-9-

THE E= MODEL: A DEFINITION OF SLOPE AND CATCHMENT EROSIONAL
SUSCEPTIBILITY

Jan DE PLOEY

Laboratory of Experimental
Geomorphology
Redingenstraat 16bis
B-3000 Leuven, Belgiunm

1. Introduction

oincreasziteg redmbeer

For  both academic and practical  reas
i wed in an adequate

=l
of  laboratories  and imstitutions are t
prediction (or  postdiction) of  evrozion and  denudation rates on
glopzs  and in  catchments. A major obstacle fo progreszs il this
field iz the complex gsography of  swch landscape wunmits. For
example in Euwropse landzcape =syzhenms i rural  arsas are ofben

controlled by linear infraztructural elementz which agsnerate
dizcontimgaous SIT0T 1O and dizcrete averts, iy arpatrently
contiraogs toposequencez (DE FLOEY, 1239), QOther difficulties

arize from the conpley nature of process combimabtions whickh act on

=lopes and  in thalwsaz. Too often work done by the main gecmorpbic
PrOCSEEEE iz mapped dﬂd dizcuzzed az if  they ware rather
independent.  aaents, looping the reality of  their  integrated

inmpactz. Rill =rosion o Qullvife  ars gasrerally the result of
conbined eroczion by running water  amd mass movemerhts on bhe
zidewallzs. Dz in hunid  and sublbumid areas are often shaped by
conbired wind erozion and  shestwssh. Analoogouzs situakionzs can be
aburndarntly exenplifisd.

Twz wayz =sem to be open to tackle the problem of prediction.
Dre  is to dezign & process-based soil srozion model  which
integratas (oobirgity)  eguationzs for predicting  detachment,

i
trarnsrort and deposition process Marny prezsnt-day =fforts go in
i

that direction (NEARING et &l..

trriative may bz to firnd out and to specify the links
imatry . irmput. of  total available erosicnal  emeray and
£ of  eroded sedimernts. Suckh opetraticonr,. by recsesszity,
impliez +the introdaction of & major black-boy coefficent +o be

defined on arn smpirical bazis. Witk time such a black-bes
patrameter may shift into the category of grey-boyx coefficiemt if
future rezsarch, ircluding procese studie=z, iz able to umravel itz
comnpley  nature. The prezent  paper is  inm lifne with such strateay

ard it iz thowaht that the proposed meodel may at  least lead o
bazic discuzzion of this approach.

2. The E= model
Bazically thez model iz analogous to the rill or aully headout
retreat modzal which includes bnfh compotietts of potertizal and
kirmetic energy (DE PLOEY 1989)

Vo = Ee.M(g.Fi+02o/2) (1)
whetaby

Ve = total volume eroded within a tchment of size A etrcszion is

c&
distributed over an area A <=A

M = thz total amc unt of water precirpitated on a catchment or glops
A during a sto event or during any periocd of duration
a3 = the gravitational acceleration
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R o= the mean elevation bregd lozs. IT rill erczion and gullyving is
praedominant,. B = Vr.ae/Br.a WheErebhy Ve, s iz the sstimated tobal
volume of sediments evacuabed in rillz ard gullie=s and Ar.ae 1=
the sstimated ftotal arsa represented, within 4, by rills ard
atllisz. Paramsbar b would also apply to =lides ono =lopes.

He = the mean shear velocity of overland flow during the svent(s).
Thzraeby

e = (g.R.S.1°2-% &)
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the mean bhydraulic radivus of overland flow
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the mean =lope armgle within the erodsd areas A=

Fittirma (2} in (1) give

0}

Eg = —m==—=-omm———o ()
Mog (h+R.S/72)

Often the mean  hydraulic radius of overland flow E_will
correzpord o tlhe meat depth d of the flow. Calculationzs of R canm
derive from the Marmirng eguaticon.

