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Modeling Low-Volume Road Erosion 

WILLIAM J. ELLIOT, RANDY B. FOLTZ, AND CHARLES H. LUCE 

Low-volume roads are recognized as one of the prurtlll'.Ysotitces of sedi~ 
m~t in ~Y watersbeds. ~ authors have canied out research on the 
details of the complq; SQil qosion prpc~ ocC\llring on low~volUQte 
roads for more than 10 years.AnQVernew of their research SUllllllllrizes 
the results of numerous past and origomgtield and oomputer modeling 
stl!dies on rollderosion~ and Ille effects qf road.~gn•on~ad 
erosion. The author$ have found that inslopingandoutsloping effecrs ort 
roads are often overshadowed by !he effects of rutting. Most soil erosion 
oo road$ is from concentrated flow in ruts or ditches. Adding gravel 
increases hydraulic condQCtivity·apd rediicey,erosion. Road erosionme;s 
canilso be detreased by reducing tire prossnreor by removing mads, The 
aulhorsare~elopingappficati~oftlleWater~ionPredie®nPrpj­
e¢ m®Cl as .user-friendly ei:Q$iQil pr_e4fufion tQO~ f()r TIJll(i,,man;lg~. 
Further worlds requited to quantify lhe effects of current mllllligement 
techniques on water quality and to develop new low-impact road design 
;u,d man~ement te<:hn1>logy. · 

Low-volwhe roads generally have a riativ.e soil surface or a gra,veled 
surface. Frequently they are located in watersheds in which .thenat­
ural JllleSof erosion from rangeland or forests.:are extremely low and 
wh~ eivsion rares from agricultlll'Iµ a<:tivitics are g~~ly lower 
than from a road. The tlm:edominant effects of roads on theenviron­
mC'lll are alteration of watershed runoff characteristics, mass wasting, 
and surface erosion. Sedimentation of streams is particularly serious 
in upland areas where salmooid species require gravel..coveredstream 
bottoms for ~wning, Sedii:nentci.tion c1111 •alsP sbQrt¢n ~ lives of 
reservo~ and water-sUpply systems relying on sunaqe soµ~ f<Jr 
quality water for domestic and industrial uses. Peak dischar:gi:s may 
be ahercd in basins following road construction. In watersheds "'ith 
high infiltration capacity and where billslooe flow is dominantlv 
subsurf~cc. r®d$ hav.e the pctential t~. lnqeasuurface nmoff and 
inte~pt su\:>s1uface flow (1). CbiU3ging the hydrologic prQpertics 
of a watershed will often change the upland stream sediinentatio:n 
processes and adversely affect downstream structures; such as 
reservous. bridges. and o.ther featu.Fe$ in the stream's floodolain. 

In steep. t¢rrain, where the climate may lead to $aturatcd road 
pril!ms, slQPC staj::iility failures ll)ay lead ~ gn:iter scdiinentati.on in 
streams than surface erosion (2::..4),, In many case~, the sediment 
particle sizes from stability failures may be much larger than from 
surface.erosion and may include rocks and boulders larger than 1 m 
in diameter. · · 

R()AD EROSION AND.SEDIMENTATION 
PRClCFSS~ 

Soil erosion and scdune~tati<>.n ~ th~, pro4u~ ·<>f ~~lg µite,r­
actions among soils. cliri:late, t~by, ~ sw:fa~v.egeµitlon Qf 

W. J. Elliot and R. B. Foltz, Soil and Water P.ngineering, Rocky !,founlain 
Research Statio11, USDA Poo:st Service, 1221 South Main, Moscow, ID 
83842. C. H. Luce. Watershed Procc:sses, Rocky Mountain~ Station, 
USDA forest Service, 316 East M)'J1le Stteet, Boise. ID &3792. 

management (Figure l), On roads. the construction, maintenance. 
and level of uaffic all affe.ct the erosion rate. 

A, nllmber of@!llPollents makeup a road,aod the design a.nd man­
,agcm:iertt of eachcoinPQnerit m,ayinfluen¢e the erosiqn of thnoad or 
delivery of sediment from the road to a stream system. Figure 2 pre­
sents the main road components that affocuoil erosion. The design 
and management of a road detennine the flow path that water follows 
to exit the road. All roads arc designed to have a compacted founda­
tion.arid to she4 water, ~ main cr®:rsectional .shapes of roatis are 
crowne4, iitsloping, or outslopill'g (Figure 2). On some forest roatis, 
therelsalso.a set distance·in water bar spacing along the traveled way 
to limiterosion. In addition,. a road designer can choose to add gravel, 
asphalt, or concrete 1.0 the surface. Designers may also c-0nsider 
methods tQ. limiterQSiO!l frQm the road surface runoff, such as adding 
gravel to road ditches or specifying that crq.ss d?ins <,teliver wateno 
convex slopes, where the water will dissipate. over the surface.Instead 
ofincising a channel. Road erosion rates are influenced by the flow 
path that sorface.runofffolkiws-along the road (5 .. 6) and the hydraulic 
c;on4ucuvity an4 sQil ero4ii?ilhy ofthe l'Oad (7,8).. 

