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Abstract 

The occurrence of debris flows during the September 2013 northern Colorado floods took the emergency management community 
by surprise. The September 2013 debris flows in the Colorado Front Range initiated from shallow landslides in colluvium. Most 
occurred on south- and east-facing slopes on the walls of steep canyons in crystalline rocks and on sedimentary hogbacks. Previous 
studies showed that most debris flows occurred in areas of high storm-total rainfall and that strength added by tree roots accounts 
for the low number of landslides in densely forested areas. Given the lack of rainfall thresholds for debris flow occurrence in 
northern Colorado, we want to parameterize a numerical model to assess potential for debris flows in advance of heavy rainfall. 
Natural Resources Conservation Service (NRCS) soil mapping of the area, supplemented by laboratory testing and field 
measurements, indicates that soil textures and hydraulic properties of landslide source materials vary considerably over the study 
area. As a step toward modeling storm response, available soil and geologic mapping have been interpreted to define zones of 
relatively homogeneous properties. A new, simplified modeling approach for evaluating model input parameters in the context of 
slope and depth of observed debris flow source areas and recorded debris-flow inducing rainfall helps narrow the range of possible 
parameters to those most likely to produce model results consistent with observed debris flow initiation.  Initial results have 
narrowed the strength parameters to about one third of possible combinations of cohesion and internal friction angle and narrowed 
hydraulic conductivity to a range spanning slightly more than one order of magnitude. 
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1. Introduction

Since the 1970s, approaches for debris flow warning have relied on empirical rainfall thresholds (Guzzetti et al.,
2008; Baum and Godt, 2010). Empirical thresholds are limited by the availability and completeness of records of past 
rainfall and debris-flow occurrence.  In recent years, efforts have been undertaken to derive warning thresholds for 
landslides and debris flows using process-based models to overcome this limitation, especially for areas where debris 
flows occur infrequently (Godt et al., 2008; Thomas et al., 2018). Although geologists have known for decades 
(Hansen, 1976) where to expect debris flows in the Colorado Front Range, this risk was not well appreciated by 
residents and government officials.  They were thus unprepared when rainfall on 9–13 September 2013 triggered at 
least 1,138 debris flows in a 3430 km2 area of the Colorado Front Range (Coe et al., 2014). Debris flows occurred over 
an extremely broad range of elevation, geology, and ecosystems.  The 2013 debris-flow event makes the Front Range 
area a prime candidate for testing warning approaches using process-based models, due to the scarcity of historical 
data for developing empirical thresholds and the geologic, topographic, and ecosystem diversity of the affected area. 
This paper explores approaches for narrowing parameter uncertainty for such models. 
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2. Study area

The September 2013 debris flows in the Colorado Front Range initiated from shallow landslides in colluvium (Coe
et al., 2014). Most occurred on south- and east-facing slopes on the walls of steep canyons in crystalline rocks and on 
sedimentary hogbacks. Slopes at the source areas ranged from 26° to 43°. Only 3% of the slides initiated in channels, 
whereas 48% initiated on open slopes and 49% in swales. An area of about 1350 km2 in the northern part of the 
Colorado Front Range (Fig. 1) was selected for more detailed analysis and numerical modeling (Alvioli and Baum, 
2016a, 2016b). This area encompasses three-fourths of the September 2013 debris flows.  The area spans five 
ecosystem zones (Coe et al., 2014), and the dominant vegetation is coniferous forest. Vegetation density, soil 
development, and regolith production are dependent on slope aspect, particularly on north- versus south-facing slopes 
in the montane zones. North-facing slopes have a higher density of trees and more leached, colder soils than south-
facing slopes (Birkeland et al., 2003; Coe et al., 2014). Rengers et al. (2016) showed that most debris flows occurred 
in areas of low tree density and high storm-total rainfall. McGuire et al. (2016) concluded that strength added by tree 
roots, rather than rainfall interception or permeability differences between densely and sparsely forested slopes, 
accounts for the low number of landslides in densely forested areas. 

Field observations in the study area indicate that most debris-flow source areas have thin colluvium or regolith, 
commonly <1 m, but as deep as 5 m (Coe et al., 2014). Regolith in source areas at higher elevations in the western 
part of the study area was commonly 3-5 m deep. Large areas of exposed bedrock also exist throughout the area. 

