces an excessively large safety factor (extremely safe), a slope of 5° or less was applied to the 
calculation as 5°, as shown in Figure 3.  

Fig. 3. Slope and histogram constructed from 1 m grid (a) slope; (b) slope histogram 

3.4 Detailed soil map 

 The soil texture is divided into clay, silt, and sand according to the grain size of the soil. The soil texture is further 
divided into nine types—sandy loam soil, silt loam soil, sandy soil, etc. Table 1 lists the specific weight, cohesion, 
and internal friction angle of the soils provided by the National Disaster Management Institute of Korea (Korea 
National Disaster Management Institute). 

Figure 3 is a 1:25,000 detailed soil map provided by the Rural Development Administration of Korea and shows 
the distribution of soil in the study area. A total of 16 soils are distributed in the study area—Danggol watershed. 
Among them, OsF, which occupies the southern part of the Danggol basin, and KIF2, which occupies the north, are 
the main components, which are classified as silt loam. 

Table 1. Total soil content by surface soil, specific weight, cohesion, and internal friction angle 

Soil type Sand (%) Silt (%) Clay (%) Specific Weight (t/m3) Cohesion Internal Friction Angle (°) 

Siliceous clay soil 10 55 35 1.73 1.15 22 

Silt loam 15 70 15 1.75 0.96 27 

Sandy loam 70 15 15 1.91 0.41 28 

Fine sandy loam 70 15 15 1.91 0.41 27 

Clay loam 30 30 40 1.79 0.98 20 

Loamy sand 80 10 10 1.94 0.27 30 

Loamy fine sand 100 0 0 2 0 30 

Loamy coarse sand 100 0 0 2 0 30 

Loam 40 4 20 1.82 0.74 25 

(a) (b) 
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Table 2. Area of different soils in the study area

Soil Type Area (km2) 

Sandy loam (DEB, DEC, DbF2, DgF2, DpF2, MtE, SqE, StC, StD) 1.479 

Silt loam (KdD2, KIF2, KzE2, OsF, RC) 6.883 

Loam (OsE) 0.378 

Total 8.740 

Fig. 4. Soil distribution in the study area 

3.5 Soil parameters 

The specific weight, internal friction angle, and effective cohesion of the soil required for stability evaluation were 
determined according to the type of soil in the detailed soil map, each of which was constructed with a 1 m grid of 
Lester data and used to evaluate slope stability. Figure 5 shows the distribution of the specific weight of the soil, 
internal friction angle, and effective cohesion. 

(a) (b) 
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Fig. 5. (a) specific weight of soil; (b) internal friction angle; (c) effective cohesion 

4. Evaluation of slope Stability

Figure 6 shows the evaluation of slope stability results calculated using each parameter constructed in Section 3.
Stability factor of F ≥ 1.0 is a safe condition and if F < 1.0, it is unsafe. Therefore, in this study, areas with a safety 
factor F > 1.0 were not shown in the results. Furthermore, the ratio of the groundwater level to the effective soil depth 
(m) was expressed as either the saturated area (m = 1.0) or wet area (m = 0.5) to show a dangerous area.  

(c) 

(a) 
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Fig. 6. Slope stability result (a) m = 1.0; (b) m = 0.5; 

5. Conclusion

 In this study, a slope stability model was applied to Taebaeksan Mountain National Park to analyze the regions 
prone to landslides. The input parameters of the model were estimated according to the soil characteristics classified 
in the detailed soil map. The results of the slope stability analysis of the target area showed an increase in the risk area 
with soil saturation. In particular, a few sections of the A–C trails and sites where downstream commercial facilities 
were located were analyzed as areas prone to landslides with a low safety factor. Currently, however, only 6 regions 
prone to landslides are managed by Taebaeksan Mountain National Park, the region considered for the study; therefore, 
additional management is needed in the future. Future studies will verify the applicability of the model by analyzing 
the rainfall when the soil is wet and saturated (m = 0–1.0) through a field investigation. 
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Abstract 

The post-fire debris flows of 9 January 2018 killed 23 people, destroyed over 130 homes, and caused severe damage to 
infrastructure in Montecito and Carpinteria, California. Highway 101 was closed for 13 days, significantly impacting transportation 
and commerce in the region.  Collectively, debris flows from this event are comparable in magnitude to the largest documented 
post-fire debris flows in the state, inundating over 4 km2 of land, and costing the Santa Barbara region over half a billion dollars in 
debris removal and damages to homes and infrastructure.  Here, we document the extent and magnitude of inundation areas, debris-
flow volumes, and source areas. Additionally, we describe the atmospheric conditions that generated intense rainfall and use 
precipitation data to compare debris-flow source areas with spatially associated peak 15-minute rainfall depths.  We use a 
compilation of debris-flow damages to summarize economic impacts associated with the event.  

Keywords: post-fire; debris flows; alluvial fan; NCFR;  rainfall intensity; inundation; Montecito; Thomas Fire; loss estimate 

1. Introduction

The Thomas Fire ignited on 4 December 2017 and burned steeply sloping terrain in the western portion of the
Transverse Ranges in Santa Barbara and Ventura counties (CAL FIRE, 2018). The fire burned 114,078 ha (281,893 
acres), with full containment declared on 12 January 2018. A total of 1,063 structures were destroyed across both 
counties and 280 additional structures were damaged. A Presidential Disaster Declaration was made on 8 December 
2017. 

Post-fire debris flows initiated at approximately 3:45 a.m. local time (PST) on 9 January 2018, starting first in the 
Santa Ynez Mountains and then spreading eastward to watersheds in the Topatopa Mountains. Within the Montecito 
and Carpinteria area, the debris flows travelled from the canyon mouths on to urbanized alluvial fan areas extending 
over four kilometers to the Pacific Ocean. The debris flows killed 23 people, destroyed over 130 homes, and caused 
severe damage to infrastructure. The Thomas Fire Presidential Disaster Declaration was amended on 10 January 2018 
to include flooding, mudflows and debris flows. 

As storm rainfall runs off on steep hillslopes burned by wildfire, sediment and debris are eroded from hillslopes 
and subsequently scoured from channels. As sediment and debris are entrained, progressive bulking of runoff may 
lead to the development of debris flows (Cannon et al., 2003). Debris flows commonly occur in steep watershed areas 
burned at moderate to high soil burn severity, with the largest events often triggered by the first significant post-fire 
rainstorm (Cannon et al., 2008; Parise and Cannon, 2012), and in response to short rainfall durations of high intensity 
(Moody et al., 2008; Kean et al., 2011). As debris flows travel down slope, they strip vegetation, entrain boulders, 
block drainages, damage structures, and flow in unpredictable directions (Lancaster et al., 2015). The destructive 
power of boulder-laden surge fronts magnifies the impacts of debris flows to life and property. 

Post-fire debris flows have become a common threat to southern California communities due to urbanization of 
alluvial fans and floodplains downstream of the Transverse Ranges (Lancaster et al., 2015; Oakley et al., 2017). While 
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many moderate- to large-sized destructive debris flows have occurred (Cannon et al., 2010; Gartner et al., 2014), 
documentation of runout distances, areal extent and depth, source areas, triggering rainfall, and damages and costs, 
are rare in published literature. Quantification of debris-flow damages and costs can be used for risk assessments, 
planning for future disasters, and in making decisions about allocating money for pre-disaster-mitigation mapping and 
prevention. However, assignment of post-fire debris-flow costs is challenging as there is no way to quantify the loss 
of human life and damage costs to physical structures can be difficult to compile where multiple entities are affected 
(Fleming and Taylor, 1980; Godt, 1999). 

We document a large-magnitude, post-fire debris-flow event that occurred a month after the ignition of the Thomas 
Fire in the southern California counties of Santa Barbara and Ventura and significantly impacted the region. We focus 
on four aspects of the event: (1) atmospheric conditions and precipitation depth and durations that initiated the event, 
(2) the distribution of source areas that generated debris flows, (3) the extent of runout and inundation of the debris 
flows, including debris-flow depths, and (4) damage and costs associated with debris-flow impacts in Santa Barbara 
County.  

2. Debris flow triggering storm event

2.1 Atmospheric conditions 

The storm event that produced the high-intensity rainfall responsible for the debris flows featured a weak 
atmospheric river facilitating moisture transport into the area as well as a strong cold front (Oakley et al., 2018). A 
narrow band of high-intensity rainfall developed along the cold front (Fig. 1a), a feature referred to as a “narrow cold 
frontal rainband” (NCFR; Markowski and Richardson, 2010). Between 3:30 and 4:00 a.m. (PST) on January 9, the 
cold front and associated NCFR moved over the Thomas Fire burn area. One segment of the NCFR intensified within 
the Santa Barbara Channel as it moved towards Montecito (Fig. 1b). Subsequently, radar and surface-based 
precipitation observations show the NCFR began to weaken and dissipate to the east near the Santa Barbara-Ventura 
County line (Oakley et al., 2018). 

Fig. 1. Panels show radar imagery preceding (a) and at the time of (b) post-fire debris flows in the Thomas Fire burn area. Yellow to red colors 
indicate progressively higher storm intensity. Figure adapted from Oakley et al. (2018) Radar image source: CNRFC. 

2.2 Precipitation observations 

Observed rainfall data from Santa Barbara County Public Works Department show the 9 January 2018 storm broke 
station records but did not exceed the 15-min duration county record of 35.31 mm at San Marcos Pass in 2015, west 
of the burn area (not shown). Historical 15-min duration records are available for 36 rainfall stations in Santa Barbara 
County and four of these records were broken during the January 9 event (see Table 1 for summary of data). Two of 
these stations are within the burn area while two are just south in Montecito and Carpinteria (see Fig. 2 for locations). 
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Table 1. Summary of 15-min rainfall station records broken during 9 January 2018 storm 

Although 15-min rainfall intensities were not remarkable over Matilija Canyon, this area received the highest total  
storm precipitation, 164.85 mm, from 04:00 LST 8 January to 0:400 LST 10 January (Oakley et al., 2018; CNRFC, 
2018). Peak 15-min rainfall depths from the storm were collected from 46 stations maintained by the Santa Barbara 
County Public Works Department and Ventura County Watershed Protection District, and depths were interpolated 
with the Inverse-Weighted Distance method in ArcGIS (Chen et al., 2017) and are shown as contours in Fig. 2. 

Fig. 2. Maximum 15-min rainfall depths (mm) over a 1 km2 grid representing the cumulative lineal kilometers of debris-flow source gullies 
greater than 1.5 m in width; debris flows in gullies less than 1.5 m wide or those interpreted with questionable confidence, are not represented in 
this figure. The rain gages mentioned above are labeled as follows: DT- Doulton Tunnel, JD- Jameson Dam, M-Montecito, and CFS- Carpinteria. 

3. Source areas

Large, destructive debris flows received widespread media coverage in the Montecito area and the extent of these
flows and nearby rainfall data have been extensively documented (Kean et al., in review, and Oakley et al., 2018). 
However, identification of the distribution of flows across the rugged Thomas Fire burn area is a challenge owing to 
the large area impacted and limitations on access and personnel to map the entire area. Therefore, we conducted remote 
mapping with GIS and standardized identification protocols to assess the entire Thomas Fire area. The results of this 
mapping were spot checked in the field to validate interpretations and a simplified summary of this work is presented 

Station 
(abbreviations mark 
locations in Fig. 2) 

15-min 
rainfall 
depth (mm) 

Precipitation 
return event 
in years 

Average return 
interval in years 
(90% confidence) 

Record  
(start year – end) 

Doulton Tunnel - DT 26.11 100 25 - 1,000 1965 - present 
Jameson Dam - JD 25.15 25 10 - 500 1965 - present 
Montecito - M 18.54 50 25 - 1,000 2009 - present 
Carpinteria FS - CFS 21.84 50 25 – 1,000 1964 - present 
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on a 1 km grid in Fig. 2. Corresponding peak 15-min rainfall depths at the source-area grid cells can be interpolated 
from the contour lines.  

3.1. Defining source areas 

Debris-flow source areas were identified by interpreting erosional features expressed in post-event 1 m resolution 
Digital Globe imagery, lidar collected by Towill Inc. processed to a 0.5 m hillshade, and 5 cm resolution aerial 
photography. Geomorphic interpretation of hillslope and channel source areas was conducted by reviewing hillslope 
features at a screen scale of between 1:500 and 1:1,250. Geomorphic evidence for identification of source gullies that 
did or did not issue a debris flow included marginal levees, rills, gullies, extensive scour, mud drapes, boulder fields, 
and impacts, such as boulders deposited on roads. Marginal levees are considered to be a process unique to debris-
flow surge fronts. Levees form along the paths of debris flows as shear stresses increase as slow moving, coarser-
grained material is pushed aside at the lateral margins of the flow front by the advancing finer-grained slurry (Sharp 
and Noble, 1953; Johnson et al., 2012; Iverson, 2014). In contrast, the other geomorphic evidence may be associated 
with different processes. Progressive erosion and the development of debris flows within eroded gully networks with 
a minimum width of 1.5 m were determined as the minimum mappable feature, although we recognize debris flows 
having smaller widths occurred.  

A confidence matrix following Wills et al. (2017), was used to classify source areas resulting from debris-flow 
generation, where, definite sources had marginal levees and/or were field verified, probable sources had more than 
one line of evidence, but did not have marginal levees, and questionable sources had one line of evidence, but where 
a process other than debris flow could not be precluded. Debris-flow sources were then intersected with a 1 km2 grid 
and weighted by their confidence and summarized for each grid cell. Each confidence type was assigned a weight 
based on field validation of 184 source gullies across the study area, including 98% for definite, 69% for probable, 
and 22% for questionable sources (CGS, in preparation).     

The accuracy of the debris-flow source area map is limited by the different sources and quality of data across the 
burn area. Lidar data was unavailable for approximately 10% of the burn area, primarily north of the Santa Ynez 
Mountains (see Fig. 3 for locations of geographic regions). Image quality also varies significantly across the entire 
burn area, with warping, shadows, and vegetation obscuring the identification and interpretation of erosional features. 
Confidence assignments are higher in the west where extensive field observations after 9 January validated the 
occurrence of debris-flow processes. 

3.2. Source areas and rainfall 

The source-area density map (Fig. 2) shows that the distribution of debris-flow sources varies greatly across the 
burn area. The highest concentration of source gullies is observed in the Santa Ynez Mountains north of Montecito 
and Summerland. There is a low-to-moderate concentration of source gullies in the Matilija Creek watershed and the 
area north and northeast of the Ojai Valley. There is little evidence to support initiation of sizeable debris flows in the 
southeast portion of the burn area, in Sulphur Mountain and Rincon Point (Fig. 3). Observed burn severity was 
commonly low in this area and bedrock sources are dominantly fine-grained and generate relatively few boulders for 
entrainment. 

Contoured results of the 15-min duration data indicate the 10.2 mm rainfall contour generally encompasses debris-
flow source areas with greater than 4 km/km2 of source density, while the 5.1 and 7.6 mm contours define what appears 
to be a triggering precipitation boundary in the north and south of the burn area. The source areas originating at the 
base of the Topatopa Mountains did not receive rainfall rates as high as the rest of the burn area. The area south of 
Ojai has rainfall depths of >7.6 mm, but no geomorphic features suggestive of debris-flow generation were identified. 
The Rincon Point region, along the coast, had rainfall depths exceeding 15.2 mm, but did not have identifiable debris-
flow source features. A relatively dense band of debris-flow source gullies in the Santa Ynez Mountains has an east-
west trend and appears to correlate with high rainfall depths of up to 17.8 mm. 

4. Mapping and evaluating inundated areas

Inundation mapping was conducted in two phases. The first phase was completed as a collaboration between the
U.S. Geological Survey and the California Geological Survey in the first twelve days after the event to maximize the 
observation of perishable features (Kean et al., in review). In this phase, field observations were made along the five 
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primary runout paths through Montecito where damage occurred, including from west to east, Cold Spring, Hot 
Springs, Montecito, Oak, San Ysidro, Buena Vista, and Romero creeks (see Fig. 3). Observations include 
documentation of limits of inundation, maximum depth of inundation, scour depth, avulsion characteristics, local 
evidence of flow superelevation, and the distribution, thickness, and grain size of deposits within the inundation zone. 
In the second phase, additional inundation mapping was conducted using post-event satellite imagery, lidar and aerial 
photography, supplemented by general field observations (see Fig. 3).  

4.1. Extent and depth of inundation 

Post-event inundation mapping reveals over 4 km2 of land was inundated in Santa Barbara and Ventura counties 
during the January 9 event, collectively. The built environment along the Santa Barbara coastal plain sustained the 
most inundation, with about 0.2 km2 of inundation occurring in the canyons north of the Santa Ynez Mountains and 
west of the Topatopa Mountains. Of the 3.8 km2 of inundation that occurred in the built environment, 0.6 km2 of 
inundation impacted Carpinteria Creek and 3.2 km2 of inundation impacted the Montecito and Summerland area, from 
Cold Spring Canyon Creek to Arroyo Paredon. Peak inundation depths of 10 m were recorded near the upper and 
middle portions of the piedmont, from the channel bottom to mud marks on a tree at Romero Creek at the edge of the 
burn perimeter, and from the bottom of Montecito Creek to a channel bank near the crossing at SR-192. The maximum 
debris runout distances, measured from each canyon mouth to the shore, were just over 4 km for Cold Spring Canyon, 
and 5 km for Romero Creek.   

Fig. 3.  Mapped inundation (blue) in the Montecito and Summerland region (shown at a 1: 125,000 scale) with an inset map of the Thomas Fire 
burn perimeter in the Santa Barbara and Ventura counties (shown at a 1: 1,000,000 scale). The primary map extent is shown on the inset map.  
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4.2. Debris-flow volume estimation 

The reported total volume of 9 January 2018 storm material removed in Santa Barbara County from debris basins 
was 248,000 m3 and the volume removed from creek channels was 124,000 m3 (USACE 2018a and 2018b). Recorded 
sediment thickness at 373 locations, taken during field observations in the Montecito area, were used to estimate the 
possible debris volume over the inundation area in Montecito and Summerland. The total inundation extent in this area 
is 3,213,000 m2. The average deposit depth is 0.3 m with a standard deviation of 0.53 m. Because the data does not 
have a normal distribution and is heavily skewed by large outliers, the median of 0.2 m is used to estimate deposit 
volumes (Schiff and D’Agostino, 1996). The median deposit depth multiplied by the inundation area of Montecito and 
Summerland, gives an estimated deposited debris volume of 643,000 m3. This estimated volume, combined with the 
debris volume removed from debris basins and channels amounts to about 1,014,000 m3.  

The calculated inundation area and volume corresponds to a debris-flow magnitude 7 event according to Jakob 
(2005). Previous large magnitude events affecting similar areas to the January 9 event, include debris flows following 
the 1964 Coyote Fire and the 1971 Romero Fire; each impacted an estimated area of greater than 2 km2 for a magnitude 
5 classification (Lancaster, 2018; Jakob, 2005).  

5. Damages

The compilation of damages and costs follows the general methodology of Fleming and Taylor (1980) and includes
direct, indirect, and undetermined debris-flow damages within Santa Barbara County (damages were unavailable for 
Ventura County as of March 2019). Direct damages include repairs necessary to restore all structures and land 
sustaining physical damage immediately resulting from the debris flows. Indirect damages include secondary losses 
from the debris flows like loss of income or measures taken to mitigate additional debris-flow damages. Undetermined 
damages may be direct or indirect but are inseparable from damages due to the Thomas Fire based on available 
information. Cost information (Table 2) has been compiled from publicly available documents, such as press releases, 
presentations to board meetings, and news articles.  

Table 2. Summary of damages related to direct and undetermined costs in Santa Barbara County 

Direct Damage Costs 

Damage Cost (USD 2018) Data Source 

U.S. 101 debris removal $11,250,000 CALTRANS, 2018a 

bridge repairs; SR-192 $55,000,000 CALTRANS, 2018b 

Property insurance claims $422,000,000 California Insurance Commissioner, 2018 

Debris basin and channel removal $110,400,000 O’Dell, 2018 

Water district  $5,500,000 Montecito Water District, 2019 

Indirect Damage Costs 

Lost wages due to U.S. 101 closure $25,000,000  RDN, 2018 

Installation of 6 debris ring nets $4,000,000 Magnoli, 2019 

Undetermined Damage Costs 

County response and recovery $55,000,000 Santa Barbara County, 2018 

Disaster assistance loans $50,000,000 Small Business Association, 2018 

The total estimated cost of the debris flows alone, as of March 2019, is $633,150,000, with possible additional costs 
of up to $105,000,000 coming from undetermined costs (Table 2). About 64% of the direct costs come from residential 
property insurance claims. There were insured losses of $388,000,000 from 1,415 residential personal property claims, 
$27,200,000 from 235 commercial property claims, and $6,700,000 from 388 auto and miscellaneous property claims. 
Potential damages and costs that cannot be quantified include impacts to the capacity of Gibraltar Reservoir, on the 
north side of the Santa Ynez Mountains (City of Santa Barbara, 2018), environmental repercussions to local beaches 
(Molina, 2018), and continued legal action against utility companies for alleged exacerbation of the fire and debris-
flow damages (Okada, 2019). 
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6. Summary and discussion

Large magnitude, post-fire debris flows of 9 January 2018 took 23 lives as a result of extreme precipitation 
associated with a narrow band of high-intensity rainfall occurring in the vicinity of a cold front, known as a narrow 
cold frontal rainband (NCFR). The NCFR appears to have controlled the distribution of debris-flow initiation across 
the burn area. Collectively, the debris flows triggered by the 9 January 2018 event correlate to a magnitude 7 post-fire 
debris-flow event (Jakob, 2005), with a depositional volume of over 1,000,000 m3 in the Montecito and Summerland 
area. Costs associated with this event have exceeded a half billion dollars, as of January 2019. 

NCFRs have been previously observed as a trigger for post-fire debris flows in southern California (Oakley et al., 
2017), but there are no known studies on the frequency of the occurrence of these features in southern California. A 
similar damaging NCFR event in the region was the Springs Fire debris flow in Camarillo, CA on 12 December 2014 
(Sukup et al., 2016) which also had unremarkable storm totals but high-intensity, short duration rainfall.   

Several regions received precipitation in excess of post-fire debris flow triggering thresholds, yet debris flows were 
not identified as mappable based on our interpretive approach. These include the Sulphur Mountain region and the 
area around Rincon Point. The lack of debris flows in the Sulphur Mountain area is attributable to relatively lower 
watershed average slope values as well as generally low soil burn severity. Conversely, the Rincon Point area is 
typified by steeper sloping terrain and moderate to high soil burn severity, thus it is possible there were finer-scale 
erosional processes that triggered mudflows lacking levee features, as these areas are underlain by fine-grained 
sediment sources.  

Jakob (2005) classifies boulder debris flows up to magnitude 6, where magnitudes 7-10 are used only for volcanic 
debris flows. He justified excluding boulder debris flows from larger magnitude classification because only volcanic 
debris flows were known for having large runouts due to their fluidized nature. The depositional overlap of these debris 
flows restricts the ability to separate material by watershed, so they are considered here as an aggregate event. The 
cumulative estimated volume for this event is greater than 1,000,000 m3, and the inundation area is over double the 
value used for the magnitude 6. Thus, based on the combined inundation areas, we classify the event as a magnitude 
7 debris flow. 

We anticipate that our compiled damage estimates will be further refined, but may ultimately underestimate the 
true cost of the debris flows, as there is no way to quantify the injuries or the loss of life, and documentation of damages 
to physical structures may never be comprehensive (Fleming and Taylor 1980; Godt, 1999; Taylor and Brabb, 1972). 
As documentation of economic losses improve with time, we speculate that the cost for this event may exceed 
$1 billion dollars.  
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Abstract 

The Colorado Geological Survey (CGS) has been using ArcGIS in combination with Flow-R to prepare county-wide debris-flow 
susceptibility maps for 43 counties in 13 priority areas comprising the mountainous portions of the state. Limited personnel, site 
access, and limited records of recent events constrain the CGS’s ability to calibrate models based on historical data or field 
observations. In response to these limitations, the CGS has developed methods to parameterize county-wide debris-flow source 
area and inundation area models in characteristic regions using recently available high-resolution (e.g., 1 m) digital elevation data. 
Method development has been continually evolving. The current process relies on an analyst who selects a subset of drainages of 
various sizes from unique regions within each county and manually identifies potential debris-flow source and deposition areas 
based on the digital terrain data or, if available, historical aerial imagery. The analyst records characteristics of identified source 
areas and initiates a series of test runs using a range of potential inundation area model parameters. The analyst visually interprets 
the source-area characteristics and inundation area model results and selects a single set of parameters to apply to similar drainages 
across the county. This paper presents current parameterization methods and discusses anticipated future improvements. 

Keywords: Debris Flow; Model; Parameterization. 

1. Introduction

An extreme rainfall event in September 2013 caused severe flooding and triggered over 1,000 debris flows the in
the Front Range of the Rocky Mountains in Colorado (Morgan et al., 2013b, 2013a; Coe et al., 2014; Godt et al., 2014; 
Anderson et al., 2015). Combined impacts from debris flows and water flooding included eight fatalities and extensive 
damage to roads and residences (Coe et al., 2014). In response to this event, the Colorado General Assembly passed 
Senate Bill 15-245 (Grantham and Young, 2015), which established funding for natural hazards mapping (updated 
flood plain maps, fluvial erosion zone maps, and debris-flow maps). The bill included the following tasks: (1) convene 
an interagency panel chaired by the Colorado Geological Survey (CGS) to establish priority areas and develop debris-
flow mapping methodology; (2) conduct pilot projects to develop debris-flow susceptibility maps for the two highest-
ranked priority areas (5 counties), and (3) develop a five-year implementation and funding plan to map the remainder 
of the priority areas. The maps are intended for use by planners and regulators to support review of site-specific 
geologic hazard reports submitted for development purposes as required by law, and by professional geologists 
planning detailed site-specific geologic hazard studies. 

The CGS established 13 priority areas comprising 43 counties in the mountainous portions of the state (Fig. 1). 
Priority Areas 1 and 2 consist the three counties directly impacted by the September 2013 event and three additional 
counties along the Front Range Urban Corridor with either relatively high population density or high development 
pressure along the range front or in mountain valleys. Priority Areas 3 and 4 comprise counties along Interstate 70, an 
important transportation corridor. The remaining areas were prioritized by the CGS based on a combination of 
anticipated development pressures and availability of lidar data or plans for future lidar data collection. Due to the 
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large geographic area (~183,000 km2), relatively short time frame (5 years), and desire for an objective process, the 
CGS chose a model-based mapping approach. The CGS selected Flow-R (Horton et al., 2013) because of its capability 
to produce regional-scale maps with relatively few input parameters and because of its successful application in other 
regions (e.g., Horton et al., 2011; Kappes et al., 2011; Fischer et al., 2012; Blais-Stevens and Behnia, 2016). For each 
county in Priority Area 1, model parameters were selected based on literature values (e.g., Horton et al., 2011; 
Jaboyedoff et al., 2011; Kappes et al., 2011; Michoud et al., 2012; Horton et al., 2013) and a single county-wide model 
was run. Parameters were not specifically calibrated to the local conditions; however, a CGS geologist with experience 
mapping debris-flow hazard areas in Colorado compared the model results to recent observations (Morgan et al., 
2013b, 2013a; Coe et al., 2014; Godt et al., 2014) and manually revised the computer-generated outputs in a tedious 
and time-consuming process. The resulting maps were published as CGS Open-File Reports (Morgan et al., 2014; 
Wait et al., 2015) and the GIS polygons were made publicly available through the Colorado Hazard Mapping 
(CHAMP) web portal (coloradohazardmapping.com). For each of the first three pilot counties in Priority Area 2 
(McCoy et al., 2018a, 2018b, 2018c), the CGS tested a small range of model parameters prior to running a single 
county-wide model, in an attempt to calibrate the model to local conditions and reduce the manual revision effort. 
However the computer-generated outputs were only slightly improved and significant manual revision based on 
records of recent events was again required to create a satisfactory map. Ongoing work described in this paper seeks 
to further improve the process to facilitate modeling in areas with minimal historical record and eventually eliminate 
the manual revision step. 

Fig. 1. The colored polygons illustrate the 13 debris-flow susceptibility mapping priority areas as delineated by the CGS; these priority areas 
comprise 43 counties (black outlines). Diagonal hachures show where debris-flow susceptibility maps have been published. Horizontal hachures 
show where debris-flow susceptibility mapping is in progress. Purple dots show debris-flow initiation points from the CGS debris-flow inventory. 
The green polygon outlines the study area discussed in this paper. 

Fig. 1 shows points representing debris-flow source areas from a preliminary inventory of recorded debris-flow 
initiation locations and/or travel paths compiled by the CGS from previous CGS studies (Morgan et al., 2013a, 2013b), 
data provided by the United States Geological Survey (USGS) (from Coe et al., 2014; Godt et al., 2014), published 
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literature (Godt and Coe, 2007), and limited aerial image analysis recently performed by the CGS. Much of the 
currently available inventory occurs in Priority Areas 1 and 2, where debris-flow susceptibility maps have already 
been published by the CGS and geologic variability is relatively limited. Diverse geologic conditions and lack of 
historic records of initiation or transport conditions in most of the remaining priority areas create challenges for 
evaluating model calibration. Limited personnel and limited access to private land or remote areas impose further 
constraints. In response to these limitations, the CGS has developed methods to parameterize county-wide debris-flow 
source area and inundation area models in characteristic regions using recently available high-resolution (e.g., 1-m) 
digital elevation data. Method development has been continually evolving. This paper discusses current 
parameterization methods and goals for future improvements. 

2. Methods

2.1. Overview 

Methodology consists of (1) data preparation, visual interpretation of high-resolution terrain data, and selection of 
a subset of drainages for model parameterization; (2) parameterization and modeling of source areas in ArcGIS for 
each subset; (3) parameterization and modeling of transport and using Flow-R; (4) modeling source and inundation 
areas using the selected parameters, for each unique region in the county, and (5) visual review and any necessary 
manual editing of the outputs to produce the final susceptibility polygons. The following sections discuss each of these 
steps with examples from the study area shown on Fig. 1. The study area overlaps with the study area of Godt and Coe 
(2007). As a test of this methodology, the source area and inundation area models calibrated using this methodology 
were compared to the inventory of debris-flow source, transport, and deposition areas from Godt and Coe (2007). 

2.2. Data Preparation and Visual Interpretation 

The CGS has access to nominal 1-m horizontal resolution lidar data for Priority Areas 1, 2, 3, and 4, and portions 
of other priority areas in the state. This data was collected through various collaborative efforts with funding from the 
Colorado Geological Survey, the Colorado Water Conservation Board (CWCB), the USGS, and other state and federal 
agencies. The first step in the mapping process is to prepare GIS derivatives from the lidar-based digital elevation 
model (DEM). The raw DEM is used to prepare visualization aids. A downgraded DEM (typically 3- or 5-m resolution) 
is created from the lidar DEM for modeling to reduce noise in the data and improve computing performance (see 
discussions by Horton et al., 2013; Baum, 2017). Table 1 lists key GIS derivatives produced from the raw and 
downgraded DEMs and their respective uses. Most derivatives are prepared using ArcGIS geoprocessing tools, but 
some (e.g. Topographic Wetness Index, D-Infinity slope) are prepared using TauDEM Version 5 
(http://hydrology.usu.edu/taudem/taudem5). Visual interpretation primarily relies on a classified slope map (based on 
values from VanDine, 1996; and Horton et al., 2013) and a classified synthetic stream network (based on values from 
Wilford et al., 2004) as shown in Fig. 2a, and 1-m interval elevation contours (not shown). 

Table 1. List of key GIS derivatives created from lidar DEM. 
Purpose Lidar DEM (1 m typical) Downgraded DEM (3 or 5 m typical) 
Visual Interpretation Multidirectional hillshade 

Slope map 
1-m interval contour lines 

Topographic Wetness Index (TWI) 
Plan curvature 
Distributed Melton ratio 
Distributed length to drainage divide 
Synthetic stream network 

Source and Inundation Modeling None DEM 
Slope 
Plan curvature 
Topographic Wetness Index 
Flow accumulation 
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After the derivatives are prepared, an analyst (i.e. a CGS geologist or hazard analyst) visually examines the DEM 
derivatives and other digital data (e.g. digitized geologic maps, land use maps, climate maps, and/or aerial imagery) 
to identify potential debris-flow prone areas (i.e. fans, cones, alluvial wedges and/or steep, narrow gullies). During 
this process, the analyst selects regions with similar geology, regional elevation, fan size and slope, drainage size and 
slope, and/or synthetic stream network classification. For each region, the analyst selects a subset of drainages for 
parameterization and creates GIS points representing initiation (starts), onset of deposition (fan heads), and end of 
process (ends). Initiation points are typically placed where evidence of landslides or gully erosion is visible in the 1 m 
terrain data. Onset of deposition is typically assumed at fan heads; where evidence of fan incision is clearly visible, 
the “fan head” point is moved to the lower end of the incised portion of the fan. This is typically a judgement call by 
the analyst as the CGS has not defined a fan incision threshold. End points are typically placed where fan or cone 
angles decrease to less than 4 degrees, based on the description of composite fans by Lancaster et al. (2012), unless 
other evidence is available (e.g. records of previous events, knowledge of unique local conditions, clear fan edge 
visible with 1-m contours). Fig. 2b shows some interpreted start, fan head, and end points from the study area. 

Fig. 2. (a) classified slope map (based on values from VanDine, 1996; and Lancaster et al., 2012) and classified synthetic stream network 
(streams defined by contributing area >= 0.01 km2, classification based on values from Wilford et al., 2004) on 1 m hillshade; (b) subset of Start, 
Fan Head, and End points selected by visual analysis for parameterizing source area and inundation area models. 

2.3. Parameterization and Modeling of Debris-Flow Source Areas 

Source areas, defined by steep (typically > 15°) channels and gullies, and/or colluvial hollows on steep (typically 
> 24°) slopes, where debris-flow generating landslides, erosion, and transport may occur, are identified in ArcGIS. In 
general, the process involves classifying individual downgraded DEM derivatives (slope, plan curvature, topographic 
wetness index (TWI) and/or flow accumulation) into sources or non-sources using threshold values and overlaying the 
classified rasters to select the cells that are classified as “sources” in all raster layers. Fig. 3 shows the key derivatives 
typically used in the source area model. Specifically, parameterization involves extracting values from the key 
derivative rasters at each analyst-defined “Start” point, selecting initial threshold values for each raster based on these 
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extracted values, reclassifying each raster into sources and non-sources, iteratively reviewing and revising the 
threshold values until the analyst is satisfied with each classified component raster, and overlaying the final classified 
component rasters. The analyst then performs a manual cleanup step to remove clearly erroneous sources (i.e. on 
manmade objects or large, bare rock outcrops) or to add apparent sources that were missed by the computer model. 
The final source raster is exported from ArcGIS to a format compatible with Flow-R. The CGS performs classification 
and overlay in ArcGIS to facilitate visual evaluation and iterative revision of individual threshold values based on the 
analyst’s judgement. Aside from the ability to perform this review/revision step, the method is conceptually similar 
and produces similar results to the “Source areas” calculation available in the Flow-R software (Horton et al., 2013) 
and an analyst could just as easily use Flow-R for that purpose if they are confident in the applicability of their selected 
threshold values. 

Fig. 3. Downgraded (3 m resolution) DEM derivatives for the debris-flow source area model: (a) D-infinity slope (degrees); (b) Topographic 
Wetness Index (TWI); (c) plan curvature. 
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2.4. Parameterization and Modeling of Debris-Flow Transport and Runout (Inundation Area Model) 

Inundation areas are modeled with Flow-R. The governing equations and fundamental assumptions of the model 
are discussed by (Jaboyedoff et al., 2011; Horton et al., 2011, 2013), detailed discussion of the governing equations is 
beyond the scope of this paper. Guidelines for selecting parameters in areas with records of recent events or where 
site-specific geologic studies have been performed have been provided previously (e.g., Jaboyedoff et al., 2011; Horton 
et al., 2013). This section discusses methods used by the CGS to parameterize the inundation area model in areas with 
little to no records of recent events or site-specific geologic studies. 

Parameterization involves: (1) energy model parameterization - selecting a friction loss function, selecting friction 
model parameters, and deciding whether to apply a velocity limitation; and (2) spreading model parameterization - 
selecting direction and inertial algorithms. For the County-Wide Debris-Flow Susceptibility Mapping Program, the 
goal is to identify a single set of energy and spreading model parameters for each unique analyst-defined region within 
the county. First, a series of energy model runs initiating at the analyst-defined Start points are run with friction 
parameters that vary within a range defined by literature values (e.g., Horton et al., 2011, 2013; Fischer et al., 2012; 
Blais-Stevens and Behnia, 2016) and no spreading (D-8 flow direction). The analyst compares the model results to the 
analyst-defined end points and selects the parameters that best fit the most drainages within the selected region based 
on visual interpretation. The CGS has used both the two-parameter friction model of Perla et al. (1980) and the 
simplified friction-limited model (SFLM) for previous maps. For the example discussed in this paper, the CGS chose 
the SFLM because it has fewer parameters to vary, and as discussed by (Jaboyedoff et al., 2011), it should provide 
similar travel distance to the more precise two-parameter friction model for a given drainage if an appropriate velocity 
limit is applied. For the example discussed in this paper, the CGS applied a velocity limitation of 15 m/s based 
following Horton et al. (2013). 

Once the energy model parameters have been selected, they are held constant and a series of model runs with 
varying spreading parameters is performed. The analyst visually evaluates the results and selects the model that covers 
the most fan area without excessive spreading in source and steep transport areas. If the analyst cannot find an 
acceptable balance of runout and spreading parameters for all drainages in the region, the need for further sub-division 
into additional regions is evaluated and the process is repeated. Once parameters are selected, a single model is run for 
all source areas in each region. The resulting rasters are converted to simplified polygons in ArcGIS. The analyst then 
performs a final cleanup on the polygons to remove holes and adjust boundaries where needed. 

3. Discussion and Goals for Future Improvement

Table 2 presents the selected model parameters. Fig. 4 shows examples of several inundation area runs and the final 
susceptibility polygons and Fig. 5 compares the final model results with debris flows mapped by Godt and Coe (2003 
and 2007). Fig. 4 shows that the model does a fairly good job of identifying the prominent fans and Fig. 5 shows that 
it does a fairly good job predicting occurrence and inundation for the larger flows; however, the model under-estimates 
occurrence high in the drainages, over-estimates occurrence in general, and over-estimates travel distance for smaller 
flows. It’s possible that some of these issues are caused by factors not considered in the Flow-R model (e.g. flow 
volume), or that distinguishing between channelized and open-slope flows is necessary to improve the results. Visual 
observations of the 1-m terrain data that suggest many areas identified by the model may be subject to debris flows 
even though they were not inundated in the mapped event, but additional field studies would be required to resolve 
this uncertainty. Given the goal of identifying areas for more detailed site-specific analysis, over-predictions of travel 
distance relative to a single observed event (where reasonable based on the terrain) may not be of significant concern. 