Flow Path 

The flow path length across the traveled way depends on the shape 
of the rQad am:ltlle presence of wheel M.:!l. The minimum flow path 
QC(;urs on a smQOth (Oad with a unifqnn Cf9SS slope. In this perfect 
geometry condiribn Ifie flow path length increases with increasing 
road ·gtade and decreases with increasing cross slope (9). Because 
qoss slopes ai:e rarely more than 4 percent, a road 4 m wide will 
rarely h11ve,a flow p11i~Iengtb less than apqut 7 m fo:r r9adgrac:ies of 
5 percent or more, lf the rqad receives heavy traffic, especially in 
wet weather, rut's wi1l form in the road. and eroding water will fol­
low the ruts instead of being di.'verted to the inside or outside of the 
ro.ad. Withanmcdtraveledwey,any benefits from the initial design 
sh~ are l~t. E:ven withe>J.Jt a nm~ traveled way. a$ wheel tta!:l<s 
begin to fl!lttlµl. the cross s19pe the pa'11 length increa.'>es until it is 
equal 10 the· spacing between any surface structures that divert the 
water from the. road (6). These diversi<>n strucrures mav be called 
cross :drains. water bars, or broa~f-base:d dips. Figure 3 shows the 
typiqtl effects offlpw path length on road s11rface erosie>n as pre-
4icted by the Water Ero~ion Predictic;m.Project (WEPP) soil erosion 
model for ~ Lufkin, t,itas, climate. 

lnsloping Versus,ou~.,pmg !wads 

p~ ¢Qi.l,m~e ~ut whetlter i~loped or oµtslope4 ro.a(ls a,i'.e 
~bl'. Pi'oponen.ts:of insloped roads point to the -benefit of control­
iintthe waterin:aditclt\Vith planned ~utlets urtder the running sur­
face. Erosion in the.ditch can be minimized by lining the ditch with 
nQnerod,ible reek.~ berie6t ofQUtSloping is dispersed 11Qw, l:>ut 



£1/ioreral. 

FIGURE 1 Complex interactions that lead to runoff, 
soil erosion, and sedimentation. 

.at-the·e•ns~of waretflowin)>(\l~lih.~4~u;;i!elstHUiil1 
slope (/0). It.twrSlad iulltowd,t0i.~e\r.uueit~~~ 
l:l(tk,djff~-~ ~~ ~~-'!MiU:bA:v~-~~~~Jb~ 
~-~dram~ s~:t\t~:~Jil; Jit.ffl~Md~-,~ -~ 
shape ~rufs 11>n: ilie'Sire -t':tm'lijt~ti@•~atf\i.t~, 

lnslopmi1•0adpr.G'¢eS:ses~,ffildie:d'cln:tli:ain:~h-ffdd.iaffi"1ihd 
by mod.elingwith the WJiPP•{JiU~~.m•t.:tys'daietal. (;i~'fuund 
that if ro,ads ~- ~ll m;imt,ai~:,- tb~-Dl1tiQ~ d' ml.S.ion•--~: a.rg.alif 
priSI11 'is in :the dit¢ll (P~ 4}, iffil~~•ifi~ Js;gi;.tyfflAAi1~1:~a 
PtQtective ~vet ofvegetatii:il\l Wbe,~fslo~¢~tt'll!m~n ~ ~-~ 
sion fil1e js-srmll,unle~ t1&-difi:h,hts-bi!:e'it.treaMm.reooee~n, 
One C)f(h main Cf.l'atffl)lltio"nS:tl} me ~nJU'-Ot\eSS fr~m biota the 
q,ll and th~ r.oa4 .s¢~!! is i:n y~~:mn~~ .may, Jhe.e.r,e~ 
;~e4,i;~h. - . 

Cencentrated Flow Erosion 

uaf'fie-dilrin:gwet.r®d·tonditiot1S, Rbid.and Dunnt ('1) slated that the 
am®nt Qt~ is p@habty th.e ~it:~t ~<>t am-cti.ng s.ed'i­
nwnt_~9Jl_. Qo~pant:1g ib~ ~ ~"1on-.fgr 2 ~ Qn 

•~~~:~w~~~~~~=;:t~":: 
~elkln ~' by a, tacr«'()fe: -~utated hlgn .. intenst1¥ 
~&. ,Fl.)_ltz{JS} ~.u~4f5;,w:i·dm:es-md'ease In.Md., 