Figure 1. Maps of study area.  (a) Map showing debris flow head scarps, sample and test locations (EGR, East of Gross Reservoir; NBEH, North 
Boulder East Hogback; PM, Porphyry Mountain), and property zones (areas where model parameters fall in specific ranges, see Table 1).  Map 
area is the same as that used by Alvioli and Baum (2016a).  (b) Map showing detail of study area (see red rectangle in a). 

The entire study area (Fig. 1a) is too large to depict at a scale suitable for describing parameter variability and 
uncertainty; so a smaller area of high landslide density is depicted in Fig. 1b. It is a subset of the study area chosen to 
illustrate parameter variability in an area of steep canyon walls underlain by crystalline bedrock. South-facing slopes 
are grassy and covered with a smooth blanket of colluvium everywhere except on rugged rock outcrops jutting from 
the canyon walls. In the focus area, interquartile depth to bedrock on steep slopes ranged from 0.43 to 0.61 m on south-

a 

b 

MAP LOCATION 
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facing slopes and 0.48 to 0.73 m on forested north-facing slopes (McGuire et al., 2016). The bedrock weathers to 
porous, permeable, gravelly, sandy loam. 

3. Methods

Methods were developed for this study with the goal of defining parameter distributions that could be used in a 
spatially distributed process-based model such as TRIGRS (Baum et al., 2010; Alvioli and Baum, 2016a, 2016b). 
Sampling and testing properties of materials in a statistically valid manner over a large geographic area is time-
consuming and costly.  Therefore, considering the spatial variability of surficial deposits and weathered bedrock 
throughout the study area, we wish to define ranges of parameters that can result in similar outcomes for a set of 
modeled sequences of events that simulate rainfall conditions that either have or have not historically resulted in debris 
flows.  For purposes of this study, model parameters were assigned to categories affecting either infiltration and pore 
pressure rise or slope stability.  Parameters controlling the infiltration process vary with depth below the ground surface 
and include hydraulic properties of the soil: the hydraulic conductivity, Ks, porosity, n, parameters describing the shape 
of the soil-water characteristic curve, including the height of capillary rise, a, as well as the rate at which water is 
supplied at the ground surface.  Ground deformation leading to slope instability is linked to rainfall infiltration through 
induced pore pressure rise and a common input parameter, depth to bedrock, where strength increases and Ks decreases.  
Parameters controlling slope stability include depth, pore pressure, slope angle, density, and the soil strength and 
deformation properties.  The following paragraphs describe methods used to define map units (property zones) that 
have relatively uniform parameters for the purpose of modeling rainfall infiltration and initiation of shallow landslides 
on steep hillsides.  

Soil mapping and databases published by the U.S. Department of Agriculture’s Natural Resources Conservation 
Service (NRCS) indicate a significant range in the textures (particle-size distributions) and hydraulic properties of 
soils in the study area (USDA, 2005). In addition, detailed geologic mapping of the area provides lithologic information 
that can be used to extrapolate characteristics of thin soils present in areas mapped by the NRCS as exposed bedrock 
from nearby areas mapped as soil and underlain by similar bedrock. In previous studies (Godt et al., 2008), 
incorporating the spatial distribution of soil types and properties into models of infiltration and slope stability has 
improved their accuracy and is likely to do so in the Front Range study area as well. 

3.1. Field and Laboratory testing 

Disturbed and minimally disturbed samples of silty gravelly sand and gravelly fine sand were collected at two sites 
underlain by igneous intrusive rock (EGR and PM, Fig. 1a).  Field-measured bulk density was used to reconstitute 
disturbed samples to field density for testing.  The Colorado School of Mines and U.S. Geological Survey joint 
geotechnical laboratory conducted direct-shear tests using a procedure described by Likos et al. (2010).  Values of a 
and Ks were measured using the TRIM method (Wayllace and Lu, 2012; Lu and Godt, 2013).  Mini Disk infiltration 
tests for Ks were conducted at EGR and PM and at a site underlain by sedimentary rock (NBEH, Fig1a, Table 2). 