It is propozed +to replace § by the esztimated value of fthe
mear =tespeszt slopse anogle within the conzsidered sroded area Q.

i

Higy azically Es relates sroded volums(z) V+ Lo an expreszsion of
total  erzrgy (potbettial arnd kiretic ensrgy) which iz depsnding
upoty bl total mazs of precipitated water M. Tl ivtroduction of
the figll valuse M iz juztified by the fact that gsomorphic work,
ditre=tly atvd indirectly. iz ertively controlled by M. Also part of
M. that firzt infiltratesz asnd thevreafter evaporatezs. hazs  to be
considered az  a geonorphic agent, for it will have a divect impact
ot =0il cresp and., _sventually, ot cbher types of subseguent mnass
movemstits.  Factors b, K. S are  interdependent paramsterz of an
eroziconal  system, of which mazs movemsnts  (3.7) and =rozion by
flowirmg wabtsr (9.R.5.2 cornstituz intearated parts.

4

Ee carnn b aprlied to any area A, provided it can be
conzideraed a= furctional hydrological unit. In fact, hyvdroloay
aovetrns . erosional systemz az far az they depend upcott & combiration
of direct erczicrn by flowinzg water and mazz movementz. In caze of
maszive infiltration b exprezses the corresponding mearn hvdrawlic
head loz=s on the slopez. which may or may nobt cause maszs movemnstibs
(Ve & o Ve = 0L But in rills and a9ulliez. both parametsrs, B
??d R.§, intervere for sidewallzs alwayz move by fallz, =zlidez and

WS,

jUR

)
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3. Using E. expressions

If ne permanent incizions occur (b= )
Egwwr = ———=— === (4)
In a first approximation R can be calculated according to the

Marmning equation.

3.2, Rill erozicon and aullvitmg

Linsar =troszion is supposed to prevail and potential ersray is
related  to mean depthes of incizion h., This meanz that oftern b >
R.S/2 ard that R.S/2, compared to b, becomes negligible:
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whetreby P correspondz o the total precipitation/anit area. The
& zpth boof rillz amd/or aullies cam be exprez=ad by

b= Vroa / Pr.s ()

ard introducing (6 in (8) agives:

fir. &
Egsem.a & ==————- (7)
A.F.a
Em iz twow ditectly depsnding wpon the total arsea esroded by
rille and/or aullies, Ax.a« Thiz intere=ztina relationship shows
that the azssszsment of Ee cam be relatasd to remcte sersitg
mezzuremnzhnts. Moreover, factor Ar.a zhtaezsezs the impact of lateral

zrozion arnd sidewall stability o itztability upon Es-m.o vValues
The development of flat, wide rille or gullies poinktz to a
relative high aerozional swsceptibility of =slope=s ard catchnents:
thiz iz & bazically sound gzomorphological conclusion.

2.3 Sheet amnd rill wash

Ve = Ve + Vig =)

L)

Vir corresponding to the volumes sroded on interrill areas. IF bhe
ratioc a @ Vie/Ve iz estimated ther:

Me3 (Ve/As + R.S[2
Feor the Huldshberg e~ rimental zlops. i the Belagian losss
area, GEIVERS amd FOESEN ( 2) corncluded to & factor & = 0.25, Vie
corresponding Lo abowt 25 Z of the volumez eroded it the rills

Bothk Factores (Va/Ar) arnd R.S/72 ares  interdeperndent
paramnzterz. They resulted from srozion and gererate erozion. It
cann be indicated to relate R valuez to estimated peak dizcharass
of flow during extremns events.

Firally the rumsrator i equations (1), (43, (%) and ()
shiould be (Vx - Vo). related to paricd (t - to) if an srozional
zyztemn (Vo Ac) mxizted already at the beginning of the recorded
Feriod ta.

3.4. Landszslidez

Mazzive infiltration of precipitated water relatesz M Lo an
slavation head loszs b arnd subssquent slidirma, when shear stressez
axoeed szhear strenath. The Eg-r exprezsion for land=slidesz is
comparable to the ore for aullies (5. provided that factor R.S/72

iz regligibles:

Emep = —=====- == (1)
arnd, for.B = Ve /AL

Ee ¢ —====-- (1)

Agair valuez of Ee-o depend upon the arsal extension of erczion.
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The general expreszsion of the Es model (3 1
to o wimd srozion:

Egsmw & =—m=mem—mwmermmmm e (12
Actlg.tem (B + LS=/3)

whetaby .