:=~~f:~::::::::=:~=~ 
~:~-~ift'~•Jiif:tf.@.~'.~f:~,~vtf9~yi~l4.iiemi 
.~~;tf,affeied!l,i\fi ~~ndatit,n w.as -~ 
·:Qlt'.1ipr,•1~,-~.1~1t~-~~roathiia:vded waj 
~-N~~~ .®m:-~lu,iqµe,-:fet,~~ng se.¢hnent. Sel!­
-~ffl,'.¢~-~:~J! r.9-Jd\J~rm,{,'.~Qiti~ maf be 
~!'~,~~~~~~Yi.:4.~by nqt~l}Q'l\tj~ 

· . ··1~1~1t1p-V:-"1~'i~r#~,tJfft thty na:ve fonilei:l,, 
· . ., -~'~l' ~ ft-om. tlie runnin_g $tJffiic'e ,and 

from the cutslore and cau. c concentrated flow. Luce and B la k ( /7) 

~~;~~~~-4ti~1lsfl'Ot'll- .am1:1ttiy:e.ait~lud:y on the effeeu; 
qf~l~b'-,~-tterov~~-. t-Qait,grade, -and ~istop.e height 
~:s~-t.1tJ;l!~I-Wti~!li,ot~•m.d:Pci~ ... Ob@r-¥a:fiOfls fn~m-74 
p1oil;-;ij;t~Q'~goµ,~o~~ i,g,$,w~r\c!-~t Jh~ ~nd!Jion,@f d-i¢ dil~h 
i~ ~'.'®~ de.t~tm.hta;!'it 'i).f s~i1~~tpr-Qd,µ,gtio11-i!"I ~-'ijrcst ~ 
.after ¢~¢tibtt; 'n.i<;y fo,u!)4·~•st~ff,~ti:11alt¢l~~Mlip ~tw-ee~ .. $¢ 
t:olaBelffnrent_pr,t'jductten .·ajtd t:lietprodti~ .t1f rh.t ,squa,re ,of th¢ road 
gi;adk'nt. ~ the-segment ientlh, f.atttii'$ tl\,at ha\ie beeln soown to 
~ '111,ell in rill -ero·swn stndies•:Cl:8)9}'.. Ne' refa.twnship Wit$ 

feund[l:reiween sed~J1AAiuttion:and>.cu1tt•J1eight .A f.ew. pTots. 
with ;_s,e~JY' d}~. ~~-$1~})~: -~gg~--s_t m;u ¢Ul$lO.pe ~midition 
m.i:gli) *o>.m: 4W-mmmt aite,r .~me i~-:@cy., mostly-(hn,ugh the 
e;~lgf~~~~~fu!en~ qr(.tij~ ~~jJ~m'J~,~f~1:tiiy er-o!le!i se<,1-
i~'.rit ~n ~-Q'f!l~e ~~le ffl. l¾n<mt, · · 

~;l):~~j,ctjm,"g.µ,~fi(\1W:4'f~t.W~-~ -i::~_d!> is mw:h-lows:r 
~)f6f al.J,-le~ s~I½i J~~T:j:t~if.tg~el'.ed ~d&-,, agricultural soil~; 
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FIGURE 2 Main components of a road. 
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FlGYRifS •·1'n,kal etkets _o!ffii,w. path length and.t,ertent mad gradient ·on rtiad 
ero$,t)>~ ~~ p~ ~tli WEPJ:!·m~ .. . . 

and (9M!l( $Oils {9i1C,Z.l ),_ 'The liydnulic .c0ndiffliiitt ·. of v:ari®s 
forest condJtions is sh6:Wii.fo .Y~ i Theicmiductivityvaries: from 
less .chan i mmih fora na:uv.e-sutfficed or nongraveied road to more 
than 80 mm/h in an. widi$tutbed furc$t.. th~-di~care t:nan'­

~ment eft~ts wit ten§i. lQ--Q~filli®w .¢fft'!f.~ Qa,\l~®-by differ• 
~ in$0ils, ~~•oflatgeil1ran¢ts:_ofv~@n·atl_ii ~ 
litter is res_potisible fot tlfe higtdnfilttation capad:ty -of unrlhtiJrl>e'd 
forest soils-. Roa&-are hipily ctnnpacted,. reswttng in inear-.zero 
conductiv-ities·on all.$0il:S. 
~~ Cu11dy. <n)-~pqwe4 that ro~.ds witbQt,it-m.vel t,a,v.e c<m-­

ductivities in the ran!le of 0.1 to 0.5 mm/h, whe~a~ roads with gravel 
have conductivities in tile range of 3 mm/h (9,21). The result is a sig­
nificantdiffeteneefa iililOff and.~rosi:ort rares,.especialiy indimates 
in which much of the runoff is from snewmelt. S:oowmeltra(es a@ 

less than ®Jlfa,)l ~ (l9), ~ting ill les,s;!Vlloff°, 'tabJc l p~ll~ 
tbe dif(~~ lJl ~ x:unoff and sedimei).t yield ~~~y'tbis dif• 
ferenee in tonducfivity for a sn:owmclt~dominated climate in the 
United States -and a Tuxas climate with rittie snow. Gravel -in the 
ool:thwestem United State.s redue-es predicwd erosion by mQte than 
80. ~ent. a CQm[llQnl)\,ll.CCepte4 tigpte ~yf~ plarm:c;J:$, whe~,; 
~ Tex~ tbe model ~iets that !i~~t~ turfiwing ~ces ~ 
er.<aj9n.byaboUt 35 percent. 

