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Modeling Erosion from Insloping
Low-Volume Roads with WEPP

Watershed Model

LAURIE M. TysDAL, WILLIAM J. ELLIOT, CHARLES H. LUCE, AND THOMAS A. BLACK

Low-volume roads can bea major source of sediment to streams in forest
watersheds. For soil erosion from roads to be economically mitigated, the
processes that cause erosion need to be understood. The Water Erosion
Prediction Project (WEPP), a physically based erosion and sedimentation
model, was used for predicting erosion from forest roads that can bede-
scribed as hillslopes. Watershed applications of WEPP predicted erosion
and sedimentation values for insloping roads that can be described as
microwatersheds, How well WEPP models insloping roads through a sen-
sitivity analysis and validation process using two studies in the Oregon
Coast Range is discussed.

The Water Erosion Prediction Project (WEEP) (f}is a process-based
model for prediction of erosion and sedimentation. It can be applied
to hillslopes and small watersheds. Although it was developed for
agricultural scenarios, some féderal agencies and universities are
expanding its use for roads, forests, and rangeland applications. Mad-
eling roads in other settings, such as developed rural areas or agri-
cultural areas, is also possible with WEPP. Low-volume roads are
genérally designed to'be outsloped, insloped, or crowned. On an out-
sloped road, water flows across the road prism and down the hillslope
without concentrating. On an insloped road, water flows into a ditch
and then across the road in:a waterbar or through a culvert asconcen-
trated flow, Crowned roads are a combination of insloped and out-
sloped roads. WEPP has been shown to be valid for some forest road
erosion conditions (2,3).

The complex topography of an insloped road is better described as
a-small watershed than as a simple hillslope. WEPP's hillslope ver-
sion is-able to mode] the outsloped road (4), but the watershed version
must be used for modeling the insloped road for complete analysis of
cutstope, ditch, and channel erosion processes. WEPP incorporates
land characteristics and topography with physical activities, such as
precipitation or road maintenance, to simulate erosion processes.
Input files needed to run WEPP describe management, soil, slope,
channel, and elimate.

A segmient of an insloping road with a cutslope and ditch may be
modeled as 2 small watershed that drains through a culvert and filters
down a forested waterway. A crowned road may be modeled as an
insloped road segment and an cutsloped road segrhent that can be
separated by dividing the road at the crown. In this paper, the ability
of WEPP to predict values that are a good approximation of observed
runoff and erosion from roads is evaluated. The ability to accurately
predict runoff and erosion will improve understanding of insloping
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road erosion processes. The authors describe the insloped road struc-
ture as modeled in WEPP, present the sensitivity to the input para-
meters, and provide validation. This information may contribute to
the design and mairitenanceof low-volume roads to meet erosion and
soil loss goals.

VALIDATION

Field data from sites with similar insloped road characteristics were
used to assess the validity of the WEPP watershed road prism sce-
nario. Sediment production data camie from 74 research plots in the
Oregon Coast Range Resoutce Area, west'of Eugene, measuring the
effects of cutslope height and cover, road length and grade, and ditch
management on sediment delivery (5).

Table 1 shows that the observed sediment yield measurements in
‘western Oregon vary subgtantially and that WEPP's predictions are
within this range. The WEPP predictions fall in the range of 24 (o
74 percent of the maximum measured values. For each WEPP run,
the road and ditch lengths, road gradients, and cutslope heights were
meazsured.in the field for two road segments with similar topogra-
phy, soil, and management ¢haracteristics: The climate data were
from a nearby weather station. The cutslopes did not-appear to be a
sourceof sediment 1o the ditch in either the field observations or the
WEPP simulations. Both field and simulation observations revealed
that Tonger, steeper roads produce more sediment and that grading
in the ditch increases sediment yield by five to seven times. Most of
the sediment from reads with no dirch treatment is from the traveled
way, whereas most of the sediment from a road with a graded ditch
is from the ditch.

Figure | shows the observed data and WEPP predictions for aroad
60 mlong at various gradients for the sites in westem Oregon (5). It
shows tha bare ditches (new construction, vegetation removal treat-
ment, or grading) will cause more sediment production, especially as
the road gradient increases.

