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ABSTRACT

The volume of a debris flow is a valuable measurement to assess the associated 

hazards. However, the amount of material initiating the flow can often be small with the 

majority o f the volume of material in the debris flow entrained along the path of the flow. 

This is especially important for burned areas, where much of the entrained volume is 

from in the channel bed. This addition in volume is termed the yield rate, defined as the 

volume eroded per unit o f channel length. Yield rate is often expressed as a single value 

for the entire channel. However, the yield rate is not constant for the entire flow path and 

will fluctuate due to several factors, including geology, topography, rainfall and sediment 

saturation, and location relative to the burned area. Knowing how and why the yield rate 

changes will help in the selection of mitigation and hazard warnings for specific areas.

To better understand these changes, 48 debris flows from burned areas in the western 

United States were used to quantify typical ranges of yield rates and to identify 

parameters that affect the yield rate. Using these parameters, a case study was completed 

to demonstrate the importance of yield rate analysis. The yield rates calculated were first 

compared to yield rates from burned and unbumed basins around the world. This 

indicated that the values for the fire related yield rates were approximately half that of 

non-fire related. For non-fire related flows, higher yield rates occurred in the shorter 

channels, but this relationship was not apparent for fire related flows. As rainfall 

increased, there was an increase in the yield rate. The yield rates were then compared 

using several different parameters: geological index, confinement of the channel (defined 

by the ratio of width to depth), slope angle, cumulative distance down channel, and the



entrance of a side channel into the main channel. Analysis based on geologic index 

indicated that competent bedrock typically had lower yield rates, and quaternary deposits 

were more likely to produce a higher yield rates. The confinement of the channel 

measurement was calculated by two different methods, but neither showed good 

correlation to yield rate. The slope angle comparison indicated that slopes with the 

angles between 15 and 19° are likely to have higher yield rates. The cumulative distance 

down channel indicated that the maximum yield rate was likely to occur at a distance 55- 

60% down the length of the channel, but could not be used as a predictive measurement. 

Analysis of the entrance of side channels into the main channel showed an increase in the 

yield rate in only 54% of the channels, but the increase was only maintained in 38% of 

the channels 30m (approximately) further downchannel. Last, a case study was 

performed on a channel in a recently burned area. Using the parameters defined in the 

paper, the approximate yield rates for the channel and estimated total volume were 

calculated. Using this information, areas for mitigation were identified for this channel.
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CHAPTER 1

INTRODUCTION

A debris flow is a flowing mixture ranging from watery mud to thick, rocky mud 

that can carry large items such as boulders, trees, and other debris (Cruden and Vames, 

1996). In some cases, the bulk of the material transported in a debris flow results from 

the entrainment of material along the path (Hungr, 2005). One of the main entrainment 

mechanisms in a debris flow is bed destabilization and erosion (Hungr, 2005). Areas that 

have recently experienced wildfire often see an increase in this mechanism, which results 

in increased volume of debris flows (Figure 1.1). An estimation of the amount of 

material entrained in a debris flow, and subsequently the final volume of the flow, are 

important factors in designing mitigation efforts for the post-wildfire debris flows.

The yield rate is a useful measurement to express the amount of entrained or 

scoured material in a debris flow. It is defined as the volume eroded per unit length of 

channel (Hungr et ah, 1984). Through the use o f the yield rate, the overall volume of the 

debris flow can be estimated and the source areas of the majority o f the material 

entrained in the flow can be identified. The parameters that affect the yield rate have 

been investigated to varying degrees. However, these investigations have not clearly 

identified which parameters affect the rate the most or even the degree of influence. 

Identification of these parameters and their importance will lead to a better understanding 

of debris-flow dynamics, possible problem areas, and mitigation options.

Using information from multiple wildfire areas and their subsequent debris flows 

in California, Colorado and Utah, this study will quantify typical ranges of yield rates and
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identify parameters that affect the yield rate. Using these parameters, a case study will 

demonstrate how to identify problem areas and select locations for mitigation efforts.

Figure 1.1 : A burned basin showing increased bed destabilization and erosion, Gaviota 
Basin, CA (V. DeWolfe).
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CHAPTER 2 

BACKGROUND

A literature review will provide a background on wildfire debris flows and the 

variables that affect them. An overview of debris-flow mechanics and how fire can affect 

the geomorphological and hydrological characteristics of the area will be presented first. 

The history of how the yield rate has been measured and utilized in past literature is 

presented next. This is followed by an overview of the main data source for this thesis, 

Santi et al. (2008) where multiple yield rate measurements per channel were used to 

characterize a number of debris-flow events. Last, many of the factors affecting the yield 

rate that have been identified in published literature are presented.

2.1 Debris Flows

A debris flow is a flowing mixture ranging from watery mud to thick, rocky mud 

that can carry large items such as boulders, trees, and other debris (Cruden and Vames,

1996). Debris flows with high velocities can incorporate large materials such as boulders 

and trees and can be extremely dangerous for the surrounding people and property. They 

often have high densities, with over 80 percent solids by weight, and may even exceed 

the density of wet concrete (Hutchinson, 1988).

Debris flows develop where there is an abundant source of material that can be

mobilized by the addition of water. Such conditions exist where there are loose colluvial

soils, talus and alluvial deposits (Selby, 1993). The initiation of a debris flow often

begins in upper reaches o f drainage basins during periods of high runoff (Hungr, 1984).

Often the initiating flow is small and the bulk of the material transported to the deposition
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area comes from entrainment of material along the path (Hungr, 2005). Rainfall 

conditions that trigger debris flows soon after wildfire typically have significantly lower 

durations and intensities than those in unbumed settings (Caine, 1980; Campbell, 1974; 

Cannon and Gartner, 2005; Larsen and Simon, 1993).

Debris flows travel downslope with coarser material accumulating at the front and 

sometimes forming natural levees. The main body of the flow is slightly less coarse, and 

it is usually followed by a watery tail with fines in suspension. This movement may be in 

pulses, presumably caused by periodic mobilization of material or by the formation and 

bursting of dams of debris in the channel (Cruden and Vames, 1996).

2.2 Fire Related Effects

Wildfires can be extremely important in causing hydrological and 

geomorphological changes to burned areas. The production of dry ravel, hydrophobic 

soils, and the loss of vegetation can alter how water from subsequent storms affects the 

area.

2.2.1 Dry Ravel

Dry ravel is a post-fire erosion process primarily reported in the western United 

States (Shakesby and Doerr, 2006). It is a rapid dry particle-to-particle sliding of debris 

under the force o f gravity (Florsheim et al., 1991). This process tends to occur on steeper 

slopes that receive the greatest solar insolation (i.e. south-facing slopes) (Wondzell and 

King, 2003). This erosional process can provide a large amount of material that 

accumulates in channels and can be entrained in subsequent debris flows (Figure 2.1).
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Due to the slow regrowth of vegetation on slopes with a high rate of ravel, this process 

can continue for a long period of time.

B efo re  w ild fire
S ed im en t s to red  

u p s lo p e  of 
v eg e ta tio n

C hanne l at 
low flow

A fter w ild fire
S ed im e n t tra n sp o r te d  

d o w n slo p e  by 
dry  ravel

Channel at high flow

Dry ravel-transported sediment 
available for channel transport

a t high flow C h an n e l at low flow

Figure 2.1 : A hillslope profile showing the effect of wildfire on vegetation and 
downslope transfer of sediment to stream channel by dry ravel (Shakesby and Doerr, 
2006).

