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TI石s PaPer Pre sen 招a Pro ces卜一based m目el fo r ru nol丁genera ti on on sloPes one dimen slona l
k inemati c wave the ory co111bine d wi th the revi sed Gre en一AmPt infi l tra ti on fo rmula ls aP Pl ied in lhe
model According to山echaracteristics of so i1and ra infa Il in theLoes凡pla沈如area，凡ix tyPes of sto rm
are defi ned ，and among them thr ee tyPical ero s1on zones thaI havedi ffe 比nt values of re Presenta ti ve
Par ameters are chosen to simulat e the ru noff gener ation pr0cesses The primary hydrau ll c
char韶te ristics of the ru noff generat ion，such as unlt di，charg e，ru noff de Pth，fl ow veloc]ty，shear stre ss
an d r ati o of ru noff 罗ne几ti on，are obtained an d an alyzed 呱e resul ts demons甘ate that th e di ffe re ll l
crosion ch日Iacte ri stics arc r clatcdto d iffc re nt ru noff gencmtion zones.

Key w o nj s: In fi l tra t io n，Runoff generati on，Soil ero si on，L oess Pl ate au
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which咖ut lt6x l扩ton s，。。。verage，1、delivere dint。the州lowRjver，makingthe“ver。n。。f t比
hlghest sedimen 卜laden ri vers in th eworl d Th e seri ous soil emsion of long 石me Peri odhas led to th e
fr ag毗nt geumorp hy in this re gion. More0Ve‘the reC ent viOlent human activities have considerably
aggra vate d the sjtuat i(川an d have broug ht ab out a seri es of consequences such as lean soil，lan d
de sert ifi cati on，ar ab1c land diminish an d reduc ti on of outPut. The s翻ment delivere d into th e ye llow
River an d c抑 ed downstre am i s resPonsible fo r fre quent fl oo di ng disasters in th e 而ddle an d lower
此ac he s. Furth erm ore，th e sedi ment with absorb ed to劝c eleme nts fro m Pesticide an d fe rt ilizer in th e
culti vated lan dmay causewat er PoIlution，whichdoc sharl1l to th eheal th of human beingan d an 而al s，by
cOnc entrat ion effe ctt Tl lerefor e，i t i s an u堪ent，but chal lenging ta sk to Pre ve nt ecological eovi ronment
del er lo rat i on du e to soi l ero si on.

During tlle rec ent decad es，th e soiI ero sion in th e Loess P1ateau hasbeenextensively investi gated . A
ge neral qual itati ve cOg ni ti on on issues such asero sion tyP e，ero sion inte nsity ，ero sion geomorp hy an d
their regional 由stri bution has been ac quire《1. At th e sam e tlme，an in dePth un de 巧tan ding of lheir
Physic al mechan ism has been obtajned based on numero us lab Orato ry an d fi eld exPeri ments Man y
emPin cal an d semi一cmPiri caI re lationshiPs have been esta bl ished to quan ti tati ve ly estimate 脚 oft an d
soil erosion.However，most of th ePre viousre searc hes ai mi ngat acert 由nspe cifi c erosion ty Peor re gi on
have covere d ver乡limite d Par ameter ran ges. As amat ter of fac t。surf自‘e fe ature s。toPograP hy an d soil
char acteri sti cs of the Loess Plat eau al ong with rai nfal 1 conditi ons are extremely diffe re nt in vari ous
regions The re searc h re sults in some sPec ifi c re gions withon t quan titative con1Pari son and Physical
exPlorati on isunable to re fl 氏t overall ro lesof vari ousfactors in th eProcess of er osion Th eref ore，wecan
hard ly identify whichone isdominant fo r such vari ations.
Pre sent re searc h of soi l ero sion tends to shift fro rn th e emPir ical ap Proach to th e Pro cess一based dyn ami c

descri Ption. o bviously，th e study on the infi ltration and ru noff hasbecomemature . The fa mousGreen-
ArnPt fn odel with exP1icit Physical meaningwasdeveloPed in l 9l l ，then th emodels of Horton (1940)，
Ph iliP(1957) et al. in succession.So fa r theG一A (Gre en一AmPt) model isstlll comrnon ]y usedbecauseof
its simPl ici ty an d extensive aPP1ications In Part lcu lar ，th e imPro vements by Mein an d Lar son ( 1973) and
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Ch u (1卿8) haveexte nded its 即plicab l 二ty to th e ci挥umstan ces of ste祖y or unste甜y ra infal l. Alth ough
th e HOrtOn model is widely aPplied in China，th e paral lletel名involved do not bear aPPare nt Physic扭
meaning sOl11e re searc hers have included the couPled soil moistu化equat ion in th e m闻el (De Lima，
1992). Nev erth eless，it a1ways needsmor eParaI11ete rs an d CPU ti me.As fo r ru noff，most res earc he路
Pre fe rto descri be overi an d fl owsby th eso一cal ledki nem ati c wave l】leOry.Actu al ly，it isa slmP li朽edfo rm
of the l 一D St. V enant eq uati on w oo止iser 劝d Ligget ( 1967 ) 恤ve shown Ulat th e re sul t o f th e 匕nenlatic
wa托 the 〔叮了iscl ose to th at of st. Venan t四uat ion if th eki ne mati c wav心nunlber sati sfi esthe condi ti onof
k>10. Actually th e ki ne mat ic waven肚mber is cedai d y mu ch 吕reater than 100n th e 切ess Pl ate au 那
Shen et.ai 浅1996) 祀Port ed. Th ere fo re，lhe kinemati c wave aPPI飞〕ximation tIJ印s out a suitab le
mathemat ical desc即ti on of the ru noff genera 6onProc 既s on th eLoe ssPlateau. Ti ll now th ere hav ebe ell
some re visions in th e ki nema ti c wav emodeI (PO nceet al l 978，Govindarau，1988). If th e s加am wise
v硕ati on Of wate r dePth is considere d by 111t戊lducing an ad diti onal Pre ss眠 gradient lenll，it be come s
diffu sion wave mod el. De sPi te th e ki nemati c wave th eory ls sti ll th e Pri nciP目model in Pra cti c习
叩pllcati on s，th e fu ll st. Venan t eq uati 0n systemhaveaI sobe enutili zed someti me s(Qi an dHuan g，1997)
In contrast，th e study of th edynam jcsof ero sion l〕roc essan d sedi meot generat ion is rath er we 汰 Th e