f!!Road 

3-m Cutslope 

Erodibility 

todetenni~the-role of SQ,il properties.Qn road ero:dihility, a seri% 
of s-t111$i~ was initiate4 t9 co]lep;t field ~ta frQm a wid~ range 
of native-surfaced roads. From the!>e studies several researchers 
(8,24,25) determined that on nathe-surfaced roads, the incerrill 
er®.fbJlity i$ similar tQ tl)a,t of cr-Qp!andsoil.$, th~ rill ef94ibility is 
$iinilartq.that of_~elandsoils. and tliec~duotivity is nea1--z~ro.. 
Typital v.alues are presented in Table 2. · 

MITIGATION 

t~ e;tt"tying 9U1 this Pt:9~"1 h1tve ~ a~tive .in re$.~h­
in.g road etQ,i§n nµtig~Qn t~hriiqµ~. lbese tecl1n{qµes include 
redticed·titepmssures;aggtegat-e pli\eement. road closure, 41ild road 
maintenanee. 

Jri a 3--ycw,stucly ~ th~ Unj~ :States .iii the Ca.,;cade Mountains in 
Oregon, Foltz (26)'"fimndthat sediment production was:.r:educed by 

9-m Cuts lope 

FIGURE 4 S~n:es of sediment front uisloping .-oad te.PlP~ (predicted 
.sediment yield in kgl'y from 60-m-l~,ng road segm~t) (17.). 
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FIGURES Typicalhy.driulic coniluttiv.itiesfor roads.compared witb other soils 17,8,12,21). 

4S J)!:rcent when tire pres.<rures were ~~~e4 fu.ml:~20.:kPa to 4$0 I.Pa 
.on allaxles, and by 80 I'(!ro~t w]ren tire·pressures were reduced to 
480 kPa on the steering axles and 21 O kPa: ot 340 · kPa on an other 
axles (Table 3). Foltz and EBiot {27lobserved Ofl the so.dy site thal 
reduced tirepressµres r~lllte<aiinle$$ 111tfonnation. WWt le~ rutting, 
water tended to run over the edges of the road. instead of accumulat~ 
ing in fi:ow directly down the ruts, which caused erosion from con­
cerurated flow: Fore$l managers have ac~pted th~e resultl>, and 
some timber:sale contrac\s in central ldaho nQw include redµcedfin: 
pressures a~ one of the methods.to reduce road erosion, Other bene­
fits of operating at reduced tire pressures include longer haulini sea0 

sons, in~reased vehicle mobility, decrea:;c::¢ trw:;k maintenam;:e. an:4 
improved operator comfort{28). 

Aggregate Quality 

Burroughs and King (16) reported that 1.io inm of gQo(l ,quality 
aggregate reduced sediment production from a granitic surface 

TABLE 1 Impact of GravelingOll R:oad Runoff and Erosion for 
~ 6() m Long and 4 m Wide with 12 Percent Slope, Pi'ffit•ed 
with WEPP Model 

Avmg¢cAnnuaJ Precip (mm) 

Runoff(mm) 

NativeS.urface 

Gravel ,Surface 

Sediment Yield (kg) 

N11five S1ll'face 

Gravel Surface 

Climate 

Deadwoorl D.am, ldiiho Lµfkin, TelUIS 

822 

450 

78 

~l?. 

.423 

lll6 

S4l 

516 

2'468 

rqaJ:l by 96 percent. Swifl (.;9) found that the thicknes1' oi olg­
greg:ne was important. A 5O-ii1m <lcpth provided rio mitiga(ion. 
whereas a 200-m,n depth previded 97 percent mitigation. Neither 
of these studi~ was perf <irnwd. in the presence o:f traffic. For many 
year,s forests aq.opted these mitigatio.n values with linle consider~ 
aLiori of aggregate quality or tfi1ffic .. f0Jtz l!nd Truebe (30), using 
loaded togging truck traffic. found rhanhe quality of a&gregate has 
an import~t effect 9n road soil erosion rntes, An aggregate of 
!Tlarginal quality allowed erosicm mtes of 4 10 17 tiines.greaterthan 
did an aggregare of good qu.ilily. The range depended ori trafiie 
and precipitation. Fnhzand Elliot <Z7J tie:li~ve 1hanhe difforences 
11re causC<I by th{:;ame ~ffec:Js observed for tire pressure impacts 
and gravel addition; namely coi1ductivityand the presence of ruts. 

