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Introduction e S

Roads can be a major source of sediment in sensitive forest watersheds. In order to
economically mitigate soil erosion from roads, we need to be able to understand the
processes that cause erosion. The Water Erosion Prediction Project (WEPP) has been
shown to be valid for predicting erosion from some forest roads [Elliot et al. 1994, Elliot
et al. 1995] that can be described as hillslopes. WEPP incorporates land characteristics
and topography with physical activities such as precipitation of road maintenance in a
model to simulate erosion processes. Input files describe management, soil, slope,
channel, and climate. A variety of output information is available, including runoff
amounts and sediment detachment and delivery. Watershed applications of WEPP can
predict erosion and sedimentation values for small watersheds [Flariggan and Livingston
1995].

Forest roads are generally designed to be ¢ither outsloped, where water flows
across the road prism and down the hillsfopg withiout concentrating, or insloped, where
water flows into a ditch and then across the road in a waterbar or through a culvert as
concentrated flow. The complex topography of an insloped road is better described as a
watershed than as a simple hillslope: WEPP’s hillslope version is able to model the
outsloped road [Elliot and Hall 1997], but the watershed version must be employed when
modeling the insloped road for complete-analysis of cutslope, ditch, and channel erosion
processes.

A segment of an insloping forest road with a cutslope and ditch may be'modeled as
a small watershed which drains through a culvert and filters down a forested waterway.
The purposes of this paper are to discuss how well WEPP models insloping roads, to
improve our understanding of insloping road erosion processes, and to determine whether
or not the WEPP-predicted values are a good approximation of observed runoffiand
etosion from forest roads. This paper describes the insloped road structure as modeled in
WEPP, presents the sensitivity to the input parameters, and provides validation. This
information may contribute to design or maintenance of forest roads to meet erosion and
soil loss goals.

Validation
Field data from studies with similar roadeut characteristics were used to assess the
validity of the WEPP watershed roadcut scenario. Wesare monitoring 85 plots in i



Oregon Coast Range Resource Area, west of Eugene, to assess the effects of cutslope
height and cover, road length and grade, and ditch management (Table 1),

Table 1 ﬂlustmtes that sediment volume measurements in western Qregon vary
naturally by a significant amounit and that WEPP’s predictions fall in this range. The
climate data utilized was from a station near the sites. The.ranges shown for the road and
dtteh Iength, road gradient, and cutslope height were measured in the field for two
different road segmenits with similar topography, soil, and management characteristics.
The cutslopes did not contribute-any sediment to the ditch in any of the runs in either the
field study or the WEPP simulations. Measurements show that longer; steeper roads
produce more sediment and that grading in the ditch increases sediment yield by a
substantial amount.

'Table 1. Comparison of some field observations to sintulated WEPP outbuts

Run 1 Run 2 Run 3 Run 4 Run §
Road Length (m) 87 33-40 60 59 60
Ditch Length (m) _ 88 34-41 60 60-62 58-60
Road Gradient 12-13%  3-5% 10% 5-7%. 7%
Cutslope Height 1249 0620  1.23.0 6.1-7.0 2.3-5.5
Ditch Management none none graded . mnone graded
Total Sediment Production (kg) 163-234 5-67 503-1197  39-167 154-696
WEPP Erosion fram Road (kg) 166.8 183 52.7 36.3 40.5
WEPP Erosion from Outlet (kg) 1723 1838 829.6 39.8 338.5

Figure 1 shows the. distribution of the field data in companson to the trends that
WEPP predicts for 4 60 mister road at various gradients for the sites in western Oregon. Tt
illustrates, for both the predicted and. measured roads, the marked effect of grading the
ditches. This suggests that bare ditches (new construction or a vegetation removal
treatment) will cause more sediment production from these roads.
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Figure 1. Measured and Predicted sediment yields for a 66-m road at Low Pass in western Qregon.