此as on fo r the s加ation mainly liesin th e faC t th at th eer osionPr0cessisso comPlicate d since it inc ludes
so m汕y P是ir alneter s，whi ch are hard to be me asul℃d or evaluate d. Al t卜ough th e sedi men t mo vement
dyn翻 cs in th e ri ver is we ll devel oP ed，it is imP ro详r to 即Pl y th e th eo 尽 into soil ero sion in a
straightfo rw a“】way. Th eellll〕in c缸Un ivers ai so丑Loss 鞠uat ion 田SLE) estab lis址d in l960，s an d its
subsequent re v ised vers ion (RUSLE) are sti ]l ex tensivel y used ti li now，A t th e same ti me ，th e
investi gati on on newpro cess一basedmodels suchas WEpp in UsA an dANswERSinEuro peare 1Jl1der
w盯. Th ey havead van ta gesin i吸s ri ch datab as efo ral l 腼 dsof unde ri ”ngsurf acesan dwide applicabi ljty .
HO wever. th iski ndofmodelsmay not Possessa sol 1d Physical bas isin somedeg化e 仆ou gh they were
des igned b韶ed onPhysic al prOcesses . th ey did们ot start 加mbas icPhysical P由ciPlesin man y asPects -
Tan g an dChen (1997) haveP肥sen te d 胡elabo rate fo rm u健afo r Pre dicti ng tr山15户〕rt cap ac ity of overi an d
flO ws Th is fo rmula seems to be mo re th eore ri cal an d hasbe en aPP1ied in so毗 re gion s，but it can not
simu lat eth e dynam ic evoluti on on th e slope .
Th ewater ero sion Pro cesscau sedby rai nfal l is a com Pl 1ca招dPr〔，cessaff 改te d by both water an d soil

in te ra cti vely. How ever，山ewat er fl ow Prod uces er ed ing fo rc e an d Plays an acti ve ro le in 此 whole
process. It is of 四m肛y inlport ance to fi rsdy und“sta幻d ru noff generation chal习ct阳5石cs. As the fi rst
steP，the obj ecti ve of 而s PaPer therefo re isto ex翻 ne th e ru noff genel习IionProc ess in seveTal ty Pical
re gions on the Lo ess Pl ate au by a col11pre hcnsive Pro cess一bas ed mo del of ra lnl泊11一in fi ltl飞nion一ru noff
gen erati on. Th en th eir re sPecIjVechara cteristi csan de1ucidat曰Ph yslcal me c】lanisms are an ai yze d，w址Ch
wdl cert ai n1y be helPfu l for haV ingan insight int0thePro cessof soi1ero sion

Z R I )NO F 万，G EN ER A T I O N M OD EL

2 一1 0 v erl a nd F l o ” M .川 el

认、enth eral nfal l in te nsity exceedssoi l infi ltr 而on ra te，water be gins to acc umu lateonth eSUrfa ce. It is
not unti l th e surf acePondi ngc即ac ity bei ngexceede d th at wate r fl owsdown th eslope under th eac ti on of
gra vity an d fo rm sheet fl ow.Th at isjust th ebe
fl ow is usual ly v el、sh缸IOw (of th eord er of l 仃

of ru noff ge nerat1on Sin ceth edepth of overl aI1d
th ebo即dary on th egrOund is rath er c0Illpli cate d，

the dcscri Ption of it isal way sdlffi ‘ult·At pre sent th eone一di me nsion al kin ell1at1c wave model is mostly
used. T】le govern ing equati ons are :

P cos o 一1
( 1)

。一工。535人2
where x isth e coOrdinate al ong the fi owdir ecUon (m)，t isth e ti me(5)，h is the wate rde Pth (m)，口isthe
um飞dis比ar ge(mz 几)，户indicates 此 r，仙11otel巧1砂(耐5)，￡15小: 1而生nationrate (而5)，50 15脉 51叩e
gI’a di ent ( 50= sin o )，口isth e inclinati on an gle of sloPe (in degree )，an dn is th eM皿ning ro ug】11〕ess
cl祀f f c i ent .
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Th eki nemati c wave mode 1is siIl1plifi ed fTO m the l一D St. venan t equati on s. Th emai n as slll npti on is
th at th e fri cti on slopeof fl owsequal s th e slo件 『adi ent (Sf = 50 ) an dth usa con cise re lati onship be tween
di schaTge an d wate r depth is eslab1ished Woolh iser an d Ligget ( 1967) ha、e shown th at th is mo del is
su加ble fo r th edescri Pti on of ove ri and fl ows.

2 .2 5 o1111山 l t r a口on M odel

Th esoi1infi ltr ati onPro cessissimulat ed with the rev ised Green~AlllPtmo del (Meln an dLars on，1973
Cllu，1978). Th egovern ing明uati on smaybe wri tten as:

一夸一‘[l +(es 一0，)5 川

‘一阶一(口一“，1�〔5 (口，一口))
( 2 )

1 + —
I

whem I is cumulati ve infi l tra tion quan ti ty (m)，i i s th e infi l tr atlon ra te (耐5)，K is th e satu rate conductivi ty
of soil (or in fi ltra tion coeffi cient) (而5)，0 ，1，sat urate volumetri c wate r con te nt ，1，e，，th e effi cient

porosity (%)，口』istheiniti欲volume币cwate r content (%)，an ds is小esoil suction(m).
T】le classic Gree n一AlllPt fo rm ula is me re ly a即lied to po ndi ng water ilif dtra ti on Proc ess on dry soil.