3.2. Spatial distribution of the hydraulic and soil strength parameters 

The TRIGRS program requires several input parameters to model infiltration and slope stability. The parameters 
can be assigned to zones or areas expected to have relatively homogeneous parameters based on geologic or soil 
mapping. For the purpose of testing performance of the parallel code, Alvioli and Baum (2016a) kept the number of 
input parameters to as few as possible, because assigning the study area to a large number of zones with different 
hydromechanical properties would greatly increase the complexity of the model but have little impact on the time 
required for program execution. The present study explores how the variability of landslide source materials and 
uncertainty in hydromechanical properties of those materials affects the accuracy of model results.  The complex 
geologic history of the study area has resulted in a wide range of bedrock and soil types and debris flows initiated in 
colluvial soils formed on nearly every geologic unit in the Front Range (Coe et al., 2014).   

We tried four different strategies to define property zones for modeling rainfall infiltration and slope stability. The 
first strategy, using USDA (2005) soil maps to define zones proved unsuccessful because many locations where dense 
clusters of debris flows initiated were mapped as unweathered bedrock (UWB). Most USDA soil map units are 
associated with grain size distribution, hydraulic properties, and other useful soil characteristics in the accompanying 
database; however, UWB is not.  Thus, subsequent strategies focused on developing a consistent methodology for 
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assigning soil characteristics to UWB. Two different strategies for iteratively assigning properties to UWB from 
neighboring soil map units failed due to the prevalence of UWB in the study area. The fourth, successful, strategy used 
published geologic mapping (Cole and Braddock, 2009) with the soil maps to define property zones based on 
generalized lithologies (Table 1).  This strategy followed seven basic steps: 
• Generalize geologic map units to clay/mud rocks (Cm), sandstone (S), metamorphic (M), igneous (I), Quaternary

overburden (Q), and water.
• Find the intersection of soil polygons with the dominant underlying bedrock lithology.
• Find the modes and map-area weighted average for each (soil, rock) combination's attributes.
• Use soil texture (grain-size distribution) and hydraulic attributes from USDA (2005) to define zones. Specific

criteria for sorting soils into zones were Unified Soil Classification System (USCS, see Lambe and Whitman,
1969) designation, hydraulic conductivity magnitude, Ks, and difference between saturated water content, qs, and
water content at 15 bars suction, q15.  The value of q15 is taken as a proxy for the residual water content, qr.

• If soil map unit does not have associated property values, as with many UWB units, assign values as if they are
poorly graded or silty gravels; UWB was dominantly granite and other crystalline rocks, but included sandstone
and other sedimentary rocks as well.

• Assign texturally named soil map units that do not have associated property values that overlie one lithology to
similarly named soils with properties overlying another similar lithology.

• Remaining soil polygons not assigned by the previous six steps (mainly moraines and associated floodplain and
hillside areas) were lumped into a final zone (zone 20, Table 1).
This procedure resulted in 20 zones.  Ranges (soil classification, hydraulic conductivity) or means (qs-qr) of relevant

parameters were summarized from the properties of soil map units merged into each zone (Table 1).  Properties not 
found in the USDA (2005) soil database were estimated based on texture and comparison with measured parameters.  
Inverse height of capillary rise, a (see Table 1), was estimated based on soil texture and descriptive statistics compiled 
by Carsel and Parish (1988).  The ranges of soil strength parameters, cohesion, c¢, and angle of internal friction, f¢, 
both for effective stress (Table 1), were estimated by comparing USCS texture class with average values tabulated at 
http://www.geotechdata.info/parameter/parameter.html (accessed 10/30/2018) and verified in text books (Hough, 
1969; Lambe and Whitman, 1969; Terzaghi et al., 1996).  