Brake et al. (6).investigated sediment plume length in the Oregon
Coast Range near these sites. WEPP does not directly predict the
sediment plume length, but instead predicts the sediment yield for a
given set of conditions. To estimate plurne length using WEPP, the
forested waterway element below thie culvert was divided into sev-
eral sections-of variable length, and the sediment leaving each sec-
tion was recorded. The segment in which most of the sediment was
depasited on the waterway was compared with the site observations.
The plume length is sensitive to the hydraulic eonductivity of the
forested waterway channel, the amount of vegetation present, and
the different obstructions that are present in the path of the runoff, The
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TABLE 1 Comparison of Average Annual Sediment Yield Field Observations

with Simulated WEPP Qutputs (5)

Measurement Site 1 Site 3 Site 4 Site 5
Road Length (m) 87 60 59 60
Ditch Length (m) 88 60 60-62 58-60
Road Gradient (%) 12-13 10 5-7 7
Cutslope Height (m) 1.2-4.9 0.6-2.0 1.2-3.0 6.1-7.0 2355
Ditch Management None Graded none graded
Observed Sediment 163-234 503-1197 39-167 154-696
Production (kg/yr)

WEPP Erosion

from Road 167 53 36 40
Travelledway (kg/yr)

WEPP Erosion from

Road Travelledway 172 830 40 339

and Ditch (kg/yr)

vegetation was fairly dense, which corresponds to observations in the
coast range. Hydraulic conductivity on the waterway was 80 mm/h,
derived from field measurements in the area of the sites. Hydraulic
conductivity may vary a great deal for different slopes and soil types.

WEPP overestimates the measured plume lengths in most cases
(Table 2). The most important factors contributing to plume length
are the road’s contributing area, road gradient, and the presence and
type of obstructions in the flow path (6,7). Unlike WEPP, the field
observations presented in Table 2 do not show any relationship be-
tween plume length and road gradient or road area. Because it is dif-
ficult to model the location, orientation, and size of obstructions,
modeling such occurrences is difficult. WEPP currently does not pro-
vide such a scenario, although with further work, its impoundment
options may be capable of modeling the effects of these obstructions.
The presence of a sediment plume does not necessarily mean that
there is no sediment carried beyond the plume. The fines may be car-
ried some distance further than the visible plume length. A field study
is under way to determine the amount of sediment carried beyond the
observed plume (6).

Another factor not considered in this validation is that these
waterways may not act like grassed waterway channels, which con-
centrate road runoff. One or more of the channels may be better rep-

resented by a hillslope waterway element with a dispersed flow pat-
tern (Figure 2), in which case the current WEPP watershed version
is not appropriate. Different flow patterns result in different sedi-
mentation patterns. A wide, flat channel is best represented as a hill-
slope below the culvert (8), whereas a rill forming below the culvert
is best represented as a triangular channel.

From these results, the authors concluded that the current version
of WEPP can model the effects of different road geometry and treat-
ment conditions on the erosion processes for insloping low-volume
roads, but 1t does not readily model observed sediment plume length
in channels.

SENSITIVITY

Having determined that WEPP predicts reasonable results for road
erosion, the authors performed a sensitivity study to determine the
most important processes and parameters affecting insloped road
erosion. The elements of an insloping forest road are the cutslope,
ditch, road, culvert spacing, and hillslope or waterway below the cul-
vert where runoff and sediment follow an ephemeral vegetated chan-
nel toward a perennial stream. To model this scenario in WEPP, each
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FIGURE 1 Average annual measured and predicted sediment yields for 60-m-

long road (5).
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TABLE 2 Comparison of Measurements biy Brake et al. (6) of Average Annual
Sediment Plume Lengths with Sinrolated WEPP Outputs

Meagurément.

Rozd 53 Ropd9 Road94 Road (20 Road 106

Road Length {m) 366
Contributing Road Area (m”) 125
Road Gradient (%) 7.6
Ditch Management Nuone
Observed Plume Length {m) 15
WEPP-Predieted Plume: )
Length (m) 21

None  Graded None

228 L ITF 248 213
645 81 889 290
6.0 16.6 9.6 172
7 ) 13 B3

33 11 45 21

\/

Dispersed Flow Channel Coneeatrated Flow Chaninel

FIGURE2 Channel structare used in WEPP hillslope and
watershed models.

element was developed individually and then linked ih 2 witershied
structure.