A study by Brake [1997] investigating sediment plume length was conducted in the
Oregon Coast Range near our sites. WEPP does not directly predict the sediment plume




length; but rather the sediment yield for a given set of conditions, In order to estimate
plume length using WEPP, the: forested waterway element below the culvert was divided
into several sections of vartahle length and the sedimer f
monitored. The length where most of t

atafalrly denselwalto ond f¢ : :
conductivity on the-waterway: Wﬁs isetat 80 mmfhr Whlch correspundst@ some field
measurements.

Table 2. Comparisorof Brake’s. fmﬁf] mma'ements 0. s:malatea‘ WEPP putpits.
Road53 Road9 Road94 Road 120 Road 106

Road Length (m) 366 223 177 248 213
Contributing Road Area (n”) | 125 645 81 889 290
Road Gradient 7.6% 6.0% 16.6% 9.6% 17.2%
Measured Plume Length (). 15 7 5 13 33
WEPP Predicted Plume
Length (m) 44 28 6 54 14

Table 2 shows that WEPP overestimates the:measured plume lengths in most

cases. The most significant factar inplume length is theca'butmg dreaand the
presence and type of obs&mt;umn&m the flow: paﬁ: Itis écult 10 predwt Whete at Whai

iﬁ iio sedlme;lt oamed bejondthe ume, '_ rwas g7
determine the amoutit of sediinent: earmed beyond the observeﬁ plume [Brake 19971,
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Figure 2. Channel Structure
Another faafer not considered in this validation is the fact that these waterways -
may not act like grassed waterway channels; which concentrate road runoff. One or more
of the channels: may ‘be bistter represented by a hillslope waterway element witha
dispersed flow pattern (figure 2) in which case the current WEPP Watershed Version
cannot be used for this scepario. Different flow patterns result in different sedxmentaﬂon
properties, as shown in ﬁgutes 3 and 4. Figore 3 shows.sediméntation occurring in a wide
fiat channel best.represented as a hillsiepebelew the culverth wihil ﬁgure 4 shaws a
definite rill forming below: the culvert, swhich ishest repres
also shows a large woody cbstiaction, catsing the sedimeénit tc

deposit o shtse plume‘




The validation studies indicate that the current version WEPP can model the
effects of different road topographies and treatment conditions on the erosion processes
for insloping forest roads, but d es not model sediment plume length in channels.

Figure 3, Faterway with a Figure 4. Waterway with a
dispersed flow pattern concentrated flow paitern
Sensitivity

Having determined that WEPP. predicts reasonable results for road erosion, we
perf@rmed a sensitivity study to determine-the most important processes in insloped road
erosion. The elements of an insloping forest road are the cutslope, a ditch, the road,
culverts spaced at desired intervals, and the hillslope o gully below the culvert where
sediment follows an ephemeral vegetated channel toward a perennial stream. To model
this scenario in WEPP, each element was developed individually and then linked together
in a watershed structure.

The road travetway was modeled with an inslope of 3 percent, diverting all runoff
to an inside ditch rather'than onto the hillslope below. Road gradients of 2, 4,8, and 16
percent were combined with road lengths of 10, 20, 40, 60, and 100 meters for a total of
20 road-length combinations. These 20 combinations, each simulated for five different
soil types, produced 100 different runs. The soils represented a range of typical soil types
observed on forest roads and included a silt loam, clay loam, sand loam, loam with gravel.
and sandy loam with gravel (Table 3).

Table 3. General Road Input Parameters

Gradient Length Soil Type
2% om- Silt Loam
4% 20'm Clay Loam
8% 40m Sand Loam’
16% 60m Loam with Gravel
100 m Sandy Loam with Gravel

Of the 20 road-length combinations for the silt loam soil, several were chosen and
combined further in the watershed scenario with a cutslope, ditch, culvert, and waterway.