Mein an dLarson (1973) generai iz比 it to th e infi lt介ltion pro cess d朴 g ral nfal l. SuPP osePisth e steady
ralllfal l inte nsity . 0 nly if PisgTeater th an th e infi 1tration caPab ili吸y，wate r begins to pond on th e『ound
In initi al stag eof rai ll f自』1，al l th e rai n illfiltr ates into soj] Accordi ng to G一A model ，th einfi ltr ati on rale is
decre asingwith th ecu mu lati ve infi ltr ati on quan ti ty unti l uP to acena1n tl11℃shold val ue. At th emo men t

ofi 明ual to尸·pondi ngoccurs·而scumu lativeinfi ltrat ion l ，canbe deri Vedbylhe G一Amo del:

1，=
沪 ，一e‘卜

P/ K 一1
( 3 )

加 m which the Ponding ti me

t，= 1，1夕
i s y ielded. 111us th e i I161tra tion rate in th ewhole Pro cess can beexPre ssed as

1 = P

1=尤 [l +归 : 一 。‘卜 川

where l is th e cumu lati v e in fi l加 ti on deP th aft er th e Ponding
occur at t州)，山e ft 叮1ll llla shou ld be re vised as

t ‘t ;

t >t尸
ti me (including 吞). Sjnce

( 4 )

Pon di ng 山记s not

K卜一令，一，一“沪，一“‘，1�}1� ( 5 )

inwhi ch t，represents theti Tne ftOnl 阎 to the timewhen l = 1，(or 龙=夕) It isa s sum e d

po nding occurs at 怡0，1.e.，t翻 ng
in fil tr ati on. Th er 已fo re w已hav e 八<今

th e fi rst stage of ram 回l in朽ltrallon (befo rePO幻dlng) as
乙could belook edas aPseudo Ume. Fro meq兀2) wehav e

th at th e

Pond ing

Kt一 (0一”，，‘�「!�
I p

5(0 一 伏 )」
Th emai n ideaof re vision isto as sume the e而re pro cessas Pondi ng infi .tr ati on fr om the ver y

Th ere fo re the wl ll〕lecurv e，sincePonding start s，shoul d be tr敬11slat ed to th e left by 今一‘. By

( 6 )

begi n垃ng
tr an slati ng

th lscurv ebac k to th e ri ght by tP一几，wecould get the 代al infi ltratlonPro cess.
Howe ver， th e ste ad y 田nfal l isfar fro m theTequi祀mentsin ac tual aPPl icat ions. Chu (1978)general lzed

th eGA一ML inOdel ag 缸n to the unsteady ral nfal l Proc ess一Th emai n pr〔，cedure is to sort the gro und
sur fac eslatus in to 丘ll lr ty pe s fo r eac h timesteP:
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1) noPondi ngat the beginm ng，noPondingat th eend
2) nopondingat t】lebeginning，户:川dingat th eend
3) Ponding at th ebe gi nning，Pon ding at th eelld
4) Pondi ng at th ebe gi nning，no Ponding at th eend
Ai th e beginningof eac h tli l】e inte rv al，th e total ra in fa li quan ti ty P(几_1)，to tal infi ltr adon quan tity l(tn_1)

an d to tal excess quan ti ty R(tn一1) are 如own . Wl1eth er th e ponding occurs at th e end of th e interval can be

disti nguishedby twoindi邝sc“an d C，，where c，isusedfor dete而iningwhether即ndingoc cu仆at the
{咒名Inning of th e in te rv al ，whi1e cP is used fo r deternu ning wheth er Pon ding oc curs at th e end of th e
i ntel、习 :

几 =尸 (tn )一刀(t，_，)一瓦 弘 刃 (i 一尤 ) c。>0因 ndi llgat theendof thein‘ery公

c。一玲 二)一1(t 。)一尺(t卜1)
c。<0 5山InoPondi ng

c，>osti llpondin朗t theendof theintery公
c，<0囚ndi ngd i sap详跳

( 7 )

wheteM卿 resents e，一氏. Pro vide dthat i < K ，宪he业℃is no 即ndi 雌 毗the ti 吸 刚 讹 ”eedl、，tuse
th ese two indlces. Wi th th ese t认，〕indices，we can di sti ngulsh th e fo ur si tuati on s fOr every time ste Pan d
calc ulate tP an d‘fo r each situ ati on ，此specti vely. Th e化伪」℃，the ral nfal l exc ess rate of each ti mestep
co ul d be ob 面 ned.

Thisc01llPTehensive llK刁el is so lvedwith re gu lar nume ri cai me 山od. Th emai n fr am eof th emode l is
Pre sented inWEPP mo de l (Sto ne，et al .，1995). How ever，the s沐cifi c fo rlll of th已bas iceq uat ion has be en
re vised in th isp即er，su ch asth eeffe ct of th e slope邵adi ent on 闭nfal l inte nsity an d i而 ltra ti on rate is
飞砍en 栩tOc皿5记er ati on an d th e sol v讯gmann er to U、e whOle斗5忱11、治moTe 山Tect .

