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Figure 3.1.  Slope testing locations- overall site map 
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Table 3.1.  Locations of slope testing sites 

Site 
ID 

NDOT 
Roadway 

Slope 
Type 

USGS 
Elevation (ft) Aspect 

1 Field Testing 
Type/ID 

Latitude 
(N) 

Longitude 
(W) 

1 SR 431 Cut 7620 N DR 1 39.3355 119.8710 

7 SR 431 Fill 8360 NW 
RS 7-1 39.2951 119.9232 
RS 7-2 39.2952 119.9231 

8 SR 431 Cut 8120 E 
RS 8-1 39.2833 119.9348 
RS 8-2 39.2832 119.9348 
DR 2 39.2833 119.9347 

13 SR 28 Cut 6400 N 
RS 13-1 39.2506 119.9659 
RS 13-2 39.2507 119.9660 

14 SR 28 Cut 6420 SW 
RS 14-1 39.2418 119.9319 
RS 14-2 39.2418 119.9318 

15 SR 28 Cut 6320 W 

RS 15-1 39.2333 119.9313 

RS 15-2 39.2332 119.9313 

DR 3 39.2331 119.9315 

DR 4 39.2323 119.9319 

16 SR 28 Cut 6440 W 
RS 16-1 39.1766 119.9236 
RS 16-2 39.1767 119.9236 

18 SR 28 Cut 6460 NW 
RS 18-1 39.1670 119.9278 
RS 18-2 39.1670 119.9277 

20 SR 28 Fill 6920 E 
RS 20-1 39.1105 119.9224 
RS 20-2 39.1104 119.9224 

22 US 50 Cut 6520 N 

RS 22-1 39.0840 119.9314 

RS 22-2 39.0840 119.9315 

RS 22-3 39.0840 119.9315 

DR 8 39.0838 119.9327 

23 US 50 Cut 6520 S DR 7 39.0842 119.9322 

25 SR 28 Cut 6260 W 
RS 25-1 39.2068 119.9290 
RS 25-2 39.2060 119.9296 

27 SR 28 Cut 6420 S 
RS 27-1 39.2508 119.9649 

RS 27-2 39.2508 119.9648 

28 SR 28 Fill 6260 E 
RS 28-1 39.1995 119.9283 
RS 28-2 39.1996 119.9283 

DR 5 39.1995 119.9282 

29 SR 28 Fill 6420 W DR 6 39.1764 119.9239 
1 RS and DR denotes rainfall simulation and dry ravel sediment trap installation sites, respectively 

 
3.3 Rainfall Simulations 

 In order to assess various soil erosion estimation methodologies, numerous slope erosion 

measurement methods were considered including rainfall simulations, silt fences and other natural rainfall 

erosion plot measurement techniques.  Silt fencing is a common best management practice (BMP) used to 

control sediment at construction sites, as well as an inexpensive technique used to measure hillslope soil 

erosion (Robichaud & Brown, 2002).  However, the effectiveness of silt fences in trapping fine sediment 

has been widely evaluated.  In a comprehensive review of silt fence sediment removal efficiency studies, 

Faucette et. al (2008) reported that trapping efficiency considerably declines as particle size decreases, 
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concluding that 92% of the total suspended solids (TSS), composed of grain sizes significantly smaller than 

the smallest silt fence opening (210 microns), were normally not trapped.  Since the current research 

project focuses on quantifying fine sediment particles, the silt fence was not considered a viable soil 

erosion measurement technique.   

Due to project schedule constraints, field accessibility issues, and the temporal and spatial 

variability of natural rainfall in the Lake Tahoe Basin, rainfall simulations were considered the most 

effective measurement method to validate the soil erosion model results for individual storm events.  

Rainfall simulations have been used for model evaluation in numerous studies (see Section 2.7), including 

studies by Spaeth, Pierson, Weltz, & Blackburn (2003) and Pudasaini et al. (2004) who used rainfall 

simulation data on various rangeland vegetation types and construction sites, respectively, to evaluate the 

prediction accuracy of the RUSLE.  Historically, rainfall simulation has led to significant developments in 

hill slope erosion and runoff research and provides a repeatable method for collecting large amounts of data 

from a variety of different site conditions (Galetovic et al., 1998). 

 As discussed in Section 2.8, an effective rainfall simulator design must consider kinetic energy, 

drop size, fall height and raindrop fall velocities to accurately simulate natural rainfall conditions.  

Additionally, rainfall simulators should feature the ability to simulate specific design storms and apply 

uniform rainfall over the plot area (Abudi et al., 2012).   

3.3.1 Design and Construction 

 A portable field rainfall simulator, constructed of polyethylene drip line and 1/2 gallon per 

hour (gph) drip emitters, was designed and developed for this research project (see Figure 3.2).  The 

drop-former type of mechanism consisted of a gridded system with 425 drip buttons spaced at 

approximately 2.5 inch on center and covering a 42.5 inch wide by 50.5 inch long plot.  The rainfall 

grid was attached to an aluminum frame (48 inch wide by 75 inch long) for support using metal ties 

and 1 inch diameter PVC pipe.  Steel rebar was inserted vertically within the hollow aluminum frame 

to allow each of the four legs to be adjusted in height and leveled to accommodate different slope 

gradients.  The rainfall simulator was positioned at a fixed height of 8 ft (~2.5 m) above the ground at 

the upslope end.  The height at the down slope end varied depending on the slope gradient and 
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associated height of the rebar extensions.  For a 1.5:1 slope (67%), the rainfall grid at the downstream 

end stood approximately 12 ft (~3.5 m) above the ground.  When necessary, large tarps were attached 

to the exterior frame of the rainfall simulator to protect the plot and falling raindrops from wind 

disturbance.   

 A generator powered a small submersible pump that supplied water from a 55-gallon water 

tank, located at the base of the rainfall simulator, to each of the four corners of the rainfall grid.  A 

piezometer was used to monitor the water pressure and help maintain uniform rainfall intensity 

throughout the duration of each simulation.  Precise flow control and operating pressure was achieved 

using a needle valve installed in-line between the pump and the piezometer.   

The use of an unbounded plot frame, as opposed to a bounded plot frame, was chosen for multiple 

reasons including (1) minimizing the potential disturbance of the test plot resulting from pounding a 4-

sided, single-unit metal plot frame into the test slope, and (2) allowing testing to be performed on slopes 

covered with riprap, which would be impracticable with the use of a bounded plot.  The 48-inch wide 

runoff apron was constructed of 45-mil pond liner and sheet metal and made wide enough to capture runoff 

generated by the 42.5-inch wide plot formed by the rainfall simulator grid.  A 4-inch strip of pond liner was 

used to contour to the slope and seal the runoff lip, preventing runoff from flowing underneath the apron.  

Long nails spaced approximately 2 inches on center were used to secure the pond liner to the slope.  Sheet 

metal was used to form the collection flume that was attached to the pond liner.  Depending on site specific 

conditions, soil underneath the runoff apron was sometimes excavated to provide adequate space for 

sample bottles to collect runoff and to allow for a steeper apron slope, in order to minimize sediment 

deposition within the apron. 
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Figure 3.2.  Typical rainfall simulator setup 

3.3.2 Evaluation and Calibration 

 Prior to using the rainfall simulator for field testing, numerous calibration tests were performed in 

the laboratory to determine the simulated rainfall characteristics, the relationship between the piezometer 

water level and measured rainfall intensity, and the spatial variability of rainfall.  

3.3.2.2  Simulated Rainfall Drop Size 

 The average drop diameter discharged from the drip emitters was determined by collecting a 

measured number of drops from a single drip button and recording the volume. This procedure was 

repeated numerous times for different individual drip emitters during each rainfall simulation.  

Assuming a spherical drop formation, the drop diameter was estimated using the number of drops and 

volume measurements determined previously, which was comparable to a method used in a rainfall 

simulator study performed by Abudi, Carmi, & Berliner (2012).  The average drop diameter was 

determined to be 4.6 mm.  Although large in size relative to the median drop diameter of 2.5 mm 
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measured for high intensity rainfall reported by Laws & Parsons (1943), the drop size is within the 

drop size distribution found in high intensity natural rainfall (Chow et al., 1988). 

3.3.2.3  Simulated Rainfall Impact Velocity and Kinetic Energy 

 The estimation of the simulated raindrop impact velocity (7.1 m/s) was based on the 

relationships between velocity, fall height and drop diameter developed by van Boxel (1998) and 

shown in Figure 2.4.  Terminal velocities for the simulated raindrop size (9.1 m/s) were computed 

using Equation 2.36.  Considering the average simulator fall height (~ 3.0 m), average drop diameter 

(4.6 mm) and the relationships and equations mentioned above, it was estimated that the simulated rain 

drops reached approximately 78% of their terminal velocity before contacting the ground surface.  

However, the kinetic energy content or kinetic energy per unit rainfall depth for this larger diameter 

raindrop at the described fall height and resulting fall velocity (~25.1 J mm-1-m-2), was equivalent to 

approximately 90% of the energy contents of a more typical natural median raindrop size of 2.5 mm 

falling at terminal velocity (~28.1 J mm-1-m-2).  These approximations of kinetic energy contents were 

determined using Equation 2.36 and Equation 2.37.  Additionally, the rainfall simulator kinetic energy 

content was within the range of the  rainfall intensity-kinetic energy relationships (shown in Figure 

2.5) developed by van Dijk, Bruijnzeel, & Rosewell (2002) and described in Section 2.8.2.   

 Another measure of raindrop impact energy was kinetic energy per unit time basis, termed as 

raindrop power.  Considering the combined fall height, drop size, impact velocity, targeted rainfall 

intensity of 3.60 in/hr and the use of Equation 2.38, the simulator produced an estimated raindrop 

power of approximately 2,290 J/m2-hr.  This resulting raindrop power was well within the range (10 to 

3,000 J/m2-hr) measured for natural rainfall (Madden et al., 1998; van Dijk et al., 2002). 

3.3.2.4  Rainfall Simulator Piezometer Head-Rainfall Intensity Calibration Curve 

 Numerous calibration tests were performed on the rainfall simulator to develop a relationship 

between the height of the water column in the piezometer and the resulting intensity of the rainfall 

simulator.  During these calibration tests, water volumes were collected from 5 random drip buttons 

over a period of time.  These volumes were averaged and intensities were calculated considering the 

total number of drip buttons and grid size of the rainfall simulator.  This procedure was repeated many 
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times for different piezometer water levels and different fall heights.  The data were collected, graphed 

and fitted with a trend line to determine a relationship between head difference (difference between 

height of water in piezometer and rainfall grid height) and rainfall intensity (see Figure 3.3).  The 

purpose of developing this relationship was so uniform rainfall intensity could be maintained in the 

field by monitoring the water level in the piezometer throughout the duration of the rainfall 

simulations. 

 
Figure 3.3.  Rainfall simulator piezometer head-rainfall intensity curve 

3.3.2.5  Uniformity 

 The average distribution uniformity coefficient of the rainfall simulator was calculated 

through multiple lab tests in order to determine the spatial variability of the simulated rainfall 

throughout the plot.  Six 4-liter containers with 7-inch diameter openings were placed in random 

locations within the plot area.  These containers captured the simulated rainfall over a 6 minute period.  

Collected water volumes were determined for each container and uniformity coefficients were 

calculated.  This procedure was repeated for a total of 5 runs.  Using Equation 2.39, an average 

distribution uniformity coefficient of approximately 88.4% was calculated (Christiansen, 1942).  
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Generally, acceptable uniformity coefficients for rainfall simulations are greater than 80%, as noted in 

Section 2.8.5. 

3.3.3 Field Testing Procedure 

 As mentioned previously in Section 3.2, a total of 25 rainfall simulations were performed (see 

Figure 3.4).  At each site, at least 2 simulations were performed with the purpose of developing a 

statistical basis for analyzing the results.  A general overview of the site was performed to determine 

the location of the plot and potential setup issues.  Once a plot location was selected, the rainfall 

simulator was setup over the desired plot area and leveled.  The front legs of the rainfall simulator 

were lengthened by extending the rebar out of the hollow aluminum legs in order to level the rainfall 

grid.  The runoff apron was installed next at the lower edge of the plot. Careful evaluation of the slope 

and position of the rainfall simulator was performed to ensure runoff would be completely captured in 

the runoff apron and that no rainfall would fall directly into the runoff apron.  The slope was surveyed 

to determine slope gradient and various characteristics of the plot were noted including percent cover 

(surface and canopy), cover type (vegetation, rock, mulch and/or litter), and depth of mulch and/or 

litter.  Additionally, cone penetrometer depth to refusal measurements were taken at four locations 

adjacent to the plot to measure soil strength using a portable soil compaction tester (Dickey John, 

model no. 155850003AS1).  Depth to refusal is an input required in the RCAT.  Table 3.2 summarizes 

the direct field measurements obtained from each rainfall simulation site which were later used as 

inputs into the various soil erosion prediction models. Prior to the start of each rainfall simulation, a 

soil sample was taken from just outside the plot to determine antecedent soil moisture, soil texture and 

particle size distribution.  Field test sites were photo documented before and after the rainfall 

simulations.  An acrylic sheet or tarp was temporarily placed over the plot to direct initial rainfall away 

from the plot area until the desired rainfall intensity was achieved; then, the cover was removed and 

the simulation officially began. 

  A simulated storm with a targeted rainfall intensity of 3.60 in/hr and duration of 60 minutes 

was delivered to each plot.  This rainfall intensity was achieved by using the head-intensity 

relationship described in Section 3.3.2.4 and by maintaining the height of the water column in the 
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piezometer. This targeted rainfall intensity was representative of a 100-yr, 15-min design storm, based 

on NOAA Atlas 14 point precipitation estimates, for the Nevada portion of the Lake Tahoe Basin 

considering various locations along NDOT roadways (i.e., SR 431, SR 28 and US 50).  Although it 

may be considered extreme, the rainfall intensity and duration used was similar to the high intensity 

(typically based on the 100-yr, 15-min design storms) and long simulation durations used during 

previous rainfall simulation studies performed in the Lake Tahoe Basin (see Table 2.1 in Section 2.9). 

Some examples include:  (1) 2.36 in/hr and 60 minutes by Grismer & Hogan (2004, 2005a, 2005b), (2) 

4.70 in/hr and 45 minutes by Drake et al. (2010); and (3) 3.39 in/hr and 60 minutes by Foltz et al. 

(2010).  During each simulation, two rainfall intensity readings were taken from random drip emitters 

using a stop-watch and a graduated cylinder at 10-minute intervals.  These values were averaged over 

the entire simulation to estimate rainfall intensity over the 60-minute duration. 

 Timed grab samples of the runoff were collected at 3-minute intervals throughout the simulation 

from the collection point at the outlet of the runoff apron, resulting in a total of 20 sample bottles for a 60-

minute simulation.  These samples were analyzed in the lab to generate hydrographs and sedigraphs 

(sediment discharge vs. time) and ultimately quantify the amount of soil loss during the simulation.  At the 

end of each simulation, residual sediment deposited on the runoff apron was also collected.   
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RS 8-1 RS 15-1 

RS 22-1 RS 25-1 

Figure 3.4.  Rainfall simulation site photographs
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Table 3.2.  Summary of rainfall simulation plot characteristics 

Site 
ID 

Rainfall 
Simulation 

ID 

Avg. 
Rainfall 
Intensity  
(in/hr) 

Duration  
(min) 

Total 
Rainfall 
Depth 

(in) 
Slope 
(%) 

Vegetation 
Cover (%) 

Canopy 
Cover 
(%) 

Canopy 
Height 

(ft) 

Rock 
Cover 
(%) 

Total 
Surface 
Cover 
(%) 

Mulch/ 
Litter 
Depth 

(in) 

Average 
CP DTR 

(in) 

7 
RS 7-1 3.27 60 3.27 64.0 8 2 1 0 8 0.25 11 

RS 7-2 3.31 60 3.31 53.3 10 0 
 

2 12 0.25 5 

8 
RS 8-1 3.61 60 3.61 42.7 25 0 

 
5 30 0.00 6 

RS 8-2 3.05 60 3.05 43.7 45 5 1 15 60 0.50 5 

13 
RS 13-1 3.26 60 3.26 20.7 85 0 

 
2 87 0.75 2 

RS 13-2 3.05 60 3.05 24.7 85 45 2 5 90 1.00 2 

14 
RS 14-1 3.96 60 3.96 60.8 90 0 

 
0 90 2.00 3 

RS 14-2 2.70 60 2.70 61.9 50 0   0 50 2.00 5 

15 
RS 15-1 3.60 60 3.60 50.9 0 0 

 
0 0 0.00 9 

RS 15-2 3.60 60 3.60 64.8 15 0   5 20 3.00 13 

16 
RS 16-1 3.51 60 3.51 76.3 5 0 

 
0 5 0.50 14 

RS 16-2 3.48 60 3.48 85.4 15 0   0 15 2.00 23 

18 
RS 18-1 3.16 60 3.16 58.4 0 0 

 
0 0 0.00 13 

RS 18-2 3.37 60 3.37 60.6 3 0   0 3 1.00 22 

20 
RS 20-1 3.52 60 3.52 45.1 0 0 

 
3 3 0.00 21 

2 RS 20-2 3.76 52 3.26 54.1 5 0   5 10 0.00 13 

22 
RS 22-1 3.72 60 3.72 79.4 0 0 

 
2 2 0.00 6 

RS 22-2 3.76 60 3.76 82.2 0 0 
 

0 0 0.00 5 
RS 22-3 3.88 60 3.88 77.2 0 0   0 0 0.00 6 

25 
RS 25-1 3.32 60 3.32 80.5 3 0 

 
95 98 0.50 12 

RS 25-2 3.32 60 3.32 67.1 20 0   0 20 1.50 8 

27 
RS 27-1 4.32 60 4.32 49.7 10 0 

 
75 85 1.00 5 

RS 27-2 3.96 60 3.96 35.0 10 0   80 90 1.00 6 

28 
RS 28-1 3.54 60 3.54 48.2 3 0 

 
1 4 0.50 27 

RS 28-2 3.29 60 3.29 54.2 3 3 1 1 4 0.50 25 
1 CP DTR denotes cone penetrometer depth to refusal 
2 Simulation RS 20-2 ended after 52 minutes due to the collapse of the simulator frame resulting from a wind gust generated from a passing semi-truck.
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3.4 Dry Ravel Sediment Traps 

 The NDOT Hydraulics Section expressed an interest in quantifying the amount of sediment 

contributed by dry raveling from various NDOT slopes. Dry ravel is a term that describes the transport of 

sediment in the absence of rainfall by means of bouncing, sliding, or rolling of sediment particles down a 

slope (Gabet, 2003).  This erosion process was discussed in detail in Section 2.2.1.  The design and 

procedure used for dry ravel measurements was similar to the method outlined by Gabet (2003).   

3.4.1 Design and Construction 

Sediment traps were constructed to collect dry ravel and estimate a sediment loss rate, on mass per 

area basis, over a period of time.  A total of 8 sediment traps were constructed for this research project.  

The 2.5-foot wide sediment traps were constructed using rain gutter, roof flashing, flashing tape and sheet 

metal.   

3.4.2 Field Testing Procedure 

The sediment traps were installed in July 2013 at 8 specific locations where pedestrian disturbance 

was considered unlikely.  These traps were installed at the base of the slope, parallel to the contour lines 

(see Figure 3.5).  The lip of each trap was installed flush with the ground and secured to the slope using 

three long nails.  A long stake was driven in behind each trap to provide additional stability.  To minimize 

the visibility of sediment traps from the roadway and pullout areas, traps were placed behind rocks or 

vegetation when possible.  Soil samples were obtained from the site to determine particle size distribution 

and soil texture.  The slope was surveyed to determine slope gradient and observations of upslope percent 

cover and cover type were recorded.  Additionally, horizontal coordinates of the sediment traps were 

recorded using GPS survey equipment.  One sediment trap, DR 4, was disturbed by pedestrians. Therefore, 

the trap was relocated to a nearby location with a nearly identical soil type, slope and vegetative cover.  