3.3. Infiltration and slope stability model initial and boundary conditions 

The TRIGRS model assumes a steady background flux and initial water-table depth, d, to determine the infiltration 
initial condition. Infiltration boundary conditions are specified flux at the ground surface and an impermeable 
boundary, representing the low-permeability bedrock, at depth Zmax.  The slope-stability initial condition is a factor of 
safety, FS, greater than 1 and the slope-stability boundary conditions are a stress-free ground surface and a sliding 
surface parallel to the ground surface at some depth, Z £ Zmax.  A few measurements are available to constrain 
infiltration initial conditions.  Coe et al. (2014) noted that 75-85 mm of rain fell September 9-11, 2014, during the 50 
h preceding the beginning of moderate to intense rainfall.  This followed about two weeks of dry weather.  Soil 
moisture data from a site on a ridge extending east from Sugarloaf Mountain (west of Boulder, Fig. 1a) indicate soil 
saturation in the upper 30 cm of soil ranged from 30 to 60 percent in gravelly-sandy soil on September 11 before 
intense debris-flow triggering rainfall (Ebel et al., 2015).  The observed level of soil saturation is consistent with what 
would be expected from the September 9-11 rainfall.  The thin colluvial deposits drain rapidly so d = Zmax (initial water 
table at the impermeable basal boundary) is assumed.   

To aid rapid interpretation of model results, we applied the TRIGRS model to synthetic grids in which each row of 
the slope grid has incrementally (0.5°) higher slope angle and each column of the soil depth grid has incrementally 
(0.1 m) greater depth. This grid configuration made it possible to evaluate model performance throughout the range of 
observed source-area slopes and depths for a large number of parameter permutations using a small grid of 60 ´ 50 
grid cells (Fig. 2b). The model was first used (Stage 1) to find ranges of strength parameters that result in stability (as 
measured by the factor of safety, FS, with FS > 1) for dry soil conditions and instability (FS < 1) for extreme wet 
conditions.  Subsequently, the model was used to predict pore-pressure rise and FS for different combinations of 
hydraulic parameters and storm rainfall (Stage 2).  The two model stages are intended to find likely combinations of 
parameters that can explain the observed pattern of debris-flow occurrence for use in probabilistic assessment (Canli 
et al., 2018). 
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3.4. Estimation of colluvium depth 

Three methods were used to estimate depth of colluvial deposits from exposures in landslide scars (Fig. 2a): (1) 
Direct measurements were made in the field during the weeks and months following the event.  (2) Estimates were 
made from terrestrial photography of landslides that were not accessible on the ground but could be viewed and 
photographed from a nearby location. (3) Anderson et al. (2015) measured landslide source area depths using elevation 
differences between pre-event and post-event airborne lidar.  Slope angle for sources measured by (1) and (2) were 
obtained from a 10-m U.S. Geological Survey digital elevation model of the study area. 

Table 1. Estimated parameter ranges in property zones (Fig. 1) 

[See Fig. 1 for locations of property zones.  Abbreviations of parent rock types, Cm, clay/mud rocks; S, sandstone; M, metamorphic; I, igneous; 
Q, Quaternary deposits.  Unified Soil Classification System (USCS) symbols, CL, low-plasticity clay; GC, clayey gravel; GM, silty gravel; GP, 
poorly graded gravel-sand mixtures; GW, well-graded gravel-sand mixtures; ML low-plasticity silts and fine sands; SM, silty sand. Dual USCS 
symbols indicate a range of classes, rather than a borderline classification. -- not available] 

Zone 
number 
(Fig. 1) 

Number of 
debris flow 
source 
areas 

Parent rock 
group 

USCS 
symbols 

Hydraulic 
conductivity, 
Ks, (ms-1) 

Inverse 
capillary 
rise, a (m-1) 

Saturated 
minus 
residual 
water 
content, qs - 
qr (%) 

Angle of 
internal 
friction for 
effective 
stress, f¢, 
(degrees) 

Cohesion 
for effective 
stress, c¢ 
(kPa) 