Rood Obliteration 

The off--si~e impacts of alicre,d runoff h,y¢rog.raphs and increased 
sedimentation hav.e leadiothe partial oreomplete removal ofroads 
as a frequent practice in U.S. Department of Agriculture (USDA} 
Forest Service watershed restoration. There is. however, limited 
research data to suppon ob\i1en11i-0n decisions. One practice asso­
ciate<l with road obliceratiQn i~ 10 rip !he road with tines mounted on 
the back of a large :crawlcrtractor. In a recent study ort the effec­
tivertessof ripping, Luce (31 )found that .road conductivity increased 
from O to 4 mmth before tipping to 20 .10 40 mmfh .after. The 
inuirovement :is modest comi,ar~d wi1h el!:i6ting (Q~t conducti:vi· 
ties (Figure 5), but may le.ad.1oa sub.s{,intial reduction in i:unoff in 
climates dominated by srtowmelt atld low~tntensity precipitatic,n. 
Although the initi•aJ rippitig:yielded infiltration capacities similar to 
forest soils, suhsidenee, consolidation. and surface sealing reduced 
capacities tom~'lemodest results. Soil.amendments, such:as straw, 
~yiro.pl'.(We ~~e. Tue long-terin cha11ge in the con<luctiv­
i~y,ifi,~~TI:iad lila$ itofbeen m,easured,.afthough in many cases, 
fuaifs'.'iWentualt)."abecotnem*egetat.ed..leadingto.amorenatural.infil­
ttation:irate: The0oonsoiidated ®Us. however, may take many years 
10 retm:n,:to;!rllattl~:~ta~ ,if they ever do. EJliot et ~- (3'~) obsefVed, 
th~J l!l.er~ ¢t)~µgivity m.ty lea4 to an increased likelih()Q4 
ofthe f()ad prism becomi~g saturated, resulting in an increased risk 
0f.failure from instability. 
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Soil 

Property Clay Loam Silt t;om Sandy Gravelly Oravc:lty 

Silf % 

Cllly % 

rnrn1hr 

inlemll erodibility 

kg-sl'm4 

40 

ie06 

s 

S5 

3e06 

5 

60 

35 

s 

LO 

Loam 

40 

20 

2,.0 

Je(i6 

80 

70: 

25' 

s 

2e06 

Rm erodibility slm 0,0002 0.0006 0.0004 0.0003 0.0003 

MODELING DEVELOPMENTS 

Nanttafreso~requiret®ltto.,aidtheminevaluatirig.the 
env~~~ impac1s.Qf v~oµs,dc;cj~QRS ,n tht;·d~gn~d •-­
agement afforest~, N~u~ $0il-~QsiQn ~d t.~ ~jity­
models have been developed tomist desigtm<s<lirtd:~ The 
.authors~ research in erosiO'nmockiling tstnestly procii:SS.ori'efiredlnd 
bai;ed on the 'W':EPP mQ.dfl {J.2,1$.. · 

Water Erosion Prediction Project 

WEPP is a process-based soil erosion model developed coopera­
tively by several federal agencies in Lhe United States. WEPP pre­
dicts not only soil ero ion 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 Read Sectiom 61 m Long with 11 Percent 
Gradients (A\'erage from 3 Yau"$) (26) 

Tire Pressures (kPa) Sediment Yield 

Front Other (kg) 

620 620 2678 

480 480 1466 

480 2 IO Unloaded S30 

340 Loaded 

fc~ O@r buff~ ~ps. A num~ Qi. tem~l.U~ hive becm dey~ 
9pecl for'tm, WEPP ltiq'Oel ·~ ~d- in field ~I\cati~s (9). \1$.PA 
~t Ser.vice research is"oomnilited to develop applict164ns of 
WBPi> ro mote fully ev.iluate the impacts of iturtentdr proposed 
toad·managemem and:~rlon practwe$; 

Sev~ :wQl'k~:lrave ~ u,ld m,1train more than lOO USDA 
Forest'.~ ~llnd•qn.,dtew~of~ \V:El>-P model to 
f~t g,11!fitki~. Se~~~ ·m9S.t PQ.~Rt.ial ~sers ,Qf WEPP ~~ dis­
~~.th_e·CQ~ int~~t®-~ha\lC.foi:u$Cd9µ~m­
plifying the interface to WEPP. An interface is being developed that 
will be applicable specifically to low-volume roads. 