3 M O DE I JVA L ID AT IO N

Th e labo ralory exPeri me ntal dat a of Lima (1992) is used to v即fy th e Perfo rman ceof th emo由1. Tllis
expe ri me nt was PrOceeded in afl ume with len gth l m，width 05man dslo伴5)月) 1. Th orai nfa ll intensi ty
waso.0374l mnllstogether with oth er soil P日ralllelersasfo llows

K=1，67xl沪耐5，伏=0.506，尽=0，0107，5 二0刀Zm
Fi g. l isth e com P硕sonof cal cula园 肥suli s an d th eex Peri me nt of th eunit dischal卫Cat th eoutlet. Th e

simul ate ddlagra“l shows good agl笼七me nt between the mexcePt duri ng th e very short ini ti aI pe ri od. It is
esPecial ly en courag ing to fm d the consiste ncy
be宝We吧n lhe the0Ty and the exPenTnen t whe n
ru noff is ab out to st0P. Th ere sul ts indi cate th at t卜e
model P代sente d in th is Pape r could corre cti y
simu late th e ru noff gen erat ion on th esloPe al k ast
to som e degree. Mo化。姆r. we have 胡al yzed
v翻ous fac t明 a月re ctjn g the maj or 】〕aranleters as
well as th e Pr oc ess of ra infal l一infi ltra 6on一ru noff
ge ue rati On·T卜e fo llo win g are the pnnc ipal
concl usi on s:

1)Each Param eter (uni t discharge，wate r dePth，
fl ow veloc i ty ，she ar stre ss) gro ws as th e 瑙n倒1
in te nsity isin cre asio9-
2)F滋ch Paral l leler incre 筋es as 止e in fl ltra ti on rate

is di 而nish l llgt

3)F巨Ch Pala ll】eter ri se s as the slope 悦comes
longer ·
4) Each Pal飞”11ete r decre 攫 s as th e volume tri c

. ob s e r y日d

一 口a l亡」lat e d
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Fig ·I Simu lat ed an d expe ri me ntal 抢sul ts of th e
ru noff gen erat ion di agralll on ape 卜 abl e sk，伴
(ExPeri mc n园 dat a i s l如，m Li ma ，1992)

裂
water defi ciency (th e diffe re ncebetween th e sat uratedwater conte几t an d the initi al wate r content)
onles lar geT .

的 6 In t即ati onal j ournal of scdime ntRese娜h Vol l6，No .4、200 1，即473一485



5闭Icin哪as eof slope grad1ent bri ngsab ou t twofo ld effe cts onhydraulic para meters. o n th eonehan d，
th e rai nfal l recelving are a (th eare ape rp endicu址 to th e拙ndlrec ti on ) of th e slo伴be co me s s盯laller as
rai n is assumed to fal l velti cal ly. And so doe s th e re ceived rai nfal l quan tity . o n th eoth er han d，th e
infi ltr ati on rate decre龄es so th at th e run o伴gen er at ion in讹as es corres Pondi ngly. Under th e same ru noff
gcnerati on condi ti on，the sheet dePth would be c。阴 shai low an d th e fl ow velocity would incre留e.To
sumuP，the di schar ge rate on thewho le decre asesasth e sl叩egradien t isin cre asi雌with the slo伴 length
kePt co nstan t (l t j ust incre as es slightly on a vcry genUe slop e). Th e 、noff depth al so de‘re as es
co能5训ndin gly.康nce ，th e dischar gera te curv e lo〔，ks co nvex ，wherea sth enowdePI】I curv eiscon cave -
Th e fl ow vel溯 ty an d shear stre ss wou ld incre as e at fi rst an d the nbegan to decre ase wheo th e sloP e
gradien t re ac hesth eir re sPecti ve cri ti cal val ues Al though the co皿spondi ng cridcal s10pe sare not eq ual ，
both of IbeIn are estimat edwithi n the ran geof ab out 40o一500(Chen，et al 20ol ).

4 SEL E C T IO N 0 F R A l N ST O RM A ND S0 I L PAR AM ETE RS

4.l h 川ti oni ngand selcc目ngof TyPical Re 乡ons
Ge neral ly speakillg，th e sof l ero sion in加nsity isgraduall y inere as ing frO m the south to I】le north in山e

Loess Pl ateau are a (Chen et ai l988: Chen et al ，1996; an d Chen，1996) FO r con呵 ience，面 s are a
coul d be part ition ed in to tl1ree belts co讹sPondiogly，namely clay loc ss belt，loess belt an d san dy l优55
比It 压iu，1965 ). Th eero sion in th esebe1 ts po ssesses th eir own charac te ri sti cs.We chooseon e typ ical
re gion in eac h be lt an d l hen sill卫dat e ru noff genera ti on in th ese tyPical re gion s inOrd er to an al yZ e the
ch吟 te ri sti csof ru noff generati on unde r diffe 卿 t rai n t即es-

Fig. Z Th esk elet onmaPof lhe l仪 ssPlat eau an dth ese]即ted lyPl cal rcglons

Th ese thr ee re gionare : 啡 ion N is locatedat th eYelIowri ver va1ley with ex比mely inte nsive ero sion
in th enorth east of shan劝pro vincej ust adj ac en t to San xi Pro vince.Th e soil th ere belongs to san dy loe ss.
ltsgr a1n isre lati vely coar sean d th eclay conten t isquitelow: re gi onMdenote sthe are aaro undGuYuan
一Ping Uan g 一XI Fe ng with inte j，11edlat e inten 幼ty of ero sion in th e centr al shan xi，Th e soil there
bel ongs to loess an d its Pro pe rt y is betw een clay an d san dy loess; re gio n s isat th ewelnan PI姗 with
slight ero sion i血nsity. Th e soil th ere belongs to clay loc ss. Its grain is re lat ively fi ne an d th e c1ay
con te nt is hi gh.
Th emode led sfoPes are all as sum ednat an dbarrenwith out an y vege1ati0n co ver.巧ecalCulated slope

length is 30m ineach c嵘 stu dy. We tak eth eaver age val 肚esof theslope distri butionPrOvidedby jian g
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(1997 ) asslope gradi ent. Alllon g th em，th e val uesof Sui De are used fo r N region.Th ough the ero slon is
al so ex比mely inte nsive in th e re gi on north of Sul De ，th ePlace belongsto th e t甲cal re孚0oof hybri d
朴 d一wate r ero sion . Th eeffe ct of wind is Pro而nent. In the longnm ，th e slope lnc lin ati on of re gi on sN，
M，Sare selecte das 28o，22石0，1430，re sPec ti vely.