1 0 Cm/Q/S CL 1 ´ 10-7 - 1 ´ 10-6 0.4 - 3.4 11.5 27 – 35 5 – 20 

2 9 Cm/I/Q/S GM-ML 1 ´ 10-6 - 1 ´ 10-5 1.5 - 5.7 12.1 27 – 41 0 – 20 

3 0 I/M/Q/S ML 1 ´ 10-6 - 1 ´ 10-5 1.5 - 5.7 24.8 27 – 41 0 – 20 

4 0 Cm/I/Q/S CL-ML 1 ´ 10-7 - 1 ´ 10-6 1.5 - 5.7 29.5 27 – 41 5 – 20 

5 5 Cm/I/M/Q ML-GM 1 ´ 10-6 - 1 ´ 10-5 1.5 - 5.7 31.5 27 – 41 0 – 20 

6 0 S ML 1 ´ 10-6 - 1 ´ 10-5 1.5 - 5.7 36 27 – 41 0 – 20 

7 0 I ML 1 ´ 10-6 - 1 ´ 10-5 1.5 - 5.7 44.8 27 – 41 0 – 20 

8 0 I/M/Q/S GM-SM 1 ´ 10-6 - 1 ´ 10-5 3.8 - 11.2 9.9 27 – 40 0 

9 1 I/M/Q/S GM-SM 1 ´ 10-6 - 1 ´ 10-5 3.8 - 11.2 15.0 27 – 40 0 

10 135 Cm/I/M/Q/S SM-ML 1 ´ 10-6 - 6 ´ 10-4 3.8 - 11.2 19.4 30 – 41 10 – 20 

11 0 Cm/I/M/Q/S GM-GC 1 ´ 10-5 - 1 ´ 10-4 0.4 - 3.4 17.1 28 – 40 0 – 20 

12 2 I/M/Q/S GM-GC 1 ´ 10-6 - 1 ´ 10-5 0.4 - 3.4 27.9 28 – 40 0 – 20 

13 0 Cm SM 1 ´ 10-5 - 1 ´ 10-5 0.4 - 3.4 35.8 30 – 35 0 – 20 

14 9 Cm/I/M/Q/S GM 1 ´ 10-5 - 1 ´ 10-4 3.8 - 11.2 12.9 30 – 40 0 

15 64 Cm/I/M/Q/S GM 4 ´ 10-6 - 6 ´ 10-4 3.8 - 11.2 18.8 30 – 40 0 

16 0 Cm/Q/S GW 1 ´ 10-5 - 1 ´ 10-4 11.6 - 17.4 24.1 33 – 40 0 

17 0 Q GM 1 ´ 10-6 - 1 ´ 10-5 1.5 - 5.7 16.5 30 – 40 0 

18 0 Cm ML 1 ´ 10-6 - 1 ´ 10-6 1.5 - 5.7 33.4 27 – 41 0 – 20 

19 634 Cm/I/M/S GP-GM 1 ´ 10-5 - 7 ´ 10-4 1.5 - 17.4 30 30 – 44 0 

20 0 I/M/Q GP-GM 1 ´ 10-5 - 1 ´ 10-4 1.5 - 17.4 -- 30 – 44 0 

4. Results

4.1. Property zone distribution 

Fig. 1a shows the property zones in the entire study area, and Table 1 lists the characteristics of each zone.  Zone 
boundaries are irregular and show evidence of mismatch at the boundaries of individual soil surveys used in compiling 
the final map.  Debris flows occurred in only 8 of the 20 zones, and most were concentrated in only 3 zones.  Most 
zones included multiple underlying rock types despite similarity in soil texture based on grain-size distribution.  Fig. 
1b shows a more detailed map of property zones in a subset of the study area.   
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Table 2. Measured parameters from test sites (Fig. 1a) 

[See Fig. 1a for test and sample locations, EGR, East of Gross Reservoir; NBEH, North Boulder East Hogback; PM, Porphyry Mountain. 
Unified Soil Classification System (USCS) symbols, GM, silty gravel; GP, poorly graded gravel sand mixtures. -- not available] 

Sample number USCS symbol Hydraulic 
conductivity, 
Ks, (ms-1) 
(Mini Disk) 

Inverse capillary 
rise, a (m-1) 

drying, wetting 

Angle of internal 
friction for effective 
stress, f¢, (degrees) 

Cohesion for 
effective stress, c¢ 
(kPa) 