These combinations were analyzed in WEPP to establish trends for future scenarios.and
validation. '

Forest Travelways

Because a forest road has little or no vegetation, the management file in WEPP
describes a fallow system with seasonal blading. The runoff flow path (FP) on an
insloping and downsloping road follows a diagonal pattern across the road toward the
ditch and is dependent on both the inslope gradient and the downslope gradient (figure 5).
In order to accurately model this as a hillslope element in WEPP, the road segment has
been described with a length of the flow path, rather than the physical road width.
Subsequently, to maintain the same surface area for precipitation and evapotranspiration,
an effective road segment width (EW) was deterttined by dividing the physical road area
by the flow path length. This configuration neglects any rutting in the road and assumes a
planar travel surface. A rutted road would increase the flow path, thus increasing the
grosion from the road surface;
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Figure 8. Flow Pattern Description of Road Element
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Figure 6, Average Annual Runoff values predicted
by WEPP for-one year-in North Bend, GR e

WEPP performed the. 100 runs for-a North Bend, Oregon climate for one year, and
output values for average sediment. loss-and average runoff were recorded. These results

are summarized in figures 6 anid 7. Other climates had similar tretids. Using generally the
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same variable inputs, Burroughs and King [1985] developed an-empirical equation to
predict sediment vield based on road grade surface density, and the Dyq of the loose soil.
for the road element of the roadeut scenario. This equation produces.a eurve with similar
trends to figure 7, Formore erosive 501l properties and higher road gradients, soil losses
were higher and increased in an exponential manner with road length. :
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¥igure 8, Rundff and Soil Loss for roads with different sois for 8%
gradienit and 60-# length in North-Bend, OR

Ditch Characteristics

The next element to be incorporated into the watershed was the ditch, which
WEPP moidels as a seasonal channel. Since the road shape was changed to accommodate
the flow path, the questi@n arose asto where along the ditch to place the road element.
WEPP uses structure elements.and places them side by side or above and below one

.



another. Several different configurations were simulated with the road element at different
locations along the ditch. The results suggested that the best way to configure the road
and channel was to center the modified road segment at the midpoint of the channel
(figure 9). This configuration was not only easy to build, but gave more consistent
outputs. The sedimentation from Channel 1 in this configuration may be underpredicted
and the sedimentation frora Channel 3 overpredicted, but the overall effective yield falls in
the observed range, as shown in figure 1.

These runs were performed using the same Channel 1
climates as the single-clement road, and two soils,
clay loam and silt loam with gravel. Four different Channel Road
length and slope combinations were selected for the

runs. In-all cases, the road ditch was eroding.

Table 4 shows some typical results for one soil type. Channel3

Figure 9. Channel and Road Configuration

Table 4, Sediment yields from the travelway and the travelway with ditch in one year for several silt
loam roads predicted by WEPP for a North Bend climate

Gradient Road Length Sediment Yield from Travelway Total Sediment Yield
{m) (kg {kg)
2% 60 523 830
4% 80 651 - 9554
8% - 80 . 1328 2775
A% 30 326 1045
4% 80 977 2027

Cutslope Characferistics

The cutslope was modeled with three different amounts of vegetation, which were
named Much, Somie, and None for simplicity. ‘Vegetation characteristics are deseribed in
the management file and inclute a numbet of vatiables such as stem diameter, plant height
and spacing, ‘and rill and intenrill cover. In order fo reduce repetitive runs, the road length
was fixed at 60 meters and the soil type as thessilt loam. ‘Cutslopes generally have steep
slopes, s0 the slope was fixed at 100 percent and the height was varied at one, two, and
three meters; This made a total of 36 runs: four different road slopes, three different
vegetation covers, and three different cutslope heights.

The soil characteristics are different for each element because of compaction and
disturbarice. Table 5 shows the modeled soil properties in the WEPP soil file for the silt
loam soil.

Table 5. Soil Characteristics of Watershed Elements for Silt Loam Soil

Element ki kr liauc Conductivity
kg*g/m* s/m N min/hr
Travelway 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 0005 1.8 80




Figure 10 suimméarizes what portion of the:sediment ereding comes from the road,
channel, and cutslope for the four percent road gradient. Regardless of cutslope
charactenstxcs, the soil loss from the road is the same for 3 given road slope and, in this
case, erosion from the ditch dominates. It is apparent from figure 10 that erosion from the
cuts[ope decreases slightly with more vegetation and increases'with height. ‘Greater
cutslope height also causes more chanel erosion due to greater urioff. Dependent upon
soil charateristics and road and diteh management; otherscenarios may show erosion
being driven by the road, but the;general relationship of cutslope vegetation and height
and road gradient and length holds.
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Figure 10, WEPP’s predicted sediment yield for different cutslope heights and vegetation amounts
Jor a watershed consisting of a 4% silt loam road 60m long, with a channel and a
cutslope jor one year in North Bend, OR

Below the Culvert; Forested Waterways

A corrugated metal pipe culvert is usually used to divert runoff from an msloped
road to the waterway below, where water infiltration and sediment deposition occur ina
congetitrated channel. The WEPP Watershed Version includes several templates that
simulate impoundments, incuding eulverts under roadways, but the sensitivity analysis
approach revealed several problems with the impoandment routines, In order to bypass
these problems, we chosé to model the culvert as 4 nonerodible open channel with a
roughness and gradient similar to & corrugated mietal pipe culvert. This portion of the
study investigates the complex interaction'of discharge and infiltration below the road
[Morfin et al 1996]. We assume in this section that the portion of the forest floor where
the runoff infiltrates has formed an ephemeral V-shaped channel (ﬁgu;rﬂ 2). '

The structureof the watershed as perceived by WEPP is-a;series of hillslopes and
channels (figure 11}, Recall that since the road is insloped, the raad-hillslope length and
width were altered to account for the diagonal overland flow of the water toward the
ditch. The importance of the-waterway below the:culvert can be quantified by comparing
incoming sediment amounts and water volumes to outgoing sediment amounts and water
volumes. These may vary with road length and gradient, as well as'waterway length,
gradient, side-slope and roughness. Ini this study; we have developed sefs of WEPP runs
to examine volumes and sediment amounts first with waterway length and gradient, and
second with waterway roughness, holding other variables constant. A similar set of runs
showed that waterway channel side:slope hiad o effect on sediment yield or runoff.
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Figure 11. Plar view of conplete watershed structure.

To illustrate the effect of waterway length and road length for attenuating
discharge, the gradient of the-waterway was fixed at 10 percent and the road gradient at 4
percent. Waterway discharge increased as road length increases and/or waterway length
decreases. This ocours because the larger surface area of the road leads to more runoff,
but a longer waterway results in more infiltration, or less runoff.

70
60 4| —*—30m waterway
50 4| —¥—60m waterway
40 1 =#=90m waterway

30 4
20.4
10 4

0

Dischiarge (m”3)

]

70 80 890 100

0 10 20 30 40 S50 B0
Read Length (m)

Figiire 12, WEPP's predicted waterway discharges for different voad and
waterway lengths for Charleston, WV. Road gradientis 4%,
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Figure 13, WEPP s predicted sediment yields for one year for different roads
; vays in Cherleston, WY. Road gradient is 4%.
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Figure 13 shows that as road length incieases, sediment yield increases. Sediment
yield is generally legs for roads which have longer waterways. It appears that for short
road lengths, longer waterways produce the least amount of sediment. Assoad length
increases, however, runoffincreases sufficiently to erode the entire length of the
waterway, and longgt waterways result in more sediment production. This-concept is
further illustrated in figures 14 and 15.
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160 < < < < -
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'g: = —B—Water Exting Waterway
=1
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g *-; Figure 14. Runoffattertugtion over waterway length with gradient
i’{!l = qf&%foroyeyearmMeéford, OR jora 60m long road.
'r’ il
Flgure 14 shows veT'i)ﬂ'ne entering the waterway as the upper line and volume
leaving the waterway as the lower curve for one roadcut scenario where the road is 60 m
long at 3 percent and the waterway is of varying length with & gradient of 8 percent, This
graph suggests that 160 m are needed to infiltrate the runoff from the road and cutslope
section.
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Figure 15, Sedimeint Feld for varying waterway length with 8%
gradient for one year in Medford, OR for-a 60m-long road.