Additionally, dry ravel trap DR 5 was removed in mid-September after an automobile accident near the 

entrance to Sand Harbor.   

 After installing the sediment traps, the traps were intended to be left in place until the end of 

October or when snow began to fall within the Tahoe Basin.  Dry ravel sediment traps were not monitored 

during the winter season (November to April) since dry ravel is not thought to be significant due to the 
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presence of snow and increased soil moisture (Anderson et al., 1959; Gabet, 2003; Krammes, 1965).  The 

goal was to collect the sediment within the sediment traps before the onset of rainfall.   The likelihood of 

rainfall at each site was determined by visual observations and from data obtained from nearby rainfall 

gages.  Any rainfall that occurred before the sediment traps were cleaned out was noted on the collection 

data sheets.  After each collection period, the duration since the previous sample collection was also 

recorded.  Dry ravel field test sites were photo documented before and after cleaning out the trap. 

 Using GIS spatial measuring tools and aerial imagery, the slope length upslope of each sediment 

trap was determined.  This length measurement was multiplied by the width of the sediment trap (2.5 feet) 

to estimate the contributing upslope area.  The collected sediment mass was divided by the upstream area 

and the amount of elapsed time between sample collection to estimate the amount of soil loss per area with 

time, similar to the procedure reported by Gabet (2003) for determining dry ravel sediment mass flux from 

hill slope transects near Santa Barbara, California.    

 

 
Figure 3.5.  Dry ravel sediment trap installation 

3.5 Particle Size Analysis and Soil Characterization 

 The data collected during field testing was analyzed using a combination of particle size 

distribution methods, depending on sample size and the field testing type.   The three types of PSD testing 

methods included:  vacuum filtration method (Figure 3.6) per ASTM D3977 - 97 (2013), sieve and 
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hydrometer method (Figure 3.7) per ASTM D422 - 63 (2007), and laser-diffraction method (Figure 3.8) per 

ASTM C1070 - 01 (2014).  Additionally, the percent organic matter content was determined by weight loss 

on ignition per ASTM D2974 - 13 (2008). 

 
Figure 3.6.  Vacuum filtration 

 

 

Figure 3.7.  Hydrometer testing Figure 3.8.  Laser particle size analyzer (DRI) 

 The vacuum filtration method uses filter paper with a specific pore diameter size (16 micron filter 

paper used for this research), a funnel, and a 500-mL Erlenmeyer beaker to separate a targeted particle size 

from a runoff sample.  The runoff sample is passed through the filtrate using vacuum suction and the filter 

paper is weighed to determine the mass of particles smaller than the pore opening size.  The hydrometer 
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method is used to determine the PSD of particles smaller than the available mechanical sieve sizes and 

typically requires 50 g of sediment sample size.  The method determines PSD by using a hydrometer to 

measure the specific density of the soil-water suspension and Stokes’ Law to determine the velocity that a 

particle settles in suspension (Eshel et al., 2004).  The laser diffraction method is typically limited to small 

sediment sample sizes (< 1 g) and measures the angle of diffraction of a beam of light passed through a 

soil-water suspension.  The method uses the principle that the angle of diffraction is inversely proportional 

to the particle size to determine the PSD of the soil sample (Ferro & Mirabile, 2009).  

3.5.1 Site Soil Samples  

 Near surface (6 to 8 inches in depth), homogeneous soil samples were collected at each of the 

testing locations (dry ravel and rainfall simulations sites) using a spade, scoop or shovel.  Prior to 

collection, the sampling area was cleared of any surface debris (e.g., rocks, mulch, litter, vegetation, etc.).  

The soil material was immediately transferred to a labeled sample container and the lid was tightly secured 

in order to preserve the sample for subsequent lab testing.  Soil samples collected near the simulation plots 

were weighed, oven dried at 103 °C for at least 24 hours, and then weighed again to determine the 

antecedent soil moisture at each plot prior to performing rainfall simulations.  Additionally, these soil 

samples and the soil samples collected near the dry ravel sediment trap locations were analyzed using a 

combination of sieve and hydrometer analyses methods to determine the percent FSP, and classify soil 

texture based on the USDA soil textural classification system described in Section 2.11.1.  Percent organic 

matter, modified silt, and very fine sand were also determined for rainfall simulation site soils for use in 

determining site specific soil parameters used in the RUSLE and WEPP/TBSM soil erosion prediction 

models.  Based on the results of the PSD analyses, Table 3.3 and Table 3.4 summarize the site specific soils 

characteristics for the rainfall simulation and dry ravel sites, respectively.  The tables compare the results to 

the soils data published in the Washoe County South and Tahoe NRCS soil surveys (USDA-NRCS, 1979 

and 2007) based on the soil map unit for the testing locations.  The parent material of the soils (e.g., 

granitic, volcanic, mixed or alluvial), required for the RCAT and TBSM methods, was determined using 

the soil map units and the descriptions published in the Tahoe NRCS soil survey (NRCS, 2007).   
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Table 3.3.  Rainfall simulation site soil characteristics 

Site 
ID 

Rainfall 
Simulation 

ID 

1 NRCS Soil Survey Data  2 Site-Specific Soils Data 

Soil 
Map 
Unit 

Soil 
Parent 

Material 
USDA Soil 

Texture 

Particle Size 
Distribution (%) 

 

USDA Soil 
Texture 

3 Particle Size Distribution (%) 4OM 
(%) Sand Silt Clay  FSP Gravel Sand Silt Clay VFS MS 

7 
RS 7-1 9405 Granitic Loamy sand 79 18 3  Sandy loam 16 32 66 20 14 13 33 1.8 
RS 7-2 9405 Granitic Loamy sand 79 18 3  Sandy loam 14 16 74 15 11 11 23 1.9 

8 
RS 8-1 9404 Granitic Loamy sand 79 18 3  Loamy sand 10 25 76 21 3 22 33 2.8 
RS 8-2 9404 Granitic Loamy sand 79 18 3  Loamy sand 12 29 77 14 9 16 20 2.2 

13 
RS 13-1 7141 Mixed Sandy loam 71 19 9  Sandy loam 15 30 73 19 9 12 27 3.5 
RS 13-2 7141 Mixed Sandy loam 71 19 9  Sandy loam 13 19 76 15 9 16 24 10.2 

14 
RS 14-1 7151 Volcanic Sandy loam 51 36 13  Sandy loam 24 24 55 33 12 6 49 2.5 
RS 14-2 7151 Volcanic Sandy loam 51 36 13  Sandy loam 15 32 65 26 9 12 41 2.5 

15 
RS 15-1 7422 Granitic Loamy sand 85 12 3  Loamy sand 9 12 86 9 4 8 13 0.5 
RS 15-2 7422 Granitic Loamy sand 85 12 3  Loamy sand 7 30 87 8 5 12 12 0.9 

16 
RS 16-1 7422 Granitic Loamy sand 85 12 3  Loamy sand 13 14 80 11 9 16 17 1.9 
RS 16-2 7422 Granitic Loamy sand 85 12 3  Loamy sand 15 10 79 12 9 16 18 1.3 

18 
RS 18-1 7422 Granitic Loamy sand 85 12 3  Loamy sand 11 4 84 12 4 14 16 0.5 
RS 18-2 7422 Granitic Loamy sand 85 12 3  Loamy sand 10 14 84 10 6 12 16 0.5 

20 
RS 20-1 7111 Volcanic Sandy loam 55 29 16  Sand 7 27 88 7 5 11 10 1.1 
RS 20-2 7111 Volcanic Sandy loam 55 29 16  Sandy loam 17 21 76 12 13 16 16 1.5 

22 
RS 22-1 7111 Volcanic Sandy loam 55 29 16  Sandy Loam 19 18 69 24 8 11 33 0.6 
RS 22-2 7111 Volcanic Sandy loam 55 29 16  Sandy loam 20 13 67 24 9 11 37 0.8 
RS 22-3 7111 Volcanic Sandy loam 55 29 16  Sandy loam 21 15 67 20 13 8 29 1.0 

25 
RS 25-1 7413 Granitic Loamy sand 85 12 3  Loamy sand 10 21 83 9 7 16 14 6.2 
RS 25-2 7413 Granitic Loamy sand 85 12 3  Loamy sand 8 34 85 11 4 14 15 0.6 

27 
RS 27-1 7142 Mixed Sandy loam 71 19 9  Sandy loam 13 18 75 19 6 24 31 3.0 
RS 27-2 7142 Mixed Sandy loam 71 19 9  Sandy loam 19 19 61 29 10 21 48 1.7 

28 
RS 28-1 7452 Granitic Sand 89 7 5  Loamy sand 11 20 85 7 8 14 9 1.4 
RS 28-2 7452 Granitic Sand 89 7 5  Loamy sand 9 17 86 11 3 12 14 2.1 

1 Soil characteristics from NRCS Soil Survey CA693.  2 Soil characteristics determined from sieve analysis and hydrometer testing of field soil samples. 3 Gravel and FSP is % by mass of the raw 
sample, other fractions are % by mass of the <2 mm component. The United States Department of Agriculture (USDA) Textural Classification System defines particles sizes as follows:  gravel (> 
2 mm), sand (< 2 mm, > 0.05 mm), silt (> 0.002 mm, < 0.05 mm), clay (< 0.002 mm), VFS (very fine sand, > 0.05 mm, < 0.10 mm) and MS (modified silt, > 0.002 mm, < 0.10 mm).  4OM denotes 
organic matter.
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Table 3.4.  Dry ravel site soil characteristics 

Site 
ID 

Field Testing 
Type/ID 

1 NRCS Soil Survey Data  2 Site-Specific Soils Data 

Soil 
Map 
Unit 

Soil Parent 
Material 

USDA Soil 
Texture 

Particle Size 
Distribution (%) 

 

USDA Soil 
Texture 

3 Particle Size Distribution (%) 

Sand Silt Clay  FSP Gravel Sand Silt Clay 

1 DR 1 1100 Granitic Loamy sand 85 13 3  Loamy sand 6 55 85 8 7 

8 DR 2 9404 Granitic Loamy sand 79 18 3  Loamy sand 10 25 76 21 3 

15 
DR 3 7422 Granitic Loamy sand 85 12 3  Loamy sand 7 30 87 8 5 

DR 4 7422 Granitic Loamy sand 85 12 3  Sand 6 24 89 9 2 

22 DR 8 7111 Volcanic Sandy loam 55 29 16  Sandy loam 21 15 67 20 13 

23 DR 7 7111 Volcanic Sandy loam 55 29 16  Sandy loam 13 18 75 17 7 

28 DR 5 7452 Granitic Sand 89 7 5  Sand 7 20 88 7 4 

29 DR 6 7422 Granitic Loamy sand 85 12 3  Loamy sand 6 54 87 6 7 
1 Soil characteristics from NRCS Soil Survey CA693 with the exception of Site 1 (NV628). 2 Soil characteristics determined from sieve analysis and hydrometer testing of field soil samples. 3 
Gravel and FSP is % by mass of the raw sample, other fractions are % by mass of the <2 mm component. The United States Department of Agriculture (USDA) Textural Classification System 
defines particles sizes as follows:  gravel (> 2 mm), sand (< 2 mm, > 0.05 mm), silt (> 0.002 mm, < 0.05 mm), and clay (< 0.002 mm)  
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3.5.2 Rainfall Simulation Runoff Sediment  

Runoff samples, collected during each rainfall simulation, were taken to the laboratory for 

filtration analyses.  Samples were vacuum filtered through Whatman #43 (16 microns) glass fiber filter 

papers.  A beaker containing the filter paper with sediment (> 16 microns in size) and a beaker containing 

the runoff passing through the filter (< 16 microns) were oven dried at 103 °C for at least 24 hours and then 

weighed to determine the total sediment, fine sediment and runoff volume associated with the runoff 

sample.  It was observed that for simulations which generated large quantities of sediment, the filtration 

method yielded inconsistent results for the amounts of FSP since sediment clogged the pores in the filter 

papers, thus preventing fine sediment from passing through.  Therefore, split samples from each rainfall 

simulation were sent to the Desert Research Institute (DRI) for PSD analyses using a laser diffraction 

particle size analyzer (Micrometrics, Saturn DigiSizer 5200) as an alternative method.  This method was 

chosen over classical sedimentation methods (e.g., hydrometer and pipette methods) due to the relatively 

small size of the samples, typically less than 10 grams.  The laser diffraction analysis was ultimately used 

to determine the mass of FSP in the rainfall simulation runoff.   

As mentioned in Section 3.3.3, sediment residuals remained on the runoff apron at the end of each 

simulation.  Due to the larger sizes of these residual samples and project budget constraints, the hydrometer 

method was selected to determine the mass faction of FSP.  Residuals were oven dried at 103 °C for at least 

24 hours and then weighed to determine the total sediment prior to performing hydrometer testing.   

The total quantity of soil transported during each simulation was calculated based on the sum of 

two components: (1) the soil contained in the runoff samples and (2) the soil composing the residuals on 

the runoff apron.  To generate comprehensive sedigraph ordinates (collected runoff sediment discharge rate 

plus deposited sediment discharge rate from the runoff apron), the deposited sediment was assumed to 

accumulate linearly over the time of the simulation and added to the runoff sedigraph using the following 

equation, as presented by Naslas et al. (1994) for the same purpose:  

TSt = (RSt / RS) AS +RSt Equation 3.1 

where  TSt = total sediment discharge rate (g/hr) at time t 

 RSt = runoff sediment discharge rate (g/hr) at time t 
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 RS = cumulative runoff sediment (g) at time t 

 AS = cumulative sediment deposited on runoff apron (g) 

FSP sedigraphs were also developed by multiplying the total soil loss sedigraph ordinates by the 

composite percent FSP determined from the results of laser diffraction (runoff sediment) and hydrometer 

(residual sediment) PSD testing.  The runoff hydrograph and sedigraph for RS 7-1 are shown in Figure 3.9 

and Figure 3.10, respectively. 

 
Figure 3.9.  Runoff hydrograph (RS 7-1) 

 
Figure 3.10.  Sedigraph (RS 7-1) 
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3.5.3 Collected Dry Ravel 

 After each dry ravel collection period, the collected sediment was oven dried at 103 °C for at least 

24 hours and then weighed to determine the total sediment mass.  PSD analyses were performed on the 

collected dry ravel using sieve analyses and hydrometer methods to determine the percentage of FSP. 

3.6 Selected Soil Erosion Models  

 Based on the literature review performed on various soil erosion prediction technologies discussed 

in Chapter 2, the following soil loss methods were considered the most suitable for estimating the quantity 

of sediment generated from highway cut and fill slopes within the Lake Tahoe Basin and selected for 

further evaluation in this study: 

• Revised Universal Soil Loss Equation (RUSLE) 

• Road Cut and Fill Slope Sediment Loading Assessment Tool (RCAT) 

• Tahoe Basin Sediment Model (TBSM) by means of  the Water Erosion Prediction Project (WEPP) 

methodology 

These models were selected primarily by considering their applicability to estimating soil loss from 

uniform hill slopes (RUSLE, RCAT and TBSM), customization for the Tahoe Basin (RCAT and 

TBSM/WEPP), past use for estimating soil loss on NDOT projects in the Tahoe Basin (RUSLE), and the 

well-established, historical reliability and acceptance of the models (RUSLE and TBSM/WEPP). 

3.7 Sensitivity Analysis of Soil Erosion Models 

 Sensitivity analysis provides a quantitative method for assessing the relative importance of each 

model input parameter on influencing model results (Nearing, Deer-Ascough, & Laflen, 1990).  After 

evaluating numerous sensitivity indices, a simple index was used to evaluate the parameter sensitivity of 

each model based on the results of a sensitivity study performed by Pannell (1997), which reported that the 

sensitivity coefficient proposed by Hoffman & Gardner (1983) performed best.  This normalized sensitivity 

index (SI) allows for parameter comparison between different models and is expressed by the following 

equation (Pannell, 1997): 

SI = (Omax – Omin)/Omax  Equation 3.2 

where  Omax = average annual soil loss (lb/ac/yr) when the evaluated parameter equals its maximum value  
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 Omin = average annual soil loss (lb/ac/yr) from the minimum parameter value  

This one-at-a-time sensitivity analysis addresses parameter sensitivity while keeping all other parameters 

constant (Hamby, 1994).  The following represent limitations to the selected sensitivity index (Nearing et 

al., 1990): 

1. For non-linear response models, the linear structure of the sensitivity parameter limits the ability 

of the index to capture sensitivity variation over the entire range of the parameter. 

2. The sensitivity parameter is univariate (varies one parameter-at-a-time), therefore, potential 

interactions between multiple parameters is not reflected.    

3.7.1 Model Sensitivity Parameters 

 The base, minimum and maximum input parameters used for the sensitivity analysis of each 

model are summarized in Table 3.5.  The parameter ranges specified reflect the realistic range of values for 

cut and fill slopes in the Lake Tahoe Basin.  For example, soil erodibility factors (K) on the Nevada side of 

the Lake Tahoe Basin range from 0.02 to 0.43 (USDA- NRCS, 2007); therefore, these values were used as 

the minimum and maximum, respectively.  Due to significant differences in the hydrologic parameters 

required for each model (e.g., rainfall erosivity factor (RUSLE), average annual precipitation depth 

(RCAT) and sophisticated climate parameters (TBSM), described in Section 2.6), the sensitivity to climate 

parameters was not determined in this analysis.  Therefore, the sensitivity analysis reflects the influence of 

site specific conditions on soil loss.  The single climate parameter used for the sensitivity analysis 

represents the appropriate hydrologic parameter associated with the location near U.S. Highway 50 on the 

east shore of Lake Tahoe (39.10 degrees North, 119.90 degrees West).   This location corresponds to the 

following climate parameters: 

• RUSLE:  rainfall erosivity factor (R) = 48, determined using the NRCS RUSLE2 National 

Database (NRCS, 2008) 

• RCAT:  average annual precipitation depth = 29.8 inches, determined using the precipitation depth 

from Met Grid cell 1161 (PLRM, 2009)  

• TBSM:  created custom climate file generated by modifying the Marlette Lake, NV SNOTEL site 

climate file using data generated by PRISM for the specified location (Elliot et al., 2013) 
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All of the TBSM simulations were performed using the “bare” cover vegetation condition, as this treatment 

appeared most applicable to the sparsely covered slopes common in NDOT right-of-way.  For the TBSM, 

the sensitivity to various cover conditions (riprap, vegetation, etc.) was evaluated by varying the percent 

total cover while using the “bare” cover vegetation treatment as the basis.  The sensitivity to the various 

TBSM treatment/vegetation categories was not evaluated in this research.   

Table 3.5.  Erosion model parameters for sensitivity analyses 

Model Category Parameter Units Base Minimum Maximum 

RUSLE 

Topographic 
Slope % 43 1 85 

Slope Length ft 50 3 100 

Soil Soil Erodibility Factor unitless 0.23 0.02 0.43 

Cover 
Canopy Cover % 50 0 100 

Surface Cover % 50 0 100 

RCAT 

Topographic Slope % 43 1 85 

Soil 
Soil Type unitless Granitic Granitic Volcanic 

Cone Penetrometer DTR in 14 1 27 

Cover 
Total Cover % 50 0 100 

Mulch and Litter Depth in 5 0 10 

TBSM 

Topographic 
Slope % 50 1 100 

Slope Length ft 50 3 100 

Soil 
Soil Type unitless Volcanic Granitic Volcanic 

Rock in Soil % 25 0 50 

Cover Total Cover % 50 0 100 

3.8 Soil Erosion Modeling Approach 

 The evaluation of the various soil erosion models was performed by comparing the sediment yield 

(total and fine sediment) observed for each rainfall simulation to the estimated sediment yield, for these 

same slopes, using the various soil loss models.  Since rainfall simulations were based on specific design 

storms, the models must be run based on single storm event inputs, rather than on an annual event basis.  

This was accomplished for the RCAT by using the procedure and example presented by Drake et al. (2010) 

for modeling the 20-year, 1-hour storm event.  The TBSM only produces average annual sediment 

estimates; therefore, event-based TBSM modeling was performed through the full WEPP model 

downloaded from the USDA-ARS website, where event simulations could be evaluated.  Tahoe-specific 

WEPP inputs from the TBSM interface were input into the full WEPP model.  Although RUSLE typically 

predicts average annual erosion, event-based predictions are possible using the procedures for calculating 
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individual design storm rainfall erosivity values provided in various RUSLE handbooks (Galetovic et al., 

1998; Renard et al., 1997). 

 The following section explains the model parameters used in the erosion prediction models and 

also describes specific modeling procedures and techniques (Drake et al., 2010) used to perform single-

event predictions and generate soil loss estimates.  The site-specific topographic and cover condition 

measurements used for model inputs are summarized in Table 3.2 and the site-specific soil measurements 

used for model inputs are summarized in Table 3.3.   

3.8.1 Revised Universal Soil Loss Equation (RUSLE) 

 Values of rainfall erosivity (R) were calculated for each rainfall simulation using the measured 

rainfall data (intensity and applied rainfall depth) and the equations described in Section 2.6.1.1.  The 

maximum 30-minute rainfall intensity (I30) used in Equation 2.5 was set equal to the average intensity, 

since intensity was essentially uniform throughout each simulation.   

 This study evaluated two versions of the RUSLE to determine the predictive accuracy between 

erosion estimates using (1) the assigned soil erodibility (K) values from the NRCS soil survey, referred to 

as RUSLE (KNRCS); and (2) K values determined from measured site-specific soils data (soil texture and 

organic matter, see Table 3.3) using the soil-erodibility nomograph/equation (Equation 2.6), referred to as 

RUSLE (KNOMO).  The calculated site-specific soil erodibility values (KNOMO) used for the RUSLE site-

specific model are shown in Table 3.6, located at the end of this section.  Included in Table 3.6, for 

comparative purposes, are the K values (KNRCS) obtained from the NRCS soil survey used for the RUSLE 

(KNRCS) model predictions. 

 The topographic factors (LS) were calculated based on the field measured data for each plot and 

the use of the equations described in Section 2.6.1.3.  In calculating the slope-length factor (L) for cut 

slopes, a high ratio of rill to interrill erosion was assumed due to the highly disturbed nature and significant 

slope steepness associated with the typical cut slopes tested in this research.  For fill slopes, a high ratio of 

rill to interrill erosion was also assumed due to the unconsolidated state of the slope and vulnerability to rill 

erosion, despite the short run length. 



76 
 

 

 The cover-management factor (C) was determined for the rainfall simulation sites based on:  (1) 

the observed percent cover (surface and canopy) and canopy height; (2) assumptions regarding the 

susceptibility of rill to interrill erosion, soil moisture conditions, and prior land-use; and (3) measured 

values from similar erosion studies performed in the Tahoe Basin.  The surface cover (SC) subfactor was 

calculated using Equation 2.15.  The percent surface cover was determined from field measurements and 

the empirical coefficient (b) of 0.050 was used to reflect highly disturbed soils where rilling is a dominant 

process.  Surface roughness (Ru) measurements were not performed in the field; however, values obtained 

from previous erosion studies in Lake Tahoe were used.  In rainfall simulation studies performed by 

Grismer & Hogan (2004 and 2005) on Lake Tahoe cut slopes, surface roughness values for volcanic and 

granitic soils averaged approximately 0.39 inches, thus this value was used  to model the slopes.  The 

canopy cover (CC) subfactor was calculated from percent canopy cover and fall height using Equation 

2.14.  The prior land use (PLU) subfactor, which accounts for soil consolidation, was set equal to 0.8 for 

fill slopes and 0.5 for cut slopes, based on guidance provided by Galetovic et al. (1998).  Typically, the 

PLU values are lower for cut slopes, as the soil is considered to be more consolidated and resistant to 

erosion.  Conversely, for fill slopes, the soil has been loosened and the soil-aggregation size has been 

reduced, resulting in higher PLU values (Galetovic et al., 1998; Renard et al., 2010).  The soil moisture 

(SM) subfactor was set to 1.0 for all simulations based on guidance from Renard et al. (2010).  Lastly, the 

support practice (P) factor was set equal to 1.0 as no conservation treatments were applied at any of the 

sites. 

 RUSLE does not compute the particle size distribution of the runoff sediment; therefore, the 

percent FSP of the total soil loss was estimated based on a procedure discussed in the PLRM Applications 

Guide (PLRM, 2010a) to estimate FSP.  This procedure references the particle size distribution data 

published in the Tahoe NRCS soil survey (NRCS, 2007) and estimates the percent FSP as the sum of one 

half of the sum of the percent silt (2 to 50 microns) and the percent clay (< 2 microns).  For the evaluation 

of the KNOMO version of RUSLE, the percent FSP used for determining FSP yields was set equal to the 

FSP determined from PSD analyses of the bulk soil sample and shown in Table 3.3. 
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3.8.2 Road Cut and Fill Slope Sediment Loading Assessment Tool (RCAT) 

 As discussed in Section 2.6.5, the RCAT requires the following user inputs:  area, precipitation 

depth, slope, soil type (granitic or volcanic), percent total cover, cone penetrometer DTR, and mulch/litter 

depth.  The majority of these input parameters, with the exception of soil type and precipitation depth, were 

measured in the field, using the RCAT field assessment guidelines (Drake & McCullough, 2010), and 

directly inputted into the RCAT.  The parent material of the soils used in the RCAT was determined using 

the designated soil map unit for the rainfall simulation site and the descriptions published in the Tahoe 

NRCS soil survey (NRCS, 2007).  Soils described as “mixed” in the soil survey were inputted into the 

RCAT as volcanic, as these soils reflected mostly the characteristics of volcanic soils rather than granitic 

soils.  The precipitation depth was determined by multiplying the measured average rainfall intensity by the 

duration of the rainfall simulation. 

3.8.3 Tahoe Basin Sediment Model (TBSM) 

 The TBSM online interface estimates average annual runoff and erosion; however, single-event 

simulations were required for the purposes of evaluating the model.  Therefore, the TBSM Tahoe-specific 

parameter databases were imported into the WEPP erosion model for event simulation predictions 

following the recommendations of W. J. Elliot and D. Traeumer (2014).   

 This study evaluated two versions of the TBSM/WEPP to determine the predictive accuracy 

between erosion estimates using:  (1) the parent material/soil texture based soil parameters from the TBSM 

database, referred to as TBSM (PB); and (2) estimated soil parameters based on site-specific soils data, 

referred to as TBSM (SS).  For the TBSM (PB) version, the selection of the appropriate soil texture from 

the TBSM database was based on the parent material information provided in the Tahoe NRCS soil survey 

(NRCS, 2007).  The default value for percent rock in soil of 25 percent was used for all simulations for the 

TBSM (PB) version.  For the TBSM (SS) version, effective hydraulic conductivity (Ke), interrill erodibility 

(Ki), rill erodibility (Kr), and critical hydraulic shear stress (τc) were estimated based on the site-specific 

soils data (PSD and organic matter, see Table 3.3), and the use of equations described in Section 2.6.3.5.  

Since the cation exchange capacity (CEC) of the soil samples was not determined, the default values from 

the TBSM database, dependent on the estimated soil parent material (e.g., 2.0 meq/100 g for granitic soils 
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and 7.0 meq/100 g for volcanic soils), were used in calculating the site-specific parameters.  The calculated 

site-specific soil parameters used for the TBSM/WEPP site-specific model are summarized in Table 3.6.  

These empirically-calculated site-specific baseline values of Ke, Ki, Kr, and τc were reduced internally 

during the WEPP simulation based on the percent rock in the soil input and the percent surface cover.  The 

value for percent rock in soil for this version was based on the percent gravel values shown in Table 3.3.  

These calculated and measured values were used to modify the default values in the existing TBSM 

database for a particular soil texture in order to create a site-specific soils file for each rainfall simulation.  

For reference, the default Ke, Ki, Kr, and τc values used for granitic and volcanic soils in the TBSM are 

listed in the footnotes of Table 3.6. 

 Slope gradient and horizontal slope length inputs were determined from field measurements for 

each site.  Rainfall information was inputted using the single storm mode in WEPP, which required inputs 

of storm amount, storm duration, maximum intensity and percent duration to peak intensity.  Maximum 

intensity was set equal to the average rainfall intensity of the site, since the intensity was essentially 

uniform over the duration of each simulation.   The percent duration to peak intensity was set equal to 1 for 

all simulations to reflect that the peak intensity was achieved immediately upon the start of the simulation.   

 The vegetation/management files for each rainfall simulation were created in WEPP based on 

guidance from W. J. Elliot and D. Traeumer (2014).  The TBSM “bare” management file was used as the 

basis for which modifications were made to fit the simulation site conditions.  The following three cover 

values were modified in the WEPP/TBSM management file to represent the conditions of the site:  (1) 

interrill, (2) rill and (3) canopy percent cover.  These values were modified according to the observations 

from the site survey.  Interill and rill cover were set equal to each other and represented the ground surface 

cover at the site.  This procedure is equivalent to changing the percent cover value in the TBSM online 

interface.  All other plant/management parameters remained equal to the default values in the TBSM “bare” 

management file.   

 The percent of FSP was determined using the runoff sediment characteristics from the WEPP 

output text file and the methods presented in the TBSM User’s Manual for determining the fraction of 

delivered sediment finer than a specified particular particle size (Elliot et al., 2013). 
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Table 3.6.  RUSLE and TBSM/WEPP site-specific soil parameters 

Site 
ID 

Rainfall 
Simulation 

ID 
 

Soil Texture 

RUSLE  TBSM/WEPP 

KNRCS KNOMO 

 
Ke 

(mm/hr) 
Ki 

(kg s m-4) 
Kr 

(s/m) 
τc 

(Pa) 

7 
RS 7-1 Sandy loam 0.05 0.29  22.90 5.29E+06 0.00746 2.78 

RS 7-2 Sandy loam 0.05 0.24  26.67 4.89E+06 0.00646 2.74 

8 
RS 8-1 Loamy sand 0.05 0.30  27.45 7.00E+06 0.00886 1.59 

RS 8-2 Loamy sand 0.05 0.21  27.97 5.73E+06 0.00738 2.36 

13 
RS 13-1 Sandy loam 0.10 0.14  21.63 4.99E+06 0.00557 2.54 

RS 13-2 Sandy loam 0.10 0.03  23.46 5.86E+06 0.00687 2.31 

14 
RS 14-1 Sandy loam 0.10 0.31  14.11 3.95E+06 0.00427 3.08 

RS 14-2 Sandy loam 0.10 0.27  18.03 5.08E+06 0.00604 2.57 

15 
RS 15-1 Loamy sand 0.10 0.09  32.71 4.26E+06 0.01859 2.50 

RS 15-2 Loamy sand 0.10 0.08  33.10 4.99E+06 0.01290 2.31 

16 
RS 16-1 Loamy sand 0.10 0.10  29.57 5.86E+06 0.00801 2.29 

RS 16-2 Loamy sand 0.10 0.11  28.97 5.73E+06 0.01005 2.35 

18 
RS 18-1 Loamy sand 0.10 0.11  31.73 5.47E+06 0.02049 2.10 

RS 18-2 Loamy sand 0.10 0.10  31.35 5.10E+06 0.01998 2.36 

20 
RS 20-1 Sand 0.37 0.14  29.39 4.75E+06 0.01012 2.40 

RS 20-2 Sandy loam 0.37 0.17  23.06 5.77E+06 0.00936 2.58 

22 

RS 22-1 Sandy loam 0.37 0.30  19.95 4.88E+06 0.01830 2.51 

RS 22-2 Sandy loam 0.37 0.33  18.94 4.76E+06 0.01387 2.63 

RS 22-3 Sandy loam 0.37 0.26  19.01 4.36E+06 0.01055 3.03 

25 
RS 25-1 Loamy sand 0.17 0.15  31.16 5.83E+06 0.00681 2.21 

RS 25-2 Loamy sand 0.17 0.21  32.22 5.48E+06 0.01991 2.11 

27 
RS 27-1 Sandy loam 0.10 0.18  22.67 7.31E+06 0.00927 1.67 

RS 27-2 Sandy loam 0.10 0.31  16.31 6.84E+06 0.01018 2.11 

28 
RS 28-1 Loamy sand 0.05 0.03  32.29 5.50E+06 0.00912 2.33 

RS 28-2 Loamy sand 0.05 0.06  32.81 5.08E+06 0.00645 2.14 

See Table 3.3 for site-specific soils data used to calculate soil parameters.  See Section 2.6.1.2 and Section 2.6.3.5 for RUSLE and 
TBSM/WEPP soil parameter equations, respectively.  The default values for Ke, Ki, Kr, and τc used for the granitic and volcanic soil 
types in the TBSM are the following (Elliot et al., 2013):  for granitic soil types (Ke = 25.0 mm/hr, Ki = 3.0E+05 kg s m-4, Kr = 0.001 
s/m, and τc = 4.0 Pa), for volcanic soil types (Ke = 20.0 mm/hr, Ki = 7.5E+05 kg s m-4, Kr = 0.008 s/m, and τc = 1.5 Pa). 

3.9 Statistical Analyses 

 This section describes the statistical methods used to (1) evaluate potential correlations between 

each of the rainfall simulation plot/dry ravel slope characteristics and the erosion and runoff parameters, 

and (2) assess the prediction accuracy of each soil erosion model. 

3.9.1 Regression Correlation Comparison Techniques 

 Linear and nonlinear regressions were used to statistically analyze the relationships between 

independent and dependent variables.  This statistical analysis evaluated the correlation between the 

individual plot characteristics (independent variables) and the runoff/erosion parameters (dependent 
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variables).  This evaluation of measured relationships was used to determined significant correlations and 

compare to the parameter sensitivity of the various erosion models described in Section 3.7.  Parameters 

were considered to be significantly correlated if the p-value (p) from the regression analyses was less than 

0.05 (i.e. above the 95% confidence interval), thus indicating that the independent parameter is significant 

in changing the response of the dependent variable.    The relative strength of the significant correlations 

was determined from the magnitude of the coefficient of determination (R2
).   Multivariate regression 

analyses were also used to evaluate the correlation between combinations of plot characteristics and 

runoff/erosion parameters.  The results of the multivariate regression analyses were primarily used to 

compare and confirm the results of the single-factor regression analyses, as development of statistical 

predictive equations was beyond the scope of the project. 

3.9.2 Model Evaluation Techniques 

 The model efficiency values were used to objectively compare the soil loss predictions from the 

RUSLE, TBSM and RCAT methodologies with the field measured soil losses determined from the rainfall 

simulations.  The model efficiency (R2
eff) is defined as (Nash & Sutcliffe, 1970): 

R
2
eff =1- 

∑ (Qmi-Qci)
2n

i=1

∑ (Qmi-Qm)
2n

i=1

  
Equation 3.3 

where  R
2
eff = efficiency of the model 

 Qmi = measured value of event i 

 Qci = model computed value of event i 

 Qm = mean of the measured values 

R
2
eff compares the measured values to a 1:1 line representing a scenario where measured values equal 

model computed values.  Nash-Sutcliffe model efficiency values can range from –∞ to 1, indicating the 

following:  (1) R2
eff = 1 represents a relationship where predicted values match measured values perfectly; 

(2) R2
eff = 0 signifies that the mean value of the observed data is as accurate as the model predictions; and 

(3) R2
eff < 0 indicated that the measured mean is more accurate than the model predictions.  Therefore, a 

R
2
eff closer to 1 suggests a model with more accurate predictions (Spaeth et al., 2003).  The model 

efficiency value has been employed to evaluate numerous soil erosion models in previous studies, as 

discussed in Section 2.7. 
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 Model predicted values were also evaluated to determine the percentage of values that fell within 

the 95% confidence intervals (CI) developed from replicated erosion plots.  Soil erosion measurements are 

highly variable, even from replicated plots.  Therefore, Laflen et al. (2004) used replicated erosion plots to 

establish the CI as a function of the measured erosion value.  These CI values were used to evaluate 

whether model predictions fell within the typical percentile bounds observed from the field replicated plots.  

The reasoning behind this statistical approach was that an erosion model should not be expected to perform 

better than the measured variation between replicated plots.  The confidence interval about a measured 

value is calculated by the following equation (Laflen et al., 2004): 

CI95 = 1.43 M 
0.694

  Equation 3.4 

where  CI95= 95% confidence interval (tons/ha) 

 M = measured soil erosion (tons/ha) 

The lower and upper bounds (LB and UB, in tons/ha) for the CI95 are determined by: 

LB = M - CI95  Equation 3.5 

LB = M + CI95  Equation 3.6 
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Chapter 4  

RESULTS AND DISCUSSION 

4.1 Overview 

 This chapter summarizes the results of the model parameter sensitivity analyses, bulk soil PSD 

analyses, rainfall simulations, and dry ravel monitoring, as well as the statistical analyses used to identify 

significant correlations between the physical characteristics of the test sites and the measured 

runoff/erosion parameters.   Additionally, the soil losses predicted by the RCAT, TBSM/WEPP, and 

RUSLE erosion models are compared to the measured soil losses from the rainfall simulations to assess 

model performance; limitations of these models and potential modifications to improve the predictive 

performance of each model are also discussed. 

4.2 Soil Erosion Model Sensitivity Analyses  

 As described in Section 3.7, sensitivity analyses were performed on the various topographic, cover 

and soil parameters used in the soil loss models to determine the response of the dependent parameters 

(e.g., total and FSP soil losses) for each model using a sensitivity index (SI) presented by Hoffman & 

Gardner (1983).  The results of the sensitivity analyses, organized by model parameter and sensitivity rank, 

are summarized in Table 4.1.  Negative SI values indicated that an increase/decrease in the independent 

parameter caused the opposite trend to occur in the response parameter.  However, when determining 

relative sensitivity, the absolute values of SI were considered; therefore, greater absolute SI values signified 

greater parameter sensitivity to the model outputs. 

Table 4.1.  Erosion model sensitivity analyses  

    RCAT   TBSM   RUSLE 

Response 
Parameter Rank 

Independent 
Parameter SI 

  Independent 
Parameter SI 

  Independent 
Parameter SI 

Total Soil 
Loss 

1 Slope 0.899  Surface Cover -1.000  Surface Cover -0.993 
2 Surface Cover -0.803  Slope 1.000  Slope 0.983 
3 ML Depth -0.803  Slope Length 0.953  Soil Erodibility 0.953 
4 CP DTR -0.570  Rock in Soil 0.806   Slope Length 0.931 
5 Soil Type 0.207   Soil Type 0.100   Canopy Cover -0.905 

FSP Soil 
Loss 

1 Slope 0.899  Surface Cover -1.000  
RUSLE does not predict 

FSP soil loss 
 

2 Surface Cover -0.875  Slope 1.000  
3 ML Depth -0.875  Slope Length 0.952  
4 CP DTR -0.570  Rock in Soil 0.805  
5 Soil Type  0.547   Soil Type  0.747   

RCAT ML depth denotes the average mulch and litter depth  
RCAT CP DTR denotes the average cone penetrometer depth to refusal 
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 Surface cover and slope, the two most sensitive parameters in the TBSM and RUSLE models, 

were found to be nearly identical in their magnitude of significance.  RCAT was found to be most sensitive 

to slope, followed by surface cover and mulch and litter depth, which had identical SI values.  As shown in 

Equation 2.32, RCAT multiplies the mulch and litter depth by the percentage of surface cover to obtain a 

surface cover index which is used to determine the impacts of coverage on reducing erosion.  The 

dependence of the RCAT model on mulch and litter coverage for sediment reduction presents a problem for 

riprap lined slopes and other cover treatments which do not include significant mulch and litter coverage.  

Riprap lined slopes are prevalent in the NDOT right-of-way and are considered to be quite effective in 

reducing erosion.  Since RCAT does not consider riprap as a type of surface cover on these slopes, the 

RCAT surface cover index equals zero despite the significant surface coverage by the rock; therefore, 

riprap essentially receives little or no credit in reducing erosion on slopes.  The various types of surface 

coverage (e.g., mulch, litter, rock, and vegetation) are considered relatively equal in effectiveness in both 

the RUSLE and the TBSM models, as surface cover is defined as any form of non-erodible cover 

protecting the ground surface (Renard et al., 1997).   

 Of the three models evaluated, the RCAT was the only model which does not incorporate the 

slope length into erosion predictions.  The RCAT documentation states that RCAT predictions should be 

fairly accurate for slopes less than 3 meters (~10 feet) in length where rill formation is unlikely, but may 

under predict bare slopes where rilling commonly occurs (Drake & McCullough, 2010).  The exclusion of 

slope length in the RCAT model may be a limitation, as many cut slopes, particularly within the NDOT 

right-of-way, exceed the 10 foot threshold for rill erodibility. 

 The cone penetrometer DTR was found to be a moderately significant parameter in influencing 

erosion results for the RCAT; however, the other two erosion models evaluated do not incorporate this as a 

parameter.  The amount of infiltration and runoff experienced by the slopes in the TBSM and RUSLE is 

primarily dependent on the soil texture, organic matter content and/or the amount of rock in the soil.   

 As expected, the amount of FSP in the soil loss was found to be most dependent on soil type in 

both the RCAT and TBSM models, as noted by the significant change in the soil type parameter SI values 
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between the total soil loss and FSP soil loss results, while other parameters’ SI values remained nearly 

constant. 

4.3 Evaluation of Bulk Soil Characteristics 

 The particle size distribution and texture of the soil were determined for each testing location 

(rainfall simulation and dry ravel monitoring sites) to estimate the availability of particle sizes for erosion, 

attempt to establish relationships between the bulk soil PSDs and the runoff and dry ravel PSDs, and 

compare site-specific soil characteristics to the characteristics reported in the NRCS soil survey.  Generally, 

the soil texture classifications, determined using the USDA Textural Classification System described in 

Section 2.11.1, from the NRCS soil survey, matched the classifications determined from analyses of the 

site-specific soil samples, as shown in Table 3.3 and Table 3.4.  The textures of soils from the granitic 

origin were typically sand or loamy sand, while the volcanic and mixed soils were predominantly sandy 

loam.  However, five of the eight soil textures from the tested fill slope locations (RS 7-1 and 7-2, RS 20-1, 

and RS 28-1 and 28-2) were classified differently than the NRCS soil survey.  This misclassification was 

likely due to the unknown origin of the fill materials (native or imported) and possibly the presence of 

pulverized road sand transported from the road surface.  Although parent materials were used to group soils 

in past Tahoe erosion research (Grismer et al., 2008; Grismer & Hogan, 2004, 2005a, 2005b) and often 

used to categorize soil types in Tahoe-specific soil erosion models, the inclusion of “foreign” or mixed 

material found in fill slopes in this research complicates using the parent material and soil texture terms 

interchangeably for these types of slopes.  Since nearly all the site-specific cut slope soil samples were 

classified similarly to the NRCS assigned soil texture, with the minor exception of DR 4 (loamy sand vs. 

sand), both soil texture and parent material were used to describe these “native” cut slopes. 

 Linear regressions were performed to determine the correlations between the estimated fractions 

of sand, silt, and clay from the NRCS soil survey and the corresponding site-specific fractions.  Including 

both cut and fill slopes, all comparisons resulted in significant correlations (p-values (p) < 0.01) with 

coefficients of determination (R2) ranging from 0.24 (clay) to 0.53 (sand and silt).  When only cut slopes 

were considered, the correlation strengthened significantly as the R2
 values increased by nearly 0.20 for all 

size fractions.  As expected, the correlations for the fill slope soils were not significant.  This statistical 
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comparison revealed that the NRCS soil survey estimated PSDs for the cut slope testing locations quite 

well.  However, the insignificant correlations for the fill slope soils reflected the unique nature of fill slopes 

relative to cut slopes. 

 Table 4.2 summarizes the average bulk soil PSDs for all testing locations.  Excluding the fill slope 

locations, the volcanic and mixed soils exhibited finer soil textures than the granitic soils, as denoted by the 

larger proportion of silt, clay, and FSP fractions.  The average bulk soil FSP fractions were 10%, 15%, and 

19% for the granitic, mixed, and volcanic cut slope soils, respectively.  This observation supports the 

findings of Grismer & Hogan (2004, 2005a, 2005b) and Grismer et al. (2008), who reported that the bulk 

soil particle sizes of granitic soils were nearly twice the size of volcanic soils.  The average FSP fractions 

for the fill slope locations ranged from 8% (sands and loamy sands) to 16% (sandy loams).  As expected, 

the organic matter content in the soils was relatively small (< 3%) for most rainfall simulation sites (see 

Table 3.3 in Chapter 3), with the exception of the densely vegetated plots at site 13 (RS 13-1 and RS 13-2) 

and the riprap lined slope at site 25 (RS 25-1).  

Table 4.2.  Summary of bulk soil characteristics 

Slope 
Type 

Parent 
Material Soil Texture n 

1 Mean Particle Size Distribution, µ (%) 
(Std. Deviation, σ) 

Sand Silt Clay FSP 

Cut 

Granitic Sand and Loamy Sands 14 
83 
(4) 

12 
(4) 

6 
(2) 

10 
(3) 

Mixed Sandy Loams 4 
71 
(7) 

20 
(6) 

8 
(2) 

15 
(3) 

Volcanic Sandy Loams 7 
66 
(6) 

24 
(5) 

10 
(2) 

19 
(4) 

Fill 

- Sand and Loamy Sands 5 
87 
(1) 

8 
(2) 

5 
(2) 

8 
(2) 

- Sandy Loams 3 
72 
(5) 

15 
(4) 

12 
(1) 

16 
(1) 

Soil characteristics determined from sieve analyses, hydrometer testing, and laser diffraction PSD analyses of collected erosion 
samples.  
1 FSP is % by mass of the raw sample, other fractions are % by mass of the < 2 mm component. The United States Department of 
Agriculture (USDA) Textural Classification System defines particles sizes as follows:  sand (< 2 mm, > 0.05 mm), silt (> 0.002 mm, < 
0.05 mm), and clay (< 0.002 mm). 

4.4 Rainfall Simulation Evaluation 

 The runoff hydrographs (see Figure 3.9) revealed that runoff at most sites was generated within 

the initial 3 minutes of the simulations followed by relatively steady-state runoff over the remaining 

duration of the simulations, which is considered typical of small-plot rainfall simulations performed on 
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disturbed areas (Copeland, 2009; Foltz et al., 2010, 2011).  Additionally, the sedigraphs (see Figure 3.10) 

for most sites exhibited a peak sediment discharge rate followed by decreasing sediment discharge rates.  

This is also considered typical of disturbed areas where loose soil material at the surface is quickly 

transported by initial flows (Foltz et al., 2011).   

 Table 4.3 summarizes the runoff and erosion observed during the rainfall simulations.  Additional 

details regarding testing locations, plot characteristics, bulk soil characteristics and rainfall simulation 

properties were described in Chapter 3.   

Table 4.3.  Summary of runoff and erosion measurements during rainfall simulations 

RS ID 
Slope 
Type Soil Texture 

Runoff 
Coefficient 

Total 
Sediment 

(g) 

Total 
Equivalent 
Soil Loss 

(g m-2 mm-1) 

Soil 
Loss 
FSP 
(%) 

FSP 
(g) 

FSP 
Equivalent 
Soil Loss 

(g m-2 mm-1) 

RS 7-1 Fill Sandy loam 0.70 5,435 47.26 27 1,489 12.95 
RS 7-2 Fill Sandy loam 0.69 8,390 72.07 38 3,193 27.43 

RS 8-1 Cut Loamy sand 0.30 571 4.50 19 108 0.85 
RS 8-2 Cut Loamy sand 0.07 288 2.68 7 20 0.19 

RS 13-1 Cut Sandy loam 0.04 239 2.08 18 43 0.37 
RS 13-2 Cut Sandy loam 0.00 4 0.03 17 1 0.01 

RS 14-1 Cut Sandy loam 0.13 59 0.43 33 20 0.14 
RS 14-2 Cut Sandy loam 0.15 284 2.99 29 82 0.86 

RS 15-1 Cut Loamy sand 0.01 536 4.23 8 45 0.36 
RS 15-2 Cut Loamy sand 0.08 690 5.45 14 93 0.74 

RS 16-1 Cut Loamy sand 0.10 1,726 13.98 9 154 1.25 
RS 16-2 Cut Loamy sand 0.02 1,183 9.67 8 97 0.79 

RS 18-1 Cut Loamy sand 0.02 594 5.35 6 35 0.32 
RS 18-2 Cut Loamy sand 0.01 942 7.95 9 81 0.68 

RS 20-1 Fill Sand 0.21 1,816 14.67 19 350 2.83 
RS 20-2 Fill Sandy loam 0.05 864 7.54 12 107 0.94 

RS 22-1 Cut Sandy loam 0.73 17,163 131.18 33 5,749 43.94 
RS 22-2 Cut Sandy loam 0.37 3,030 22.91 26 797 6.02 
RS 22-3 Cut Sandy loam 0.50 4,307 31.56 31 1,347 9.87 

RS 25-1 Cut Loamy sand 0.01 13 0.11 9 1 0.01 
RS 25-2 Cut Loamy sand 0.00 366 3.14 6 21 0.18 

RS 27-1 Cut Sandy loam 0.15 828 5.45 20 169 1.11 
RS 27-2 Cut Sandy loam 0.27 82 0.59 37 30 0.22 

RS 28-1 Fill Loamy sand 0.66 1,354 10.87 26 354 2.85 
RS 28-2 Fill Loamy sand 0.43 1,149 9.93 19 213 1.84 

 Although at least two rainfall simulations were performed at each site, not all simulations at a site 

were necessarily replicated test plots.  For instance, RS 25-1 and RS 25-2 were simulations performed on a 

riprap-lined slope and a relatively bare slope, respectively.  These slopes were selected in an attempt to 

directly quantify the reduction in erosion achieved due to the riprap slope treatment, which resulted in a 
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96% reduction in total sediment and a 95% reduction in FSP.  For replicated plots, the coefficient of 

variation (CV) was calculated to determine the spatial variability of runoff and soil loss between similar 

plots.  The soil loss CV values were calculated using the soil loss per unit rainfall applied (“equivalent soil 

loss”), in order to normalize soil loss values for comparative purposes.  Using linear regression techniques, 

the equivalent soil losses were compared to the actual collected soil masses, resulting in a significant 

correlation (p < 0.0001, R2 = 0.99).  Therefore, the two values essentially describe the same phenomenon, 

thus reflecting the low variability in applied rainfall intensity between the various rainfall simulations.  The 

average CV values for the replicated plots were 57% and 44% for runoff and total soil loss, respectively.  

The total soil loss CV value was higher than the 20% to 36% reported by Foltz et al. (2011) in studying 

erosion from unpaved, forest access roads in the Tahoe Basin.  However, the CV value for total soil loss 

was near the range of 45% to 49% predicted for erosion measurements from typical replicated rainfall 

simulation plots (Foltz et al., 2011; Laflen et al., 2004), thus revealing the high spatial variability associated 

with rainfall-runoff erosion measurements.   

 For general discussion purposes, Table 4.4 summarizes the averages, standard deviations, and 

ranges of measured runoff and erosion parameters for all rainfall simulations, organized by soil texture.  As 

noted in some previous Tahoe erosion research (Grismer & Hogan, 2005a), the magnitude of runoff and 

erosion depends considerably on the soil characteristics of the hill slope.  The slopes composed of sandy 

loams (primarily of volcanic descent) typically generated greater amounts of runoff and erosion than the 

slopes composed of sand and loamy sands (primarily of granitic descent).  Additionally, as expected based 

on the bulk soil PSD analysis (see Section 4.3) and previous Tahoe erosion research (Grismer et al., 2008; 

Grismer & Hogan, 2005a), the slopes with sandy loams exhibited greater soil loss FSP fractions than the 

slopes with sand and loamy sands.  The combination of higher mass erosion rates and soil loss FSP 

fractions associated with the sandy loams, resulted in significantly greater FSP sediment yields relative to 

the sand and loamy sands.  This observation suggests that the volcanic and mixed soils (sandy loams) 

represent the most critical slopes, with regard to slope stabilization practices for NDOT in order to reduce 

FSP contributions into Lake Tahoe.    
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Table 4.4.  Summary of runoff and erosion parameters for rainfall simulations 

Soil Texture n 

Mean Measured Runoff and Erosion Parameters, µ (Std. Deviation, σ) 
(Range) 

Runoff 
Coefficient 

  Total 
Equivalent 
Soil Loss  

(g m-2 mm-1) 

  

Soil Loss 
FSP (%) 

  FSP 
Equivalent 
Soil Loss  

(g m-2 mm-1) 

      

Sand and Loamy Sands 13 
0.15 (0.20) 

(0.00 - 0.66)  
7.1 (4.5) 

(0.1 – 14.7)  
12 (6) 

(6 - 26)  
1.0 (1.0) 

(0.0 – 2.8) 

Sandy Loams 12 
0.32 (0.28) 

(0.01 – 0.73)  
38.2 (39.9) 

(0.0 – 131.2)  
27 (8) 

(12 - 38)  
8.7 (13.8) 

(0.0 – 43.9) 

 The aforementioned comparisons group the simulation plots solely based on soil texture and 

neglect any influences that various physical characteristics of the simulation plots (e.g., slope and surface 

cover) may have had on runoff and erosion.  The magnitude of erosion and runoff also depends on other 

site parameters, besides soil texture, as determined through regression correlation analyses and discussed in 

Subsections 4.4.1 and 4.4.2.  However, the selection process for simulation plots was intended to 

encompass a broad spectrum of plot characteristics (e.g., soil textures, cut and fill slopes, slope gradients, 

percent cover and coverage types); therefore, the distribution of values in Table 4.4 provides basic 

comparisons and some estimates of the possible upper and lower limits of erosion and runoff which might 

be expected during a high intensity storm event. 

 The regression (linear and nonlinear) analyses presented in the following subsections will provide 

some insight into the significant correlations between the individual physical characteristics of the 

simulation plots (independent variables) and the runoff and erosion parameters (dependent variables) in a 

step-wise fashion.  Multiple linear regressions were also used to evaluate the potential correlation between 

combinations of plot characteristics and the dependent runoff and erosion parameters.  The multiple linear 

regressions were primarily used for comparing to the results of the single-factor regression analyses, as the 

development of statistical predictive equations was beyond the scope of the research.  The dependent 

variables evaluated included runoff coefficient, percent soil loss of FSP, and equivalent total and FSP soil 

losses; the independent variables consisted of the soil type, topographic features, and cover characteristics 

measured at each rainfall simulation plot as described in Chapter 3.  Parameters were considered to be 

significantly correlated if they were equal or greater to the 95% confidence level (p < 0.05) in a regression 
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analysis.  The relative strength of the significant correlations was determined from the magnitude of the 

coefficient of determination (R2).    

 Linear regression methods were also used determine if there was any influence among multiple 

characteristics of the simulation plots simultaneously.  These analyses revealed strong correlations between 

bulk soil organic matter and surface cover (R2 = 0.47, p < 0.001), particularly the amount of vegetation (R2 

= 0.32, p < 0.01) and canopy cover (R2 = 0.65, p < 0.001) present at the simulation plots.  In general, the 

organic matter content of the soil, determined using lab testing methods described in Section 3.5, increased 

as the amount of vegetative cover increased.    

Additionally, correlations were observed between cone penetrometer DTR measurements and soil 

texture, as illustrated in Figure 4.1. 

 
Figure 4.1.  Variation of percent sand, silt and clay with cone penetrometer depth to refusal 

The significant linear (sand and silt content) relationships suggested that the cone penetrometer may be an 

effective surrogate tool for rapidly assessing soil texture in the field, which could serve particularly useful 

in determining the soil texture of the imported material typically used in fill slopes, as discussed in Section 

4.3.   Measurements of cone penetrometer DTR for the sandy loam slopes ranged from 2 to 13 inches (n = 

12, µ = 6, σ = 3), while the sand and loamy sand slopes varied from 5 to 27 inches (n = 13, µ = 15, σ = 7). 
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Therefore, the sandy loams revealed significantly less variation in cone penetrometer DTR measurements 

relative to the sand and loamy sand soil textures.   

Vegetative cover and slope gradient were also significantly correlated (R2 = 0.25, p < 0.01), as 

vegetative cover tended to decrease with increasing slope gradient.  This observation is consistent with the 

difficulties associated with establishing vegetation on steep slopes, a widespread issue limiting revegetation 

efforts along the NDOT corridor within the Lake Tahoe Basin. 

 As mentioned previously, the primary focus of the research was to evaluate the effectiveness of 

the various soil erosion models for predicting soil losses for slopes having a wide variety of characteristics 

(e.g., cut and fill slopes, slope gradients, cover conditions, and soil types), thus leading to complexities 

when attempting to establish significant relationships and the need to segregate the full dataset into 

subgroups for meaningful statistical analyses.  The fill slopes appeared to exhibit more noticeable 

variations in the measured runoff and erosion parameters, in comparison to the cut slopes.  Therefore, 

correlation analyses that included both cut and fill slopes typically resulted in less significant correlations 

than the segregated groups including only cut slopes.  Additionally, regression results for the fill slope 

dataset alone yielded virtually no significant correlations, likely a result of the minimal variation in 

physical plot characteristics between the tested fill slopes and the relatively small sample size (6 total 

rainfall simulations). 

4.4.1 Rainfall Simulation Runoff Assessment  

 Soil moisture content was determined prior to each rainfall simulation to determine if antecedent 

moisture content potentially influenced the runoff and erosion results.  These values ranged from 0.4 to 5.5 

percent and a linear regression analysis revealed no correlation between antecedent soil moisture and the 

corresponding runoff coefficients.  The runoff coefficients were determined by dividing the volume of 

runoff collected during the simulation, as determined from the runoff hydrographs described in Section 

3.5.2, by the volume of rainfall applied to the simulation plot, as determined by multiplying the average 

rainfall intensity by the plot area and duration of the rainfall simulation.  Most sites produced runoff 

coefficients within the range of 0 to 30 percent with the exception of the bare, extremely steep, sandy loam 

cut slopes at site 22 (RS 22-1, 22-2, and 22-3) and the moderately steep fill slopes at sites 7 (RS 7-1 and 7-
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2) and 28 (RS 28-1 and 28-2).  Based on visual observations during the rainfall simulations, these slopes 

appeared to experience soil crusting, defined as a condition when a soil develops a surface crust when 

initially exposed to rainfall, resulting in a drastic reduction in infiltration capacity (Abudi et al., 2012).  

This condition typically develops for soils with high silt content in semi-arid regions or on smoother 

surfaces (Abudi et al., 2012; Battany & Grismer, 2000b).  The volcanic soils at site 22 possessed relatively 

high silt contents (> 20%), possibly contributing to soil crusting and the subsequent increase in runoff 

observed.  Although surface roughness was not measured in the field, fill slopes would generally be 

expected to exhibit smoother slopes due to the constructed nature and high compaction levels generally 

associated with these slopes, possibly leading to the crust-forming response and requiring further 

consideration in future research.  The linear relationship between the silt content of the bulk soil and the 

runoff coefficient, as shown in Figure 4.2, revealed the significant impact of soil texture on runoff and the 

unique runoff characteristics associated with the fill slopes.  

 
Figure 4.2.  Variation of runoff coefficient with percent silt in bulk soil 
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As shown in Figure 4.2, the fill slopes, particularly for the sand and loamy sand soil textures, typically 

resulted in abnormally high runoff coefficients relative to the silt content of the soil, suggesting the 

influence of surface crusting for these slopes.  By separating the cut and fill slope simulation sites, the 

influence of crusting was thought to be primarily confined to the fill slope locations.  When considering 

only the cut slope dataset, significant correlations were observed between runoff and most of the bulk soil 

fractions (sand, silt and FSP); however, the silt fraction resulted in the most significant correlation, as 

runoff generally increased with increasing silt content (see Figure 4.2).  Following further segregation of 

the cut slope dataset by soil texture, the strength of the correlation between percent silt and runoff increased 

by approximately 0.40 for the sand and loamy sand textures (R2 = 0.73, p < 0.01).  However, the sandy 

loams, interestingly, exhibited no significant correlations for this relationship, thus suggesting that other 

factors influence runoff for these soil textures.   

 For the sandy loam slopes, surface cover (R2 = 0.51), slope gradient (R2 = 0.52, log-linear 

relationship), and organic matter content (R2 = 0.75, log-linear relationship) resulted in more significant 

correlations with runoff, as the runoff coefficient increased with increasing slope and decreasing surface 

cover and organic matter content.  Figure 4.3, Figure 4.4 and Figure 4.5 illustrate the relationship between 

the runoff coefficient and the surface cover, slope gradient and the organic matter content of the bulk soil, 

respectively, for the cut slope dataset. 
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Figure 4.3.  Variation of runoff coefficient with surface cover for cut slopes 

 
Figure 4.4.  Variation of runoff coefficient with slope gradient for cut slopes 
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Figure 4.5.  Variation of runoff coefficient with percent organic matter in bulk soil for cut slopes 

As shown in Figure 4.3, Figure 4.4 and Figure 4.5, the regression coefficients for surface cover, organic 

matter content, and slope gradient increased by nearly 0.10 to 0.20 when considering only the sandy loam 

cut slope dataset, suggesting that other factors (e.g., surface roughness and compaction levels), similar to 

the sand and loamy sand fill slopes, influenced the runoff for the sandy loam fill slopes.  Based on the 

significant relationships identified by regression analyses, runoff for the sandy loam cut slopes appeared to 

be most dependent on the organic matter content of the bulk soil, followed by the surface cover and slope 

gradient.  Conversely, the runoff from the sand and loamy sand slopes appeared to be primarily soil texture 

dependent and relatively unaffected by surface cover, organic matter content, and slope gradient conditions, 

suggesting that the greater infiltration capacity associated with these soils, resulting from higher sand and 

lower silt and clay fractions, dominated the runoff process.  In assessing bare cut slopes in the Tahoe Basin, 

Grismer et al. (2008) reported similar observations between granitic (sand and loamy sands) and volcanic 

(loamy sand) soils, finding that slope influenced runoff for volcanic soils, while granitic soils appeared 

unaffected by variations in slope gradient.  
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4.4.2 Rainfall Simulation Erosion Assessment 

In terms of erosion, increasing surface cover and organic matter content appeared to exert the 

greatest influence on reducing total soil loss when analyzing the entire dataset.  These significant nonlinear 

correlations, based on the log transform of the total equivalent soil loss values, resulted in R2 values of 0.63 

(p < 0.001) and 0.56 (p < 0.001) for the surface cover and organic matter content, respectively.  Based on 

the coefficient of determination, R2, the strength of the correlations increased by nearly 0.10-0.20 for 

surface cover (see Figure 4.6) and nearly 0.05 for organic matter content (see Figure 4.7) when segregating 

the dataset by soil texture, thus implying a dependence on soil texture.  

 
Figure 4.6.  Variation of total equivalent soil loss with surface cover 
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Figure 4.7.  Variation of total equivalent soil loss with percent organic matter in bulk soil 

Surface cover is generally considered the single most important factor in reducing erosion (Renard et al., 

2010) and is typically designated as the most significant parameter in soil erosion models (see model 

sensitivity analysis in Section 4.2).  Based on the nonlinear regression coefficients and exponents for the 

total equivalent soil loss versus surface cover analyses shown in Figure 4.6, the sandy loam slopes 

generated two to four times greater mass erosion than that from sand and loamy sand slopes.  These 

findings support the observations reported by Grismer & Hogan (2005a, 2005b) where total sediment yields 

from volcanic slopes (sandy loams) were three to four times greater than granitic slopes (sand and loamy 

sands) for Tahoe Basin cut slopes of all treatment types.  In general, soil losses for all soil textures 

significantly increased when surface cover was less than approximately 20%. 

Additionally, soil organic matter content is a significant input in determining the soil erodibility 

parameters in both the RUSLE and TBSM/WEPP soil erosion prediction models (Renard et al., 1997; 

USDA-ARS, 1995b).   The results of the rainfall simulations shown in Figure 4.7 suggest that as the bulk 

organic content of the soils tested exceeded about 2% or 3%, the observed soil losses declined notably.  

The significance of organic matter content on reducing erosion intuitively suggests that the presence of 

surface coverage due to mulch and litter further reduces erosion.  The presence of mulch and litter typically 
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coincided with surface cover of any form, including riprap covered slopes, where mulch and litter usually 

accumulated in between void spaces in the riprap, therefore creating difficulties in determining which type 

of surface cover contributed greatest to erosion reductions.  Based on linear and nonlinear regression 

techniques, the thickness of the mulch and litter layer yielded insignificant correlations with erosion, 

although this relationship warrants further assessment by focusing specifically on slopes covered with 

varying layer thicknesses of mulch and litter. 

Although surface cover in direct contact with the ground surface is considered most effective in 

reducing erosion (Renard et al., 1997), canopy cover also appeared to reduce erosion, resulting in 

significant nonlinear correlations (R2 = 0.30, p < 0.01) for the entire dataset.  Canopy cover acts to dissipate 

some of the impact energy of raindrops prior to striking the ground surface (Renard et al., 2010).  The 

presence of canopy cover at RS 13-2 further reduced erosion and runoff when compared to a similar slope 

(RS 13-1) devoid of canopy cover, resulting in a nearly 98% reduction in erosion and a 90% reduction in 

runoff.  However, RS 13-2 also contained three times the amount of organic matter content of RS 13-1 

(10% to 3%), likely a byproduct of the abundance of canopy directly above the plot surface.  Therefore, 

considering the organic matter content disparity and the small sample size (only one of the simulations 

contained considerable canopy cover), the significance of this relationship warrants further assessment. 

When considering the entire dataset, soil losses generally increased with increasing slope gradient; 

however, the strength of the nonlinear regression correlation proved relatively weak (R2 = 0.17, p < 0.05) in 

comparison to the impacts of surface cover and organic matter content on reducing erosion.  Based on the 

coefficient of determination, R2, the strength of the correlations related to surface cover increased by nearly 

0.10 after removing the fill slopes from the dataset.  After further segregating the cut slope dataset by soil 

texture, the sandy loam cut slopes exhibited a significant correlation with slope gradient, as shown in 

Figure 4.8.  In general, soil losses for sandy loams dramatically increased as slope gradient exceeded about 

60%, which also corresponds to the typical angle of repose for non-cohesive soils (Coduto, 2001). 
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Figure 4.8.  Variation of total equivalent soil loss with slope gradient 

The sand and loamy sand slopes revealed no significant correlations between slope and total soil 

loss, perhaps suggesting that the higher sand content and increased infiltration capacity associated with 

these soil textures, as well as the influence of cover conditions, governs over any impacts from slope 

gradient.   

4.4.2.2 Rainfall Simulation FSP Erosion Assessment 

In order to address the most critical aspect of this research and the primary focus of Tahoe Basin 

water quality improvement efforts, linear regression methods focused on identifying significant correlations 

between the independent parameters and the FSP fraction of the erosion and ultimately the magnitude of 

FSP mass erosion from highway cut and fill slopes.  Using the 1:1 line to compare the percent FSP in the 

bulk soil samples to the percent FSP in the eroded soil, as shown in Figure 4.9, sands and loamy sands 

typically yielded lower FSP fractions than the bulk soil (with the exception of fill slopes), while sandy 

loams typically generated higher fractions of FSP in the eroded soil.  Fill slopes with sand and loamy sand 

tended to produce greater ratios of soil loss FSP fractions to bulk soil FSP fractions when compared to the 

cut slope relationships.   
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Figure 4.9.  Variation of FSP in runoff with FSP in bulk soil 

When considering the entire dataset, the percent FSP in the eroded soil was primarily dependent on soil 

texture, as expected, based on significant linear correlations (p < 0.05) and relatively large coefficients of 

determination for the sand (R2 = 0.52), silt (R2 = 0.48), clay (R2 = 0.26), and FSP (R2 = 0.42)  fractions of 

the bulk soil samples.  The strength of the correlations significantly increased when only the cut slope 

dataset was considered, as R2 values increased between 0.10 and 0.35 for all size fractions, suggesting that 

other factors (e.g., surface roughness and soil compaction) may be influencing the runoff, erosion, and soil 

loss PSDs for the fill slopes, as mentioned previously.  In particular, the silt fraction in the bulk soil for the 

cut slope dataset was significantly correlated (R2 = 0.83, p < 0.001), as shown in Figure 4.10, suggesting 

that the silt content in the bulk soil represents the best predictor for determining the FSP content in the soil 

loss for cut slopes, even more so than the actual FSP content in the bulk soil.  The variation in the soil loss 

FSP for the majority of the sand and loamy sand slopes was minimal, as most rainfall simulations for these 

slopes generated 6% to 10% soil loss FSP.   
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Figure 4.10.  Variation of FSP in soil loss with silt content of bulk soil for cut slopes 

Additionally, linear regression correlation analyses between the runoff coefficient and the percentage of 

FSP in the eroded soil resulted in a significant correlation between the two parameters (p < 0.0001, R2 = 

0.55) for all soil textures and slope types (cut and fill).  Therefore, more runoff consistently yielded higher 

percentages of FSP.  Figure 4.11 shows this correlation between the runoff coefficient and the percentage 

of soil loss FSP, including R2and p values segregated by soil texture. 
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Figure 4.11.  Variation of FSP in soil loss with runoff coefficient 

The correlations shown in Figure 4.10 and Figure 4.11 imply that the FSP fraction in the soil loss not only 

depends on the availability of the fines in the bulk soil, but also on the magnitude of runoff and infiltration 

for a given soil type and soil condition (e.g., compaction and surface roughness).  Soils with higher silt 

content typically exhibited increased erosion and runoff rates, likely due to the availability of easily 

mobilized fine sediment and the susceptibility to surface crusting (see Subsection 4.4.1).  Conversely, soils 

with higher clay content exhibited increased resistance to detachment due to cohesive interparticle forces 

(Dennett, Sturm, Amirtharajah, & Mahmood, 1998).  Furthermore, soils with higher sand content typically 

exhibited higher infiltration and lower runoff rates than soils with higher silt content (NRCS, 2003).  This 

possibly explains why the ratio of the percent FSP in the bulk soil between the volcanic soils (sandy loams) 

and the granitic soils (sands and loamy sands) was nearly 2:1, while the soil loss FSP between the two 

parent material/soil textures was nearly 3:1 (see Table 4.4).  In general, the volcanic soils possessed greater 

amounts of fine particles and also typically generated more erosive runoff than the granitic soils, primarily 

due to the lower sand and higher silt fractions, thus resulting in greater sediment transport of FSP. 

 The lack of significant correlations between soil loss FSP fraction and slope gradient, even for the 

bare cut slope dataset, differed from the findings reported by Grismer et al. (2008).  That study, 
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summarized in Section 2.9, evaluated 17 bare plots with various soil types (granitic and volcanic) and slope 

gradients (15% to 55%).  The authors reported significant correlations between slope gradient and soil loss 

PSDs for bare cut slopes in the Tahoe Basin, as steeper slopes tended to yield finer PSDs in the eroded soil. 

 Similar to the regression analysis for total soil loss, surface cover and organic matter content 

resulted in the most significant correlations with FSP soil loss, indicating that FSP soil losses decreased as 

both surface cover and organic matter content increased.  For surface cover, the log transforms of the FSP 

soil loss values resulted in a nonlinear correlation with an R2 of 0.46 (p < 0.001).  As shown in Figure 4.12, 

the strength of the correlations increased when separating the dataset into subgroups based on soil texture.  

The results suggested that as surface cover exceeds about 20%, FSP soil losses were dramatically reduced. 

Considering the regression coefficient and exponents, the sandy loams (volcanic soils) yielded four to ten 

times greater FSP soil losses than the sand and loamy sands (granitic soils).  This was a result of the greater 

mass erosion rates for the sandy loams, as well as the finer particle composition associated with these soils, 

relative to the sand and loamy sand soil texture.   

 
Figure 4.12.  Variation of FSP in soil loss with surface cover 
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In conclusion, the FSP fraction in the eroded soil was found to be primarily dependent on soil 

texture.  However, the overall amount of FSP was primarily dependent on surface cover with a lesser 

dependence on soil texture.  Despite the higher erosion and runoff rates generally associated with the fill 

slopes, relative to the cut slopes, these slopes were thought to generally be less susceptible to sediment 

transport considerations and connectivity to Lake Tahoe.  Fill slope runoff and erosion was typically a sheet 

flow phenomena which dispersed over natural terrain, while cut slope runoff/erosion usually concentrated 

in roadside conveyance drainage channels, ultimately leading to storms drains, culverts, and drainage ways 

that discharge into Lake Tahoe. 

4.4.3 Comparison of Results for Lake Tahoe Rainfall Simulation and Erosion Studies 

 The total soil losses from the rainfall simulations were compared to erosion results from previous 

rainfall simulation-based erosion studies performed in the Tahoe Basin (see Section 2.9 for erosion study 

plot condition descriptions and Table 2.1 for simulated rainfall characteristics).  The erosion studies used 

various plot sizes, rainfall intensities and simulation durations; therefore, reported soil loss values were 

adjusted for comparative purposes by dividing the total sediment yield (soil loss per unit area) by the 

applied rainfall depth to determine an “Equivalent Soil Loss”.  This “normalization” procedure was similar 

to the method used by Battany & Grismer (2000b) to compare Napa Valley rainfall simulations to vineyard 

rainfall erosion studies in Europe.  Table 4.5 summarizes the mean and range of equivalent soil loss values 

from past erosion studies.  
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Table 4.5.  Comparison of erosion measurements from Lake Tahoe Basin erosion studies 

Reference  Plot Condition 
 

Soil Texture 
 

Field 
Slope 
(%) 

 

Mean Total 
Equivalent 
Soil Loss, µ  

(Range)  
(g m-2 mm-1) 

Munn (1974) 
 
 

Bare and cover 
 

Loamy sand and 
sandy loam  

0 -60 
 

10.2 
(1.7 – 21.6) 

Guerrant et al. 
(1991) 

 Bare and cover 
 

Loamy sand 
 

<15, 15-
30, >30  

15.2 
(1.4 – 60.2) 

Naslas et al. (1994) 
 
 

Bare and cover 
 

Loamy sand and 
sandy loam  

<15, 15-
30, >30  

7.7 
(0.1 – 22.0) 

Grismer & Hogan 
(2004) 

 
Bare and cover (cut 
slopes)  

Sand, loamy sand 
and sandy loam  

48 - 72 
 

0.3 
(0.0 – 1.7) 

Grismer & Hogan 
(2005a) 

 Bare (cut slopes) 
 

Sand, loamy sand 
and sandy loam  

22 - 78 
 

2.0 
(0.0 – 6.2) 

Grismer & Hogan 
(2005b) 

 
Bare and cover (cut 
slopes)  

Loamy sand and 
sandy loam  

30 - 70 
 

0.4 
(0.0 – 4.5) 

Foltz et al. (2010)  Bare (forest roads) 
 

Sand and loamy 
sand  

2 - 10 
 

17.3 
(8.1 – 27.5) 

This Study  
Bare and cover (cut 
and fill slopes)  

Sand, loamy sand 
and sandy loam  

21 - 85 
 

16.7 
(0.0 – 131.2) 

 The equivalent soil losses measured during this research ranged from 0.0 to 131.2 g m-2 mm-1 (n = 

25, µ = 16.7, σ = 29.0), resulting in a greater distribution of erosion measurements than those determined in 

previous erosion studies, particularly the upper limit of 131.2 g m-2 mm-1, which was approximately two 

times greater than the next highest value of 60.2 g m-2 mm-1 reported by Guerrant et al. (1991).  This large 

variability reflects the highly disturbed and erosive nature of the highway cut and fill slopes, as well as the 

wide range of slope gradients (21% – 85%), soil textures (sand, loamy sands and sandy loams), and cover 

conditions (0% – 98%), which were evaluated during this study.  Other factors possibly leading to the 

difference in results include the following: 

1. This erosion research employed a longer, unbounded plot length of > 4 feet, while other studies 

typically employed bounded plots with run lengths of less than 3 feet (see Table 2.1).  The steep, 

bare nature of several of the tested slopes, in combination with slightly longer run lengths, 

potentially led to the development of rilling.  Rill erosion is caused by small, concentrated 

ephemeral flow paths that may lead to significant amounts of erosion.  Rill erosion typically 

develops on steep slopes with longer run lengths (> 15 feet).  However, rill erosion is possible on 

extremely disturbed and steep slopes over shorter run lengths (Cerda, 1999; Renard et al., 1997).  
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Rilling appeared evident, particularly on the steep, bare slopes at test sites 7 and 22.  Figure 4.13 

shows evidence of rilling on a steep cut slope in the same vicinity along U.S. Highway 50 in the 

Lake Tahoe Basin after a summer thunderstorm event in August 2014. 

 
Figure 4.13.  Rilling of cut slope along U.S. Highway 50 

2. The results from the previous erosion studies using rainfall simulations were not adjusted for 

differences in rainfall kinetic energy.  This research used a rainfall kinetic energy of 

approximately 25.1 J mm-1-m-2, which equated to nearly 90% of the energy content of a typical 

high-intensity natural storm event (Laws & Parsons, 1943; van Dijk et al., 2002).  The rainfall 

kinetic energies reported in comparable studies ranged from 30% to 70% of natural rainfall kinetic 

energy.  The relationship between storm energy and the influence on soil erosion is well 

documented and, as discussed in Section 2.8.2, soil erosion is considered to be directly 

proportional to the total storm energy (van Dijk et al., 2002; Wischmeier & Smith, 1965, 1978). 

3. The runoff apron used to collect sediment during the rainfall simulations collected both sediment 

entrained in the runoff, as well as sediment resulting from rainfall splash erosion.  The latter is 

often neglected in other rainfall simulation-oriented erosion studies due to the presence of splash 

guards that prevent the mixture of splash and runoff erosion (Grismer & Hogan, 2004, 2005a, 

2005b).   Additionally, many of the previous erosion studies in the Lake Tahoe Basin did not 
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clarify whether sediment remaining on the runoff apron/trough after the end of the simulation was 

included in quantifying the amount of erosion from the plot.  As mentioned previously, the 

sediment remaining on the runoff apron during this study was collected and included as eroded 

sediment regardless of whether the origin was interill, rill, or splash erosion, as all forms 

contributed to erosion.   

 Despite the wide distribution of results, the average equivalent soil loss value, considering all 

rainfall simulations, equaled 16.7 g m-2 mm-1, which was within the typical ranges reported in other studies.  

The erosion studies by Grismer & Hogan  (2004, 2005a, 2005b) were expected to be the most comparable 

of the rainfall simulation based erosion studies, as those research efforts focused solely on highly disturbed 

slopes (ski runs and roadway cut slopes) within the Tahoe Basin.  However, the range of erosion results 

from those studies, including the results from the bare, steep cut slope dataset (Grismer & Hogan, 2005a), 

were significantly lower than comparable studies.  The range of equivalent soil loss values from bare slopes 

(≤ 20% surface cover) from the current research project ranged from 3.1 to 131.2 g m-2 mm-1 (n = 16, µ = 

24.9, σ = 33.9), which greatly exceeded the limits of the comparable study by Grismer & Hogan (2005a) 

shown in Table 4.5.   Notably, the collected data from the erosion studies performed by Grismer & Hogan  

(2004, 2005a, 2005b) served as the primary dataset used for the development of statistical relationships 

used to predict sediment yields in both the RCAT and the TBSM (Drake et al., 2010; Elliot et al., 2013). 

Again, both of these models tended to under-predict the amount of soil losses compared to the predictions 

from the RUSLE model. This is discussed further in Section 4.6. 

4.5 Evaluation of Dry Ravel Monitoring  

 Table 4.6 summarizes the results of the dry ravel monitoring, including the physical characteristics 

of the test plots (e.g., slope type, slope gradient, surface cover and soil texture), the collected sediment 

yields, and the percent FSP.  Additional details regarding testing locations and bulk soil characteristics 

were described in Chapter 3.  In an effort to distinguish contributions of erosion due to dry ravel from 

erosion due to rainfall-runoff, the reported sediment yields due to dry ravel only included the mass of 

sediment collected during dry periods, as determined from visual observations and hourly precipitation data 



107 
 

 

from nearby rain gages.  The collection periods included in this analysis occurred between July 10, 2013 

and August 15, 2013, a dry period of 36 days.   

Table 4.6.  Summary of dry ravel monitoring 

DR 
ID 

Slope 
Type Soil Texture 

Slope 
(%) 

Total 
Surface 
Cover 
(%) 

 Mean Measured Dry Ravel Erosion 
Parameters, µ (Std. Deviation, σ) 

Total Sediment 
Yield 

(kg m-2 yr-1) 

Dry 
Ravel 
FSP 
(%) 

FSP Sediment 
Yield  

(kg m-2 yr-1) 

DR 1 Cut Loamy Sand 52 10 0.377 (0.279) 4 0.016 (0.011) 
DR 2 Cut Loamy Sand 32 50 0.029 (0.008) 8 0.002 (0.001) 
DR 3 Cut Loamy Sand 57 25 0.119 (0.131) 12 0.013 (0.016) 
DR 4 Cut Sand 61 15 0.193 (0.220) 4 0.007 (0.007) 
DR 5 Fill Sand 40 10 1.314 (0.064) 9 0.119 (0.006) 
DR 6 Fill Loamy Sand 77 85 0.110 (0.081) 3 0.002 (0.002) 
DR 7 Cut Sandy Loam 48 10 0.105 (0.080) 15 0.016 (0.012) 
DR 8 Cut Sandy Loam 83 15 32.432 (13.713) 11 3.567 (1.508) 

As mentioned in Section 3.4.2, the sediment yields due to dry ravel were normalized for comparative 

purposes by dividing the collected mass by the contributing area of the hill slope, a procedure used in 

previous dry ravel studies (Anderson et al., 1959; Krammes, 1965; Lamb, Scheingross, Amidon, Swanson, 

& Limaye, 2011).  General observations of the locations of the sediment traps used during dry ravel 

monitoring and the surrounding hill slopes revealed evidence of numerous dry ravel cones at the base of the 

hill slopes, as shown in Figure 4.14, particularly near the sediment traps located at DR 1, DR 4, and DR 8.   

 
Figure 4.14.  Dry ravel deposition cones along U.S. Highway 50  
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Additionally, on July 10, 2013, the installation date of dry ravel sediment trap DR 8, NDOT maintenance 

crews were observed cleaning out large amounts of sediment accumulation from roadside ditches near the 

site along US Highway 50 near Glenbrook, NV, presumably a result of the significant amounts of dry ravel 

along this corridor (see Figure 4.14). 

 Single and multiple linear regressions were performed to determine the most significant 

correlations between the physical characteristics of the slopes (independent parameters) and the dry ravel 

erosion parameters (dependent parameters).  These analyses revealed that slope was the most highly 

correlated parameter (R2 = 0.38), although the correlation was not considered significant (p > 0.05).  When 

considering only the dataset for the cut slopes, the strength of the correlation between slope and total dry 

ravel yields increased (R2 = 0.65, p < 0.05), thus suggesting that the unique structure of fill slopes (e.g., soil 

compaction and surface roughness), relative to cut slopes, influenced the dry ravel characteristics. It was 

hypothesized that the volcanic soils (loamy sands) may be less prone to dry ravel than the granitic soils 

(sands and loamy sands) due a slightly lower angle of repose and greater soil cohesion resulting from 

higher silt and clay content.  However, there were no significant correlations between the bulk soil PSDs 

and the total dry ravel sediment yields, perhaps a result of the limited sample size; thus, the hypothesis was 

inconclusive.  

 In an effort to predict sediment yield contributions from dry ravel activities, the limited dataset (n 

= 8) was used to parameterize the nonlinear slope-dependent dry ravel sediment transport equation 

presented by Gabet (2003) based on field measurements on sandy loam hill slopes in the semi-arid region 

near Santa Barbara, California.  Equation 2.1 was visually fit and parameterized using the field dataset, 

yielding values of 0.025 kg m-2 yr-1 for κ and 0.83 for µ.  The use of this equation and the parameterized 

values to predict dry ravel sediment yields in the Tahoe Basin was limited to slopes with gradients less than 

or equal to 83% (39.7°).  The parameterized equation was limited in that it is only slope dependent and did 

not consider the potential impacts of slope vegetation and soil type.  Lamb et al. (2011) studied dry ravel in 

the San Gabriel Mountains and noted that vegetation can act as a dam, thus trapping loose sediment along a 

hill slope and reducing dry ravel yields.  This predictive equation for dry ravel and the average values 

summarized in Table 4.6 reflect yields expected during dry summer months, not annual yield predictions. 



 

 Figure 4.15 illustrates the relationship between average dry ravel sediment yield and slope for the 

various sediment trap locations.  The error bars represent the range of sediment yield values for diffe

collection periods and the shaded region represents the critical angle of repose region for the sand, loamy 

sand, and sandy loam soil textures of the Tahoe Basin 

line shown in Figure 4.15 represents the parameterized 

wide variability in dry ravel measurements, the data was plotted on log
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 The average FSP fractions of the collected dry ravel were 7% (σ = 4%) for the granitic soils (sand 

and loamy sands) and 13% (σ = 3%) for the volcanic soils (sandy loams), respectively.  This nearly 2:1 FSP 

fraction ratio between the volcanic and the granitic soils corresponded with the relationships observed in 

the bulk soil sample PSD analyses discussed in Section 4.3.  When comparing the percentage of FSP 

collected in the dry ravel samples to the percentage of FSP collected in the bulk soil samples, as shown in 

Figure 4.16, there appeared to be a correlation as most values were near the 1:1 slope line; this suggested 

that the PSD of the bulk soil was similar to that collected from dry ravel sediment traps.  The most 

significant deviation from this trend was DR 8, which was also the steepest slope tested, perhaps suggesting 

that larger sediment and rock fragments are more vulnerable to transport as dry ravel on steep slopes than 

finer sediment particles due to gravitational forces. 

  
Figure 4.16.  Variation of FSP in the collected dry ravel with FSP in bulk soil 

As expected, the ratio of the FSP fraction of the dry ravel and the FSP fraction of the bulk soil (nearly 1:1, 

see Figure 4.16), was different than the ratio of the FSP fraction of the rainfall simulation erosion and the 

FSP fraction of the bulk soil (1:5:1, see Figure 4.9), thus reflecting the nature of the rainfall and runoff to 

detach and transport a greater proportion of the finer sediment. 
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4.6 Soil Erosion Model Performance and Potential Improvements 

 The overall performance of each of the selected soil erosion models was assessed using: (1) the 

Nash-Sutcliffe model efficiency (R2
eff); and (2) the lower and upper bounds (LB and UB) of the 95 percent 

confidence interval (CI) about the measured erosion values.  The R2
eff values may range from -∞ to 1.0.  

An R2
eff value of 1 describes a model that perfectly matched the observed data, a value of 0.0 indicates that 

the mean of the observed values were predicted as well as the model, while a value below 0.0 suggests that 

the mean of the observed value was a better predictor than the model (Nash & Sutcliffe, 1970; Spaeth et al., 

2003).  The model efficiency value has been employed to evaluate numerous soil erosion models in 

previous studies, particularly the WEPP and RUSLE models (Laflen, Flanagan, & Engel, 2004; Larsen & 

MacDonald, 2007; Spaeth et al., 2003; Tiwari et al., 2000).  Considering the high spatial variability 

associated with soil erosion, Laflen et al. (2004) used replicated erosion plots to establish the CI as a 

function of the observed erosion.  These CI values were used to evaluate whether model predictions fell 

within the typical percentile bounds observed from the field replicated plots.  Further explanation of these 

statistical model evaluation tools was described in Section 3.9.2.   

 As mentioned in Section 3.8, the RUSLE and TBSM/WEPP models were evaluated using two 

scenarios.  The first scenario used the soils data obtained from the NRCS soil survey database, “RUSLE 

(KNRCS)”, and the default parameters for the parent material/soil texture- obtained from the TBSM Tahoe 

database, “TBSM (PB)”, to estimate soil loss.  The second scenario used site-specific soil properties (PSDs, 

organic matter content) to calculate site-specific soils parameters using empirical equations, to predict soil 

loss within the RUSLE, “RUSLE (KNOMO)”, and the TBSM/WEPP, “TBSM (SS)” models.  Soil 

parameter equations, based on site-specific soil properties, were not provided in the RCAT documentation; 

therefore, only one version of the RCAT was evaluated.   

 Table 4.7 summarizes the results of the model predictions and comparisons to the observed values, 

as well as highlights the models which most accurately estimated soil losses (total and FSP) for each 

rainfall simulation.  Figure 4.17 and Figure 4.18 illustrate the predicted total and FSP soil losses, 

respectively, for each rainfall simulation versus the observed values.  Due to the large range of observed 

and predicted values, the values were plotted on a log-log scale to better display the results.  



 
 

 

1
1
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Table 4.7.  Summary of observed and predicted soil loss from rainfall simulation plots 

Rainfall 
Simulation 

ID 

Observed 
Total Soil 
Loss (g) 

Observed 
FSP Soil 
Loss (g) 

1 Predicted Total Soil Loss (g) 2 Predicted FSP Soil Loss (g) 

RCAT 
TBSM 
(PB) 

TBSM 
(SS) 

RUSLE 
(KNRCS) 

RUSLE 
(KNOMO) RCAT 

TBSM 
(PB) 

TBSM 
(SS) 

RUSLE 
(KNRCS) 

RUSLE 
(KNOMO) 

RS 7-1 5,435 1,489 16 227 956 666 3,928 6 9 229 70 623 

RS 7-2 8,390 3,193 20 177 573 525 2,482 7 7 122 55 353 

RS 8-1 571 108 15 41 364 157 932 5 2 16 16 93 

RS 8-2 288 20 13 3 78 25 108 4 1 22 3 13 

RS 13-1 239 43 22 21 90 12 16 12 5 26 2 2 

RS 13-2 4 1 20 13 79 6 2 11 3 23 1 1 

RS 14-1 59 20 70 51 160 25 78 32 11 50 6 19 

RS 14-2 284 82 70 79 101 80 212 32 15 23 20 33 

RS 15-1 536 45 13 284 605 1,446 1,318 5 12 63 108 124 

RS 15-2 690 93 17 201 757 621 486 6 8 75 47 35 

RS 16-1 1,726 154 31 381 930 1,306 1,281 11 15 170 98 171 

RS 16-2 1,183 97 31 300 631 829 916 11 12 119 62 134 

RS 18-1 594 35 15 254 563 1,185 1,352 5 10 61 89 149 

RS 18-2 942 81 16 294 714 1,192 1,246 6 12 96 89 124 

RS 20-1 1,816 350 12 578 868 6,242 2,380 5 105 89 1,401 170 

RS 20-2 864 107 16 542 839 4,196 1,900 7 96 192 942 316 

RS 22-1 17,163 5,749 207 878 1,101 6,389 5,181 93 152 197 1,434 971 

RS 22-2 3,030 797 209 932 1,048 7,291 6,454 94 162 212 1,637 1,299 

RS 22-3 4,307 1,347 216 973 1,176 7,571 5,256 97 170 288 1,700 1,128 

RS 25-1 13 1 29 4 78 23 21 10 1 18 2 2 

RS 25-2 366 21 43 170 602 910 1,105 15 7 55 67 85 

RS 27-1 828 169 76 68 265 35 61 34 15 56 5 8 

RS 27-2 82 30 31 39 251 19 59 14 9 71 3 11 

RS 28-1 1,354 354 13 236 631 841 478 4 10 106 48 53 

RS 28-2 1,149 213 12 193 400 747 883 4 8 38 42 82 
1 Bold values indicate that the model column best predicted total soil loss for the corresponding rainfall simulation  
2 Bold values indicate that the model column best predicted FSP soil loss for the corresponding rainfall simulation
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Figure 4.17.  Comparison of predicted total soil losses with observed total soil losses 

 

 
Figure 4.18.  Comparison of predicted FSP soil losses with observed FSP soil losses 
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 In reviewing the predictive accuracy of all the models for each rainfall simulation, as denoted by 

the bold values in Table 4.7, the RUSLE (KNOMO) model most accurately predicted 44% and 40% of the 

rainfall simulations for total and FSP soil loss, respectively.  The TBSM (SS) model also performed well, 

relative to other models, predicting 36% and 32% of the rainfall simulations most accurately for total and 

FSP soil loss, respectively.  Conversely, the RCAT performed best for only 8% of the rainfall simulations 

for predicting FSP soil loss and none of the rainfall simulations for predicting total soil loss.  The TBSM 

(SS) model tended to over-predict the smaller sediment yields and under-predict the larger sediment yields 

for both the total and FSP soil loss.  For predicting total and FSP soil loss, both RUSLE models typically 

under-predicted the smaller sediment yields and the very largest sediment yields, but generally over-

predicted the moderate sediment yields.  These basic observations follow the common tendency of erosion 

models to over-predict the smaller sediment yields and under-predict the larger sediment yields (Laflen et 

al., 2004).  The accuracy of model predictions and the tendencies of the models to over- or under-predict 

soil losses are graphically shown in Figure 4.17 and Figure 4.18.  The solid line represents the 1:1 line or 

the line designating a perfect match between the predicted and the observed values; therefore, data points 

closer to the 1:1 line indicated more accurate predictions.  Data points located above the 1:1 line indicated 

that the model over-predicted and data points located below the 1:1 line signified that the model under-

predicted soil losses.  The dashed lines in Figure 4.17 and Figure 4.18 represent the 95% CI upper and 

lower limits; therefore, data points located outside these limits indicated that the model predictions were 

outside the typical percentile bounds observed from the field replicated plots (see Section 3.9.2), thus 

highlighting inaccuracies of the models. 

When comparing only the three model predictions that were generated without inputting site-

specific soil parameters (e.g., RCAT, TBSM (PB) and RUSLE (KNRCS)) amongst each other, the RUSLE 

(KNRCS) outperformed the others by most accurately predicting 56% and 48% of the rainfall simulations 

for both total and FSP soil loss, respectively, followed by the TBSM (PB) (40% total soil loss and 28% FSP 

soil loss), and lastly by the RCAT (4% total soil loss and 24% FSP soil loss).  The TBSM (PB) and RCAT 

models tended to substantially under-predict both total and FSP soil loss across all ranges of sediment 
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yields, as illustrated by the majority of data points located below the 1:1 line in Figure 4.17 and Figure 

4.18.     

 The results of the R2
Eff and 95% CI statistical analyses of the models are summarized in Table 

4.8.  The statistical results were subdivided into 3 categories based on slope type (all slopes, cut slopes 

only, and fill slopes only) to determine how model results changed depending on the type of slope 

analyzed. 

Table 4.8.  Soil erosion model performance evaluation statistics  

Measurement Model 

Slope Type 

All  Cut  Fill 

R
2
Eff 

% 
Inside 
95% 
CI 

 

R
2
Eff 

% 
Inside 
95% 
CI 

 

R
2
Eff 

% 
Inside 
95% 
CI 

Total Soil 
Loss 

RCAT -0.29 28%  -0.17 39%  -1.27 0% 
TBSM (PB) -0.16 56%  -0.04 67%  -1.10 33% 
TBSM (SS) -0.08 68%  0.00 72%  -0.77 67% 

RUSLE (KNRCS) 0.20 52%  0.46 67%  -1.47 17% 
RUSLE (KNOMO) 0.40 68%  0.42 76%  0.16 67% 

FSP Soil Loss 

RCAT -0.18 72%  -0.09 74%  -0.73 67% 
TBSM (PB) -0.15 76%  -0.06 89%  -0.72 33% 
TBSM (SS) -0.09 80%  -0.03 84%  -0.53 67% 

RUSLE (KNRCS) 0.16 84%  0.38 89%  -0.89 67% 
RUSLE (KNOMO) 0.19 76%  0.26 79%  -0.23 67% 

 In reviewing the results of the R2
Eff statistical evaluation for both total and FSP soil losses for all 

the rainfall simulations, the correlations between the observed and predicted values for the RCAT, TBSM 

(PB) and TBSM (SS) resulted in R2
Eff values less than 0.0, indicating that the mean of the observed values 

was a better predictor of sediment yield than the model estimates.  The two versions of the RUSLE models 

most accurately predicted sediment yields for total soil loss based on the R2
Eff values of 0.20 and 0.40 for 

the RUSLE (KNRCS) and RUSLE (KNOMO) models, respectively.  Additionally, the RUSLE performed 

best in estimating FSP soil loss, resulting in R2
Eff values of 0.16 and 0.19 for the RUSLE (KNRCS) and 

RUSLE (KNOMO) models, respectively.  The RUSLE does not predict the PSDs of eroded soil; however, 

a simplified method, described in Section 3.8.1, was used to estimate the FSP fraction based on the 

fractions of silt and clay present in the bulk soil.   

All of the R2
Eff values for each model improved after eliminating the fill slopes from the dataset, 

suggesting the difficulty in predicting soil erosion on fill slopes when using the NRCS soil surveys to 
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identify soil textures and/or parent materials for these non-native slopes.  As expected for the fill slope only 

dataset, the performance of the models using the site-specific soil parameter data, RUSLE (KNOMO) and 

TBSM (SS), significantly outperformed all of the parameter based models.  Although the R2
Eff values from 

this study are fairly low relative to the perfect fit value of 1, they are comparable to other erosion studies 

that evaluated the accuracy of both the RUSLE and WEPP models.  Spaeth et al. (2003) evaluated the 

USLE and RUSLE using rainfall simulation data on a diverse set of rangeland vegetation types and 

reported R2
Eff values of -8.99 for the USLE and 0.17 for the RUSLE.  Larsen & MacDonald (2007) 

compared the sediment yield predictions from the RUSLE and Disturbed WEPP models versus collected 

data from wildfire areas in the Colorado Front Range Mountains.  This study reported R2
Eff values of 0.06 

and 0.19 for the RUSLE and the WEPP models, respectively. 

 From a practical standpoint and a perspective that considers the clarity of Lake Tahoe, the 

inaccuracies of model predictions at the lower end are less significant than the predictive errors of the 

models for the larger sediment yields.  The dataset was subdivided into two categories, based on the median 

of the observed values for FSP soil loss of 97 grams: (1) rainfall simulations with observed FSP soil losses 

less than 97 g; and (2) those with soil losses greater than 97 g.  For the dataset with FSP soil losses less 

than 97 g, the TBSM (SS) model performed best with an R2
Eff value of 0.08 for the FSP soil loss 

predictions.  The RUSLE (KNOMO) model performed best (R2
Eff value of -0.01) for the dataset including 

the rainfall simulations with observed FSP soil losses greater than 97 g.   

 Using the 95% CI values to evaluate the performance of each model (see Table 4.8), the RUSLE 

and the TBSM models consistently produced greater percentages of predictions (total and FSP soil losses) 

that were within the 95% CI of the observed values, when compared to the RCAT model predictions.  Only 

28% of the total soil losses predicted using RCAT were within the 95% confidence intervals, which was 

significantly lower than the other models.  In considering the predicted FSP soil losses, the performance of 

the RCAT model improved, primarily due to the greater percentages of the soil loss FSP of the RCAT 

model relative to the other models.  The percent FSP of the estimated eroded soil in the RCAT ranged from 

20% to 30% for the granitic soils and 40% to 50% for the volcanic soils.  Conversely, the percent FSP in 

runoff for the TBSM (PB) model ranged from 4% to 10% for the granitic soils and 15% to 25% for the 
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volcanic soils.  The percentages of soil loss FSP used for the RUSLE (KNRCS) model estimates ranged 

from 6% to 11% for the granitic soils and 14% to 25% for the volcanic soils.  The TBSM and RUSLE 

estimates for percent FSP in the soil loss are more comparable to the observed percentages from the rainfall 

simulations shown in Table 4.3.  The large fractions of FSP in the runoff associated with the RCAT greatly 

increased the FSP soil loss predictions, despite the lower total soil loss predicted by the model, resulting in 

72% of the predictions falling within the 95% confidence intervals.  Despite the improvement in predicting 

FSP soil loss relative to the total soil loss predictions, the RCAT still yielded the lowest R2
Eff value among 

the various models.  The site-specific parameter models, RUSLE (KNOMO) and TBSM (SS), generally 

performed better than the NRCS parameter based and default parameter models, RUSLE (KNRCS) and 

TBSM (PB), in predicting values within the 95% CI. This improvement in performance was primarily 

associated with the significantly greater percentage of fill slope erosion predictions within the 95% CI, 

relative to the non site-specific model (e.g., RCAT, TBSM (PB) and RUSLE (KNRCS)) predictions.    

 The following subsections discuss the general performance of each of the three models evaluated 

and describe potential modifications to improve predictive accuracy of each model.   

4.6.1 Revised Universal Soil Loss Equation (RUSLE)  

 Overall, the RUSLE outperformed the two other models which were evaluated when estimating 

both total and FSP soil losses (see Table 4.8), particularly when comparing predictions for the slopes where 

the greatest amounts of soil erosion were observed during the rainfall simulations.  The use of RUSLE is 

typically applied to relatively simple hill slopes due to model limitations in estimating deposition and 

channel erosion within a small watershed (see Section 2.6.1).  The strengths of the RUSLE include: (1) 

prediction of erosion from uniform hill slopes; (2) the simplicity of the model; (3) the ease of applying to 

various hill slopes throughout the United States by using the properties published in the NRCS soil surveys; 

and (4) the historical applications and the use of over 10,000 plot years of rainfall data (natural and 

simulated) to develop the predictive equations (Galetovic et al., 1998).  The majority of roadway cut and 

fill slopes may be classified as uniform, relatively simple hill slopes, where deposition typically occurs at 

the toe of slopes. Therefore, the RUSLE is considered to be capable of adequately predicting soil losses for 

these types of slopes in the Lake Tahoe Basin. 
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 When applying the RUSLE within the Lake Tahoe Basin, the primary concerns regarding the 

predictive accuracy and applicability include:  (1) the ability of the climate parameter (rainfall-runoff 

erosivity factor, R) within RUSLE to accurately account for a climate dominated by snow precipitation and 

snowmelt; (2) the inability of the model to predict the PSD of the soil losses; and (3) the potential 

difficulties associated with integrating the RUSLE with a continuously simulated model, such as the 

PLRM.   These concerns, as well as other potential model improvements, are discussed in the subsequent 

section. 

4.6.1.2 Model Improvements 

 The following generally describe some potential modifications to the RUSLE to improve the 

predictive accuracy of the model. 

1. As shown in Table 4.8, when comparing predicted soil losses from the fill slopes to those from the 

cut slopes, large inaccuracies were observed in all of the models for the predicted erosion (total 

and FSP) from the fill slopes.  However, the RUSLE model appeared to provide more accurate 

predictions than the TBSM/WEPP and the RCAT.  The improvement in the prediction accuracy 

for the RUSLE was particularly apparent when comparing the site-specific model, RUSLE 

(KNOMO), to the NRCS soil survey based model, RUSLE (KNRCS).  The use of site-specific 

soils data to calculate model soil parameters greatly improved model predictions for fill slopes, 

while the model predictions using the NRCS soil survey data resulted in inaccurate estimates of 

PSDs and ultimately soil erodibility values (K) for fill slopes, primarily due to the mixed, non-

native nature of the fill slope soil material, as discussed in Section 4.3.  To improve PSD estimates 

and K values for fill slopes which would lead to better overall predictive performance of the model 

for these types of slopes, the cone penetrometer tool may prove useful for rapidly determining soil 

texture for fill slopes, as discussed in Section 4.4 and shown in Figure 4.1.  In estimating the 

organic matter content of the bulk soil for use in ultimately calculating the K value (see Equation 

2.6), a predictive equation may be developed based on the soil texture, and the percentage of 

surface and canopy cover, as these plot characteristics were significantly correlated (see Section 

4.4). 
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2. To account for the increased runoff and erosion associated with fill slopes, presumably a result of 

surface crusting due to decreased surface roughness (see Section 4.4), surface roughness values in 

the RUSLE should be adjusted accordingly based on slope type (cut or fill) to improve modeling 

results.  The average surface roughness value reported by Grismer & Hogan (2004 and 2005) for 

various cut slopes in the Lake Tahoe Basin was 0.39 inches and this value was used for all slope 

types modeled during this research.  For cut slopes, this value appeared to work well for erosion 

predictions as evidenced by the reasonable R2
Eff values for the RUSLE model when considering 

the cut slope dataset summarized in Table 4.8.  For fill slopes, this value yielded inaccurate 

predictions as evidenced by the low R2
Eff values in Table 4.8.  For fill slopes, a surface roughness 

value of 0.24 inches was recommended for smooth fill slopes, based on guidance from Galetovic 

et al. (1998), to reflect the smoother, more compact nature of the fill slope soil material.  When 

this lower value of surface roughness was used for the fill slopes in an experimental model run, 

the resulting R2
Eff values for the total soil loss improved from 0.16 to 0.26.  It is recommended 

that surface roughness values for multiple NDOT fill slopes in the Lake Tahoe Basin be measured 

in the field in order to develop a representative value for these slopes.  Galetovic et al. (1998) 

provided guidelines for measuring slope surface roughness in the field. 

 Additionally the prior land use (PLU) subfactor in the RUSLE, which relates to the 

consolidation state of the soil, could be calibrated to the erosion results of the rainfall simulations 

to further refine the values and develop a PLU factor representing both cut slopes and fill slopes in 

the Lake Tahoe Basin.  Typically, the PLU values are lower for cut slopes, as the soil is 

considered to be more consolidated and resistant to erosion.  Conversely, for fill slopes, the soil 

has been loosened and the soil-aggregation size has been reduced, resulting in higher PLU values 

(Galetovic et al., 1998; Renard et al., 2010).  As mentioned in Section 3.8.1, the fill slopes were 

modeled using a PLU set equal to 0.8 and the PLU for cut slopes was set equal to 0.5, based on 

guidance provided by Galetovic et al. (1998).    

3. The soil erodibility values (K) for the RUSLE (KNOMO) model version were calculated for all 

slopes based on the bulk soil PSDs, the organic matter content, and the use of Equation 2.6.  The 
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K values for the sand and loamy sand soils (predominantly from the granitic origin) averaged 0.13 

(σ = 0.07) and the sandy loam soils (predominantly from the volcanic origin) averaged 0.24 (σ = 

0.09).  The calculated K values for each slope simulation were shown in Table 3.6.  The use of 

these site-specific K values resulted in better model performance, as shown in Table 4.8,   These 

values could be further supplemented with additional soil sampling along NDOT roadways or the 

mentioned average values could be used to simplify the RUSLE calculation process for the Lake 

Tahoe Basin, similar to the way the RCAT and TBSM/WEPP models provide default soil 

parameters for the granitic and volcanic soil textures.  However, this simplification could result in 

less accurate estimations than using the more location specific soils data and RUSLE parameters 

provided in the NRCS soil survey.    

4. Since the RUSLE did not include predictions of PSDs in the soil loss, various methods need to be 

used to develop reasonable estimates.  As mentioned in Section 3.8.1, the PLRM Applications 

Guide (PLRM, 2010a) provided a procedure for estimating soil loss FSP based on the silt and clay 

fractions provided by the NRCS soil survey.  A regression correlation analyses revealed that this 

procedure provided reasonable estimates of soil loss FSP for the cut slopes, as indicated by the 

high R2 (0.83) and low p-value (p < 0.0001).  As mentioned in Subsection 4.4.2.2 and shown in 

Figure 4.10, the silt content of the bulk soil for the cut slopes was strongly correlated to the 

percent of soil loss FSP (R2 = 0.83, p < 0.001).  The linear regression equation resulting from this 

relationship may also be used to predict the soil loss FSP fractions for cut slopes, as follows: 

FSP = 1.3 SILT - 4.8  Equation 4.1 

where  FSP = percent fine sediment particles (< 16 microns) in the eroded soil 

 SILT = percent silt content in the bulk soil  

 Although the correlations between the bulk soil characteristics and soil loss PSDs for the 

cut slopes dataset was significant, the correlations for the fill slopes were insignificant.  The fill 

slopes appeared to produce greater ratios of soil loss FSP to silt content in the bulk soil than did 

the cut slopes, as shown in Figure 4.9, likely a result of increased runoff on fill slopes due to less 

surface roughness and greater soil compaction.  When comparing the observed percentage of FSP 
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in the soil losses for the fill slope dataset to the percentages predicted for these same slopes, using 

Equation 4.1, the average ratio of observed values to predicted values was approximately 2:1 for 

the sandy loam fill slopes and nearly 4:1 for the sand and loamy sand fill slopes.  Therefore, for 

the limited dataset, the fill slopes tended to produce two to four times the amount of FSP, 

depending on soil type, as the fraction predicted by Equation 4.1; however, this relationship needs 

to be assessed further.   

5. As mentioned in Section 2.6.1.1, the RUSLE does not predict soil erosion from snowmelt events.  

Precipitation in the form of snowfall and the runoff during snowmelt are the dominant forms of 

precipitation and runoff in the Lake Tahoe Basin.  However, erosion from snowmelt is considered 

much less significant than erosion from summer thunderstorm events (Ryan & Elliot, 2005). As a 

result, adjusting the RUSLE rainfall-erosivity factor to account for snowmelt may not be 

necessary.  However, the RUSLE does provide procedures to account for snowmelt erosivity by 

using empirical relationships to increase the standard annual erosivity values. 

 The TBSM/WEPP model uses sophisticated climates for model simulations, as discussed 

in Section 2.6.3.3.  These simulations are continuous on a daily time step and predict both runoff 

and erosion.  Although the RUSLE does not specifically predict runoff for a given slope, the 

RUSLE rainfall-erosivity factor (R) does indirectly consider the magnitude of runoff and the 

impacts of interrill and rill erosion (Renard et al., 1997).  For acceptance of the R factor in the 

Tahoe Basin, annual R values could be calculated using 15-minute rainfall data from one of the 

Lake Tahoe Basin precipitation gages, using the guidelines from the various RUSLE handbooks 

(Renard et al., 1997; Yoder et al., 2004).  These values could be compared to the average annual R 

values presented in the NRCS RUSLE2 National Database to determine the accuracy of the NRCS 

published R values.   

6. Integrating the RUSLE into the PLRM presents a challenge due to the fact that the RUSLE does 

not predict runoff volumes, a requirement for the PLRM, which uses the characteristic runoff 

concentrations (CRCs) for each land use, dependent on the characteristics of the land use (e.g., soil 

type, condition, etc.) to estimate erosion (PLRM, 2010b).   To estimate runoff for cut and fill 
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slopes, future research could determine relationships between storm type (duration and intensity) 

and runoff to determine specific runoff “thresholds” dependent on the magnitude of the storm, 

ultimately estimating the annual runoff for a specific slope.  Similarly, Larsen & MacDonald 

(2007) determined that a minimum RUSLE R value or amount of precipitation was required to 

generate overland flow and erosion from certain plots located in the Colorado Front Range.  

Alternatively, relationships could be generalized using the average runoff coefficient values 

presented in this research (see Table 4.4) or developing empirical runoff relationships based on the 

dataset (see Section 4.4.1).  The concentrations used for PLRM integration could be estimated 

based on the annual slope erosion predictions per the RUSLE methodology and the runoff 

volumes predicted using the estimated runoff coefficients, dependent on soil type and other 

physical parameters (e.g., slope, surface cover, etc.).  However, these values were measured using 

100-year rainfall events; therefore, the average annual runoff coefficients would likely be less.  

This alternative approach would be similar to the method used in the RCAT to estimate average 

annual runoff volume, which is ultimately required for calibration and integration with the PLRM 

(Drake et al., 2010).  The RCAT assumes a slope dependent annual runoff equation (Equation 

2.33), based on slope runoff research in the Lake Tahoe Basin (Heyvaert et al., 2008), to estimate 

runoff volume (Drake et al., 2010).  Future research could evaluate runoff coefficients for cut and 

fill slopes for a variety of simulated storm events and soil moisture conditions to develop range of 

runoff coefficients. 

4.6.2 Tahoe Basin Sediment Model (TBSM) 

 Total and FSP soil losses predicted by the TBSM/WEPP models for the rainfall simulation plots 

were less accurate than the predictions using the RUSLE models, but were more accurate than those from 

the RCAT model (see Table 4.8).  When subdividing the dataset into larger (> 97 g) and smaller (< 97 g) 

FSP sediment yields, the TBSM (SS) model version performed better than all other models for predicting 

the smaller sediment yields.         

 The strength of the TBSM/WEPP methodology exists in the process-based structure and the 

continuous simulation capabilities of the model, as discussed in Section 2.6.3.  While the RUSLE focuses 
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solely on rainfall-runoff initiated erosion predictions, the TBSM/WEPP estimates erosion from all water-

induced erosion mechanisms, including erosion resulting from snowmelt.  The inclusion of the snowmelt 

erosion processes is a significant feature for predicting erosion in climates dominated by snow precipitation 

and snowmelt, such as the Lake Tahoe Basin.  However, the enhanced capabilities of the WEPP also create 

increased model complexity, in contrast to the relatively simplistic model formats of both the RUSLE and 

RCAT.  The TBSM simplifies the application of WEPP by providing a straightforward, online interface 

that contains only a limited number of selectable parameters specific to the Lake Tahoe Basin.  However, 

the TBSM model simplification and limitation in user flexibility leads to less accurate erosion predictions 

in comparison to allowing the modeler to input site-specific (SS) soils data, as shown by the difference in 

R
2
Eff values between the TBSM (PB) and TBSM (SS) model simulations (see Table 4.8).  The 

TBSM/WEPP model structure and features (see Section 2.6.3) are superior, relative to the RUSLE and 

RCAT, for modeling sediment yields from small watersheds, due to the ability to account for sediment 

deposition and channel erosion.  However, the methodology used in predicting erosion on simple, uniform 

hill slopes, such as roadway cut and fill slopes, is similar to the prediction methods used in the RUSLE 

(Laflen et al., 1991). 

4.6.2.2 Model Improvements 

 The following items generally describe some potential modifications to the TBSM to improve the 

predictive accuracy of the model. 

1. As discussed in Section 4.4, the magnitude of erosion and runoff was largely dependent on the soil 

texture of the slope.  As shown by the improved predictive performance of the site-specific (SS) 

soil parameter model, “TBSM (SS)”, in comparison to the model using the default parameters for 

the parent material soil texture obtained from the TBSM Tahoe database, “TBSM (PB)”, erosion 

predictions could be improved by using more site-specific soils data.   Currently, the TBSM Tahoe 

soils database for granitic soils uses the following PSDs for the granitic soils (sand = 90%, silt = 

8%, clay = 2%) and volcanic soils (sand = 65%, silt = 28%, clay = 7%).  These default values are 

comparable to the average values presented in Table 4.2.  However, the TBSM could implement 

an add-on to the model that would allow the user to select the NRCS soil map unit encompassing 
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the location of the cut or fill slope of interest.  Based on the selected soil map unit, the TBSM 

could then internally populate the NRCS estimated bulk soil PSDs and use the empirical equations 

presented in Section 2.6.3.5 to calculate the baseline Ke, Ki, Kr, and τc soil parameters for the slope.  

This model improvement may perhaps lead to more accurate soil loss predictions at the expense of 

added model complexity.   

2. As shown in Table 3.6 and the associated footnotes, the default soil erodibility parameters (Ke, Ki, 

Kr, and τc) for both the granitic and volcanic soil types were significantly lower than the calculated 

values, based on the PSD and the organic matter content of the bulk soil, using the empirical 

equations provided in the WEPP documentation and presented in Section 2.6.3.5.  Modifying the 

TBSM default soil parameters, based on site-specific soils data and empirical equations, for the 

TBSM (SS) model simulations improved model performance over the TBSM default model, the 

TBSM (PB), as shown in Table 4.8.  These erodibility parameters greatly influenced runoff and 

erosion results; therefore, further review is needed to determine the appropriateness of the TBSM 

default soil parameters for highway cut and fill slope applications.  Particular attention should be 

directed to the value of the rill erodibility parameter, Kr, as rill erosion was evident during 

numerous rainfall simulations and apparent on highway slopes in the Lake Tahoe Basin after 

significant thunderstorms in August 2014 (see Figure 4.13).  As mentioned previously, the TBSM 

model did not perform as well in predicting the largest sediment yields, again suggesting that the 

Kr parameter should be reviewed.  Calibration techniques to improve these soil parameters should 

be considered.  

3. The runoff and erosion data collected from the 25 rainfall simulations performed during this 

research provide valuable data that could be used to calibrate the baseline infiltration parameters 

(Ke) and soil erodibility parameters (Ki, Kr, and τc) used in the TBSM.  These calibration efforts 

would need to be performed using the full WEPP version.  Calibration procedures for the WEPP 

were detailed by Flanagan et al. (2012).  Additionally, Foltz et al. (2010) described calibration 

techniques using runoff and erosion data collected from rainfall simulations.  As mentioned in 

Section 4.4.3, the primary runoff and erosion dataset used to develop the relationships used in the 
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TBSM was from the research performed by Grismer & Hogan  (2004, 2005a, 2005b).  The erosion 

results reported in these studies were typically lower than comparable studies (see Table 4.5 and 

discussion in Section 4.4.3).  The runoff and erosion data collected during the current research 

could either supplement the data from Grismer & Hogan  (2004, 2005a, 2005b) or be used to 

develop a new set of calibrated parameters for specific use on highway cut and fill slopes in the 

Lake Tahoe Basin.  Perhaps the TBSM developers could implement new vegetation/treatment 

classes, one for cut slopes and one for fill slopes, based on these calibration efforts.   

4. The inaccuracy of the TBSM in predicting erosion from fill slopes was evident (see Table 4.8).  

As discussed in Section 4.4, fill slopes consistently exhibited greater amounts of runoff and 

erosion than comparable cut slopes, presumably due to: (1) surface crusting, as a result of 

decreased surface roughness; (2) increased soil compaction; and (3) less soil consolidation related 

with these constructed slopes.  Perhaps a new slope treatment/vegetation class could be developed 

to represent the unique characteristics of fill slopes.  Similar to the RUSLE, the default surface 

roughness in the TBSM/WEPP could be adjusted to better simulate the smoother surfaces 

typically associated with fill slopes.  Additionally, TBSM/WEPP parameters reflecting the 

consolidation state or compaction level of the soil could be adjusted to provide more accurate 

predictions.  

4.6.3 Road Cut and Fill Slope Sediment Loading Assessment Tool (RCAT) 

 The total and FSP soil losses predicted by the RCAT model were the least accurate of all the 

models evaluated for the cut and fill slopes which were tested during this research project (see Table 4.8).  

In general, the RCAT tended to significantly under-predict soil losses, particularly for the slopes producing 

the largest sediment yields.  Notably, only 28% of the RCAT predictions for total soil loss fell within the 

95% confidence intervals (see Table 4.8), thus highlighting the inaccuracies of the RCAT predictions. 

The strengths of the RCAT include that:  (1) it was developed specifically for roadway cut and fill slope 

applications within the Lake Tahoe Basin; (2) the regression equations used for predictions were developed 

from Tahoe-specific rainfall simulations; and (3) it provides methods to integrate with the PLRM.  Despite 

the aforementioned strengths of the RCAT, the model is particularly time and labor intensive in comparison 
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to the other models which depend primarily on Tahoe-specific parameterized data (TBSM) or estimated 

soils data from the NRCS soil surveys (RUSLE).  Specifically, the RCAT requires the modeler to record 

field measurements of cone penetrometer DTR and mulch and litter depths (see Section 2.6.5 for details on 

field assessment procedures).  The noted time and labor requirements associated with field measurements, 

relative to the RUSLE and WEPP/TBSM models, deserve consideration when assessing the predictive 

performance of the RCAT; ideally, the added complexity and the requirement to perform site-specific field 

measurements should, in theory, increase the predictive accuracy of the erosion model.    

4.6.3.2 Model Improvements 

 The following items generally describe some potential modifications to the RCAT to improve the 

predictive accuracy of the model. 

1. Slope length is a standard input in most soil erosion models, including both the RUSLE and 

WEPP/TBSM models.  However, the RCAT model excludes slope length as a model input 

parameter, despite general acceptance that erosion rates, particularly on bare, steep slopes, 

increase linearly on slopes exceeding approximately 2 to 4 meters (6 to 12 feet) in length (Cerda, 

1999; Drake & McCullough, 2010; Renard et al., 1997).  The RCAT developers defend that 

predictions are accurate for smaller slope lengths, less than 3 m (about 9 feet) in length, but 

potentially under-predict sediment yields on slopes where rill formation is probable (Drake & 

McCullough, 2010).  Although the impacts of slope length on erosion rates were not evaluated 

during this research project, highway cut and fill slopes within the Lake Tahoe Basin commonly 

exceed 5 m (about 15 feet) in length and possess slope gradients greater than 70%, thus frequently 

leading to rill erosion formations during moderately sized summer thunderstorms, as shown in 

Figure 4.13.  Therefore, the exclusion of slope length as a model input is potentially a limitation of 

the RCAT, particularly for estimates of erosion from the steep, long and often bare slopes 

common in the Lake Tahoe Basin.  The RCAT methodology could incorporate a slope length 

factor, similar to the RUSLE, to increase erosion rates according to the measured slope length and 

slope gradient.  The RUSLE uses Equation 2.7, Equation 2.8 and Equation 2.9 to estimate the 

effects of slope length on erosion rates, depending on the slope gradient and the expected ratio of 
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rill to interrill erosion on a given slope.  For example, erosion predictions for a 60% slope with a 

moderate ratio of rill to interrill erosion increase by nearly three times when the slope length 

increases from 4 m (about 12 feet) to 15 m (about 50 feet) (Renard et al., 1997).  Using similar 

methods as the RUSLE, a slope length factor could be applied to RCAT sediment yield 

predictions to account for increased slope lengths. Notably, RCAT erosion rates were determined 

from rainfall simulation plots on a 1 m (about 3 feet) run length. Therefore, increases in erosion 

rates for longer slope lengths could be adjusted according to the baseline of approximately 1 m. 

2. As mentioned in the discussion of the model sensitivity analyses in Section 4.2, the RCAT uses 

Equation 2.32 to calculate a surface cover index (SC), which ultimately determines the impacts of 

surface coverage on reducing erosion in the model.  The higher the SC value, the greater the 

reduction in erosion due to surface cover.  The current structure of Equation 2.32 requires mulch 

and litter coverage to generate non-zero values for SC, thus limiting erosion reductions for slope 

treatments absent of mulch and litter (e.g., riprap slopes).  As discussed in Section 4.4.2, surface 

coverage in all forms (e.g., riprap, surface and canopy vegetation, and mulch and litter) effectively 

reduced erosion on the rainfall simulation plots, relative to the bare slope plots (see Figure 4.6).  

The formulation of Equation 2.32 could be restructured so that only the percentage of the surface 

covered by mulch and litter is multiplied by the mulch and litter depth and the remaining surface 

coverage from other features (e.g., surface and canopy vegetation, riprap or natural rock 

outcroppings) could be properly considered in determining slope erosion reductions. 

3. The RCAT uses a slope dependent equation to estimate the runoff from cut and fill slopes (see 

Equation 2.33), which indirectly impacts the magnitude of erosion from a slope.  This equation 

neglects the impacts of soil texture on runoff.  Therefore, the predicted runoff volume from a slope 

composed of granitic soil (sand and loamy sand) is considered to be equivalent to the runoff from 

a slope with volcanic soil (sandy loam) for a given slope gradient.  Additionally, the maximum 

runoff coefficient in Equation 2.33 is limited to 0.15.  As shown in Table 4.4 and Figure 4.4, the 

runoff characteristics from the rainfall simulation plots depended significantly on the soil texture 

and numerous plots generated runoff coefficients greater than 0.15, particularly the fill slopes.  
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During this research project, the volcanic slopes (sandy loams) generally produced two to three 

times greater runoff than the granitic slopes (sand and loamy sands).  Perhaps the RCAT 

developers could modify the method used to predict runoff to also consider soil texture and the 

type of slope (cut or fill) in order to more accurately predict runoff from these slopes.   

4. As mentioned in Section 4.4.3, the dataset used for the development of the RCAT and TBSM 

models, based on the research findings of Grismer & Hogan  (2004, 2005a, 2005b) and Grismer et 

al. (2008), produced erosion yields significantly lower than comparable studies.  The result of 

these lower erosion measurements may have led to the significantly lower erosion predictions by 

the RCAT, particularly for the higher sediment yields (see Figure 4.17).  Additionally, the runoff 

coefficients predicted by the RCAT were not significantly correlated with the observed runoff 

coefficients from the rainfall simulation plots (R2 = 0.03, p > 0.40).  In order to determine if the 

inaccuracies in the sediment yield predictions from the RCAT model were the result of the 

inaccurate predictions of runoff by the RCAT model, a trial run was performed by calibrating the 

runoff predicted by the RCAT to match the runoff observed during the rainfall simulations.  This 

calibration effort slightly improved the predictive accuracy of the RCAT model, in comparison to 

the uncalibrated version, as determined from increases in R2
Eff values by 0.11 and 0.15 for total 

and FSP soil losses, respectively.  However, the calibrated version still significantly under-

predicted soil losses thus suggesting that the sediment concentrations, used in the RCAT to 

multiply by the estimated runoff volume and ultimately predict sediment yields, were the primary 

reason for the inaccurate predictions of the RCAT model.  The runoff and erosion data collected 

during the current research could potentially supplement the data collected by Grismer & Hogan  

(2004, 2005a, 2005b) and be used to refine the regression equations and improve the RCAT 

erosion estimates for highway cut and fill slopes in the Lake Tahoe Basin.   
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Chapter 5  

SUMMARY AND CONCLUSIONS 

 Reducing erosion, particularly FSP contributions from urban stormwater, and identifying erosion 

sources and key parameters that influence the erosion process is critical to restoring Lake Tahoe’s famed 

clarity.  This research project conducted rainfall simulations and installed dry ravel sediment traps on a 

diverse set of highway cut and fill slopes along the roadways maintained by NDOT within the Lake Tahoe 

Basin, in order to improve the understanding of the rainfall-runoff and dry ravel erosion processes.  In the 

case of the rainfall simulations, the data was used to identify significant correlations between the physical 

characteristics of the rainfall simulation plots and the observed runoff and erosion results, quantify the 

percentage of FSP in the eroded soil, and assess the predictive accuracy of various soil erosion models (i.e., 

RUSLE, WEPP/TBSM, and RCAT).  Prior to this research, little quantitative information existed regarding 

contributions of dry ravel to erosion and sediment yields within the Lake Tahoe Basin.  Therefore, the data 

collected for dry ravel will improve the understanding of this erosion process, identify slope characteristics 

that enable dry ravel, as well as quantify the magnitude of dry ravel erosion in the Lake Tahoe Basin. The 

textural analyses of the bulk soil samples collected at the rainfall simulation and dry ravel sites confirmed 

that granitic parent material soils were generally classified as sands and loamy sands, while the volcanic 

parent material soils were typically classified as sandy loams per the USDA textural classification system.  

On average, the volcanic soils (sandy loams) contained nearly twice the amount of FSP in comparison to 

the granitic soils (sand and loamy sands). 

 The results of the rainfall simulations revealed that slopes composed of sandy loams (primarily of 

volcanic origin) typically generated greater amounts of runoff and erosion than comparable slopes 

composed of sand and loamy sands (primarily of granitic origin).  The fill slopes appeared to exhibit more 

noticeable and less predictable variations in the measured runoff and erosion parameters, in comparison to 

the cut slopes.  Generally, fill slopes exhibited smoother (i.e., less surface roughness) slopes due to the 

constructed nature and high compaction levels associated with these slopes, possibly leading to the 

formation of surface crusting which subsequently increased runoff and erosion.  In terms of mass erosion 

rates, the sandy loam slopes generated two to four times greater mass erosion than that from sand and 
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loamy sand slopes.  Additionally, as expected based on the bulk soil PSD analyses, the slopes with sandy 

loams exhibited greater soil loss FSP fractions than the slopes with sand and loamy sands.  The ratio of the 

percent FSP in the bulk soil between the volcanic soils (sandy loams) and the granitic soils (sands and 

loamy sands) was nearly 2:1, while the soil loss FSP between the two parent material/soil textures was 

nearly 3:1.  In general, the volcanic soils possessed greater amounts of fine particles and also typically 

generated more erosive runoff than the granitic soils, primarily due to the lower sand and higher silt 

fractions, thus resulting in greater sediment transport of FSP.  The sandy loams (volcanic soils) yielded four 

to ten times greater FSP soil losses than the sand and loamy sands (granitic soils).  As discussed, the 

magnitude of runoff and erosion depends considerably on the soil characteristics of the hill slope.  

However, of the various physical characteristics of the rainfall simulation plots, surface cover exerted the 

greatest influence on reducing total soil losses.  Notably, surface cover is typically designated as the most 

significant parameter in soil erosion models.  The general observations from the rainfall simulations 

suggested that the volcanic and mixed soils (sandy loams) represent the most critical slopes with regards to 

the need for NDOT to implement slope stabilization techniques in order to reduce FSP contributions into 

Lake Tahoe.    

Based on visual observations and the results of this research, dry ravel represents a significant 

form of erosion in the Lake Tahoe Basin, particularly on bare slopes with slope gradients exceeding 

approximately 60%.  Despite the limited dataset, a nonlinear, slope dependent dry ravel transport equation 

was parameterized to fit the collected data.  This equation may provide reasonable predictions for slopes 

less than 83%. However, the future installation of additional sediment traps across the Lake Tahoe Basin is 

recommended in order to improve this transport equation, particularly for slopes greater than 60%.  In order 

to better capture the variation of dry ravel across the slope, future research should install wider traps or 

multiple sediment traps side by side, in a linear fashion, for a significant length along the toe of slope.  This 

proposed field testing method differs from the single trap installation employed during this research, but 

should better represent the spatial variation of dry ravel deposition cones across a given slope.  The PSD 

analyses of the collected dry ravel revealed that the amount of fines in the bulk soil was similar to the 

amount in the dry ravel collected from the sediment traps.  Additionally, the dry ravel collected during this 
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research occurred during the dry summer months when the soil was relatively dry and soil cohesion was 

lower.  Past studies evaluating dry ravel reported a seasonal decline in dry ravel due to increased particle 

cohesion resulting from greater soil moisture.  Future research could potentially install soil moisture probes 

to determine how dry ravel yields fluctuate throughout the year depending on the soil moisture content of 

the hill slope. 

 The RUSLE and TBSM/WEPP models were evaluated using two scenarios.  The first scenario 

used the soil data obtained from the NRCS soil survey database, “RUSLE (KNRCS)”, and the default 

parameters for the parent material/soil texture- obtained from the TBSM Tahoe database, “TBSM (PB)”, to 

estimate soil losses.  The second scenario used site-specific soil properties (PSDs, organic matter content) 

to calculate site-specific soils parameters using empirical equations, to predict soil losses within the 

RUSLE, “RUSLE (KNOMO)”, and the TBSM/WEPP, “TBSM (SS)” models.  Soil parameter equations, 

based on site-specific soil properties, were not provided in the RCAT documentation; therefore, only one 

version of the RCAT was evaluated.   

 Considering the predictive accuracy of all the soil loss models with the observed soil losses for 

each rainfall simulation, the RUSLE (KNOMO) model most accurately predicted total soil losses and FSP 

soil losses for 44% and 40% of the rainfall simulations, respectively.  The TBSM (SS) model also 

performed relatively well compared to the other models, predicting 36% and 32% of the rainfall 

simulations most accurately for total and FSP soil losses, respectively.  Conversely, the RCAT performed 

best for only 8% of the rainfall simulations for predicting FSP soil losses and none of the rainfall 

simulations for predicting total soil losses.  The TBSM (SS) model tended to over-predict the smaller 

sediment yields and under-predict the larger sediment yields for both the total and FSP soil loss.  For 

predicting total and FSP soil loss, both RUSLE models typically under-predicted the smaller sediment 

yields and the very largest sediment yields, but generally over-predicted the moderate sediment yields.  

Using the Nash-Sutcliffe model efficiency value (R2
Eff) to assess model performance, the two versions of 

the RUSLE models most accurately predicted sediment yields for total soil losses based on the R2
Eff values 

of 0.20 and 0.40 for the RUSLE (KNRCS) and RUSLE (KNOMO) models, respectively.  Additionally, the 

RUSLE performed best in estimating FSP soil losses, resulting in R2
Eff values of 0.16 and 0.19 for the 
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RUSLE (KNRCS) and RUSLE (KNOMO) models, respectively.  The correlations between the observed 

and predicted values for the RCAT, TBSM (PB) and TBSM (SS) resulted in R2
Eff values less than 0.0, 

indicating that the mean of the observed values was a better predictor of sediment yield than the model 

estimates.  All the models were limited in their ability to accurately predict erosion from fill slopes due to 

the unique characteristics of these slopes.  From a practical standpoint and a perspective that considers the 

clarity of Lake Tahoe, the inaccuracies of model predictions at the lower end are less significant than the 

predictive errors of the models for the larger sediment yields.  The RUSLE performed most accurately in 

predicting the largest sediment yields, while the TBSM performed best in predicting the smaller sediment 

yields.  The simulated rainfall used to assess these models was a high intensity, 100-year design storm.  

Therefore, these models may perform drastically different for other types of storms.  Additionally, snow 

precipitation and snowmelt are dominant processes in the Tahoe Basin and this research did not address 

erosion from these types of precipitation and runoff events.  Future research could potentially address these 

problems by performing rainfall simulations on these same slopes using smaller design storms (e.g., 20-

year, 1-hour design storm) to observe how the models perform for these smaller rainfall events and if 

similar performance results occur.  Additionally, collecting erosion measurements from actual storm events 

in the Tahoe Basin or over an annual period could provide valuable data on how different storms and 

precipitation types impact erosion on these highway slopes. 

 The proposed modifications to the various models to improve the predictive accuracy of models 

for highway cut and fill slopes in the Tahoe Basin include: (1) improving erosion estimates for fill slopes 

by determining appropriate adjustments to the surface roughness and soil consolidation factors used in the 

RUSLE and TBSM; (2) using a cone penetrometer to rapidly estimate soil texture for fill slopes where soil 

textures assigned by NRCS may not be appropriate; (3) further supplementing model datasets and 

equations with the data collected during the current research project; (4) using linear regression equations 

to predict soil loss FSP fractions for cut slopes, based on the silt content of the bulk soil, to assist in 

converting predicted soil losses in RUSLE into predicted FSP soil losses; (5) expanding the TBSM model 

interface to allow users to input site-specific soils data from the NRCS soil surveys, as more site-specific 

soils data generally improved the predictive accuracy of the model; (6) developing more accurate soil 
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parameters for use in the TBSM by using calibration techniques and the soil, runoff and erosion data 

collected from the rainfall simulations performed during this research; (7) incorporating a slope length 

factor into the RCAT; and (8) improving the RCAT estimates of slope runoff by considering the soil 

texture of the slope, rather than basing runoff predictions solely on slope gradients. 

 Overall, this research provided valuable erosion and runoff data for highway cut slopes in the Lake 

Tahoe Basin.  This data and the results of this research should help NDOT better identify critical slopes 

where slope stabilization techniques will be most effective, understand the erosion process (rainfall-runoff 

and dry ravel erosion) and the magnitude of erosion within their right-of-way.  The rainfall simulations and 

model performance assessment provide insight as to which models may best predict slope erosion resulting 

from a high-intensity summer thunderstorm.  Additionally, the recommended model improvements will 

hopefully result in better erosion prediction tools for the Lake Tahoe Basin which are capable of more 

accurately quantifying FSP reductions from slope stabilization practices, identifying appropriate credits 

through the Lake Clarity Crediting Program and ultimately helping in reducing FSP contributions to Lake 

Tahoe and restoring the world renowned lake clarity back to historic levels. 
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