2.2.2 Hydrophobic Soils

It has been observed that in many areas, post-wildfire soils can develop water- 

repellent layers (Cannon et al., 2001 ; Shakesby and Doerr, 2006; Turner, 1996). These 

hydrophobic layers are caused from the burning of vegetation in and on the soil, leaving a 

residue of waxy organic molecules (Figure 2.2). These waxy molecules coat individual 

soil molecules in the soil and work as a barrier to rainfall infiltration (Turner, 1996). The 

reduced infiltration results in increased overland flow and erosion through the production 

o f surface rills and channels (Wells, 1987).
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Upper wettable layer

Zone of increased 
pore pressure

Failure
zone

Figure 2.2: A diagram of a post-fire colluvial soil slope showing the effect of a 
hydrophobic soil layer (Turner, 1996).

2.2.3 Removal o f  Vegetation

Wildfires can remove some or all of the vegetation and litter cover depending on 

the bum severity. The lack of this vegetation reduces transpiration, interception and 

surface storage capacity for rain (Loaiciga et al, 2001;Tiedmann et al., 1979), which leads 

to an increase in erosive overland flow (Shakesby and Doerr, 2006).

2.3 Measurement o f  Single and Multiple Yield Rates

Measurement of yield rates is fairly common for debris flows (e.g., Benda and 

Cundy, 1990; Fannin and Rollerson, 1992; Franks, 1999; Hungr et al., 1984; Marchi and 

D ’Agostino, 2004). As defined earlier, the yield rate is the volume eroded per unit 

channel length (Hungr. et al., 1984). Researchers primarily calculate a single yield rate 

value for the entire debris-flow channel, using the following formula:

V =  V,nitial +  ZY=1 vpoint +  2 ? = 1  % Li (2 . 1 )
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Where, V  is the total volume of the debris flow, V^tiai is the volume initiating the flow, 

Vpoint is the volume of a “point source” of additional debris, and Lj and Y; are the length 

and yield rate of each contributing channel (where n= the number of channels) (Hungr et 

al., 2005). In Hungr et al. (1984), they noted that other researchers think this is the best 

method for estimating potential volume from drainages burned by wildfire.

The calculation of a single yield rate for the channel has been used to estimate the 

volume of the debris flow or to estimate the average amount of material removed from 

the channel based on a flow of known volume (Benda and Cundy, 1990; Fannin and 

Rollerson, 1993; Franks, 1999; Hungr et al., 1984; Marchi and D ’Agostino, 2004). The 

yield rate is also used as a way to compare the influence of topography, geology, 

climatic, and hydrologie conditions (Hunger et al., 1984).

In some cases, this method was expanded to measure multiple yield rates at 

different locations in a single channel (e.g.,Cenderelli and Kite, 1997) to provide a more 

accurate representation of channel erosion. The measurement of multiple rates allows 

development of an erosion and deposition profile along the length of each channel 

measured. Utilizing this profile, comparisons between events and different drainage 

basins could be made, as well as an interpretation of how the sediment budget effects the 

erosion and deposition of sediment along the entire flow track (Cenderelli and Kite,

1997).

2.4 Method o f  Multiple Yield Rates per Channel Santi et al. (2008)

Santi et al. (2008) conducted an extensive study measuring multiple yield rates 

per channel to indicate the sources of material in debris flows and to calculate the total
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volume. The study measured yield rates in 46 debris flows from California, Utah, and 

Colorado in nine different recently burned areas. The locations of the wildfires where the 

debris flows were measured are shown in figure 2.3.

Farm ington  Fire

S p n n gv ille jjX

&
Mollie Fire

Utah

O verland  Fire

C oal S e a m  Fire

C olorado
^ M is s io n a r y  R idge Fire

California

G avio ta  Fire

G rand  Prix/OM Fire

P a ra d ise /C e d a r
Fire

400
Kilometers

Figure 2.3: Locations of wildfires where debris-flow channels were measured for the 
study (Santi et al., 2008).

Many of the channels had between 25 and 35 measurements per channel but some 

had more than 200 measurements. Combined, 1,400 measurements were made for the 

study. Yield rates were calculated based on measured cross-sections within the debris- 

flow channels. Each channel had multiple cross sections measured at known distances 

from the previous cross sections. Channel cross-sections were measured using a slope 

profiler, a one yard length of wood with legs and an inclinometer attached to measure the 

slope of the ground surface (Santi, 1988). A slope profiler was used to record angles 

across the surface of a channel in one-yard increments. Converting the sequence of 

angles and the one-yard length of the device to x and y coordinates; the geometry of the 

cross-section could be calculated. At each measured cross-section, notes were taken to 

identify which measurements corresponded to incised channel, bedrock and/or levees.



These notes were used to help interpolate the original channel surface and to calculate the 

amount of material removed at each cross-section location (Figure 2.4) (Gartner, 2005).

Coal Seam A - xs13
5

4

Projection of original, 
undisturbed hillslope

3

2

1

0

1

Profile measured 
 by Slope profiler

-2

3

-4

Amount of 
material removed

7

■8
■9

10

0 1 2 3 9 10 11 12 13 14 154 5 6 7 8
D istance (yards)

Figure 2.4: Example of a channel cross-section showing how the scoured area is 
estimated.

The cross-sections were plotted the estimated area of the material removed was 

calculated as shown on Figure 2.4. The slope of the undisturbed hill slope was projected 

into the scoured channel and a polygon representing the amount of material removed 

from each cross-section was outlined (Gartner, 2005). Using the area of the polygon 

multiplied by the length between the cross-sections, the volume of debris eroded could be 

calculated for each interval. Using these incremental volumes, the total volume for the 

debris flow could be calculated.
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From each channel measured, a plot showing the cumulative volume of the debris 

flow versus the distance downslope was produced (Figure 2.5). From these plots, yield 

rates were calculated for each channel measured. In the process of plotting the 

incremental yield rates, a significant increase in the average channel yield rate was noted 

in 87% of the basins, such as the example in Figure 2.5, but no clear explanation for this 

increase could be identified (Santi et al., 2008).

W
E
3
O

§

I

6000

Main channel=5493 cubic m

5000
♦ “ Main channel minus deposit=4414 cubic m

4000

3000

Yield rate=1.53rrr/m2000   „ ... .,1  22
Yield rate=9.25m ^/m

1000

Yield rate=threshold
0

0 200 400 600 800 1000 1200 1400 1600
Distance Down Channel (m)

Figure 2.5: Cumulative volume of moving debris along the length of the channel for 
Elkhom Canyon within the Missionary Ridge Fire in Colorado (Santi et ah, 2008).

2.5 Parameters Affecting the Yield Rate

Santi et al. (2008) proposed that a study into the parameters that influence the 

growth of the debris flow as it travels should be a focus of further research. While it may
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not be possible to isolate these parameters, the identification of factors that can influence 

the yield rate in any form will be useful for a better understanding of debris flows. Many 

of the parameters that can affect the yield rate have been suggested by Hungr et al. (1984) 

and Hungr et al. (2005). These parameters are primarily geomorphic and physical 

characteristics such as: slope angle, channel width and depth, channel length, bank slope 

and height, bed material, bank slope material, the contributing drainage area, and the 

amount of vegetation on the slopes. While these parameters are assumed to affect yield 

rate, they have not been assessed for the degree of their influence.