Ve & the total volume(z) etoded by wird, botl by  shest serozion
atud/or corvcertrated deflatioe (Factor k)

A = the comsidered area over which the wind bhas blows during a
period £, with & mearn or reprezentative sheatr velocity g

o= Ll slevation bead losz of  the wind in depreszzions (2.93.
Elowotz) or bekhind barviers. Therefore B may ocorrespornd fo
Ve/Acs the ratic betwsen the volumse of sedimesntzs evacuated by
concettbrated erozion on =2ites with a Lotal area Ac.

In caze of sheset esrosicrr B = 0 and Ee-w 12 inversely

proporticonal  to us®/9,  which exprezzez the  transporting capacity
of the wirtd (BAGNOLD, 1941):

————————— (1:3)

E--—w- -

4. Es« and the efficiency EF of processes

=
bl

Es iz the reverzal of the resiztance of catchment=s Lo
EFoSion. Dimenzionally EBEe correspondzs Lo T2/L= (==2/m=) atid the
2fficiency of procezsses or process conbidnationz EF iz proportional
tQ,Ee=

1 1 ka 1 ko
EF = Eg = ==~==—- R e ———— B omea————— (14)
1/E= 1 ka.m=/== Joule
Ef o+ Es sxpresz the amowmst  of geomorphic work (Jouls) /g renoved
sadimatit. Thiz mdkes clear that really Es conziderzs the erosziconal
airmE of etreray.

sysoeptibkility of catchmentz in &
5; Results and comments

Thz modzl  has beern applied to a limited riamber of
reprasertative =2lopsz ard catchmetts, ot the bazizs of  zome data
obtaired from the literature and from  the Leuver laboratory. They
arse lizted in & order of decreazing Es valueszs.

1. Shestwazh ot the windward zide of & crezcent dunse at kEalmbthoout
(Belaium, period 1973-1377, data collected by DE FLOEY: & = 104
MZ: Ve = &0 m2P: F (anmual precipitation) = 0.7 m: S = 0,173 R
batwaery 0,001 and 0.005 me Aprlication of formula (4):

Ee,. betwssn 2-10 2/m=2,

2. Sheetwash o Rwaza h111, section 2A (Rwanda, period 1972-1922),
MOEYERSONS, lw'w)- A 1 m2: Varn= 0.00463 m®/m=Z3 P = 4m: S =
0. 27 - .32 R between U002 ared 0,002 m. Ee betwesty 1 and 10-
lo—2/m2

3. Planar landzlides atound Caraguatatuba (Brazil, Serra  do Mar,
extreme event 17-18/3/1367. CRUZ, 1974): AL/A = 0.3-0.7: P =
0.7 m: stesp =lopes 20°-230°. Aprlication of Fformula (11): Es

betwean 10-2 and S x 1D0-2=2/m=2.

4, Slidez in the bMasta area (Tanhzatia, Wezterrn Uluguru Mts, TEMPLE
and RAPF, 1972): AL/A betwsen 1735 and 1/10: P betwesr 0.1 m
and 0.18% m: steep slopez 20°-40°., Es between 102 gnd 10-
2=2/m=. .
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8. Thalwsea gullyira  in ke Nore Valley bazin (North  Central
Nigeria, eroziorn  in clavey-sandy depositz, data collected by DE
PLOEY, 1970-1972). A = 350 km=; A = 1-3 km=:; F = 17.5 m for &
28 yearzs period: mean S oof the ordsr of DL10: boof the order of
2-3 m. Application of formula (7): Ex between 107° and 2 x 10°°
z2=/m=.

6. Shest erozion by wirnd on the windward zide of the crescent dune
of  Ealmbthowt (Belaiwm., pericod 1973-1977. data ocollected by DE

FLOEY): A = Z0.000 m2: Vepn = 420 w®: + = 30 hr= of deflation
durira & 4 yrE  pericods e betwezen 0.4 wm/= and U066 m/s.
Application of Fformula (13): Escw.=w bebtween 1077 zuid 3 0% 1077
==/ m=.

