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Modeling Low-Volume Road Erosion

WIiLLIAM ]. ELLIOT, RANDY B. FOLTZ, AND CHARLES H. LUCE

L_ow-vplm roads are recognized as one of the primary souices of sedi-
ment in many watersheds. The authors have carried out research on the
details of the complex soil erosion processes occurring on law-volume
roads for more than 10 years. An overview of their research summarizes
the results of humerous past and ongoing field and computer modeling
studies on road erosion processes.and the effects of road design-on road
erosion. The-authors have found thar insloping and outsloping effects on
roads are often overshadowed by the effects of rutting. Most soil erosion
on roads is from concentrated flow in ruis or ditches. Adding gravel
increases hydraulic conductivity-and rediceserosion. Road erosion rares
can dlso be decreased by reducing tire préssare or by removing roads. The
authors are-developing appﬁcaﬂcnsof the Water Erosion Prediction Pioj-
ect model as user-fnencﬂy erosion prediciion toels for road:managers.
Further work is required to quantify the effects of current mantigement
techniques on watef guality and to devélop new low-imipact road design
and management technology,

Low-velurtie roads generally have 4 fiative 36l surface or 2 graveled
surface. Frequently they are located in watersheds in which the hat-
ural wites of erosion from rangeland or forests:are extremely low and
where erosion rates from agricultural activities are generally lower
than from a road. The three dominant effects of roads on the environ-
ment are alteration of watershed runoff charactetistics, mass wasting,
and surface erosion. Sedimentation of streams is particularly serious
inupland areas where salmonid species require gravel-covered stream
bottoms for spawning, Sedimentation can also shorten the lives of
teservoirs and water supply: systems relying on surface sources for
quality water for domesti¢ and industrial uses, Peak dischargasmay
be altered in basins following road construction. [n watersheds with
high infiltration capacity and where hillslope flow is dominantly
subsurface, roads have the potential te-increase surfage numoff and
intercept subsurface flow (1). Changing the hydrologic properties
of a watershed will often change the upland stream sedimentation
processes and adveisely affect downstieam structures, such as
reservoirs. bridges. and other features in the streéam’s floodolain.

In steep tetrain, where the climate may lead to saturated road
prisms, slope stability failures may lead to greater sedimentstion in
streams than surface erosion (2—4). In many cases, the sedimerit
particle sizes from stability failures may bé much Jarger than from
surface erosion and may include rocks and boulders larger than 1 m
in diameter. '

ROAD EROSION AND SEDIMENTATION
PROCESSES

Scil erosion and sedimentation are the, products of cnamplex m(e;-
actions among soils, cliriate, topography, and Surface vegétsti
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management (Figure 1). On roads, the construction, maintenance,
and level of traffic all affect the erosion rate.

A number of components make up aroad, and the design and man-
agemerit of each compenent may influence the erosion of the road or
delivery of sediment from the road to a stream system. Figuie 2 pre-
sents the main read components that affect:sofl erosion. The design
and management of a road determine the flow path that water follows
to exit the road. All roads are designed to have a compacted founda-
tion anid to shed water, The main cross-sectional shapes of roads are
crowned, insloping, oroutsloping (Figure 2. On some forest roads,
thiere isalso a set distance:in water bar spacing along the traveled way
to limit erosion. In addition, aroad designercan chodse to add gravel,
asphalt, or concrete 1o the surface. Designers may also consider
methods to limit erosion from thetoad surface runoff, such asaddiag
gravel to road ditches or specifying that cross drains deliver witer 1o
convex stopes, wheére the water will dissipate overthe surface instead
of incising a channel. Road erosion ratés are influended by the flow
path that surface runoff follows along the road (5,6) and the hydraulic
conductivity and soil eredibility of the road (7.8),

Flow Path

Thie flow path length across the traveled way depends on the shape
of the road and the presence of wheel ans, The minimum flow path
oceurs on a smooth road with a-uniform croess slope. In this perfect
geometry condition the flow path léngth inéreases with increasing
road grade and decreases with increasing cross slope (9). Because
cross slopes are rarely more than 4 percent, 2 road 4 m wide will
rarely have a flow path length less than about 7 m for road grades of
5 pereent or more: If the road receives heavy traffic, especially in
wiet weather, ruts will forme in the road, and eroding water will fol-
Tow the ruts instead of b’eing_ diverted to the inside or outside of the
road. With a ratted traveled way, any benefits from the initial design
shape are lost. Even without a rutted traveled way, az wheel tracks
begin 1o flatten, the cross slope the path length increasges until it is
equal 1o the Spacing berween any surface structures that divert the
water from the road (6). These diversion structurés mav be called
cross drains. water bars. or broad-based dips. Figure 2 shows the
typical effects of flew path length on road surface erosion as pre-
dicted by the Water Erosion Prediction Project (WEPP) s0il erosion
model for a Lufkin, Texas, climaie.