Table 2. Selected model parameters. 
Source Area Parameters Energy Model Parameters Spreading Model Parameters 
Slope >= 15◦ 
Slope <= 40◦ 
Plan Curvature <= -3 
TWI >= 7.5 

SFLM 
Travel Angle = 10° 
VLim = 15 m/s 

Directions: Holmgren Modified 
         dh = 2.0 
       exp = 4.0 

Inertia: Gamma (2000) 

The process described in this paper was developed to help the CGS apply a model-based approach to the county-
wide debris-flow susceptibility-mapping project when moving outside of the areas covered by the inventory of recent 
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observations. The parameterization process described in this paper has generally improved the mapping process 
compared to the initial methods; however, there is still room for significant improvement. As of March, 2019, the CGS 
has partially completed development of a more objective process that still relies on an analyst to manually identify 
initial source and deposition areas, but enables significantly more model runs and uses a statistically based method of 
selecting the best model fits. It is anticipated that the updated process will improve on the methods described herein. 

Fig. 4. (a) Examples of energy model tests for travel angles of 7 (red), 10 (yellow), and 11 (blue) degrees, respectively with a velocity limitation 
of 15 m/s for each. (b) Analyst-revised inundation area polygons (red outlines) and raw output of the regional inundation area model using the 
final selected parameters. The raw output is provided for illustrative purposes. Typically, only the final polygons are provided. 

Fig. 5. Comparison of combined source and inundation area model results (yellow-red colored) with mapped debris flows (purple polygons) from 
Godt and Coe (2003 and 2007). The model does a fairly good job of predicting flow occurrence and inundation for large flows; however, it 
under-estimates occurrence high in the drainages, over-estimates occurrence in general, and over-estimates travel distance for smaller flows. 
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Abstract 

About 200 landslides and debris flows occurred in Northern Kyushu during heavy rain at Asakura City, Toho Village, Hita City 
on July 5th to 6th, 2017. At Hita City, the total precipitation during this two-day event was 402.5 mm. At Asakura city, underlain 
by granitic rocks and schist, shallow landslides dominated. Whereas, at Toho Village and Hita City, which is underlain by volcanic 
rocks, the number of landslides and debris flows are fewer, are larger and deeper, than those at Asakura City. 
We examined the geomorphology and geology at 19 landslides in volcanic rocks, 11 of which mobilized as debris flows. We 
studied the initiation mechanism of landslides underlain by volcanic rocks. The geology consists of pyroclastic rocks and lava flows 
in ascending order. The lava flows are distributed at ridges and contain vertical cooling joints. Scarps of landslides caused by the 
2017 rain are located near the boundary of pyroclastic rocks and lava flows. The sliding surfaces of these landslides are at the 
contact between the lava flows and the pyroclastic rocks. We consider, therefore, that the trigger for these landslides was a decrease 
of strength at the contact caused by an increase in groundwater pressure caused by infiltration of rain water through the cooling 
joints in lava flows. Therefore, we conclude that the landslides caused by the 2017 heavy rain at volcanic rock fields are cap rock 
type landslide. Furthermore, the curvature of the hillsides downslope from landslides is concave, which may be a required condition 
for debris-flow mobilization. 

Keywords: landslide ; heavy rain fall ; volcanic rocks ; cap rock 

1. Introduction

About 200 landslides and debris flows occurred in Northern Kyushu during heavy rain at Asakura City, Toho
Village, and Hita City on July 5th to 6th, 2017. The event, which was named “the 2017 Northern Kyushu heavy rain” 
by the Meteorological Agency of Japan, was induced by back building storms that caused heavy rain fall (Tsuguchi, 
2017). The morphology of northern Kyushu Mountains including the Seburi Mountains and the Samgun Mountains, 
contributed to concentration and intensification of rains in the training (Tsuguchi, 2017). The training occurred at east 
end of the Seburi Mountains and traversed to the east into Asakura, Toho and Hita. Therefore, the amount of rainfall 
was greater at Asakura City than in Hita and Toho districts. The precipitation during the two days at Asakura area was 
150% of that in the Hita and Toho districts. 

At Asakura City in Fukuoka Prefecture, many debris flows, which initiated from landslides and contained a large 
quantity of fallen trees, occurred along rivers. These debris flows entered downstream town areas and caused huge 
damages. The source of debris flows at Asakura City was many small, shallow landslides with a few large landslides 
(Nishimura et al., 2018). In contrast, large landslides were the source of debris flows at the Hita and Toho districts 
(Nishimura et al., 2018). The geology of Asakura City area consists of metamorphic rocks and granitic rocks. On the 
other hand, volcanic rocks underlie the Hita and Toho areas. Therefore, at the Hita and Toho areas, large landslides 
occurred without small landslides in spite of only receiving two-thirds of the amount of rainfall of the Asakura area. 

We examined the factors contributing to the occurrence of large landslides caused by a smaller amount of rainfall 
at Hita and Toho. This paper reports the characteristics of rainfall and the topographical and geologic conditions at 
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landslide sites in Hita City. We also discuss the initiation conditions for landslides that occur in areas underlain by 
volcanic rocks. 

2. Regional Topography and Geological Settings at the Hita and Toho districts

The Chikugo River runs trough the area whrere many landslides and debris flows occurred (Fig. 1). The Hita Basin
and the Ryochiku Plain are adjacent to the river. The Samgun Mountains and the Hiko Mountains are on northern side 
of the river and contain some peaks of 1000 m in elevation. Tributary rivers such as the Oohi River and the Ono River 
join the Chikugo River from the north (Yada, 2018). The landslide and debris flow event occurred along the tributary 
rivers. 

Fig. 1. Topographical map around the Hita, Toho, and Asakura area. This map is based on the digital map published by the Geospatial 
Information Authority of Japan. The red frame shows a field survey area of Fig. 6. Red point shows the Hita AMeDAS point. 

Fig. 2. Geological map around the Hita, Toho, and Asakura area (Geological Survey of Japan, AIST, 2015). The red frame shows a field survey 
area of Fig. 6. 
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Asakura City is underlain by metamorphic and granitic rocks (Fig. 2). The metamorphic rocks are part of the 
Samgun Metamorphic Belt and consist of pelitic schist and sandy schist with a small amount of green schist (Yada, 
2018). The granitic rocks consist of mainly biotite hornblende granodiorite, which are part of the Soeda Granodiorite. 
The granitic rocks intruded into the metamorphic rocks, therefore the metamorphic rocks adjacent to the granitic rocks 
transformed to hornfels by contact metamorphism (Yada, 2018).  

In the Hita and Toho districts on the eastern side of the Oohi River, Neogene and Quaternary volcanic rocks are 
distributed widely. The volcanic rocks consist of lavas, pyroclastic flows, and pyroclastic fall deposits. At the top of 
some peaks in Asakura City, there are also volcanic rocks (Yada, 2018). 

3. Precipitation on July 5th to 6th at Hita City

At Hita City, the observed maximum hourly rainfall on July 5 and 6 at the AMeDAS (Automated Meteorological
Data Acquisition System) point was 74 mm, the maximum 3 hour rainfall was 180.5 mm and the maximum 24 hour 
rainfall was 369.5 mm (Fig. 3). The total precipitation during this two-day event was 402.5 mm. The precipitation at 
Hita was smaller than that at the Asakura AMeDAS point, where the maximum hourly rainfall was 129.5 mm, the 
maximum 3 hour rainfall was 261 mm, and the maximum 24 hour rainfall was 545.5mm (Tsuguchi, 2017). However, 
the two days of precipitation at Hita was the most that had occurred there in the past seven decades, and the 
precipitation in two days exceeded 400mm that had occurred only two times during same seven decades. 

Fig. 3. Observed precipitation at Hita AMeDAS point. 

Fig. 4. Distribution of two days of precipitation and large landslides in the Hita, Toho, and Asakura area (Nishimura et al., 2018). The black 
frame shows a field survey area of Fig. 6.  
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Fig. 4 shows the distribution of two days precipitation in the Asakura, Toho, Hita districts, which was estimated by 
meteorological radar (Nishimura et al., 2018). In the mountainous areas, the radar estimated that precipitation during 
the two day period exceeded 550 mm. In areas near Asakura City, the distribution of landslides corresponded to a huge 
precipitation zone, whereas the landslide distribution in Hita City did not agree with the estimated precipitation (Fig. 
5). 

4. Distribution of Landslides and Debris Flows at Hita City

Fig. 5 shows the distribution of landslides and debris flows in the Asakura, Toho and Hita districts (Geographical
Survey Institute, 2017). Numerous landslides and debris flows occurred in the mountainous area of Asakura City that 
coincides with the zone of high precipitation (Fig. 4) and the location of metamorphic and granitic rocks. In the Hita 
and Toho districts, where volcanic rocks are locates, there were fewer landslides and debris flows than at Asakura City. 

Nishimura et al. (2018) interpreted 189 landslides in Fig. 5, which had areas of 1,000 m2 or more. Thirty-five 
landslides exceeded 6,000 m2 in area. Six landslides with areas of 10,000 m2 or more were detected (Nishimura et al., 
2018), and two landslides of the six were in volcanic rocks. Furthermore, they said that twenty landslides were located 
in volcanic rocks, 142 landslides were located in metamorphic rocks, twenty-three landslides in granitic rocks and four 
landslides in sedimentary rocks. Nishimura et al. (2018) show that small landslides were dominant in areas underlain 
by metamorphic and granitic rocks, and that large landslides were dominant in areas underlain by volcanic rocks. In 
the volcanic rocks, there were 15 landslides with areas of 1,000 m2 or more, and six landslides in volcanic rocks had 
areas of 6,000 m2 or more. The median values of landslide areas in volcanic rocks, metamorphic rocks and granitic 
rocks are 4895 m2, 3830 m2 and 4081 m2 respectively. 

Fig. 5. Distribution of landslides, debris flows and floods in the Hita, Toho, and Asakura area (Geographical Survey Institute, 2017). Red: 
landslides and debris flows, Blue: flood area. The white frame shows a field survey area of Fig. 6. 

5. Geomorphological and Geologic Features at landslide and debris flow sites in volcanic rocks

We interpreted the geomorphological features at 19 landslides in volcanic rocks with two days precipitation
estimated by meteorological radar (Table 1). Eleven of 19 landslides triggered debris flow. It did not depend on a 
landslide area, the elevation of the scarp, the form at scarp and precipitation whether a landslide became the trigger of 
the debris flow. If landslides were followed by debris flow, the curvature of the hillsides downslope from landslides 
is concave. Occurrence of landslide were not controlled by geomorphology, because the form at scarp were various. 
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Table 1. The geomorphological features of landslides in volcanic rocks 
No. Landslide 

area (m2) 
Scarp elevation 
(m) 

Two days 
precipitation 
(mm) 

With or without 
debris flow 

Form of at scarp Form of the hillsides 
downslope from landslides 

Vertical  horizontal   Vertical  horizontal  

1 1,300  503  600  without convex straight convex straight 

2 1,815  432  500  with convex ridge concave valley 

3 3,214  334  550  without convex straight rectilinear straight 

4 7,915  388  500  with convex valley concave valley 

5 2,963  423  550  with convex ridge concave valley 

6 6,381  252  400  without convex valley convex valley 

7 67,600  379  400  without concave ridge convex ridge 

8 12,732  236  350  without convex straight rectilinear straight 

9 6,979  386  450  with convex valley concave valley 

10 6,285  681  550  with rectilinear valley concave valley 

11 5,479  544  600  with convex straight concave valley 

12 4,942  526  600  with convex ridge concave valley 

13 4,895  573  600  with rectilinear ridge concave valley 

14 4,727  323  550  with rectilinear straight concave valley 

15 4,701  652  550  with convex ridge concave valley 

16 4,276  315  500  without convex straight convex straight 

17 3,601  391  500  without concave valley concave valley 

18 3,302  319  300  without convex straight rectilinear valley 

19 1,072  575  500  with rectilinear valley concave valley 

Fig. 6. Geomorphological features in the surveyed area. Red symbols are landslides by the 2017 event, black symbols are scarps recognized from 
aerial photographs taken before the 2017 event, and blue symbols are knick lines. Numbers are  same as Tables 1, 2, and show representative 
landslides. 
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We analyzed the geomorphology and geology at eight landslides in detail. Detailed geomorphology at landslides 
was interpreted from aerial photographs which were taken before and after the event. Ground surveys were done to 
determine geologic units at representative 8 landslide sites. Fig. 6 shows the locations of analyzed landslides and 
results from the geomorphologic analysis. The geologic units at each landslide are shown in Fig. 7. The 
geomorphological features and geology are listed in Table 2. The results from these investigations suggest that; 

1) Existing landslide morphology will influence the occurrence of new landslides, because 6 of 8 landslides
investigated were situated near the older landslide scarps. 

2) At 6 of 8 landslides investigated rigid lava flow with cooling joints cover pyroclastic flow deposits which have
low permeability. Therefore, it is suggested that the geologic structure at scarp of landslides are cap rock structure. 
Furthermore, landslides occurrence did not be influenced by mineral assemblage of cap rock lava, because 2 of 6 lavas 
consist of hornblende-two-pyroxene andesite and other lavas consist of two-pyroxene andesite. 

3) Hydrothermal alteration of rocks is prevalent in the northeastern part of the study area, because only few
landslides were located in the northeastern part of the study area in spite of huge rainfall (Fig. 4). 

4) The geomorphological features such as the elevation and slope angle at scarp, the slope angle at sliding surface,
did not control whether a landslide triggered the debris flow. 

Table 2. The geomorphological features and geology of representative eight landslides 

Landslide No. 1  2  3  4  5  6  7  8  
Landslide area (m2) 1,300 1,815  3,214  7,915  2,963  6,381 67,600  12,732  
Scarp elevation (m) 503  432  334  388  423  252  379  236  
Slope angle at scarp (˚) 37 41 38 49 17 21 21 37 
Slope angle at sliding 
surface (˚) 

46  37 34 37 24 31 24 36 

Running distance of 
debris flow (m) 

non 900  non 800  1,000  non non non 

Two days of 
precipitation (mm) 

600  500  550  500  550  400  400  350  

Geology strongly 
hydrother
mally 
altered 
andesite 
lava 

bi-hb-2px 
andesite lava 
flow cap 
with 
pyroclastic 
flow 
deposits 
under layer 

strongly 
hydrother
mally 
altered 
andesite 
lava 

2px 
andesite 
lava flow 
cap with 
pyroclastic 
flow 
deposits 
under layer 

hb-2px 
andesite 
lava flow 
cap with 
pyroclastic 
flow 
deposits 
under layer 

2px 
andesite 
lava flow 
cap with 
pyroclastic 
flow 
deposits 
under layer 

2px 
andesite 
lava flow 
cap with 
pyroclastic 
flow 
deposits 
under layer 

2px 
andesite 
lava flow 
cap with 
pyroclastic 
flow 
deposits 
under layer 

Geomorphological 
feature 

not close 
to an old 
scarp 

close to an 
older scarp 

rectilinear 
slope, 
not close to 
an old 
scarp 

close to an 
older scarp 

close to an 
older scarp 

close to an 
older scarp 

close to an 
older scarp 

close to an 
older scarp 

Landslide Numbers are same as Fig. 6. bi: biotite, hb: hornblende, px: pyroxene 

6. Discussion

Landslides by 2017 event in volcanic rocks have some common features of geomorphology and geology (Table 
1,2). Those are that the scarp of new landslides is located close to an older scarp and that the cap rock andesite lava 
covers low permeable pyroclastic flow deposits at the scarp. The width of joints in lavas near older scarp maybe spread 
due to slope instability caused by old landslide. It is easy to infiltrate rain water through the spread joints in lava. 
Therefore, we suggest that the cap rock structure might contribute to the occurrence of new landslides because rain 
water would infiltrate through the jointed lava flows and pool on top of the pyroclastic deposits, thus increasing pore 
pressure, and promoting landslide initiation and sliding at the contact.  

There are only few landslides in the northeastern part of the study area in which hydrothermal altered volcanic 
rocks are distributed. At this area, the permeability of lavas maybe decreased by hydrothermal argillation. Therefore, 
at 2017 event rain water could not infiltrate into ground and ran off on slope surface, then only shallow and narrow 
landslides occurred. 

Eleven debris flows were observed in volcanic rocks at 2017 event. From the interpretation of aerial photographs 
and ground surveys, we cannot find out the significant factors which will control to trigger a debris flow from a 
landslide (Fig. 8). However, if landslide had high elevation at scarp and high two-days precipitation, debris flow will 
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be easy to occur. At all hillsides downslope from landslides in volcanic rocks, at which debris flow ran down, form of 
the hillsides was concave-valley type. The curvature of the hillsides downslope from landslides is concave, which may 
be a required condition for debris-flow mobilization. 

Fig. 7. Geology at each landslide. 

Fig. 8. Geomorphology and precipitation at landslides and debris flows. (a) the relationship between landslide area and scarp elevation, (b) the 
relationship between two days precipitation and scarp elevation. 
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7. Conclusions

We investigated landslides and debris flows which occurred in volcanic rocks in Hita and Toho districts in Northern 
Kyushu. These landslides and debris flows were triggered by heavy rain on July 5th and 6th , 2017. We mapped 
geomorphological and geological features of these land slide from aerial photointerpretation and ground surveys. The 
results from these investigations suggest that; 

1) Existing landslide morphology will influence the occurrence of new landslides, because 6 of 8 landslides
investigated were situated near the older landslide scarps. 

2) At 7 of 8 landslides investigated rigid lava flow with cooling joints cover pyroclastic flow deposits which have
low permeability. Therefore, we suggest that the cap rock structure might contribute to the occurrence of new 
landslides because rain water would infiltrate through the jointed lava flows and pool on top of the pyroclastic deposits, 
thus increasing pore pressure, and promoting landslide initiation and sliding at the contact. 

3) Hydrothermal alteration of rocks is prevalent in the northeastern part of the study area. Only few landslides were
located in the northeastern part of the study area. Therefore, it seems that altered rocks were minimally susceptible to 
land sliding during the 2017 rainfall event. 

4) We cannot find out the significant factors which will control to trigger a debris flow from a landslide. However,
the curvature of the hillsides downslope from landslides is concave, which may be a required condition for debris-
flow mobilization. 
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Abstract 

The widespread occurrence of Granite Massif landscapes in the Serra do Mar Range, south-southeast Brazil, is also connected with 
high incidence of debris-flow events. In recent years, the debris-flow events in Serra do Mar Range  have caused many deaths and 
great infraestructure losses. These events occur in high gradient watersheds covered by a thin regolith. This paper intends to analyse 
the connection between debris-flows-prone watersheds and granitic regolith. These rocks, quite abundant along the mountain chain, 
are resistant to weathering, and present large vertical gradients. In addition, they generate porous and cohesive regoliths, which 
support infiltration to the rain water. When saturated, these regoliths can generate shallow landslides, which can liquefy and flow 
along channels, depositing this material in colluvial fans in piedmont areas. From this point of view, we analysed two watersheds 
in a granitic terrain, both of similar size and that recently suffered catastrophic events of debris-flows: 1) the Guarda-Mão creek 
watershed in Itaoca region, which had an intense meteorological event in January 2014; 2) the Gigante creek watershed, in Serra 
da Prata, which suffered an event with nucleation of debris-flows in March 2011. Both basins present themselves a thin regolith 
and rock outcrops in higher areas, grading to thicker regoliths and colluvium deposits in the foothills, where the gravels are 
deposited in the colluvionar fan. Both basins have soil densities ( s) between 2.4 and 2.7 g/cm³, reflecting the presence of primary 
(quartz, feldspar) and secondary minerals (illite, kaolinite, montmorillonite and iron oxides). Both materials are porous (32% to 
44%), with plasticity indices (PI) between 1% and 17%. Most materials have low plasticity, although the Gigante creek watershed 
is even lower, between 1 and 5%. The analysed watersheds are typical of granite/granitoid terrains in Serra do Mar Range, and 
present great similarity. Further studies should consider the morphometric characteristics of these basins, the mechanisms of rupture 
and the regoliths liquefaction processes, besides modelling the deposition in fan areas. This understanding could bring 
improvements to disaster risk management strategies throughout the Serra do Mar region. 

Keywords: debris-flow, granitic regolith, geotechnical properties 

1. Introduction

Serra do Mar is mountainous landscape associated with escarpments fault that span for over 1,500km alongside the
Brazilian south and south-eastern coast (Fig. 1), reaching an elevation of 2,000 m” (Vieira and Gramani, 2015). Most 
of that landscape is associated with granitic and/or gneissic rocks substrate. Because of these gradients, topography 
and slope materials, the Serra do Mar Range often presents   flow-type slides, especially debris-flows, (Vieira and 
Gramani, 2015; Fernandes et al., 2004; Kanji et al., 2017), causing serious damages and loss of lives (Table 1).In 
recent years, a series of catastrophic events occurred throughout the region, forced the Brazilian government to change 
the legislation, besides promoting a more integrated disaster risk approach. Meanwhile this approach was progressing, 
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turned it out evident the relationships among debris-flow, Serra do Mar watersheds and granitic/gneissic regolith. 
Based on estimates, more than half of the debris-flows in the Serra do Mar range occur in granitoid or orthogneisses 
rocks of the same composition. 

The abundant Archaean to Cambrian granitic and granitoid rock bodies in Serra do Mar Range are mostly situated 
in the hilltops, given their resistance to weathering (Modenesi-Gaultieri et al., 2002; Hiruma et al., 2008). The resultant 
granite-derived regolith has a generally silty-clayey to sandy-silty composition, with the common development of 
blocks (corestones) in deeper zones (Picanço et al. 2019; Scott and Pain, 2009). Understand these relationships could 
improve the mapping methods now in progress.  

However, these connections are not easily perceived. Most of the watershed geomorphological and geotechnical 
data are geographically disperse and difficult to gather. To start the comprehension of these relationships between 
granitoid terrains and debris-flows in Serra do Mar range, we proposed the comparative discussion of two typical 
debris-flow occurrence areas. 

 The chosen areas where occurred flow slide events consist of  sub-basins with more than 90% in granite substrate: 
the Gigante creek watershed in the Serra da Prata region (March/2011) and the Guarda-Mão creek watershed near the 
Itaoca town (January/2014) (Fig. 1).  

Fig. 1 -   The Serra do Mar Range in south-southeast Brazil, showing the main escarpments. The investigated areas, Itaoca and Serra da Prata are 
localized in the map. The filled circles are related to main events associated to debris-flows recorded in the literature. Each number corresponds 
to events displayed in Table 1. SC: Santa Catarina State; PR: Paraná State; SP: São Paulo State; MG: Minas Gerais State, and RJ: Rio de Janeiro 
State.  
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Table 1. Selected debris-flow occurrences in the Serra do Mar range. 

N° Year Area, State (Deceased People) and material losses Lithotype Ref. 

1 1888 Morretes (PR) (8) Floods and landslides Granite, gneiss, schists 1 

2 1967 Caraguatatuba (SP) (120) 400 houses and highways destroyed,  Migmatite, granite-gneiss, mafic rocks 2 

3 1967 Serra das Araras 
(RJ) 

(>1,200) > 100 houses destroyed, highways 
damaged, destruction of hydroelectric plant 

N/d 2 

4 1969 Morretes (PR) Floods and landslide Granite, gneiss, schists 1 

5 1975 Paranaguá  (3) Debris-flow occurence Granite, gneiss, schists 1 

6 1975 Grota Funda (SP) Damage to railway pillars Gneiss 2 

7 1976 Cubatão (SP) N/d Gneiss, granite, migmatite 2 

8 1976 Cubatão (SP) N/d Gneiss, granite, migmatite 2 

9 1986 Lavrinhas (SP) (11) houses, bridges and highways destroyed N/d 2 

10 1988 Petropolis (171) 5,000 displaced, 1,100 houses 
interdicted 

Granite, gneiss, migmatite, schist, quartzite 
marble 

2 

11 1994 Cubatão (SP) N/d Gneiss, granite, migmatite 2 

12 1995 Quiriri (SC) Houses destroyed, higway interdicted Granite, gneiss, schists 1 

13 1996 Quitite/Papagaio 
(RJ) 

(62) 200 houses destroyed Gneiss, granite, tonalites, quartzite 2 

14 1996 Ubatuba (SP) Highway damaged, need for slope 
stabilization, water capture facility damaged 

Schist, filonite/migmatite gneiss, foliated granite 2 

15 1996 Cubatão (SP) N/d Gneiss, granite, migmatite 2 

16 1996 Soberbo Highways, 
RJ 

N/d Gneiss, migmatite, granite  2 

17 1999 Via Anchieta Km 42 
(SP) 

200 m of affected road, traffic stopped for 
several weeks, water capture facility affected  

N/d 2 

18 2001 Rio de Janeiro, 
Petropolis (RJ) 

(40) 164 wounded people N/d 2 

19 2002 Petropolis (RJ) (88) Houses destroyed Granite, gneiss, migmatite, schist, quartzite, 
marble 

2 

20 2010 Angra dos Reis (RJ) (53) 800 displaced people, houses destroyed N/d 2 

21 2010 Rio de Janeiro (RJ) (253), 1,410 displaced people, and  338 
dislodged 

N/d 2 

22 2011 Nova Friburgo (RJ) (772) >300 disapeared, genereralized 
destruction 

Granite, gneiss, schists 2 

23 2011 Serra da Prata (PR) (3) 221 wounded, 33 dislodged, highway 
interrupted, houses and crops destroyed 

Granite, gneiss, schists 3 

24 2014 Itaoca (SP) (27) 3 disapeared, houses destroyed Granite, quartzite 4 

Data sources: 1) Picanço et al., 2017; 2) Vieira and Gramani, 2015; 3) Picanço and Nunes, 2013; 4) Brollo et al., 2015.  
N/d: non-available data. 

2. Regolith profiles

The Guarda-Mão creek watershed in Itaoca area (Fig. 2a) has substrate constituted by Proterozoic granites, with a
small portion in the highest hilly area capped by fine quartzites. The basin height is 657 m. The granitic rock is grey 
to pink, medium to coarse granulometry, homogeneous and massive texture, locally with porphyritic crystals. The 
granite has some portions with hydrothermal alteration. It presents a thin residual regolith in the regions of steeper 
slopes. This regolith is deep in the less inclined slopes and associated with colluvial material. Fluvial material occurs 
near the slope base. Locally, sand and gravel strings could be observed, derived from older debris-flows and debris 
floods.  
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In the Serra da Prata area, the Gigante creek watershed (Fig. 2b) has the largest part of its substrate formed by 
Proterozoic granitic rocks, with small occurrences of filonites, schists, and Mesozoic basic dykes (Cury, 2008). The 
granites vary from grey coarse-grained, porphyritic granites with biotite and hornblende to pinkish, medium- to fine-
grained equigranular granites. The coarser granites are more weathering resistant and consist the highest part of the 
mountains. The watershed gradient is 665 m high. The residual regolith is a thin veneer in the upper portions of the 
watershed, with thicknesses of up to 5 m in the lower areas. Based on their geological and geotechnical characteristics, 
the residual regoliths (Tab 2) were separated in a) collapsed saprolith; b) saprolith; and c) saprock, in the transition to 
bedrock (Scott and Pain, 2011). The transported material was referred as colluvium.  

Fig. 2. (a)  The Guarda-Mão creek watershed, in Itaoca region, before the debris-flow episode; (b) The Gigante creek watershed, in Serra da Prata 
area, with the main debris-flow zone areas.  

The analysed regoliths in Guarda-mão creek watershed shows a sandier profile (Fig. 3a) than the regoliths from 
Serra da Prata watersheds. On the other hand, the weathering profile in the Gigante creek watershed (Fig. 3b) begins 
with a clayey-silty texture (sample 106A in the Fig. 3b), while the least weathered materials in depth are silty-sandy 
(sample 106D in the Fig. 3b). The presence of blocks and boulders increases in the transition from saprolite to altered 
rock. Colluvium materials in the watershed are more common downstream. Regolith materials also increase their 
thickness downstream. The colluvium material in these areas is very similar to the collapsed saprolith/regolith 
intermediate material (sample 108 in the Fig. 3a). This is due to the transport processes, which mixture materials 
during the colluvium formation (King, 1996). 

The Guarda-Mão watershed regolith has liquid limits data (LL) between 38 and 44% (Tab. 2), whereas plasticity 
indices (PI) values fall between 12.4 and 17.5%. Colluvium materials from Guarda-Mão watershed have PI values 
slightly higher than the PI values of saprolith data. The LL data for the Gigante creek range from 32 to 37%, while 
the PI values vary from 1.5 to 5.0 %. The data of the granitic saprolite and the associated colluvium in the Guarda-
Mão watershed fall close to the line A (CL field) in the plasticity chart (Fig. 4) (Bain 1970; Casagrande, 1948). The 
saprolite and colluvial data of the Gigante creek watershed regolith plot in the ML field near the boundary of the CL-
ML field.  
A saprolite sample fell further in the MH field.  

The Guarda-Mão porosity data values range from 46% at the upper quartile and 42% at the lower quartile (Fig. 
5a). The mean is 44.55% and the median is 45%. An outlier reached 40%. Gigante creek watershed regolith samples 
have porosity between 35 and 41%, with a 42% at the upper quartile and 28% at the lower quartile (Silva, 2017). The 
mean is 37.6% and the median is 38.5%.  

The soil density data ( ) for both watersheds overlaps between 2.4 and 2.77 g/cm³. The Gigante creek watershed
has  values vary from 2.45 to 2.71 g/cm³, with the upper quartile of 2.6 g/cm³ and the lower quartile of 2.5 g/cm³. 
The mean is 2.53 g/cm³ and the median is 2.51 g/cm³. The values of  of the Guarda-Mão creek regolith are between
2.77 and 2.45 g/cm³, with the upper quartile of 2.70 g/cm³ and the lower quartile of  2.55 g/cm³. The mean is 2.63 
g/cm³ and the median is 2.65 g/cm³. 
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Table 2. Geotechnical data of selected samples in Guarda-Mão and Gigante watersheds. 

sample 

localization 

material 

Porosity 

(%) 

s 

(g/cm³) 

LL 

(%) 

PI 

(%) 

ref 

01-P10 Guarda-Mão watershed collapsed saprolith 42 2.7 39.4 12.4 1 

02-P10 Guarda-Mão watershed saprolith 61 2.7 - - 1 

03-P11 Guarda-Mão watershed collapsed saprolith 37 2.8 - - 1 

04-P11 Guarda-Mão watershed saprolith 35 2.6 - - 1 

05-P12 Guarda-Mão watershed collapsed saprolith 41 2.7 - - 1 

06-P12 Guarda-Mão watershed colluvium 39 2.7 44.1 17.5 1 

07-P12 Guarda-Mão watershed saprolith 37 2.7 - - 1 

08-P36 Guarda-Mão watershed colluvium 42 2.8 - - 1 

09-P17 Guarda-Mão watershed collapsed saprolith 38 2.6 - - 1 

10-P19 Guarda-Mão watershed collapsed saprolith 61 2.7 - - 1 

11-P15 Guarda-Mão watershed collapsed saprolith 38 2.5 40.9 13.2 1 

14-P20 Guarda-Mão watershed Colluvium 31 2.6 42.7 14.4 1 

15-P21 Guarda-Mão watershed collapsed saprolith 31 2.5 - 1 

16-P37 Guarda-Mão watershed collapsed saprolith 28 2.4 38.7 13.1 1 

PF   001 Gigante watershed saprolith 45 2.5 34.6 4 2 

PF   010 Gigante watershed collapsed saprolith 46 2.5 24.4 1.5 2 

PF   033 Gigante watershed collapsed saprolith 46 2.5 26.9 1 2 

PF   96 A Gigante watershed saprolith 42 2.6 2 

PF   96 B Gigante watershed saprolith 45 2.5 2 

PF   97 B Gigante watershed saprolith 45 2.5 2 

106 A Gigante watershed collapsed saprolith 46.0 2.5 46 4.86 3 

106 B Gigante watershed saprolith 44.5 2.6 44.5 3 

106 C Gigante watershed saprock 45.3 2.5 45.3 3 

106 D Gigante watershed saprock 43.6 2.6 43.6 3 

108 Gigante watershed colluvium 45.8 2.5 45.8 4.38 3 

109 A Gigante watershed collapsed saprolith 40.4 2.7 40.4 5.05 3 

109 B Gigante watershed saprolith 45.0 2.5 45 4.87 3 

References: 1) Silva, 2017; 2) Sturion et al., 2015; 3) Melo et al., 2015. 
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Fig. 3.  (a) Granulometric chart of the regolitic profile of Guarda-Mão creek watershed; (b) Granulometric chart of the regolith profile in a 
landslip scar in the Gigante creek watershed. The samples 106 A-D are saprolite material and the sample 108 is a colluvium material.  

Fig, 4.  Plasticity chart from Guarda-Mão watershed saprolites (open circles) and colluvium (open boxes), and samples from Gigante watershed 
saprolites (filled circles) and colluvium (X). Plasticity chart: CL – low strength clays; CH: high strength clays; ML: low strength. A-line: PI=0.73LL-
14.6, B-line=50%LL (Casagrande, 1948; Bain, 1970) 

Fig. 5. (a) box and whisker plots of the porosity data; (b) box and whisker plots of the soil density data ( s). 
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3. Debris-flow events

The debris-flow in the Guarda-Mão watershed, São Paulo State, occurred on January 14th, 2014 after an intense
rainfall episode, that recorded 200mm in 2 hours (Gramani and Arduin, 2015; Gramani and Martins, 2016). Shallow 
landslides began on the escarpment near the contact between granite and quartzite sequence (Fig. 6a). The slides on 
rock and soil had initially small volumes. However, the material must have increased due to small dams along the 
channel. The bursting of these dams raised the energy of the flow, which ran downstream eroding the channel margins 
and forming an extensive ravine (Fig. 6b). The Guarda-Mão creek ravine attain 50 meters wide and 15 meters high 
(Fig. 6c). The coarse material, with blocks up to 4m³, was deposited near the village (Fig. 6d) killing 23 people (Brollo 
et al., 2015). 

Fig. 6.  (a) Panoramic view of Guarda-Mão creek. Observe the landslides scars and the severe river bank erosion. (b) View from the upper portion 
of the slopes of the Guarda-Mão stream basin. In this sector, predominated soil and rock slides with variable size and shape. (c) large ravine in 
debris-flow transport zone; (d) blocks and boulders in the deposit zone, Guarda-Mão creek.  

The debris-flow of the Gigante creek occurred on March 11th, 2011 in Serra da Prata area, Paraná State. The 72h 
accumulated rain was 580 mm prior the onset (Picanço and Nunes, 2013). Almost all the ravines had the occurrence 

A B 

C D 
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of debris-flows in the Serra da Prata western slope, where is situated the Gigante creek watershed. The scars were on 
soil and rock (Fig. 7a), and the initial ruptures occurred in the saturated regolith related to slope inflexion points.  

The scars in the Gigante creek watershed are 2 to 3 meters deep, where the biggest ones on the ground reached an 
area of up to 44,000 m².  According to residents’ reports, there were natural dam occurrence along the thalweg, which 
increased the flow discharge and its downstream energy (Melo et al., 2015). The debris-flow energy was raised, and 
eroded the regolith deepening the ravines (Fig. 7b, c). The coarse material deposit and aligned blocks in lateral bars 
extended to the entire alluvial fan area (Fig. 7d). 

Fig. 7. (a) Scar in bedrock, Serra da Prata area; (b) Serra da Prata large scars and transport zone ravines, photo; Renato Lima; (c) Deposition zone, 
Gigante creek, in Serra da Prata area; (d) Debris-flow deposit, Serra da Prata, photo Flavio Sturion.  

4. Discussion

The occurrence of debris-flows in Serra do Mar is not only related to granitic/gneissic substrate watersheds, but
also there might be some relation with its typical landscape. Some of these links has a geomorphological signature, as 
basin shapes and vertical gradients. Other probable links come from geology and geotechnics that correspond to 
characteristics from parental rock and weathering profiles.  

We could verify that both investigated areas have similar watershed shapes, gradients and lengths (Fig. 2). Not 
surprisingly, both debris-flows were similar in detritus type, block sizes and runout area (Sturion et al., 2015; Melo et 
al., 2015; Silva, 2017). Their analyses of morphometric parameters are quite analogous as well (Gramani and Martins, 
2015; Picanço et al, 2016; Silva, op. cit.). Therefore, this kind of morphometric analyses could be useful to compare 
watersheds of similar features, but with no historical record events. This approach is necessary because the debris 
flow-prone watershed areas in Serra do Mar have low frequency of debris-flow occurrence (Picanço et al., 2017).  

B 

C 
D 

A 
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The frequency of these events is largely reliant on the presence of thick regolith in steep areas, and areas covered 
by dense vegetation, as both analysed watersheds. This condition could be attained in some areas when large 
meteorological events occur, generating the great episodes of debris-flow development, as shown in Table 1.  

Areas with granitic substratum present a geomorphological evolution by shallow landslides rather than an erosion 
dominated runoff, as observed by Gaertner et al. (2004) in British Columbia.  In contrast, the Gigante watershed 
samples present greater variation in terms of porosity than the samples of the Guarda-Mão watershed (Fig. 5a). While 
the former is lower and better distributed, the latter occur within a narrower range. In any case, the porosity differences 
are small and quite similar between the two areas. 

The Gigante creek material presents low PI values.  Some saprolite and colluvium samples are very close to the 
CL-ML field in the plasticity chart (Fig. 3). The LL values are very similar between the two areas. In the plasticity 
chart, the materials are very close to the beginning of the line A, and classified as CL or ML depending on its position 
relative to the line A.  

The regolith of both areas have soil densities ( ) within the same range (Fig. 5b). The Gigante creek watershed
regolith has an average density of 2.5 g/cm³, close to the density of primary minerals, as quartz and feldspar, and 
newly formed minerals, such as illite, kaolinite and gibbsite. The soil density of the regolith material from the Guarda-
Mão creek watershed may suggest the additional presence of heavier mineral phases, such as iron oxides. 

The occurrence of large rock blocks in the regolith is linked to translational landslides involving soil and rock, as 
observed in the analysed watersheds (Fig. 6, 7). The development of small landslides of this type may, however, 
trigger the liquefaction of more sandy and porous materials downstream as colluvium and talus deposits. The material 
able to be entrained in debris-flow path is highly dependent of the regolith formation rate (Jakob, 2005). These deposits 
could be then incorporated in the channel and increase the material volume to be deposited downslope (Sassa and 
Wang, 2005). 