A subset of these parameters will be analyzed in this study for their influence on 

yield rates of debris flows in burned areas. The slope angle, channel width and depth, 

channel length, and bed material are parameters that are not expected to be affected by 

the fire, although they directly affect the amount of material that can be entrained in the 

flow. The bank slope and height, and bank material are not analyzed in this study 

because the channel width and depth are used as the main factors affecting the degree of 

flow confinement, and the bed material is assumed to represent the main geologic 

influence. An aspect of the contributing drainage area that will be studied for how it 

affects the yield rate is the entrance of side channels to the main channel. The entrance of 

a side channel should increase the amount o f material and in turn the yield rate of the 

debris flows. The amount of vegetation is not an important parameter in this study 

because the fire will have removed most, if  not all, of it in the areas of the debris flows.
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CHAPTER 3 

OBJECTIVE

The objective of this project is to document the range and variability of channel 

yield rates for a large dataset from the Western United States and to identify which 

geomorphic and physical channel characteristics affect the yield rate of debris flows and 

to what degree. This project will primarily use the data set from Santi et al. (2008). This 

data set contains measurements from California, Colorado, and Utah that describe in 

detail the range and variability of yield rates along the entire length of a variety of debris- 

flow channels. A single, average rate for each channel will also be calculated for 

comparison to rates published elsewhere, in different geographical areas and for locations 

that may not be affected by wildfires. The results of this study can be utilized to help 

predict possible problem areas, where the yield rates are higher than average for the 

channel. This information will be further used to select locations for mitigation features, 

and a case study applying these parameters is presented to demonstrate how to best 

mitigate a channel that has not yet failed.
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CHAPTER 4 

METHODS

Completion of the objectives for the study includes a series of tasks that are 

described in more detail below: 1 ) building a database of debris flows to be evaluated; 2 ) 

calculation of single and incremental yield rates for the debris flows; 3) comparison of 

the single channel values found in literature against the values from the set used in Santi 

et al. (2008); 4) selecting the channel parameters that may influence yield rates; 5) 

performance of a statistical study, utilizing Excel and Minitab worksheets, for each 

parameter; and 6 ) application of lessons from the statistical study to a case study in the 

Four Mile Canyon fire area near Boulder, Colorado.

4.1 Compilation o f  Debris Flows

The first task performed was to compile a database of debris-flow yield rates.

The development of this database involved completing a literature search o f both wildfire 

and non-wildfire related debris flows from areas around the world. This set includes 683 

debris flows from 7 areas around the world.

The set also included the data presented in Santi et al. (2008), which is the main 

group of values to which other yield rates were compared and on which the statistical 

study was based. This dataset contains measurements from 46 debris flows from nine 

burned areas in California, Colorado, and Utah (Figure 2.3). Detailed maps for each 

study area are located in Appendix AS. Each channel had multiple cross sections 

measured at a known distance from the previous cross section. At each cross section the 

area of removed and deposited material were calculated. After the data was obtained, it
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was configured to a more useful format, by removing extraneous data and converting all 

of the measurements to metric units.

Additional data came from burned and unbumed areas around the world. Debris 

flows from wildfire areas included 2 in Arizona (Wohl and Pearthtree, 1991), 36 in 

British Columbia (Fannin and Rollersson, 1993; Jordan, 2010; Jordan and Covert, 2009), 

13 in California (Booker, 1998; Eaton, 1935; Slossen et al., 1989; Gatwood et al., 2000), 

24 in Colorado (Cannon et al., 1998), 1 in Utah (Giraud and McDonald, 2007), and 3 in 

Washington (Klock and Helvey, 1976). Debris flows from unbumed areas included 25 in 

British Columbia (Jakob et al., 2005; Hungr et al., 1984), 340 in California (Gartner, 

2005; Gartner et al., 2009; Gatwood et al. 2000;), 149 in Italian Alps (Berti and Simone, 

2007; Marchi and D ’Agostino, 2004), and 52 in Utah (Bailey et al., 1947; Butler and 

Marsell, 1972; Croft, 1962, 1967, 1981; Keaton, 1988; Mathewson and Santi, 1987; 

Olson, 1985; Santi, 1988; Vandre, 1983; Wieczorek et al, 1983; Woolley, 1946).

4.2 Establishing Yield Rates

The next task was to establish the incremental yield rates for each channel from 

the Santi et al. (2008) dataset. The eroded area for each cross section, as shown in Figure 

2.4, is the yield rate at this location. Using these values for the yield rates directly may 

result in a data set that has too much variation between successive cross sections for a 

significant analysis. Therefore a statistical “smoothing” was performed using a running 

average o f 3 cross sectional yield rates (eq. 4.1) and a running average of 5 cross 

sectional yield rates (eq. 4.2):



y , = (4.2)
^12+^23+^34 + ̂ 45

Where Y3 and Y 5 are the smoothed yield rates for cross sections 2 and 3, respectively, A 

through A5 are the areas of the removed material at cross sections 1 through 5, and di2 

through d4 5 are the distances between adjacent pairs of cross sections measured. A 

simple average of the yield rates would not take the distance between cross sections into 

consideration. Not all of the distances between the cross sections are consistent, so 

neglecting to account for the distance would not properly weight the measurement of 

volume removed. These equations were then applied to all the cross sections in each 

channel. The purpose of this procedure was to eliminate extreme variability, while not 

altering the overall yield rate profile, so that the trends in yield rate down the channel 

could be better identified (Figure 4.1).

Coal Seam Basin A Yield Rates

0.4 0.6 0.8

Normalized Distance Downslope

•Yield Rate 
(m3/m)

■Yield Rate Over 3 
(m3/m)

Yield Rate over 5 
(m3/m)

Figure 4.1 : A comparison of the different yield rates calculated for Coal Seam Basin A, 
with yield rates calculated for individual cross sections and running averages of 3 and 5 
cross sections.
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After performing this calculation, it was judged that the average over 3 cross 

sections would provide the best ability to “smooth” the channels while minimizing any 

over- or under-calculation of the yield rate for a specific cross section.

After the yield rates were calculated, it was necessary to compile the smoothed 

data plots into a large database. This database included averages, ranges, and variability 

of the yield rates.

4.3 Comparison to Values from  Literature

The third task was to compare the single channel yield rates to other values found 

in literature. These comparisons help to establish if the values used in this study are 

representative o f other published values for both fire and non-fire related debris flows. 

This larger set includes a total of 683 debris flows for comparison, described in Section 

4.1. These debris flows were compiled from different locations around the world, such as 

the Italian Alps, Western Canada, and the Western United States. The majority of these 

debris flows are from non-burned areas, but some from the Western United States and 

British Columbia are also wildfire related. The specific parameters to be compared 

between the two datasets include the 1 ) averages and ranges o f yield rates for each group, 

2 ) the correlation between the yield rates and the total length of the channel, which is the 

length of the channel that was measured from the highest evidence o f debris-flow scour 

to the mouth of the canyon, and 3) the total storm rainfall for the drainage basin, which is 

the total rain fall for the storm causing the debris flow being reported.
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4.4 Identification o f  Important Yield Rate Parameters

The fourth task is to correlate yield rates to the parameters described in more 

detail below, in order to identify those parameters that most affect the yield rate of the 

debris flows. The parameters were identified in Section 2.5.

4.4.1 Bed material

The first parameter evaluated was the bed material in each channel, as well as bed 

material changes in the same channel. The materials in the channels were identified from 

published geologic maps and field notes collected for Santi et al. (2008). Bed materials 

were categorized using a geologic index proposed by Marchi and D ’Agostino (2004) and 

shown in Table 4.1.

Table 4.1: Lithological classes and geological index (GI) values (Marchi and D ’Agostino, 
2004).

G /  v a lu e

Q u aternary  Jepn si l^ 5

S c h f l >  and p h \ l l i l e > 1
V l a r f .  ina r l \  l i m o t n i le. si It s to n e s ,  vie. 5
V ' u k a n i e l a s l i v  roek.s 2
D o l o m i t e  a n d  I n n e s t o ne rocks 1
M a > M \ e  ig n e o u s  a n d m e ta m o r p h ic  r o c k s :;: U

In ten se ly  Iraetured an d w e a th e r e d  r o c k s  for all l i lh o l o g ic s  5 5

* fo r  bustns entirely or almost entirely consisting of this lithology. a cautionary
value o f  0  5 is advised.