4. 2 Dete 川】1皿 tion of Rail if 自l l Pr oce ss
What is llai qu e for t】1e erosl on on th eLo ess P1ate au is th at it al way s oc cu rs duri ng raU1sto rm . Th e

r ai n fa l1 numk rs giving ri se to aPparen t ero sion do l1Ot ex cee d l0% of total ones o n av erage，th re e
rai nfall s in eac h year may cau se seri ous ero sion，on ly oc cup扒ns ab ou t 4%Of to tal rai nfal l tin les. As
rou gh ly esti mate d，80% of to tal eroc ionquan ti ty is 外el ded in l .3 t如es of o nfal l wh ile 5O% Of to tal
ero sfo n quallti ty in o石tjllles of ram fal l (Wan g& Jiao ，1996). Th us wewould rath er lay el刀Phasison th e
ero si on o f th e L oess Pl ateau im der ra1l1stor n1condi ti on s.

Sinee th ere are no standard 咖 fal l 阮quency an d皿n inte nsity av ai l比Ie那c‘〕rding to wan gan d j iao
(1996)，we chose a unifom rai nsto rm，th ree sort s Of Ty pe A rai nstorm an d two sort s of TyPe B
ram sto rms an dde signthe 倒nfal l Patt emsfo reaCh caseof th etw o type s.Type A rai nstorm isas sum ed as
a singl e一Peak rai nProc ess of short durati on with hi gh pe ak whi le Ty PeB rai nst0nl】as mu lti 一pe ak s面n
p八x姆ss of 卫on gdura口皿 俐th 划ati ve ly jow pe 砍 in 汕 至ch onepe 欧v司ue 主5叫u司的3一5幼1llesof th e
oth ers . 丁七c whole dural lon of 巧Pe A 皿ns协朋 i s l ho ur alld th e to ta l 仙 。几11is 60 nun whi le 6 ho 明
an d l 20nun for Type B ra田sto rm (with tw ope ak s).丁七epe 吐of type A l isin阮 ml ddle of th eduralion ，
th e pe ak of ty PeA2at the be gmn ingan d th e卯ak of tyP eA3 at th eend. Th ehi gher Peak of TyP eBl is
befo 邝th elow er Peak an d th eTy pe B2 isj ust the opp osite Th ese di agrams are show n inFi g. 3.
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4一3 Soll C ha ra cte d sUc Pa ra nl eters

Th ebas ic soil charac teristi cshave gre at effe cts on the ru noff gencnlti on al1d soil 的 sionpro cess.Mally
scholars have care fu lly in vesti gated th e ch aTacteri sti cs of soil in th eLo essPlate au re gion .Accordillg to
the pTevious 代se跳h，wehav e de te rnu ned the characteri sti c P别旧nleters in th e山ree ty Pi cal o gions in
丁恤b le l

4 7 8 】川em西onal jol刀几alof scdi皿nI Researc 瓦Vol . 16，No 4，2月X〕1，PP. 473一85



Par a l】记 比r N 化gion M re gio n S region

1面 1trat io n coeffi ci ent K( 1ll耐 而 n) 0 17 5 1 .08 0，92

P010si炸0:(%) 57 55 50

加ti al 功1〕IstUreweight Perc entage(%) 14_4~50% 2 1刀 ~7 0% 20.7~70%

Soil suctionS(时 0 06 0 10 0 ] 5

Rou琶h”ess仁oeflk ient ” 仪 O3 OO3 0 03

Th efo 11owingaxe some rem arksin ch oo sing th eseParall〕cters二
(1) Th ePoro sitiesac cOrding to jian g (1997) are used.
(2) Tbe i11it ial volume1ric soil co nte nts are bas 时 on th e concl usion饰 Yan g (199 6) th at the natl甘al

waler contejlt is50%of th e fi eld mo istu re caP ac ity in san dy lo咖 re gi onan d 70%一80%inme dium to姗
an d 坛创y loaln 代邵皿5认9即eTal HO wev er ，th e fi el d nlo盖5加Te CaPaci1y is as su me d to be the Tesu lts
observ edby y an g (1996) 山mugha lransfe r f卜olll mo istu re weig卜t pe rc entag e to volUIn etri Cwate r c0nte nt
intel下、sQf dry so il bulk de nsity t
(3) Th eme as毗 ddat a of infi ltl习don coemci即ts by jian g (1996) are applied，bu t th ey are aP pare flti y

lar ge r than re al valu es so th at ev en extr 的rdi nary sto rm is 皿ab le to ge ller毗 run o代.On the one h田ld，the
ex Peri mentswere doneusing two一ooP meth 阂whi ch iscol11I11only though t to ac couot fo rth eerro r du eto
th e ins加men t. o n th eoth er h出ld，th etoPs of 1won ld crus t unde r th e imPac t of 闭ndr0Pin ac tu al 种 fa ]1
Pro cessan d th en fi ner Part 1c1es fi ll in th epo re th us佗nde rmg th e su rfa‘esoil re latively illlpe rmeable to
water Ac cord ing to th e collll〕硕son of j ian g (1996)，th eme as眼 d infi llratlon c《祀ffi cient isabo ut th rce
ti me s aslarg eas the 司ibrate don esby hy如 fo gy meth od.Th uswe fi 仆t di vide th emeas ured val ueby 3
Secon山y，infi ltralion Tate cdibrated by hydrO1ogy me thed is not Physlcal paraI11eter，b以a ki nd of
av era ge Val ueof th e enti re process. FO r ste翻y IJai nfaUlt eq ual sth eavelage让fi ltr ation rate of th ewho le
Pro cess while fOr unste ady ra1n it is gene ral 1y slighdy greater th an th e averag e infil 1ration . However?
认七en ra infal 1intensity isgreatcr th an th einfil tra ti on coeffi Ci en t，th ein fi ltrationra te isal way s名reate r th an
th esatt址ated condu cti vity of soi 1 Th ere fo氏，th e in川tJ飞ltlon l习证c葫bratedwith hydro logy me 比od isstil l
gre atel th an th eac tual Ph)故c习1而1ll ation co effi cle nt. Th us wemu ltiP ly th e rn eas ure d val ue by O巧in
ad diti on asth ees ti ma ti onto th e re al value. Th at isto say，woeventu日ly div记eth e爬as眠 dvalueby 6t
(4 ) Th eex pe rllllen tal fol mul a of j ian g污ad opted to r门比 th e e们笼以of sl 叩e皿1而、廿ati on rat e，1.e，

the in石ltra ti on cOCffi cient 尤nowbecomes K( l 一sino )
(5) Th ere seems nocre dib1e sd l suCti0navail abl e in th eLO essPl atca u re gion.Wecan oni y fol low th e