Insleping Versus Outsloping Roads

Debatés continue about whether insloped or outsloped roads are
better, Proponents of insloped rozds point to the benefit of control-
ling the water inaditch 'with planned outlets under the running sur-
face. Erosion in the ditch can be minimized by lising the ditch with
nonerodible rock. The benefit of outsloping is dispersed flow, but
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and forest sofls (%,26,24). The hydralic canductwﬂy of variguy
forest conditions is showiin Figuie 5. The conductivity varigs from
less than 1 mmy/h for a native-sutfaced or nongraveled road 1o more
thian 80 mmv/h in an undisturbed forest, Theseditferences are man-
agement effects thai tend to.overshadow effects cansed by differ-
ences in spils. The presenceof | ountsaf vegetati and forest
litter is responsible forthe high' filtration capatity of undistirrbed
forest soils. Ruads ate htgbly cempacted resulting in near-zeeoy
conductivities on:all seils..

Luesand Condy: (22) showed that roads without.grave| have con-
ductivities in the range of 0.1 10 0.5 mm/h, whereas roads with gravel
have conductivities in the range of 3 mm/h (9,27). The result isa sig-
nificant differerice in runcff and-erosion rates, especially in'climates
in which much of the runoff is:from snowmelt. Snowmelt rates. are
less than rainfal] rates (23), resulting in less.runeff. Table I presents
the difference in road runpff and sedient yield caused by this dif-
ferente in conductivity for a snowmelt-dominated clifate i the
United States and a Texas clinsate with Hede snow. Gravel-in the
northwesterm United States reduces predicted erosion by more than
80 percent, & commeonly acecpted figure by forest planners, whereas
in Texas the mode] predicts that aggrepate surfacing reduces-toad
erosion by about 35 percent.

B Road
OCutslope
M Ditch

1.315

3-m Cutslope

Erodibility

Todererminethe zole of soil properties.on road ercdibility, a series
of studies was initiated to collect field data from a wide range
of native-surfaced roads. From these studies several researchers
(8,24,25) determined that on native-surfaced roads, the interrill
erodibility is similar to that of cropland soils, the rill erodibility is
similar to that of rangeland soils, and tie conductivity 18 near zero.
Typital values ave presented in Table 2.

MITIGATION

Researchers carrying out this project have been active in research-
ing road erpsion mitigation téchniques. These technigiies intlude
rediiced tire piessures; agpregate placement, road closure, and road
nmintenance.

Reduced Tire Pressures

1n 2 3-yearstudy in:the United States:in the Cascade Mountains in
Oregon, Foltz (26 found that sedimerit production was reduced by

9-m Cutslope

FIGURE4 Spurces of sediment from insloping road template (prédicted
sediment yield in kg/y from 60-m-long read segment){I7).
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45 percent when tirg pressures were reduced from 620 kPa to 480 kPa
on all axles, and by 80 percent when tire-pressures were reduced to
480 KPa on the steering axles and 210 kPz or 340 kP3 o1 all other
axles (Table 3). Foltz and Elliot {27)-observed on the study site that
reduced tire pressures resulted in less rut formation. With less rutting,
water tended to run over the edgés of the road, instead of accumulat-
ing in flow directly down the ruts, which caased erosion from con-
centrated Aow:. Forest managers have accepted these results, and
some thmber sale contracts in central idaho now include reducedtire
préssures as dne of the methods to reduce road eroston. Ottier betie-
fits of operating at reduced tire pressures include longer hauling sea-
sons, increased vehicle mobility, decreased truck maintenance, and
improved operator comfort (28),

Aggregate Quality

Burroughs and King (/6) reported that 150 mm of good quality
aggregate reduced sediment prodnction from a granitic surface

TABLE 1 Impact of Gravelingon Road Runoff and Erosion for
Road 60 m Long and 4 m Wide with 12 Peicent Slope, Predicted
with WEPP Model

Climate

Deadwood Dam, Idaho  Lufkin, Texas
Average Annual Preeip (rmim) 822 1116
Runoff {mm)
Native Surface 450 841
Gravel Surface 78 516
Sediment Yield (kg)
Native Surface 2312 3812
Grave! Surface 423 2468

road by 96 percent. Swift (79} found that the thickness of ag-
gregate was important. ‘A 30-mm depth provided no mirigation.
whereas a 200-mm depth provided 97 percent mitigation. Neither
of these studies was parformed in the presence of traffic. For many
years forests adopted these mitigation values with little consider-
ation of aggrégate quality or traffic. Foftz and Truebe (30), using
loaded Jogging truck traffic. found that the quality of agpregate has
an impor_t,ambffe;:t_ on road soil eresion rales. An a_ggregate of
marginal quality allowed erosion nites of 4 to 17 times greater than
did an aggregate of good quality. The range depended on traffic
and precipiation, -and Ellio] (27) believe that the differences
are caused by the same effecis-observed for tire pressure impacts
and gravel addition, naniely conductivity and the presence of ruts.