The general characteristics of granitic regolith, such as granulometry, porosity and mineral content, are obviously 
present in both Guarda-Mão and Gigante watersheds. All these characteristics suggest that granitic watersheds of 
similar type could generate very similar pebbly debris-flows. However, this assumption is not very well constrained, 
and the data are not enough to sound deductions.  More comprehensive analyses must be done to prevail upon these 
initial propositions.  

5. Conclusions

The analyses of regolitic material of the two discussed watersheds are important for the evaluation of the flow type
movements occurred in granitic terrains of Serra do Mar Range. The characteristics of this granite regolith generate 
porous and low PI soils susceptible to rupture and liquefaction. In this way, the granite regolith is susceptible to an 
evolution marked by the translational landslide’s occurrence. The fluidification of these materials and their 
entrainment in the gullies could give rise to debris-flows. 

Notwithstanding, this relationship between debris-flows in granite-derived regolith is still poorly understood. The 
morphometric characteristic of some granite-related basins should be more developed. There is still a need for further 
studies in the Serra do Mar area concerning the rupture mechanisms of these materials beyond the Wolle and Hachich 
(1989) model. It is important, for example, the inclusion of dense vegetation in slope stability calculations. The 
understand of the behavior of these granitic regolith in the soil liquefaction and in the channel entrainment processes 
is another interesting topic.  

As high slope terrain is largely supported by granite and granitoid rocks lato sensu as granitic gneisses, the Brazilian 
mountain range is a place where this type of flow movements is common in extreme weather events. The study of the 
characteristics of these lands can yield developments for many useful information to reduce the vulnerability of the 
population that lives in these areas.  
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Abstract 

Landslides result not only from the environmental background conditions of slopes but also from triggering factors, such as rainfall 
and earthquake. Severe landslides and debris flows are common natural disasters in South Korea since it is characterized by high 
rainfall and rugged topography. A secondary effect of an earthquake could be slope instability. A 5.8-magnitude (ML) earthquake, 
the most powerful seismic activity since the nation started measuring tremors, struck the historic city of Gyeongju, North 
Gyeongsan Province, at 20:32:54 KST. The Wolsong nuclear power plant is situated in the foothills of a mountainous area about 
26 km SE of the earthquake epicenter. South Korea’s biggest historical earthquake raised the nuclear safety concerns. To assess 
regional landslide hazard under the conditions of heavy rainfall and after 5.8 ML Gyeongju earthquake, this study, a coupled 
hydrological model with infinite slope model was used to find the hillslope stability under the roles of rainfall and earthquake.  

Keywords: Gyeongju earthquake; hillslope evaluation; landslide 

1. Introduction

Rainstorms are widely acknowledged as a significant landslide-triggering agent in hilly landscapes (Iverson, 2000).
Often the landslides are a secondary effect of earthquakes, when the earthquake occurs on areas with steep terrain, the 
soil and rock falls causing landslides (Malamud et al., 2004; Keefer, 2011). In fact, destruction and fatalities due to 
earthquake-induced landslides may exceed damage directly related to a strong shaking of infrastructure. Landslide 
constitutes a major natural hazard in the Republic of Korea (hereafter Korea) due to high rates of weathering, abundant 
rainfall and infrastructure development (Pradhan and Kim, 2014). Korea is experiencing changes in climate. Due to 
these concentrated short duration and high-intensity rainfall from July to September has caused slope instability in 
Korea. The vulnerability of a nuclear power plant (NPP) subjected to an earthquake event is a major concern to the 
communities in many countries. Nuclear power plants are the main components of the electric grid in South Korea as 
well. Most of the currently operating NPPs are located close to terrain with moderate to steep slopes. Such a situation 
poses potential threats to the NPP safety from seismically-induced landslides where concentrated heavy rainfall in 
ample.  

Two moderate-sized earthquakes with local magnitudes of ML 5.1 (19:44:30 KST) and 5.8 (20:32:54 KST) 
occurred within an interval of 48 min on 12th September 2016. The 2016 Gyeongju earthquakes have now become 
forceful reminders that such events have occurred in the past and can hit the region any time (Hee et al., 2016). 
Earthquakes are occurring in an area dense with nuclear power plants.  

A large amount of research on slope stability has been carried out over the last 30 years for planning purposes. This 
research focuses on evaluating hillslope stability in the vicinity of the Wolsong NPP after the 2016 Gyeongju 
earthquake under historical heavy rainfall event which was responsible to landslide in Gyeongju in 2005. No surface 
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ruptures were reported for the Gyeongju earthquake events and no landslides due to the sudden ground shaking were 
reported but in an earthquake prone area, susceptibility assessment of hillslope stability is very important around such 
nuclear plants for safety planning, disaster management, and hazard mitigation. The effect of natural hazards on this 
type of infrastructure is a crucial issue to be considered in order to prevent or mitigate damages to property and people. 

Gyeongju is a coastal city in the far southeastern corner of North Gyeongsang Province. In this study, a catchment 
of Nasanchan river was selected as a model application site which covers 20.8 km2 area as shown in Fig 1. The average 
elevation of the catchment is 100.3 m above mean sea level. The Wolsong NPP located on the coast near down reach 
of Nasanchan river and East sea. It is the only South Korean nuclear power plant operating pressurized heavy water 
reactors. It has 4 reactors, each of these reactors has a capacity of 700 MW. The Wolsong NPP supplies about 5% of 
South Korea’s electricity.  

Fig. 1. Location map of study area 

2. Methodology

This study was performed in three steps (Fig 2): (1) collection of database such as rainfall and landslide events from
national catalog, LIDAR-based DEM (20×20m resolution), geotechnical data and seismic data during the Gyeongju 
earthquake; (2) FS was calculated using infinite slope model coupled with hydrological model considering unsaturated 
soil slope; and (3) preparation of warning model based on FS and rainfall thresholds. 

Fig. 2. Method adopted in this study 
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2.1. Infinite slope model 

Recent efforts to extend the problem of slope stability to include unsaturated conditions have considered the slope 
instability from rainfall infiltration (Iverson, 2000). This study is to derive a mathematical model for an infinite slope 
subjected to unsaturated flow above a phreatic surface considering pseudo-static model. The driving force will increase 
in proportion with the seismic acceleration. The following equation (1) is derived for the static FS, neglecting 
acceleration normal to the slope. The expression is modified after (Iverson, 2000; Lu and Godt, 2008) 

 (1) 

where c is cohesion, ϕ is friction angle, ꞵ is slope,  is pressure head, Se is effective saturation,      is soil unit weight 
     is unit weight of water, kh represents horizontal seismic coefficient to present horizontal inertia forces from 
earthquake and Z is soil depth. 

 Despite the importance of soil depth most studies have used constant depth ignoring its spatial variability 
(Kuriakose et al., 2009). In this study soil depth was estimated by using internal-relief (IR) model (Pradhan et al., 
2018). The IR corresponds to local height differences within a unit area and expressed as in equation (2) 

              (2) 

In this equation, Z is computed at each pixel (i), Depthmax and Depthmin are the maximum and minimum values of soil 
depth measured at the study area, and IRmax and IRmin are the maximum and minimum IR values at the study area, 
respectively. 

2.2. 3D subsurface flow model 

In this study, a 3D subsurface flow model was applied which was formulated by Richards (1931) as given in 
equation (3).  

(3) 

where ψ is the pressure head (m), θ is volumetric moisture content (m3/m3), K is hydraulic conductivity (m/s), t is time 
(s), z is the vertical dimension (m), and q is general source including rainfall (m3/m3/s). Equation (3) is discretized 
within finite volume framework. An orthogonal horizontal and non-orthogonal vertical mesh.  

A van Genuchten’s soil water retention curve (van Genuchten, 1980) and Mualem’s unsaturated hydraulic 
conductivity functions (Mualem, 1976) were used as follows:  

 (4) 

where θs and θr are saturated and residual moisture content. 

                                                                             (5) 

where α and nv are van Genuchten parameters whose values depend on the soil properties, and Ks is the saturated 
hydraulic conductivity (m/s). 
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3. Results and discussion

3.1. Data preparation 

The peak ground acceleration (PGA) data were collected from the Korea Meteorological Administration (KMA). 
For this purpose, seismograph from seismic stations namely ADO2, CSO, CHS, PHA2, YOCB, DAG2, and USN 
were used to calculate PGA and interpolated the real-time maximum acceleration during Gyeongju earthquake as 
presented in Fig 3. It is evident that it would be too conservative to use peak ground acceleration (PGA) because PGA 
lasts for a very short time and appears only once in the record. Therefore, instead of PGA, a fraction of it, kh=ξ×PGA/g 
is used. Different magnitudes of ξ between 0.2 (for sites near faults, violent and destructive earthquake)–0.65 (for 
intermediate slide mass) were proposed by Matasovic (1991). This study used 0.65 as ξ.     

Fig. 3. PGA distribution during the Gyeongju earthquake 

The soil depth is another important factor in an assessment of slope stability (Dietrich et al., 1995). The soil depth 
of the study area was estimated by using internal-relief model (Pradhan et al., 2018). The model showed that the soil 
depth is ranging from 0.1–3 m in the study area. From the national rainfall-induced landslide catalog, there was a 
landslide event in 2005 September 6 in Gyeongju area. The rainfall distribution during 2005 landslide event is 
presented in Fig (4a).  

Fig. 4. (a) Hourly rainfall distribution during 2005 landslide event in Gyeongju (Red line is cumulative rainfall) and (b) ID rainfall threshold 
(broken line is rain path during the landslide event)  
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For this study, a national landslide inventory was prepared using data from the NDMI (National Disaster 
Management Institute), various reports, and newspapers. Rainfall data were collected from the Korea Meteorological 
Administration. A total of 255 landslide events occurring in 1999–2012 were collected; among them, only 224 events 
were identified as rainfall-triggered landslides in weathered soil in South Korea. We used a threshold curve in the 
form of I = α D−β, where α and β are constants, following the work of various researchers (Caine, 1980; Glade et al., 
2000; Jakob and Weatherly, 2003; Aleotti, 2004; Chien-Yuan et al., 2005; Dahal and Hasegawa, 2008; Brunetti et al., 
2010), to determine rainfall thresholds. The critical intensity (I) and duration (D) for each event were plotted on a log-
log diagram (Fig. 4b) to define rainfall threshold with durations between 2 and 77 h. The critical duration of 2005 
Gyeongju landslide event was calculated from the collected catalog and it was found to be 22 hrs and cumulative 
rainfall was calculated as 192.5 mm in 22 hrs. Warning levels were selected on the basis of the 5th percentile, 20th 
percentile, and 50th percentile. They were classified as ‘null’ (below the 5th percentile), ‘watch’ (5th–20th percentile), 
‘attention’ (20th–50th percentile), and ‘alarm’ (above the 50th percentile) warning levels.  

Table 1 represents the geotechnical parameters including friction angle, unit weight and cohesion for each 
geological units.  

Table 1. Soil data 

Lithology ϕ (°) γ (kg/m3) C (kg/m2) 

Shale 22 2501 2549 
Alluvium  0 1600 0 
Granite  33 2700 3161 
Andesite  33 3000 3161 
Diluvial  0 1600 0 
Amphibolite granite 33 2700 3161 
Granite porphyry 33 2700 3161 
Marl and sandstone 40 2000 2651 

Saturated hydraulic conductivity (Ks) was set as 1.3E-05. Saturated and residual moisture content are 0.5 and 0.18, 
adopted from Park et al. (2013). Van Genuchten parameters α and nv were set as 20 (m-1) and 1.4.  

3.2. Model application 

After preparing database, the model was applied to calculate FS using hourly rainfall data. The simulation time was 
set as 17:00 (KST) of 5th September 2005 (rainfall start) to 14:00 (KST) of 6th September 2005 (landslide event time). 
The FS maps were classified as FS<1, 1–1.25, 1.25–1.5 and >1.5. From the simulation, a range of FS corresponding 
to hourly rainfall can be obtained as shown in Fig 5. The results shows, as the rainfall duration increases the 
corresponding hillslope instability also increases. Most of the areas were in a stable condition until the heavy rainfall 
on the 6th from 9 a.m. to 2 p.m. After 9 a.m. on 6th, the pore-water pressures in the bottom soil layer changed drastically, 
causing a rapid change in the FS. At 2 p.m., almost all the areas became saturated, and minimum FS values were 
estimated. The present study assumes the worst case condition considering pseudo-static seismic condition.  

On the basis of hourly estimated FS, the rainfall threshold based FS can also be calculated. Figure 6 shows the 
warning level maps which are the cutoff rainfall path at 5th percentile, 20th percentile and 50th percentile rainfall 
thresholds following rainfall path. Dry condition yielded no unstable pixels (Fig. 6a). 5% exceedance probability, the 
unstable area increased to 0.28%. Under this particular condition, the area with FS < 1 can be considered a “watch” 
warning level (Fig. 6b). With 20% exceedance probability, the unstable area increased to 5.76%, and these unstable 
areas can be assigned to the “attention” warning level (Fig. 6c). Similarly, at a rainfall threshold of 50%, the unstable 
area was 20.52% (Fig. 6d); this area is assigned the “alarm” warning level. Table 2 shows the comparison between FS 
at four warning levels considering seismic coefficient and without considering seismic coefficient.  
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Fig. 5. Factor of safety distribution corresponding to hourly rainfall (only selected results are shown in this figure) 

Fig. 6. Distribution of factor of safety in different rainfall scenarios: (a) dry condition, (b) watch, (c) attention, and (d) alarm 
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Table 2. Comparison between areas of FS 

Factor of safety 
Area % considering static seismic coefficient Area % without considering seismic coefficient 

5% threshold 20% threshold 50% threshold 5% threshold 20% threshold 50% threshold 
FS <1 0.28 5.76 20.72 0.08 3.51 10.7 
FS 1-1.25 6.12 20.8 33.8 2.62 19.1 25.8 
FS 1.25-1.5 30.1 33.34 33.5 32.1 33.7 33.1 
FS >1.5 63.5 40.1 11.98 65.2 43.69 30.4 

From these calculations, two types of landslide warning can be issued in the catchment. First is using minimum FS 
and second is using rainfall threshold warnings. We assumed that FS 1.05 is critical level, in that case when minimum 
FS crosses the FS value 1, and then a warning can be issued. This warning can be issued 1h 30 min before the landslide 
event. Second type of warning is based on 5% percentile threshold value of national inventory. It shows, the 5th 
percentile threshold occurred at 1:00 PM 6th September. And considering FS 1.05 a critical level, in that case warning 
can be issued 2h 10 min before the landslide event.  

Fig. 7. Warning for landslide event 

4. Conclusions

This research is based on a hypothesis “Past and present is key to the future.” Two extreme events were used in
this research, one is 5.8 ML Gyeongju earthquake and extreme rainfall event in 2005 September. Rainstorm and 
earthquake are significant landslide triggering agents in hilly landscape. The present model can be applied to calculate 
FS based on hourly rainfall in seismically affected hillslopes. The warning maps such as null, watch, attention and 
alarm maps were calculated on the basis of cutoff values of rainfall path and rainfall threshold warnings. The warning 
can be issued either 1h 30min (based on minimum FS) or 2h 10min (based on rainfall threshold warning levels) before 
landslide event. The outcome of the model can be used as a EWS to encourage local authorities and the population to 
monitor rainfall variation, such that the local population may be alerted to avoid or evacuate threatened area. 
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Abstract 

Debris-flow characteristics of initiation and runout are compared across the Continental Divide in Rocky Mountain 
National Park (RMNP), Colorado, USA to evaluate the influence of lithology, topography, and anthropogenic 
activities. Previous research indicates that 30 debris flows within the last century were large enough to transport 
sediment to valley bottoms and main stem channels and create new debris fans. Ten of the debris flows occurred on 
the east side of the Continental Divide and 20 on the west side. Those on the east side initiated after an extreme 
rainstorm in September 2013, whereas those on the west side occurred on the hillslope below an earthen ditch (12 
flows) or on the natural hillslope (8 flows). Of those on the west side, four of the five largest debris flows initiated at 
the ditch. Comparing debris-fan area, transport distance, and elevation of initiation, we find greater variability in 
transport distance and elevation from east side debris flows, some of which entered alluvial channels and traveled  >4 
km under highly fluidized conditions. In contrast, the presence of the ditch on the west side limited the elevation of 
initiation, contributing area and hence, debris-flow transport distance. Lithologic differences between the east and 
west sides influences debris-supply conditions. On the east side, weathering-limited basins reduce source material and 
require a longer time to recharge convergent topographic source areas. Transport-limited hillslopes on the west side 
provide ample source material for debris flows, including till deposits and weathered volcanic rocks.  Fan areas are 
comparable, and debris-flow morphology is generally similar across the Continental Divide. Recent anthropogenic 
and climatic disturbances, however, indicate that new patterns of debris-flow occurrence must be considered in the 
future. The increased occurrence of debris flows is an alert to park management who address hazards and risks to park 
staff, visitors and infrastructure. Furthermore, the high elevation of initiation for these modern debris flows expands 
the range of expected debris-flow hazards.  

Keywords: Debris flows, sediment supply, anthropogenic disturbance 

1. Introduction

Debris flows are part of the natural disturbance regime in mountainous landscapes that alter hillslopes and connect
uplands to valley bottoms through processes of sediment transfer. In the semi-arid Rocky Mountains, large naturally 
occurring debris flows are primarily associated with wildfire (Cannon et al., 2001), surface runoff generated during 
extreme rainfall (Menounos, 2000; Godt and Coe, 2007; Coe et al., 2014), and rapid snowmelt (Brabb et al., 1989) 
that saturates hillslope materials. Anthropogenic causes of debris flows include overtopping or piping through earthen 
dams (Jarrett and Costa, 1984; Pitlick, 1993), and/or ditches (Clayton and Westbrook, 2008; Grimsley et al, 2016), 
and failures associated with road or building construction and maintenance (Highland, 2012). In Rocky Mountain 
National Park (RMNP), north central Colorado, USA (Fig. 1) both natural and anthropogenic debris flows have 
occurred historically and in the recent past. Research into debris-flow characteristics, both natural and human-induced 
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in RMNP, is important for an improved process-level understanding of debris flows and for hazard awareness and 
prediction.  

Here we summarize the current literature on debris flows in RMNP and compare debris-flow characteristics across 
the Continental Divide in the park. Our main objective is to address how debris-flow attributes including fan area, 
transport distance, and elevation of initiation differ on east and west sides of the park. In addition, we address the 
management implications of debris flows in RMNP for hazard prediction in a changing climate, and with increasing 
annual visitors and mounting costs of maintaining park facilities and transportation infrastructure. 

Fig. 1. Location map of the study sites on the east and west side of the Continental Divide in Rocky Mountain National Park, Colorado, USA 
(green shaded area). Dots indicate locations of historical debris flows addressed in this analysis. Google Earth images of debris flows within A) 
and B) the Upper Colorado River valley on the west side of the Continental Divide, and C) resulting from the September 2013 storms on the east 
side of the Continental Divide. Capital letters and arrows on the map show locations of debris flows in the Google Earth images and Grand Ditch 
on the west hillslope above the Colorado River. 
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1.1. Study Site 

Rocky Mountain National Park in north central Colorado, is one of the top five-most visited parks in the US with 
over 4 million visitors annually (NPS; https://irma.nps.gov/Stats/Reports/Park/ROMO). Ranging in elevation from 
2300 m in valley bottoms to >4000 m at the highest peaks, the park spans several geomorphic process domains 
(Montgomery, 1999; Wohl, 2010) and disturbance regimes that shape landscapes within the park. The Continental 
Divide bisects the park north to south (Fig. 1) and divides it into distinct geologic zones. The east side of the park is 
underlain primarily by Proterozoic Silver Plume Granite and biotite schist (Braddock and Cole, 1990). Quaternary 
surficial sediments include local alluvial, colluvial and glacial deposits. Pleistocene glaciation in the region contributed 
to over-steepened valley walls on both east and west sides of the Continental Divide (Madole et al., 1998). Active 
erosion by glacier ice was unlikely at the study sites on the east site; however, because they are outside of the maximum 
extent of Pleistocene glaciation (Madole et al., 1998).The Big Thompson and St. Vrain watersheds flow from 
mountainous regions in the park eastward to the plains of Colorado.  

On the west side of the park, Tertiary volcanic rocks comprise a majority of the exposed bedrock with less biotite 
schist (Braddock and Cole, 1990). Within the headwaters of the Colorado River, the dominant lithologies are latite, 
rhyolite welded tuff, and undifferentiated volcanic rocks that are in places hydrothermally altered to bentonite. Till of 
Pinedale age mantles hillslopes below Grand Ditch, an unlined, earthen canal that brings water from the Colorado 
River basin across the Continental Divide to the Cache la Poudre basin (Fig. 1). Alluvial sediments fill the valley 
bottom of the Upper Colorado River basin.  

2. Previous Debris-Flow Research

Some of the earliest work on debris flows in the Colorado Front Range is presented by Caine (1984) who 
qualitatively linked geomorphic processes to elevation. Working directly south of RMNP, Caine (1984) labeled the 
debris-flow hazard as “slight” at elevations between 2800 m and treeline (3350 m). In RMNP specifically, Menounos 
(2000) developed a Holocene debris-flow chronology from a high elevation lake (3320 m) on the east side of the 
Continental Divide. He used tephrochronology, radiocarbon dating, soil formation and lake cores to document 2800 
years of debris-flow activity into Sky Pond. Also on the east side in RMNP, Patton et al. (2018) investigated the 
controls on debris-flow occurrence after an extreme storm in September 2013. The authors evaluated topographic 
properties, slope variables, and soil characteristics at 11 debris-flow sites and 30 undisturbed control hillslopes that 
received similar cumulative rainfall. On the west side of the divide, Grimsley et al. (2016) developed a debris-flow 
chronology for the Upper Colorado River valley to investigate the influence of failure of the 19th century earthen ditch 
on debris flow initiation, magnitude and frequency over the last century. A total of 20 debris flows were mapped and 
aged using dendrochronology, 12 on the hillslope below Grand Ditch, and 8 on the natural hillslope. In addition, Rubin 
et al. (2012) and Rathburn et al. (2013) assessed aggradation within the Upper Colorado River valley using shallow 
geophysics and radiocarbon dating, and channel response to a 2003 debris flow (Fig. 1), respectively, to understand 
the disturbance in the context of historical range of variability.  

Herein, our summary of the current literature focuses on the work of Patton et al. (2018) and Grimsley et al. (2016) 
because both focused on inventorying debris flows large enough to descend to valley bottoms in RMNP (Table 1), 
affecting the geomorphology of trunk channels and valley floors in recurring patterns over the last century. In addition, 
their data provides sufficient sample sizes for a meaningful comparison east to west across the park. Finally, both 
studies evaluated the influence of lithology, topography, and anthropogenic disturbance, where possible.  

We note that the time series of historical debris flows is biased toward high-frequency, low-magnitude events 
because large events tend to obliterate depositional evidence of earlier, smaller flows. In addition, the data set of 
historical debris deposits focuses on events that build fans which are preserved in the sedimentary record. We 
acknowledge that other debris flows have occurred for which we have no record. We present more specifics of the 
results on the east and west sides of the Continental Divide, and add a new analysis comparing debris-flow 
characteristics of fan surface area, transport distance, and elevation of initiation. Understanding the relative 
magnitudes, transport distances and initiation locations of debris flows will improve hazard expectations and mapping 
into the future. 
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2.1. East Side of Continental Divide in Rocky Mountain National Park 

The field data collected by Patton et al. (2018) included measuring slope angle and categorizing slope morphology, 
mapping and surveying preserved surficial debris-flow deposits and erosional scars of flows that occurred during the 
September 2013 rainstorm in the Colorado Front Range. This study also evaluated exposure of previously buried 
stratigraphic layers, and analyzed 10Be in quartz from debris-flow boulders at one site to age the multiple levee-forming 
flows. Remote analyses included using raster data from a 10-m DEM and calculating contributing area and slope 
curvature. Results indicate that 10 debris flows large enough to transport sediment to valley bottoms resulted from the 
September 2013 storms. The authors found that 10 of the 11 mapped debris flows initiated from hillslopes that were 
south-, west-and east-facing. Patton et al. (2018) also noted that 8 of the 11 debris flows (73%) resulting from the 
September 2013 rainstorms initiated at sites of convergent topography and at >2800 m, unusually high elevation for 
debris flows in Colorado. This is contrasted against the >1100 debris flows that were trigged by the September 2013 
storms, of which 95% initiated at elevations <2600 m (Coe et al., 2014). Additionally, the incidence of debris flows in 
areas of convergent topography, especially colluvial hollows, underscores the importance of local topographic controls 
on debris flow initiation on the east side of RMNP. 

Table 1. Debris-flow study sites in Rocky Mountain National Park with measured geomorphic characteristics. 

Site  Aspect Contributing 
Area (km2) 

Lithology Fan Area 
(m2)a 

Transport 
Distance (km)b 

Elevation (m) Source  

East Side RMNP 

Mt. Meeker East 0.05 Granite 13,339 4.35 3451 Patton et al. (2018) 

North St. Vrain East 0.46 Till; granite 0 0.74 2929 Patton et al. (2018) 

Twin Sisters West 0.01 Biotite schist 116,643 1.36 3081 Patton et al. (2018) 

Cow Creek South 0.002 Granite; biotite schist 10,355 0.45 2638 Patton et al. (2018) 

Black Canyon North South 0.001 Granite 8091 0.84 2903 Patton et al. (2018) 

Black Canyon South South-east 0.001 Granite 6252 1.09 2940 Patton et al. (2018) 

Bighorn South-east 0.001 Granite 4630 0.55 2747 Patton et al. (2018) 

Lumpy Ridge South-east 0.001 Granite 2156 0.42 2687 Patton et al. (2018) 

Highway 7 East 0.002 Granite; biotite schist 0 0.38 2836 Patton et al. (2018) 

Pierson Park East 0.02 Biotite schist 30,363 3.81 3180 Patton et al. (2018) 

Sky Pond  East  2.0 Biotite gneiss/schist -- -- 3320 Menounos (2000) 

West Side RMNPc 

Below Grand Ditch  

  Specimen Cr West  East 0.30 Till; altered tuff 6813 0.28 3105 Grimsley et al. (2016) 

Lady Creek  East 0.17 Altered tuff 3376 0.80 3105 Grimsley et al. (2016) 

Lulu Creek  East 0.71 Altered tuff 5361 0.88 3105 Grimsley et al. (2016) 

Sawmill Gulch East 0.48 Till 4765 1.74 3105 Grimsley et al. (2016) 

Little Dutch Creek East Till 6940 0.97 3105 Grimsley et al. (2016) 

Misc. West  East 0.13 Till 2477-3993 0.77-0.87 3105 Grimsley et al. (2016) 

Big Dutch Creek  East 0.35 Till 37,287 1.30 3105 Grimsley et al. (2016) 

Natural Hillslope 

Little Yellow East West 0.04 Altered tuff 12,131 0.39 3137 Grimsley et al. (2016) 
Ellen’s Tributary  West 0.63 Biotite schist 12,220 0.38 3048 Grimsley et al. (2016) 

Misc. East  West 0.24 Biotite schist 2656-3873 -- -- Grimsley et al. (2016) 

Crater Creek  West 3.67 Biotite schist 101,074 2.13 3296 Grimsley et al. (2016) 
a Ranges indicate the potential for multiple source areas contributing to fan deposition. All other fan areas represent single events. 
b Some transport distances and elevations on the west side of the Continental Divide are not available because initiation points on the natural hillslope 

were not readily identifiable in the field or in remote imagery. 
c 11 sites on the West Side of RMNP are listed, some of which show evidence of multiple debris flows, giving a total of 20 debris flows. 
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At one site with a 2013 debris flow (Bighorn, Table 1), evidence of multiple past events is preserved as linear 
debris-flow levees emanating from the same colluvial hollow. Although inheritance of 10Be in debris-flow levee 
boulders was noted, Patton et al. (2018) concluded that four to seven debris flows occurred at that site within the last 
75 ka, two of which occurred in the last 8 ka. Boulders sourced from adjacent rocky outcrops during periglacial 
processes associated with Quaternary glacial stages were likely transported via debris flow during subsequent wetter 
periods of the mid-Holocene. 

2.2. West Side of Continental Divide in Rocky Mountain National Park 

Field methods of Grimsley et al. (2016) included field mapping and surveying, using conifer dendrochronology to 
age debris flows, and aerial photographic interpretation. Results of that study indicate that 20 debris flows occurred 
on the west side of the Continental Divide in RMNP. Of these 20, 12 initiated on the east-facing hillslope below Grand 
Ditch, and the other 8 debris flows occurred on the west-facing natural hillslope. The authors found no substantial 
difference between debris flows on the hillslope below Grand Ditch versus the natural hillslope. Of the largest five 
debris flows; however, four originated on the hillslope below Grand Ditch, and all since 1937. Compared to previous 
work by Menounos (2000), who noted 1-5 debris flows on average in 16 centuries of record, the data on debris-flow 
frequencies from the west side suggest that the ditch has altered the debris-flow activity in the Colorado River 
headwaters. These findings are in agreement with Rubin et al. (2012) in an analysis of aggradation rates in an adjacent 
wetland. Ground penetrating radar surveys and radiocarbon analyses of sediment in the Lulu City wetland (Fig. 1) 
indicate increased aggradation through increased frequency of debris flows over the last two centuries of human 
intervention (Rubin et al., 2012). 

Grimsley et al. (2016) concluded that valley bottom geometry of the Colorado River is the dominant control on 
response to debris flows, influencing sediment aggradation in debris fans and the persistence of debris-flow deposits. 
They found that sediment reaching the main stem Colorado River is transported through more confined valley reaches 
and retained forming persistent bars where valley geometry widens abruptly. 

3. Controls on Debris-Flow Characteristics

Transport distances of debris-flow material are influenced by topography below the initiation site and downslope
entrainment of sediment. For example, transport may be either halted or facilitated by entering existing channels. 
Where debris flows enter channels at acute angles they grow in size by entraining channel alluvium and following the 
path of the channel. Where debris flows enter channels at near-perpendicular angles or meet low-gradient valley 
bottoms, the flow path may be truncated (Guthrie et al., 2010, Patton et al., 2018). Debris sediment supply and the rate 
of hillslope and/or channel recharge also controls debris-flow magnitude and frequency (Bovis and Jakob, 1999). Here 
we use debris-fan surface area as a proxy for event magnitude, and couple it with transport distances and initiation site 
to address attributes of the 30 debris flows inventoried in RMNP. 

Comparing east and west debris-flow fan areas, transport distances, and elevation of initiation (Fig. 2) indicates 
greater variability in transport distance and elevation for east side debris flows compared to west side ones. The longest 
transport distances, associated with debris flows from Mt. Meeker and Pierson Park, 4.3 and 3.8 km, respectively, 
were highly fluidized and entered existing channels, increasing the supply of sediment and providing a low-resistance 
flow path down the channel. In addition, east side debris flows initiated at elevations ranging from ~2700-3450 m. The 
much smaller transport distances and limited range of elevations (3105 m) on the west side are due to the presence of 
Grand Ditch on the hillslope above the Colorado River limiting the contributing area and hence, the transport distance. 
Twin Sisters on the east side was the largest fan area measured for all 30 debris flows. This debris-flow fan resulted 
from an abundance of fluidized sediment on the hillslope and formed as the steep, source hillslope transitioned to the 
lower-gradient valley bottom. Fan areas are similar, however, on the east and west side of the Continental Divide, with 
the largest exceeding 100,000 m2.  
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Fig. 2. Comparison between fan area, transport distance and elevation of debris flows on the east and west side of the Continental Divide in 
Rocky Mountain National Park. Heavy black horizontal line is the median value, end lines are the upper and lower quartiles, whiskers are 
maximum/minimum values in the population or the distance that is 1.5x the interquartile range, whichever is closest to the median. Dots represent 
values in the tail of the distribution beyond that distance. 

4. Discussion

Clear differences exist between controls on debris-flow initiation east and west of the Continental Divide in RMNP 
including lithology, slope and channel morphology, and the presence of Grand Ditch. Lithologic differences influence 
the supply and erodibility of material available to be entrained in debris flows. The supply of sediment on the east side 
can be considered weathering limited due to the more resistant, unaltered crystalline bedrock, and slower sediment 
production rates on hillslopes. On the west side, debris-flow occurrence is transport limited due to rapid sediment 
production from the highly weathered volcanic rocks and thick deposits of till on hillslopes below Grand Ditch.  

Differences in slope morphology on either side of the Continental Divide include the hillslope-valley bottom slope 
transition. This transition influences whether or not debris fans are deposited, and their size, at the base of hillslopes. 
In an analysis along an interstate corridor in Colorado, Coe et al. (2003) found that debris flows occur frequently on 
fans at the mouths of basins with steep slopes that transition to a low-slope channel. All of the debris flows evaluated 
in the Grimsley et al. (2016) study along the Colorado River demonstrated clear fan development where channels 
reached the low-gradient valley bottom. Hillslope morphology where debris flows occurred on the east side of the 
divide is more variable, with some flows delivering sediment to broad glacial valleys and some flows occurring entirely 
in steep fluvially incised valleys. 

Despite these known differences in debris-flow initiation and deposition processes, debris-flow morphology is 
generally similar across the Continental Divide and varying levels of anthropogenic disturbance. Median fan area, 
transport distance, and elevation are not distinguishable for debris flows on the east and west sides of the Divide. Flows 
on the east side of the Divide; however, demonstrate a greater range of variability in both transport distance and 
elevation due to occurrence on hillslopes with diverse topography. Despite the abundance of till and highly weathered 
bedrock, fan area on the west side is comparable to the east side. 

All of the 30 debris flows categorized here initiated at elevations greater than 2650 m. Including the region outside 
of RMNP, Coe et al. (2014) found that 95% of flows that occurred during the September 2013 storm initiated in 
canyons and on hogbacks at elevations lower than 2600 m. Flows with the largest scars and longest travel distances 
occurred at elevations above 2600 m on steep slopes with contributing areas >3300 m2.  

Although debris-flow regimes are likely to change in the upcoming decades, some aspects of the current and future 
debris-flow hazard in RMNP can be broadly characterized. On the east side of the Divide, colluvial hollows and 
channels that contributed sediment in 2013 have been deeply scoured, removing much of the loose material available 
for debris flows. Refilling of the same colluvial hollows may not take place on a human time scale unless the climate 
mechanisms that drive sediment sourcing and failure change. Thus, future debris flows may not initiate in the same 
locations or at high recurrence intervals. Other channels that did not scour; however, may show near-term activity. 
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Based on previous findings, debris flows of various magnitudes and frequencies are likely to continue to initiate at 
Grand Ditch, under the current ditch conditions, operation and management. Four of the five largest debris flows 
mapped on the west side initiated at Grand Ditch (Grimsley et al., 2016). The role of ditch operations and presence of 
hydrothermally altered rock on both sides of the valley is hard to separate, however. On the scale of recent geologic 
time, based on the last 4000 years of valley aggradation (Rubin et al., 2012), debris flows are frequent events. Even 
on a human scale, the debris flows might be considered typical, given that the last one occurred in 2003, with four 
additional large debris flows in the previous seven decades (2003-1937). Although the magnitude of flows on the west 
side is somewhat limited by the contributing area below Grand Ditch, the frequency of these events allows for 
significant impact to the morphology and ecology of the Upper Colorado River valley.  

5. Implications for Future Management

On both sides of the Continental Divide, the increased incidence of debris flows over the last century in RMNP 
may be an alert to park staff who address hazards and risks posed to visitors. Even if widespread debris flows appear 
infrequent on human timescales, public awareness of debris flows is typically low so the consequences of debris flows 
may be greater than in areas with shorter return periods (Coe et al., 2014). As a federal agency with large holdings of 
land in the western US, awareness within the NPS of the infrastructure risk and risk to visitors in mass movement-
prone areas appears to be growing. In some parts of the western US, the NPS is taking an active role in preparing for 
landslides as a result of climate change (Coe, 2016). Increased frequency of intense rainstorms (Klos et al., 2014), as 
well as increased fire intensity, frequency and extent (Abatzoglou and Williams, 2016) may increase landslide 
frequency in the coming decades. Active measures to respond to increased debris-flow risk include changes to new 
road construction to avoid areas of elevated landslide hazard, drainage improvements, visitor education, and planning 
for higher maintenance costs. Proposed changes for trails include managing drainage, stabilizing slopes, and restoring 
vegetation cover. Where possible, to mitigate debris-flow hazards, future construction should avoid existing debris 
fans. Where infrastructure already exists on debris fans, removal or protection of facilities should be considered. 

Hazards to people and infrastructure are fundamentally similar on both sides of the Continental Divide, although 
some differences in process and setting may call for slightly different considerations. Specifically, higher population 
density and visitation on the east side of the park increases risk from debris flows, despite low event frequency. The 
east side of the park receives a majority of annual visitors and has the bulk of buildings and infrastructure. The town 
of Estes Park, (population >6,000), adjacent to the eastern RMNP boundary, is a primary center of tourism. Debris 
flows on the east side of the Divide therefore pose greater hazards to people, buildings, and highways.  

On the west side of the Divide, debris fans will continue to be areas of sediment persistence in addition to large 
bars deposited in wide valley reaches of the Colorado River. The persistence of sediment poses the potential for 
ongoing remobilization, whereby subsequent high river flows will entrain and transport sediment into sensitive 
downstream ecosystems and receiving waters, causing renewed deposition, high sediment loads, and possibly impaired 
water quality.  