EGR1 GP-GM 9.8 x 10-6 - 1.0 x 10-4 3.5, 8.0 29 4 

NBEH1 ML-SM 8.7 x 10-7 --, -- -- -- 

PM1 GM 1.0 x 10-5 - 3.2 x 10-5 4.1, 7.7 46 0 

PM2 GP-GM 3.9 x 10-6 - 4.8 x 10-5 3.5, 3.5 31-36 11-13 

4.2. Parameter ranges 

Landslide source materials from areas underlain by crystalline rock are primarily poorly sorted, coarse sand to silty 
sand, containing abundant gravel-, cobble-, and boulder-sized rock fragments.  In the USCS (Lambe and Whitman, 
1969; Terzahi et al., 1996), these materials typically classify as poorly graded gravel-sand mixtures (GP) and silty 
gravels (GM). Landslide source materials from areas underlain by sedimentary rock range from medium silty sand 
(SM) to clayey silt (ML), and may contain gravel-, cobble-, and boulder-sized rock fragments. Table 1 lists soil 
classifications and estimated ranges of model parameters for modeling infiltration and slope stability in the study area. 
Values of Ks and qs-qr in Table 1 are reported ranges of soil map units (USDA, 2005) composing each zone.  The most 
common values of Ks for zones 10 and 15 range from 1.4 ´ 10-5–4.2 ´ 10-5 m/s.  Ranges of a are `a ± sa (`a is the 
mean and sa is the standard deviation) tabulated by Carsel and Parish (1988) for representative soil textures. Cohesion 
listed in Table 1 is soil cohesion.  Measured values of Ks in the database fall within the order of magnitude range listed 
in Table 1. Based on previous studies elsewhere, McGuire et al. (2016) estimated apparent cohesion attributable to 
roots in grassland areas of the Front Range at ~1.6–2.1 kPa and ~2.8–6.2 kPa in pine and fir forests on north-facing 
hillsides.  McGuire et al. (2016) measured strength parameters on well-graded sand from sites (Fig 1b) underlain by 
crystalline rock f¢ = 29°–31°, c¢ = 0 kPa.   

 

Fig. 2. (a) Observed landslide depths and slopes.  Boxes outline ranges one standard deviation about the mean.  Points from U.S. Geological 
Survey field measurements and photographic estimates.  Lidar ranges from Anderson et al. (2015).  Symbols, CR, crystalline rock; SR, 
sedimentary rock;  Ss, sandstone; Sh, shale; Si, siltstone. (b) Plots comparing factor of safety FS, to source-area slope and depth for cohesion, c¢, 
and angle of internal friction, f¢, both for effective stress. Upper and lower plots show dry and wet end-members: upper, FS for dry soil, lower, FS 
for saturated soil with the water table at the ground surface and seepage parallel to the slope.  (c) Plot showing fraction of sites where FS > 1 for 
dry conditions and FS < 1 for water table at the ground surface. Yellow line is trend of c¢–f¢ combinations that correctly predict FS for more than 
80% of measured source areas.  (d) Plot of FS for a specific set of parameters and rainfall hydrograph (Coe et al., 2014). 

a b c d 
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4.3. Colluvium depth 

Colluvial deposits in the study area are thin.  Estimates of colluvial thickness obtained from debris-flow source 
areas cluster between 0.4 and 1.3 m (Fig. 2a).  The few deposits thicker than 2 m vertically were on slopes flatter than 
30°.  Central tendencies of measurements obtained by field surveys and lidar were similar (Fig. 2a). 

4.4. Model results 

Model Stage 1 tested 420 combinations of c¢ (1.0–6.5 kPa, in 0.5 kPa increments) and f¢ (25°–45°, in 1° increments) 
for the synthetic terrain described previously. Results for a single combination of c¢ and f¢ is shown in Fig. 2b. These 
tests showed that about one third of the c¢ and f¢ combinations predicted FS > 1 for dry conditions and FS < 1 for wet 
conditions for 70% or more of the observed source-area depths and slopes (Fig 2c).  Combinations that correctly 
predicted more than 80% of the observed values clustered along a line, c¢ = 9 kPa–0.2f¢, 25° < f¢ < 45° (yellow line, 
Fig. 2c). Combinations of low friction angle and low cohesion predicted a high percentage of slopes with FS < 1 for 
dry conditions.  Similarly, combinations of high friction angle and high cohesion predicted a high percentage of slopes 
with FS > 1 for wet conditions; consistent with the findings of McGuire et al. (2016) for apparent cohesion due to roots. 