4.4.2 Width vs. Depth o f  the Channel

The width-to-depth ratio is assumed to represent the degree of confinement of the 

channel, which is expected to relate to the depth and erosive capacity of the debris flow. 

Width-to-depth ratios of the channels were compared to average yield rates at the same
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location. The measurement was performed on plotted cross sections, where the width of 

the channel was measured at the top of the scoured area, and the height was measured 

from the low point of the scoured area, shown in Figure 4.2.

Coal S eam  A - x s 13

§

1

-10

9 10 11 12 13 14 150 1 2 3 84
Distance (yards;

Figure 4.2: Example showing method of width to depth ratio measurement on a cross 
section plot. The red line is the width of the top of the scoured area and the blue line is 
the depth from the width measurement to the low point of the scoured area.

4.4.3 Slope o f  the channel

At each cross section location a measurement of a slope of the channel thalweg 

was taken, representing the average inclination of the deepest portion o f the debris-flow 

channel at that location. This measurement was obtained using an inclinometer on a 

Brunton compass and was recorded to the nearest degree.
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4.4.4 Cumulative channel length

The cumulative channel length is a measurement from the initiation point of the 

flow to the cross-section in question. Each of the channels used in this study were 

different total lengths. To make it easier to compare the channels, the channel length was 

normalized for each cross section. To accomplish this, the cumulative distance to a 

specific cross section was divided by the total length of the flow channel. This provided 

a value between zero and one that could be used for comparison and statistical testing.

4.4.5 Distance below side channels

Many of the debris flows had multiple side channels that were tributaries to the 

main channel. These side channels feed additional material into the debris flow. It is 

hypothesized that this additional material would increase the yield rate at the point of 

junction with the main channel. This potential change in yield rate is quantified by 

tracking the yield rate directly above the side channel entrance, at the location where the 

side channel enters the main channel, and at the next yield rate measurement downstream 

of the entrance. The changes in these three measurements will show if there is an 

increase in yield rate at the entrance of the side channel and if it continues to increase 

after the side channel enters.

4.5 Statistical Testing

For each parameter a statistical analysis was completed to identify the influence 

of that parameter on the yield rate. The first statistical procedure was linear regression, 

which indicated whether a parameter had enough influence on yield rate to retain it for 

further analysis. P-testing, a test determining if a value is at least as extreme as the one
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observed, and f-testing, a test comparing the means are equal between several normally 

distributed populations, were performed on the parameter’s data. A parameter was 

retained if  p- and f-testing values were statistically significant at the 90% confidence 

level, or if  the R-squared value was at least 0.60. If the linear regression was not 

significant, the parameter was evaluated by incorporating it into one of several groups to 

determine if one of these groups caused a greater effect on the yield rate than another. 

This comparison was done using ANOVA or M ood’s Median testing.

4.6 Use o f  Parameters in a Case Study

The last task is to complete a case study using the significant parameters, as 

identified in the statistical analyses, to predict problem areas where the yield rates are 

expected to be higher, and to select optimal placement of mitigation features. The case 

study will focus on the Four Mile Canyon fire area near Boulder, Colorado, where 6,181 

acres burned in 2010. A single channel from this fire was analyzed.
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CHAPTER 5 

DATA

The data used for this study can be viewed in Appendix B, Tables 1 through 7. 

Table 1 contains the data used in the single-value yield rate for each channel comparison. 

Table 2 is a spreadsheet that contains all of the main information from the Santi et al. 

(2008) debris flows. It also includes the statistical study of the width versus depth 

comparisons. The next set of tables contains the statistical studies for the specific 

variables. Table 3 presents the estimated values for the geologic index. Table 4 contains 

the incremental values for the slope angles down-channel. Table 5 contains the 

maximum yield rates for each channel and their corresponding cumulative downstream 

locations. Table 6  contains the values used for the side channel assessment. Finally, 

Table 7 contains the values used for the case study in the Four-Mile Fire area, Boulder, 

Colorado. Also in the Appendix B are Minitab© projects needed for statistical 

calculations.

A summary of the data collected for this study is shown in Table 5.1 below. 

Table 5.1 : A summary of the data presented in the study.

Average M edian Maximum Minimum
Standard
Deviation

Literature Yield Rates (m3/m ) 8.99 2.90 326.92 0.05 21.84

Literature Channel Length (m) 3269.51 2436.00 14790.00 50.00 2674.77
Santi e t al. (2008) Yield Rates 
(m 3/m )

3.26 1.70 37.73 0.00 4.46

Rainfall Am ounts (mm) 52.68 25.40 153.73 2.29 51.34

Geological Index 3.30 4.00 5.00 0.50 1.72

W idth vs. Depth 10.58 6.95 110.00 2.29 13.46

Slope Angle (°) 16.61 14.00 55.00 0.00 9.41
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An example of the channel cross section changes and the response in debris-flow 

volume is provided in Figure 5.1 for a better understanding of the tables presented in the 

Appendix B. This debris flow occurred in Coal Seam Basin A, part of the 2002 Coal 

Seam Fire in Colorado. The debris flow produced approximately 1,391 cubic meters of 

material cumulatively, with a maximum averaged yield rate (running average of three 

adjacent measurements, as described in Section 4.2) of 4.48 cubic meters per meter.

1cnn Coal Seam Fire Basin A Cumulative Volume and Yield Rate
I b U U  

1400 

1200

S T 1 0 0 0  
%
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0 0.2 0.4 0.6 0.8 1
Normalized Distance

Figure 5.1: The cumulative volume and incremental yield rates for the Coal Seam Fire 
Basin A debris flow. The dashed lines correspond to the Figures 5.2 through 5.4. Note 
that where the volume accumulation rate has a large increase, at the normalized distance 
of 0.6, there is a corresponding increase in the yield rate. Cross-section numbers shown 
in parentheses correspond with numbers in Figures 5.2 through 5.4.

The measured cross-sections in this channel are presented in order from highest to lowest 

elevation (Figure 5.2, 5.3 and 5.4). These cross-sections were measured using the 

method described in the Chapter 2.4.

Figure 5.4 
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Figure 5.2: The measured cross sections with the estimated removed area included for the
Coal Seam Fire Basin A. These are the initial sections before the large volume increase.

Over the next set of cross sections, a significant increase in the volume removed and the 

in turn an increase in the yield rate was noted (Figure 5.3).
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Figure 5.3: The measured cross sections where the volume had a significant increase for 
the Coal Seam Fire Basin A. These cross sections were measured when the large 
increase in volume was occurring. Note the increased scour area in each cross section.

After the significant increase, the volume started to decrease slightly for each cross 

section and the yield rates decreased as well (Figure 5.4).
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Figure 5.4: The measured cross sections with the estimated removed area included for the 
Coal Seam Fire Basin A. These cross sections were measured downstream of the section 
that showed a large increase in channel scour.

The raw field data are located on the enclosed compact disc in Appendix C. They 

are organized in folders which include basin-specific files, listed above as well as 

modified versions of those files that were used to for this study. The modified files 

include the raw cross section data used to estimate the volumes of the debris-flows, 

organized by state/fire/basin. The basin-specific folders include Excel© spreadsheets o f 

the field notes and Canvas© files (.cnv) of the channel cross sections used to estimate the 

channel scour and used to calculate the width versus depth ratios.



CHAPTER 6  

RESULTS AND DISCUSSION 

This chapter begins with a comparison of the values calculated in Santi et al. 

(2008) to those found in other published research. Next, the statistical comparisons of the 

parameters that potentially affect the yield rate are used to establish which are most 

significant. Sources of potential error are also considered.