The road traveled way was modeled with an inslope of 3 percent,
diverting all nuimoff 1o an inside ditch instead of directly onto the hill-
slope below. The details of how the elements were described in WEPP
are discussed elsewhere by Tysdal et al. (9). Road gradients of 2, 4,
8, and 16 percent ware combined with road lengths of 10, 20 40, 60,
and 100 m. The soils used in'the analysis represented 4 tarige of typ-
jcal soil types and inclided a £l loam; ¢lay loam, sady loam, Joam
with gravel, and sandy leam with gravel, for a total of 100 road-
fength-soil combinations: Table,3 presents the seil characteristics of
the five soil types.

Of the 20 road-length conibinations for the silt loanyseil, sev-
eral were chosen and combined further in'the watershed scenario
with a cutslope, ditch, culvert; and waterway. These-combinations
were analyzed in WEPP to.estabilish trends for future-scenarios and
validation.

Road Traveled Ways

Because the traveled way of a low-volume road hias little erno vege-
tation, the management file'in WEPP-describes a fallow system with
annual blading. The runoff flow path.own an insloping and downslop-
ing road follows a diagona! pattern across the road toward the ditch
and iy dependent on both the inglope gradient and thie dowrislope grii-
dient, This ponfiguration neglects any rutting in the road and assumes
4 planar travel surface. A nitted road would increase the fow path
length by diverting the ronoff down:the ruts fora distance, increasing
the erosien from the road surface (10, 11).

WEFP pecformed all the combinations for a 1-year North Berid,
Oregen, climate, and average sediment foss and runcff-were-caltn-

TABLE 3 General Road Input Parameters

lated (Figures 3.and 4). Other climates were ran for some conditions
and had similar trsnds. For higher road gradiems, soil losses were
higher and increased exponentiaily with road length.

The increase in runoff with gradient is likely a result of the re-
duced surface storage capacity, wheress increased erosion with gra-
dient results from more runoff and the greater erosivity-of runoff
water bevause of higher water enerjry. More erosion ocourred onthe
longer roadslopes begause a larger area contributed, Changes inroad
length did not affect the runoff depth. Erosion was greatest for the
silt Toam soil, and runoff veas greatest forthe cliy loam soil. Sgil loss
and Tunioff were both least for the sandy loam with gravel.

Uting genetally-the same variable inputs, Burroughs and King
(12)ydeveloped an empirical equation to-predict sediment yield-onthe
basis of road grade, surfice density, and the D50 (didmeter corre-
sponiding to 50 percent finer by weight) of the loose sotl for the road
traveled way element of the insloped road scenario in the.granitie
soils of the Idsho Batholith, The Burroughs and King relationship is

5= 0.00488kG™"

where

$= sediment yield (kg/m*),
k = Dsy™™¥*8 Density ~°™, and
= road gradient (%)
Thic variable'k ringes from 0.548 to 1.559in Burroughs and King's
Using the same-exponent and data from the WEPP runs for a:sandy
loam soil in a-central 1daho-climate, the authors’ relationship is

§=0.0055G"%* - 0.0297 (2)

with an #* equal to 0,99 with respect to the WEPP simulated runs
(Figure 3). The-Burroughs and King egudtion allows the sediment
yield to be zeto when the road gradient is zero; whereas the authors®
sijuation shows stime sofl deposition (negative sediment yield) on
roads with no gradient, which the suthors have observed tobe true ().
The diffecenices in sediment yield from the two equationscan be attribe
utéd 1o differericés in road length, climate, and soil characteristics,
whith the Burroughs.and King equation-cannot address. In = relared

% Gravel

% Silt % Clay

(0.06:2.0mm)  (Q002-0.06mm) {<0:002mm}

Soil Type
{2.0mm-5.0ln;
Silt Loam s
Clay Loamn 20.
Sandy Loam 5
Lioam. with Gravel 60
Sandy Loam with Graviel 80

30 55 15
30 40 30
&0 35 5
40 40 20
70 25 5

NOTE: Gravs! is percent by wight of sand, #lt.éad clay &),
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FIGURE3 Avérageantioal runoff values predieied
by WEPP for 60-m:road segment,

work, Morfin et al. (8) shiowed that a silt Joam soil is b 1.5 times
asérosive asacoarse saridy soil. These combined differencesaccount
for miost of thie difference between the authors” regression-and that of
Burroughs and King.