X-DRAIN 

The X-D~ computer pregram:is b"Jised·on a study b.y Momn 
~tat (33),.ittwhitb adara:b'5e w.as~velope.d of~re than.50;000 
\\l'EPPruns QR tn'Jld ~enanbs.thatindu&d an erodil:lg road surl'ai!c 
and~JQ?C and a:de~ui91'1 ~-~ t)e road and tbe-tl.~t 
s~. The r~ts•Qf •trus swiiy are ~ec~ b,y !1 u~-fti~dly 
i'nterfiee called :X-DRAIN. :For a _given climate, soil, and topo­
graphic condition; .the ;x,.I)RAIN p:t~1m1 pte·sents the·sediment 
d¢.livecy for10cmnbinauons Gt' road gradient.and wat"etbar spad.ng 
v.al~. amo't c:;t it!. (34) de$cri®. ho,w tQ J$Pp.ly this b-~ie·eonfigura­
tJqn ~o i ~ 9f field 001',tditiQw;. 

RESEARCH NEEDS 

Ct\t,·eQq~~-~¥µ1k$ c:Qntinrun.g tltel"OadtQPQp-
• pliy;ancHnrtsffi•pr, bei$.fW~t iir0rep'(i7), de~Ioping a rilddcl 

'ff>:dei&mbcttoaRres1on,anno,mg:andM:0veif ~. measur~ 
ing,dxe·~tn'·~'BJlilityo11~i0n rates, and developing 
meth~:f@ ~~•~y;,aqly~PP and other~$. as ~di! to 

f"•lio¢de$mt·~~t 



£1/ioretal. 

At:eas:diat-re(\Uttt/furtnet,~ include·me f:oil~ 

• t~ 14,~ ~~in~ ptio.rilles fcwJ~d$ fP-t•ltlllbi­
~.~Qn •. ot~. 

• Testing of current 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 to remote sites with minimal long-term 

impacts. 
• Development of models that better incorporate the impacts of 

roads on forest watershed hydrologic processes. 
• Site-specific tools to assist in predicting risks of slope instabil­

ity and impacts of failure 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 

road on stream systems. Tools to predict oil 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. 

REFERE 'CES 

I. Wemple, B. C. Hydrologic Jnregrario11 of Forest Roads 1t·ith Stream 
Nerworks in Two Basins. Westem Ca.~cades, Oregm1. 1.S. the. is. Ore­
gon State Univer icy, CorvalLis, 1994. 

2. Reid, L. M .. and T. Dunne. Sediment Production from Forest Road Sur­
faces. Water Resources Research, Vol. 20. No. 11. I 984. pp. 1.753-1,761. 

3. Megahan. W. F. Increased Sedimentation Following Helicopter Logging 
and Pre5cribed Burning on Granitic Soil. ln Erosio11 n11d Sedime11tnrio11 
i11 the Pacific Rim: Symposium Proceedi11gs (R. L. Be. chta. T. Blinn. 
G. E. Gram. F. J. Swanson. and G. G. Ice, eds.), Corvallis. Oreg .. IAHS 
Pub!. 165, ln1emational As ocialioo for H drological Sciences Press, 
Wallingford, Ou'ordshire, Unifed Kingdom, I 98i, pp. 259,260. 

4. Montgomery, D. lt Road Surface Drainage. Channel lni1iation, and 
Slope Instability. Woier ResCHir«s Reseorrlr. Vol. 30. ~o. 6. J 994, 
pp. 1.925-1,932. 

5. Packer. P. E .. and G. F. Christensen. Guides for Cu11tro//i11g Sedime111 
from Secondary Logging Roads. In1ernioun1ain Forest and Range 
&perimeot Station, USDA Forest Service., Ogden. U1ah, 1977, 42 pp. 

6. Foltz. R. 8. Traffic and r-.o-Traffic: on an Aggregate Surfaced Road: 
Sediment Production Difference . Proc., Se111i11 ,r 011 E11virm1me111a//y 
Sormd Forest Road and Wood Tran.l'porr. Sinaia. Romania. Food and 
Agricul1urc Organization. Rome, 1996. 

7. Elliot, W. J., R B. Foltz. and M. D. Rcmboldt. ~dieting Sedimeruation 
fmm Roads at Stream Cro~ings with tne WEPP Model. Paptr 947:S 11. 
Presented al 1994 ASAE International Winter ~eeting, St. Joseph. 

8. ;!tlf! :·r~•~/;.~ .. ~ V~pq~rw~~l;!ry~~ 
~~ Projett .(W~P)~~--~-~-Vsl\tm~ F~ Rq'4s, ln 
~mfi~a fi~rh I~lm@i~~ 99llfe~~, 9it,l;,?,w--YI?!~, 

... _ .~pm4R~l),(;q~1,W~ngl'Ql!,:P,~,. . ~I .. -
9. ~Ii~ W. J.., im.lf P. ~ l,ia.11, W4t.tr,E~-Prt4fkiion· 'Pt) Etm(I 

-Applffrfl!i~, -~-r~b.rii~Jt~ l~, ~ Mi>~n:Resl!Meli· 
St.ari«1,:U.®APomcS~-&gden,Ufab,..I~1!~. 