U名 stan dar dgiv enby Chu ( 1978).
(6) Tbe roug加esscoeffi ci即t is as sum edo乃3byreferri ng to C卜en (199 4) an dQi (1997)

S AN A L Y SI S O F Rt 』N O FF G E NER A T I O N C HA R A U l l 双J ST I CS

Wehave cai cli la ted six ty Pes of rain fal l re sPecti ve ly，th at is，山ree TyP e A 阴nsto rms，twoTy PeB
r出11sto rlns aDd 朋ifo I’In ~ sto rm The爬su 地 are sho wn 加mFi g、4 to Fi g. 9、Th edi agralns of uult
dlsch毗e口，water dePth h，fl ow vefo city u，5】leal stre ss Tv娜 ingwith tune at th e s10pe ou tlet is乡ven fo r
eac h Taj n ty 讲‘Fi g 4 is the re sults fo r unl fo rtn rain佃工case 、Fi g、5一7 axe fo r tyP eA池ns.0秘 whi le Fi g.
8一g are fo r type B r翻sto rm . In eac h fi gure，’nor，me an s th e co讹spondi ng curv es in re gi onN，‘而d，
JUe曲 s th ose in 记 Zi on M 明 d ’sou ，印，，”， th ose i ll 肥 21皿 5 . W e，11 胡 dress th ese Drobl c们l s in th c

5. I Ru口off Gene ra ti on Rat i。
Th e run o什gencration ratlo isde fi ned璐th e rati o of th e ru noff volume (or dePth )to th e而互正目I vo]ume

(or de Pth )，aPhys ical quan ti ty exhi biti 雌 re l甜ve s比ngth of run off generation. Th e calcul ate d res ults of
th e run off g叭eratlon rati o in every reg1on an dfo r every rai n type are li sted in Tab1e 2

1川em邵1‘”、司」‘〕叮nal of sedi“览1、t Re 沈肛由，VOI . 16 ，NO. 4，2戒丫)1，评 ‘47 3~485 47 9
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pro ce s，of uni fo rm

赢谕~缨 ~ Nre gion M re gion S region

Uni fo ll l】 0 .6 66 0 .5 18 0 .4 85

A 1 0 .6 80 0 .5 5 6 0 .5 29

A 2 住664 0 一5 0 9 0 一4 74

人3 0 石 7 8 0 5 5 9 0 万 37

B l 0 4 9 7 0 3 0 1 0 2 8 1

B 2 0 5 0 2 0 3 3 2 0 3 22

Th erunoff generati on rati o ismo stly abo ve5o%fo rT’y PeA 皿nfal l，or evennear 70%in so毗 are a. In
contr as t，it is 咖 皿d3o%fo r Type B面nfal l or near 5o%in som ecases.几isre sult isconsiste nt to the
conc lusion by wan g an d j iao (1996)，implying reaso nab le selec吐on of par allleters as well as re liab le
simu lati on of th epTocess. Wecan fi nd阮mthe tab le th at th e run off ge们erationTa te is inere as ing丘t川l th e
south to thenort h. In th e co ntext of run off genera ti on，wecan Pred1ct th at 1heero sion fo rc e in the 朋rth
re gion is s的nger th an th at in son th 化gion un de r th e sam e 面nfal l condi ti on . Furt bcnnore，the
。m】pari sonof di ffe rent r画 ty pe showsth at the mn off generat1on rat10of TyPeA ralnsto rm is 习way s
lal侣er th an th at of Type B. And the late r th ePeak of rain fa ll inte nsity appe ars ，the larger the run off
名。】的 ti on ra 6o.Th usth era jn佃l with late rpeak ex hi bi t，朴 po”e而 l exes l加ca琳加]ity 小an th at wi th
earl ier Peak .

5.Z Ru no ff G ene ra 6 On C ha r ad eri s“cs o f U n i1Or ln Rai . ta』1

Fi g. 4 is the cal cldate ddi agran1of ti me evoluti0Il fOr uult di schar geq，ru noff del油 h，fl ow veloc ity u
an d she ar s比ss r in the 吐1代e region s under th e 明 句rm ram fal l. 五劝ows th at 此 mome nt of ru noff

480 一 In .e门at ional j ourn al of sedime nt Re se毗 h，Vol l6 No. 4，2的1，即. 47 34 85



o ccu讹 nce bec omes ear li er fr om t l1e so uth to th e nort 11 u nder th e uni fi 〕rn l rai n fa] I . h al so sho ws th at th e

du ratlon of 6Omi nute s rai nfal l is s石ll far 加m the ste ady sta te of ru noff gel1erati on pn又ess. Ev ery
hydraUlic param ete rsri seraP1dl y in th e initial stag eof ru nOff gel1era吐ion. Subs明ue nti y，th eP别旧11〕e忱rs in
regi onN (th eYellow River val ley re gion in the north ) ismuch larger th an th oseof re gi on M (th e例ddl e
化ach of j in ghe 形ver) an d re gion s (th ew ei Nan PI山 in th eso uth )，wh i le the latt er two are closeto eac h
oth er ，Fu d】lenl扣re，th e now veloc ity all‘I she肛5吮ss grOw ob viously ft (1拍 th e south to th e nort 】It
CO能sPo硒 ngly，th e fl ow deP th of re gion s isth e larg est. V呷 11kely ，lessinfi ltra石on an dsoil su cti on
re suIti ng in lar ge ru noff generati0n ac count fo r th eft lregof ng simuIate d re su1ts. Fin all y，wecon clude th at
山e ero sion fo rc e inth e LoessPl at eau are ais s比ngthening fro m th e south to th e nort h .