The effect of waterway length on sediment yield shows a different initial trend than
the runoff discharge. Figure 15 shows that erosion occuts in the waterway channe for a
distance of about 80 meters before deposition begins to occur. A régression analysis
resembles a second order equation with the y-intercept as the incoming sediment for this



trend. This graph insinuates-that, for this scenarie, a waterway length. of at least 180
meters is needed between a 60 meter road length- and a stream channel if no road sediment
is to enter-the streans for this climate afid soil. The: paak of the curve shifts with changes
in road segment length, gradient, soil type, and climate

Figures 13 and 15 both suggest that 4 short watemay is better for controlling
sedimentation than a waterway of “medium™ length in some cases, while a waterway of
extreme length is preféired in-all cases. For the scenario depicted in figure 15, sediment
delivery is limited by the. 1eugth of the waterway unti! 80.m s reached. Beyond 80'm,
sediment delivery is transport-limited in that the energy of the runoffis too low (fig. 14) te
transport all of the sediment: preweusly eroded. _ _ .

‘The relmcmshps between waterway Jength and sediinent yield were-different from
those presented by M et.dl. [1996], who modeled the flow downstrgain froi the road
as dispersed flow rather than channel flow. ‘We used their overland flow model to study
the impagtof the channel on erosion and sediment delivery from roads. The WEPP
waterway chatnel has-a discrete side:slope, s0 the channel flow pattern is: different from
the dispersed flow pattern portrayed by Morfin etal. [1996] in the hillslope model (fig. 2).
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Figure 16a. Runoff from a dispersed waterway.
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¥igure 16b. Sedinent Yeld from adispersed waterway.

The nunoff attenuafion and sediment yield for the hillslope waterway has 4 shape
somewhat similar ta that of the channel waterway. Inboth figures 14:.and 16a, the flow

depth decreases with waterway lengfh as the-runoff infiltrates into the forest floor.
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However; beoause the waterway is a channel in figure 14, a longer waterway is needed to
infiltrate all the runofE Properties of flow in a triangular channel are different from
properties of overland flow, causing this discrepancy. Figures 15 and 16b show that both
types of ‘waterway initially efode and then begin fo deposit sediment some distance down
the slope. The channelized Awaterway erodes the. slope fora longer distance before
depesmtmg whlle fhe-dtspm& ﬂewhﬂlslope b inis cleposrtron sanner thus makmg the

rovay length was
;ercent ‘The

neters per year Iess w t If alsg sh@m that the 8

percent gradient will y:eﬂﬂ' 0.1 fonnes . thian thie 60 percent
gradient. These small changes: indicats sediment yield are sensitive
to the waterway gradient in WEPP

Table 6. Discharge gid.Sédiment Weld dataforvarying waterway gradients; Waterway length'is 3m
while road is 60m | long at 3% in Medford, OR for one year.