JO. Haupt, H. F., H. C. Rickard, and L. E. Finn. Effect of Severe Rainstorms 
1111/,ulopedondOurslc~dRoads.ResearetiNotelNT-l.lntetnlGW1taio. 
Forest Md Range Experiment Station. USDA Fores! Setvice,, Ogden, 
Utah. 1963. 

I I. Hartsog. W. S., and M. J. Gonsior. Arwlysis of Co11struction and Initial 
Pe,fomumce of the China Gier, Road, Warren District, Paye11e National 

Fytm.-0.ineraJ '.fethmcatRtport·JNT,B,.Intemtoua'tainFom.tandR~e 
~ment:&ation,,USDA Forest 8mii:e. ·'Ogdeii. Utah, 19'!3, 22pp, 

L2. Laftcil.. J.M., W.J, 'Elliot. D. c. ~an. t:. R. Me_ym'; aiftl NiL A. 
Nwin~ WEP~iiitfug \V$ef Er~sitin Uim& a ~Based 
Ml!idel./'ountiilof~land Water ~~tHJ. Vol. 52, No. 2; 1,997, 
j>p,-~lW. 

13. Flanagan, D. C., and L J. Livingston. 1995. WEPP User Sl.mmary 
USDA-Water ErQ:sio11 Prediction Projm (WE.PP). NSERL Report 11. 
USDA-ARS National Soil Erosion Laboratory, West Lafayeue. Ind., 
199S. 

14. Tysdal. L, 8. Elliot, C. Lu~. and T. Black. Modeling Imlop.ing Ro8d 
Erosion Proce~ses with !he WEPP Watershed Model Paper 97!i0l4. 
Presented at l99i ASAE International Meeting. St. Joseph. Mich., 
t997. l4pp. 

IS. Fol\%. R. B;Se.diment Productitin from ~ Roads with Wheel Ruts. 
W.a1eishei1.Pkwniilg sntJ;.-AnfI.(,,sfs in A-4irm: ~C~?ll_!!w Y:~, tfY' .. 
J'990,. 

1'6. $1,1~i.,.~- R .• Jr~ ;m!! J. 9-I(/J.f~,.R;;t/m;d1>11~if &o#e'f.J,Q,j. to,~ 
.g_11fff<f?.~ ·Gt!l~raj ~hnk!i,1_~~ lN'l'-264. l~n~Fore~ .mi 

. ~~~'.~~1;h,St!!rtf>11:, USDA.F.9l'C$1 ~iee.,0Jdetl.Uta!i., 1989, 
I''l. ~t; C.R .. ll!ld .!". A. Slade. S~dit'iieii1./>rod/.tctii:Jiifti1m .. Fomt lw.oilt 

0 W'~m Dtt~1,rfw1.der ~view}, ~:Moiintaill'Rfflaltb Statum. 
lJSOA F.oresFSilrvice, Bois.e..if&ih.o\.1927: 

'tSs M. e:Cool,D, K,J3. _Ri. Fe&rttt.,C, ·ICMutchl'l!r, ll1i\i L, e. Meyer., Re~ 
~ Len,lf Paelorf/x .. the~ Seil ~,1~.q}~lKion • .fn:m-.s-ac1i1.»1s 
<!ftheA'$#,.E. VoL3.2;'No.5, 1989_,pe,. 1.i.5:fl-1,.s.7~, 

,l9. ~earl~ M·. A:. A:SmgJl'-Conrlnuoos.Fu~ti()n for§l~St~~ l'n!'i~­
~nce on $9i1J,..oss.Sqi{~,d, Apz, ~mgi,. Vm. ~l. 1997, .PP• 917-,tSI, 

_2Q. ~; c.. ij, ~~~ l!;tt' W~tl~~- .~n £n;vfrtm~i:µ Fiydi-t>fpg.y(t;., .. '$_. 
W.a:r4 l!.n1tW.J. Elli01,.e:ds.J,CtCPr~. ~wisPulilishet'$,Ne.WYork, 
Ji~.; M, 267, 2.4)8. 

ll. fltr.chhi~~G.N .• artdF.1. W.att¾.~liifilmationP~fin 
a .Ro.a Sediment Mo-del. 't'imlsacttortt .tif ilie ~SAE: VoL 30, No. 6, 
1987; pp'.1,700-.l.WS, 

22. Luc'e, C. H., and T: W: Cund~·. P~r lacntificai.li:Ji1 fur 11; Runoff 
Medl,1 for Forest Roads, Wi11er. R:e$qu~ife-1, Resetii<:lt, Yot 43. !\lo. 4, 
1'!194·, pp. 1.(1)57-.J-.06~-