6. Conclusions

An inventory of previous research on debris flows in RMNP reveals that 30 debris flows large enough to descend 
to valley bottoms occurred within the last century, affecting the geomorphology of main stem channels and valley 
floors in recurring patterns. Of the 30, ten debris flows initiated at high elevations on the east side of the Continental 
Divide, and 20 occurred on the west side. Those on the east side initiated after an extreme rainstorm in September 
2013. Of the 20 on the west side, 12 initiated on the hillslope below Grand Ditch, with four of the five largest since 
1937. The other 8 debris flows occurred on the natural hillslope. Debris-fan areas are comparable across the Divide, 
but transport distance and elevation of debris flows are more variable on the east side, where some flows entered 
alluvial channels and traveled  >4 km under highly fluidized conditions. In contrast, the presence of the ditch on the 
west side constrains the elevation of initiation, contributing area and hence, debris-flow transport distance (<2 km). 
Thus, the key differences that influence debris-flow characteristics across the Continental Divide include lithology, 
which influences sediment supply, slope and channel morphology including the hillslope transition to valley bottoms, 
and the presence of the earthen ditch. On the east side, weathering-limited basins produce less debris supply and require 
a longer time to recharge convergent topographic source areas. Transport-limited hillslopes on the west side provide 

822



Rathburn / 7th International Conference on Debris-Flow Hazards Mitigation  (2019) 

ample source material for debris flows. Increased occurrence of debris flows in RMNP is an alert to park staff members 
who address risk. Increased knowledge of areas susceptible to debris flow will allow NPS to take an active role in 
preparing for debris flows to protect park visitors and infrastructure. Elevations that were once considered too high for 
debris-flow occurrence are now fully within the range of elevations with debris-flow hazards, as indicated by the 
elevations of initiation for all 30 of the debris flows characterized. 
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Abstract 

The dynamics of slow landslide motion can predispose oversteepened and extended slide regions to debris-flow initiation.  For 
more than 20 years, our real-time monitoring, combined with repeat high-precision GPS surveys, of the Cleveland Corral 
landslide complex, California, USA, reveals that debris flows initiate from slow-moving kinematic elements of this complex. 
Different slide elements move in different wet years, and all remain dormant in dry years. To explore controls on landslide-
element kinematics, we use triaxial testing to define the critical state behavior of the landslide material, and use a large-diameter 
sampling ring to determine in situ material porosities in both extensional and compressional regions of the slide complex. 
Regions undergoing extension contain materials looser than their critical state, potentially aiding liquefaction and debris-flow 
mobilization from shallow, secondary slides. Although intense rainfall serves as a trigger for debris-flow initiation, slow 
deformation of the larger landslide promotes debris-flow formation by oversteeepening toe and lateral margins and by 
preferentially extending, and effectively loosening, material in these steep regions. 

Keywords: debris-flow initiation; slow-moving landslide; critical state soil mechanics; porosity; GPS; California 

1. Introduction

Debris flows initiate from a variety of sources, such as the mobilization of large or small landslides (Iverson et al.,
1997; Geertsema et al., 2006; Crosta and Frattini, 2008) or progressive entrainment of sediment during surface 
runoff (Hungr et al., 1984; Takahashi, 1991; Cannon et al., 2001; Berti and Simoni, 2005; Coe et al., 2008). Within a 
geomorphic terrain, past movement behavior is often interpreted as forecasting future behavior, i.e. terrain may be 
prone to either rapid debris-flow initiation or slow-moving landslide deformation. Yet some debris flows initiate 
from parts of pre-existing, slow-moving landslides (Morton and Campbell, 1974; Reid et al., 2003; Malet et al., 
2004; Jibson, 2005; Malet et al., 2005). 

In a variety of terrains, locally steep slopes and intense rain can promote debris-flow initiation from landslides 
when widespread failure and partial or complete liquefaction occur (Iverson et al., 1997). Materials properties, such 
as porosity and grain-size distribution, can control the propensity for soil to liquefy when sheared during failure. 
Pervasive soil liquefaction greatly reduces shear strength and thereby enhances debris-flow formation. The 
application of critical state soil mechanics provides a framework to evaluate the predilection for soils to contract or 
dilate during shear, when they rearrange to achieve a critical void ratio as a function of the imposed stresses 
(Schofield and Wroth, 1968; Wood, 1990; Houlsby, 1991). Soils with an initial void ratio (or porosity) greater 
(looser) than their critical state void ratio contract during shear, increasing pore-fluid pressures and aiding 
liquefaction. In experimental studies, contractive behavior has been shown to aid debris-flow mobilization from 
landslides (Iverson et al., 2000; Okura et al., 2002; Olivares and Damiano, 2007).   

Field investigations that have attempted to correlate locally contractive (loose) soils with debris-flow initiation 
sites have obtained mixed results (Fleming et al., 1989; Anderson and Sitar, 1995; Gabet and Mudd, 2006; McKenna 
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et al., 2012). Although some sites were associated with contractive soil behavior, others were, at least initially, 
dilative. As sizeable slow-moving landslides advance downslope, their persistent deformation commonly creates 
areas of extension (stretching) and compression (shortening) within the slide mass (Baum and Fleming, 1991). Such 
behavior may thereby modify landslide bulk porosities in specific locations and make general characterizations 
difficult. 

Here, we investigate the hypothesis that the dynamics of a slow-moving landslide can precondition regions of the 
slide to debris-flow initiation. In particular, we ask whether landslide extension with concomitant increases in 
material porosities can promote localized debris-flow mobilization from shallow secondary failures. To address this 
issue, we examine possible linkages between active slide movement and debris-flow initiation using greater than 20 
years of displacement monitoring at the slow-moving Cleveland Corral landslide complex, California, USA (Fig. 1). 
We then use geotechnical testing and critical state soil mechanics to assess whether extensional and compressional 
regions within the slide complex create localized areas with materials that might contract upon shear failure and 
preferentially mobilize into debris flows. 

2. Cleveland Corral Landslide and Debris-flow Characteristics

2.1. Landslide setting 

The toe of the Cleveland Corral landslide complex is perched about 50 m above U.S. Highway 50 in the Sierra 
Nevada mountain range of California (Fig. 1). It is situated in a landslide-rich, 14 km-long highway corridor where 
more than 600 landslides have been mapped (Spittler and Wagner, 1998); this corridor follows the steep-walled, 
conifer-covered canyon of the South Fork of the American River. In this region, a strongly seasonal precipitation 
pattern exists, with most rainfall occurring November through March; summers are dry. The Cleveland Corral 
landslide complex has an elevation of approximately 1200 m, and snowfall is typically minimal and transient. 
Movement of most of the larger slides in this corridor, including the Cleveland Corral landslide, is episodic with 
reactivation of previously established failures. The landslides are dormant in the dry summer season and move only 
during a very wet winter and spring (with cumulative precipitation greater than the long-term annual average) – not 
every year. During exceptionally wet winter seasons, several of these slides have failed catastrophically and blocked 
the highway for multiple weeks (Kuehn and Bedrosian, 1987; Sydnor, 1997). 

With a sinuous form about 450 m in length, the Cleveland Corral landslide complex consists of colluvium and 
older slide debris underlain by quartz mica schist and gneiss, near a contact with Cretaceous diorite (Spittler and 
Wagner, 1998). The colluvium is a clayey, silty sand containing 10-15% cobble-sized clasts of bedrock. The slide is 
a complex of mass movements; overall it is a series of contiguous earth slides (Cruden and Varnes, 1996) with 
internal scarps and toes, as well as secondary shallow slides and debris flows at the steeper lateral margins and toes 
of various earth slide components. Despite the overall extent of the slide, it is relatively thin with slip surfaces 
located in surficial materials above bedrock. Several shallow seismic surveys indicate a depth to bedrock of 5-10 m 
(Reid et al., 2003); shear rods we installed in the slide reveal active slip in different elements at depths of 3-5 m. 
Ground surface slopes vary between 10º and 30º, but locally steepen to over 40º. 

2.2. Landslide movement 

Following the catastrophic failure of the nearby (about 2 km upstream) Mill Creek landslide in 1997 that buried 
Highway 50 and temporarily dammed the South Fork of the American River (Sydnor, 1997), the U.S. Geological 
Survey (USGS) installed radio-telemetered real-time monitoring equipment on the Cleveland Corral landslide 
complex (Reid and LaHusen, 1998), which also has the potential to fail and bury the highway. Since 1997, current 
precipitation, movement, and groundwater conditions at the site have been available to the public 
(https://www.usgs.gov/natural-hazards/landslide-hazards/science/us-highway-50-california). In addition, we have 
performed annual, campaign-style, Global Positioning System (GPS) surveys of monuments located both on and off 
the slide. We used our own nearby GPS base station for static differential processing and obtained repeat year-to-
year standard deviations of < 2 cm for stable monument positions. These survey data and associated notes on data 
collection and processing are available in a supporting USGS data release publication (Reid et al., 2019). Following 
wet seasons with landslide movement, we used kinematic GPS techniques to map recently active structural features 
visible on the ground surface. 
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Fig. 1.  Maps of the Cleveland Corral landslide complex showing active surface structures and kinematic elements during different wet years: (a) 
2004-2005; (b) 2005-2006; (c) 2010-2011. Different elements are identified with different colors – blues for lower slide region, purples for upper. 
Elements with darker colors started moving earlier during the wet season, with movement typically progressing upslope into adjacent elements. 
Not all elements were active each year. Debris flows typically mobilized from shallow failures (orange) on the toes and margins of active 
elements. Displacement vector scale is 10X map scale. 
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Although the entire Cleveland Corral landslide complex has not failed catastrophically since our monitoring 
began in 1997, the combination of long-term real-time monitoring at specific locations with yearly overall 
displacement patterns has allowed us to correlate landslide movement with precipitation patterns. Various elements 
of the slide complex have moved during the wet seasons in 10 of the 21 years of monitoring. During the other years, 
all major slide elements remained dormant. Examples illustrating the differences in movement patterns for three 
water years when parts of the slide were active are shown in Figure 1. The slide complex consists of various 
kinematic elements that may move individually or in concert during a given wet year. In a wet season, certain 
elements typically move first – these include the overall toe (dark blue) and a mid-slide toe located in the upper 
section of the landslide (dark purple) (Fig. 1). Following initial movement, elements upslope and contiguous to the 
already moving elements may become active (lighter blues and purples), and additional activity may progress further 
upslope over several months. Depending on the wet season precipitation patterns, movement may be restricted to 
certain regions (Fig. 1a), although in a very wet season the entire slide complex can be active (Fig. 1b). When active, 
elements typically move at speeds of about 1-2 cm/day, but can range up to 20 cm/day. Even in active years, all 
elements cease motion by mid summer. 

2.3. Debris-flow activity 

Our monitoring has enabled us to identify conditions leading to debris-flow initiation from distinct parts of the 
overall slide complex. During above-average wet seasons, shallow (~0.5-1 m thick) debris slides (with typical 
volumes of about 5 to 400 m3) often occur at the margins and toes of active elements. These shallow slides originate 
along new failure surfaces, either within transported material forming the larger slide complex or at the lateral scarps 
in adjacent, previously unfailed materials. Intense rainstorms trigger these shallow slides, and the larger of these 
features occur within active elements of the main slide, either at the toes or debutressed margins (primarily on the 
western margin of the complex) – moreover, the larger of these shallow failures often mobilize into debris flows 
(Fig. 1). Smaller and less mobile slides may also occur along locally steep lateral margins in adjacent materials. 
Interestingly, minimal shallow sliding generally occurs at the toes or margins of dormant elements, even during 
relatively intense rainstorms. 

Due to prolonged slide movement, the toes of the active slide elements become oversteepened compared to 
typical overall slopes of the larger landslide elements (Fig. 2). Although this oversteepening should predispose a toe 
region to shallow secondary failures, most of these shallow failures occur when the larger, encompassing slide 
element is also actively moving downslope. 

3. Testing Methodology

To examine the hypothesis that an active landslide can selectively dilate slide materials and thus promote
subsequent debris-flow initiation, we undertook a two-pronged approach. We first performed geotechnical testing to 
define the critical state line using materials from within the larger landslide. We obtained samples both in bulk and in 
thin-walled brass tubes (6.4 cm diameter by 15.2 cm tall) pushed into the floor of a shallow excavation of the lower 
toe in 2008 (see Fig. 2 for sample location 022808). These samples were collected at a depth of 0.65 m, similar to the 
depth of typical shallow debris slides that have occurred at the toe of the slide complex. The materials were 
subsequently tested in the University of California, Berkeley GeoEngineering Laboratories using both consolidated 
undrained (CU) and consolidated drained (CD) triaxial methods with saturated samples under a range of confining 
stresses (32-120 kPa) that represent shallow conditions. The seven CU tests used moist tamped specimens prepared 
to different porosities that were subsequently sheared to critical state. Our three CD tests used in situ specimens 
extruded from the thin-walled tubes. For both types of tests, we computed critical state porosities at 12% axial strain 
representing sheared conditions. In our results (Fig. 3), we present the critical state line relating principal stress to 
material porosity, rather than void ratio, to allow ready comparison with field-derived porosity values. 

We then performed field characterization to determine in situ landslide porosities in regions exhibiting local 
compressional (e.g. internal thrusts) or extensional (e.g. tension cracks) surfaces features, all within the toe area of 
the overall slide (see Fig. 2 for locations). We were interested in bulk porosities representative of regions (on the 
scale of small, shallow landslides) that could mobilize into debris flows. Conventional geotechnical tube samples, 
however, cannot fully capture the larger-scale effects of localized thrusting or cracking. We opted for a protocol 
capable of assessing the porosity of a larger sample using a ring-excavation method (Grossman and Reinsch, 2002). 
At each sample site, we excavated surface material to a depth of approximately 10-30 cm and then carefully pushed 
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or lightly tapped a 24.8 cm diameter stainless steel ring into the underlying slide material. We used a micrometer to 
measure the depth (relative to a small shelf placed across the upper edge of the steel ring) of the exposed material 
surface, collecting 33 depth measurements in a radial grid pattern. Then, we excavated and retained material from 
within the ring (typically 3000-4000 cm3), and remeasured the post-excavation upper surface using the same grid 
pattern. From this, we could derive precise volumes for the excavated materials using radially weighted differences 
between surface measurements. The excavated materials were dried and weighed in the lab. Using dry weights and 
volumes, with a particle specific gravity of 2.7, we computed material porosities. We collected extensional samples 
(near surface tension cracks) during spring 2011, when the toe area had been recently active. Additional 
compressional samples (near thrusts) were collected in spring 2012, when the toe element was dormant. 

Fig. 2.  In situ porosity locations at the toe of the Cleveland Corral landslide complex, categorized by nearby extensional or compressional 
surface structures. Surface structures shown as mapped during spring 2011; in some places, shallow failures mobilized into debris flows. Samples 
labeled with 022808 prefix were collected in 2008, prior to renewed activity in 2011. Vector displacement scale is 5X map scale. 

4. Results

In Figure 3, we show our measured critical state line for toe landslide material using principal stress versus
porosity during shear from both CU and CD triaxial tests. During our triaxial tests, materials with initial porosities 
higher (looser) than critical contracted during shear; those with initial porosities lower than critical (denser) dilated 
during shear. We also show in situ porosities determined by the ring-excavation method at different locations in the 
toe region (Fig. 2). For each location, we estimated likely in situ principal stress using sample depth, local slope, and 
saturated unit weight. Because sample depths were near the ground surface, we assumed that failure-appropriate 
principal stresses were oriented normal to the local ground slope. 

The results for in situ porosities fall into three groups: looser than, near, and denser than the critical state line. The 
toe region is a complex of deforming landslide sub-elements with local surface expressions of extension (tension 
cracks) and compression (internal toes and thrusts) as shown in Figures 1 and 2. Sites with measured porosities 
greater (looser) than critical occurred near extensional features (Fig. 2), in particular these sites were located 
immediately upslope from the small headscarps of previous shallow slides. In preceding years, many of these 
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shallow slides mobilized into small debris flows (for examples, see Fig. 1). In contrast, sites with measured 
porosities lower (denser) than critical occurred near compressional features, in particular near the base of toes or just 
upslope of internal thrusts (Fig. 2). Nevertheless, some of these compressional sites, as well as several extensional 
sites had porosities near critical conditions for the given low principal-stress regime. Porosities near critical imply 
that minimal contraction or dilation would occur upon shearing; therefore, resultant pore-pressure increases or 
decreases that would enhance or impede motion would be less likely. 

Fig. 3.  Critical state line and in situ field porosities measured from the Cleveland Corral landslide complex toe region. Porosity values were 
collected near both extensional and compressional surface features. Materials looser than (above) the critical state line contract upon shearing and 
thus may aid liquefaction and reduce shear strength. Critical state line defined by CU and CD triaxial tests performed using low confining stresses 
readily achieved in the laboratory. 

5. Concluding Discussion

Observations from 21 years of monitoring at the Cleveland Corral landslide complex indicated that debris flows
mobilized from small, shallow, first-time failures on the topographically oversteepened toes and lateral margins 
during intense rainstorms (for examples, see Figs. 1 and 2). This association follows the precept that steep, wet 
ground promotes debris-flow mobilization from landslides (Iverson et al., 1997). However, not all shallow failures 
triggered during these rainstorms mobilized into flows – many small toe failures and those originating from scarps in 
adjacent areas on the lateral margins did not mobilize. 

In addition to the spatial correlation with locally steep slopes, the largest shallow failures, with accompanying 
debris flows, occurred when encompassing kinematic elements of the Cleveland Corral landslide complex were 
actively moving downslope. This association implies that debris-flow mobilization from this slow-moving landslide 
complex required more than just steep and wet ground. Landslide movement can instigate spatial variations in stress 
patterns within slide materials, and thus may aid localized shallow failure. Our in situ porosity determinations 
indicated that looser materials occurred preferentially in regions of ground-surface extension, typically in the upper 
regions of steep active toes or lateral, debutressed margins. These extensional regions resulted from dynamic slide 
movement and therefore could vary over time. Loose materials have the propensity to contract upon shear, generate 
elevated pore-water pressures, promote widespread liquefaction beyond an initial shear surface, and thereby 
potentially facilitate debris-flow mobilization. 

Active slide motion can promote debris-flow initiation through several processes – oversteepening of toes and 
lateral margins, as well as stretching or extending materials (to an overall condition looser than critical state) within 
the slide. The topographic oversteepening promotes shallow failures, whereas the extension produces materials that 
can contract upon shear failure and thereby promote material liquefaction.  These combined processes create select 
areas that are prone to debris-flow mobilization during intense rainstorms, even as the overall larger landslide 
maintains slow movement. 
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Abstract 

Alpine infrastructure such as roads, railways, pipelines, powerlines and hydropower facilities, as well as alpine 
communities, are exposed to debris-flow hazards, rock-fall and snow avalanches. In most cases, debris-flows are 
rainfall induced and affect large areas, causing substantial financial and individual damages. Austrian infrastructure 
owners are maintaining approximately 5,000 km of railway tracks and at least 1,000 km of high priority highways 
which are exposed to debris-flow hazards. For assessing potential debris-flow impact along these infrastructure routes, 
the stand-alone physical-numerical based modeling tool FIMT (Flow Impact Modeling Tool) was developed in-house 
by ALPINFRA, which is applied on a 3D topography with a spatial resolution of 5x5m. The model is applied on a 
regional scale and areas with more than 3,000 km² were analyzed simultaneously. Debris-flows are highly dynamic, 
complex flow processes of multi-phase fluids with a constantly varying flow regime during single events and along 
flow paths. Many researchers, including Pudasaini et. al., 2005, Wang et. al., 2004 and Iverson, 1997, 2001, 2004 
provide well developed physical approaches for single- and multi-phase fluids. The Mohr-Coulomb based friction 
model of Voellmy (1955) however, provides an acceptable and numerically implementable alternative, considering 
dry friction as well as hydraulic driven parameters. This approach was initially developed for snow avalanches and is 
now implemented in various debris flow and other rapid mass movement modeling software tools. Ahead of the 
implementation of the model for regional hazard assessments, ALPINFRA conducted calibration and parametric 
studies. These were done in test-regions and based on extensive field work, investigation of historical events and 
detailed numerical back analysis. Since 2013, all parts of the Austrian railway network exposed to debris-flow, major 
Austrian highways, as well as gas-pipelines and hydro power facilities have been analyzed with this tool as a basis for 
hazard and risk studies. For regional scales, simulation results have a comparatively high resolution (5x5m) and build 
a high-quality basis for hazard mapping, budgeting of mitigation measures and planning of detailed investigation 
projects. 

"Keywords: debris-flows; infrastructure; high-resolution numerical modeling;" 

1. Introduction

In Europe, the most important alpine infrastructures such as rail- and roadways were developed between the late
19th and the 20th century where the valuable valley floor was almost fully occupied by farmers for food production. 
Railroad and road routes were pushed to the valley flanks as far as possible. Limited space lead to a comparatively 
high development pressure and very remote areas were developed by roadways routed through very narrow valleys. 
The high relief energy from the steep topography throughout wide areas, as well as the climatic situation, resulted in 
a high hazard exposure of these structures. For several high alpine hydro-power facilities and the oil-pipelines crossing 
the Alps a similar hazard situation exists. For assessing the Austrian wide geo-hazard, steep-creek-hazard and snow-
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avalanche-hazard exposure, an initial infrastructure hazard investigation program was started in 2010. This was mainly 
done by means of field investigation and analyzing event chronologies. Hazard maps were prepared on a super-
regional level as well as at a rough scale of 1:25,000. In a second stage, more precise analyses were required for 
showing local hazard impact potential and deficits of protection. Therefore, high-performance hazard process 
modeling tools were developed for rock-fall, snow avalanches and debris-flows. The analyses were conducted on the 
3D topography with a spatial resolution of 5x5m. 

This paper describes this regional level debris-flow impact hazard assessment approach and the stand-alone 
3D numerical debris-flow modeling tool FIMT, which was specifically developed in-house by ALPINFRA for 
investigations as described above.   

2. Numerical Model Description

2.1. Rheology 

For the rheological approximation of debris flows, the formulation of Voellmy (1955) was selected, which provides 
(a) the dry friction parameter μ, which rises with acting normal stresses according to ·g·h and (b) a parameter for 
turbulence  which lowers the overall flow resistance of a fluid particle linearly. The overall flow resistance according 

to Voellmy (1955) is as follows: 

where: 
S = overall flow resistance [Pa] 
ρ = unite weight of the fluid [kg/m³] 
g = gravitational acceleration [m/s²] 
 = slope inclination [°] 
H = flow depth [m] 
U = flow velocity [m/s] 

2.2. Computation Model 

The simulation tool FIMT computes the synchronous movement of single particles, each with a defined volume, 
by using the Voellmy rheology for calculating the flow resistance. The direction of movement is solved by means of 
a random walk algorithm (Révész, 1990) with side constraints. The release condition is that the most likely flow 
direction is oriented according to the topographic gradient. For computing the dynamic flow, the synchronous 
simulation of released debris flow particles allows for the consideration of temporary and spatially varying flow depth 
and flow velocity by means of the consideration of the momentum of the single particles at a discrete time step and 
location. The numerical solution fulfills the law of conservation of the mass, the momentum and energy. Deposition 
of particles is considered by means of a critical threshold value for the momentum for which a homogeneous fluid can 
be assumed. If the momentum falls below this yield value, decomposition of the fluid mix is assumed, and aggradation 
takes place. The release of particles is considered by means of a Mohr-Coulomb limit state stability approach. Output 
is generated as ASCII raster files for the maximum values, mean values, or selectable quantiles for the flow depth, 
flow velocity and dynamic pressure as well as for the deposition. Ahead of the calculation, a complex preprocessing 
procedure is required for generating the input files. The preprocessor uses a digital terrain model and preprocessing 
parameters such as the calculation domain, morphometric yield parameters and/or geologic mapping information for 
generating release areas. Single particles can be tracked for reproducing the traveling path when a particle impacts a 
section or point of interest, which can assist decisions requiring detailed investigations of release areas. Related release 
areas are highlighted according to their relevance. This is done based on a back-calculation or “back viewing” 
approach. The code was written in-house by ALPINFRA in C++ for usage on Linux platforms and optimized for 
computation performance that it can be used for very large areas.  
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2.3. Event Magnitudes 

The release volume or magnitude is approached by means of morphometric parameters, hydrologic assessments, 
and is checked for plausibility based on empirical approaches provided by Zeller (1985), Takei (1980) and D´Agostino 
(1996). Investigated relationships between the size of hydrological catchments and debris-flow event magnitudes was 
summarized in IRASMOS (2011) as shown in Fig. 1. After a preprocessing stage the release map is visually checked 
by experts for plausibility based on LiDAR data.  
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Fig. 1: Relationship between debris-flow magnitudes and size of hydrological catchments (IRASMOS 2011) 

2.4. Parameterization 

2.4.1. Discussion of Parameter Setting 

Physical properties of entrained and released solids strongly influence the dynamical behavior of debris-flow and 
provides the basis for the selection of the rheological approach and its parameterization (Iverson, 1997, Rickenmann, 
1999, Kaitna et al., 2007, Iverson et. al., 2010). Fine-dominated solids will form fluids which can be reasonably 
described with a Bingham rheology compared to coarse-dominated source material which forms mixtures that can 
better be approached with a Voellmy rheology. The differential behavior of these mixtures is explained by the specific 
interaction of solid components with the fluid phase. The granular character of solids and the viscous behavior of the 
fluid-phase, as well as the influence of pore-water pressure, are approached by several rheological solutions (Wang et 
al., 2008, Bertolo und Wieczorek, 2005). However, implementation into a numerical model is sometimes not feasible 
and consequently, most of the available debris-flow models are based on the Voellmy approach (Wang et al., 2008).  

Parameters discussed in the literature and listed in manuals of commercial software tools vary widely and match 
poorly with debris-flow characteristics. Therefore, a general test or bench mark test of every single simulation tool on 
a well-known example or synthetic topography should be conducted before application within hazard studies. It is 
also required to match parameter sets with sedimentological data from the source materials. Such assignments are 
normally not available in software tool manuals. The Swiss institute for snow and avalanche research (SLF) lists a 
general parameter range for debris-flow simulation using the Voellmy rheology as shown in Table 1.  

Table 1: Voellmy parameter ranges for debris flows according to WSL 2012 

Type of debris flow Dry friction,  Turbulence,  

granular debris flows 
0.05 - 0.40 

100 - 200 

muddy debris flows 200 – 1,000 
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Dorfbach example (Randa, CH) 0.225 130 

Within a parametric study, Medina et. al. (2008) uses start parameters for back calculations in the Pyrenees which 
contain Cambrian and Ordovician marbles, phyllites and schists, as well as glacial deposits with  = 0.065 and  = 
100 m²/s and 400 m²/s respectively, which are within the range of the values provided by the SLF as listed in Table 1. 
Because these parameters did not give plausible results (Medina et. al., 2008), Medina et al. produced better matching 
results by using  = 0.220 and  = 144 m²/s. This selection gives a low turbulent flow at a considerably high portion 
of dry friction of approximately 12.5°. These parameters are roughly in line with those the SLF postulates for the back 
calculation of the Dorfbach (Randa, CH) debris-flow event (WSL, 2012). 

2.4.2. Plausibility Test of Parameter Sets 

Ahead of regional modelling, FIMT was tested for parameter settings and calibrated based on recorded events. 
Parameter sets were tested at well known debris-flow catchments in Ausserfern in Tyrol, Austria, between Reutte and 
the German border. The geological setting is limestone dominated and debris-flows have a comparatively granular 
appearance. The assignment of the magnitude volume for the parameter tests is based on D´Agostino (1996). The 
comparison of parameters demonstrated the plausibility of modeling results as well as the sensitivity for parameter 
variation. Fig. 2 to Fig. 7 show exemplary results for the maximum flow depth (h) maximum flow velocity (v) as well 
as the run out of modelled debris flows for different parameter sets.  

The results show that the tool is generally producing reasonable results. As expected and according to the analytic 
check of the Voellmy term, a greater turbulence parameter reduces the overall flow resistance giving greater flow 
velocities. This effect would reflect a rising portion of fines in the fluid mix. A great number of other variations was 
checked for sensitivity and reasonable results were produced indicating the applicability of the introduced regional 
calculation tool.  

Fig. 2: Maximum flow depth for =250 and =0.25 in the test region 
in Ausserfern

Fig. 3: Maximum flow velocity for =250 and =0.25 in the test 
region in Ausserfern

/ / 
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Fig. 4: Maximum flow depth for =600 and =0.25 in the test region 
in Ausserfern

Fig. 5: Maximum flow velocity for =600 and =0.25 in the test 
region in Ausserfern

Fig. 6: Maximum flow depth for =1,000 and =25 in the test 
region in Ausserfern 

Fig. 7: Maximum flow velocity for =1,000 and =25 in the test 
region in Ausserfern 

3. Regional Application and Validation

For testing the applicability on the regional scale with relatively high spatial resolution of 5x5m, the entire alpine
valleys Stanzertal and Klostertal were analyzed simultaneously in 2012 with an overall extension of approximately 
600 km². The overall computation time for 4 scenarios with annual exceedance probabilities (AEP) of 30 – 50 years, 
50 -100 years, 100 – 300 years and a probable maximum debris-flow (PMDF) was approximately 24 hours on a multi-
processor workstation normally used for 3D computational fluid dynamics (CFD) calculations. Calculation results 
were compared with data from event chronologies which have been investigated by the federal forest research center 
at the town of Innsbruck within the so-called Paramount research project in 2012. Fig. 8 shows the computed debris-

/ / 

/ / 
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flow impact map of the Stanzertal valley. Fig. 9 shows details of a subset of the same region, where events occurred, 
and flow heights were recorded, are highlighted by red stars. Comparing the location of all recorded events with the 
computed map gives a 100% accordance in the sense that all documented events are correctly indicated by the 
computed debris flow impact locations. Comparing the computed event magnitudes, a good accordance regarding the 
maximum flow height calculated to measurements taken at culverts during debris-flow events is given. Events 
recorded in October 30 and 31, 2018 and on June 11, 2016 as shown in Fig. 10 and Fig. 11 demonstrate the very good 
accordance between computed impact locations and recently recorded impacts. 

Fig. 8: Computed debris flow impact map (flow height) and recorded impact events which are indicated with red stars.  

Fig. 9: Detail of computed debris flow impact map at the Stanzertal valley (brown indicates a debris flow, blue a flow with bed load content) 

/ 
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Fig. 10: Detail of computed debris flow impact map at the Stanzertal valley in 2016 and 2018 (blue: low flow depth; orange: high flow depth) 

Fig. 11: Computed debris flow impact map and events from 2018 at the upper Drau valley (blue: low flow depth; orange: high flow depth) 

After extensive testing, the FIMP debris-flow impact modelling tool was subsequently applied to the complete

Austrian territory. Based on the modellng results, an Austrian wide debris-flow impact hazard map was compiled. For 

planning detail investigations and debris-flow mitigation projects, potentially affected railway sections were analyzed 

and highlighted in mitigation priority and protection deficit maps. For risk analyses, traffic frequency data for rail- 

and roadways were superimposed with regional annual exceedance probability (AEP) scenario related impact 

calculations and risk maps were produced. The Austrian wide data produced for railway lines was summarized in a 

hazard exposition priority map as shown in Fig. 12 and hazard classification and statistical analyses were conducted 

for budgeting of mitigation projects. 

Fig. 12: Austrian wide debris impact hazard priority map with level 1 being most hazardous 
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For demonstrating that FIMP is applicable in other regions, a map which was computed on an indicational level 
for the Clear Creek Canyon west of Golden, Colorado, is shown in Fig. 13. The potential debris flow impact map was 
produced on a 5x5m terrain model, which does not consider bridges and culverts, as well as local debris-flow 
susceptibility. Plausibility checks were not done.  

Fig. 13: Example map for the Clear Creek Canyon for demonstration purposes
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Abstract 

The Thomas Fire burned slopes above Montecito, California in December 2017, setting the stage for debris flows and flash floods 
in response to precipitation that exceeded a threshold intensity and duration. A narrow cold frontal rainband storm occurred on 
January 9, 2018, that exceeded the threshold and caused a disaster in Montecito, killing 23 people, injuring many others, destroying 
residential buildings, and community infrastructure. The Geotechnical Extreme Event Reconnaissance (GEER) Association 
mobilized a team to document the damage and geomorphic effects. The potential value of the European Space Agency Copernicus 
Sentinel Synthetic Aperture Radar Satellite to detect and quantify erosion and deposition was recognized and an environmental 
scientist skilled with satellite radar interferometry therefore accompanied the GEER team. The Sentinel satellite data were obtained 
from satellite passes in late November, late December, and late January, which permitted constructions of interferograms that 
showed the effect of the fire before the January 9 storm and the effects of the storm. The interferometric results display an exact 
boundary compared to the burn perimeter determined by fire response teams. An interferometric change model constructed using 
post-fire pre-storm and post-storm Sentinel synthetic aperture radar scenes shows areas interpreted to be possible deposition and 
erosion. The immediate post-disaster search, rescue, and recovery activities resulted in substantial sediment removal from 
deposition areas which could not be captured by the available radar coverage. 

Keywords: Interferometry; Synthetic aperture radar; Burned slopes; Sediment flooding; Debris flow 

1. Introduction

This paper describes how satellite radar interferometry can be used to help characterize a burn area after a wild fire,
and help locate debris accumulations after storm events. A burn area from a 2015 fire in Indonesia was identified using 
SAR C-Band data from Sentinel satellite in 2017. This information was found to be helpful with improving fire control 
management (Lohberger et al., 2017). Sentinel satellite data was also used to determine the burn scar during a study 
done to map the aftermath of a wildfire that occurred in the Western Cape, South Africa in January 2016 (Engelbrecht 
et al., 2017). The concepts surrounding interferometry are complex and the data available are robust. Many change 
detection studies have been performed globally using interferometry with synthetic aperture radar data (InSAR) for 
disaster monitoring and management. A series of change detection studies were done in Syria, Puerto Rico, California, 
and Iran. These studies demonstrate that SAR data can be used to monitor change from natural disasters (Washaya et 
al., 2018). This paper discusses the processes in which data were selected and how data were processed specifically 
for delineating a burn perimeter and locating debris accumulations in and around the city of Montecito, California. 
Since each satellite has its own line-of-sight and wavelength characteristics, product resolution helps point to areas of 
interest, but also has limitations. Quantification of debris deposits was not calculated in this study. 

The present paper refers to a few publications and internet resources. However, most of the processes and results 
are original for this particular area and were developed specifically to discern if interferometry could be used to 
delineate the burn perimeter of the Thomas Fire and track debris deposits from the burned area after the narrow cold 
frontal rainband storm in early January 2018. 
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2. Background and need for interferometry

The Thomas Fire that burned the slopes above Montecito in Santa Barbara County, California started on December 
4, 2017 approximately 50 kilometers to the east of Montecito, and north of Santa Paula in Ventura County, and 
continued to burn through January 12, 2018. This fire burned 114,078 hectares, making it the largest wildfire in 
California history at that time (CalFire, 2018). The destruction of the environment, infrastructure, and lives in and 
around the burn area will take years of mitigation and recovery. The damage to the watersheds within the burn area 
set the stage for even more destruction that became apparent after a heavy rainfall event on January 8 and 9, 2018. 
Precipitation intensities based on 5-minute precipitation values for this rainfall event are described by Keaton (2019, 
Fig. 5). This rain event produced flash floods and debris flows carrying large amounts of debris from the burned slopes 
toward the city of Montecito, damaging hundreds of structures and killing 23 people (CalFire, 2018). 

This devastation prompted professionals from several technical and scientific realms to study this event to try to 
track the debris deposits after the narrow cold frontal rainband storm in early January. Since interferometry is 
performed to detect change, it became apparent that this event, despite the destruction, was well suited to use satellite 
radar interferometry to document where the ground had changed due to the fire, and then again after rainfall. Research 
was done to verify that satellite scenes could be obtained to calculate ground change after the Thomas fire, then again 
after the rain event. Once it was clear that data were available to track these changes, processing began for this study. 
The first objective was to verify that the burn delineation matched the boundary determined by the fire response team. 
The next objective was to verify changes in and near the channels located on the downward slopes toward Montecito. 
This was a big-picture attempt at trying to track the debris flow and see if the InSAR could help identify where the 
sediment traversed and landed.  

Classically, interferometry is used to capture change on the ground surface by measuring the phase difference 
between at least two repeat passes of a fixed orbiting SAR satellite. It is a remote way of measuring relative distance. 
Since InSAR can detect millimeter change, a burn area and debris deposits should be detectable if the correct satellite, 
orbit, and acquisition dates are available for selection. The interferometric and change detection processing, as well as 
the interpretation in relation to the environmental events involving the Thomas Fire and the storm event, require critical 
attention to detail and an understanding of how to correct errors due to atmospheric effects (troposphere and 
ionosphere).  

The level of error can be understood by checking the coherence of the satellite scenes after they are coregistered 
during the beginning stages of processing. Statistics can be calculated on the satellite scenes to determine how high 
the coherence percentage is between specific scenes. Olen and Bookhagen (2018) discuss calculating coherence, types 
of errors that cause loss of coherence, and methods to improve it. The statistical coherence calculation is built into 
most of the SAR processing applications, but users must choose to add that step into their computational processing 
models. Olen and Bookhagen (2018) use this statistical approach to understand coherence. Our study practices a similar 
step to check coherence; the scenes in this study hold 97% coherence or better after inspecting precipitation rates for 
the time frame of interest. 

SAR methods have improved drastically over the last ten years or so as earth surface observation can now be 
effectively done independent of weather, cloud cover, and time of day. Natural hazards, such as, landslides and debris 
flows can be observed and studied better than ever with these radar observation improvements.  However, Olen and 
Bookhagen (2018) discuss seasonality and how choosing satellite scenes during rainy or growing seasons is still an 
important consideration, since precipitation during a wet season can lower coherence and cause errors. Checking the 
daily precipitation amounts on the dates of SAR images can help make decisions on which satellite scenes to use. This 
background check is easy to skip, but using it will help lower error or noise and boost coherence.  

3. Data selection and processing

In recent years, The European Space Agency (ESA) established the Copernicus Program to provide a satellite 
constellation which includes two newer satellites, Sentinel-1A and Sentinel-1B, which are in a near-polar, sun-
synchronous orbit. These satellites share the same orbital plane with a 180° orbital phasing difference. These satellites 
carry a C-band synthetic aperture radar active sensor which was built for many scientific purposes, including the ability 
to collect data in all-weather during the day and night. The way these satellites collect data enable scientists to process 
data for many purposes, including radar interferometry. According to Paul Rosen at NASA JPL, radar interferometry 
can be broadly defined by use of phase measurements to precisely measure the relative distance to an object when 
imaged by synthetic aperture radar from two or more observations separated either in time or space (Rosen, 2014). 
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The ESA has made this data available free of charge and easily downloadable for quick turnaround during critical 
events such as the Thomas Fire (ESA, 2018).  

The slopes that burned are above and north of the city of Montecito, California; therefore, a satellite with an 
ascending orbit would provide the best results since the line-of-sight (LOS) would capture the area of interest well as 
it ascends northward. Sentinel-1B offers 12-day repeat pass ascending orbits. Since Sentinel-1B has a frequent repeat 
pass orbit, the area of interest was captured in late November before the fire occurred, in late December after the fire 
had burned the slopes above Montecito, and in late January after the storm of 9 January 2018. Table 1 lists the satellite 
scenes used in this study. 

Table 1. List of Sentinel-1B satellite scenes used to process two interferograms and deformation models. 