4 =et of 3 comparable results i= availakle from =ilty loess
loain aress.

7. Sheet and rill erosion on the experimental slope of Huldwnbwrn
(B=laium, data oollected by GEOVERS, 1936): A = 7.300 m=: Vs
121 w2 (97 m® = Vge till erosion and 24 nm® = Vs 1nturr111
erozicor)y & = 0.25: Ax = &0 m=;y F = 0.7 m. im 1 yr.
Applicatirmn of formula (9): Ee betwasen 1072 znd 2 0% 1072=2/m=.
Factor R.S/2 was realigible compared to b = Ve/Ax.

8. The= Hulderberg site belonas to the Central Belaisan loezz area

" with itz hilly topoaraphy. The maximal slope amgle of thiz site
is 11° (8 = 0.2 . In the same belt, mnear Lewven, heavy erosion
cocurred  on 17-18th June 1926 (P of the order of 0,004 m) in
catchmants with a mean S = 0,04-0.028. The main  fsabures wers

ot
I:l

rillzs and flat, undesp q¥]=2 20 cm) thalwea gulliss of which
Ar. e wasz sstinated on  asrial photograrhz by VANDRAELE. For 3
motitored  catchmentzs with zizezs A, betwesern 1 and 2.5 Em=, Es-
\R_Th gf the rill-and-shestwazh systen amounted Lo 1072, up to 7
b4 -

b

Se Gullies ard badlarndz on zte
entrerched Chimsss Loesz PL
Bazin., TANG FELI et al.., 1937
(antiial) = D.51 my armriyal so0il loz
. betwasr 200 m ard 300 m. Applic
Es—a betwesry 1072 arnd 5 x 107 =2/m=

ep valley slopez of the desply
Tozad (M. China, Xitgzilbe River
: = 1,436 Em®;y Aa/A = N.55: F
g = Va = Vo = 1.0 u 107 n=3
ation of formdala (7)) gives:

This first arnaly=iz revealz a remarkable sseausrnce of Es
valuzzs, rangira betwsen 10 ard 1077 ==2/m=, or atn efficiercy EF of
proceszesz betwesn 0.1 Joule and 107 Joule, for 1 kg of sediment
Femnoved. Tk mozt efficient procsss iz shestwash, whersby flows
are  irn clozest  contact withh the eroded materizal. I Rwaza hill
thetre iz & tendency to plunge—poml effaectz which mearns that mors
eretrgy iz dizsipated in nom-ercozional effectzs. Therefore Ememew 12
infericr to ths valus obbtaivmed on the Kalmthowt durse sands.

Flanar =slidez too are efficient agentz (Caraguatatuba). Es-o
valuss for the Masta sheet =slides are lower than in Caraguatatuba
o, there, large part of the =lidez sesm to be limited o thalweag
AreRs, where water had to concertrate before mazs movemnsnts could
=ztart., Accordirm to the definition of Es concentrated flowz, in
rills and aullies, are definitely lesz efficient tharn shestwash.
In such flows a relatively larger part of total available sneray

iz ron—etrosional ., although erozional forms may be  rather
spectacular. A =zyztem of limited =zoil erozion on =lopez. combined
with thalwza qullvitg (Noho Valley). i fact points to =&
relatively high resiztance of the catchment to erczicn, which
cantict start until flowsz reach a maximal corcentration in
thalwsas. For similar reaszons erczion, by combined runcoff and mass
movemnsnts, iz leszs efficient 1im the spectacular camvons of tha

Chirwese Losss  Flateau tham on the relling loszs zlopsz of Brabank,
iri Belgium. .

Amota the least efficient proceszsez certainly i= wind
srosicon, as illustrated by the 1077 Eg valuss obtaitwed from the
Kalmbthouwt dunee Thizs iz imputed to the very nature of zuch flows
which are characterized by & hiah degares of turbulernce., with much
dizsirpation of ersray.
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