Ditch Characteristics

The nextelement 1o beincorporated into the watershed-was the ditch,
which WEPP models as-a sedsdnal chatingl. These model nitis-wigte
performed using the samie climates as the single-elerment road: and a
silt loam soil. Four length and slope combmat:oms Were selected for
the analysis, The ditch-experi i onal grading as he
tiaveled way. T afl vases, the sgad: emﬁed (Table 4).

Cutslope Characteristics

The cutslope wais inodeéled with three amennts-of vegetation, which
were called “much,” “some,” and “none™ for simplicity. Vegetation
characteristics are described in the WEPP management file:and in-
clude 2 nuniber of variables suctias stem diameter,. plantheight and
spacing, and rill-and interrill cover. To reduce repetitive runs, the
road length was fixed at 60 m and the soil type ds the silt loam. Cut-
slopes in the Oregon Coast Range generally have stéep slopes, so

—e— Sandy Loam with Gravel
—a— Loam with Gravel

16 —a— Clay Loam

' Sand Loam

14 | ——Silt Loam

Soil Loss (kg/m”2)
o

Q 2 4 6 8 10 12 14 16 18
Road Gradient (%)

FIGURE 4 Average annual erosion values for 1 year
predicted by WEPP for 60-m road segment.
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FIGURE 5 Average annual sediment yield using Burroughs
and King (72) equation and WEPP’s predictions for similar
soil and climate.

the slope: was fixed at 100 percént and the heéight was variéd at 1,2,
and 3 m.

The soil characteristios are different for each ¢lement because
«of compaction and disturbance. Table 5 presents the modeled:soil
propetties in the WEPP:soil file for (e silt Todin soil foreach elernsnt.
Figure 6 shows whiat portion of the detached sediment comes-foin
the road, chanirel, 1nd cutslope forad percentroad gradient. Regard—
less of cutslope characteristics, thesoil loss from the road is the same
for 2-'given road stope and, in this case, erosion from the graded ditch
dominates. It is apparent that erogion from the cutslope decrédses
slightly with more vegetation and incréases with eight (Figure 6),
Gieater cutslope height also causes more ditch erosion because of

‘greater runoff, The erosion from-the cutslope differs from the road

because of seil properticsand the presence.of vegetation. The soil on
the cutslope hasless.compaction and allows more infiltration, reduc-

irvg potenitial for éfosion. Deépending dn $6il.characteristios and road
and ditch menagemient, other scenarion viiay shew erosion being

driven primarily by the road, but the geners) relationship between

cutslope vegetation and height and erosion would probably remain
unchanged.

Below the Calvert: Waterways

A-corfugated rietal or high-density polyethylene pipe culveit orastir-
fate watethar generally diverts runoff from an insloped road to the
waterway below, where water infilwation and sediment deposition
ocour.in & concentrated channel orin a plume formation. During this
portion.of the shudy, the complex interaction between discharge and
infiltration below the t6ad and sediment delivery wis investigated.
The authors assamed that the portion of the forest fioor where the run-
offmﬁllmtzshas femwd an-ephemeral V-shaped channel (Figure 2).

) ed as perceived by WEPP is.2 seres of
hillslopes: _,'_"Ihexmpqmwafthewmaybelowﬂw
culvert ‘can bc. q:mnuﬁcd by comparing incoming sediment amounts
and water volumes'to.outgeing sediment amounts and watér volimes.