Event Acquisition date Mission Path Frame Orbit Direction Polarization 

Before Thomas Fire 11/22/2018 S1B 137 109 8388 A VV+VH 

Late in Thomas Fire, 
before rain storm 12/28/2018 S1B 137 109 8913 A VV+VH 

After rain storm 1/21/2018 S1B 137 109 9263 A VV+VH 

The ESA not only offers data free of charge, but processing software, too. The software includes five Toolboxes 
that make up the Sentinel Application Platform (SNAP). In order to generate an interferogram, two scenes that have 
the same acquisition direction, path, and frame are required for the best possible result. In this case, each coregistered 
pair has at least 97% coherence, meaning that the interferometric processing will generate an interpretable result. An 
interferogram is considered a complex image, its magnitude is related to correlation.  However, this technology has 
limits; in this case, its phase is related to geometry differences based on the capability of the synthetic aperture 
instrument the satellite carries. The Sentinel satellites carry C-band synthetic aperture radar instruments, meaning it 
has a 6-cm wavelength and the light from that will interact strongly with objects that are around the size of the 
wavelength. One cycle of LOS change is equal to half the physical wavelength, meaning the C-band instrument can 
detect about 3 centimeters of change per cycle (ESA, 2018). 

Sometimes physical change occurs faster than can be detected by a single wavelength over the time difference 
between scenes or so much atmospheric interference is present that areas of decorrelation are in the InSAR scene. 
Radar is sensitive to the structure and scale of objects being captured relative to the radar wavelength. A massive area 
of burned forest imaged by a Sentinel satellite will return a decorrelated pattern in an interferogram calculated from 
radar scenes acquired before and after the burn. Decorrelated areas are important to recognize, especially in this study. 
Decorrelation is the basis used to identify land use, like agriculture and mining, or bodies of water, for example. 
Decorrelation areas can also help identify boundaries.  

The general process for interferogram creation is shown in Fig. 1; however, additional steps may be required 
depending on the area of interest and data availability. Since the interferogram result is shown as color ramps or fringes 
that represent 2.8 cm of change per color cycle for Sentinel C-band SAR, it is best to unwrap the result to get the line 
of sight change in units that are easier to understand in terms of vertical displacement or elevation changes. Statistical-
cost, network-flow algorithm for phase unwrapping (SNAPHU) is an ESA tool used for unwrapping interferometric 
information. This is separate from the ESA SNAP software and needs to be downloaded and configured (ESA, 2018). 
Once the interferogram has been unwrapped, the result needs to be imported back into SNAP to apply an equation to 
return values that reflect line of sight vertical elevation change in meters. The vertical displacement equation is 

Vertical Displacement = (unwrapped phase × wavelength)  [-4π × cos(incidence angle)]-1 (1) 

From there, the units can be easily converted appropriately. The result can now be geocoded and brought into a GIS 
(geographic information system) application for classification, quantification, profiling, and other mapping purposes. 
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Fig. 1. Interferogram formation process tree, European Space Agency (ESA, 2018).

4. Discussion and conclusion

Two objectives were considered in the application of SAR technology to the Montecito disaster reconnaissance: 1) 
detection of the limits of the area that burned and 2) detection of the locations where sediment eroded or was deposited. 
The first notable characteristic regarding the pre-burn/post-burn interferogram is the delineated burn perimeter. The 
pre-burn satellite scene was acquired on November 22, 2017, and the late-stage burn satellite scene was captured on 
December 28, 2017 (the Thomas Fire was 100% contained on January 12, 2018). The area suffered such a major 
change from the fire that it appears as decorrelation in the interferogram (Fig. 2a). The ultimate burn perimeter 
determined by the fire response team matches the decorrelated area in the interferogram, except for the northernmost 
part circled in red, which burned after December 28, 2017 (Fig. 2b). The burn perimeter data that was determined by 
the fire response team was overlaid on top of the interferogram and compared to the drawn burn perimeter based on 
visual inspection of the decorrelated area. In this case, the interferometric results show the delineated burn perimeter 
between November 22, 2018 and December 28, 2018 clearly since it was expected to be decorrelated after the Thomas 
fire had just occurred (Fig. 2). This provides another indication that the interferometric results are reliable since both 
burn perimeters are very similar. Decorrelation in a result is typically the first sign to use different datasets or 
something major has happened on the ground surface between the two satellite passes. Since the occurrence of the 
Thomas Fire was known, decorrelation within the determined fire response burn perimeter was anticipated in the 
results, and in this case, a signal that the results are valuable (Fig 2c). 

The second notable characteristic is the precise calculated distance from the satellite to the ground to detect change 
between two different satellite passes that can be interpreted. Since the winter storm event produced sediment 
deposition in the community of Montecito, reduction in the distance from the satellite to the ground can be interpreted 
generally as uplift, or in this case could be deposition (fig 3). Similarly, a distance increase can be interpreted as erosion 
or subsidence (3). Types or error are usually present and the quality of the data decreases if not corrected or removed. 
In this case, we have very strong coherence between the satellite scenes used for this study, which greatly reduces the 
presence of error. Additionally, finding a known zero within the overall satellite scene is another necessary method to 
reduce error. A given area within the satellite scene, which can be solid rock, for example, is assumed to be zero, 
meaning no difference should be detected in the results. Sometimes there is another value where it should be zero. 
This value represents a type of error that exists across the whole scene, which should be removed throughout the whole 
dataset to adjust the results to improve quality. 

For the purposes of this study, a change model (Fig. 3) was created and classified to identify possible positive 
elevation change near channels where debris might have accumulated in channels and channel junctions. Classification 
of this change model also includes possible negative change due to erosion or subsidence. In this study, a relationship 
exists between areas of sediment deposition and erosion, and channels and channel junctions. It is possible that 
increases in elevation are due to debris flow deposition. 
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Fig. 2. (a) Decorrelated area (manually drawn black dashed line) generated during interferometry between November 22, 2018 and December 28, 
2018; (b) Fire response team mapped burn perimeter (white solid line) for the ultimate burn ending on January 12, 2018 overlaid on top of 
interferogram for comparison; developed by first author, January 2018. The red circle in (b) denotes the northern extent of the Thomas Fire, 
which burned between December 28, 2017, and January 12, 2018. An interferogram constructed from radar scenes on November 22, 2017, and 
January 21, 2018, would have shown decorrelation corresponding to the total extent of the Thomas Fire. (c) Unwrapped displacement result. The 
area within the black solid line (CalFire, 2018) is another example of how results showing major change on the surface between two satellite 
scenes appear.  

The change model (Fig. 3) shows elevation change areas, with red and dark red showing the most increase in elevation. 
The red and dark red areas are small clusters located in and around the channels and channel junctions. The center 
channel in Fig. 3 that leads straight into the city of Montecito is San Ysidro Creek. It has several red and dark red 
clusters that are interpreted to be sediment accumulation and possibly post-disaster cleanup prior to January 21, 2018. 
It is known that this channel carried a majority of debris into Montecito, so it is reasonable to interpret the interferogram 
as documenting sediment accumulation. An overview of geotechnical effects along San Ysidro Creek is presented in 
Keaton et al. (2019), including several photos of debris flow damage. Additionally, the change model (Fig. 3) shows 
blue and dark blue clusters which could represent areas where erosion or subsidence occurred sometime during and or 
after the rain event. SAR data has been used to detect surface change for over twenty years and, since the launch of 
the Sentinel missions in 2014 and 2016, change with millimeter accuracy can be evaluated every 6 to 12 days between 
two Sentinel satellite passes (ESA, 2018).  

(a) (b)

(c)
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Fig. 3. Post-burn/post-rain event (December 28, 2017 to January 21, 2018) interferometric change model showing the most elevation change in 
and around channels within the burn area leading toward Montecito. Possible positive elevation change areas due to debris accumulation/ 
deposition are shown in the red and dark red clusters. This could be debris deposits from the Thomas Fire flowing down slope into channel 
system with storm event in early January 2018. Possible negative elevation change areas due to erosion or maybe subsidence are shown in blue 
and dark blue clusters.  
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Abstract 

Debris flows and debris floods are common in mountainous regions of Western Canada, but there is no provincial or 
national standard for debris-flow/flood hazard or risk management.  Instead, each local government manages hazards 
in its own way.  Quantitative Risk Management (QRM) is being increasingly adopted, largely due to the effort of 
practitioners promoting its use.  QRM uses numerical estimates of risk parameters to help risk managers within local 
government answer the following questions: Are present and future residents of my community safe enough?  Is 
debris-flow/flood protection needed?  How much should my community invest in debris-flow/flood protection?  After 
roughly a decade of application, the benefits and challenges of QRM are emerging.  This paper presents examples of 
the QRM process applied to debris-flow/flood risk management for communities, with a focus on debris-flow/flood 
mitigation decision making and remaining challenges. 

Keywords: Risk assessment; hazard management; risk management; debris-flow mitigation; debris flood 

1. Introduction

Debris flows and debris floods are widespread in mountainous regions of Western Canada, and numerous events
have impacted residential areas in the past decade, resulting in fatalities and economic damage (Moase, 2017). 
Development on debris-flow and debris-flood prone fans has historically occurred without adequate recognition of the 
hazard, and few developments are effectively protected from these hazards.  A variety of communities have been 
impacted, ranging from densely-developed, wealthy, urban settings to the sparsely-developed, rural settings that are 
prevalent in British Columbia and Alberta.    

Typically, assessments are triggered following debris-flow or debris-flood events, often in areas that were not fully 
aware of the threat to their community.  A provincial code, standard, or specification for debris-flow/flood hazard 
management does not exist, and there is no nationally or provincially-adopted level of debris-flow/flood safety.  Hazard 
and risk management is delegated to the municipal level of government, and each municipal government manages 
hazards in its own way.  Some guidance exists for assessing landslide hazards (including debris flow/flood) for 
proposed developments (e.g. EGBC, 2010; Cave 1993), but there is little guidance for existing developments.   

A few municipal governments, such as District of North Vancouver (DNV) and Town of Canmore (TOC), have 
responded to landslide and debris-flow/flood events by developing local regulations for assessing hazards and 
managing risk using a Quantitative Risk Management (QRM) process.  QRM is modelled after the process initially 
developed in Hong Kong for landslide hazards (GEO 1998, Malone 2004, VanDine 2018).  Smaller municipal 
governments are now increasingly referencing the local regulations adopted by DNV and TOC. 

With this evolving adoption of the QRM process there is a need to understand the benefits, challenges, and lessons 
learned from previous applications of QRM for debris flows/floods.  This paper presents examples of the QRM process 
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applied to debris flows/floods that affect existing residential development, with a focus on the decision-making process 
for mitigation and remaining challenges of the QRM process.   

The QRM process presented in this paper is designed for management of rapid-onset, highly-destructive hazards, 
where risk associated with direct impact is the controlling factor for decision making.  Debris flows/floods are an ideal 
hazard type for this methodology.  The process is distinct from those that manage slowly unfolding hazards (e.g. 
environmental contamination, flooding) where concepts of resilience and response as an event unfolds are relevant. 
The QRM process presented here is one of many tools for managing geologic hazards, each with its own strengths and 
weaknesses. This paper is not an argument for or against the QRM process, but rather an open discussion of its 
strengths and weaknesses.   

2. Quantitative Risk Management

The QRM process described in Table 1 is well documented in literature (e.g. VanDine 2018, Holm et al. 2018,
Hungr 2016, VanDine 2012, Fell et al. 2005, IUGS 1997, GEO 1995, Jakob 2019, this volume).  It involves three 
overlapping phases: hazard assessment, risk assessment, and risk management.  When applied to debris flows/floods, 
the hazard assessment phase involves estimating the frequency and magnitude of flows, typically in terms of total 
volume and peak discharge at the fan apex.  Numerical modeling allows estimation of potential runout extent and 
impact intensity across the fan surface in terms of flow velocity and depth.  Considerable experience and judgement 
is needed to calibrate the numerical models, interpret the raw model output, and create a comprehensive debris-
flow/flood hazard map that considers a range of possible volumes, rheologies, and avulsion scenarios.  Output of the 
hazard assessment is an estimated occurrence probability, spatial impact probability, and impact intensity, which varies 
across the hazard area, for each debris-flow/flood scenario. 

Table 1. Quantitative risk management framework (adapted from Fell et al. 2005, VanDine 2012). 
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1. Scope Definition
a. Recognize the potential hazard
b. Define the study area and level of effort 
c. Define roles of the client, regulator, stakeholders, and Qualified Registered Professional 

(QRP)
d. Identify ‘key’ consequences to be considered for risk estimation
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2. Geohazard Analysis
a. Identify the geohazard process, characterize the geohazard in terms of factors such as 

mechanism, causal factors, and trigger factors; estimate frequency and magnitude; develop
geohazard scenarios; and estimate extent and intensity of geohazard scenarios. 

3. Elements at Risk Analysis
a. Identify elements at risk
b. Characterize elements at risk with parameters that can be used to estimate vulnerability to

geohazard impact.

4. Geohazard Risk Estimation
a. Develop geohazard risk scenarios 
b. Determine geohazard risk parameters
c. Estimate geohazard risk

5. Geohazard Risk Evaluation 
a. Compare estimated risk against risk tolerance criteria adopted by the governing jurisdiction 
b. Prioritize risks for risk control and monitoring 

6. Geohazard Risk Control Assessment
a. Identify options to reduce risks to tolerable levels
b. Select option(s) with the greatest risk reduction at least cost 
c. Estimate residual risk for preferred option(s) 

7. Action
a. Implement chosen risk control options 
b. Define and document ongoing monitoring and maintenance requirements
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The risk assessment phase involves identifying elements (e.g. buildings, roads, bridges, pipelines) that could be 
impacted by a debris flow/flood, estimating risk, and comparing the estimated risk to risk tolerance criteria.  The 
comparison of risk estimates with risk tolerance criteria addresses questions like: “Is my community safe enough?”, 
and “Is debris-flow/flood protection needed?”   

Elements at risk are identified by overlaying the hazard map with a map of buildings and infrastructure.  Risk of 
loss of life (safety risk) can be estimated for individuals or groups.  Individual risk is an estimate of the annual 
likelihood that a specific person is killed by a debris flow/flood.  Typically, individual risk is estimated at each building 
for the person most at risk, who is typically the person who spends the longest time per year within the hazard zone. 
Group risk (societal risk) is an estimate of the number of people who would be killed by each debris-flow/flood 
scenario.  Risk is estimated using Equation 1.  Individual risk is the sum of risks estimated for each debris-flow/flood 
scenario.  Group risk considers the number of fatalities (N) that would be lost during each debris-flow/flood scenario. 
Group risk is typically represented graphically on an F-N plot, which displays the cumulative annual probability (F) 
of N or more lives being lost (Fell et al. 2005).   

𝑅𝑅 = 𝑃𝑃(𝐻𝐻) ∗ 𝑃𝑃(𝑆𝑆:𝐻𝐻) ∗ 𝑃𝑃(𝑇𝑇: 𝑆𝑆) ∗ 𝑉𝑉 ∗ 𝐸𝐸 (1) 

In this equation, R (safety risk) is the probability that a person is killed by the specific debris-flow/flood scenario; 
P(H) is the probability per year that the debris-flow/flood scenario occurs; P(S:H) is the probability that the debris-
flow/flood scenario reaches the element at risk; P(T:S) is the probability that the person is present, given the building 
or infrastructure is impacted; V is the probability that the person is killed, given they are impacted; and E is the number 
of people exposed to the hazard, taken as 1 for individual risk. 

Risk tolerance is treated as a social, rather than a technical, question that is to be defined by decision makers who 
represent society’s interests.  In practice, risk tolerance thresholds referenced in Western Canada (Fig. 1) have been 
introduced by landslide risk management professionals and adopted by municipal managers with varying degrees of 
public input.  The thresholds are based on those developed in Hong Kong for landslide risk, and those developed in 
the UK, Australia, The Netherlands, and the United States for risk related to large industrial accidents and water 
retaining dams (Porter and Morgenstern 2013, Baecher 2015, Hungr et al. 2016).  Risk tolerance thresholds adhere to 
principles described by IUGS (1997), including: landslide risk should not be significant compared to other risks to 
which a person is exposed in everyday life; society is intolerant to incidents that cause many simultaneous casualties; 
higher risks are tolerated for existing rather than planned projects; and risk should be reduced wherever reasonably 
practicable (ALARP principle).   

Fig. 1. (a) Group (societal) risk tolerance criteria for landslides commonly referenced in Western Canada (GEO 1998); (b) Individual risk tolerance 
thresholds commonly referenced in Western Canada (Porter and Morgenstern 2013).

Individual risk tolerance thresholds 
Annual probability of death to the individual 
most at risk 

New development 
1:100,000 (1x10-5) 

Existing development 
1: 10,000 (1x10-4) 
Similar to an individual’s risk of death in an 
automobile accident in the United States or 
Canada 

a) b) 
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If the risk assessment identifies that debris-flow/flood risks are unacceptable, risk management may be pursued. 
The risk management phase refers to design and implementation of mitigation measures or non-structural options like 
monitoring and evacuation protocols, education, and land-use planning.  The risk management assessment addresses 
questions like, “How much should my community invest in debris-flow/flood mitigation?” and “What impacts will 
debris-flow/flood mitigation have on my community?”  The assessment involves identifying options to reduce risk 
and selecting a preferred option that optimizes cost and benefit.  The preferred option often includes a combination of 
structural and non-structural measures.   

The quantitative risk framework is used to select the location and size of the mitigation measures.  Using an iterative 
process, the designer selects a combination of measures that reduces risk to tolerable levels, considering the full range 
of possible risk scenarios including different magnitude classes and avulsion scenarios.  Structures are sized to manage 
a “design event” defined for the structure (i.e. the debris-flow/flood magnitude that controls sizing of the mitigation 
structure).  Often the structure’s design event is the largest magnitude debris flow/flood that results in intolerable risk. 
Where it is not feasible to construct mitigation for large magnitude events, structures are sized for the maximum event 
that can feasibly be controlled, and larger, lower-probability scenarios are managed with non-structural measures like 
monitoring and evacuation.    

The QRM process provides answers to basic risk management questions, identifies priorities, allows direct 
comparison of different hazard types, and can be used to demonstrate and communicate the decision-making process. 
However, for projects requiring some form of structural mitigation, a primary outcome of the QRM process is selection 
of the structure’s design event.  When the QRM process is used, the structure’s design event is site-specific and 
corresponds to the number and distribution of people in the hazard zone.  In general, smaller structures (e.g. designed 
for the 100-year return period event) are derived for areas that are infrequently occupied, while larger structures (e.g. 
designed for the 1,000 or even 10,000-year return period event) are derived where debris flows/floods have potential 
to impact an urban area (Fig. 2). 

From a worldwide hazard management perspective, the QRM process is rare (Lateltin et al. 2005, ASI 2009, MOC 
2000).  Most geologic hazard types, including landslide and flood hazards in most countries, are managed using a 
prescriptive standards-based process. For example, in Canada flood control elements (e.g. dikes, conveyance 
structures) are commonly designed for 100-year to 200-year return period flood stages plus freeboard regardless of the 
number and distribution of elements at risk, and buildings are designed to resist the 2,475-year return period earthquake 
loads (NRC 2015).  In Switzerland, the 100-year return period debris flow/flood is commonly taken as the design event 
for structural mitigation measures (Lateltin et al. 2005).  This prescriptive standards-based process is much simpler to 
systematically apply, but it ignores the number of people at risk and is not flexible enough to consider site-specific 
conditions that would justify use of a larger or smaller mitigation design event.  The standards-based approach also 
cannot be used to prioritize mitigation, which is a substantial limitation in Western Canada, where there currently are 
many developed fans without risk management measures, and limited funding available to allocate to such measures. 

Fig 2. An undeveloped fan (left) and a highly-developed fan (right) in Alberta, Canada, both prone to debris floods.  A prescriptive standards-based 
process would call for the same design event (100 or 150 years in the case of Switzerland, Japan or Austria) for mitigation for each fan.  The QRM 
process would prescribe a relatively small structure for fan A, and a major structure or series of structures for fan B.A B B 
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3. Application of the Quantitative Risk Management Process

The QRM process has been applied at more than 50 sites across British Columbia and Alberta for debris-flow/flood 
hazards during approximately the last ten years.  Typically, where risk is found to be intolerable, the process is used 
to both inform and justify applications to government for mitigation funding, and to select the size of structural 
mitigation measures. However, the final, most-important step of risk management, which is construction or 
implementation of the mitigation design (item 7, Table 1), is often not completed.  Local governments responsible for 
managing the hazards typically have a strong political mandate to protect their citizens, but they rarely have the 
financial resources to fund structural mitigation measures.  Local governments compete for funding from a variety of 
provincial and federal grants, which can take years and for which there is no guarantee of success.  Winning a grant is 
a function of many factors that may be unrelated to urgency of need for a particular community (e.g. number of 
applicants, knowledge of applicant, size of existing development and associated infrastructures, timing of submittal). 
While they wait for provincial and federal funding, local governments manage the situation as best they can with 
limited resources, often with strategies like educating residents about hazard and risk zones, empowering individuals 
to protect themselves, developing emergency response plans, and sometimes devising a warning system whose 
enforcement is largely voluntary and not associated with evacuation orders.  Where the QRM process exposes levels 
of risk that are intolerable, but that cannot be managed under current policies and financial resources, it can lead to 
unintended hardships such as loss of property value.  At the same time, avoiding assessment of identified geohazards 
can expose local governments to liability, leading to a ‘catch-22’ situation.  QRM offers some solution to this 
conundrum in that it provides a defensible process for decision-making, even when solutions have yet to be realized. 

In an ideal world, all hazard types affecting a province or nation would be characterized, prioritized, and managed 
using a single comprehensive framework that allocates resources based on need, so that resources and mitigation are 
provided to the communities exposed to highest risks.  Unfortunately, although western Canada is beginning large 
scale efforts to prioritize areas based on risk to inform risk management decisions, the risk management process is not 
yet mature.  Fig. 3 provides an indication of risk and estimated mitigation cost for ten debris-flow/flood hazard sites 
where the QRM process has been used by the authors.  It demonstrates that funding is currently not preferentially 
allocated (or available) to the highest risk communities, and that there must be other factors that influence which 
communities acquire funding for debris-flow/flood mitigation. 

Fig 3. Each point is a debris-flow or debris-flood hazard site in Western Canada where the QRM process has been applied.  Y-axis is the estimated 
number of fatalities that could occur during the most extreme event considered in the risk assessment (typically a 3,000-year or 10,000-year return 
period event) and is a proxy for risk. X-axis is the estimated mitigation cost in Canadian dollars, estimated based on a conceptual mitigation design 
that would reduce risk to a tolerable level.   
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The following two sites are each at extreme ends of the risk management spectrum, and while they may not illustrate 
‘typical’ examples, they do highlight some of the issues: 

Site A is a popular tourist destination in the Vancouver, British Columbia metropolitan area.  The parking lot is in 
the distal region of a debris-flow fan.  Small debris flows and floods that have eroded the fan surface have occurred 
during the past few decades, but a significant debris flow has not reached the parking lot in historical times. A debris-
flow hazard and risk assessment identified that debris flows would rarely impact the parking lot (~3,000 year return 
period) and that parking lot impact could cause one to two fatalities (N 1 to 2).  Individual risk at this site is acceptable 
(Fig. 1).  Group risk plots in the As Low As Reasonably Practicable (ALARP) zone on the group risk tolerance diagram 
(Fig. 1), implying that risks should be reduced if the cost of mitigation is not disproportionate to the risk reduction 
achieved.  The QRM process identified that debris-flow mitigation was not required, but indicated that the ALARP 
principle should be applied.  The site is owned by a large and well-funded municipal government, who have applied 
the ALARP principle by designing flexible net debris-flow barriers to protect the parking lot.  The proposed barriers 
are 4 m tall, more than 200 m long, and will cost several million dollars.  Funding, provided by the municipality, is in 
place for the proposed mitigation, and construction is planned to begin in 2019. 

Site B is a residential community in a rural area of Squamish-Lillooet Regional District, British Columbia.  The 
community includes 114 occupied lots that are located on an active debris-flow fan (see Jakob 2019, this volume, for 
a summary of the risk profile).  Debris flows have occurred frequently since the community was developed, including 
three debris flows between 2004 and 2013 that destroyed vehicles and buildings, but luckily did not result in loss of 
life.  The QRM process identified that 76 residences exceeded the individual risk tolerance threshold of 1:10,000 
(Fig. 1), and 18 residences exceeded 1:1,000 annual risk of fatality.  Group risk plotted entirely within the unacceptable 
zone, including a scenario indicating that a 3,000-year to 10,000-year return period debris flow could result in up to 
80 fatalities.  The risk management phase of the QRM process identified that the 10,000-year return period debris flow 
would need to be addressed by structural and non-structural mitigation to move group risk into the ALARP zone on 
the group risk plot (Fig. 1).  It was recognized that funding to protect against a 10,000-year event was unlikely to be 
available, so structural mitigation designs were developed for both a 1,000-year and 10,000-year design event.  The 
preferred mitigation option was a debris-flow conveyance channel (which was possible due to the steep fan gradient), 
with estimated cost ranging from $4 Million to $9 Million, depending on the selected design event.  The local 
government does not have resources to provide this mitigation, but has spent the past several years seeking funding 
from provincial and federal grants.  Unfortunately, they have not yet been successful in acquiring mitigation funding. 

4. Quantitative Risk Management Benefits and Challenges

At each site for which it has been applied, the risk management phase of the QRM process has consistently identified 
an appropriate design event and preferred mitigation option, but has not frequently led to implementation of structural 
or non-structural mitigation measures.  Therefore, it can be questioned whether the recent adoption of the QRM process 
at individual sites has improved management of debris-flow/flood hazards and risks on a society-wide scale.  The 
short-comings could be a result of Canada’s fragmentary system of managing and funding natural hazard mitigation. 
Alternatively, and as long as grants are being issued from provincial and federal sources, it may simply be a matter of 
time until funding reaches high-risk communities. At times, it appears that a systematic risk-based provincial debris-
flow prioritization should have preceded application and refinement of the QRM process at specific sites.  Irrespective, 
the past decade of experience has highlighted several important benefits and challenges associated with the QRM 
process, as described in the following paragraphs. 

When compared to a prescriptive standards-based process for debris-flow/flood hazard management, the QRM 
process has the following benefits: 
• Prioritization – The QRM process provides a way for local government to compare and prioritize different hazard

types and sites, and to justify mitigation funding applications to higher orders of government.  This is particularly
helpful in large, sparsely populated areas where there are more hazard areas than can be feasibly managed by a
standards-based process.   Costs and benefits of hazard management can be optimized, which can reduce long-term
hazard management costs.

• Site-specific – The QRM process is specific to the hazard, elements at risk, stakeholders, and objectives of the
community at the particular site.  This leads to debris-flow/flood risk management that is targeted for the local risk
profile.  Hazards and risks are typically well understood at the conclusion of the QRM process.

• Consideration of non-structural measures –  Non-structural mitigation measures, such as public education, land
use planning, warning and evacuation protocols, and emergency response planning can substantially reduce debris-
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flow/flood risk in some cases.  The QRM process is well suited to demonstrate the level of risk reduction achieved 
by these measures, allowing them to be considered alongside structural mitigation. 

• Communication – The QRM process provides a clear language to define the factors that contribute to debris-
flow/flood risk.  This promotes informed discussion of risk and risk management options by community members
and decision makers and promotes community resilience.  QRM as a communication tool could be thought of as a
by-product to the products described in this paper, but improved communication may be the most effective risk
management step.

The following points describe challenges of the QRM process at achieving risk reduction: 
• Complication –  Due to its flexibility, the QRM process can be difficult and expensive to implement and it requires

input from the full range of stakeholders and specialists to execute.  Most processes that are intended to be applied
by a wide range of people and environments (e.g. building codes) are intentionally designed to be simple and rigid
to facilitate adoption and compliance.  Experts are required to carry out the QRM process, and experts are rare and
expensive.

• Limited adoption – Currently only a handful of geotechnical consulting firms are familiar with the QRM methods
as they pertain to debris flows and debris floods. A more widespread adoption is desirable to promote homogenous
application. Similarly, decision makers need to be educated about the advantages and disadvantages of the QRM
process to allow adaptation at the local government level.

• Lack of context – In theory, the QRM process would allow multiple geohazard types to be directly compared to a
consistent risk tolerance threshold.  However, in practice, debris-flow/flood hazards are mostly assessed
independently from other geohazard types.  The risk tolerance thresholds that have been referenced lead to selection 
of mitigation structure design events (e.g. 300-year, 1,000-year, or even 10,000-year return periods) that are much
more stringent than is applied for other geohazards (e.g. floods, snow avalanches).  This could lead to inappropriate
allocation of society’s resources to debris-flow/flood hazard sites and away from other higher-risk sites or hazard
types where risk tolerance thresholds have not yet been applied.

• Communication challenges – The QRM process is promoted as a tool for decision making, but it requires decision
makers who are well-informed about the QRM process and the origin and implications of risk tolerance thresholds.
The QRM process is more complex than prescriptive standards-based methods, and it frequently refers to complex
mathematics (e.g. 1x10-4) that is unfamiliar to many people.  Improved tools are needed to provide context and
explain the “real” meaning of the quantities referred to by the QRM process.

• Promotes stagnation – In its current application, the QRM process may lead to designs that are too expensive to
be funded, which leads to stagnation and a lack of risk management implementation. This is primarily due to strict
risk tolerance thresholds that have been adopted (Fig. 1) and because extreme events (e.g. 1,000-year and 10,000
year) tend to control group risk (Jakob et al. 2018).

5. Towards a More Effective Debris-Flow/Flood Risk Management Process

From a worldwide hazard management perspective, the QRM process is rare.  However, it is increasingly being 
adopted by western Canadian municipalities for management of debris-flow/flood hazards and risks due to its 
important benefits, including flexibility to meet needs of a particular community, utility as a prioritization tool, 
consideration of event consequences, and ability to directly compare non-structural to structural risk management 
measures.  Theoretically, the QRM process is an effective tool for managing debris-flow/flood risk on a societal level, 
but applications to date have highlighted practical challenges, such as lack of funding, expertise, and momentum to 
construct mitigation, that need to be overcome.  The following could improve QRM practice in Western Canada, and 
facilitate adoption of the QRM process in other regions and for other hazard types: 
• Shift responsibility for geohazard (including debris-flow/flood) risk management from the municipal to provincial

level. This was the case prior to 2003 in British Columbia, and may soon be the case in Alberta as far as steep creek
hazards are concerned.  Higher levels of government have more resources and are better suited to view hazards at
a particular site in context with other hazard sites and hazard types.

• Adoption of consistent risk assessment and risk tolerance guidelines by provincial or national government that are
applicable to all geohazard types.  This will help promote distribution of resources to the most critical locations
and hazard types.

• Educate geoscientists and engineers about the QRM process and its application, to address the current shortage of
qualified practitioners.
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• Develop tools to improve communication of QRM concepts, allowing the public to understand debris-flow/flood
risks in the context of other hazard types and risks faced in everyday life.

• Develop strategies to promote action and implementation of risk reduction measures (where mitigation investments
are appropriate).  For example, at existing developments, this may include a shift away from defining a risk
tolerance threshold that must be met, towards quantifying the risk reduction that could be achieved by various
economically-feasible mitigation options.  This may also include adopting a risk-informed decision making
approach, which considers risk evaluation as one of many decision inputs, rather than an approach focused on
precisely meeting the strictly-defined risk tolerance threshold line.

• Develop funding mechanisms that encourage short-term action with available resources, and long-term action
through a disaster prevention fund allocated according to risk-based regional geohazard prioritization.  Note that
large-scale, regional geohazard risk prioritization has begun in British Columbia, setting the stage for policy review
within the next few years.
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Abstract 

Regional scale debris-flow or debris-flood susceptibility mapping based on terrain analysis is limited by a high degree of effort 
and the availability of surface evidence for past events, which may be obfuscated by development or obscured by repeat erosion 
or debris inundation. This paper presents a semi-automated methodology for debris-flow and debris-flood susceptibility mapping 
at regional scale based on a combination of digital elevation model (DEM) metrics to identify potential source zones, and flow 
propagation simulations using the Flow-R code. The DEM metrics allow identification and preliminary, process-based 
classification of streams prone to debris flow and debris flood, respectively. Flow-R simulations are based on a combination of 
spreading and runout algorithms considering DEM topography and empirical runout parameters. The methodology was first 
tested in a region of the Canadian Rocky Mountains, where detailed debris-flood hazard assessments had been previously 
undertaken based on both field mapping and numerical modeling. It was then applied over two regions, with 22,000 km2 and 
55,000 km2 areas, respectively, in central British Columbia, Canada. One important advantage of the presented methodology is 
the limited amount of data required to generate a preliminary susceptibility map over a large region. Once incorporated in a risk 
assessment framework, this map can be used to prioritize more detailed assessments. The methodology was also applied at a 
higher level of detail to an approximately 30 km long roadway corridor in Southwestern British Columbia. At the assessment 
level of this project, the methodology allowed generation of a susceptibility map which considered the cumulative contribution of 
several potential source zones within each debris-flow and debris-flood watershed. This map allowed risk-based prioritization 
and supported debris-flow risk reduction decision making. 

Keywords: debris flow; debris flood; susceptibility mapping; digital elevation model; Flow-R; risk assessment 

1. Introduction

Debris-flow and debris-flood susceptibility mapping based on terrain analysis is limited by the availability of
surface evidence for past events, which may be obfuscated by development or obscured by progressive erosion or 
debris inundation. In addition, it can be limited by the relatively high level of effort to map large regions. To address 
these limitations, this paper presents a semi-automated methodology based on stream segments delineated from 
digital elevation models (DEMs), morphometric statistics on DEMs, and the Flow-R model ("Flow-R" refers to 
"Flow path assessment of gravitational hazards at a Regional scale") developed by Horton et al. (2008, 2013). This 
methodology allows identification, at a preliminary level of detail, of potential debris-flow or debris-flood hazard 
and modeling of their runout susceptibility over large study areas. 

Using Flow-R, Horton et al. (2011) demonstrated the control of DEM topography on debris-flow propagation. 
Park et al. (2013) found good agreement between debris-flow paths predicted with Flow-R and an inventory of past 
events near Seoul, South Korea, despite the paucity of parameters for rheological properties and erosion rate required 
in the software. The software also provided reliable results within the framework of the development of a debris-
flow susceptibility map at regional to national scale in Norway (Fisher et al., 2012). Blais-Stevens and Behnia (2016) 
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undertook susceptibility mapping with Flow-R in northwestern Canada, and their results highlighted debris-flow 
potential in a number of channels that had not been previously documented. These results are consistent with the 
objective of susceptibility mapping, which is to consider the largest credible area affected by geohazard in the 
process of prioritizing future, more refined work. Further validation of the Flow-R software has been documented by 
Pastorello et al. (2017) and Kang and Lee (2018). 

A few authors attempted to integrate Flow-R into preliminary hazard assessments, which typically require 
definition of landslide magnitude and frequency. Based on the assumption that larger debris-flow events are less 
frequent and able to travel for longer distances than smaller, more frequent ones (e.g., Corominas and Moya, 2008), 
Blahut et al. (2010) and Kappes et al. (2011) defined three magnitude-frequency runout scenarios corresponding to 
low, moderate and high hazard by means of different angles of reach (the angle of reach being one of Flow-R main 
input parameters; see also Corominas, 1996). Blahut et al. (2010) simulations were coupled with ratings for debris-
flow hazard initiation probability. 

 This paper presents four case studies using Flow-R for both debris-flow and debris-flood susceptibility mapping. 
The first case reports on a pilot study comparing Flow-R simulation results with detailed analysis of debris flood 
undertaken with the software FLO-2D. In the second and third ones, Flow-R results are integrated into regional scale 
debris-flow and debris-flood risk prioritization assessments, whose objective are to prioritize future detailed 
assessment on alluvial fans with higher risk potential. Finally, the fourth case study shows a similar example at a 
refined level of detail, where Flow-R was used to prioritize mitigation work on selected segments of roadway on a 
series of alluvial fans.   

2. Methodology

2.1. Definitions 

The term “landslide susceptibility” was defined by Fell et al. (2008) as “a quantitative or qualitative assessment of 
the classification, volume (or area), and spatial distribution of landslides which exist or potentially may occur in an 
area”. Susceptibility may be used for characterization of landslide potential both at the source and within the impact 
zone. In the two first case studies described in this paper, the term is primarily used to describe areas susceptible to 
geohazard impact, and no effort was made to classify source zones according to their likelihood of generating 
landslides. In the third example, classification and weighting of debris-flow source zones was incorporated based on 
experience and knowledge of the study area. 

The proposed methodology required two main steps. The first one is the identification of steep creek geohazard 
sources, and the second one consists in the estimation of geohazard propagation and runout susceptibility. In this 
study, steep creek geohazards include both debris flow and debris flood. Debris flow is defined as a very rapid to 
extremely rapid surging flow of saturated debris in a steep channel, with strong entrainment of material and water 
from the flow path (Hungr et al., 2014). Debris floods correspond to very rapid flows of water, heavily charged with 
debris, in steep channels; their peak discharge is comparable to that of water floods (Hungr et al., 2014). 

2.2. Identification of debris-flow and debris-flood sources 

In this study, stream segments, generated based on DEMs, are used as “proxy” for steep creek geohazard source 
zones. This approach was chosen in part because it is computationally efficient across large regions. The segments 
need to be classified to differentiate the ones most likely to generate debris flows from the ones most likely to 
generate debris floods. In the proposed methodology, process types are classified using geomorphometric parameters 
such as the Melton ratio and watershed length. The former corresponds to the ratio between watershed relief and the 
square root of watershed area (Melton, 1957). The latter is calculated as the total channel length upstream of a given 
stream segment to the stream segment farthest from the fan apex. These terrain parameters are a good screening level 
indicator of the propensity of a creek to dominantly produce debris floods or debris flows (Holm et al., 2016). It 
should be noted that there is a continuum between debris flow and debris flood, which depends on factors such as 
velocity, sediment concentration and channel slope angle. As such some steep creek processes may present behavior 
in between typical debris flow or debris flood. In addition, both processes can occur within the same watersheds and 
consequently alluvial fans may not be completely assigned to one single process type. 
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2.3. Steep creek geohazard propagation and runout susceptibility modeling 

FLOW-R simulates propagation of debris flows and debris floods through a DEM. In this study, sections of the 
freely available Canadian Digital Elevation Model (CDEM) at 20 m resolution were used. This resolution was 
selected, because it was the highest resolution available which covered the entire study areas. Propagation is 
modelled using spreading algorithms and simple frictional laws. Both spreading algorithms and friction parameters 
need to be calibrated by back-analysis of past events or based on geomorphological observations (e.g., alluvial fans). 