Waterway Gradient 2% 8% 30% 60%

Discharge Entering Waterway 89.2 89.2 89.2 89.2

(m*3/year)

Discharge Exiting Waterway 78.4 788 82.2 82.8

(m*3/year)

Sediment Entering Waterway 0.3 0.3 0.3 0.3

(tonnes/year) '

Sediment Exiting Waterway 0.3 0.3 0.4 0.4

(tonnes/year)

5tly; changes in waterway roughness were examined to determine the effects of
niess on discharge and sediment yxeld WEPP calculates rougliness effects
re Marnining’s 1 and atotal Manning’s . In this-analysis, waterway length was

fixed at 100 mh.and 8 percent and five. different bare s were chogen. The road was fixed
4t 60 m and 3 percent, swhile the total n varied ffom 0.05 to 0.70. The hxgh Marinitig’s n
values are more common for the shallow flows found in these ephemeral watetways, A

value of 0. 05 is representatme of cuarse ve,gel:atwn ora. stony chamel and a value of O 7U

roughness increases, sed:ment yleld mcreases propommally Changes in total n caused
little variation in sediment yield and curves looked similar to the one shown. The analysis
showed no change in-runoff for changes in either roughness. Tt was noted that for very

short waterways, changmg roughness causes unpredictable trends in se :

runoff discharge.

N
.
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FVigure 17. WEPP's predicted sediment yields for various bare Manning’s n ani ¢ total Manning s 1 of
0.3 for a 60-m road at 396 gradient and 100-m waterway at 8% gradient near Medford, OR

Discussion

The road portion of this study points to'road length, road gradient and soil type as
the driving factors in-erosion. Erosion from the cutslope element is relatively small
compared to that from the road element. Depending on the soil and management
characteristics of the ditch, efosion from the ditch may or may not be of significance.

The waterway study demonstrates that the most significant variable driving erosion
on a waterwdy is downslope waterway length and to a lesser extent, bare roughness. The
amount and denisity of vegetation are important, as well as the hydraulic conductivity.
Factors such as waterway gradient, channel sideslope, and total roughness are of
negligible importance when modeling with WEPP. The presence and orientation of
obstructions drives where and how much sediment is deposited in the waterway, as well.
Also important is how the road prism watershed is modeled, as demonstrated in the
comparison between the hillslope waterway and channel waterway. It is uncommon and is
not a recommended practice for culverts outlets to discharge directly into a channel
waterway. There is a need to develop a watershed model that incorporates overland flow
below channels to be able to model the more common hillslope waterway.

The large vatiability in sediment yield patterns shawis-sthe_.high_campleﬁty of
modeling a roadcut watershed scenario. Even with a model such as WEPP, it is difficult
to account for all the variables and their boundary condifions, but WEPP allows many of
these type.of variables to be accounted for that past studies have “lumped” into “factors”
in simpler models. For example, we found soil eradibitity to be an important parameter
when validating field measurements. Without lmawledge of soil erodibility and -
conductivity, WEPP runs can be useful for comparison relative to other WEPP scenarios
in establishing trends, but may not approach values that one may observe in the field.

Conclusions .

We developed a set of insloped road scenario templates with different
topographies, soils; and: mamagement practices. These templates-can be modified for site
specific roadcut scenarios i different climates for practwal application by forest engineers
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and managers. A validation study reflected that WEPP's predictions were reasonable
appreximatiens for the sediment vields at eur plots.and the ditch treatment made
substantial increases in the sediment vield. This vield also varies with topography, soil
type, and chmate WEPP dui not appsaa: o pradwt sed1ment pluma féarmailan m
waterway

plume formatmn, and modahng these features reqmres futﬂm 1rwestlgat1(m A sensmv:ty
analysis was performed and the applicability of these templates was tested using the field
validation. The most important variables in'terms of sediment production are, in order:

* Road segment lengih

* Road slope

* Ditch management practices

* Waterway properties.
The cutslope topography and marage
toad scenario.

When used correctly, the WEPP Watershed Model can beiuseful in predwtmg
runoff and sediment yields for insloped forest roads. WEPP can account for such
variations as topography, soil properties, managmment practices, ‘and climate, all of which
cause substantial differences.in-the forest road erdsion process. Because WEPP is
sensitive to Several input variables, it is imporiant to have site speclﬁc details for
comparison or calibration for the aréas of interest,

emient bad minimal

| effect on the seditent yield of the
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