5. 3 RuDoff Geue ra 咖n Char sct ed s杭cs under Type A Rai nfa ll

Th eru noff gen eraUon 二sultsof th re e巧PeA rai nfa l】s are shown in Figs一7，斤。mwhichwema y fi nd
some diffe re nces in the ch ara cte ri sti cs of ru noff di sch。」召e be tween the tllree Ty Pe A 种 sto rms an d
t l nl n〕rn l ral nsto l，11.
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Fi g 6 sho ws th at the re are quite small di ffe 此nces be tweendi scha电e沐ak s in th e tllree记gions under
升PeAZ闭nsto rm .Th eear ll er Pe砍 val ueof 勺体A2 rainsto rm leads to th e ru noff aPpear an cequickl y
whe n rai nfal l slart s. D明ng the laller low intensity raUllbll ，the soil i丽ltra uon rate decre ase sgre ail y in
al mo st sat ur ate d soil soth at th eru noff n1ay mal n恤。AI山ou gh th edi scharg eamo untsin th re e re gi ons are
close，th eveloc ity an d sbear s讹ssseem tobequi协dl月飞rent dueto di ffe ren t geo morp hy-
Fig . s an d7demo nstrate th efl owdlsc】lal名e伴ak sin re gion Sare great erth an in re gi onsM an dNun der

bOth 竹Pe Al an d Ty pe A3 闭nstOrn ls. Th is Phellome non ma y attri bute to te田】〕oral v如而on of
1曲ltr ati on rate .Al though th e infi 1tr ation coeffi c1ent (the ulti mate ste ad y ill们ltr ati on ra te ) isth e lowest in
代gionN，th e infi hrat10n11lteof wet soil in re gio”S de cre asesquick ly 皿deTve叮high inte nsity of 面nfal l，
even】0认er th an th ose in re gionsM an dN. T】lereibre it leads tomo比面nfal l exc ess an ahigher ru朋ff
disch a甩e in th e south re gi on. Th eoas on fo r 而s is qll ite 1el ate d to th e soil gra in size ，while th e ot】Icr
Paralllelers suchas 山e satu ra ted wate r conductivi t丫th ewate r co nte nt defi cit，the slope gradient ，et al -
In temati onal journ al of S司ime nt Rese arc h Vol . 16，No. 4，2叨1，PP. 4734 85 一481-



al sohav e la限ee什ect on it.Howe、reT，th erel ati vemagllltu de of wate r 血pth ，fl owvel oc lty an d shear s比55
are ai ll l l〕st th e same as th at of uI1i fo rIl1rai nfa ll . Th e res ul ts al so show 山at tbe late r th e Peak v alue of
闭nfal l，the ll〕ore dlfl 七1℃nc e of run off geoera6on mo men ts bet叭吧en th e ll止ee 比gi on s. Since th e
infi ltr alloll caP翻 ty of re gionN isth e lowe st，ru noff 口ay oc cur the earl iest un der re lati veIy sn1aI1ram 1all .
Th isis re spo nsible fo r th e俪 t why 爬gionN issubj ected to lonser pe ri od of ero sionun der 曲nfal ] with
laler pe ak .A lso，th e max imu ms of hy draull c Param e比rs are la吧er fo r th e皿n云Ul with late r pe ak .
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Al l th e fi gl让es showthat the hydra1I1ic Parame ter sdeCreas eraP idly 胡d th e盯increas emod era tel y wllen
hi gh inten sity ra妇lfall tumsto low inten sity 阴nfai l，an d th ey lncre as ed让eclly when th eoPposi坦51加ati on
occurs . It is easy to u以】e巧tan d th at aft er th e四vion s hi gh intensity ru noff fiD ws down th e slop e th e
run off should natl『ally be cOme of low in ten si年 认11en low inte nsity ram fa Uchan 笋 to hi gh inten sity
种 fal l，th emam paranletersincre ase ver〕伯pldl y lt is be causebo th th e innltrat1on ra妞de(reas esa们d
th eexcess rate in c肥as es vel3 raPidl丫Th econclus1on can al so be veri fi ed by the in fi 1tration fo rmu la. ft
waxn sus th at sudd enoc cu肚nceof hi gh intensi ty ral nsto rm m盯 re sul t in the burs t of to 能nti al ru 加ff
generatlonJ
I n ad ditio n，th ere isa户enomenon in al l th e th re ere gion s: the latt er th e拙nfal l l祀ak val ue，th e hi gber

山e max imum value of eac h mam Paranlete 卜Since th e in i ti al Peri od of ra infal l l118k cs the infi l加ti on
prl〕cess l〕”s the raPid ly de cre as ing sta ge，thc in fil tra ti on rate become s lower 胡d ste ad ier an d th e ex cess
邝te be come s higher wi Ih ti me fo r th e same inte nsi ty of ral n. 丁七c char ac te r infe rs th e latter th e 珊nfa U
Peak valueth e hi gher th eero sion caPabi l i ty of ru noff at th e moment of pe ak val ue.