FLOW-R can generate the maximum susceptibility that passes through each cell of the DEM, or the sum of all 
susceptibilities passing through each cell. The former is calculated using the “quick” calculation method and is used 
to identify the area susceptible to landslide processes. The “quick” method propagates the highest source segment, 
and iteratively checks the remaining source zones to determine if a higher energy or susceptibility value will be 
modelled. The latter is calculated in FLOW-R using the “complete” method and can be used to identify areas of 
highest relative regional susceptibility. The complete method triggers propagation from every cell in the source 
segments and then calculates the sum of susceptibilities at each cell of the DEM. It should be noted that the sum of 
susceptibilities has no physical meaning; rather it can be used as a regional comparison between sites to determine 
areas with higher hazard potential. Debris-flow and debris-flood propagations were modelled separately. 

3. Case Studies

3.1. Pilot Study: Canmore Area 

We simulated an initial set of debris floods in the Canmore area, where a number of debris-flood fans had been 
previously studied at a detailed level (Jakob et al., 2017; Holm et al., 2018). Canmore is located in the Front Range 
of the Canadian Rocky Mountains, approximately 90 km west of Calgary. The objective was to compare Flow-R 
propagation results with detailed numerical modeling results. The detailed numerical modeling had been undertaken 
for a spectrum of debris-flood scenarios on each creek, using the software FLO-2D (2004) and provided estimates of 
flow depth within and beyond alluvial fans. 

Calibration of Flow-R propagation parameters focused on attempting to reproduce the extent of debris-flood 
potential inundation of the worst-case scenario, corresponding to a 1000-3000-year return period event. The “quick” 
method was used for this purpose, as we were mostly interested in the maximum extent of potential inundation areas. 
The results were satisfying, as illustrated in Fig. 1, and provided confidence that Flow-R is able to delineate potential 
areas susceptible to debris flood at regional scale. Calibrated parameters in this pilot study are shown in Table 1. It 
should be noted that the FLO-2D model used a 10-m DEM resolution, while the DEM resolution used in Flow-R 
was 20 m.  

Fig. 1. Comparison between Flow-R propagation extent (A) and FLO-2D modeling results (B) at one of the alluvial fans of the Canmore area. 
The blue polygon in A and beige background in B outline a mapped alluvial fan. The purple color in B shows the extent of flow simulated with 
FLO-2D (yellow to red zone correspond to various flow impact intensities). The scenario shown in (B) is the largest modelled debris-flood 
scenario on this creek, corresponding to an estimated 1000-3000-year return period event. 
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Table 1. Calibrated debris-flood parameters used in Flow-R (Canmore) 

Selection Flow-R Parameter Value 

Directions algorithm Holmgren (1994) modified dh = 2, exponent = 1 

Inertial algorithm Weights Gamma (2000) - Cosinus 

Friction loss function 

Energy limitation 

Travel angle 

Velocity 

2-3° 

< 15 m/s 

Note that Flow-R could not model avulsions that are likely at culverts and bridges and which could send flow 
towards the western portion of the fan as shown on Fig. 1. Flow-R also cannot simulate bank erosion, channel scour 
and aggradation, all of which can affect flow behavior and thus risk. These limitations need to be considered in any 
site-specific application. 

3.2. Regional scale assessments: Central British Columbia 

The two case studies in Central British Columbia were part of regional scale steep creek geohazard risk 
prioritization studies. The study areas covered the entire Regional District of Central Kootenay (RDCK, 22,000 km2) 
and the entire Thompson River Watershed (TRW, 55,000 km2), British Columbia. The objective of the prioritization 
studies was to characterize and prioritize steep creek hazards that might impact developed properties. The studies 
focused on alluvial fans, as these are the landforms commonly occupied by elements at risk.  Relative ratings of the 
likelihood that events occur and impact elements at risk were combined with consequence ratings to assign priority 
ratings to each fan. The results supported risk management decisions, policymaking, and prioritization of further 
assessment.  

Flow-R modelling focused on one component of the prioritization studies, the assignment of impact likelihood 
ratings. An impact likelihood rating was assigned to each fan of the study areas considering the relative spatial 
likelihood that geohazard events result in uncontrolled flows that could impact elements at risk. Uncontrolled flows 
were assumed to result from avulsions, whose potential depends of characteristics such as channel confinement and 
surface evidence for previous avulsions. Flow-R propagation parameters were calibrated based on typical parameters 
from the literature, experience with calibrated case studies (e.g., Section 3.1), and using the extent of mapped 
alluvial fans within the study areas. Table 2 and Table 3 show the calibrated debris-flow and debris-flood 
parameters, respectively, for the RDCK case study. 

Table 2. Calibrated debris-flow parameters used in Flow-R for the RDCK assessment.

Selection Flow-R Parameter Value 

Directions algorithm Holmgren (1994) modified dh = 2, exponent = 1 

Inertial algorithm Weights Gamma (2000) 

Friction loss function 

Energy limitation 

Travel angle 

Velocity 

5° 

< 15 m/s 

Table 3. Calibrated debris-flood parameters used in Flow-R for the RDCK assessment.

Selection Flow-R Parameter Value 

Directions algorithm Holmgren (1994) modified dh = 2, exponent = 1 

Inertial algorithm Weights Cosinus 

Friction loss function 

Energy limitation 

Travel angle 

Velocity 

4° 

< 15 m/s 

The Flow-R “complete” method with sum of susceptibilities was used. The summed susceptibility values 
followed a negative exponential distribution (Fig. 2). They were classified into zones of very low, low, moderate, 
and high relative susceptibility based on comparison to fans with the clearest evidence of the extent of previous 
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events, including avulsion channels and deposits visible on LiDAR imagery. Zones of the DEM with summed 
susceptibility values lower than a threshold corresponding to the 70th percentile were attributed ‘very low’ regional 
susceptibility (i.e., ‘very low’ susceptibility include the majority of areas covered by Flow-R simulations). Zones of 
‘low’ regional susceptibility were defined between the 70th and 85th percentile (the 85th percentile corresponding 
approximately to the mean susceptibility value); ‘moderate’ and ‘high’ susceptibility were defined between the 85th 
and 95th percentile, and greater than the 95th percentile, respectively (Fig. 2). Portions of alluvial fans not 
encompassed by susceptibility modelling were interpreted as having “very low” regional susceptibility where 
modern fan morphometry encouraged flow away from the unaffected area, or not affected by debris flows/floods 
where deep channel incision indicated paleofans. 

Because the study objective was to compare relative risk at a fan level of detail, the analysis did not include 
estimation of spatial impact likelihood for individual elements at risk on a fan. However, average impact likelihood 
ratings were assigned to compare fans, based on the proportion of each mapped fan area covered by moderate and 
high Flow-R susceptibilities. The initial impact likelihood ratings (based on the Flow-R “complete” method with 
sum of susceptibilities) were adjusted to consider avulsion susceptibility or recorded evidence, as Flow-R 
susceptibility modeling does not account for recent activity on the fans. Although impact likelihood ratings were 
assigned only to mapped alluvial fans, Flow-R simulations extending beyond the fan boundary were also considered 
when evaluating sites for potential future assessment. Impact likelihood ratings were verified based on both 
geomorphic mapping and records of past events. 

Fig. 2. Debris-flood susceptibility map for a section of the RDCK study area showing the spatial distribution of very low, low, moderate and high 
susceptibility. The inset figure shows a sketch illustrating the negative exponential distribution of summed susceptibilities and the percentiles 
used to define zones of very low, low, moderate and high susceptibility. 

3.3. Refined regional scale assessment: roadway corridor in southwestern British Columbia 

This study aimed to risk-prioritize creeks subject to both debris flows and debris floods along a 30 km long 
roadway corridor is southwestern British Columbia. The goal of creek prioritization was to facilitate objective and 
science-based allocation of resources for mitigation along a roadway located at the toe of steep creeks, without 
requiring detailed and costly hazard frequency-magnitude analysis and scenario modelling at each creek. Debris-
flow and debris-flood hazards were categorized based on both relative frequency of initiation (rating of source areas) 
and their susceptibility to impact and cover the roadway. 
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FLOW-R was used to develop susceptibility zones within each fan of the entire study area, allowing comparison 
of relative susceptibility throughout the corridor. For this purpose, the “complete” method with sum of 
susceptibilities was used after calibration of propagation parameters. The summed susceptibility values were 
classified into areas of low, moderate, and high susceptibility in a similar manner as described in Section 3.2. Areas 
within alluvial fans not inundated by Flow-R modelling represent inactive zones, considering the present-day 
morphometry of the DEM.  

The results suggest that the methodology allows direct comparison of the relative debris-flow/debris-flood runout 
susceptibility for the alluvial fans within the study area. Areas of higher relative regional runout susceptibility 
corresponded to watersheds with higher susceptibility of the source zones (i.e., higher number of potential debris 
flows/floods that can reach an alluvial fan), as well as increased control of topographic features (i.e., incised 
channels or avulsion paths within alluvial fan). Fig. 3 compares the calculated susceptibility values with the extent of 
debris-flow deposits from past events. As explained in Section 2.3, the susceptibility values calculated in this study 
have no physical meaning, rather were used for comparison between sites within the roadway corridor to determine 
higher relative hazard potential. 

Fig. 3. Map comparing the extent of recent debris-flow deposits (black, dashed lines) on an alluvial fan of the roadway corridor with the results of 
Flow-R modeled susceptibility, where yellow = low susceptibility, orange = moderate susceptibility, and red = high susceptibility. The alignment 
of the roadway is shown with brown lines. 

4. Discussion

This paper presents a semi-automated methodology for debris-flow and debris-flood susceptibility mapping at
regional scale, which combines GIS-based identification of geohazard sources with geohazard propagation modeled 
using the software Flow-R. Four case studies show that modeled susceptibility includes areas inundated by known 
debris-flow or debris-flood events and match active alluvial fan boundaries. This provides a basis to evaluate relative 
hazards in cases where detailed frequency-magnitude analyses and scenario modelling is not feasible. 

4.1. Semi-automated steep creek geohazard source identification 

Steep creek geohazard source zones were identified as stream segments automatically generated from DEMs. It is 
possible that stream segments were not generated for very small watersheds. At the scale of the regional studies, we 
consider that very small watersheds are unlikely to represent a significant steep creek geohazard risk. Another 
potential limitation of using stream segments as source zones is that steep creek geohazards rarely initiate exactly in 
stream channels and are more commonly triggered by landslides initiating on channel side slopes. Consequently, 
defining debris-flow source zones based on stream segments should be considered an empirically-based proxy for 
actual source areas, because it can be efficiently completed and calibrated for large regions. This simplification does 
not affect propagation results significantly. 
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The methodology for source identification applied to the Canmore, RDCK and TRW case studies answered the 
question, “given debris-flow/flood occurrence, what is the runout/spreading?”. Watersheds can exist where debris-
flow source zones are mapped but no actual debris source exists (e.g., bare rock channels with insufficient sediment 
supply), or where limited source areas result in lower runout susceptibility. This simplification was necessary due to 
the limited data concerning sediment availability at regional scale. For more refined studies, such as the roadway 
case study, where more detailed information was available about steep creek source zones, rating of source segments 
can be integrated. 

The proposed semi-automated approach for steep creek process type classification (based on Melton ratio and 
watershed length) systematically identifies stream segments as debris-flow or debris-flood sources. In reality, steep 
creek processes may behave transitionally between debris flows and debris floods, and the two processes may occur 
alternatively on the same alluvial fan. In the proposed methodology, both debris-flow and debris-flood stream 
segments can exist within the same watershed and consequently, alluvial fans may be inundated by Flow-R 
simulations from both debris-flow and debris-flood segments. To account for this limitation, expert judgement was 
applied to classify each alluvial fan as the most likely process type. 

4.2. Susceptibility mapping with Flow-R 

Propagation parameters in Flow-R are empirical and require calibration. In the case studies presented in this 
paper, debris-flow and debris-flood propagation parameters were calibrated so that the extent of the simulations 
reproduces as closely as possible the extent of mapped alluvial fans. In terms of frequency-magnitude relationship, 
the susceptibility mapping corresponds to the affected fan areas of rare and large events, and in many cases the 
modelled extent could be viewed as the largest credible event. 

The RDCK case study illustrates the applicability of susceptibility mapping at regional scale using Flow-R. It is 
important to note that for larger study areas (e.g., TRW case study), application of a single set of model parameters 
per process may not be appropriate; the study area may need to be subdivided into sub-regions based on their 
physiographic, geological and/or climatic conditions, and model parameters calibrated independently for each sub-
region. It is also interesting to note that two of the studied watersheds in the Canmore area contain dams. Such 
watersheds can be expected to require specific model parameters for susceptibility mapping. This is consistent with 
previous work by Pastorello et al. (2017). 

Calculation of the sum of susceptibilities in Flow-R allows subdivision of alluvial fans in zones with various 
susceptibility levels, as illustrated in Sections 3.2 and 3.3. In the case study presented in Section 3.3, this approach 
allows consideration of individual elements at risk within the fans of a studied region. 

Flow-R propagation is controlled by present-day topography of alluvial fans, as provided by DEMs. The summed 
susceptibilities allow consideration of watershed size and associated cumulative potential source zones. In addition, 
if source zones are weighted (e.g., Section 3.3), modelled susceptibility accounts for initiation frequency implicitly 
and in a relative way. However, the software does not fully take into consideration evidence for past avulsions in the 
assessment of fan activity and potential for uncontrolled flows.  

5. Perspective

The case studies presented in this paper illustrate a methodology for steep creek geohazard susceptibility mapping 
combining semi-automated identification of geohazard sources with propagation simulations modeled using the 
software Flow-R. The reported case studies are characterized by different assessment levels, depending on the scale 
of the study area and the degree of understanding and knowledge of steep creek geohazards. The following is an 
attempt to define three levels of detail for debris-flow/flood hazard incorporating the proposed methodology: 
• High/screening level assessment: Flow-R simulations are run from stream segments using the “quick” method

to generate susceptibility maps corresponding to the maximum expected extent of steep creek geohazards.
These maps allow identification of locations where elements at risk intersect zones susceptible to debris-flow or
debris-flood hazards.

• Regional scale assessment: in the RDCK and TRW case studies, Flow-R simulations are run from stream
segments using the “complete” method to generate susceptibility maps corresponding to the maximum credible
extent of steep creek geohazards, and allowing rating each fan using an impact likelihood value. Combined with
estimates of hazard likelihood and potential consequences, the rating provides an objective, practical approach

861



Sturzenegger/ 7th International Conference on Debris-Flow Hazards Mitigation  (2019) 

to prioritize hundreds to thousands of steep creek fans across many thousands of square kilometers. It should be 
noted that impact likelihood ratings are for entire fans and therefore not estimates of spatial probability of 
impact for specific elements at risk, which would vary depending on their location on the fans.  

• Refined regional scale assessment: in the roadway case study, a similar approach as in the RDCK and TRW
case studies was used, but the relative susceptibility rating was used to identify zones of higher susceptibility
within alluvial fans to prioritize allocation of funds for mitigation work. This is a first step towards estimation
of the spatial probability of impact for specific elements at risk (sections of the roadway in this case). However,
the approach does not replace quantitative estimates of the spatial probability of impact for specific element at
risk, as would be completed in a detailed study. Since susceptibility modelling does not consider volume or
flow peak discharge, it is not suited for detailed risk analyses or risk control design, which require numerical
modeling of flow extent, depth and velocity for specific hazard scenarios.
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Abstract 

In Sri Lanka, landslide disasters and floods occur frequently and have caused much damage. So, landslide susceptibility has been 
mapped and published as the Landslide Hazard Zonation Map (LHZM). Although the LHZM shows the susceptibility of 
landslide initiation, it does not show the potential inundation zone of landslides. As a characteristic of land use in Sri Lanka, 
plantation farms for cultivating Ceylon tea, natural rubber and other products are located on slopes. And, many people live on 
slopes. Therefore, it is necessary to assess the potential inundation zone not only in the deposited area but also the runout area 
below hillslopes. Recently, diverse numerical simulation models have been developed for describing landslides and debris flows. 
These numerical simulations are effective tools for addressing landslide problems in Sri Lanka. However, to use numerical 
simulation, we have to input and validate a variety of environmental variables and, unfortunately, adequate information on past 
disasters and environmental conditions is still lacking. Therefore, we studied methods for assessing the potential sediment 
disaster inundation zone in regions where empirical methods cannot be applied due to insufficient past disaster records. We 
applied the "HyperKANAKO" debris-flow model for describing inundated zone due to recent debris flow in Sri Lanka. We tested 
the sensitivity of input conditions such as the (1) percentage of fine grains (fluid density and sediment concentration), (2) 
landslide volume, (3) input hydrograph (peak flow rate and duration), and (4) representative sediment particle diameter. We 
confirmed that, for regions with insufficient disaster records, the potential inundation zone due to debris flow can be assessed 
using numerical simulation. However, we also found that the calculation result is strongly controlled by (1), (2), and (4), so it is 
necessary to set these parameters appropriately. 

Keywords: debris flow; numerical simulation; input condition; hazard map; Aranayake disaster 

1. Introduction

1.1. Background and study objective 

In Sri Lanka, landslide disasters and floods occur frequently and have caused much damage. Moreover, these 
landslides often turned into debris flows and run out long distance. Landslide susceptibility has been mapped and 
published as the Landslide Hazard Zonation Map (LHZM) by the National Building Research Organization (NBRO, 
Sri Lanka). Although the LHZM shows the susceptibility of landslide initiation, it does not show the potential 
inundation zone caused by landslides. In Sri Lanka, it is considered that disasters risk is increasing as lowland 
development and slope excavation are carried out without conscious of disasters. Furthermore, there is a 
characteristic that farmland for cultivating Ceylon tea, natural rubber and other products is on the slope. And, many 
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people live on slopes. Therefore, it is necessary to assess the potential inundation zone not only in the deposited area 
but also the runout area on hillslopes. Recently, diverse numerical simulation models have been developed for 
describing landslide and debris flow (e.g., O’Brien et al., 1993; Iverson and Denlinger, 2001; Rickenmann et al., 
2006; Frank et al., 2015; Suzuki et al, 2016). These numerical simulations are effective tools for addressing 
landslide problems in Sri Lanka. To use numerical simulation, we have to input and validate a variety of 
environmental variables. However, unfortunately, adequate information on past disasters and environmental 
conditions is still lacking. Therefore, we tested the applicability of numerical simulation using “HyperKANAKO” to 
assessing the potential sediment disaster inundation zone due to debris flow in regions where empirical methods 
cannot be applied due to insufficient records of past disaster. 

2. Study site

A large-scale landslide occurred in Aranayake, Kegalle District, Sri Lanka, on May 17, 2016 (Fig. 1). This 
landslide occurred due to heavy rain caused by tropical cyclone. In terms of human loss, 31 people died and 96 went 
missing in Aranayake (Handa et al., 2018). Fig. 1a is an aerial photograph taken during a helicopter survey on May 
22, while Fig. 1b shows a spatial pattern of elevation change due to landslide. The elevation change was calculated 
by subtracting the elevation value of the topography model of the LiDAR survey before the disaster from the 
elevation value of the DSM (Digital Surface Model) created by the SfM (Structure from Motion) method from the 
photograph taken from the helicopter after the disaster (Handa et al., 2018). The landslide occurred in the upper part 
of the hillslope. The width of the landslide was about 200 m, the length of the landslide was about 200 m, and the 
landslide sediment volume was roughly estimated to be about 200,000 m3. The landslide sediment turned into a 
debris flow, and the debris flow branched to the east and west just below the landslide initiation area and flowed 
down. The sediment deposits were approximately 1 to 5 m thick on the middle reaches of the hillslope (under 
exposed rock). At the lower reaches of the hillslope (Narrow part), the deposited sediment was about 2 to 5 m thick. 
At the valley exit, the thickness of the sediment deposit was about 10 m, and the maximum particle diameter was 
about 5 m. At the lower flat part of the inundation zone, the sediment was mainly composed of fine grains, and the 
deposit was about 0.5 to 1.5 m thick (Handa et al., 2018).  

Fig. 1. Aranayake disaster (a) Aerial photograph just after disaster; (b) Elevation change due to landslide 
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3. Numerical methods

In this study, we applied the “HyperKANAKO” debris-flow model to describe the inundated zone due to the
Aranayake disaster. The “HyperKANAKO” is a two-dimensional debris-flow model, developed by Horiuchi et al 
(2012). It is based on the concept of stony debris flow, sediment sheet flow and bedload proposed by Takahashi and 
his colleagues (Takahashi et al, 2009). The “HyperKANAKO” can use LiDAR data. We prepared the terrain model 
using LiDAR survey data (measured in December 2015 before the disaster occurrence, 2m*2m grid size). 

We assumed that the potential landslide initiation area was identified by the existing LHZM. Then, we addressed 
a situation in which information other than the landslide position and topography data could not be obtained 
sufficiently before debris-flow occurrence. Additionally, we examined how to set various input conditions and how 
much the difference in input conditions affects the predicted inundation zone. Specifically, we examined the 
influence of the (1) percentage of fine grains (fluid density and sediment concentration), (2) landslide volume, (3) 
input hydrograph (peak flow rate and duration), and (4) representative sediment particle diameter (Table 1). 

3.1. Percentage of fine grains (Fluid density and sediment concentration) 

It is thought that fine grains together with the pore water in the debris flow constitute the pore fluids, because fine 
grains can be suspended in the fluid (Fig. 2a). Furthermore, it has been shown that the percentage of fine grains 
constituting the pore fluid has a large influence on the calculation result (e.g. distance to the end of deposit zone, 
distance to the end of erosion zone of the river bed) (Nishiguchi et al., 2011). However, as information on the 
percentage of fine grains constituting the pore fluid is insufficient, in many cases, it is based on past disaster records 
(e.g., Nakatani et al, 2018). Therefore, we changed the percentage of fine grains constituting the pore fluid to 0%, 
20%, and 30%, to evaluate the influence of the percentage of fine grains constituting the pore fluid on the 
calculation results. 

3.2. Landslide volume 

The landslide volume should greatly influence not only the deposited area but also the runout area. However, it is 
difficult to accurately predict the landslide volume before a landslide occurs. So, we tested the influence of the 
landslide volume on the calculation results, by halving and doubling the landslide volume. The landslide volume 
was based on the 200,000 m3 actually measured by Handa et al. (2018). 

3.3. Input hydrograph 

The input hydrograph (water and sediment supply situation) is a parameter that affects the calculation result. 
Therefore, we set three different input hydrographs at the upper end of calculation section (Fig. 2b). In these cases, 
the total input water and sediment volume were the same. The shape of the input hydrograph was assumed to be an 
isosceles triangle with a peak flow rate at 1/2 of the duration, which is based on Public Works Research Institute 
(2012). 

3.4. Representative particle diameter 

The representative sediment particle diameter is also a parameter that affects the calculation result. Although 
information on the representative particle diameter of landslide sediment can be set by field survey, etc., perhaps 
sufficient information might be difficult to obtain in advance due to problems, such as investigation cost. We 
measured the sediment particle diameter by field survey on January 25, 2018 (Fig. 3a). Unfortunately, the date of the 
survey was about 1 year and 8 months after the Aranayake disaster. We measured the coarse sediment particle 
diameter at 0.5 m intervals, and we obtained data from 82 points. Also, we sampled the fine sediment for laboratory 
tests. In addition, we confirmed the sedimentary condition, and we quantified the ratio of fine sediment (< 30mm) in 
a cross-section of deposited sediments (Fig. 3a) and found that the ratio was 31%. From these survey results, we 
obtained the particle diameter distribution diagram (Fig. 3b). And, we set the representative particle diameter to 13.6 
cm as the average value of coarse sediment diameter (Fig. 3b). Therefore, we changed the representative sediment 
particle diameter by 1/3 times and triple. We tested the influence of the representative sediment particle diameter on 
the calculation results. 
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3.5. Other input conditions 

Other input conditions are as shown in Table 2. The one-dimensional calculation area was set as the landslide 
portion, and the river width of the one-dimensional calculation area was set to 200 m, which is the actual landslide 
width. The two-dimensional calculation area was set as a rectangle on the downstream side of the landslide (red 
frame in Fig. 1a). The unstable sediment thickness in the two-dimensional calculation area was set as 5 meters depth. 

3.6. Evaluation of calculation results 

To compare measured and calculated elevation changes, we divided the lower part of the hillslope into five 
sections (blue frame in Fig. 1b) by erosion deposition pattern. We accumulated the final deposited amount of the 
calculation result in each divided area. The grid size was 10 m2, and we included grid cells that had a final 
deposition depth of 0.1 m or more. 

Table 1. Changed input conditions 

Case 
No. 

Percentage of 
fine grains (%) 

Fluid density 
(kg/m3) 

Sediment 
concentration

Landslide 
volume (m3) 

Duration of 
debris flow (s) 

Peak flow 
rate (m3/s) 

Representative sediment 
particle diameter (m) 

01 30 1,625 0.469 232,000 8 58,000 0.137 

02 0 1,000 0.585 232,000 8 58,000 0.137 

03 20 1,477 0.536 232,000 8 58,000 0.137 

04 30 1,625 0.469 116,000 8 29,000 0.137 

05 30 1,625 0.469 464,000 8 116,000 0.137 

06 30 1,625 0.469 232,000 80 5,800 0.137 

07 30 1,625 0.469 232,000 300 1,547 0.137 

08 30 1,625 0.469 232,000 8 58,000 0.046 

09 30 1,625 0.469 232,000 8 58,000 0.413 

Table 2. Fixed input conditions 
Item Unit Value 

Calculation time Sec 1,440 

Time interval of calculation Sec 0.005 

Mass density of sediment kg/m3 2,650 

Gravity acceleration m/s2 9.8 

Minimum flow depth m 0.01 

Concentration of movable bed - 0.65 

Manning’s roughness coefficient - 0.1 

Coefficient of erosion velocity - 0.0007 

Coefficient of deposition velocity considering inertial force - 0.05 

Internal friction angle deg 35 

Thickness of 2-D plane unstable sediment m 5.0 

Interval of 1-D calculation points m 5.0 

Interval of 2-D calculation points m 10.0 
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Fig. 2. Model framework, (a) Concept of pore fluid; (b) Input hydrograph 

Fig. 3. Survey of the representative particle diameter, (a) Photograph of field survey; (b) Particle diameter distribution diagram 

4. Comparison of measured and modeled deposits

Fig. 4 shows the calculation results with varying the percentage of fine grains, that is, Case No. 01 to 03 in Table
1. Fig. 5 shows the calculation results with varying the landslide volume, that is, Case No. 01, 04, and 05 in Table 1.
Fig. 6 shows the calculation results with varying the input hydrograph, that is, Case No. 01, 06, and 07 in Table 1. 
Fig. 7 shows the calculation results with varying the representative sediment particle diameter, that is, Case No. 01, 
08, and 09 in Table 1. Figs. 4a-7a show the deposition depth at the end of the calculation in each calculation case. 
Also, Figs. 4b-7b show the total deposited amount of sediment at the end of the calculation in each divided area 
indicated by the blue frame in Fig. 1b. And, "Measured" in Figs. 4-7 is the difference of the elevation values before 
and after the disaster by Handa et al. (2018).The direction of the debris flow of the calculation results shown in Figs. 
4a-7a describe the downward flowing process where the debris flow branches to the east and west flow path, similar 
to disaster. On the other hand, since the debris flow erodes the hillside slope, the total deposited amount in Figs. 4b-
7b is generally larger than the landslide volume in each case of Table 1. In a few cases (e.g., Case 02 in Fig. 4b), the 
total deposited amount is smaller than the supplied amount, because collapsed sediment is accumulated just below 
the landslide initiation area. The disaster record ("Measured") and each sensitivity analysis results were compared 
based on Figs. 4-7. The calculation result of Case 01 in Fig. 4 is most suitable result for the disaster record in terms 
of the downward flow range, the deposition range, and the deposited amount of sediment. However, the total 
deposited amount in the divided area 01 and area 02 in Case 01 is smaller than the measured amount of sediment.  

5. Sensitivity analysis results

5.1. Influence of the percentage of fine grains (Fluid density and sediment concentration) 

Fig. 4 shows the calculation results with varying the percentage of fine grains, that is, Case No. 01 to 03 in Table 
1. In Case 02 where the percentage of fine grains constituting the pore fluid is 0%, most of the sediment deposit is
on the hillslope, and the amount of sediment reaching downstream (especially the divided areas 03-05) is extremely 
small. In Case 03 where the percentage of fine grains constituting the pore fluid is 20%, the deposited sediment 
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amount in the divided area 01 and area 02 is about the same as the measured amount. However, the deposited 
sediment amount in the divided areas 03-05 is smaller than that of the measured. In addition, the deposited sediment 
amount in the divided areas 01–05 in Case 02 is about 20% that of Case 01, and the deposited sediment amount in 
the divided areas 01–05 in Case 03 is about 60% that of Case 01. From the above, we found that the percentage of 
fine grains (fluid density and sediment concentration) greatly influences the calculation result. 

Fig. 4 Calculation results with varying the percentage of fine grains, (a) The deposition depth; (b) Quantitative evaluation of calculation results 

5.2. Influence of landslide volume 

Fig. 5 shows the calculation results with varying the landslide volume, that is, Case No. 01, 04, and 05 in Table 1. 
Comparing Cases 01, 04, and 05, both the width and distance of the debris flow area become greater and the 
deposition depth increases, as the amount of landslide volume increases. In Case 04 (landslide volume set to 1/2 that 
of Case 01), the deposited sediment amount in the divided areas 01 and 02 is not so different than that of Case 01, 
but the deposited sediment amount in the divided areas 03-05 is smaller than the corresponding data in Case 01. In 
addition, the deposited sediment amount in the divided areas 01–05 in Case 04 is about half the corresponding data 
in Case 01. In Case 05 (landslide volume set to 2 times that of Case 01), the deposited sediment amount in the 
divided areas 01 and 02 is not so different than that of Case 01, but the deposited sediment amount in the divided 
areas 03-05 is larger than the corresponding data in Case 01. In addition, the deposited sediment amount in the 
divided areas 01–05 in Case 05 is about twice the corresponding data in Case 01. Thus, the sediment deposited 
amount changes according to the set amount of landslide volume. The variation in the deposited sediment amount in 
the divided area 04 is especially large. 

Fig. 5 Calculation results with varying the landslide volume, (a) The deposition depth; (b) Quantitative evaluation of calculation results
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5.3. Influence of the input hydrograph 

Fig. 6 shows the calculation results with varying the input hydrograph, that is, Case No. 01, 06, and 07 in Table 1. 
In Case 06, the duration of the input hydrograph was set to 10 times that of Case 01, and the peak flow rate was set 
to 1/10 that of Case 01. In Case 07, the duration of the input hydrograph was set to 37 times that of Case 01, and the 
peak flow rate was set to 1/37 that of Case 01. Comparing Cases 01, 06, and 07, the larger the peak flow rate, the 
larger the debris flow area. However, the deposited sediment amount in each divided area is little different than that 
of Case 01. 

Fig. 6 Calculation results with varying the input hydrograph, (a) The deposition depth; (b) Quantitative evaluation of calculation results 

5.4. Influence of the representative sediment particle diameter 

Fig. 7 shows the calculation results with varying the representative sediment particle diameter, that is, Case No. 
01, 08, and 09 in Table 1. In Case 08, the representative sediment particle diameter was set to 1/3 times that of Case 
01, and in Case 09, the representative sediment particle diameter was set to 3 times that of Case 01. Comparing 
Cases 01, 08, and 09, both width and distance of flow area of debris flow become greater, as the representative 
particle diameter decreases. Also, the larger the representative particle diameter, the smaller the deposited sediment 
amount in each divided area. The deposited sediment amount in the divided areas 01–05 of Case 08 is about 130% 
that of Case 01. The deposited sediment amount in the divided areas 01–05 of Case 09 is about 60% that of Case 01. 
Therefore, we found that the representative particle diameter has a large influence on calculation results. 

Fig. 7 Calculation results with varying the representative sediment diameter, (a) The deposition depth; (b) Quantitative evaluation of calculation 
results 
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6. Discussion and Conclusion

In this study, we used the "HyperKANAKO" debris-flow model to describe area inundated by a recent debris 
flow in Sri Lanka and propose a method for assessing sediment disaster inundation zone in regions where empirical 
methods cannot be applied due to insufficient records of past disasters. As a result, we found that it is possible to 
describe sediment disaster inundation zone with a certain degree of accuracy, based on the limited information, i.e., 
topographical data and landslide location. However, the calculation result is strongly controlled by the percentage of 
fine grains, landslide volume, and representative particle diameter. Therefore, when assessing the sediment disaster 
inundation zone in Sri Lanka, it is necessary to pay attention so as not to underestimate the inundation zone. 
According to the results of this study, setting the percentage of fine grains between 20% and 30% was generally 
consistent with the disaster record. However, we need to test another data about disasters and grasp the suitable 
value range for the percentage of fine grains. Also, we need to set the amount of landslide volume appropriately. 
Previous studies show a variety of empirical relationships between landslide area and landslide volume (e.g., 
Guzzetti et al, 2009; Larsen et al, 2010). So, landslide volume might be roughly predicted according to the LHZM 
and area-volume relationship. Moreover, since particle diameter had a large effect on the simulation results, it is 
important to revise our information based on it. Therefore, it is desirable that we conduct particle diameter surveys 
at many disaster sites, and accumulate survey results. Since the particle diameter might be affected by the bedrock 
geology, we can set the probable range of particle diameter for bedrock geology based on accumulated survey 
results.  
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Abstract 

A modified moving particles simulation model (MPS-DF) to simulate inundation and sediment deposition of debris flows is 
presented. This model is based on the moving particles semi-implicit (MPS) method, which was originally used for incompressible 
viscous fluid flows with free surfaces. In the MPS-DF model, the constitutive equations of Egashira is introduced to the MPS 
method. In Egashira’s theory, debris flows are treated as a continuum and sand grains are expressed using sediment concentration. 
Thus, each particle has a variable sediment concentration value. In this study, we tested the applicability of the MPS-DF model for 
the formation process of alluvial fans. For this purpose, flume experiment was conducted. The experimental flume consisted of a 
straight channel 6.0m long and 0.1m wide, with an inclination of 15°, connected to an outflow plain. The inclination of the outflow 
plain decreased gradually from 12° to 3°. At the straight channel, 5.0m long erodible bed with a thickness of 0.2m was present. 
Water was supplied from upper end for 60 s. at the rate of 3,000 cm3/s and debris flow was generated by entraining the erodible 
bed. Debris flow inundated and deposited sediment at the outflow plain and an alluvial fan was formed. Numerical simulations 
were also performed with the MPS-DF as well as a depth-integrated method based on the shallow water equations (2D simulation). 
2D Simulation results of alluvial fan shape and flooding area were laterally spread and significantly different from those of 
experiment. The results of the MPS-DF were more similar to experimental results. Natural channels and lateral levees were formed 
as well as experiment. However, the alluvial fan shape of MPS-DF was slightly wider than that created during the experiment. This 
is thought to be due to the behavior of pore water of deposi  layer, such as the seepage of water out of the deposited layer once
the deposition process has been completed. 

Keywords: numerical simulation; particles method; alluvial fan formation process 

1. Introduction

Debris flows cause enormous damage. To mitigate the damage, it is important to predict their range of influence.
Numerical simulation is an effective tool for predicting debris-flow inundation (e.g., Liu et al., 2012; Pastor et al., 
2014). In Japan, residential areas are sometimes built on alluvial fans at valley exits of steep mountain rivers. An 
example that illustrates this situation is a debris-flow disaster that occurred in Hiroshima in August 2014 (Nakatani et 
al., 2017). In this disaster, it was suggested that houses and other structures that existed in the alluvial fan area at the 
exit of the valley impeded the flood and deposit of debris flow. It is also shown that when debris flow occurs 
continuously in multiple streams, the fan formed by preceding debris flows affects the fan formation process of 
subsequent debris flows (Chen et al., 2016). In numerical simulations based on shallow water equations, it is necessary 
to average flow velocity distribution and sediment concentration distribution in the vertical direction, and it is therefore 
considered difficult to reproduce such complicated behaviors (Suzuki and Hotta., 2015, 2016). 

In recent years, there have been advances made in research on particle simulation methods for debris flow based on 
Smoothed Particle Hydrodynamics (SPH) (Monaghan, 1988) or Moving Particle Simulation method (MPS) 
(Koshizuka and Oka, 1996). Most of these studies treat debris flow as one viscous fluid (e.g., Laigle et al., 2007; Wang 
et al., 2016). With these methods, separation of sand grains and water is not reproduced. Suzuki and Hotta (2015, 
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2016) developed a particles simulation method for debris flow (hereinafter referred to as MPS-DF) that introduced the 
constitutive law for flow resistance and sediment concentration of debris flow (Egashira et al., 1989, 1997) to the MPS 
method. With this method, it has been shown that the erosion and deposition process can be reproduced in constant 
width flumes (Suzuki and Hotta, 2015, 2016). Conversely, the process of debris-flow deposition on alluvial fans 
involves transverse spreading. In this study, we tested the applicability of the MPS-DF model for the deposition process 
on alluvial fans. For this purpose, flume experiments were carried out using gravel of uniform grain size and numerical 
simulations were also performed. The numerical simulations were performed using the MPS-DF method as well as a 
method based on the shallow water equation, and the results of both methods were then compared. 

2. Experiment

2.1. Experimental flume and materials 

connected to an outflow plain (Fig. 1). The gradient of the outflow plain changes by 3 degrees every 1 m, and the 3-
degree area only has a length of 2 m. The transverse direction is horizontal. In the straight channel part, sand grains 
with a depth of 20 cm were deposited in the 5 m downstream part. The height of the sediment surface was equal to 
the height of the connecting outflow plain. The average grain diameter was 0.265 cm while the specific gravity was 
2.6. 

2.2. Method and measurement 

Water was supplied at 3,000 cm3/s from the upstream end for 60 sec, while debris flow was generated through the 
erosion of sediment in the straight channel. The sediment concentration was about 32% at the beginning and about 
16% at the time of 60 sec, when it was measured using the erosion depth roughly estimated from the side-view videos 
of the flow. The debris flow separated into water and sand grains at the outflow plain, forming an alluvial fan. The 
formation process was photographed using three digital cameras from the top of the outflow plain. The photographed 
images were analyzed using SfM software (Photoscan Professional, Agisoft LLC) to create point clouds. Elevation 
data was then created by processing the point clouds and known coordinates, while the deposition depth was calculated 
as the difference from the original altitude data (De Haas et al., 2014). 