These-ameunts-and volumes:may vary withroad length and gradient,
as'well as with waterway length, gradient, sideslope, and roughness,
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TABLE 4 Average Annuil Sedhmnl Yields from Traveled Way and Travelad
Way with Ditch for Severat $ilt Loam Roads Predicted by WEPP for North Bend,

Oregon, Climste:
Gradient Road Length Sediment Yield from  Total Sediment  Difference
Travelledwdy Yield
(%} {m] tkg) (he) _(he)
2 &0 523 830 307
4 60 651 1554 903
8 60 1326 2775 1449
4 30 326 1045 719
4 90 977 2027 1050

In this-study. the authors developed sets of WEPP runs to-examing
volumes nid sediment yields:with thess waterway vanabics, holding
ottier variables constam.

To allow the ¢ffeet of waterway lengihand road len‘gth for atten-
yating discharge to-be understood, thie gradient of the waterway
was fIxed a1 8 percent and the road gradient at 3 peroent, Water-
way dischistge increases asroad length iiicreases, waterway Jengil
fecreases, er'both. This result occurs begause the larger surface
area «of the road preduces more runoff, but 2 longer waterway
results inmaore infiliration, orless mnoff.

The effeer of waterway length oncsediment yield in WEPP-shows
a.gifferent initial srend than that for the.nineff discharge. Sadiment
yield isgenerally lessfrom longer waterways, For'shiort road segment
lengihs, longer waterways produce the 18ast amiourit-of sediment. As
road Jengili increasts; however, tunoff increases sufficiently toerode
the entire length of the warerway, and longer waterways result in
more sediment prodigtion (Table 6). In WEPP, eresion pears in the
waterway channel fora cettain distance before deposition beging to.
oceur. From this point, sediment delivery is timited by the length of
the waterway-and bs ttanspert-limited in that the energy of the sunoff
is 100 low to transport all of the:sediment previously eroded. Résults
from this study suggest that a shert waterway is better than ong of
meditum lengit forcontrollingsedimentatiom when the waterway has,
high potential for¢rosion, sithough & waterway of extreme length is
preferred-inall cases.

The relationships between waterway length and sediment yield
-were similar to these by Morfin etal. (8); who modeled the flow down-
stream from the road as dispersed flow rather than chanmelized fow..
The results from that study indicated sediment plume lengths shorter
than those predicied with the WEPP watershed model. présamably
because of the differenee in ehammel geometry (Figare 2).

An analysis based-on data feom the WEPP model of the effect of
diflering waterway peadients-indicated that neliher sediment yield
riof rundff is sensitive toghanges in the gradient of the waterway. A
similarset of runs showed that waterway channel sidesiope had ne
effect on sedinient yield or ranoff. and that the roughness in the chizn-

nel a8 quantified by Manning™s “r” showed some effect o chanmel
erosion evens (95

DISCUSSION OF RESULTS

The road-analysis postion of this study suggested that road length, road:
gradient, and sdil typeape the diiving factorsinerasion. Etesion from
the cintslope elemens is relatively small dothipared with that from thie
road elemenil. This suidy exemined cutslopes withi heights up o 3'm
and found that they contribute linle sediment. Cutslopes feund in
rountainous arcas may be higher, and thersfore may contribute more
runoff and sedimentyield, Depending on'the soil-and management
characteristicsof the diteh, erotion frgih the-ditch gy or migy fiot be
of sigriificancé. A grded ditch éroded mare than an undisturbed ditety.

The waterway analysis portion of this study demonstrated that the
Biilatd ugmﬁcam variable énvtm erasion on-a walgrway 5 waterway
length, The amount and density of vegetationare impor{ant, is-is the
hydeaulic eonduetivity. The presenve-and orientatisin of cbstictions
¢an also affeet how muchsediment |s deposited in the waterway and
whiere. The outlet channel or plume is alsoimporant, Facrerssuchyas
waterway gradient channgl sideslope. and roughness are less inpor-
tant. Comparing the althors™ regulis with those of Morfin &t af. (8
supports the-recommended practicé to generally dischiarge from cul-
verts on fat slopes sather than inte chaninelized waterways. Many
studies indicate that the most.important factor-affecting plume length
is the ghstructions oriented normal te the fall line of'the slope (13),
but the WEPP model does not incorporae obstractions at this time,
making them irpossibie torquantify in the resuls.

Crownéd rodds often Bave 4 divch on bothsides of the road and can
b madeled by bisecting the road avthe-grown and modeling eachside
separately, Thismethod decreases the contributing surface area for
each diteh, reducing the ernsion potential in those ¢hantiéls. The
adverse effeits of gradifig ditchies and thie impact of waterway length
on sediment delivery are also applicable o crowned roads, Some low-
volurme roads dre only bladed every several years, and thus-the man-

TABLES Soil Eredibility Charactéristics of Witcrshied Elénients for Silt

Loam Soil
Element Interrill Rill Critical Hydraulic
Erodibility  Erodibility Shear Conductivity
(kg*s/m’) (s/m) (N/m*) (mm/hr)
Travelledway 3000000 0006 1.8 0.3
Ungraded Ditch 2000000 0003 4 10
Graded Ditch 3000000 0100 1.8 10
Cutslope 2000000 0003 2 10
Waterway 3000000 0006 1.8 80
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Sediment Yield (kg)

some much none some much none some much

1 1 2

2 2 3 3 3

Vegetation Cover and Culslope Height (m)
ORoad I Cutslope O Ditch

FIGURE 6 WEPP's predicted sedimeat yleld for different cutsiope heights
and vegetation amounts for | yesr for watershed consisting of 4 percent silt
loam road 60.m long. with:chiannel and cutslope,

agement file would need to be altered stightly o accommedate these
congitions.

The laege variability in gbserved sediment yetd showsthe com-
plexity of modeling ah insloped rond wawrshed seenarivs Even with
a mode] such as WEPP. it is difficuilt 10-acooum for il e varizbles.
However, WEPP allows siiany of these variubles o be considered,
whereas past sidies have grouped them lnto faciors in simpler mod-
els. Forexample, the universal soil loss equation kas:a factor for soil
type tha describes a variety of soil characteristivs, including erodi-
Bility-aond Bvdraulic conductivity, whereas WEPP nllows these two
variubles and others 1o be considered separately WEPY runs van be
usclul tur comparison with other WEPP scenarivs in establishing
wrends, hut may not predict values.that orie knowledgeable in soil
eroditility and conduetivity may observe in the teld.

CONCLUSIONS

The :lm‘h&mdc\cloped a s¢t of hislbﬁed foad -:cmurius with diffcr-
te modmed for am.~spemt' e roadcuts in dtffmm ::kmmv.--z far pm
tien! applicatian by road efiginéers and managers, They ean also be
adapied To-other areas, A validation study determined that WEPP's
predictions were venspnable appreximations for tiesediment yields

TABLE® Average Annnal Runoff and
Sediment Vield Data at Different Distances

Bown Waterway
Distance Sediment Yield Runoff
{m) _ Gwnnesy L)
1 [ I57
3 04 144
g 0.5 113
20 5 k73
45 18 40
80 12 14
120 1.1 7
160 Q2 b
120 00 0

TRt Winerwily podnenbis & peroenti-ud toud 1s 60
letgait 3 pereent grindlens nesr Maitfiord, Orepan.

fiom plots in the Oréson Coast Range and that whe diich conditions
greatly affected the sediment yield. This sedireint yield alse: varies
with opography, sail lype. and climmate. WEPP appeared to over-
estimate sediment plume length in Waterways, It-appears that factors
such as obstructions and runoff dispiersion are critical ln plume for-
matipn, and modeling these fegtures requires further investigafion. A
sensitivily analysis was performed, and the applicability of these sce-
ridrios was tested using the-field validation. The most important sed-
itment production variables thatcan be controlled to some degree are
as follows {in order);

1. Road segment length,

2 Reads]mpe.

3. Diteh management practices,

4, Waterway pmpemea, and

5. Cutslope height and wanagetient.

‘When used.correctly. the WEPP watershed miodel can be-useful
in predicting runoff and sediment yields for instoped low:volume
roads. WEPP can account for such variations as topography. soil
propetiies. manigement practices, and ¢limate, all of which cause
differences in low-volusie road erosion:
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