Model Stage 2, though still preliminary, has narrowed the range of feasible hydraulic parameters from that listed in 
Table 1. Both c¢ and f¢ were held constant (c¢=1.5 kPa and f¢=37°), a combination that correctly predicted more than 
90 percent of observed debris-flow source depths and slopes (Fig. 2c), while Ks and a varied.  Values listed in Table 
1 and the soil map databases (USDA, 2005) for the three zones having the greatest number of debris-flow sources 
(zones 10, 15, and 19) guided selection of ranges for testing Ks (1.4 ´ 10-6–7.0 ´ 10-4 m/s, in uneven increments) and 
a (1.5, 3.8, 7.5, and 11.2 m-1).  For our model, heavy rainfall of varying intensity associated with occurrence of the 
debris flows was represented by a 31-hour hydrograph of hourly rainfall for the Pine Brook gage (Fig. 1a, Coe et al., 
2014).  The model was tested using 12 combinations of Ks and a to explore their limits in predicting debris flow 
initiation for the storm.  Model results showed that combined high values of Ks (> 7.0 ´ 10-5 m/s) and a (³7.5 m-1) 
drained too freely to produce sufficient rise in pressure head to cause instability, whereas reducing a to 3.8 m-1 
produced instability on slopes as low as 28° in a narrow range centered on 0.5 m depth.  Combinations of low values 
of Ks (1.4 ´ 10-6 m/s) and a (1.5 m-1) produced considerable pore pressure rise and instability at depths < 2 m, but 
could not predict instability at depths of 3-5 m (Fig 2b).  Intermediate values, of Ks (2.8 ´ 10-5 m/s) and a (3.8 m-1) 
produced the most successful predictions of slope instability, 85% of the observed debris-flow source depth-slope 
combinations (Fig. 2d). 

5. Discussion and Conclusion

The NRCS soil maps and databases (USDA, 2005) contain sufficient data on soil grain-size distribution, plasticity, 
and soil-water properties to serve as a starting point for defining input parameters for modeling rainfall-induced debris-
flow initiation.  Intersecting soil map units with geologic map units proved useful in extrapolating soil data into areas 
mapped as UWB.  Knowledge gained from fieldwork and laboratory testing of a few specimens from debris-flow 
source areas in locations having a large proportion of exposed bedrock further aided interpretation of soil mapping in 
the UWB areas and assignment of parameter ranges (Table 1).  The property zones provide constraints that can improve 
accuracy in modeling debris-flow initiation.  So likewise, spatially distributed rainfall inputs and improved models of 
soil depth (Baum, 2017) would likely reduce the areas of false positives in model output.  Obtaining sufficient 
measurements of slope and depth of debris-flow sources to have a statistically meaningful distribution is critical to the 
success of our approach to constraining model input parameter ranges.  Agreement between depth distribution obtained 
by fieldwork (including many where depth was estimated from close-range photography) and that obtained by 
differencing pre- and post-event lidar (Anderson et al., 2015) boosts our confidence that the distribution is 
representative of debris-flow sources throughout the study area (Fig. 2b).  

We have developed a simplified approach to defining ranges of input parameters that result in successful predictions 
for modeling landslide and debris-flow initiation.  Preliminary results indicate that using a synthetic depth and slope 
grid to compute FS for possible ranges of parameters and comparing the results with observed source area depths and 
slopes can effectively narrow the range of strength parameters needed to predict debris flow initiation.  Combinations 
that correctly predicted more than 80% of the observed values clustered in a narrow range along, c¢ = 9 kPa – 0.2f¢, 
25° < f¢ < 45° (Fig. 2c).  Likewise, applying this approach to modeling rainfall infiltration and resulting pressure head 
rise and change in factor of safety can effectively narrow the range of soil water parameters.  For our study area, 
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preliminary results cluster in the ranges 1.4 ´ 10-6 £ Ks £ 2.8 ´ 10-5 and 1.5 £ a £ 7.5.  Parameter ranges determined 
by modeling (Fig. 2c, 2d) are consistent with those determined by laboratory testing (Table 2) and estimated based on 
texture for property zones where significant numbers of debris flows initiated (Table 1). 
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endorsement by the U.S. Government. 
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