3. Numerical Simulation

3.1. Outline of MPS-DF method 

Suzuki and Hotta (2015, 2016) developed the MPS-DF method by introducing the constitutive equations developed 
by Egashira et al. (1989, 1997) into the MPS method (Koshizuka and Oka, 1996). The outline is as follows. 

Fig. 1  Experimental flume
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In the MPS-DF method, in order to treat the debris flow as a one-fluid model, the debris flow itself is divided into 
aggregates of particles that possess parameters of sediment concentration. First, Suzuki and Hotta (2015, 2016) 
modified the resistance law of debris flow as follows, so that it can be introduced into the framework of the MPS 
method. 

(1) 

(2) 

(3) 

where c represents the shear stress, cy represents the yield stress, w =1.0 is the density of water, c represents the 
sediment concentration, u represents the flow velocity, z represents the axis in the depth direction perpendicular to the 
flow direction of the debris flow, Kd is the coefficient of particle collision, Kf is the coefficient of pore water turbulence,, 
c* is the sediment concentration in the bed,  =2.65 is the gravel density, s = 38.5  is the friction angle, d is the
diameter of the sediment particles, e = 0.775 is the coefficient of restitution, and where kg = 0.0828 and kf = 0.16 are 
empirical constants (Egashira et al., 1989, 1997). The first term of Eq. (1) is the yield stress, and the second and third 
terms show the dynamic stress for each differential order.  is an angle formed by the flow velocity vector of the 
particle and the horizontal vector. c that was obtained by converting c into a vector in the rectangular coordinate 
system was introduced instead of the viscous term used in the MPS method. 

Next, a model was constructed in which the value of the sediment concentration moves among neighboring particles. 
First, the equilibrium concentration gradient, gce is calculated by substituting the above parameters of a focused 
particle (its number is defined as i) into the concentration distribution formula developed by Egashira et al. (1989, 
1997). Then, a concentration gradient with neighboring particles, gc is calculated. Fig. 2 shows the concept of the 
variable sediment concentration model. The change in the sediment concentration of a focused particle was calculated 
for the underlying particles, because the concentration distribution was obtained by integrating the concentration 
gradient from the riverbed to the water surface. The particle shown in Fig. 2 tends to result in an increase in c because 
gce > gc. Therefore, ccp(i), which expresses the magnitude and direction of the change in c, is defined as follows: 

(4) 

Here, l0 is the standard particle distance. The time-derivative of c is derived using the kernel function, w(r), 
assuming that c changes in proportion to the difference in ccp(i) between neighboring particles. Here, w(r) is defined 
by Koshizuka and Oka (1996). 

(5) 

Here, n0 is the standard particle number density and is a constant parameter of the MPS method (Koshizuka and 
Oka, 1996), r is the inter-particle distance, and T is the relaxation time. Notably, T needs to be small enough to satisfy 
the local equilibrium of sediment concentration (Suzuki and Hotta, 2015, 2016). Therefore, we adopted the method 
proposed by Suzuki et al. (2016) to link the relaxation time with the increment time. 

With the MPS-DF method, for example, when debris flow moves from a steep slope to a gradual slope, the sediment 
concentration for the upper layer particles moves to the lower layer particles. This is because the equilibrium 
concentration, calculated using a low gradient, is lower than the current value. The sediment concentration moves to 
reduce the difference between the current high sediment concentration and equilibrium concentration. When the 
sediment concentration of the lower layer particles exceeds a certain level, the yield stress term represented by Eq. (2) 
becomes larger than the shearing force, and the particles are in an immovable state; that is, they become deposited 
particles (a state in which vibration is slightly repeated). This process corresponds to a deposition process, while the 
opposite process corresponds to an erosion process. 
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Fig. 2. A schematic diagram illustrating the concept of the variable sediment concentration model (Suzuki and Hotta, 2016). 

3.2. Treatment of momentum in the concentration change model 

Moving the sediment concentration is equivalent to exchanging gravel with water. Because gravel and water have 
different specific gravities, moving the sediment concentration alone cannot satisfy the momentum conservation law. 
In previous studies, the influence on the calculation result was small, so we ignored the non-conservation of 
momentum. However, there is a possibility that it may affect the planar deposition process. Therefore, when 
calculating the change in sediment concentration using Eq. (5), the change in momentum corresponding to a movement 
in sediment concentration was calculated simultaneously (hereafter it is called the modified MPS-DF). In this study, 
numerical simulations were performed using a method that does not consider the change in the momentum   (called 
MPS-DF in this study) and the influence of momentum conservation was verified. 

3.3. Two-dimensional simulation based on shallow water equations 

For comparison, a two-dimensional simulation based on the standard shallow water flow equations (Hereafter, it is 
called the two-dimensional simulation) was also performed. This method adopted Egashira's constitutive law for flow 
resistance (Egashira et al., 1989, 1997). Eq. (1) - (3) are obtained by differentiating the resistance law used in this 
method with z. This method also adopted erosion rate formula as follows (Miyamoto and Ito, 2002). 

 (6) 

(7) 

Here, E is the erosion rate, and e is the equilibrium gradient corresponding to the sediment concentration. 
According to Eq. (6) and Eq. (7), erosion and deposition are determined only by the relationship between the 
equilibrium gradient corresponding to the average sediment concentration in the vertical direction and the bed gradient. 

3.4. Calculation condition 

In the MPS-DF method, the particle diameter was 0.5 cm. In the two-dimensional simulation, an orthogonal grid 
with a width of 5 cm was used. These values were determined from the relationship between resolution and calculation 
time. The other parameters mentioned above are material properties or empirical constants. 

4. Results

4.1. Alluvial fan formation process 

The experimental results and calculation results of the alluvial fan formation process are shown in Fig. 3, while the 
final deposition depth is shown in Fig. 4. In Fig. 3 and 4, the outlet of the straight channel was set as the 0 m point.  

874



Suzuki / 7th International Conference on Debris-Flow Hazards Mitigation (2019)

Fig. 3. Alluvial fan formation process. The yellow broken line indicates a region with no surface flow. 

Fig. 4. Final deposition depth  
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The time at which the front of the debris flow arrives at the outlet of the straight channel was set to 0 sec, and the 
results are shown every 15 sec. 

In the experiment, the deposit expanded linearly in the downslope direction for approximately 3 m without 
spreading horizontally. After that, the flow direction changed to the right side. Then, when the deposition on the right 
side progressed to a certain extent, the flow changed to the left side direction. The final result was the formation of an 
almost symmetrical alluvial fan. A waterway was formed near the outlet of the straight waterway.  A waterway was 
formed near the outlet of the straight waterway, similar to the result obtained by De Haas et al, in which a waterway 
and a natural levee were formed near the outlet of the straight waterway (De Haas et al., 2015). 

In the result obtained from the two-dimensional simulation, deposition began immediately from the outlet of the 
straight channel that gradually spread in the downstream side and transverse direction. Compared to the experimental 
results, the spread in the transverse direction was large and the distance covered in the downward flow direction was 
short. It can be said that the deposition process/shape from the two-dimensional simulation was significantly different 
from that obtained from the experimental results. 

In the result obtained using the MPS-DF method, a linear deposition shape was formed in the initial process, but it 
expanded in the transverse direction from around the point beyond the 1 m point. The flow direction did not change 
and a symmetrical fan was formed. Similar to the experimental results, a waterway and natural levee were also formed. 
The final fan shape spread in the transverse direction, in contrast to the trend obtained from the experimental results. 

In the result of the modified MPS-DF, the lateral spread was suppressed to some extent due to the movement of 
the momentum. However, as time passed, it expanded in the lateral direction, and its deviation from the experimental 
results increased. 

4.2. Final deposition depth 

Fig. 4 shows the result of the final deposition depth and Fig. 5 shows the longitudinal section of the final deposition 
depth at the center of the outflow plain. The experimental result shows only the region analyzed using the SfM software. 
Comparing the results of the MPS-DF and modified MPS-DF models, it was observed that the result of MPS-DF 
model showed a slight downstream deposition. Regarding the point with the largest deposition depth, the results 
obtained from the two-dimensional simulation were significantly different from the experimental results. Conversely, 
the MPS-DF and modified MPS-DF results generally agreed with the experimental results. In particular, the result of 
the modified MPS-DF was nearly quantitatively consistent with the experimental results. 

Fig. 5.  A longitudinal section of the final deposition depth at the center of the outflow plain 
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5. Discussions and Conclusions

In the two-dimensional simulation, deposition occurred immediately near the outlet of the straight channel and
spread laterally. In the experiment, deposition gradually progressed linearly from the straight channel outlet. Only the 
water in the upper layer of the flow spread sideways. In the two-dimensional simulation, the movement of sand grains 
between meshes was calculated using the sediment discharge, obtained by multiplying the flow rate by the transport 
concentration (Miyamoto and Ito, 2002). The flux sediment concentration which is obtained by dividing sediment 
discharge by total discharge is a mesh-specific value; that is, it is the same value in the downward flow direction and 
the lateral direction in the two-dimensional simulation. Therefore, it is believed that the situation in which the upper 
layer of water selectively spreads sideways was not reproduced, and instead, that the deposition widely spread in the 
lateral direction. In the MPS-DF and modified MPS-DF methods, since the direction of movement and sediment 
concentration of each particle was calculated, it is possible to automatically evaluate sediment transport in the 
downward flow and lateral directions. Therefore, the evaluation was greatly improved from the two-dimensional 
simulation. 

Furthermore, in the two-dimensional simulation, the deposition distance in the downward flow direction was short. 
Additionally, in the two-dimensional simulation, an erosion/deposition rate equation was used, but the momentum 
change process was not considered. Therefore, the fact that the deposition occurs suddenly corresponds to the sudden 
loss of momentum by the sand grains. The absurdity of momentum accompanying erosion/deposition in the calculation 
using shallow water flow equations was pointed out by Iverson and Ouyang (2015), and is a difficult problem to solve. 
Since the motion equation was solved for each particle in the MPS-DF method, the deviation from the experimental 
results was small. However, the non-conservation of momentum occurs when the momentum transfer accompanying 
concentration movement is ignored. In the case of the deposition process, the concentration moved from the upper 
layer with a large momentum to the lower layer with low momentum, implying that the momentum was gradually lost. 
As a result, this may have allowed for the easier deposition of sediment. The modified MPS-DF that solved this 
problem yielded results that more closely matched the experimental results, especially in the early stage of deposition. 

In the early stage, the deposition was formed in the upper stream in the MPS-DF model, more so than in the 
modified MPS-DF model, while final deposition was formed in the most downstream side. This is considered to be 
the effect of sediment re-erosion by subsequent debris flow with low concentration, because the eroded sediment 
becomes easy to move for the reason opposite that of the deposition process. However, the longitudinal deposition 
results of the modified MPS-DF model were almost in agreement with the experimental results. 

As described above, the modified MPS-DF model has the highest reproducibility for the longitudinal deposition 
results. To accurately reproduce the erosion/deposition process, it is important to strictly evaluate the sediment 
concentration distribution, flow velocity distribution, and momentum conservation law. The particle method is 
effective for conducting this evaluation. However, in the later process, the results obtained using the modified MPS-
DF model deviated from the experimental results in terms of lateral spreading. One of the reasons for this was that 
bedload was generated from the edge of the deposit and continued to flow downstream. As the size of the calculation 
particles was larger than the average particle size of the sand grains, it proved impossible to represent the movement 
of individual sediment particles. Although reducing the size of the calculation particles could solve this problem, it is 
not realistic in terms of the calculation load. Therefore, other solutions need to be considered. 

Another reason for the deviation of the results is due to the behavior of seepage flow in the deposited sediment. 
Fig. 3 shows the region where surface flow did not occur. The vicinity of the surface in this region is unsaturated. In 
other words, water moves differently than sand grains. Even in the saturated region, seepage flow seemed to occur in 
the deposited sediment. Since water selectively flowed out from the pore, it was believed that sand grains were difficult 
to spread laterally. It is difficult to reproduce the behavior of seepage flow using the particles method based on the 
one-fluid model. However, it is possible to reproduce unsaturated seepage flow by giving parameters of water content 
ratio to particles and moving them among neighboring particles. Based on this model, it is necessary to improve the 
calculation model so as to reproduce the seepage of water out of the deposited layer. 

Acknowledgements 

 This work was supported by JSPS KAKENHI Grant Number JP16K16375 and 18H03957. 

877



Suzuki / 7th International Conference on Debris-Flow Hazards Mitigation (2019)

References 

Chen, H.X., Zhang, L.M., Gao, L., Yuan, Q., Lu, T., Xiang, B., Zhuang, W.L., 2016, Simulation of interactions among multiple debris flows: 
Landslides, v. 14, p. 595-615. 

De Haas, Ventra, D., Carbonneau, P. E., Kleinhans, M. G., 2014, Debris-flow dominance of alluvial fans masked by runoff reworking and 
weathering: Geomorphology, v. 217, p. 165–181.  

De Haas, T., Braat, L., Leuven, J.R.F.W., Lokhorst, I.R., Kleinhans, M.G., 2015, Effects of debris flow composition on runout, depositional 
mechanisms, and deposit morphology in laboratory experiments: Journal of Geophysical Research: Earth Surface, v. 120, no. 9, p. 1949-1972. 

Egashira, S., Ashida K., Yajima H. and Takahama J., 1989, Constitutive equations of debris flow: Disaster Prevention Research Institute Annuals, 
Kyoto University, no. 32 B-2, p. 487-501. 

Egashira, S., Miyamoto, K., Ito, H., 1997, Constitutive equations of debris flow and their applicability: Proc. 1st International Conference on 
Debris-Flow Hazards Mitigation, ASCE, p. 340-349. 

Iverson, R. M. and Ouyang, C., 2015, Entrainment of bed material by Earth-surface mass flows: review and reformulation of depth-integrated 
theory, Reviews of Geophysics, v. 53, p. 27-58. 

Koshizuka, S. and Oka, Y., 1996, Moving Particle Semi-implicit Method for Fragmentation of Incompressible Fluid: Nuclear Science and 
Engineering, v. 123, p. 421-434. 

Laigle, D., Lachamp, P., Naaim, M., 2007, SPH-based numerical investigation of mudflow and other complex fluid flow interactions with structures: 
Computational Geoscience, v. 11, p. 297–306. 

Liu, J., Nakatani, K., Mizuyama, T., 2012, Hazard Mitigation Planning for Debris flow Based on Numerical Simulation Using Kanako Simulator: 
Journal of Mountain Science, v. 9, p. 529–537. 

Miyamoto K. and Ito T., 2002, Numerical simulation method of debris flow introducing the erosion rate equation: Journal of the Japan Society of 
Erosion Control Engineering, v. 55, no. 2, p.24-35. 

Monaghan J. J., 1988, An introduction to SPH: Computer Physics Communications, Volume 48, Issue 1, p. 89-96. 
Nakatani, N., Kosugi, M., Satofuka, Y., Mizuyama, T., 2017, Influence of housing and roads on debris flow flooding and deposition in alluvial fan 

areas : Case study on debris flows in Hiroshima, Japan, in August 2014: Journal of the Japan Society of Erosion Control Engineering, v. 69, 
no. 5, p. 3-10. 

Pastor, M., Blanc, T., Haddad, B., Petrone, S., Sanchez Morles, M., Drempetic, V., Issler, D., Crosta, G. B., Cascini, L., Sorbino, G., Cuomo, S., 
2014, Application of a SPH depth-integrated model to landslide run-out analysis: Landslides, v. 11, p. 793–812. 

Suzuki T. and Hotta N., 2015, Development of modified particles method for simulations of debris flows based on constitutive equations and its 
application to deposition process: Journal of the Japan Society of Erosion Control Engineering, v. 68, no. 1, p. 13-24 

Suzuki, T. and Hotta, N., 2016, Development of Modified Particles Method for Simulation of Debris Flow Using Constitutive Equations: 
International Journal of Erosion Control Engineering, v. 9, no. 4, p. 165-173. 

Suzuki, T., Hotta, N., Iwata, T., 2016, Accelerating methods for particle model of debris flows and its application to entrainment process: 
Proceedings of the 8th Symposium on Sediment-Related Disasters, p.193-198. 

Wang, W., Chen, G., Han, Z., Zhou, S., Zhang, H., Jing, P., 2016, 3D numerical simulation of debris-flow motion using SPH method incorporating 
non-Newtonian fluid behaviour: Natural Hazards, v. 81, p. 1981–1998. 

878



879



The relationship  the depth ratio and riverbed gradient is plotted in Fig.3. The figure shows that 
when the density of flow increases, the depth-ratio of the moving sediment layer to the flow depth also 
increases.  
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For example, when  is 1.0 and the riverbed gradient is 6 , the depth ratio is 0.4. In this situation, the 
flow type can be classified as a sediment-laden flow. When  increases to 1.3, however, the depth-ratio 
reaches 0.8 and the type of flow is a debris flow. Furthermore, note that the lowest possible riverbed gradient 
for debris flow decreases as the density of flow increases. In Fig.3, when  increases to 1.5, a debris flow 
can occur with a gradient as low as 5 degrees, on the other, the debris flow could occur at more downstream. 
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Abstract 

In Japan, Typhoon Talas (T1112) induced many rapid deep-seated landslides in the Kii Peninsula. A landslide is one of main 
processes associated with debris flow initiation. In particular, deep-seated catastrophic landslides can lead to large-scale debris 
flows that seriously impact human welfare. Previous studies have explored the roles played by geology and geological structure. 
However, no single, widely used physical model is employed to analyze such landslides. Here, we focus on slope scale and 
gradient, and explore the relationship between height and gradient for several slopes. We found that the height of slopes 
exhibiting various gradients was limited, where the greater the gradient, the lower the height; the relationship was amenable to 
slope stability analysis. We developed a physical model of deep-seated landslides and identified regions at risk. We focused on 
slopes where typhoon Talas caused such landslides and used detailed topological (LiDAR) data collected before and after the 
typhoon to measure slope gradients and relative heights. Our model effectively localized deep-seated landslides, although we 
assumed that the strength of weathered rock was uniform throughout the study area, based on data on the side-slope gradients and 
relative heights of land abutting the Totsugawa River. 

Keywords: deep-seated catastrophic landslides, slope stablity analysis, Typoon Talas, Kii paninsula

1. Introduction

In Japan, typhoon Talas caused many large-scale, deep-seated catastrophic landslides in 2011, principally in the
Kii Peninsula. The Shimanto Belt (a paleo-accretionary prism) is widely distributed throughout the Kii Peninsula and 
is well known for its deep-seated landslide events. In addition, many of the deep-seated landslides caused by 
Typhoon Talas occurred in “dip slope” formations; this type of geological structure is considered to be a precursor to 
that responsible for deep-seated landslide occurrences.  

Shallow landslides have been physically modeled by combining slope stability analysis with a model of 
underground water flow; many previous studies have evaluated landslide risks (e.g., Montgomery and Dietrich, 
1994). However, only a few models of deep-seated catastrophic landslides are available, although slope risk 
evaluation methods based on geological structure and small-scale slope deformations have been suggested to be 
important in this context. 

Schmidt and Montgomery (1995) focused on slope size, height, and inclination, and explored the relationship 
between the latter two variables. For a particular inclination, slope height is limited, where the steeper the slope, the 
smaller the limit; this relationship is amenable to slope stability analysis. Matsushi et al. (2014) used detailed 
topographical data collected pre- and post-landslide to estimate soil parameters; it was possible to explain landslides 
by reference to height limits for slopes of various inclinations, as proposed by Schmidt and Montgomery (1995). 
Korup and Schlunegger (2007) similarly analyzed bedrock collapse in the Swiss Alps. Previously, we assumed that 
widening of water channels caused by erosion when landslides were triggered by dam overflows reflected repetitive 
side-bank collapse triggered by changes in the soil mechanical balance attributable to riverbed erosion; we 
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formalized this balance by reference to the internal soil stress and strength (Yoshino et al., 2013). Thus, we explored 
changes in soil mechanical balance when the relative height of a slope increased because the riverbed was lowered 
by erosion, using the method of Schmidt and Montgomery (1995). However, other studies considered that deep-
seated catastrophic landslides occurring near rivers were attributable to loss of soil and rock mechanical balance 
when the relative height was increased by elevation of the slope (e.g., Matsukura, 1987a and 1987b). On the one 
hand, landslides caused by dam overflows trigger erosion that widens water channels, while on the other hand deep-
seated catastrophic landslides create valleys. The processes involved differ in terms of both genesis (riverbed 
lowering and ridge upheaval, respectively) and speed. However, if Matsukura (1987a and 1987b) is correct, both 
processes could be described using a model similar to that of Yoshino et al. (2013). Therefore, we explored the 
relative heights of slopes that participated in deep-seated catastrophic landslides after typhoon Talas (2011), and of 
slopes that remained stable. We used detailed topographical data collected both before and after the event. We then 
determined whether the side-bank collapse model that we had earlier developed could be realistically applied to 
typhoon-triggered landslides. We suggest that our approach can be used to predict the location, scale, and shape of 
deep-seated catastrophic landslides, and the challenges they pose.   

2. Methods

2.1. Working hypothesis 

Previous works on the development of mountain topography considered that the rates of upheaval and erosion of 
channels with large drainage areas were generally uniform, thus varying little with elevation (e.g., Kaizuka, 1978). 
However, in mountain streams with shallow slopes and small drainage areas, the rate of erosion is lower than the 
upheaval rate, and elevation will thus increase. Specifically, for ridges, erosion caused by running water is zero. If 
the valley and ridge positions are considered to remain constant, the valley elevation does not change but both the 
slope relative height and inclination increase over time. Yoshino et al. (2013) formalized the collapse of water 
channel side-banks, which sometimes occurs when landslides caused by overflowing dams trigger erosion. The 
analysis was based on the relationship between slope inclination and the relative height limit developed by Schmidt 
and Montgomery (1995). Although the time scales of landslides triggered by dam overflow erosion and mountain 
topographic development vary greatly, they share the feature that the valley and ridge, corresponding to the side-
bank shoulder of a landslide caused by dam overflow, do not change. Both the inclination and relative slope height, 
i.e., the slope and relative height of the side-bank, increase with time, and the slope (side-bank) ultimately becomes
physically unstable, collapsing when the relationship between the relative height and inclination reaches a critical 
point. Therefore, we assumed that, considering that the horizontal positions of the valleys and ridges does not 
change, deep-seated catastrophic landslides are more likely to occur in a slope that became unstable due to a time-
dependent elevation of the ridge, even though the elevation of the valley remains constant.. We verified this 
hypothesis using the concept of water channel side-bank collapse, as caused by erosion when dam overflow triggers 
a landslide [Yoshino et al. (2013)]. It can be thought that the underground structures, likes bedding angle and so on, 
should be affected heterogeneity of bedrock strength and groundwater movement. However, in this study, we did not 
consider heterogeneity of underground condition. So here we tested effects of topography on deep-seated 
catastrophic landslide occurrence. 

2.2. The model 

Figure 1 shows a schematic diagram of the landslides studied. The model assumes that the relative slope height 
(H) increases because of slope upheaval and valley bottom erosion, while L remains constant; when the slope 
becomes unstable, it collapses over width Di, creating a wedge-shaped landslide front of inclination βi, thus 
increasing the slope width (L). The slope safety ratio is derived via stability analysis: 

ii

iiii
S W

UWC
F

sin
tancos (1) 

Here, Wi=Hi Di γ /2, Ci=c{(Li+Di)
2+Hi

2}1/2

,
, Ui=u{(Li+Di)

2+Hi
2}1/2

,
, βi=arctan{Hi/(Li+Di)}, where c, φ, γ and u

are the adhesiveness of soil, internal friction angle, unit weight, and pore water pressure, respectively. The subscript 
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Fig. 1. Schematic of side-slope collapse. 

i refers to the number of landslides, and is thus initially zero. The minimum relative height HC yielding FS = 1 can be 
expressed by the relationship between the limit of the relative slope height and the inclination, as determined by 
Culmann (1875); this is Eq. (2): 

(2) 

where θ is the slope inclination. Assume that the conditions prevailing when the first landslide is triggered are as 
shown in Figure 1(b). Then, the relative height of the slope at collapse, HC, and the landslide width Di, are given by 
Eqs. (3) and (4): 
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iiC
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where 
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(5) 

Thus, the slope shape after the first landslide is shown in Figure 1(b)', and Li+1 can be expressed as: 

iii DLL 1 (6) 

We assume that, as long as the slope continues to satisfy the stable conditions (FS > 1) of Eq. (1), Li does not 
change; only H increases. The relationship between θ and H is:  

iL

Htan (7) 

When L0, c, φ, and γ are defined as above, the relationship between H and θ(H) can be calculated. Figure 2 shows 
the process in graphical form. If the slope relative height, H, increases because of slope upheaval, θ also increases 
when Li is held constant (thick solid line). Later, when H attains HC0, the first landslide occurs, causing θ to decrease 
as shown in Figure 1. Later, if upheaval continues, H and θ increase once more [Eq. (7)], and a second landslide 
develops similarly. We assume that the width of the riverbed does not change either when the relative height of the 
slope increases or when the slope collapses. 
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H
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(a): The relative height of the slope H increases because of slope upheaval and valley bottom erosion. As L0 remains constant, the slope 
inclination (tan θ) is H/L0.

(b),(b)': When H = Hc0, the slope collapses over a width D0 and a wedge-shaped landslide front of inclination β0  forms. 
(c) As in (a): When H = Hc0, the relative height of the slope (H) increases because of slope upheaval and valley bottom erosion. As L1 remains 
constant, the slope inclination tanθ is H/L1.

(d) When H = Hc1, the slope collapses over a width D1 and a wedge-shaped landslide front of inclination β1 develops.
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3. Sites and methodology

3.1. Deep-seated catastrophic landslide sites 

We selected three (among many) deep-seated catastrophic landslides that occurred in the Kii Peninsula after 
typhoon Talas in 2011, i.e., those at Akadani, Akadani-higashi, and Nagatono (Figure 3). All three slopes have “dip 
slope” type configurations. 

Fig. 3. The study area

3.2. Data 

We used 1-m digital elevation model (DEM) data collected by airborne lasers. The pre- and post-landslide data 
were obtained in 2009 and between December 2011 and February 2012, respectively. For Akadani, a few re-slides 
and landslide expansions occurred after the deep-seated catastrophic event (Sakurai et al., 2015); the data did not 
encompass these later events. 

3.3. Analysis 

We evaluated areas to 500 m up- and down-stream from each landslide, as follows. First, using pre-landslide data, 
we set reference points at 20-m intervals along the ridges. Then, we drew lines from these points toward the points 
in the region of the slope toes (where the slope bottoms and the flats between the banks intersect) where the 
inclinations were steepest. We then divided the cross-sections into those associated with landslides (termed CSLs 
below) and not associated with landslides (termed NCSLs below) (Figure 4). When at least 66% of the lines were 
included in the landslide, the cross-sections were considered to be CSLs, and the relationship between relative 
height (H) and slope inclination (θ), from the slope foot to the ridge, was examined with respect to all lines. Then, 
ground strength  parameters (c, φ, and γ) were repeatedly varied within specific ranges (c: 5 to 300 kN/m2, φ: 10 to 
40°, γ: 15 to 25 kN/m3) and entered into Eq. (2) to optimize landside prediction by HC (the percentage of cross-
sections correctly identified as landslide sections among the actual CSLs) and the cover rate (the percentage of 
actual CSLs among cross-sections with FS < 1.) We then derived the combination of parameters that optimally 
predicted landslide occurrence/non-occurrence. 

Akadani

Akadani-higashi

Nagatono

Kii Peninshula

θ

Falling width

Eq.(2)
Hc0 Hc1 Hc2

H/L0

Eq.(7)

Collapse occurs at point 
(Hc), at which the curves 
of Eq. (2) and Eq. (7) 
intersect, and the 
“falling width” of (θ) is 
determined by Eq. (4)

Fig. 2. Graphical presentation.
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Although many landslides commenced from the slope foot, the entire slope did not necessarily collapse. Thus, 
using pre-landslide data, we set measurement points every 10 m along each line running horizontally from the slope 
foot, and explored the relationship between the relative height and inclination according to those of the slope foot 
(Figure 5). We thus extracted unstable regions in the middle of slopes, and not only in the ridges; this was especially 
important when the slope was convex. Next, using the post-landslide data, we performed a similar analysis to 
determine whether the landslides had eliminated unstable slopes. If our hypothesis was correct, it would be possible 
to calculate the decrease in slope inclination caused by a landslide (arrows in Figure 2), in turn allowing calculation 
of the size and shape of the wedge-shaped landslide front. We compared the shape before and after a landslide; we 
now show how to estimate the shape and the front size. 

4. Result

4.1. Longitudinal slope shapes 

 The longitudinal lines drawn in the three landslide sites are shown in Figure 6. Figure 7 shows the shape of the 
principal longitudinal line of each slope, i.e., that located in the central CSL. In the longitudinal direction, the slope 
of the Akadani-higashi terrain prior to the landslide [Fig. 7(b)] is linear or (downward) convex. However, the pre-
landslide terrains of Akadani [(Fig. 7(a)] and Nagatono [Fig. 7(c)] are steepest from the bottom to the middle of the 
slope, gradually becoming gentler from the middle to the top, and trending (upward) convex. In Figure 7, the 
Akadani-higashi trend differs from those of Akadani and Nagatono, attributable to the fact that the 2011 landslide at 
Akadani-higashi was a re-slide of the internal region (at the top of the slope) of the landslide produced by the major 
Totsugawa flood of 1889. 

4.2.  Relationship between slope relative height and inclination 

Figure 8 shows the pre-landslide relationship between the relative slope height (H) and inclination (tanθ) (from 
the foot to the ridge) relative to the longitudinal lines drawn at the three sites (Fig. 6). In the graph, CSLs and 
NCSLs are represented by and , respectively. At Akadani [Fig. 8(a)] and Nagatono [Fig. 8(c)), the NCSLs 
downstream from the landslide, i.e., those within the dashed frames were in areas of low relative height but with 
large inclinations; the upstream NCSLs were in areas of large relative height and small inclinations. For Akadani-
higashi [Fig. 8(b)], the CSLs were in areas of large relative height and pronounced inclination. Thus, although the 
Nagatono data are not as clear as those from the two other sites, most CSLs are in the upper right corner of the 
graphs, i.e., in areas with large relative heights and slope inclinations). Also, as indicated in Table 1 and Figure 8, 
the calculated ground strength parameters were relatively high (φ: 10 to 15 , γ: 18 to 22 kN/m3, c: 200 kN/m2 in 
all cases), and the sites were similar. There are differences in best-fitted ground strength parameters although these 
three landslides underlain by same bedrock geology. While, Schmidt and Montgomery (1995). evaluated ground 
strength in the Chuckanut Formation in the northern United States as of 17 to 21° and c of 120 to 150 kN/m2

Fig.5. Topographical features of a slope
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using similar method. The degree of variation of this study is similar to that of Chuckanut Formation, suggesting 
that ground strength controls landslide occurrence might be varied in space even in the same bedrock type  

5. Discussion

5.1.  Estimation of landslide slope 

As shown in Section 4.2, in most upstream and downstream slopes, landslides developed in the upper right 
corners of Figure 8, i.e., in areas with large relative height and slope inclination. Hence, our method identifies slopes 
located along high-risk mountain streams that are at relatively high risk of landslides. It was possible to distinguish 
landslide from non-landslide slopes by the bedrock strength. In Akadani, one point in an area of large relative height 
slightly exceeded the relationship described by Eq. (2). Akadani noted multiple re-slides and landslide expansions 
after the landslide caused by typhoon Talas but, as our data were obtained prior to these events, and as an expanding 
landslide later developed in the upper region of the landslide site, it is possible that this was a component of the 

400

500

600

700

800

900

1000

1100

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300

m

m

300

400

500

600

700

800

900

1000

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300

m

m

400

500

600

700

800

900

1000

1100

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300

m

m

Akadani(a)

Akadani-higashi(b)

Nagatono(c)

Fig.7. Longitudinal profile

Before the landslide
After the landslide

Distance(m)

Elevation (m
)

Elevation (m
)

Elevation (m
)

Fig.6. Longitudinal profiles (white: cross-section in the presence of a 
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Table.1. The most appropriate values for parameters predicting landslide occurrence/non-occurrence

Parameters cover 
rate

Correct prediction 
(1=100%)c (kN/m2) φ (°) γ (kN/m3)

Akadani 250 15 18 0.58 1.00
Akadani-higashi 263 10 20 0.92 0.70

Nagatono 230 15 22 0.65 0.68
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landslide caused by typhoon Talas. Thus, the presence of a point with a relative height that slightly exceeded the 
relationship given by Eq. (2) is not unreasonable. In other words, this suggests that the landslide caused by typhoon 
Talas may have eliminated unstable slopes to some extent. 

5.2. Estimation of landslide scale and shape 

Here, we discuss landslide scale in terms of the relationships between the real and calculated data. Figure 9 shows 
the relationship between the relative height and inclination of the principal slope cross-section, calculated every 20 
m horizontally from the slope foot; we used both pre- and post-landslide data in this analysis. Except for a few 
points with steep inclinations in areas of low relative height, the pre-landslide Akadani inclination was maximally 
tanθ = 0.79 (H = 380 m), but became relatively uniform after the landslide, ranging from H = 200–600 m with tanθ
= 0.6. Similarly, at Akadani-higashi, the post-landslide inclination became near-uniform at H ≥ 300 m and tanθ =
0.6. At Nagatono, the maximum inclination pre-landslide was tanθ = 0.75 (H = 200 m), but reduced markedly post-
landslide, to tanθ = 0.56 (H = 180 m); the relative height increased, as did the slope inclination. The shape 
differences post-landslide are evident in Figure 7; at Akadani and Nagatono, the inclinations fell particularly sharply. 
However, the actual decreases were about 40–60% of the calculated values. In other words, the actual falls were 
smaller than those calculated. The region that we analyzed experienced multiple deep-seated catastrophic landslides 
after the heavy rains of 2011; many originated on northwest-oriented “dip slope-type” slopes, indicating that 
geological structure plays a major role in the development of such landslides (Hiraishi and Chigira, 2011). Thus, it is 
possible that landslides develop over structurally soft surfaces, such as bedding planes. In addition, recent studies 
suggest that such soft surfaces may have been earlier deformed by the long-term effects of gravity; the extent of 
deformation may determine the landslide scale (Chigira et al., 2013). It is also possible that such geological 
structures are associated with high local pore water pressures (Jitozono et al., 2004). Our model assumes that 
geological strength is uniform and does not consider underground water. This may be why the model did not
accurately predict post-landslide decreases in inclination; thus, further refinement is required. 
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6. Summary and future tasks

In areas with similar geological structure and soil strength, our model successfully reproduced the relationship 
between the side slopes and their relative height along the course of the Totsugawa River. This does not contradict 
the hypothesis wherein, considering that the horizontal positions of the valleys and ridges does not change, deep-
seated catastrophic landslides are more likely to occur in a slope that became unstable due to the time-dependent 
elevation of the ridge, even though the elevation of valley remains constant. Thus, we used measurable physical 
parameters to identify slopes that might trigger deep-seated catastrophic landslides. However, when we explored 
whether the model estimated landslide shape and scale in slope cross-sections, we found that, for Akadani and 
Nagatono, although inclinations were significantly reduced after the landslides, the extent of the reduction was less 
than predicted.  

We modeled slope shape and landslide formation in a relatively simple manner. However, although many 
landslides commence at the slope foot, the entire slope does not necessarily collapse. Therefore, when our model is 
further applied to actual phenomena, such as landslides developing in the mid-sections of uniform or concave slopes, 
inconsistencies are to be expected.  

In this study, we only focused on dip-slope. Thus, to use this method as "a predictive tool in other locations or at 
a larger scale", it would be necessary to consider roles of underground characteristics, such as underground structure 
and spatial variability of ground strength controls landslide occurrence. Thus, further work is needed. In future, we 
will analyze slope topographical characteristics in greater detail and underground condition and evaluate more actual 
landslide sites; we will also consider terrain changes caused by the Totsugawa disaster of the Meiji era. 
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Abstract 

Process analysis and hazard assessment are essential for the prevention and mitigation of debris-flow hazards in mountainous 
areas. Many villages and ongoing infrastructure projects in China are vulnerable to large debris flows during heavy rainfall or 
glacier lake outbursts. Without emergency management planning, such contingencies can lead to extensive loss of life and 
egregious property damage. In the eastern Qinghai-Tibet Plateau area, debris-flow disasters are a common phenomenon. In this 
article, we analyzed the spatial distribution, activity and hazard characteristics of debris flows and established a debris-flow 
database by using geographic information technology. Moreover, we comprehensively analyzed the dynamic process of debris 
flow at a local scale, the compound effects of debris flows along riverside section and the disaster environment factors of debris 
flows  overall  scale  of  Sichuan-Tibet  highway  respectively.  Accordingly, we built  an  applicable  factor  system  and  a 
comprehensive framework to quantitatively evaluate debris-flow hazard degree, and then proposed a multi-scale debris-flow 
hazard assessment method by analyzing typical large-scale debris-flow hazard, debris flows along riverside highway and debris 
flows in whole traffic corridor, respectively. Especially, with respect to typical large-scale debris-flow disaster, we proposed a 
dynamic process-based method to analyzed debris-flow hazard by using numerical simulation of debris flow, flood analysis, RS 
and GIS technology. In view of debris flows along riverside highway, we analyzed debris flow process and determined the 
hazard evaluation indexes and proposed a quantitative method of hazard assessment for debris flow along riverside highways. 
Regarding to debris flows along whole road, we proposed a quantitative method to analyze the hazard of debris flows and 
classified hazard levels in the debris- flow prone area along highways. Finally, these proposed methods were applied in 
case studies in a local scale (K3404 of G318), Xiqu river section and Sichuan-Tibet highway respectively. The results showed 
that the calculated risk zones consist with the actual distribution and severity of damage of the debris- flow events, which can 
provide scientific reference for debris-flow risk management and disaster prevention and mitigation of arterial traffic lines.  
Keywords: Debris flow; Dynamic process; Hazard prediction; Multi-scale assessment; Qinghai-Tibet Plateau 

1. Introduction

The Qinghai-Tibet Plateau, with an average elevation of over 4000 m a.s.l. is often referred to as the roof of our 
earth, and its mystic and beautiful landscapes have attracted worldwide attention. However, in this region, strong 
uplift of the Earth’s crust creates a complex natural environment, which presents active crustal stress, tremendous 
elevation difference and dramatic climate change (Dhital, 2015). Large-scale natural disasters commonly occur in 
the eastern area of the Qinghai-Tibet Plateau. In particular, the formation conditions of debris flows are prevalent, 
including appropriate lithologic structures and loose materials, and water resource conditions; thus, an increasing 
number of debris flows seriously devastate local villages and lifeline engineering projects. Therefore, it is vital to 
develop an accurate evaluation method of debris-flow process and associated hazard in the eastern Qinghai-Tibet 
Plateau area. 