Road Obliteration

The off=site impacts of alicred runoff” hydrographs and increased
sedimentation have lead to the partial or complete removal of roads
4s.a frequent practice it U.S. Department.of Agrieulture (USDA)
Forest Service watsrshed restoration. There 1§, however, limited
research data to support obliteration decisians. One practice asso-
ciated with road obliteration is 10 rip the road with tines mounted an
the back of a large cravwier tracior. Tn a recent study on the effec-
tivenéss of ripping, Luce (37} found that road conductivity increased
from 0 to 4 mm/h before ripping 1o 20 to 40 mm/h after. The
improvement is modest compared with existing forest conductivi-
ties {Figure 5), but may lead (¢ a substantial reduction in runoff in
climates dominated by snowmelt dnd Tow-inteisity precipitation.
Althgugh the initial rpping yielded infiltration capacities similar to
forest soils, subsidence, consolidation, and surface sealing reduced
capacities to-these modest results. Soil amendments, such-as straw,
may impreve performange. The long-term change in the condugtiv-
ity-of &:closed Toad has not béen nieasured, afthough in many cases,
roadseventually becotne revegetated, 1eading to a more natural infil-
teation rate. The consolidated soils, however, may take many years
t return:to @ matural staie. if they ever do. Elliot et al. (32) observed
that increased condictivity may lead to an inéreased likelihood
of the road prism becomitg saturated; resulting in an increased risk
of failure from instability.



TABLE 2 Typical WEPP Erodibility Parameter Values for Forest Roads
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Soil
Property Clay Loant  Siit Loam Sandy Gravelly Gravelly
Graivel % 20 5 5 50 0
Sand % 30 k3 80 40 70
Sift % 40 55 35 40 25
Clay % | 30 15 5 20 5
Conductivity 0.3 10 2.0 30
mmihr
Intetrill ercdibility 1606 306 2606 1608 2606
kg-sim4
Rill erodibility sfm 00002 0.0006 0.0004 0.0003 0.0003

MODELING DEVELOPMENTS

TS TNANAZETS ,reqmrewelstoandﬂzcmmwnlumngmc
envmnmental impacts af various decxsmns on the: destgn and man-

modsls kave been developed o assist designersand: mamger& The
authors’ regearch in erosion modeling ismestly process-oriented and
based on the WEPP modtel {12,73).

Water Erosion Prediction Project

WEPP is a process-based soil erosion model developed coopera-
tively by several federal agencies in the United States. WEPP pre-
dicts not only soil erosion rates, but also sediment delivery. USDA
Forest Service research (8, /4,33) has successfully validated WEPP
for a number of forest road conditions, such as insloped roads with
ditches, outsloped roads, roads draining to culverts, and roads with

TABLE 3 Effects of Tire Pressures on Measured Soil
Loss for Road Sections 61 m Long with 12 Percent
Gradients (Average from 3 Years) (26)

Tire Pressures (kPa) Sediment Yield
Front Other (kg)
620 620 2678
480 480 1466
480 210 Unloaded 530
340 Loaded

forest floor buffer steips. A number of templates have been devel-
oped Tor the WEPP iig@el to ald in field applications (9). USDA
Fotest Service reseaich is conimitied to develop applications of
WEPP 1 niote fully evaluate the impacts of éurrent. 6f propésed
toad anagement and:mitigation practices.
Sﬁveral mrkshﬂps bave beers held torrain more than 100 USDA
Bervice Fefsmme! o ﬂieapplmatwa of the WEPPmadel to

phfymg the mterf:ice louW'EPP An mterface is bcmg dcvcloped that
will be applicable specifically to low-volume roads.

X-DRAIN

Thie X-DRAIN cothpater prograr is based on a swdy by Moifin
gl (33), in-which a ditabase was developed of witre thian 50 000
WEPP runs on road scenarios.that included aneroding road surface
and fillslope and a deposition area between the road and the nearest
streami. Thie resultsqof this study sre’ accessed by a user-friendly
interface edlled X-DRAIN, For a given climate, §o#, and fopo-
graphie condition, the X-DRAIN program presents the sediment
delivery for20 combinations of road gradient and water bar spacing
values. Elliot gt 4l. {34) describe how to-apply this basic configura-
tion to a range-of field conditions.

RESEARCH NEEDS

‘deseribe r@m@ewémnaxmonngandmavewpm toeasur-
mgmeaﬁeﬁsof agy@gataquahty onerosion rates, and developing
PF and otlier models as aids to
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Areas thstreeire s reseasch inelude the following:

. ’I‘mlsmmd TANAgess | m senmg priorities for zonds for.main-

. ’I‘esung of currcm downslope mitigation techniques.

¢ Development of new techniques to minimize the transport of
sediment from roads in a cost-effective and efficient manner.

¢ Development of road construction and road removal techniques
that allow temporary access (o remote sites with minimal long-term
impacts.

e Development of models that better incorporate the impacts of
roads on forest watershed hydrologic processes.

e Site-specific tools o assist in predicting risks of slope instabil-
ity and impacts of failures on downslope streams.

SUMMARY

The authors have provided an overview of much of the recent
research of their work units in predicting the impacts of low-volume
roads on stream systems. Tools to predict soil erosion rates and off-
site sediment delivery for low-volume roads have been developed.
Current research will expand understanding of road erosion
processes and the impacts of road design and management on road
erosion and off-site impacts. Some future directions for research in
road erosion also have been suggested.
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