6.1 Comparison o f  Single Values o f  Yield Rates

Six-hundred and eighty-three debris flows from different parts of the world were 

compared to fire related debris flows and the Santi et al. (2008) values analyzed in this 

study. For each debris-flow event, a single value of the average yield rate was recorded 

for each channel. The data was placed into two groups: non-fire related and fire related 

debris flows, which included the Santi et al. (2008) values. These values were then 

transposed to a logarithmic scale and plotted (Table 6.1 and Figure 6.1). The fire related 

debris flow group has less than half the yield rate of a “random” group of various debris 

flows worldwide, and a t-test indicated that the means are statistically different to a 95% 

confidence level.

Table 6.1 : A summary of comparison of fire-related and non-fire-related yield rates.

M ean M edian Standard Deviation

Non-Fire Related (m3/m ) 9.42 3.00 22.59

Fire Related (m3/m ) 3.63 1.77 4.51
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Histogram of Non-fire and Fire Related Yield Rates on a Logarithmic scale

60
Variable
Non-Fire Related Yield Rates (m 3/m ) 
Fire Related Yield Rates (m 3/m )

■ ■ ■

Figure 6.1: Histogram comparing the yield rate of non-fire related and fire related debris 
flows on a logarithmic scale.

Some of the values obtained in the literature review were also fire related debris 

flows. These fire related literature values were compared to the Santi et al. (2008) values 

(Table 6.2 and Figure 6.2).

Table 6.2: A summary of the fire-related literature and Santi et al. (2008) yield rate 
values being compared.

Num ber of 
Values

Mean M edian
Standard
Deviation

Fire-Related Literature Values 62 3.74 1.47 5.09

Santi e t al. (2008) Values 49 3.50 2.34 3.69
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Boxplot of Fire Related Yield Rates and Santi et al (2008) Yield Rate
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Figure 6.2: Boxplot comparing the fire-related literature and Santi et al. (2008) values. 
Outliers, defined as values larger than 1.5 times the interquartile range, are shown by

The boxplot indicates that there is a similarity of the values from the literature study and 

the Santi et al. (2008) values. When compared using a t-test, the literature and Santi et al 

(2008) values are not statistically different at a 95 % confidence level. This is expected, 

as all of the values from both data sets are from Western North America. The similarity 

indicates that the Santi et al. (2008) data is comparable to other fire-related debris flows 

and the subsequent analyses using the Santi et al. (2008) data should also apply to other 

burned locations in Western North America.

The yield rate values from the fire-related Western North America debris flows 

and the non-fire worldwide debris flows were compared against the channel length 

(Figure 6.3).
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Channel Length vs. Yield Rate for Fire and Non-Fire Related Debris Flows
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Figure 6.3: Comparison of the channel length versus the single yield rate for the channel 
with a maximum yield rate line (in blue).

The values from literature show a larger spread of values, in both channel length and 

yield rate. This larger distribution is likely due to the larger variety geologic and climatic 

settings where the debris flows occurred. The largest values of yield rates shown on 

Figure 6.3, in excess of 327 m 3 /m, occurred in British Columbia, Canada. The flows that 

produced these yield rates were not fire-related, occurred within 2-5 years o f the last 

debris flow, and had channel lengths of 1,300 to 2,400 meters. However, the longest 

channel lengths occurred in the Italian Alps, which were not fire related, and were related 

to very small yield rates, averaging only 3.38 m 3 /m. From the data in Figure 6.3, it 

appears that the largest yield rates occur in shorter channels, and yield rate tends to
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decrease as the channel length increases, as indicated by the maximum yield rate line on 

the figure.

In Figure 6.4, channel lengths were compared to yield rate data from only fire- 

related debris flows reported in the literature and yield rates from Santi et al. (2008).

Channel Length vs. Yield Rate Comparing Data in This Study to  Other 
Published Fire Related Debris Flows
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Figure 6.4: Comparison of the channel length versus the single yield rate for the channel 
for only the fire related debris flows.

As in Figure 6.3, there is no apparent correlation between channel length and yield rate. 

As stated previously, these two data groups overlap and are not statistically different from 

each other. This lack of a significant correlation for either data set shows that the channel 

length has little to no effect on the yield rate of the debris flow.
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Total Rainfall vs. Yield Rate
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Figure 6.5: The comparison of the total rainfall versus the single channel yield rate for 
each channel.

The values for total rainfall for the storm causing the debris flow and corresponding yield 

rate are shown in Figure 6.5. The duration of the rainfall would be a valuable number to 

compare, however that value was not obtained for the data that was accessible. The 

trendline shown is statistically significant at the 95% confidence level, from a back 

calculation from the R squared value to a t-testing value, showing that as the rainfall 

amount increases, there is an increase in the average yield rates for the debris flows. 

However, the wide spread in yield rates indicates that total rainfall is not a reliable 

parameter to predict the yield rate.

6.2 Bed Material

The analysis of the bed material indicated that some lithologies are likely to 

produce larger debris-flow yield rates than others. Using the geologic index defined in 

Table 4.1, the majority of channels are underlain by Quaternary deposits or by rock that
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was fractured due to nearby faulting in the area (Figure 6 .6 , columns labeled 3.0, 4.0, and

5.0, where higher numbers correspond to more highly shattered material). There were 

also a significant number of channels in hard rock (column labeled 0.5).
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Figure 6 .6 : Histogram of the Geological Index values.

When yield rate is plotted against geological index, there is an indication o f a trend that 

as channel bed material shifts from highly competent rock to Quaternary deposits, the 

range of yield rates is progressively wider and higher (Figures 6.7 and 6 .8 ). This data is 

also not shown to be normally distributed. To analyze these groupings, a one-way 

ANOVA test showed that the means for the index values of 3.5 and 5 were significantly 

different from the other values at a 95% confidence level. The groups 0.5, 3, 4, and 4.5 

had an overlap of their means, but they visually show an increase in value as the index 

value increases.
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^  Yield rate over 3 with Geological Index Grouping with Outliers
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Figure 6.7: A boxplot showing the interquartile range, median, and the mean for each 
category of the geologic index. Outliers are shown by

^  Yield rate over 3 with Geological Index Grouping without Outliers
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Figure 6 .8 : A boxplot featuring the interquartile range, median, and the mean for each 
category of the geologic index over the lower range of yield rates without including the 
outliers.
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A Mood Median Test indicated that the median yield rate value of each geologic index 

group were also different. Both tests are statistically significant at a 95% confidence 

level, when comparing each geologic index group to each other, except for index testing 

of 0.5 versus 3 and 3 versus 4. Among these four groups used, flows in areas with an 

index value of 5 had the second highest median yield rates. The highest median values 

had an index value of 4.5, but was discounted due to a lack of values. Locations with an 

index value of 0.5 have the lowest median yield rates, except for the small dataset (four 

values) with index of 3.5. There is a lack o f values from the index values of 1.0 to 2.5. 

This lack of values and abundance of values in the 5.0 range could be skewing the data 

slightly. However based on the available data, Quaternary deposits are more likely to 

produce higher yield rates. In turn, while the tests performed show that some of the 

groups are statistically different from each other and that Quaternary deposits produce a 

higher yield rate, any predictive regression equation that could be produced for the data 

will not accurately represent the range of values that can be obtained. However, the GI 

value is still a good indicator as to what material may produce larger yield rates in a 

channel.

6.3 Influence o f  Width/Depth Ratio

A subset of the larger database was used to evaluate the influence of width/depth 

ratio and to decide if  it would be useful to perform this comparison for the whole 

database. This subset was comprised of 8  debris flows from Colorado, with 189 ratios 

calculated. The debris flows used were: Coal Seam A, F, G, H, L, Air Jordan, Heil 

Ranch 2, Post Office Basin, and Tower Basin. This ratio does not show a strong 

relationship to the yield rate (Figure 6.9 and 6.10) and so its use as a predicative tool is
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W idth/Depth Ratio vs. Yield Rate over 3 
M easurem ents
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Figure 6.9: The comparison of the width to depth ratio to the yield rate for each cross 
section showing a lack of linear relationship to each other, with the maximum yield rate 
line (in blue).
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Figure 6.10: The comparison of the natural logarithm of the width to depth ratio versus 
the yield rate showing a lack of linear relationship.
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not warranted. However, there is an apparent decrease in maximum yield rate with 

increasing width/depth ratio, as shown on Figures 6.9, as indicated by the maximum yield 

rate line, and 6 . 1 0 .

6.4 Slope Angle

A summary of measured slope angles indicated that the channels had few angles 

that were very low or steep (Figure 6.11) and a very low or steep angle did not produce 

the highest yield rates (Figure 6.12 and Figure 6.13). When compiling the data for this 

analysis, the Devore, CA 2004 and 2005 debris flows were indicated to be flows where 

the yield rates were uncharacteristically high compared to other flows in similar areas and 

were removed from this comparison. The comparison of the groupings o f the slope 

angles indicate that while the group between 10-14° has the most values (Figure 6.11), 

the grouping of 15-19° has the highest mean and median yield rates (Figures 6.12 and 

6.13).

Histogram of Slope Angle
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Figure 6.11: Histogram for the slope angle values.
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Boxplot of Yield Rate over 3 Adjacent M easurem ents with Angle Grouping Including Outliers
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Figure 6.12: A boxplot featuring the interquartile range and the mean, as indicated by 
®  ,for each category of the slope angle with the outliers shown.___________________
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Figure 6.13: A boxplot featuring the interquartile range and the mean, as indicated by 
®  , for each category of the slope angle without the outliers.
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Observing these groupings, a Mood Median Test was performed comparing each group 

to another and indicated that the median test that are statistically different at a 95% 

confidence level are : 0-4 is less than 10-14 and 15-19, 5-9 is less than 10-14 and 15-19, 

10-14 is higher than 20-24, and 15-19 is higher than 25-29 and 30-34. A linear 

regression correlating slope angle to yield rate is not significant. The highest yield rate 

values for the range of 15-19° is likely due to the balance of the ability of sediment to 

accumulate in these areas because of their shallow angles, and the ability of the debris 

flow to erode because of the steepness.

Next, the slope angles were compared to the yield rates after separation into 

groups based on the geologic index discussed in section 6.2 (Figures 6.14 through 6.17). 

The geologic indices used were: 0.5, 3.0, 4.0, and 5.0. The group of 3.5 and 4.5 were not 

used because of a lack of values to make a significant comparison.

B ox p lo t o f  Yield R a te s  O v er 3 A d ja c e n t  M e a s u r e m e n ts  G ro u p e d  by  S lo p e  A n g les  fo r  a  G I= 0 .5
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0-4 05-9 10-14 15-19 20-24 25-29 30-34 35-39 40-44 45-49 50-55
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Figure 6.14: A boxplot featuring the interquartile range for each category of the slope 
angle without the outliers for a geological index of 0.5.
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B o x p lo t o f  Y ield R a te  O v e r  3  A d ja c e n t  M e a s u r e m e n t s  G ro u p e d  b y  S lo p e  A n g le s  fo r  a  G I= 3 .0
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Figure 6.15: A boxplot featuring the interquartile range for each category of the slope 
angle without the outliers for a geological index of 3.0. Groups 35-39 and 40-44 have 
only bars because only one value was in that grouping.

B o x p lo t  o f  Y ie ld  R a te  O v e r  3  A d j a c e n t  M e a s u r e m e n t s  G r o u p e d  b y  S lo p e  A n g le s  f o r  a  G I= 4 .0
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Figure 6.16: A boxplot featuring the interquartile range for each category of the slope 
angle without the outliers for a geological index of 4.0.

42



Boxplot of Yield Rate Over 3 Adjacent M easurem ents Grouped by Slope Angles for a GI=5.0

5  1 0 -

1 2 -

0-4 05-9 10-14 15-19 20-24 25-29 30-34 35-39 40-44 45-49
Slope A ngle

Figure 6.17: A boxplot featuring the interquartile range for each category of the slope 
angle without the outliers for a geological index of 5.0.

Observing these groupings, a Mood Median Test was performed comparing each group 

to another and indicated that for geologic indexes 3.0, 4.0, and 5.0 the yield rates for the 

slope angels are statistically different at a 95%. Further study shows that the median tests 

are statistically different at a 95% confidence level are: for geologic index 3.0) 0-4 is less 

than 10-14, 15-19, 20-24, and 25-29, 05-9 is less than 15-19, and 10-14 is less than 15- 

19, for geologic index 4.0) 0-4 is less than 40-44, 05-9 is less than 30-34 and 35-39, 10- 

14 is less than 35-39, 15-19 is less than 30-34 and 35-39, 20-24 is less than 30-34 and 35- 

39, for geologic index 5.0) 0-4 is less than 15-19, 05-9 is less than 15-19, 10-14 is higher 

than 30-34 and 35-39, 15-19 is greater than 20-24, 25-29, 30-34, and 35-39. When 

separated by geologic index, some of the slope angle groups have higher yield rates than 

the 15-19°. This change can be explained skew of the data for groups that are 

represented by few values. For example, the group of 30-34 in Figure 6.14 has only two
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values representing that group causing the large interquartile range and high median 

value. Accounting for this influence, it can still be shown for a geologic index of 3.0,

4.0, and 5.0 the slope angles that provide the highest yield rates is still the grouping of the 

15-19°.

6.5 Cumulative Distance Down-Channel

The cumulative distance down the channel was used to identify if there was a 

specific flow length where the yield rate likely reached it maximum value. To make this 

comparison, the maximum yield rate for each channel was plotted against its 

corresponding distance down-channel, normalized over the channel length so that 

distances varied from 0 to 1. The maximum yield rate values were spread over the range 

of possible distance values (Figure 6.18).

Max Yield Rate vs. Normalized 
Distance

</, 30

125  
| 2 0

2  0 0.2 0.4 0.6 0.8oj
>" Normalized Distance

Figure 6.18: Comparison of the maximum yield rate against the normalized distance 
showing the range of distance values where the maximum can occur.
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Comparing the spread of possible values, the mean distance of the maximum yield rate 

was 0.588 down-channel and the median distance was 0.567 down-channel. The 

interquartile range of the values is spanned between a distance of 0.402 and 0.776 down- 

channel (Figure 6.19). These results indicate that the maximum yield rate is most likely 

to occur about 55-60% of the distance down a channel, it is possible anywhere along the 

channel, and it is not possible to predict where it will occur.

Boxplot of Normalized D istances for the Max Yield Rate over 3 Measurements
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Figure 6.19: The boxplot of the normalized distances indicating the interquartile range.

6.6 Distance Down-Channel from  a Side Channel

Intuitively, the addition of a side channel should increase the yield rate recorded 

in the main channel. This increase should be apparent at the entrance of the side channel 

and should also be measurable at cross sections down-channel. Flowever, measurements
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in this study show that the addition of a side channel does not necessarily indicate an 

increase in yield rate (Figure 6.20). Just over half of the side channel entrances produced 

an increase in yield rate in the main channel (54% of total), and even fewer maintained an 

increase one cross section down channel (38% of total). This lack of consistent increase 

in yield rates in the main channel could be explained by two factors.

Yield Rate Change After a Side Channel

■ Number That Decrease at 
the  Entrance

■  Number That Increase at 
the  Entrance

■ Number That Increase one 
M easurem ent Down 
Channel

■ Number That Decrease 
one M easu rem en t Down 
Channel

Figure 6.20: Percentage of how many side channels produced an increase or decrease in 
the yield rate of the main channel. The number that showed an increase in yield rate 
(54%) were further subdivided to show the influence one measurement down-channel.