5.4 R1Inoff Gene r at ion Chara ct eris ti csUn血 r Ty Pe B Ra i l lstorm
Fi gs. 8一9 峨 th ecalcu lated re sults of Ty Pe B rai nstol111s，
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genera tion p联 essof B l lype 几infal ]

Ty pe B rai n加l be lon gsto of mu lti一pe ak an d10llg durati on rainfall ，gene司ly the max i刀l al peak is 3一5
ti me s of others. Th ehi gh er Peak of Typ吧Bl rai nfall is earl ier an d th at of 巧PeBZrai nfal l islater . Th e
fi guresshowth at th e re l丽vemagn飞tu deof hydrallllcParame t哪 at th emoment of hi gh Peak iss飞milar to
th at of th e肚ni lbl，11ral nfa ll . Nevertheless，th ey are th e larg esI at th emoment of low pe ak in re gionN t
T七e reas on is th at th e sof l infi ltra ti on is obviou s ini6al ly so th at ru nOf f generati on har d】y occ urs in
Reglons s an d M. All th e hyd r耐 ic Parame te rs at th emo服nt of hi gh Pe吐 fo r TyP eBZ rai nfal l 毗
hlgher an dmore ste时y th an th osefo r Tyl〕eBl rai nfal l. Itmean sthe raj llfall of TyP eBZdisPI 叮shigher
eto sion caP ab ility dun ng th isPeri od. However ，th evari at ion ofParam cters under two ty Peof门ullbU娥
siFi nar during lon名er low曲nf al l inte nsity Peri od.r】11erun of f amo u叱 ar e掀I no[ very lar ge. lt issmal l in

Inlell l丽on目Jol叮Iul】of sedime nt Re s~ h，Vol一16，Nl〕. 4，2佣1，pp. 47 3一85 一48 3-



re gion M an d llear】y ab sent ln re gion s. 0nly re gi on N sho ws evident ru noff generat i即 1o actu al
situ ati on，巧PeBI 闭nfai l will def lnite ly Pr《泪uc esom e ri llson th elowerPart of slope an d leadsto hi gher
ero slon rat ein latter pe ri od due to th eex istenceof ri ll . AscolllPare dwith Ty pe BZ阴nfal l case，the Ty Pe
BI 他111台11du rin g th is Peri od has nKlre哪sion cap 的ility . HO wever ，th e erosion duri ng hi gh inte nsity
r山1llbU of pe ak val ue is ev entu all y dO而几an t. Cons eq uenil y，ty pe BZ 皿nfal l with lat er hi gher pe ak
exhib its h igher ero sion caP的dity .
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Fig. g Run OIf 罗ne r二11ion pro cessof BZ ty pe佃nfaU

Ascom paredwith th e勺pe B r灿storln，th emax imu ms of hydr au lic para me ters under Ty PeA曲nfal l
are higher，whe 肥as d1e durati on is shoTleL It is haId to say w拍ch ty Pe exhi bi ts hi gher ero sion caP ab i l1ty
only 即coTd ing to ra in fal l condi ti ons. Th e ero sion一re sistan ce cap ab i l i ty of soi l shou ld be considered
slnlultaneously. Ge llerally sPeak ing，ty peB阴nfal l with cert ajl】Intensity an d longer dur at ionmay eT‘xle
mOre sni l with low ero sion re sistan ce caP abi li ty th an type A ral nfal 1. In contr ast，tyPe A 面nfall with
highe r intensity an d shOrter duration m盯erodemore soil with hi g卜er ero sion re sis咖ce cap ab ility th an
ty PeB闭nfa ]1. Th e specifi c val ues of all th eParall〕ete rsshould be considere d simu ltan eou sly-

‘C O N CL I 心 IN G RE M A RK S

By simu lati ng th eru no ff gel比ration pro cessin th eLo 既sPlate au 比gionunder di ffe re nt ty pes of佃nfal l
condi ti ons，th e ru noff generat ion char aCtedstic s in d1月七rent cro sion inte nsity re gi ons hav e been care fu l ly
stu di ed. T】l e mal ll concl usio ns a丁e dra 、、n as fo ] l ow :

1.Und er th e same r‘nfa ll condi tion，the ru noff genera ti on rat io in th e Loess Pl ate au re gion te nds to
incre as e fro mth esouth to the north . Th ehydr aulic par ame ters ，，suchas unit disch盯ge，fl owvel ocity ，an d
she ar stre ss whi chaxe re gard ed as dccisive fa c。〕rsof th eero sion quan ti ty ，genera lly coincide with thj s
te nde nc y-

2.Th e run off generati on rat io of 巧peA ra1l1sto rm with short er du rati on an dhigher inte nsity is 址gher
th an that of巧PeBrai nstorm with lon ger dlJra1ion an d re lati vely lower inte nsity . Th epeak v目uesof now

4 8 4 Intenlat iona1 Journ al of sed访lent Researc h Vol . 16，No 4 200 1，即. 473一485



Parame ter fo r Ty peA ra infa ll are hi gher th an th osefOr ty PeB.Th eeffe ctsof th etw o巧下esof th erai nfal l
man ife st the ms elves山们七rendy in diffe ren t re gion·
3·Ge口erall y spe al Ong，阮 1姗 the pe ak of r出川认u认，the hi gher the 沐ak va加es of ru no任9。呢花公爪

Pal谧nlete rs出1《】th e hi gher th eer osion capab ility of sheet fi owsare .
4. Th emeasurement of soil Paxame te rs isan in dispensab ]etask，whi chmo re atte ndon should be Pal d to

i n th e ne ar fu tU re .

5. Th epresen t simulat ion is bas ically o加ki ndof quan titati ve investi gat ion under mo代or less ldea】
circ umstan ces su chas 1aki ng avera ge fOT ral n回1an dslop ean d with no regard to ve geta6on co、rerage
el介cts etC. 1七ey m盯giveri se to th edeviat ion of the tyPical situ ati ons fro m the ac tu al ones to a ce11a1n
degree . Due to th e Ulul Ia110n of dat abase avai lab le，some uncenainty is included in th edeternu nati on of
illlpo rt ant Parame ters such 洲 infi ltr ati on an d sni l suctio n，which also exert s effe cts on the c司cu lated
re sults . DesPite the fo reg oin g fac tors，th e con clusions wehave fna de are essen ti al ly well 一ro unde d胡d
bel iev abl e
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