Hazard assessment of debris flow is one of the hottest topics in disaster forecast and disaster prevention, which 
has gradually being got worldwide attention. Scholars recently have explored various models and methods to 
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prevent or reduce debris-flow hazard. In 1957, Scientist C.M. Fowlie Cashman analyzed the jacking force of viscous 
debris flow body and the relations between initial shear strength and the viscosity in his book Debris Flow and Road 
Design in Debris Flow-affected Area. He did deep research about dynamic experiment and movement mechanism of 
debris flow (C.M. Fowlie Cashman, 1957). From 1977 to 1988, Scientists in the United States did a cataloging work 
about road debris flow in California Saratoga, Switzedard area and its northern forest logging area (Ellen and 
Wieczorek, 1988). Since the 1990’s, spatial information technology and computer science provide a powerful 
technical support in collecting transportation network debris-flow data, which greatly improved the efficiency of 
analyzing debris flow information and mapping (Carrara et al., 1991). To date, the debris flow investigation and 
cataloging statistics (Hollingsworth and Kovacs, 1981; Zhong et al., 1988), formation mechanism and experimental 
observations (Saito, 1969), debris flow physics (Iverson, 1997), the mechanism of debris-flow movement 
(Takahashi, 1988; Chen, 1988), debris-flow evaluation (Hunger, 1987) and the control technology have made great 
progress. Some scientists mainly focused on analyzing parameters of debris-flow watershed, which is suitable for 
hazard analysis of regional debris flow (Hollingsworth and Kovacs, 1981; Smith, 1988; Olivier, 1998). This method 
has advantages of convenience and strong operation, but is difficult in determining accurate hazardous range of 
debris flow. Some analyzed debris-flow hazard based on actual field investigation and model test, relationships 
between debris-flow deposition area and its characteristic parameters, e.g. debris-flow volume, disturbance area of 
debris-flow watershed (Hunger, 1987; Adachi et al., 1977; Takahashi, 1980; Liu, 1995). This is suitable to analyze 
debris-flow hazard in areas with the same or similar environmental conditions. Furthermore, through a detailed 
survey of terrain conditions and physical parameters of debris flow in a debris-flow watershed, scholars simulated 
movement process of debris flow and identified risk zoning of debris flow (Cui et al., 2011; Hu and Wei, 2005). 
This method has a better practicability and veracity, but several precise parameters are hardly acquired for 
determining the debris-flow process. However, the multi-scale hazard assessment of debris flows has not established 
due to the lack of comprehensive debris-flow theory and method.   

In this article, we analyzed complicated debris-flow formation conditions in eastern Qinghai-Tibet Plateau area, 
and proposed a systematic hazard assessment method of debris flows by combine GIS technologies, mathematics 
and geosciences models in analyzing the debris-flow hazards at different scales. 

2. Methods for regional hazard assessment along Sichuan-Tibet transportation corridor

Debris flow hazard assessment is an important step in debris-flow prevention and risk management. We analyzed 
the hazard of debris flows on basis of systematic indexes including hill slopes, elevation difference, rocks’ shear 
strength, angle of internal friction, weathering degree of rock stratum, distances to faults, earthquake magnitude, 
land use types, annual mean temperature, and maximum daily rainfall. Through adopting information acquisition 
analysis method for the above selected factors, we evaluated the hazard degree of debris flow, and completed debris-
flow hazard mapping of Sichuan-Tibet highway with support of GIS technique. 

According to the definition of information quantity (Aldo et al., 2002), the occurrence of disaster (Y) is affected 
by various factors (Xi, i=1, 2, •••, n), which can be expressed as: 

1 2
1 2
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( , ... ) n
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P Y x x x
I Y x x x l

P Y
= (1) 

1 1 2 -11 2 1 2 ...( , ... ) ( , ) ( , ) ...+ ( , )
nn x x x x nI Y x x x I Y x I Y x I Y x= + +   (2) 

where, I (Y X1X2, Xn): the amount of information provided by the disaster (Y) is determined by a 
combination of factors X1X2 ••• Xn; 

P (Y X1X2, Xn): the probability of disaster occurrence under the condition of factor combination; 
P (Y): the probability of disaster occurrence. 
In the study of mountain disasters, the simplified single factor information model is adopted (Ding, 2013): 
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I
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where,  I: the prediction value of one unit information in the study area;  
Ii: Factor Xi provides information on disaster occurrence (km2);  
A: the total area of the study area (km2); Ai : the total area of the unit containing factor Xi (km ); 
S: the total area of disaster unit has occurred (km2); 
Si : the sum of the unit area of the disaster that occurs in the unit of factor Xi (km ). 
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3. Methods for sub-regional hazard assessment along riverside section of highway

Through analyzing the hazard effect modes and damage process along highways, we developed three key indexes,
scale of debris flows, deposits on highways and river blockage, to describe the highway disasters quantitatively. 
These three indexes can be easily quantified and divided into four grades respectively: extreme low hazard, low 
hazard, middle hazard, and high hazard. Moreover, each grade can be evaluated between 0 and 1 based on their 
characteristics and survey data from historical events (Table 1). 

Table 1 Hazard indexes and hazard grading of highway damage caused by debris flows 

Grade Values of
each index 

Indexes 

The total runoff of 
debris flow (104m3) 

Deposit extent of debris flow River blockage 
due to debris 

flow 
Subgrade 
deposition 

bridge headroom 
deposition 

Ⅰ 0.0-0.25 <1 0-1/3 0-1/3 <0 
Ⅱ 0.25-0.50 1-10 1/3-2/3 1/3-2/3 0-1/2 
Ⅲ 0.50-0.75 10-100 2/3-1 2/3-1 1/2-1 
Ⅳ 0.75-1.0 >100 >1 >1 >1 

Accordingly, we developed a new method to determine the hazard degree and mapping of debris flow. And the 
hazard degree of debris flow can be calculated 

1 2 3+H H H H= +  （4） 

where, 𝐻is the total hazard degree of debris flow, 𝐻1is the total runoff of debris flow, 𝐻2 is the deposit extent of 
debris flow, 𝐻3is the river-blockage due to debris flow. 

3.1. Scale of debris flow 

The Scale of debris flow is usually indexed by total runoff of a single debris flow which can be calculated by the 
peak discharge of the water flow and the peak discharge of debris flow. 

The peak discharge of the water flow ( BQ ) in debris flow gully is calculated through the Eq.(5) which is 
widely used in Sichuan province (Water Resources Department of Sichuan Province 1984): 

0.278B n
SQ F

T
ϕ=  （5） 

where,QB  is peak discharge of the water flow (m3/s); ψ  is the runoff coefficient; s is the rainstorm intensity
(mm/s); τ is flow concentration time (h); n is the rainstorm attenuation coefficient; F is the catchment 
area(km2). 

The peak discharge of debris flow is calculated by combining the peak discharge of water flow and the soil 
supplement, especially channel blockage by debris, as following equation (Zhou et al.1991): 

(1 )c c B UQ Q Dϕ= + × ×  （6） 

where, cQ    is the peak discharge of debris flow (m3/s); BQ   is the peak discharge of the water low (m3/s); UD
is the blockage coefficient, shows the quantity of landslide deposits in the channels, normally taken 1~3; cϕ is 

correction coefficient of debris-flow peak discharge, ( ) / ( )c c w s cϕ γ γ γ γ= − − , and cγ  is debris-flow density

(t/m3);  wγ  is water density (t/m3); sγ  is solid matter density (t/m3).
The total runoff of a single debris flow is calculated by applying the empirical Eq.( 7) (Ou et al.2006). 

1.266=152.97t cQ Q  (7) 

where, tQ is total runoff of a single debris flow (m3) and cQ  is peak discharge of debris flow (m3/s).
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3.2. Debris-flow deposition parameters 

The mud depth and deposition range of debris flow are critical parameters to indentify debris-flow hazard. 
Applying debris-flow hazard prediction method (Liu, 1995), the parameters the deposition area, the maximum 
deposition length, and the maximum deposition depth can be calculated by using the following models (Liu, 1995; 
Chen et al. 2011): 

2
3

1
3

12 3

38.41( / ln )

8.71( / ln )

0.017[ / ( ln )]
( ) / ( )

d c c c

d c c c

d c c c
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=

=

=
=

 （8） 

where, 𝑆𝑑is the deposition area of single debris flow (m2), 𝐿𝑑  is the maximum deposition length(m)，ℎ𝑑is the 
maximum deposition depth (m)，𝑉𝑐is the maximum volume of supplementary loose debris(m3), CQ  is the peak 
discharge of debris flow (m3/s), 𝐺is the deposition slope(°)，𝛾𝑐is the density of debris flow (t/m3), 𝛾𝑤 is water 
density (t/m3); 𝛾𝑠 is solid material density (t/m3) 

3.3. Degree of river blockage 

According to deposition parameters of a single debris flow, river blockage degree can be calculated by the 
following equation: 

3 =( ) /H L l B−  （9） 
where, 3H is the river blockage degree of debris flow, if 3 1H ≥ , debris flow completely blocks the river, 3H is 

equal to 1. L is the maximum deposition length of debris flow (m), l  is the distance between river bank and the 
mouth of debris flow gully(m), B  is the river width (m), the parameters B , l  can be calculated from topographic 
data.

4. Methods for local hazard assessment of debris-flow inundation

4.1. Numerical approach for modeling debris-flow processes 

Flow velocity is a key parameter for identifying the impact force of a debris flow, while the flow depth can 
reflect the silting hazard (O'Brien et al., 1993; Kienholz, 1999; Rickenmann, 2001; Wei et al., 2006). When 
discussing debris-flow deposits, the debris-flow motion equation includes three important variables: mud depth, the 
x-velocity component, and the y-velocity component, 

sx fx

sy fy

Du gS gS
Dt
Dv gS gS
Dt

= −

= −

 (10) 

where, u and v are𝑥  -component and y  -component velocities respectively (m/s), g  is acceleration due to 
gravity(m/s2), sxS is the bottom slope of the deposition area in the x  - direction (°), syS is the bottom slope of the 
deposition area in the y - direction(°), fxS is the friction gradient of the debris flow in the x - direction (°)and fyS  is 
the friction gradient of the debris flow in the 𝑦 - direction(°). 

The model treats debris-flow masses as aggregates of many small particles, each of which has its own mass and 
velocity. To solve Eq. (2) numerically, Hu et al. (2005) improved the particle model originally developed by Wang 
et al. (1997), while Cui et al (2011b) discussed the method and approximated the debris-flow movement by using 
the forward difference for each particle. The difference equations can thus be expressed as 
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where, 1n
ku + , 1n

kv + are the values of u and v  for the k-th particle at time 1n + , respectively, and n
ku , n

kv , ,n k
sxS ,

,n k
syS , ,n k

fxS , and ,n k
fyS are the values of u , v , sxS , syS , fxS , and fyS for the k-th particle at time𝑛. 

4.2. Method for local hazard analysis 

Hazard analyses of debris flows provide information on the hazard activity. This analysis assesses the debris- 
flow hazard degree which is useful in land utilization, urban planning, road-line selection and disaster mitigation 
management.  With  the  development  of  debris  flow  motion  equations  and  computer  technology,  numerical 
simulation provides an efficient and quantitative approach for such hazard analysis. 

Besides the impact and silting hazards caused by individual debris flows, large-scale debris flows also have the 
following particular characteristics: a) Debris flows occurring upstream of a township may cause a river blockage, 
resulting in a dam-breaking flood. b) A debris flow blocking a river downstream area will create a barrier lake that 
will cause inundation loss. 

In order to analyze the hazard characteristics of debris flows, we propose a systematic and quantitative hazard 
analysis method supported by numerical simulation of debris-flow movement. 

Considering the compound characteristics of debris flow and it’s following hazards including burying hazard by 
debris flows, inundating hazard by dammed lakes and scouring hazard by outburst flood and torrent flow, the model 
of hazard assessment was established and the proposed model is expressed as 
In order to analyze the hazard characteristics of debris flows occurring in a group around mountain townships, we 

propose a systematic and quantitative hazard analysis method supported by numerical simulation of debris-flow 

movement and flood analysis. The proposed model is expressed as 

+e h i fH H H H H= + +  (12) 

where, H is the total hazard degree, eH is the hazard caused by the impact force of the debris flow indexed to the 
maximum kinetic energy value in each grid during the whole debris-flow movement process, hH is the hazard 
caused by debris flow silting indexed to flow depth, iH is the inundating hazard of the barrier lake indexed to the 
inundated backwater depth, and

fH is the dam-breaking flood hazard indexed to the highest water level of the 
flooding.  

5. Results

5.1. Study site 

In this article, the Sichuan-Tibet transportation corridor, which is the most significant transportation corridor in 
the western mountain areas of China and connects the provincial capital cities of Sichuan and Tibet, is severely 
affected by debris flows. The Xiqu River section of the Sichuan-Tibet Highway is located in the Hengduan 
Mountain area of the eastern Qinghai-Tibet Plateau and is taken as a study area to analyse the hazard characteristics 
of debris flows. In this section, Haitong Watershed is located at right bank of Xiqu River. The highway from 
Chengdu to Lhasa is situated at the left bank of Xiqu River in this site. Haitong Watershed is characterized by the 
shape of quasi- rectangle and has 5 major gullies with V-shape and the mountain slope of 20~40°. 

5.2. Regional hazard assessment along the Sichuan-Tibet transportation corridor 

Through adopting information acquisition analysis method in session 2.1, the hazard degree of debris flow was 
evaluated, and debris-flow hard mapping of Sichuan-Tibet highway was completed with support of GIS technique 
(Figure 1). The proposed method divides the hazard degree along the highway into 5 levels: very low, low, medium, 
high and very high. The high hazardous areas along G318 Sichuan-Tibet highway are mainly located in the medium, 

907

http://dict.cnki.net/dict_result.aspx?searchword=%e9%81%93%e8%b7%af%e9%80%89%e7%ba%bf&amp;tjType=sentence&amp;style&amp;t=road%2Bline%2Bselection
http://dict.cnki.net/dict_result.aspx?searchword=%e9%98%b2%e7%81%be%e5%87%8f%e7%81%be&amp;tjType=sentence&amp;style&amp;t=disaster%2Bprevention%2Band%2Bmitigation
javascript:void(0);
javascript:void(0);


Zou / 7th International Conference on Debris-Flow Hazards Mitigation  (2019) 

high, very high levels, which account for 71.99% of the whole highway area. They are located in the canyon area of 
Dadu River, Jinsha River, Lanchang River, Nu River and Palongzangbu River. Referring to these areas, the debris - 
flow prevention project should be strengthened in road construction and land designing. While the very low 
hazardous areas are relatively small, accounting for only 4.21%, which are located in the sections of Chengdu plain 
area and Tibetan plateau area. The analyzed results above are consistent with results from the actual debris flows 
situation along Sichuan-Tibet highway. Thus, this hazard evaluation results are suitable for providing debris-flow 
risk analysis and line selection for new road. 

Figure 1 Hazard zonation map of debris flows along G318 Sichuan-Tibet Highway 

5.3. Sub-regional hazard assessment along the Xiqu section of the Sichuan-Tibet highway 

Applying Eq.(4), hazard degree is calculated in Xiqu section of Sichuan-Tibet highway. The calculated hazard 
values fall in the range of 0.75 ~2.75. According to the natural divided points as data analysis for zonation mapping 
with support of natural breakpoint method, the hazard degrees are graded into 3 grades as low hazard, medium 
hazard and high hazard. The results are shown in Figure 2. After analyzing debris-flow hazard for the whole 
highway, the total length of highway in high hazard area is 11.35 km, 24.34 km in medium risk area, 21.91 km in 
low hazard area, respectively. Furthermore, the length of highway in high hazard area is accounted for 19.7% of 
total length of highway, located in the No.6 highway maintenance squad and the section from the No.4 highway 
maintenance squad to Haitong army service station where the advantageous conditions (major faults pass through, 
loose mass and large longitude) give privilege to form large-scale debris flows; the total length of highway in low 
low area is located in the west section of the No.6 highway maintenance squad, the section between Xiqu River 
power station and Dongla Mountain, and the exit area of Xiqu River, where debris flows bring little damages for 
highway. 

Figure 2 The hazard map of the Xiqu section of Sichuan-Tibet highway 

5.4. Local hazard assessment of debris flow in the Haitong watershed 

The large-scale debris flow occurs on June 23th, 2012 and its following hazards seriously destructed G318 
Highway. Debris flows delivered about 10,000m3 sediments and formed a deposition fan with the length of 230m 
along river, the width of 100m and the average depth of 7~8m, the peak depth of 11m. The highway at the opposite 
bank was directly buried about 230m by debris-flow deposits. Moreover, debris flow blocked Xiqu River and 
produced a dammed lake of 100 000 m3 reservoir volume with the length of 300m, the average width of 60m and the 
mean depth of water 8-10m. The water of dammed lake submerged about 160m highway at the upper of the dam.  

Legend
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City
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Figure 3 Landscape of Haitong Watershed after 6.23 large-scale debris flows 
(a. Taken in June 2012, Deposition dam:200m length, 100m width and 6-8m depth; b.Taken in Sept. 2013 ） 

The parameters of the debris flow on June 23，including velocity and discharge which were obtained from the 
cross-section at the outlet and material components from deposit sample test, were input into a dynamic movement 
model of debris flow to simulate and analyze deposition process and result(Figure 4). Then hazard of debris flow 
was implemented using the formulae (12). The result showed that the influenced and endangered highway was about 
820m, and 380m, 330m and 110m was in high-danger zone, middle-danger zone and low-- danger zone, 
respectively (Figure 5), and those in middle--danger zone and high--danger zone covered 86.5%. The destructed 
highway on site was about 860m and the total of the buried and submerged highway was about 650 m, which agreed 
with those from simulated model. Therefore, the models for movement simulating and risk assessment strongly 
benefits to prediction and prevention and reduction of risk and mitigation of debris-flow hazards. 

Figure 4 Dynamic simulation result of debris flow in the outlet Figure 5 Risk map of debris flow in Haitong Watershed 

6. Summary and Conclusions

The Sichuan-Tibet highway and railway are the main traffic trunks line in the western mountain areas of China.
Unfortunately, this road has long been severely affected by debris flows. The steep terrain, numerous unconsolidated 
soil  produced  by  complex  lithology  and  hydrologic  meteorological, and  the  high  intensity  rainfall  are  very 
conducive to the formation of large scale debris flow. Various types of debris flow are widely spread along the 
major road, which strongly affect road safety. 

We have analyzed the spatial distribution, activity and hazard characteristics of debris flows. Moreover, we 
comprehensively analyzed the dynamic process of debris flow at a local scale, the compound effects of debris flows 
along riverside section and the disaster environment factors of debris flows overall scale of Sichuan-Tibet highway 
respectively. Accordingly, we built an applicable factor system and a comprehensive framework to quantitatively 
evaluate debris-flow hazard degree, and then proposed a multi-scale debris-flow hazard assessment method. 

The high hazardous areas along G318 Sichuan-Tibet highway are mainly located in the canyon area of Dadu 
River, Jinsha River, Lanchang River, Nu River and Palongzangbu River. Referring to these areas, the debris-flow 
prevention project should be strengthened in road construction and land designing. Among them, the Xiq u-River 
section of Sichuan-Tibet highway was seriously affected by debris flow. The large-scale debris flow on June 23, 
2012 at Haitong Watershed was composed by the hazard chain including flash flood, debris flow, dammed lake and 
outburst flood. The risk assessment based on dynamic model indicated that the high-danger zone and middle-danger 

a b 
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zone occupied 86.5%, where were buried by debris-flow deposits or submerged by the following dammed lake, 
which agreed with the actual. According to the characteristics, hazards and risk of 6.23 debris flows, the protection 
measures, including dangerous debris-flow identification, risk assessment, rational route, highway protection, 
integrated control and emergency plan, were recommended to reduce highway hazards. 
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Abstract 

Debris-flow hazard and risk assessments require reliable estimates of inundation area, velocity and flow depth to 
evaluate spatial impact and impact intensity. Semi-empirical numerical runout models that simulate bulk flow 
behavior with simple rheological models are useful in forecasting these parameters, however, they require calibration 
by back-analyzing past events. This paper presents the back-analysis of six debris flows in southwestern British 
Columbia using a novel automated calibration approach that systematically optimizes the Dan3D runout model to fit 
field observations. The calibration method yielded good simulations of runout length, but under-predicted flow depths 
in some cases, and over-predicted velocities in all cases. The best-fit Voellmy rheology parameters for the studied 
cases ranged from 46 to 531 m/s2 for the turbulence coefficient and 0.08 to 0.18 for the friction coefficient. There is a 
potential inverse correlation between friction coefficient and event volume. Calibrated parameters were compared to 
morphometric parameters for the study sites, which may be useful for guiding parameter selection once a larger dataset 
is calibrated. Ongoing work is focused on refining the calibration technique, including standardization of input 
parameters more relevant to debris flows. The long-term goal is to apply the technique to a larger dataset of debris-flow 
cases and provide practitioners with better guidance on the selection of model input parameters for forecasting 
purposes.  

Keywords: debris flows; runout analysis; numerical modeling; automated calibration; rheology parameter selection 

1. Introduction

Estimating the spatial impact of debris flows is an important part of hazard mapping, risk assessment and mitigation
design. A variety of tools and techniques have been developed for estimating potential inundation areas and flow 
velocities, including semi-empirical numerical models that simulate bulk flow behavior using simple rheological 
relationships (e.g. O’Brien et al., 1993; Hungr, 1995; McDougall and Hungr, 2004; Pirulli, 2005; Kwan and Sun, 2007; 
Pastor et al., 2009). Although these models do not necessarily simulate the complex mechanics of debris flows, they 
can capture the bulk behavior required for runout forecasting (McDougall, 2017). One of the main challenges with 
applying these types of models is the selection of appropriate rheologies and rheological input parameters. These inputs 
must be calibrated by back-analyzing past events, which requires sufficiently detailed documentation of a number of 
debris flows that have already occurred, as well as reliable pre-event topographic data. Further, an objective, efficient, 
and repeatable calibration method is needed. 

In this study, we applied a recently developed automated calibration technique to systematically back-analyze six 
debris flows in southwestern British Columbia using the semi-empirical runout model Dan3D. We examine the 
performance of this calibration technique in the context of debris-flow behavior and discuss ways it could be refined 
prior to more extensive calibration efforts. Potential useful links between observable morphometric parameters and 
rheological input parameters are also briefly discussed. 
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2. Methodology

2.1. Data Collection 

Geomorphic mapping was conducted at six case study locations (Fig. 1) to collect event-specific field observations 
for back-analysis. Historical airphotos, orthophotos and satellite images were used to identify source areas, delineate 
inundation areas and constrain the event date for undocumented events. Planet (2018) provided access to an archive 
of satellite imagery dating back to 2016 for Planetscope (3 m resolution) and 2009 for RapidEye (5 m resolution). 

Field work was conducted by the authors over the period of July to September, 2018, for all locations except Bear 
Creek, which was studied by BGC Engineering Inc. in 2017. The objective of the field work was to map the deposit 
extents, delineate the active channel, take deposit and flow depth measurements, measure superelevation at channel 
bends for velocity estimates (Prochaska et al., 2008), measure channel cross-section areas at bedrock controlled 
reaches for peak discharge estimates, and collect information about debris composition (grain size, sorting and 
lithology). 

Likely source areas were identified using pre- and post-event Planet (2018) satellite imagery, however, initial 
volumes were not known. Deposit volumes were mostly estimated by multiplying a range of representative estimated 
deposit depths from field observations by the mapped impact area. At Neff Creek, Lau (2017, Chapter 5) used pre- 
and post-event LiDAR data provided by BC Hydro to estimate erosion and deposition volumes within the transmission 
corridor.  

Fig. 1. Case study locations. (a) Neff Creek; (b) Bear Creek; (c) Mt. Currie B; (d) Middle Lillooet Fan; (e) Pavilion Lake Fan; (f) Cheam Fan E. 

2.2. Numerical Modeling 

The numerical model used in this study was Dan3D, a semi-empirical, depth-averaged, Lagrangian model that 
simulates landslide motion over 3D terrain (McDougall and Hungr, 2004 and 2005). The model is based on the 
Smoothed Particle Hydrodynamics (SPH) numerical technique, in which the moving mass is discretized into particles 
that interact with each other and are free to split apart to simulate flow around obstacles. The model treats the landslide 
as an “equivalent fluid”, whose behavior is governed by simple internal and basal rheologies (Hungr, 1995). The model 
features an open rheological kernel, and the parameters that govern these rheologies must be calibrated. Calibration 
typically relies on well-described past events at the study site, or cases that are deemed to be similar based on 
professional judgement. In this preliminary study, the Voellmy rheology (Hungr, 1995) was used for all cases.  
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The goal of model calibration is to determine the set of model parameters that best reproduce field observations for 
a case history of interest, and ultimately identify patterns within a set of calibrated cases that can be applied to 
prediction. 

We used a method developed by Aaron et al. (2019) originally for rock avalanches, to calibrate the model. The 
method treats model calibration as an optimization problem, where the following least squares objective function is 
minimized: 

Φ =∑ (wi · ri)2 n
i=1  (1) 

ri = ci - oi (2) 

where Φ is the value of the objective function, wi is a user-specified weight given to observation i, ri is the difference 
between the simulated and actual value of observation i (e.g. the difference between simulated and observed velocities 
at a point), ci is the simulated value of observation i, oi is the measured value of observation i, and n is the number of 
simulation constraints. The user-specified weight is selected based on the standard deviation of the simulated feature 
(Aaron et al., 2019).  

Equation 1 is minimized using the Gauss-Marguart-Levenberg (GML) algorithm (Nocedal and Wright, 2006). This 
algorithm uses the derivative of Equation 1, taken with respect to the calibrated parameters, in order to minimize the 
misfit between observed and simulated landslide features. The main advantages of the GML algorithm are that it is 
computationally efficient and can be used to calibrate more than two parameters. The GML optimization analyses 
were implemented using the Parameter Estimation Package (PEST) (Watermark Numerical Computing, 2010). 

The following model constraints were used: trimline, runout length, deposit volume, and point estimates of velocity, 
maximum flow depth and deposit depth. For the trimline constraint, the modelled maximum depth greater than 0.3 m 
(a cutoff value is necessary due to the SPH method used in Dan3D) is compared to a gridded representation of the 
impact area, where a value of 1 in a cell indicates that the debris flow has impacted that location, and a value of zero 
indicates otherwise. The runout length is defined as the furthest straight-line distance from a user specified origin point 
(fan apex used this study), and the fitness is calculated by comparing this constraint to the median final position of a 
user-specified number of particles (25 used in this study). Due to uncertainty with estimating the initial volumes and 
entrainment rates (McDougall and Hungr, 2005), the initial volume was estimated, and the entrainment rate was 
included as a calibration parameter to simulate the final deposit volume constraint.  

Four of the six cases had pre-event LiDAR coverage of the fan area, except Mount Currie B and portions of Neff 
Creek with post-event LiDAR available. The Neff Creek grid was merged with pre-event grid and manually adjusted 
to represent pre-event conditions, while Mount Currie B was left unaltered. Five-meter gridded topography with 
Gaussian smoothing was used for all cases. 

3. Case Studies

The case studies consist of six recent debris flows in southwestern British Columbia (Fig. 1) with reasonably well-
preserved field evidence and LiDAR coverage of the fan area. Fig. 2 shows Google Earth imagery of the fan and 
watershed areas, and Fig. 3 shows representative field photographs of the deposits. Table 1 provides a summary of 
morphometrics and event characteristics. A brief summary of each case study is provided below. 

Neff Creek is located in the Birken-D’Arcy Valley, 25 km northeast of Pemberton, BC. The watershed is underlain 
by Jurassic to Cretaceous sedimentary rocks of the Cayoosh Assemblage, consisting of siltstone, sandstone, shale and 
argillite (Cui et al., 2015). On September 20, 2015, a large debris flow occurred at Neff Creek during a high intensity 
rainstorm, likely initiating as a rockfall or rockslide from the steep bedrock cliffs in the western part of the upper 
watershed. This event is well described by Lau (2017, Chapter 5). The debris flow eroded a channel up to 14 m deep 
through the upper portion of the fan. The debris avulsed upstream of the highway bridge and inundated the distal reach 
of the fan, depositing material up to 10 m thick. It is estimated about 40% of the deposit volume is sourced from the 
upper fan (Lau 2017, Chapter 5). Eyewitness reports suggest that the debris flow occurred as multiple surges. 

Bear Creek is located at Seton Portage between Anderson and Seton Lakes. Bedrock geology consists of marine 
sedimentary and volcanic rocks of the Bridge River Complex, including chert, argillite, and basalt (Cui et al., 2015). 
Bear Creek is one of two creeks that form a large half cone fan. The channel is deeply incised at the upper portion of 
the fan, losing confinement by mid-fan. The fan complex has a legacy of fine-grained debris flows with high mobility 
(BGC, 2018b). On July 30, 2016, a thunderstorm triggered a debris flow that travelled past the fan toe. 
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Fig. 2. Google Earth satellite images of the six case study locations. White line delineates the fan boundary. (a) Neff Creek; (b) Bear Creek; (c) 
Mount Currie B; (d) Middle Lillooet Fan; (e) Pavilion Lake Fan; (f) Cheam Fan E. 

Fig. 3. Photographs of debris-flow deposits for the six case studies. (a) Neff Creek; (b) Bear Creek (photo courtesy of Matthias Jakob); (c) Mount 
Currie B; (d) Middle Lillooet Fan; (e) Pavilion Lake Fan; (f) Cheam Fan E. 
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Table 1. Summary of case study morphometrics and event details. 

Site Bedrock 
Geology 

Watershed Fan Fan Channel Event 

Area 
(km2) 

Relief 
(km) 

Melton 
Ratio 

Area 
(km2) 

Average 
Gradient 
(°) 

Length 
(km) 

Average 
Gradient 
(°) 

Estimated 
Deposit 
Volume 
(m3) 

Impact 
Area 
(m2) 

(a) Neff 
Creek1,2 Sedimentary 3.29 1.87 1 0.36 15 0.83 11 220,000 ± 

30,000 136,300 

(b) Bear 
Creek3 

Marine 
sedimentary 
and volcanic 

2.18 1.81 1.2 1.27 12 1.03 10 60,000 ± 
10,000 98,000 

(c) Mount 
Currie B1 Intrusive 2.69 2.14 1.3 0.32 13 0.85 9 500,000 ± 

150,000 269,100 

(d) Middle 
Lillooet Fan2 Intrusive 2.69 1.81 1.1 0.55 15 0.84 14 45,000 ± 

10,000 25,400 

(e) Pavilion 
Lake Fan2 

Marine 
sedimentary 
and volcanic 

1.45 1.02 0.9 0.11 13 0.37 14 7,500 ± 
1,500 9,200 

(f) Cheam 
Fan E Sedimentary 1.87 1.9 1.4 0.27 14 1.1 10 45,000 ± 

15,000 49,800 
1Average gradient measurements derived from post-event LiDAR data. 
2Watershed measurements derived from the TRIM Digital Elevation Model for British Columbia (1:250,000) 
3Geomorphic mapping and deposit volume provided by BGC Engineering Inc. 

Mount Currie B is the western-most of three active debris-flow fans from the steep north facing slopes of Mount 
Currie, a mountain range immediately south of Pemberton, BC. The Pemberton Diorite Complex forms the bedrock 
of the upper watershed (Cui et al., 2015) and is subject to frequent rockfalls, rock slides and debris slides that fill the 
watershed gullies with colluvium (BGC, 2018a). A debris-flow deposit of approximately 500,000 m3 is visible in 
satellite imagery, occurring sometime during the late fall of 2016. This debris flow traveled along a gully in the western 
part of the upper watershed, flowed down through the channelized bedrock reach at the fan apex, and spread out well 
beyond the previous fan limits to the Green River floodplain. Part of the flow avulsed from the main channel at the 
channel bend downslope of the apex. Debris from this event varied in size from boulders and cobbles at the upper 
portion of the fan, boulders and cobbles in a sandy matrix in the lower half of the deposit, and a finer-grained sediment 
plume at the distal end visible in the Green River. 

The Middle Lillooet Fan is a small and steep fan on the left bank of the Lillooet River downstream of Meager Creek 
approximately 50 km northeast of Pemberton. The bedrock consists of granodiorite and debris flows on this fan are 
characteristically coarse-grained (Jordan, 1994). Upstream of the fan apex, massive rockfall boulders >10 m in 
diameter fill the bedrock-controlled channel. Sometime in September or October of 2015, a coarse debris 
avalanche/debris flow ran out past the forest service road. The bulk of the material deposited on the mid fan as bouldery 
levees.  

Pavilion Lake Fan is a small half cone fan on Pavilion Lake 25 km northeast of Lillooet. The Marble Canyon 
Formation (limestone, marble) and the Cache Creek Complex (chert, argillite, limestone, basalt) form the upper and 
lower parts of the watershed, respectively (Cui et al., 2015). On August 20, 2014, a series of debris flows along 
Highway 99 were triggered by an intense storm, forcing road closure and evacuations. The debris flow at Pavilion 
Lake deposited levees at bedrock-controlled channel reaches near the apex, flowed through knickpoints in the paleofan 
surface at the top of the fan, and ran out past the highway reaching the lake.  

Cheam Fan E is located in the Cheam Range of the Cascade Mountains near Bridal Falls and about 20 km northeast 
of Chilliwack. Bedrock consists of folded and faulted rocks of the Chilliwack Group (pelite, sandstone, conglomerate, 
mafic and felsic volcanics, carbonates) (Cui et al., 2015). The site is adjacent to the 5,000 year-old Cheam rock 
avalanche deposit (Orwin et al., 2004). The Cheam fan complex is formed by material from two separate watersheds. 
Following several days of heavy rain and snowmelt, a series of debris flows and floods occurred on November 23, 
2017, temporarily closing the Trans-Canada Highway between Bridal Falls and Hope. The debris flow on the east 
channel at Cheam Fan was used in this study. Material was eroded from talus slopes in the upper east side of the 
watershed. On the fan, the flow avulsed the main channel to the west at three locations occupying paleochannels and 
inundated the highway with mud and debris. 
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4. Results

Model results using optimized parameter values for each complete set of calibration back-analyses are shown in
Fig. 4. A summary of the calibrated parameters and optimized fitness metrics is provided in Table 2. The best-fit 
parameter combinations are shown graphically in Fig. 5, along with information about the source geology and total 
volume of each event. Relationships between the calibrated friction coefficients and fan channel gradients are shown 
in Fig. 6, for further discussion below. 

Fig. 4. Model results using optimized parameter values for (a) Neff Creek; (b) Bear Creek; (c) Mount Currie B; (d) Middle Lillooet Fan; (e) Pavilion 
Lake Fan; (f) Cheam Fan E. Modeled and observed deposit trimlines are shown by the black and red dashed lines, respectively. The locations of 
depth and velocity observations used in the calibration are indicated by black and red crosses, respectively. All units are in meters. 

Table 2. Calibrated rheological parameters for the six case studies. 

Site Friction 
Coeff. 

Turbulence 
Coeff. 
(m/s2) 

Calibration Constraint Performance1 

Runout Distance 
from Fan Apex Deposit Depth Maximum Flow 

Depth Velocity 

(a) Neff Creek 0.10 365 <5% -74% to -100% -71% +83% 

(b) Bear Creek 0.11 531 <5% N/A N/A +72% 

(c) Mount Currie B 0.08 46 <5% <5% to -100% -42% N/A 
(d) Middle Lillooet Fan 0.16 203 <5% +143% -48% +36% 

(e) Pavilion Lake Fan 0.18 105 -25% -56% +30% N/A 

(f) Cheam Fan E 0.15 473 <5% -18% -7% +130% to +186% 
1Calibration performance calculated as (modelled – observed)/observed x 100% 
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Fig. 5. Left: Calibrated best-fit parameter combinations. Right: Event volume vs. calibrated friction coefficient. 

Fig. 6. Left: Relationship between calibrated friction coefficient and average channel gradient for the full length of the fan. Right: Relationship 
between calibrated friction coefficient and average channel gradient for the lower half of the fan. 

5. Discussion

The calibrated parameter values summarized in Table 2 are in the same range as values reported by others based on 
similar debris-flow back-analyses (e.g. Ayotte and Hungr, 2000; Revellino et al., 2004). As shown in Fig. 4 and Table 
2, the best-fit parameter combinations resulted in relatively good simulations of total runout length in every case, 
reflecting the relative weighting/importance assigned to runout length as an input calibration constraint. 

In general, deposit width was under-predicted in cases where significant spreading occurred on the fan. All events 
in the present study were modeled as single surges, which is not realistic in several cases. For debris flows with multiple 
surges, erosion/deposition by earlier surges may significantly alter the topography affecting subsequent surges, which 
could lead to avulsions. Further, heterogeneity within each debris flow was not explicitly modeled, so avulsions caused 
by channel plugging from frictional boulder fronts were not captured either. 

Although the present sample of calibrated cases is very small, some interesting potential trends warrant further 
consideration as the dataset expands. Fig. 5 Right suggests a potential inverse correlation between event volume and 
calibrated friction coefficient. This trend mirrors the inverse correlation between event volume and travel angle 
(“fahrböschung”) observed by others (e.g. Corominas, 1996). A potentially useful relationship between fan channel 
gradient and calibrated friction coefficient is also suggested in Fig. 6. The calibrated friction coefficients for the six 
cases in this study are very close to, or slightly lower than, the average fan channel gradient for the lower half of each 
fan, suggesting that local fan gradient may be a useful metric for selecting friction coefficients for forecasting purposes. 

One of the goals of automated calibration is to make the calibration process more objective and repeatable. 
However, subjective judgement on the part of the modeler is still required to prepare the model inputs. The present 
study has highlighted the importance of standardizing such input as much as possible before expanding the study to 
include other cases. For example, model results were found to be relatively sensitive to down-sampling and smoothing 
of input topographic data (e.g. 5 m vs. 3 m grid spacing) and the number of particles used in the simulation.  
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6. Conclusion

This study has demonstrated the usefulness of a recently developed automated calibration technique for the 
numerical analysis of debris-flow runout. Preliminary relationships between morphometric parameters and rheological 
input parameters have been developed. Ongoing work is focused on refinement of the technique and standardization 
of input. The long-term goal is to apply the technique to a larger dataset of debris-flow cases to examine the 
relationships between morphometric and rheological parameters. The variability in these relationships will provide 
practitioners with better guidance on the ranges of model input parameters used for forecasting purposes.  
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