First, the cross section measurements could be too far below the side channel entrance to 

show the increase down-channel from the entrance. Second, the timing of the side 

channel flow may be different from the main channel flow. The main channel could have 

failed and removed material damming the side channel, which then flowed after the main 

flow, or the side channel could have flowed prior to the main flow. In either case, the 

contribution of additional debris thickness from the side channel towards increasing the 

erosion and yield rate would be diminished.

Entrance

38%
46% 54%

16%
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6.7 Possible Causes o f  Error

The possibility of error for this study comes from two sources: measured and non- 

measureable effects. The errors from measured effects are derived from the method of 

channel measurement. For example, the slope profiler was placed in an end to end 

method to produce the cross section. If the slope profiler was not exactly on spot where 

the last measurement took place, there will be error in the values of the cross section 

profile. This error would be passed into the cross section area, then into the volume of 

removed material, and then into the yield rate for the cross section. This error was 

minimized with careful measurements and in some cases outliers were removed from the 

study. A study on the measured error was completed for the Santi et al. (2008) data by 

Santi and deWolfe (2005). They calculated that the accuracy of the slope profiler was 

± 8 %, based on expected error in the angle measurement (± 1 °), the length o f the 

increment (± 1 ”), and the length between sections (±5’) (Santi and deWolfe, 2005). They 

also evaluated the precision of the method by having different people measuring seven 

identical cross sections. From this, they calculated a relative percent difference (RPD), 

which is the difference in each of their calculated volumes of eroded material between 

two measured cross sections divided by the average of their calculated volumes. This 

RPD had a range of values -36% to + 6 %, with an average of 117|%. It was noted that one 

individual consistently measured higher volumes, generally because of interpreted 

smaller entry angles into the channel (Santi and deWolfe, 2005). The difference in total 

volume of the section of channel measured by the two individuals was 11%. Finally, the 

influence of offsetting the cross sections in a single channel was assessed, where an 

individual would re-measure the channel with the cross sections offset from the original
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measurements. This influence was indicated to have a volume RPD of 16% and 5% for 

the two individuals. As a result of the analyses, it is expected that the measured error for 

yield rates is on the order of 2 0 %, assuming there is a degree of offsetting errors and a 

limited amount of compounding of errors.

Non-measureable effects are directly related to the actions of the fire. For 

example, the amount and rate of dry ravel production due to the fire was not accurately 

measured. The amount of dry ravel could limit the potential yield rate, or the dry ravel 

production could exceed the amount that could be entrained in a debris flow. Likewise, 

the effect of the hydrophobic soils was also not measured. The degree to which they 

reduce infiltration and produce more runoff is unknown, so their influence the amount o f 

material that the debris flow could entrain was not measured.
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CHAPTER 7

CASE STUDY OF FOUR MILE FIRE, BOULDER, COLORADO 

On September 6 th, 2010, a wildfire was started in Four-Mile Canyon 

approximately five miles west of downtown Boulder, Colorado (Figure 7.1). This fire 

burned approximately 6,181 acres and destroyed 169 homes, causing an estimated $217 

million of property damage (Four Mile Canyon Fire; Nguyen, 2010).

9/7/2010 Four Mile Canyon Fire - Fire Location 1545 hrs

L on g m o n t

Ailenspark

> un barrel

Fire Location
Lafayette

Louisville

B room field

Figure 7.1 : Location map of the Four Mile Canyon Fire with perimeter and the 
approximate location of the channel in the case study (Four Mile Canyon Fire, 2010).

This fire was selected for a case study due to its location in Colorado, and because 

its characteristics should behave similarly to the areas studied in Santi et al. (2008). It 

also has the advantage o f not yet experiencing a rainy season or producing debris flows.
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One channel within the bum radius of the fire was chosen for application of the ideas 

developed in this study. The location of the channel is N 40°2’59.4” W 105°22'1.44", off 

of Four Mile Canyon Drive as shown in figures 7.1 and 7.2.

Red hatched area delineates the basin for the case study

I I I I I I_________ I Meters
0 750 1 500 3 000 4 500

S

Figure 7.2: The location of the channel used in the case study in reference to nearby 
cities.

The case study will use information from maps and technical references to predict 

segments of the channel that will have high and low yield rates. This will involve

obtaining data for individual segments down the channel similar to the individual cross

sections in Santi et al. (2008). The data included in this analysis are: total channel length, 

side channel entrance, cumulative distance down-channel, slope angle, and the geological 

index.
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The total channel length was approximately 630 meters. The individual segments 

were measured corresponding to the contour lines to make it possible to obtain a spacing 

value to calculate slope angles and possible volumes for the channel. After establishing 

the locations for each measurement the cumulative distance down-channel was measured 

and the geological index was derived from geologic maps, using methods outlined earlier 

and following as closely as possible the methods outlines in Santi et al. (2008). The slope 

angle was then calculated from the distance between adjacent contour lines and the 

elevation change between them. This channel had no side channels entering, so that 

variable is excluded from this case study. The resulting values developed for the case 

study are included in table 7.1.

Table 7.1 : The measurements obtained for the case study at Four-Mile Canyon fire, 
Boulder, Colorado.______________________________________________________

Cross
Section

#

Length 
between 
adjacent 

cross- 
sections (m)

Cumulative 
Distance 

down 
channel (m)

Slope
Angle

(degrees
from

horizontal)

Normalized
distance GI

1 50 50 14 0.08 5
2 40 90 17 0.14 5
3 50 140 14 0.22 5
4 30 170 22 0.27 5
5 40 210 17 0.33 5
6 30 240 22 0.38 5
7 30 270 22 0.43 5
8 20 290 31 0.46 5
9 20 310 31 0.49 5

10 30 340 22 0.54 5
11 30 370 22 0.59 5
12 40 410 17 0.65 5
13 50 460 14 0.73 5
14 40 500 17 0.79 5
15 50 550 14 0.87 5
16 80 630 5 1.00
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The bed material for this channel is a residual soil with a fault in the area which 

provides a geologic index of 5 for the entire channel. Using the geologic index as a 

baseline for the obtainable yield rates, it is likely that this channel could produce yield 

rates between 0.60 and 5.39 m3/m with a median of 1.82 m 3/m, based on the interquartile 

range values from Figure 6.7. The 1.82 m3/m value will be considered the baseline value 

for yield rate, and other factors will indicate if the yield rate should be higher or lower 

than that value.

The channel has a spread of slope angles from 5 to 31°. However, the angles 

between 15-19° are likely to produce the highest yield rates, ranging from 0.52 to 5.97 

m 3 /m, based on Figure 6.17. Therefore, areas with slope angles in the 15-19° range may 

have slightly higher than expected yield rates. Also based on Figure 6.16, the angles 

between 10-14° are closest to the median yield rate for a geologic index of 5, and the 

other slope angles have a median value lower than the median yield rate for a geologic 

index value of 5. From these observations, the yield rate values corresponding to the 

slope angle can be divided into three groups in Table 7.2: above the median value, near 

the median value, and below the median value. The slope angle values from 15-19° are 

labeled above the median value, slope angles from 10-14° are labeled as the median 

value, and other slope angles are labeled as below the median yield rate value.

Utilizing the characterization of this channel, one could easily indicate which 

areas are likely to be problematic and need to be observed. From this an estimate o f the 

volume of a debris flow can be obtained. Using the median yield rate values from Figure 

6.16 and shown in Figure 7.3, an estimate of 793.7 m3 can be removed from this channel.
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Table 7.2 The measurements obtained for the case study at Four-Mile Canyon fire,
Boulder, Colorado, with the color coded characterization of the channel, with green lines 
corresponding to being above the median value, yellow lines corresponding to being the 
median value, and red lines corresponding to being blow the median value of yield rates.

Cross
Section

#

Length
between
adjacent

cross-
sections

(m)

Cumulative 
Distance 

down 
channel (m)

Slope
Angle

(degrees
from

horizontal)

Normalized
distance GI

Yield
Rate

(m3/m)

Weighted
Volume

(m3)

Cumulative
Volume

(m3)

1 50 50 14 0.08 5 1.25 62.5 62.5

2 40 90 17 0.14 5 2.13 85.2 147.7

3 50 140 14 0.22 5 1.25 62.5 210.2

4 30 170 22 0.27 5 0.67 20.1 230.3

5 40 210 17 0.33 5 2.13 85.2 315.5

6 30 240 22 0.38 5 0.67 20.1 335.6

7 30 270 22 0.43 5 0.67 20.1 355.7

8 20 290 31 0.46 5 0.52 10.4 366.1

9 20 310 31 0.49 5 0.52 10.4 376.5

10 30 340 22 0.54 5 0.67 20.1 396.6

11 30 370 22 0.59 5 0.67 20.1 416.7

12 40 410 17 0.65 5 2.13 85.2 501.9

13 50 460 14 0.73 5 1.25 62.5 564.4

14 40 500 17 0.79 5 2.13 85.2 649.6

15 50 550 14 0.87 5 1.25 62.5 712.1

16 80 630 5 1.00 1.02 81.6 793.7

Fourmile Fire Canyon
1000

800

600

400

z :
100

200

200| 300

Distance Downslope (m)

400 500 600 700

Figure 7.3: Cumulative volume of moving debris along the length of the channel for the 
case study in the Four Mile Canyon.
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Figure 7.3 could also be used to indicate areas that need to be mitigated to reduce 

the impact of a debris flow in this channel. A likely mitigation effort would place an 

emphasis on reducing the amount of material that could be entrained in areas of higher 

yield rates, indicated by the steeper areas on Figure 7.3, or try to prevent large scale 

runoff or erosion in the channel through either dewatering structures or attempting to 

reseed the area quickly. From this assessment of the channel, possible locations for 

dewatering structure should be placed in the vicinity of cross sections 5 and 14, as labeled 

in Table 7.2 and shown in Figure 7.4, to prevent the addition of erodible material to the 

flow.

Red line delineates the basin area The red dots are the possible locations for the dewatermg dams

I I I I I I_________ I Meters
E 0 250 500 1 000 1.500

s

Figure 7.4: Map of the case study with the basin delineated and locations of possible 
dewatering dams located.
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CHAPTER 8  

CONCLUSIONS AND FUTURE WORK

The yield rate for a debris flow is a useful tool to help determine the amount of 

material entrained in the flow. This study has identified typical ranges of yield rates in 

burned areas, compared them to yield rates in unbumed areas, and identified some factors 

that influence yield rate.

8.1 Conclusions

Comparing the single yield rate values for fire related and non-fire related debris 

flows indicated that fire related yield rates were approximately half the values of non-fire 

related flows. This comparison also indicated that for the non-fire related flows, higher 

yield rates occurred in shorter channels and decreased as the length of the channel 

increased. For the fire related debris flows, this relationship was not apparent. As 

rainfall increased, an increase was noted in the yield rate, but this dependence was not 

strong enough that it could be used to accurately predict the yield rate.

The geologic index comparison indicated that the material present in the channel 

has an effect on the yield rate. Channels with more competent bedrock typically had 

lower yield rates, and channels with Quaternary deposits were more likely to have a 

higher yield rate.

The confinement of the channel, as defined by the ratio of the width to depth, was 

indicated to not have a strong relationship with the yield rate. As it was calculated, the 

confinement varied widely and unpredictably, and therefore could not be statistically 

correlated to yield rate although an envelope of maximum values could be shown.
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The comparisons of the slope angle on the yield rate indicated that a slope with 

the angles between 15 and 19° are likely to have higher yield rates. This was further 

confirmed when split into groups based on the geological index, with a few exceptions.

The cumulative distance down channel indicated that the maximum yield rate was 

likely to occur at 55-60% down the channel. However, this measurement was not a 

reliable predictor due to the spread of values where the maximum yield rate occurred.

Finally, the entrance of a side channel into a main channel showed an increase in 

the yield rate in 54% of the channels, and showed an increase in 38% of the channels one 

measurement down from the entrance of the side channel (typically a distance of 30 m). 

The lack of constant increase in yield rate resulting from side channel entrances was 

likely due to measurement points too fat from the entrance of to the side channel, and 

unknown timing of when the side channel entered into the main channel, either before or 

after the main channel flow.

8.2 Future Work

A further study should explore other ways of measuring channel confinement and its 

possible effects on yield rate. This study into the width to depth ratio would likely have 

to find a way to either perform an average of multiple ratios along the channel or use a 

different way to calculate the ratio, such as setting the depth to a specific value and then 

measuring the cross sectional widths at that top of that depth measurement.

This study does not include non-wildfire debris flows outside of comparing values 

from literature to the dataset for burned areas, so further study relating yield rates in
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u n b u m e d   a r e a s   t o   c h a n n e l   c h a r a c t e r i s t i c s   w o u l d   h e l p   c l a r i f y   h o w   f i r e   a n d   n o n - f i r e   d e b r i s  

f l o w   c h a r a c t e r i s t i c s   d i f f e r .
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APPENDIX A: FIELD MAPS

G aviota Fire, CA
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Coordinate System : 
UTM Zone 11 
NAD 27

Figure A -l: Map indicating the location of the Gaviota Basin (Red Basin) and Janet 
Creek (Purple Basin) debris flow basins from the Gaviota fire. 1” = 588m.
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Paradise and Cedar Fire, CA
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Figure A-3: Map indicating the location of the El Capitan I (Red Basin) and El Capitan II 
(Purple Basin) debris flow basins from the Paradise and Cedar fires. I” = 1470m.
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Coal Seam Fire, CO
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Figure A-4: Map indicating the location of the Coal Seam A (Red Basin), Coal Seam F 
(Yellow Basin), Coal Seam G (Green Basin), Coal Seam H (Blue Basin), Coal Seam O 
(Purple Basin) debris flow basins from the Coal Seam fire. 1” = 1470m.
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Overland Fire, CO
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Figure A-6 : Map indicating the location of the Heil Ranch (Blue Basin), Post Office (Red 
Basin), and Tower Basin (Green Basin) debris flow basins from the Overland fire. 1” = 
2885m.

72



Fa
rm

in
gt

on
, 

UT

rrrrt 0 0 Z  k t 'S t ' m r r a  0 0 9 0 t 79 t? r a r r r  OCMhOfrSt7

suoidiuo-̂

OOOOf Sf 0 0 9 6 C S tam  OOZl̂ St? cmmOOSOtSt

73

Fi
gu

re
 

A
-7

: 
Ma

p 
in

di
ca

tin
g 

the
 

lo
ca

tio
ns

 
of 

the
 

Co
m

pt
on

 
be

nc
h 

M 
(B

ro
wn

 
Ba

sin
), 

Co
m

pt
on

 
Be

nc
h 

S 
< 

(G
re

en
 

Ba
sin

), 
and

 
In

tak
e 

ba
sin

 
(B

lu
e 

Ba
sin

) 
de

br
is 

flo
w 

ba
sin

s 
for

 t
he 

Fa
rm

in
gt

on
, 

UT
 

fir
e. 

1”
= 

53
3m

.



Mollie Fire, UT
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Figure A-8 : Map indicating the location of the T2 (Red Basin), T3 (Dark Green Basin), 
T4 (Light Green Basin), T5 (Light Yellow Basin), and T 6  (Dark Yellow Basin) debris 
flow basins from the Mollie, UT fire. I” = 1346m.
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