23, $nu,,· ffyd.-'fl0it18}~: $.ttmt1rq0• lt~-et ·oJ tire $,~ow .Jn,.,,stigaticms. t,t:S. 
. Arm1~s~(§ngi~rs, ~Q~~'liitQivl:!!i9~,~~ ~-' !~$§. 

t4. ~~.-~,.~,,.Ji., ~.;tt. L,~e. ltrm F, ~llliM, ~~~ing •~~!. 
~Q!!:ioiltly 9f fQr~~ $Qils,. T,an,~rJM ~f.#r!,.,ASM;, 1/i:,l. 35. N1>, S. 
1992. pp,.l,489-'i.'49$; 

ZS. Ulman, P .• v. .. Lo):i:is, ~:C: H. Luee, Ewilu_o.ti&i -iif Jril{!fliil Etttdib1/i~: 
fodin.Jjmwid Ero#rJ,rPrediCtf<>il Modtls, Tecluucal ~ of A~ 
ment INT-ii2n~vA. rnterarountam•· FJ:,"test aoa hrtge Reucll 
Stai ion ,USO'A ·Fordt'S~; 0-gden; Uwi, J 994. 

26. Fooz..R. R • .199:S. Sedimendledisciioo Imm the:JJse ofLowercil'fire 
Pmsti.res. JAE 199>1 ir,a1J$;:cJi.ons, Je'#m.aJ w Commercial 'lldlide; 
Vol. 4~· 101. \g95,.p.,p:, 376---~J, . . . 

11/. Fcl1z,.~l3., ~nd w,J.,lllli9t.M.~~@n(LM~f!glmIJIIC~•9fl".~ 
~ss~:011 R~ ~QJ;I;, fr«.;. -~,mi~;®'ftnvf-rf~'!li!'l.ta{ly ~ 
Fc.tm f1qq:d·a,uJ,,W()()'/J,T,rem-spqr.,, Sinala.Jim1nQia...~ ~A~-
1ute Organization, Rom¢, 1996. 

28. Greenficld. P. H. Central Tir~ Inflation: USDA Forest Service De\·elop­
!llCfll Progtam. ~ 937SU). l'rc:sAA!ed lll 1993 Intemacional Wini.CJ' 
Me¢iin:g of the ASA,B,.St. loiiej:lh,.Mlch., i993;. 

29. Swift, C w.,.Jt .. Soil L.o!!SeS,fmin.R.oatl.be&'iiiid:CUt~ll-Fill Slopes in 
a,e· Southctri App-atactiu.il. Moo.iitams •. S't1iitliern -Journal Df lippli~il 
fottMty. :Vol. i, No. 4, 1984, P.P-• :~213. 

30. •Foltz.; R. lt,,and' M. Ti:ttebe. ~t:ef,A:3~e:l}ial!ty 011:.Seduilent 
P-ro4~riottJr.qn, • $orest Ro~~-In :F~(it~~tfm,rs ·oj 6th fni~mfl!_ion,aJ 
tvnJ~ qn Lpw-\fpiulJI#•~~. Ve~. 1.; ~ N~~ R;1l~~~ 

li. f:;j: ~ . ~:~")l;:A~5i. in, ~ormg lnfiltl'l!tiQn 
... -q,~~--:~,a.(<tm.r{q111.1lrg~J~•. VQJ, . . 1~. . 
ti, ?!ll-9!.°~.J-,.R, B,'. F~bz~.~-K-L,~ an;dT, a. K-Ql~. Q)nl~er'•Alded. 

Rul(.Ana!Ylis' in ~ ~it~$iol\fug; ./'r.oA, .liW'/M' Water.ihed 
Resf6f'iltiQii.Mtm(l~ ~:P.it11t_I, C/urii.i¢1'il, atlif JJ'iol.~ Co1t.sid0 

:ennion.s, Syta¢nst,.N.Y .• 1'9.&. 'P-P,3.4'1-350.· 
33. Morfin, S., B. Elliot. R. Foltz. and S. Miller. Predicting Effects of Cli­

mate, Soil and Topography on Road Erosion with WEPP. Paper 965016. 
Pi:csented al J 996 ASAE Annual Moedng, St. Joseph. Mkb., 1996. 

34. El~. W.J., S. M.Gm"", D. Hall.and 1. E. Moll Tm! X•DRAINCross 
Draiti~ingandSldinwtt YiddModd. 98771801-sDTC. Tccbnolog;y 
md Development Center. USDA Poles! Semce, San Dimas. Calif., 1998. 


	ROAD EROSION AND SEDIMENTATION PROCESSES
	MITIGATION
	MODELING DEVELOPMENTS
	X-DRAIN
	RESEARCH NEEDS
	SUMMARY
	REFERENCES


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJDFFile false

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /Description <<

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /DAN <>

    /DEU <>

    /ESP <>

    /FRA <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /PTB <>

    /SUO <>

    /SVE <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice





