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SOME ASPECTS OF SOlL SUCTION, 
SHEAR STRENGTH A N D  SOIL ST.4BILITYt 

SYNOPSIS 





Soil walcr poitnlial mcasurcmnu ari gcwrally u r d  l o  dcrribe the 
cncrgy slatus with ~k 'Thtu f a n  bs u ~ l u l l y  thoufir o l  as defining the , 
irmgriry or rlabiliiy drk roil s p m .  One rncasurn roil alrrr petrntial in 

rhc l a b n l w y  10 d t h e  thc cmrgy or tquitibnurn rcktionrhip k w w n  wit- .' 
*.uwr., _--^..r 

wlcr porcnlial ~ ~ ~ H I I C I  conient for a reprcrestatiw mil rarnplc. In lhr 
fddozrt m e m r n ~ l - w r c r ~ u n r i a l u i t h  gkaid olpychromclry. Thwu~h  
o h :  mrans w11 suclion musuwmcnrr are made h purgous orcrtnblishnrnr 

dcwthcdinarnis orwaccpt~viathfrmody~mjc6or-ps*ir cnpinccrinp. 
I n  ~cuarth.  tmrgy wilh x k h  walcr is  h d d  in  mils i s  k t  d m c d x d  with 
~hc rm~I~narn i c  rcrminobw ~ i v i n g  rfx t ha to rc  10 lhr  dcrcriplim in tcrmr 
w"wd-rarcrpolcniial. Thc potential irg%cn in w m ,  d l h c  w l c r  p h a ~ a n d  : 
il is nofcd that illc pcnr ia l  uvruld dccreaw as thcwater conlcnl i n c ~ a r a .  , 
T h i s  indicatcs 1hnt3hE'wurdr is hid more slrongly by dry soil lhan by wci 
&arid ahat uiatc&n~ 01 wjl-ualti ~ w l d  k Cmm 2 p i s t  of low potenrial ; i 
ro one dhif lcr  perenr@l- anahgoits to lhc Row dhca t  in a cooducror. 1 F  
ok'thcrdorr con4iden rhr p c n t i a l  ill lcrma ot warcr-phax, m eolc thcr 
lhat I ~ C  ~mlu@s arc &merally M p r i r r .  F ' i u r r  L illus[ralr.s lhc. conccpr or p 
rcntial 01 roil-vrltr. wc nmu fmm F~surc 1 ihar auo comgoncnt ptcnl iah 
dm show which Cornhim 10 form l lw i o i d  puren~inl. 111 ac~ual Tacl, onc 
<odd dr r~dr  lhc tolal mil-waler polc~uial intn sir  c o m p o w ~ t ~  dclincd b j  
uriou- harxcI lcr i  .l!ld *u!nnuriztd m n l l !  h! YOXG ,WD WARKEX- 
TI% I 1915) 1% 1dlous: 

( I )  A>. t k  t o l d  potcntid, is thu work rcquiwd ro irarirkr ;l unit quun~il: 
of Uplcr Iron) ihc rchecrencc p o l  to ihe p i n 1  in  ihc A+. Ir is a 
~wpr ivc  numbcr. 

I!) b3,. I h t  n m r k  potfnliat, is a wil niarrih propcry. Thh ir lhc 
cquiralcnf OI Bwkinghnm'r crpillap porc~irial. 11 is the uork 
rqu twd  ie rran4cr o mil qunnti~y 4 roil rolution, lrom 1 dcrence 
wl a1 tht =me ekvalian m d  icrnpraiurc ar thc ail. ro thc N n I  
io  ~ k s o l l .  +,casno~ kcakuhedeampt  loruniCm~pkr.sn-hcrc 
it s ~ l a r r d  l o  cuwarurc d air-rarer intrrfarrs and 9, - S [lllr,J + 

lI;r,lt o r  ;n fmcly-swlling clay p l ~ c .  uhrr gm - R T  cosh (y* - I). 
S aur fm  ae~!rion ol  tho nir-walcr inferraw; r , ,  r, 9 n d i i  d 
curvalure ol  ihe air-water inlducc ; R - univerul p 5  wnuanr: 
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SOIL STAQILITY 

u,hcrc a = numtwr of nmkcuks F r  rnok d d t :  R = unircnal gar 
conslanl: T = abdurc 1tmFnlurc: c . ronmtrmrion OF A t .  

151  43,. [he piczomerric or submcqcncc polenrid, is thc work rquircd 
lo transfer w l c r  to a point M o w  thc wirer (a&. 

T k  lhnr  componrnt ptcritialr, ~sarric, pietometric aod pneummic 
urc nficn [aktri rop~rher ns lhc pmuurc poitnti~t. 63, 

This tkrdorc lcavcs us rmilh thc total p tc~ i rh l  na being camprisfd prinirtily ... 

oIthc osmotic, ihc griv~talhnal and ih prwurccompnncntr in ldmra~cq 
thpcrimcnr~ w h r t  tk  oil ~ r n p t r  uud for mini & nM inwtvr grawua- 
liorwl had d i f k r m ~ n .  uc mlt that thc wtal porcnld mcasurmwnts made 
will k campriwd rm!y or lhc osmotk and tho pmautc ~marrix)mmgomnrz 
TW rcprcronlariw laborslory lcchniquas 10 provide toil-vrter palcnlbl 
masurcmnts can be applied u r i q  ihr M.up d w ~ i b t d  in Fylm 2- 





<masing air prrsurc within ihc cha ber which r m  ra d r w  the pcrc raler 
OUI Crom ik resi urnpk. The air %. p lrurc can k increaxd monotonically 
and wt a4 m i o u r  uagn l o  i l lbw Iw quilibnurn lo k tuablirkd brier 
rach porr-ua~rc~truaiom Thus tkc air pmsuwvaleraentcnr rcbtion$bip 
(i.0. wafer wntcni mnaining in the mil nmpks) will taunrislty M r c r i k  the 
amounl d a i r  pmsurr i t  qu i l ibum with tht w r t m n i c n l  in tht mil-i.c. 
thc rcnrion tuabtished b r t w n  the roil vnkr and iht wi1 p n i c k  which 
allows the #I mohurr  tortmainis equilibrium wilh theapplied airprrsrum. 
This dcPcrikr the quivalml cncr~y relalionship e%aHishtd bctwwa wil 
p a n d n  and ihr wre vrkr which produces wi t  inqrky. 

.4l1crmhlivfly. inwead o~usin~rirprcssurcrodrivt thcwarcr out locrlablish 
,3rious slaps of tquil~brium be l~ tcn  air p r e s s U ~  and wmcr rcmaioing in 
I~IF lOil blmpks. anotktr ~ I O C L ~ U I Y  mn be mrtd which rcquircs thal r 
w c ;  ion be ipvird ar tht  boriom end d rhc pmus phtc as r k w n  in Fiprc 2. 
Apptyinp the rucrion 10 tkwatcrwou1d drsw the watcrour from lhc ismplea 
i w d .  in  r-ffrcl, c%raMi*l a soil ruflion principle in 3 morc uisually rewarding 
for111 11 i s  not uwiual lkmlore to qutt lhir actual t x ~ r i m n l a l  rcrl 
\! >:cm uning rueinn masurcmmtr d~rrcil* m d  knrribing lhcrr in vrmh d 
ncairlivc pore-ulcr pwuurtk Thur onc rn~_*t arguc that tht ~ p t i r e  
pore-aatn prrsrum dcriwd in this fashion n k n r i r o l  to rhu uxd T L ~  C ~ I -  

pularionr forderivarion o l c f h i w  rim* %!'hilit one mighr amp that toil 
.ucl~on rnrwurcmrnlr obtained directly ihrou8h ik suction re~hniquf. In 
11;c rim@ oCswioo capbility lor rhc l r s t  apprr~lu, krr than - I rlrnoyrlicrt. 
could bc &MI? rquarcd to t l u  orprivc p a t c r  prcuurc u d  lor cRcc. 
:rr? urcss C o n ; p r r w u r ~  ihe many prubkms and mmplkaliosa sssocialtd 

dh  he ruclion tcchniqucfor pon'imtcr nrcaxurrnwnts k l o w  crncntrnosphcrt 
nil! no! a l l c r ~  Mr rirnpb rehionrhip to he cady rriaMbl*hrd h u w n  roil 
<u:c~jon m.uwcmcnls and negaiiw port-walcr prrsure. 

111 the ic~h~?iqws U I C ~  hrfic!d mrasurcmcnl. rk two pcneraldcvices shown 
: t i  Pigurca 3 and 4 includc cilhcr a mil-water irnsim>clcr. or a thpnnacoupk 
.~~)chronicrrr. lo Figure 3. w l e r  in ihe trniomcrcr i s  in ront8.3 uith loit- 
naler through thc ~ r a r n i c  tip. Thur ar the roil dries, lension i s  txtncd on 
I he Water in thc lcmio~ncrcr which is measured wilh a manomrrrr or a h u r -  
dcm p u p .  Now a t w  l h a  a ten#mnwcr may be uud to muurc poritivt 
pmulrcs or hcrds making it. rhrrerm, an crdinav pirmnwur. I t  is dm 
u d u l  to note t b t  r l m  ttnsiomter w1Honly tunction unlil A nrgativc prrrsure 
1 1  m c k d  mt which alr bubbk lhroug& the m m i c  rip. T k  aireotry vdw 
o i  ihr ctrunic lip cpn le maaipulattd whhin a ver). mall  ranF M intcrcu in 
r hr l w i n t  pmcrdurc, but by and hrgc thc air mrry values lor mwl mriDmc- 
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Sail 

lcnisabpur 4 . 8 2 h r .  If, prchrmr.lhe 4drintolrsidtrsbly wid lhc~ciual  
dch!drs~ion p- win yield irnrioa vnhrs murh l o w r  i h m  - 0.85 bar, thc 
mdinpr  & r i d  imm the icmkmxwr W MI m u r i b  indialc the lrur 
~aluroltenion inthFsoilu.*cr. Thus. u d r  thwcircumstsncn. ir twome\ 
cwrrrncly d i k k  ro IuRr ippncbrt rk red "Icnrion" slmiuk of ihc p m .  
uatrr a d  e m u s  rnor ran I ? I C I - C ~ ~  rcsuh in Moth mca%urcmfnr and suh- 
xqucnl w oithc m n w m e n t  for analyus or41 intcgri~y- 



!-huh conden~s a minute amounl d ~ n t r r  on ihC junction- As this w l t r  
c~rpwalcr. thc junclioo k cocrlcd. Cm~putarioes fan  be medc which n-ill 
cullrate thf rate d el-apralion with rerpcFt lo thr VApoUr pmrurc is the 
:wlh Theso cornpurarioos h w e n  osmrrtie p m u r t  and v a p u r  pressure 
*i;l rhm p r i d e  onc with t b  roihalcr  potential. 

IL ir u d u l  to note [hat rk prccjsion or the prychromclcr a5 w d  in i h t  
Iaboralwy, ir lnually about t 0,l  hr.  Howvcr, this prctisim is flat mdi ly  
xcewibk in the field. In the &Id. the precision t rnorc~sily 0 0 . 5 ~  It u 
lhererm mOK u d u l  41 low poltnlials (high suction) or in sirvlrions w k r r  

63 



the tcnsiomcfer will mt w w k .  A1 pottatklr mroumd-15 ban,npDur  cquilhb 
rium i s  c s r a b l i M  quickly and rkt rcadings rake only r feu- ~ninulcr. 
Howtver at higbrr poantuh much as -I h r  (lou % d o n )  the readings l l u v  

take houn to r d  quilihrium. 

XYL-WATER WTENTLAL AND SHEAR STRENGTH 



'---A K A O L I N  

a- STE ROSAl IE  CLAY 



ill ihc i d w q i m  pmcm and ihc strcngh thus k g i n s  lo dccrcnx ke 
rapidly M o w  w n t i a l  valuer of -IMI millibam 

SirnilwrrmdsEnn be noted in the* Rosnlitchy mllhou&i wuldapprrr 
r b t  the ~ ~ l r 4  rralc fw 1k Sm KwIm thy kginr at a much cerlkr 
Map. p-bk wound a foil-mar polenth1 -hue or - 30 40 -.M mil l ikn  
From Figum hand  6 it is ndlcd h a t  i-nk Rkic c h n ~  m u r  in 
Ikdcmrpcioaprorrnwhich. in rum mdcr diArmrn ra luts~ushrar  nrrnpih 
lb6 



SOIL STABILITY 
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at the r a m  mil-wrlcr pMcolial value on 1hc udwrplion cyck Thus. onc 
o h m  h t ,  lor the r n m  4 - w a u r p h t i l l .  i t  u pormbktoohain~t hi 
IWO difircnt V ~ U C I  of r h r  wcnprh. Howevcr,if wtcr m t c n l k  srrnpk 
wuralion and drydmsitul mn i a h n  into r rounr .  i r  will b w n  that thtu 
art in nQ way timibr, i.?. lor he *me mil-wnter potrntial k i s  posriblt to 
obtain d i fhnl  VJW d w w r  ccmtcnl (Figure 5ah wurrrhn, and dry 
dtoriry. The chanprs i n  Fmhk which &re retkctcd in wtrespndirp c h n g n  
in d q  bcnury m ~4 unlike thow obhincd in mmpks suhjrct ao the bad. 
in# and unhading cytkr in rhr standard c o n d i d d m  t ~ .  

S l m ~ m  can obtain diRtnnr vnluer d s h t a r s ~  rength for lk E r n e  d - w o k r  
pc~cntial dcpcnding upon u h n k r  om ir on the a d w r ~ i o s  or -lion 
pornion of iht c!rk, i t  is thus pomlbk 10 ohtairr a uniqw vmfuc of ahcar 
i t w ~ p h  in trrmt of t k  pcr*llcnl [i.r. 41 thal pankular time) wtl-umltr 
potcntlal. prcnidtd that intomarim OII mil d q  density i s  ava~labk.  F r m ~  
rnrasunmcnir d roil mmpk volutrw, 11 i s  K n  I ~ O I  s i g n i h n t  reawn i ~ r  
1 k t  dur%rcnccr in r k n r  slmngrlt bcl*inn the adrarp*nand &rpirnqcle 
1% due 10 thc ~~hau lch i~ ingvo lurnr  of rhr sumpbar tach prlkubr poten- 
rid r a l w .  Whim uatcr rercstion rntarurcmni$ provide quantimtiw values 
forrhc rohl watcr hdding rrrpaciry d t h e  wil, i t  murt be rcaliecd lhar h-hcm 
~dluiccfkfscu arc rrgliiibk(as in ihr caw d the w ik  dwun hrrc), t k  nutric 
ruclion which laQunt6 for the lola1 wil suctiondepcnds on b l h  wil fabric 
and wit-waitr i n t m c c h .  I n  m v a 1  k t .  therdort, t k  rnarr% suction is 
dirrclly rchted to dry deusilr. 

In  F i g u r ~  8 ird 9. lht drcar Sreogih,dry de~dty and wil-water pl*o[ ia l  
\ a h  lor K a d i n i u  md Sta Roulb clay ~ ~ i v c l y  mrc sbvn on a t h m -  
dimcniiond pbt. It i s  acrn that t h t  rhtar Wrcngth~ lie on 8 rurhlr  which 
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protidca unlque rcla~ionrhip bctmn wil-waterpotenfiat, nhcarstrcn@h,and 
drr dcnsil*. The li#aifitsnuc or this iwm or cxaminalion is lhvt lhc dry 
dr~w,ity componcnl d mil slnuur$ ir m w  iucorporatcd and ir u c n  to h 
i~~flueniial in the dcrebpmcnt olrhelr Yrtnflh, 

As mt~l~ ioned prt~iourlj .  ~hr i r m v t r a b k  vdumr change duc to rahric 
dislertion. ( i c ,  dr) k n d y  chsn@x) u n  influence lhe rer iaam l o  shcar 
dcrormatiott u,hilst m a i n i y  the same energy rralus mi6 demonmala the 
imponan= or dry dt&y on t h t  dcrtdopmenr at wMer nicnlion and shcar 
<trrnpth Thcshc~r ~ l * n g ~ h d r h c r n r l t ~ l i r x c n  to d r p c d  on t k  wi!-water 
pOunM. w loy  a i  dry dcnrity i s  lakcn into mctounl. and thus provides a 
wry u d u l  baGs ior thc examination o I t k  shear strength of partly ~ ~ l u r a t c d  
cia? mill 

I1  i s  cvidcnr that, u i ~ h  [his method otuaminwion, oec ir l n r d  from thc 
Ilhrdtn of applicaljon d standard models which rely i n  ~ h c  fully aaturalcd 
nr~ur to l lhc  mil. In rddilion, il i r rwia!unpchruhcthcr  ~ h c  iwe-iuramtrr 
iadurt  rhcor) gmcr;llly u x d  li.t. Mdr-Coulomb ihtoryl can hc u v t u l f ~  
applied to drrr ik  soil lailurr durinp ihr rntirc s lag of  wd uwaiuralioai 

MLTtlSG OF X)IL PR0Fll.E AND UNSATURAllQS 1 h.ATL:RAT 10% 

In addmsing ~ h t  probkrn dprcdiclbn el unaturattd mi l  slrcng~h. wing 
any approach which mi$t bo hsibk. one or ~k m m  Lnporlanl fcquirc- 
m n t s  i s  rht abi l i t~ ro Iomast or to ruabhsh blorehand IIU soh io~r tu rc  
rlslur (walfi content and/or dcgrtt ollaluration). In order ro do I his. ~t ir 
nmrrafy 10 considrr th t  p h m o m m n  dinf i l rmlon inlo the &! 3rlsirig from 
#n$ur o l d u u n  imm thr ground aur(.rr-through rainfall or an! o l k r  
11udt1,. Inhl!r&lion. nhich ir thc dowwwdcntry o laawr intotho soil, ih 1x11 
viurd ill itrnlr or ihc iohlrnlion rare of the wil--i c. ihc raw at n hich a 
wil in agibtntondilioncm abrorb warrr. It i s  k f i n r d a ~ l l u r o l u m c o l  usicr 
pawn# inla P unil a m  d soil prr tinil lime. One lhtrclort deals r ilh 
inhhralion velocity and capacity of the soil to i hwrb  3 nrtairl anloulrl of 
warer. The infillrariw ratc obhus!y & W d r  upon both surf= and sub- 
wdacc condilionr vhtrc p n i f u h r  alicntian is p a ~ d  ro rk ini71zl s13tuh o i  
thc mil prior to candilmns ollurihcr %wring 

T k  penrral moisturn pro& md cha r r~cmt ino l  infikmtmn arc +ho*n in 

Fjpurr 10. Now !hat the ~ r r r a l  rrlc ddiuributht ir indtpcedm 01 grain 
~ Z C ,  r r t n  lRou#h thcaimt requind to wet ro a giwndcprhoimit i11cn.w r i i h  





C h n f n  in lo;! s d o n  mi l l  m u r  ar a r n u l t  of chanps i l l  Ik w u c r  FOII- 

rml r c r l k d  rhruqh i~ibltriiiion. Figure I I  skmr s I y p i d  wl 01 darr 
u hirhdrscriber thc chanp in mil r w h n  rilh d t p i h  ar a func~ion d Iim 
Irw a zcm iinw hlc. mhich dcwribrr mirial inFhrrario11. 11 ir clear thal ; h e r  
hinds of i n l o r n m t b ~ ~  C ~ I !  be ~ M a i m d  fur vmrmus roil pronkr which would 
:~Ilom OM IO wn to relaic roil ructwm and lhcir Changes wnh rrsulunl 
>hrw attngrh lor the wil 81 various sragcs or unraturation - ns nhorrn for 
cqarnpk in Figurr 7. 

11 i x t v i d c a .  rrom the pmdinpdimurrt. Ih;ltrhc pmblrn~o~dcrrr~~~i~iatio~r 
or un4;~un1cJ soil alrcna~li which ib  pzrki~xnt panicuhrly to thc d;tliculric. 
# d a t e d  nnh *tabdip anal!= cam br iuamful ly cvsluawd pmidcd onc 
rmdcrclop a r:l of rclariomhipr rhkh d ~ r i k  rhc unsalurakd -11 r l rel~ph 
in rrkuionr 10 Ibt d t p x  or unYturatiun and unttr mtcnt .  T k  p r o b l m  
nhich svmund hndncnninatim d u n r w u n ~ c d  mil srrcnglh ohviourly now 
can be trnnskrrcd lo ihurp nhich fmccrn lbcmdwr  in scekinga M of rela- 
lionhips whkh prrmit o.w ronlimare t k d c g m  of urzring andihc lime ralc 
0 r ~ ~ 1 i n ; k i l k  ~ d m i d a ~ l o r o r h c r r u r h c c  pondingmdrt ion~ Wilh the 
p r o p  characrcrirarion d wil moirrurc u p m k  a k n o w k d y  or soil cepacirv. 
and #he c o r w p n d i q  roikncrpy r r h t k h i p s ,  i f  now bcfomcs p s i b k  tn  
approach t h t  pmhkm ol deltrminathn 101 potmtid inuabitily or prcwnr 
~ ~ r ~ u s o I m b i l i t y  01 a mil m38. Thc mnny fadm thar cmlrol Loil molwlrrc 
uptalc. ratcr irlcnrion. infillration nk, and mois~ure cohcuon bear owr- 
lappingrin>ihrily uilh tho= a hkh m n l d  roll %wlios. Thus t k  charmr i -  
zarion proFcdurr wkich rcquircr OM tokrrmanc ~ h c  soil luction capabilii!. 
7.1 
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CONPOS~T~WAL EFFECT Otl &TIOM OF A RESlOUAL SOIL 

bv 
1 2 b Raymnd W .  Yonq A.ASCE, Gowrt T.H. $mere2: Madrn L. Sadana , 

3 2.-Chlth Uoh !l.ASCE, and Y.C. Chimp 4 

Tha ra lat lonrhip k - t n  mil  w r t t l o n  and  so i l  s t r u c t u r e  
as reu%alcd frm water retentton andfor uptake for a l o l l  dcrlvcd From 
a moderatmly to  hlghly weathered g r m l  tm fomatlon i n  a t roplcol  reglcn 
was studlad. This rcht ionshlp I s  r i g n l f l c i n t  in  that most of these 
so i l s  ara mt f u l l y  saturated. 

Chmgts In the i m d l a t a  local cnvlr-nc uill a f f e c t  tha 
status of  the mils - cspeclal ly i n  the t+ ia  of w t e r  ava l lab l l  lty. 
SInct the shew strength and conprasllbi l l t y  propert l ts o f  tho so i l8  arc 
to a very large amtent dependent on tho water content-aatur+t t~n espects 
of t h o  sa i l ,  I t  I s  necessary to rs tab l l sh  baslc tharacttrlzatlon procc- 
dureg to a1 low l o r  predlet lon o f  tha chrnps  In the nolsturo repima i n  
the s o l l l .  T h l i i t u d y  provldes i n f o r m ~ t l o n o n c m p o s i t l o n ~ l  features 
of a $dl obtained fran t rop ica l ly  mathared qrrnlta. The 9011-watar 
r t l a t i ~ n s h i p s  are astab Ilsktd for tha r o l l  rnd  their  dependence on 
aspects o f  conposit lmal control i r a  SW. Because of the lw clay 
and amorphous matarla1 content, very small changes i n  w t e r  content r a n  
s ign l f lcant ly  a f f e c t  r o l l  pcrfornanc. - t spec l r l l y  i f  the w r s w  s o i l  
part le les are wared with the clay and a m r p h s  m t e r l a l .  

INTRODUCTION 

Of  thu w n y  problaas that unda r l h  tha u t l l i z a t i ~ n  o f  sof t  
c h r a c t t r l r t l c s  end propertl or for predict ion ol soi I p c r f o r ~ n c t ,  the 
p rob lm OF a s s 8 s ~ n t  of the  r o l e  and inT1uoncu Q T  water content (and 
degree o f  saturation) in  4 part ial ly-saturated rcsldual sol1 i s  by f a r  
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one of the m s t  signl f ic ; lnc.  WhJIst one a t  rha most recognl rab le  
f a d t u r e s  of A r e s i d ~ r a l  s o i l  i s  i:s dtgrce o f  s s r u r a t i o n  ( n a r t l a l  satura- 
t i o n ) ,  and whi 1 s t  i; i s  indeed known tha t  the u a r w  content-percent 
l acu ra t i f i n  Lmpec j a r a m e t c r  p lays a dcciCtd role i n  the c o n t r o l  o f  the 
mccnanical p r o r e r t i e s  ( s t r e s s - s t r a i n ,  c r m p r e r s i b l l  i t y .  ere.) o f  s u c h  
residua l i I the need to coot  inus to jsak a mrt appropr i r t e  and 
accurate soi I mechanics models d e a l i n g  w i t h  p a r t l y - s e t u r a t d d  so l  1s 
cannot be overstated.  By and la rge  t r a d i t i o n  has re legated (a) the 
p r o o l m  of determinat ion o f  n c h a n l c a l  p r w e r t l t s  af p a r t l y - s a t u r a t e d  
so i  I s  to  one w n i c h  conr ida rs  a d  t**tr the f u l l y - s a t u r a t e d  w l l  equlva- 
l e n t  a s  a convenient aiternative, o r  (bJ the determinat ion o f  p a r t l y -  
l a t u r a t e d  s o i l  properties us ing  procadures w h i c h  Invo lve  empirical 
c o r r e l a t i n g  fac to rs  and other patunatars  dea l ing  ul t h  "measurad" pore a i r  
pressures, pseudo n e c k r n l c ~  theortes. dealing s1 t h  equi l i b r ium estab- 
l ished between the v A r i O ~ 8  phases, a t e .  Unfor tunate ly .  whi 1 s t  a l l  these 
a t t e p t s  are in4eed tacl  t racogni tion of the pha-non of t h t  mu1 tiphase 
I n t e r a c t i o n ,  the p r o b l m  o f  p r c d i c t l n g  the pc r to rn rnce  and behaviour of  
t he  p a r t l y - s a t u r a t e d  raa idua l  s o i l  has y e t  t o  be r u c c t s s f u l l y  ~ o l v e d .  

To provide & b a t t t f  m a n *  f o r  d e v a l ~ m m n t  o f  p r t d l c t i v e  
behavioural moaol s deal lng wIrR p a r t l y - i a t u r a t e d  res idua l  s o l  l s ,  i t  1s 
c l e a r  tha t  because of the p h e m n o n  of n u l t i p h & • ÷ e  fn te rac t lon .  i t  i s  
necessary to  obtain an understanding of the fab r i c  and s t r u c t u r e  of  the 
s o i l s  - e s p e c i a l l y  i n  regard t o  tho influence cnerc lsed by th i n d i v i d u a l  
canstiruent~ i n  t h e s o l ) ,  I... c m p o s ~ c l o n a l  c o n t r o l ,  I n  p a r t i c u l a r ,  
the var ious klndS ot t o n s t ~ t u e n t s  c o n s t i t u t i n g  the c m p o s l t l o n a l  
features which i n L t r A t t  M d  u a r t l c l W t e  i n  the dauc lopwnt  o f  porewater 
r e l a t i o n s h i p s  r u s t  bP u l l - u n d e r s t o o d ,  s ince  u a t e r  p l a y s  a p m i n c n t  
r o l e  i n  the performance of s a i l  mat8 r la l .  As  th. na tu re  of the res idua l  
s o i l  i s  one . ~ h l t h  i s  tka product o f  t h c e l c a l  m a t h a r l n g  pcwrsses ,  and 
s ince  the m r e  t r a i i t l o n a l  and c l a s s i c a l  tools uled i n  soil m c h a n l c s  
classification t echdques  do no t  necessar i ly  take i n w  account the 
requirement fa r  c ~ $ l t l o r r s l  c h a r r c t c r i z a t i o n  r u q u l r l n p  a broader spec- 
t r u m  f o r  d e t a l l l n g  a t  rha chemistry of  the sol  l - w a t e r  r y s t m .  the present  
study p r o v i d c r  t h e  f l rs t -phase reporting of a ~ l y r a r  performed on s o i l  
samples obtained fran three soparace coreho!el in  r soi 1 prof  I14 con- 
s i s t i n g  O F  weathered g r r n l  t c  and col Iuvlum o v a r l y  i ng  the machcrsd 
gran i te .  

SO I t SAMPLES A#D TEST PROCEDURES 

The three coraholes were obtained in  the v i c i n i t y  o f  Cluar-  
w a t e r  Bay Road Davelopnrent IIL, Kowloon. Sol1 ramp leswer%obta Ined  
h t h  i n  the cot luvlum and In the m a t h a t e d  g r a d  t a ,  u l th  the l a t t e r  
showing the v a r i w r  stage5 of weathorlnq ranging frw c o n p i c r e l y  weathered 
near the too to  a h i g h l y  weathered zono near th* bottar o f  the corehole 
p r o f i l e .  The sanples takenwere7.6um i n d i a t e r w i t h  lengths 
vary ing b e M e n 0 . 3 a n d  1 n. T h c d t p t h o f  sampllnp war id  f r o m 2  to 20 
m a s  shown i n  Fig. I, whara the i n l  t i e l  o n - s i t e  d a r c r l p t i m  of s o i l  
samples i s  provided togatkar wlth the b l w  count. 

I n  a d d i t i o n  to thc standard elassiflcatlon res ts .  e . g ,  gra in  
s i z e  analyses, consistency 1 l m i t s ,  the other kinds of t es t s  conducted 
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included chcnlcal and ninuralagical ana;yses f a r  determinat ion o f  the 
a m u n t  uf  l lme r m v e d ,  arganIc content, amorphous mate r ia l  caotent, 
p ropor t i ons  o f  clay minera ls  and chemical analyses of the Wrewater. 

Sol1 suspensions obtained a f t e r  a n r o r w u s  material renova1 
were used f o r  p repara t ion  o f  o r l t n t t d  slides for m i n c r a l o g i c r l  analyses. 
X-ray d i f f r d c t w r a m s  -re obtained id the pmk h- lghts  f o r  th4 var ious 
minera ls  ctnpared to t k o s c o f r t ~ n d a r d a l n e r 4 l S .  Wlth s u c h a n c t M ,  
an a p p r o x i w t l o n  of tho q u a n t l t l c s  of the s p e c l f l c  minera ls  present  I n  
the w i r s m a y  b e o b t a l n c d .  I t  I $  necessary t a n m e a t  thlr tlm that 
because o f  tho h i g h  coarse f r a c t l o n  content, nlnara!o9ical ana lys ts  
were on ly  wnducted en the F I M  fractions of tha sol1 s a p l * s .  and kerns 
the data p m w n t e d  I n  the r e s u l t s  wwerned w l t h  mineralogy r r l c r  only 
the  the f i ne  fraction m l n t r a l s .  

In the procedure used for r w v a l  o f  i inte (CaCO3) the s o l  1  
samples m r c  round and mix8d w i t h  s d l u m a c a t a r a , ~ a n d  subsequently 8 heated t o  100 C ,  This r t r u l t e d  I n  s mln tu re  w i t h  a pH = 5 .  The 
mix tu re  wa3 then cen t r l f ugcd  and decanted, and analyses made f o r  the 
c a l c i u m  and H g n c r i r n  con t tn ts .  

The s o i l  samples were traamd w i t h  hydrogen peronide for 
r e m v a l  of organ ic  ~ a t a r l b l .  The dry w l p h t  brform rrd a f t o r  t reatment 
w i t h  hydrogen perox ide was i n d l c a t l v e  o f  the hYlunt o f  organ ic  m t e r l a l  
remved.  

The procedure f o l l w d  fo r  d r t r r m t n a t  Ion of m r p h o u s  
content i n  the s o i l  iarrpler  uss s i n l l a r  to  the on8 repor ted  p r a u l o u r l y  
by Y o n g c t a l  (1979). ThlapH-dependootdissolutlon technique h a r k e n  
p r w i o u s l y  d e v b l w d  by Sagalso (1968) for appl lcrtlan to t rop lca !  s o i t s .  
I n  t h i s  tcchnlque. pH o f  tho s o i l  11 decreased w i t h  the addi t l o n  of  8N 
HCI  so lu t lon ,  d t  v h l t h  t i r m  i ron  and a l u i n a  are d i8 lo l ved .  Subsequently, 
the pH i s  increased w l t h  t h e  a d d l t l o n  of Q.5N NaOU 8 o l u t i o n  which i n  
turn  w i l l  d f s s o l v ~  s f l l a  and a l w l n a .  To apply  t h l s  a l t e r n a t e  pH 
c y c l i n g  f o r  d i s s o l u t ~ o n  a f  th8 r p e c i f l c  aa~rgkous caaponants, the loll 
samples a re  ovendr led aod r r s a t a d  a t  r m  temperature I n  the co ld  s t a t e  
H I  t h  the H C l  s o l u t l o n  for 10 mtnutes to a l l w  for d l r m l u t l o n  of aIumlna 
and i ron.  Follculng t h l s ,  tho c%ccss k y d r o c h l o r l c  solution I* r m v e d  
by washing and c m t r l f u g a t l o n  of the s.nple wi th  water. This 11 
fo l  l w d  by tha a d d i t l o n  o f  the MaOH and rubrequcnt p l a c m t n t  o t  tha 
sanples i n  a hot w t e r  bath for f l v e  minutas to pemf t d i s a o l u t l o n  of 
s i  I i c a  and alumlna. T h i s  a1 tc rna te  washing w l t h  H C l  &fid MaOH w n s t I -  
t u t a s  one c y c l a ,  Th is  cycle  i s  repeat rd  a l g h t  t i m r s  f o r  the s m  s o l 1  
rampla,  and h a s  k e n  found to bt c f f e c t l w  in  the e u t r a c t l o n  o f  wmrp- 
hous mater ia l s  - 8.9. Yong c t  41 (1979). 

In the procedures used fo r  poredater  analyses, the porewater 
w r  uxtracted from thc s o i l  samples using the saturation t m r r a c t  rwchod. 
Subsaquently, tho porewater was then aoalyzcd fo r  catlens ( ~ a .  K ,  Ca, 
Ag) rod anions (CO HCOJ, C1, SO,,). 3 '  

i n  addition to thaso characterization tes ts ,  lo l l  suctlon 
Itasuraments were made using tho pressure rnmbrsne technlque. The 
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samples were a l l w e d  to take i n  water a t  pF* - 0 i n i t f a l l y ,  p r i o r  to 
desorption t o  a pF valut  of 7 .  Fol ? w i n g  thfs, the samples w r a  [hen 
a l l o w e d  to adsorb i n  the rewetting part  of th* s o i l  w c t i o n  tests. 
Whi 1st  a t t m p t s  uerg made to measure v o l w  change a t  v a r i w s  stages o f  
desorpt ton-adsorptlqn, l t should b. recorded that na maasurablc volums 
changes uerm obqarved . 

To bettor understand and to develop a w i d a t  base o f  rppreci- 
a t l o n  o f  the va r iws  components Interacting to p r ~ v i d s  the ent i re  mke- 
up of the so i l ,  scannlng electron microscopy u s  ustd for vlsual eaamioa- 
t ion of thc s o l  1s. By and large, t k l s  was tonf ln td  to those so1 1 
samplec which contatmd the f ine m a t e r i a l  and whlch ail-d for scpara- 
t i an  o f  tho m t e r l a l  into finer quantities. 

RESULTS AND DIS tU fS lON 

The pa r t l c l a  s ire  grading tes ts  obtained frm the resul ts 
o f  the pa r t l c l c  rIzr d l s t r l b u t l m  tmst* fo r  a l l  rhr  sanplet, uslng thm 
S a m  lampla l d e n t l f l u t l a n  nwnkrrng scheme a s  i n  F1g. I ,  are JM i n  
Tabla I. In thc Tablm. thc DT5. DSO, 

4nd D2i: , I .a .  diameters fo r  the 
75%. 50% r d  25% 1011 fraction, arc s h  w i t  the u d t a n ,  deviation, 
and rkewne$s of  tha dl8tr lbutad curve#. For proper Individual p a r ~ l c l e  
reparat lcn - kenus. d the rurplc jon r h r t  tk m o r p k u s  materia t prsrorit 
i n  the 4051 alght wntrlbutm tcr aggragrte partlclm grwpIngs  whlch would 
not be easy to d1slntmgrat.'- simples ~ r 8  mixed wl th sodim bicarbomto 
and shaken I o r  I S  mlnuter before f l na l  ag i ta t ion i n  an ul t rasonic cleantr 
for another I S  ninuta$, Following t h l r  agitation, the mixture was 
washed through 53 nl cron s leva I n  order to separata the f l na f racr  Ion 
from the coarser Fraction. 

I f one uses the m r e  standard prclccdure for grain size an.- 
l y s l r .  ? t  rlll k la4n t k t  the rasul t lng ~ r ~ l c l a  slxe d is t r ibu t ion  
when e w e r a d  to s ~ u s s l a n  d ls t r lbu t lon  uIll uppear t o  ba smal Ter than 
rhar whtch should ba abtrtnad f rm thew ktnds of s n p l t s .  Apparently 
p a r t  of thm clay f r r c t l on  appears ms s l  l t - r l z c d  p r r t l c l es  boc~usc  of  t k  
a g g r t g a t l v m b d l q . s u b l l s h c d  bmtmen t hopa r t l c l c r .  T o w n r i m  
t h l r  su~pic lon,  the c a Y n t l  agents war4 rsrrvcd. using the chtmlcal 
t r t a t w i n t  mthd [DCB mtkod "P d.scr1b.d by e h r a  and Jackson (1960). 
The resultant pa r t l c l 8  1118 dlstr lbut lons obtslned wore ~ubnaquontly 
enalvrcd and the valuw skorm I n  Table I .  The skm.rr. dowlotlon and 

Aerultr f ron Twble 1 can be p lo t ted i n  the Md-Ov l l c l d  as 
shwn In Fig. 1 ,  uhlch acwrdlng to Lrnb (1965) shorn that S w l e s  I 1  t o  

* Soil suct ion values rra generally enprerstd on a pF scale. The log o f  
s o i l  suct ion *xpr*ss*d in  centlrarttrs of water 1 s  dallned as pF, I n  
analogy t o  pH. A pF o f  zero for t m p l a  indScatar that tha I t l igh t  o f  
a colunm OF water whleh the d l  suction m l d  support i s  on* cmtimeter .  
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TABLE 1 P a r t i c l e  S i z e  Distribution 

Samp 1 e O75 '50 '2 5 
M Dv 54 

(mu) (m) (mn) 

F i g .  2 Sell Classification on Grain Size (accordlna to Lumb. 19651 
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X I  can be c l r s s l f l d  from this p l o t  as decomposed g r a n l t c ,  wfiilst  
Sanplc I can bt  c l a s s i f i e d  as red earth. ThIs  conf i rms the i n i t i a l  
v i sua l  c l a r ~ l f l c a t l o n  shown i n  F lg .  I .  

Flgura 321 s h s  the water content distribution Tar the no; I 
samples as ind leated In the corekolw profiles. Suparposcd wl the 
diagrams ara  the dqrw of satura t lom In the natu ra l  i t a r c  rmd tho uaccr 
content a t  s a t u r a t i o n  polnt .  Note that the smturat lon polnt water 
contents f o r  r t m l d a d  soil  safiples n r *  e n p q r l n e n t a l l y  noasurtd, and 
r a y  rmt JCtOrd 4 t h  i k ~ r e t l c r l  saturation values c z l t u h t c d  on the 
basls o f  neasurtments f o r  i n i t l a 1  p a r t i a l  s a t u r a t t o n  m i d  r a t l o s ,  
den91 t l o r  and spec; f l c  g r e v i  t lo*, One of the reasmr for any percef ved 
di f ferences w y  t i c  i n  the ptcrwco of i n t r a p p e d  a i r  In d i s c o n t l n u m s  
m l d  spaces and aggregate qroupr, rfnca no attempt i s  made a t  t h l s  M i n t  
to  d l r q g r t g a t e  a11 the Wdsor Fabrfc u n i t s ,  The antrapmcnt o f  a i r  
I n  aggregate u n i t 9  I s  sometimas enwuntcred l o  experirrrental m i l  setura-  
t i o n  t tchnlquaa ualng strpla wtmr uptake procedures for prepara t ion  o f  
sa tu ra t ion  e * t f a c t  sarpfar. 

Tha data I n  F19. 34 s h s  that  the saturation water content 
for e h .  r s w u l d 4  s v n p l t l  appears t o  be- r e l a t i v e l y  C M S t m t  i n  the 
l o w e r  part  of  tho t o r c t m l o  p r ~ f t l e s  - I n d l c a t l v r  of eke r e s u l t s  r 
i n  the d l 3 t r i b u t t m  oC the clay content for each corekol. - 1,e. 
for each corahol., Thus, f o r  example, for % m k s  V and V I  I I, the 015 
values are identical, and the 0z5 vslu.8 for k w l e s  V I I ,  I Y  and A tor 
c o r c h o l t  Ml a r a  o f  tha s m  order  o f  mgn1 rude. 

The c r l c l u m  and n g n c s l u m  content togsrhsr w l t h  t h r  organ ics  
contant s u p s r W 4 4  arc S h w n  I n  Fig. 38, and the -rewater analysar are  
shdwn i n  Flg. Jc, *era tht d l s t r l b u r f O n r  for calc ium, sodlur, pdtass ium 
and rmgncsium i n  the porewater a r s  shown in  the depth p r o f i l e .  The 
rnlneralogy and a m r p h o u l  content d I s t r l b u t I m s  a r e  shown In T a b l t  2.  I t  
i s  noted that  th ~ o r p h o u r  cantent. even i n  the s m l  l proportrons 
s h m ,  can s ~ l t r c l g t  a slgniFie&nt rota I n  t k  c o n t r o l  o f  water r e t e n t i o n  
and up take - as w i l l  be sham Irts t .  

The r o l l  ~ c t  lm e u r v w  skoun f o r  th t  5dmpl85 from the 
three coreholts arc glvtn i n  F l q ~ .  4 t o  6. Of p a r t f c u l a r  i n t e r e s t  a r e  
those swplts whfck sku measurrblm differences I n  adsorpt ion-desorpt  im 
performances. To provtdo batter v i m  o f  these d i f f e r e n c e s  Flgr.  7 
end 8 gather togdtkcr  the s o i l  suc t lon  curves for Samples X ,  V, 6nd Y I I I  
( F l g .  71, and Smplts I and V I  [Fig.  8) .  

In ga thar lng  tho ~ m r  rap resen ta t l ve  groupings of r o l l  
surt lon curves, tha i n t w t  In to s h  MI n t t e s s a r l l y  the morphOu5 
cmrcnt lnf luencc, b u t  a lna  to h l g h l I g h t  th Irnportmce of  both the 

- -  - 

t 
Note that the (115 c r i te r ion ,  1.8. e f f e c t l ~  m w l r m m  dierrwter of r o l l  
partte1.r far thm Zm f r a c t l m  of s o i l  I n  the sample tested,  i s  a very 
u s e f u l  rne thd  for qu ick  assessment or  tho g r a i n  s i z e  p r o p o r t i o n  o f  the 
s o i l .  1 F D Z 5  I s v e r y s m a l l ,  i . s ,  i n t h e c l a y s i z e  range, t h e c l e y  
content i s  obviously s ign i f icant .  
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F i g .  b Soilwtar Potentla1 Curves f o r  Samples from Corehole H I  

w -  

F i g .  5 Soilwater Potontlal Curves for S a v l c s  f r m  Corehole H3 
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Fig.  6 Soilwater Pottntial Curves for Samplas Frm Corcholu US 

w -  

Fig .  7 Soilwater Porential Curws for famp1.r V. V I I  I and X 
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i: 
The presence o f  each mrneral i s  expressed as a pcrcsntace  of the to ta l  rrounr o f  m i n c r d l ~  

present I n  the f ine fractions of  the s o i l  ?.ampler. 
.<.,. .. .. 

The amrphous m a t e r i a l  contenr i s  expresjed 3 3  il pcrccntdw o f  ovendry rcciqhr . 



w -  

F l y .  8 Soi luater P o t e n t l a l  Curws  f o r  Samples I and V I  

F ineness of the t l n a s  content  (OZS) and the percentage of F lnes. Thus, 
f o r  enampla. h l l r t  the n o r p b u s  ~ t e r l a l  content for ba th  Samples I 
and V l  a r e  i l m s t  i den t i ca l ' .  t ho  dlammtcr valuer shown for D 5 show that 
t h i s  D z 5  d i m m e r  ir indeed very m8ll. The D25 flntners o f us the 
h ighe r  p e r c a n t a p  of  Tints for Sanpl8 I i n  c o n t r a s t  to Srrnple U I  i s  
r e f l e c t e d  in  the contrasting d w l a t l o n  and skcerness of S m p l a r  I and V I .  
The s o i l  l u c t i o r ~  curve for Sample I r e f l e c t s  the M t ~ r l a l  c h a r a c t e r i s t i c  
w t  only i n  terms or i n i t i a l  w t o r  content. but a)- i n  the dd1(1rption/ 
absorp t ion  c h a r a c t t r l s t l c s  o f  tha n u t e r l a l .  I t  s h w l d  bt meed tkrt 
th i s  i s  m a t t r i a l  from the c o l  luvlum and mt f r m  tb m t h c r d  q r m l t e .  
a5 shown a l s o  by the data i n d l c a t r d  In  Flg.  2, and d r a m  accordlnp to 
Cumb's c t a ~ ~ l t l u t l o n  tachnIque. T k  t l c c t r o n  n i c r g r a p h r  for the 
w p l c a l  sampl8$ s h  chat *ere the m r p h o u s  p r e s c w a  I& hlph, the 
c r y s t a l  l l n i t y  o f  tk mineral  particles cannot be a r s l  l y  d l#cerned. The 
amrphous m a r t r l a l  app8ars ta coat the l a r g e r  r3ze parttcles. 

The s l g n l f l c a n c t  of  thm prclwic. of c lay ,  s i l t  and alrrprvkous 
m a t e r i a l s  i n  th8 w l l  r u c t l o n  p e r k m n c a  o l  the s d l l s  t e s ~ e d  can ba 
discussed i n  v l m  of  the rodel Inl t lr l  l y  p r w s e d  by Yon9 and Salhl 
11977) f o r  clays w i t h  a h l g h  amrphour  content. The r e s u l t s  of t h l r  
study ind lca ta  tha t  the baslc d a l  can bo adapted f a r  th4 s o i l s  stud1.d 
herein to account f o r  the much l w r  morpkour w n t c n t  but h lghar  
coarse F rac t lon  r v a l l a b i l i t y .  The prarancm of tho hlgh coarse fractlon 
p l u s  p r o p o r t l o n a t c l y  much Iwr c l a y  and mrphwr ~ t e r l a l  contmtz 
suggsst t h t  the coarse f r a c t  Ions such as g m v d  and =nd aro coated 
with?.omeel iy end s c m e a m o r p t m u s m t ~ r l m l .  hddtrlooallv. i t w u l d  
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not be u n l i k e l y  for c l a y  p a r t i c l e s  to f o r m  aggregate  groups (pcds)  w i t h  
t h e d m r p h o u s m a t c r i d l  a s  bondingaGents. To i l l u s t r a t e  themodel  
suggested by the  r e s u l t s  obta ined i r i s  necessary to  develop a 3-part. 
o r  3-zone adsorpt ion/desorpt ion mechanism model - F i g .  9a. 

F i g .  9a Typlca l  3-Zone Dasorptlon/hdsorption Curves - w i t h  " Ink  
B o t t l e "  Effect  (Curve A )  and Without "Ink B o t t l e "  

E f l t c t  (Curv. B ) .  

I n  the t y p i c a l  dororpt lon/+dsorpt ion curve i h n  i n  F ig.  9a 
a s  Curve A, r h  r l a r s l c  i n k - b o t t l e  t f t a c t *  Is shcm as t y p i f i e d  i n  Zone 
2 .  The suction p r r l o r m n c a  I s  l n d l c r t l v a  of a uniformly d lsp t rsed  
"uniform" s l a t  p a r r l r l .  s y s t n  rmrrht r lni lw to s l l t ,  where t h e  

* 
I n  a series of  I n t w c m n t c t d  wres, the dlaneter  o f  the m r t s  a t  mld- 
po in ts  arc  l a r g e r  then the ndeks of tha wrss. Thus i n  dry  o r  
emptying the poln ta ,  th. - t a r  contmts reached w i l l  not bs the  same as 
i n  the vct t l rq procass - bear lnp I n  mfnd the d l f f t r e n t  par* d lawters .  
This i s  the c l a ~ l c  ink b o t t l e  e f f e c t ,  1.8. where the neck dlamater i s  
smal l e t  than r h t  mln pore Space. f k u l  i n  4apty ing the v l a l l c s t  dia- 
m e t e r  w l l l  c o n t r o l  w h l l r t  I n  w a t t l q  the l a r g e r  dlwetar w i l l  c o n t r o l .  
T h i s  w i l  l rssu l  t i n  h y n t e r m ~ l s .  Saa Clg, gb and Yong. R.N. and 
Uarkcn t in ,  B . P .  (19751,  Chap. 4 ,  



F i g .  9 b  Hysteresis i n  S o i l 5  Due to Drying and U e t t i n g  

adsorpt ion-desorpt ion curves d c v l a t e  s i g n l f l c a n t l y  I n  ZOllu'l 2 and 3 as 
t e s t i m n y  to the " i n k - b o t t l e "  effect. b t e  t ha t  t h l s  applies to 
Samples I and V I  . I n  rhe mdel SuggtJ t td  uhara the s a o r p h l  natar  l a 1  
w o u l d  rend to  form bonding botwcen c l a y  par t i c les ,  crcatlng r g g r e g a t t  
groups (ped l )  - i t  i s  n e t  u n e h a r a c t e r l s t l c  far these pcds to be mre 
o r  l e s s  s i m i l a r  i n  s i t e  ta the  s11t  particles, thus p d u t l -  i n  
essence a seemingty uniForm-sized sol1 p s r t i t l a s y s r m t .  k t a  that the 
presence o f  p e d s  r e s  ind teated i n  the t e s t s  f o r  q r a l n  s l z e  d l s t r i b u t l o n  
a5 observed e a r l i e r .  

Water uptake I n  Zone 1 can b. i d a n t i f i a d  wlth wwur phase 
phenmena w h i l s c  water uptake in  Zones 2 and 3 arm irs8clarsd w i t h  
capi  l l a r y  a c t i o n  i n  v i m  of the micro-pores wd sucro-wrts r.sp.ctlvelv. 
The greater  or lesser presence of inicr8-wreS u l l l  hlghl lghf tk grea te r  
o r  l esser  " ink-bot t le"  effect. With tho I l k e l l h o o d  of ped f 0 r ~ t b  dS 
i n  Samples I and VI  , the dev ia t ions  batween adsarptlon-dtrorpt Ion per -  
formances i n  Zones 2 and 3 can be q u l  t a  pronounced. 

In the case of Curve 8 .  Zone 2 adsmotion-Pasorption d e v i a t i o n  
is indeed weak. This i s  t y p l c a l  of r o l l  rystm where w r t l c l o  ~ l z e  
d i s r r i b u t i a n  dms not devetop muck "Ink-bottle" o f k t  In rewotting - 
i .e. pore s i z e  d i s t r i b u t i o n  1s l k a l l - ~ r a d e d " .  Smple~ V, U l l l  and X 
shown i n  Fig. 7 a r e  s m m h a t  s l m i l i r  to twrva in  Fig.  9r. To a 
g rea te r  o r  lesser  entent, a1 1 tho other irmp1.s skow suctlon character- 
i s t i c s  not u n l i k e  t h a t o f  CurvoA, T h a C u r v o B r n o c h a n I ~  l d t n t l f i e d  
i n d i c a t e s  water uptake l n l t l a l l y  by tho c l a y  p r r t i c l c l  1 s  coating 
n a t e r i a l  (p lus  some mlnor l nd lv ldua l  c l a y  p r r t l c l e s ) ,  follovld by w lc ro -  
pore water uptake. A t  t h l s  tlm, a l I t t l 8  " I n k - b o t t l d '  affect  i s  
apparent f o r  aosr of  the samples i n  t h l s  prouplng, b u t  to a ccmsidcrably 
lesser  ex tent  i n c o m p a r l m n  toSamples  I I n d V I .  T h s  Plnd l  p h a s e o f  
water uptakc i s  through c a p l l l a r r  actlan ident l f lcd i n  Zone 3 - through 
the i lacro-~r.4.  



To apply the mdel  f u r t h e r ,  the s o i l  suc t ion  curves fo r  the 
var ious sampler are analyzed to  s h m  the d i f fe rences  i n  water content  
for  adsorpt ion-desorpt lon as a Punctlon of pF. The r e ~ u l  t S  a r e  shown i n  
F ig .  10. T h e c u r v e s r e p r e s e n t l n g  Samples I. I I ,  1 1 1 ,  I V . Y I ,  U l l ,  I,! 
and ,!I a r e  t y p i c a l  of the type o f  s u c t f m  performance shown by Curve A f n 
Ftg. 9a. Thecurves r e p r e s e n t l n g S ~ p l t s Y ,  U I I I  a n d l  i n F l g .  I0 
correspond t o  t h e  type o f  s u c t l ~ n  performance shown by Curve 0 i n  FIg. 9a. 
Note tha t  the " ink -bo t t l e "  e f f e c t  i n  the curves corresponding t o  type A 
i n  F l g .  10occur3a t  about pF3. The c l a y  contents  for t y p e A  vary from 
8 t o  39.5%, and f o r  type B from 1 ,?P to 2.1B. 

Fig .  10 D i f fe rence  In  Water Content f o r  Adsorption-Oesorption 
as a Funct ion o f  pF f o r  Samples Frun the Three 

Coreho l es 

The w a r l ~ ~  p r o p o r t l o n l  ~f c l a y  present can indeed form 
coat ing3 around the gravel and rand - as s h m n  I n  Tables 3a and 3b, 
where r u t f a c e  afea meaSurements f o r  s o i  1s have baen s h n .  I n  the 
procedure used For the four sol  1 samples s tud lcd,  ( 7  e I, I I , V f and 
V I  I) the sur face ares was determtned f o r  eoch sample I n  1 t s  na tu ra l  
s ta te ,  and a l s o  for the v a r t w s  fractions ob ta ined  separate ly  from p a r t -  
i c l e  s i z e  d i s t r i b u t i o n  determinat ion.  I n  additton, m a s u r m n t s  were 
a1 so made for s o l  l samples obtained a f te r  1 ilne and organics  removal . 
Surface area msasurements wrm made us lng  the EWE (ethylene g l y c o l  
m n c e t h y l  e t h t r )  math& dsscribed by Carter a t  a1 (1965). Because o f  
the f a c t  that the measurtd rurfacs area for the coarse fracttonl f a r  
exceedsd tha t h e o r e t i c a l l y  c a l c u l a t e d  values fo r  t 'equlvalent"  r l m d  
sphere*, the coar.8 f r a c t  Ions OF some of  the samples were "el tancd" us ing  
OCBlncthodrnd $odlumhydroxida t r t r t m c n t .  I n d o l n g  so. m a t i n g s o f  
c l a y  and amrphous mater i.1 mruld be r m v e d ,  I cadi  ng perhaps t o  a 
closer accord b e w e n  measured and c a l c u l a t e d  surface area of the coarse 
particles. A f te r  t h i s  "cleaning" procedure, a substancia1 reduct ion i n  
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s ~ d r f a c t  area was observed, but  t h l s  s t i l  l f a r  exceeded idea l  spher i ca l  
o a r t i c i e  cwnputed surfmcm area.. This I S  to be expected sin<. the 
coar5e Fract ions were indeed h t g h l y  angu lar  t o t a l  1y "non-sphsrical".  

From the r e s u l t s  shown, i t  i s  ev ident  chat the coarse 
p a r t i c l e s  wzre indeed coated by [he c l a y  p a r t i c l e s ,  and a150 by some 
arrorphous m r e r i a l s ,  The di fFerences i n  measured surface areas, both 
before and a f t e r  clcanimg are K t J f i m n y  to  the coat ing modal. Thus 
the p r i n c t ~ l  of ch is  mthd i s  that € M E  forms a monomolecular I ver  

X 
S on s o i l  p a r t i c l e s .  Since t h e m u n t o F  EGHE neded t o c o v e r  1  m o f  

soi 1 p a r t l c l c  surface i s  k n m  t i .=. 2.86 x 10- g EWE per  n2 o f  
surface).  the sur face area o f  the s o i l s  can be c a l c u l a t e d  Frm [he 
d i f f e r e n c e  Tn weight o f  the sample w i t h  and nl t h w t  the EWE cmrlng. 
With the smenlng!y smal l  a w n [  o f  c l a y  prmrrn t ,  a j c d i e l o u s  p l b c m n t  
of the c l a y  can Indeed a f f t c t  s o l l  perforawnc* ronlidarrbly. mt4 
that .  except For Saaple V I I .  t he  sur face area  o f  the c l a y  p a r t i c ) * %  f a r  
exceeds the ctnblned rurfaco arc8 af  the grave l  and *and. (See Table 
3 .  Thus, the re  are s u r f l ~ i c n t  clay particles to  Coat the l a r g e r  
p a r t i c l e s .  p l u n  l e f t o v e r  c l a y  p a r t i c l e s  to fo rn  pcds w i t h  amorphous 
bonding. 

t n  t h i s  f i r s t  stage o f  soll c m p o s i t i o n a l  control study 
For a p a r t i c u l a r  re * ldua l  *oi l ,  a t t c n t l o n  has f ~ u l s e d  on t*o part l -  
c u l a r  aspects o f  the problem. I .e, the present0 4nd r n w n r  o f  amorphous 
mate r ia l  and c lay  i n  the s o i l .  dnd the rnarrnar I n  which tkes t  a r e  d i s t r i -  
buted i n  the loit. By and l a r g e ,  becauseof  t h e g r a n u l a r  n a t u r e o f  
rhr  $oi  l and the low  a m u n t s  o f  c l a y  f i n e s  and amrphour  m a t e r i a l s  I n  
c o n t r a s t  to  the amount o f  t o t a l  s o  m a t e r i a l .  i t  i s  c l e a r  that the  
degree o f  m t u r a t l o n  IS i v o r t d n t  in  thq response b c h a v t w r  o f  the soi  1 
m a t e r i a l  . I t Is Indeed s lgni  f i c d n t  t o  ubssrue t h a t  because o f  the 
l o w  amunrs  O F  c l a y  f iner  and m r p h o u s  m a t e r i a l ,  any *ma1 1 change i n  
the water cantant of the material w u l d  play a la rge  p a r t  i n  changing 
the overal  1 mochanica~ bsheui~ur ef the s o i l  - t5pecialfy t f  the 
mate r ia l  f o m s  clay c m t l n q  and rggrrgato groups, l f  the res idua l  soi l 
had a much h lghc r  c lay  f l n w  and m r p h o u s  m a t e r l a l  contenr.  small 
changes i n  the water conrent Mwld  no: b t  as significant in  the control 
of corresponti lng changes l n  the tkear lcal  p roper t i es .  

Tho f i r s t  phase of t h i s  study has indeed d m n s t r a t t d  
through the charac tmr Is t l e  s o i l  suction curves that k c l u r e  of the smal t 
changes In wa tar  caottn t ,  na rral changes i n  v o l m  can be measures. 
However, t h i s  doer not n e c c s r a r I l y  l n d l c a t e  t h t  t k  ~ c h d n i c a l  proper-  
r i c s  o f  the material -Id mc bt cons i& tab lv  In f l uenced  becausa o f  
these  s m a l l  chmges.  I n  ac tua l  f a c t ,  the r e s ~ l  ts  d e w n s t r a t e  through 
the  shapes of the s o i l  s u c t i o n  curves that  a one o r  two oercent o v e r a l l  
conte7t  d i f f e rence  i n  the c l a y  f i nes  o r  amorphus m a t e r i a l  k o u l d  serve 
to d ramat i ca l l y  increase o r  decrease the r a t e  of water uprake - as Shown 
by the a d s o r p t i ~ n - d e s o r p t i o n  p a r t  of the s o i l  suc t lon  curve. 

I n  the c o n t i n u i n g  study. t h e  shear s r renqths  of the soils 
are cxamlned i n  r e l a t i o n  t o  t h e  var ious s tages  of water up take  and 
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2 TABLE ?a SpcclFic Surlaca Area In m /g for Various 
Fractlons o f  Samplss 1 ,  I I .  V I  and V I I .  

. - 

Total sample, ~ t u r a l  state  51.98 12.81 13.84 8 - 3 3  
Gravel 14.93 1 . 1 2  0.70 0.88 
Gravel. 'cleaned' 2.15 0.57 
Coarse sand 13.11 1.84 1.33  2 . 1 9  
Coarse sand ' c l ew~ed '  4 .50  2.49 
M c d l m  f 1 nc sand 6.57 5 . 5 2  2.37 14.23 
Fine Sand 9.80 12.11 5 - 3 5  14.90 
S l i t  14.80 32-41 26.38 17.54 
Clay 120.42 67.40 55.45 138.21 

Tow1 sample. af te r  1 ime 
and organlcs removal 47.07 9.67 10.85 7.06 

NOTE: I n  order to compare the surface area of the total Sample to 
the sun of thm surface wars  aF the consti  ru r ing  f ract ions.  
t h 8  h t t ~  s b u l d  bo added up p r o p r t t o n a t c l y  to the1 r 
prrrrncm I n  thm total i e l e  (as Indicated by the part icle 
$It .  dfrtrlbution). 

TABLE 3b C-r lm of Surface Arca In la2 f o r  the Cmblned 
Gravel and Sand Frictlm Ymrsuq Clay Fractlon, as 
Present i n  100 g o f  Total So11 !4atarlaI* 

Clay Fractlon 4756.59 308.64 564.04 343.43 

* Computed frm partlclc s lzo  distrlbutlon and sptcific ~ u r f K t  ares. 
as indicated in Table 38. 
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r e l a r i o n s h i p s  desc r ib ing  the r a t e  af  water uptake and corrslpondlng 
changes i n  the m a t e r i a l  p roper t ies  wlll be ~ h o r m .  
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ANALYSES OF HWG KONG RESf DUAL SO1 L SLOPLS 

ABSTRACT 

The current procedures for drr lgnlng cut  slops9 i n  Hong 
Konp rssidual sol I s  are reviewed. I t S S  evident that the stabi l3 ty  
of slope In  ruch so i l s  1s predainlnuntly governed by the st rength o f  
part ra l ly-saturatad s o i l s  and the e f fec t  o f  ra imster  I d i l t r r t l o n .  
The shortcomings of the design approaches adopted a t  pra r rn t  appear 
to be th. lack of an appropriate coesri tut ive r e l r t i o n l h t p  for the 
unsaturated s o i l s  and an ana ly t ica l  d t l  for e w l u a t l n g  slope s t r b i -  
l i t y  whIch  properly accounts For r r l n f a l t  in tenc l ty .  

A su l rab l r  mmthod for analysing and/or designing cut  slopes 
In  residual mllr which undergo high amual  ratas of rainfall i s  out- 
l l n t d .  Thls con be schlevad by #rsesslng the in tcns i  ty o f  r a i n fa l  f 
w h l c h w l l l  m f f t c t s l o p 8 s t a b l l l t y .  S u ~ h a c o n s l d e r a t i o n  should lead 
t o  it b e t t e r  d t s l g n  procsdur~ fo r  slopes formtd In residual mi Is. 

l NTROOUCTI ON 

Slope fa i lu res  i n  b o g  Kong residual s o i l s  occur f requtn t ly  
during the r e t  season i fran  lnay to September) le which the average 
annual r a l n f a l l  I s  about 80 i n  (2000 mn) w i t h  the hlghesc recorded 
da l l y  r a te  O F  about 21 In  (530 mn). Ono O F  the most c-n types  1s 
In  the form o f  mudsfides ca r ry ing  loose f i l l  o r  in-slru s o i l .  o f r t n  
w l th  rock boulders, h s l o p c  a t  hlgk speeds dur fng  perlods of  heavy 
r a i n .  The other t y p e o f  equal s i g n l f i c m c e  15 f a i l u r e o f  cut s1Opcs 
and natural •÷lopes charactar lztd by 5haTlew s l i p  surfaces rxrcmding to 
d e p t h s o f  8 p ~ r 0 x l ~ t t l y  10 to20 f t  13 to b m ) .  Theconsaquence,of 
such fa i l u res  can ba 6 1 ~ a $ t r ~ s  to hman l luaa and prop8rrl.s t s ~ c l a I l v  
when thera w o n t s  =cur w l  th4n h igh ly  populated arcas. Qne a+ the mst 
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jevere landslides exper ienced i n  H o n ~  Kong ha5 i n  June 1972 i n  uhlch 
m r e  l han a hundred p e o p l e  were k i l l e d  and severa l  roads sod bui ld ings 
uerc had l y  damaged (Hong Kong Government, 1972).  

To prevent d l sas t rws  slope fa1 lures. the Hong Kong Govern- 
mnr connissiontd a detai led study on the Iand3l id t  potent ia l  o f  the 
e x i s t i n g  slopes (Beatti. and A t tew i l l .  1977) and introduced new ragula- 
tions wh ich  requlred conprehenslve grarnd i n v e s t i p r i o n  and proper 
design under the sup8rvirion of spocIal izcd gmtechnicsl engineers f o r  
a l l  major s i t e  developments. Reportson s i t e  i n v s ~ t i q a t l o n  and propo- 
s a l s  For slte formation have to be checked by the CWcrfmtnt. I n  order 
to ou t l i ne  the basic approach i n  slope design, the Wnq Kong b v e r m e n t  
pub l i shed  the ' teotechnical Urnual for Slopes' I n  N o v a h e r  1979 uhich  
provides general design prwedur ts  for local s o i l  condit ions. However, 
the problem of  i den t i f i ca t i on  o f  the actual mechanism of  slope f a i l u r e  
has y e t  to be solved. Thi$ problem I1 indeed i m w r t r n t  and needs to 
ne so lucd slnce many steep slopes standlng a t  wns ldarab le  helghts have , 

survivad years of heavy r a i n f a l l  wht ls t  others have friTed. Without 
such an understanding o f  slope fa i  Lure m c b n i c s .  I t  i s  apperent that  
o n l y  conservative deslgn approaches w i l l  bm a d c ~ t e d  by prudent deslgncrs, 
rcsul t tog thereby I n  ekt tnslve precautfonaty design neasures, e.g. 
cu t t ing  i t  f l a t  angles, installing anchors, bu l ld ing  r t t a l n I n g  wa l ls ,  
e t c . .  

Heedless t o  say, there are several schoals of thought 
regarding the mdda af f a i l u r e  and s trcngth parameters cur rent ly  used 
for s lope  des ign i n  Hong Kong.  The various dlffcrcnces often lead to 
Isngthy d l s c u ~ # i w $  between thc checking authority and tha designer, 
on the cMicm or use of the proper desIgn c r i t e r i a ,  smatim43 to such 
an extent that a cmplate re-design i s  necessary. 

The eonctprs underlying desfgn of  cut  slopes i n  i n - s l t u  
residual i o l l s  general ly adopted in  Hong lbng w i l l  be presented herein 
to i den t i f y  tha problems encountered. h s r l b t c  amendmmts t o  Improve 
the curreor dtslgn consIdaration w i l l  be discussed. 

GENERAL S O I L  PRWERTIES 

9 abundanr residual s o i l s  forming the natural slopes of  
nong Koag a r e  he product8 of in -sStu d e c m p o s i t i m  of  the parent r w k s  
bv the oroceises o f  reather lng uhich have h e n  re lac iva ly  ac t lve  due 
to  rhe sub-tropical c l l l u r e ,  high tearperrturcs and heavy soasonbl r a l n r .  
The th ickness o f  the residual r o l l  mant l l  varier  iwtmnstvely and can bo 
as  deep as 200 f t  (60 m ) .  Along the lout.- parts o f  stccp natural 
slopes. thm in-situ residual ~ 0 1 1 s  arc  f r tqucnr l y  over la ln  by c ~ l l u v ~ a l  
(slopewash) m t e r i a l  o f  v a r l w s  thIckncsrcs which were t rmspqrted 
downslopu by r o r r ~ n l t ~ l  rainstorms. There are tw major rock types: 
gran i te  and volcdnlcs (Fig. I ) .  b t h  being of igneous o r i g l n .  The 
g r a n i t i c  r ~ k s  drc. i n  genera!, wldejy jo ln ted w i t h  j o i n t  spacings 
netween 1 f t  (300 m) a d  10 f t  ( 3  m) w h l l t  t h t  v ~ l c a n i c  rocks are 
c l o w l y  jolnted at  spacings ranging from 2 i n  (50 nun) to I f t  (300 nun). 
0o:h rocks v a r y  con%lderrbly In  composi~lon and colour. The geology of 
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Honq Konq has been s t u d i e d  i n  d e t a i l  hy Ruxton (1960) and A l  [ e n  and 
Stephens ( 1 9 7 1 )  

C 

i ~ h t  r e s i d u a l  s o i l s  d e r i v e d  fran g r a n l t i c  rocks ( d e c m p m e d  
g r a ~ l  r e )  a r e  h u a ~  l coarse g r a i n e d  (sandy) w h i l s t  those from v o l c a n i c  
rocks  (decomposed v o l c a n i c % )  a r e  f i n e  g r a i n e d  ( s l  l ry) . When undl  s turbed.  
r e l i c t  j o l n t  p l a n e r  and some f a b r i c  of I h e  p a r e n t  rocks can ba I d e n r l -  
f i e d  except i n  the surtaca r t r u c t u r t l e s s  s a i l .  Tobe ~ p e c l f i c ,  the 
res.i.d.d-ga i 1 s  refer_r.ed. herel! i o c l u d e  the _t~lp.5@! <op.ta. jnlng n o  
r % w i z a . b b . r ? . c ~ .  t~x.tu_rt ,  a.nd s~i!.derfv.ed_ Fr~m._com~jete!y PeCompsed 
rock weathered i n  p!ace, w l  th d i s t i n g u i s h a b l e  .. . rock texture and r c l  i t t  
j o i n t s .  The major  c l a y  m inera l  r e s u l  t iw  - f rom the m a r h c r l n g  o f  both 
g r a n i t i c  and v o l c a n l c  rocks i s  h a l l o y s i t t  (Lumb and l e t .  1975). I n  ~h& 
n a t u r a l  s t a r e .  the r e s i d u a l  s o l l s  a r e  g e n e r a l l y  unsa tu ra ted  and thc -. . . - - - - - . - - . - - . - . . - . -. - . . . . . . . . . . . . - . . . . . 
degree o r ' s i r u r a r l w ,  . . . - - - . . , . d c w n d l n g  on the seasonal r p i n f a l l .  v a r l e s  betreen 
O:7' and I, occar i o n a i  !y ' r ; d ~ i n _ g , . t o > ' . ~  a t  'shal'low depths and on enposed 
&faces durinq,r&.dry season-. 

U b n  . m a _ f u  r4 tcd, . . g l t - r t _ ~ s i d u a I s ~ i l s .  a w a  r .to have a 
~ . q h . c o ~ ~ ~ i v . ~ .  > f r .e~gfh , . .  .fh!s cohes ive s t r e n g t h  . drops . . . . . - t o  . , . l o w  - .ualucs .- or 
m a c p u p c n - . f y T  1 s a u r ~ t ? . ~  ( ~ u m b ,  1465 .5 1975). .Suck a bchav iour 
i&cwsL& l td  to be  he resul t o . f ~ h e  rs&ase..pr so! I suc t lpn when . .. . . the 
s o i l  begins t o . , t ~ ~ . j n  ~ ~ ~ ( , e x _ e t  i n  the w e t t i n g e ~ o c e s r .  The measured -- 
values of s o l  1 r u c t l o n  for u n d i 5 t u r b t d  specimens at-about 0.75 degree 
of s r r u r r t i o n .  for example, range rrcm pF 3 to pF 4.5 (2 to 60 k l p / f r 2  
o r  I00 to 3000 kPa). Lumb notes t h a t  the reduction i n  s t r e n g t h .  which 
soemo to be m r e  pronounced In t h e  decaaposed volcanics. doe5 nor 
auDear t a  be caused by the c o l l a p s e  of sa i l  s t r u c t u r e  due to r a t u r a t l o n .  

The permerb i l  t t y  of t h e  dtconwsed g r a n l  t m  o b t r  incd fran 
IaWratclry and f i e l d  t e s t 9  has been found to be o f  the a m  order, 
herween 3 x 10-5 ~ L / P  (10.5 ~ J J )  and 3 x 10-6 f t / s  ( 1 0 ' ~  mlr} u i r h  the 
mean value of s b w t  2.5 x 10-5 f ~ / s  (8 x t bmb  ml5). n ~ w w e r .   he 
p e r r n e a b i l l t y  o f  the decomposed v o l c a n i c s  e x h l b l t l  a m w h  h l g h a r  v a r i a -  
t i o n  in  l a b e r a t o r y  and F t t l d  r s t s .  The mean C i t t d  value hro batn  
calculated to 8e a5out  5 x 10'S f r /s  ( l . 5  x mls)  conpared 0 the 
mean iaborarory value O F  a b u t  6 x 10-8 f t / s  ( 2  x m/s) which 
demonsrracts th. Imporrant  r o l e  o f  j o i n t  p lanes  on p e r m a b l l I t y  In thls 
soi I .  D+rrILmd p r o p e r t l c s  of the i n - s l  tu resldual s o i l s  o? H m g  llong 
have been s t u d i e d  e a r l i e r  by Lumb (1965 6 1975). 

CJRRENT OESIGM APPROACHES 

The c u s t m a r y  approach for ana lys is  and/or  das l gn  o f  
s lopes in  Hong Kmg r e s l d u a l  s o l l s ,  I n  genera l ,  conslsts o f  selcctlon 
of an  a p p r o p r i a t e  wthod o f  stability a n e l y s l s .  evaluation o f  s t r e n g t h  
oarameters and groundwater i n t e r p r e t a t i o n .  D i f f e r a n t  design approaches 
f r r s u e n r l y  r e s u l t  in proposals  f o r  d i f f e r e n t  s c a b i l l z a t i o n  measures, 
somet imas In  t o t a l  dis.~raamcnt. The f o l l w i n g  d l r c u ~ ~ l o n s  a r e  aimed 
a t  h igh!  ight ing  the d 8 r  ign procedures c u r r e n t l y  adopted and t h e l r  l u l t a -  
b i  1 it*!. A C  prasent .  ror  high r i s k  slopes, t h e  mlnimurn f a c t o r  o f  sa fe ty  
( F )  r e q u i r e d  i s  1.4 i n  a s m c l a t l c a  r i c h  a 1  i n  10 year r e t u r n  p e r i o d  
rdinfdll and 1 . 1 2  w i t h  1 i n  1000 y e a r  return p e r i d .  



of Slope S t a b i l i t y  Analysis - h g s r  th* nuPrerour m t t h d s  
of slope s t a b l l l t v  analySlS ava i lab le ,  the one urw most for p rac t i ca l  
d e s i g n  appears to be the Janbu routine method (Janbu, 1951) using non-  
c i rcu la r  f a i l u re  surfaces. I t s  popular i ty  stems from the f a c t  that 
i t  can be eas l l y  hand-calculated o r  programed i n  small computers and 
the non-cSrcular Fai lure surfaces conform to the f a i l u re  surfaces 
obstlrued. In  ord-r to search and locate the c r l t l c a l  s l i p  surface 
( i .e.  the on* having the m i n l m w r  factor  o f  wfety) .  the mathematicat 
a q u a t l m i  dercr lb lng t h t  s l i p  surface conflgurat lon, normally c i r cu la r  
or  l og -sp i ra l  i n  shape, can bt used to generate a succcsslon of  s l i p  
surfaces. With ihadsvt lopwnr  and r e a d v a v a i l a b i l i t y  o f  sophist icated 
s m a l l  comput8rs. the ent l re  process o f  ca lcu la t ion us ing a substantial  
number o f  s l i p  surfdcas can be car r ied our i n  a relatively sho r t  tima. 

Other methods O F  slope s t a b l l l t y  analysis are employed 
occasionally. For qu i ck  prel iminary calculat ions,  simp7 l f i e d  s t a b i l i t y  
c h a r u  often provldm uscFul resul r4. part l cu la r l y  when groundwater can 
be incorporatsd i n  the analysis. 8.g. h k ' 5  charts ( ~ o e k  and Bray. 
1977). Since chose s t a b i l i t y  charts cannot account for the efFects of  
layered s o i l  p r o f l l e .  nor c ~ n p l i c a t e d  slope configt irat lon, the i r  use i s  
tharc forc  unw l t ab le  for deta i l ed  desTgn of high slwes. The BIshop 
r lmp l l f l ed  merhd (Btrkap, 1954) I s  c m t i w s  used when c i r c u l a r  
ru r f r ccs  w i th  large r a d l l  are  l i k s l y  to represent the probable Fal lure 
surfaces. The v r r l a ~ b n 6  O f  I trenpth paramters and groundwater levels 
i n  hong b p  so i l s  are  so hlgh that an e r r rem)y  d e t r l l t d  method such 
as  r h t  m t h d  prwoatd  by mrgenstarn and Pr ice (1965) 3s seldom used 
for rout ine design. 

As s ta ted  above, the Janbu rout ine method i s  normally 
employdd i n  pract ice f o r  slope stability ana l ys i s  i n  Honq k n g .  l-bwevtr, 
Janbu's method considers only t h  moment equi l ibr ium o f  indiv idual  
s l i m s  but not necessar i ly  for the whola s l i d i n g  mass. I t s  use should 
therefore be l lm i ted  ro elongated shallow s l i p  s u r f a c a ~ ,  otherulse 
serlous e r ro r  would ar ise  when the mtthod o f  ana l ys l l  I I  applled to deep 
s l i p  surfaces (Honvell ler, 1565). Furthermre,  s survey on the e f f e c -  
t i v e n e s s  of the ' i n  house' c m p u t e r  p r o q r m t s  used I n  slope i tab i  t i  t y  
analy*ls. which has recent ly k e n  conducttd by the Hang k g  Government, 
reveats that a large dlscrtpancy can occur i n  the cmputcd factors of 
safmty from d i f f e ren t  programer - for rhe ram slope! The M i n  
reasw) ore d l f f e r a n t  methods of p r c q r m l n g .  data praccsslng and 
appl lcat lon o f  the mtthod of  s1icer .  

Strength Parameters - The e f f ec t l va  stress concept i s  adopted i n  a l l  
s t a b i  l i t y  analyses so that  the physlcsl state  of  stress In  b t h  satura- 
ted and unsaturated condl r ions can be expressed. W h e n  f u l  ly  -- sarurared . 
the . . effective . . . . . -. - . st ress  - - . . . I s  . defined as: - . .  . -  

where 0' 'effective stress. o - to ta l  normal stress and u - pore water  
praJsure. Fargnr%tn l_(  y - ~ u - r a ~ e d  .?el !I. cfshv,p,, ( 1959) has proposed 
the , , fo l !y ing  eguar ion: 
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.where u = u c r e  s i r  p ressure  - pore  water pressure  and y = an ....,-..A- .. . .. . *..L--UW- . . 
e- .= i r~ :s~  . g a r a m t e r  .d-gpend~ng_~~,.,~.,d.qree of  sarur.*.ti.oh. A t  p r e s e n t ,  
t h e r e  a r e  no recos-mdedvalues of x or any p roper  c ~ p r e s s i o n  avai  lab1 e 
f o r  d e t e r m i n i n g  the e f f e c t i v e  stress i n  the unsa tu ra ted  s o i l s  O F  Hong 
Kong. However, when back -ana lys ing  some e x i s t i n g  steep s lopes known to 
nave been s t a b l e  f o r  a number o f  years ,  t h e  factor  of 8afmty i s  o f t e n  
found to be much less tnan 1.0 u h i c h  i s  t h e o r e t l t d l l y  i n c a n p a t i b l e .  
W n i l s r  one e x p l a n a t i o n  may be because the s t r e n g t h  p d r r e t c r s  ( i . e .  
t he  cohes ion i n t e r c e p t  c '  and t h e  angle of internal f r l c t t o n  Q '  i n  t h e  
i2ohr-Couiomb f a i l u r e  c r i t e r i o n )  o b t a i n e d  w i t h  t e s t  data  from t r i a x i a l  
t e s t s  on s a t u r a t e d  samples a r c  too low, t h e  other p l a u s i b l e  reason 
cou ld  o b v i o u s l y  be t h a t  p r e s e n t  methods o f  e v a l u a t i o n  o f  p a r t l y  s a t u r -  
a t e d  s o i l  s t r e n g t h  a r e  t o t a l l y  inadequate. S ince t h e  b u l k  o f  the 
s o i l  m a n t l e  i s  i n  f a c t  p a r t i a l l y  saturated, the e n l s t e n c a  and i n f t u e n c e  
o f  s o i l  s u c t i o n  i n  t h e  s o i l  pores cannot b e d l s c o u n t d d .  For Simplicity 
equa t ion  2 i s  sometimes used as: 

where u *  i s  t h e  s o i l  s u c t i o n  ( n e g a t i v e  va lue )  o b t a i n a b l e  oy back 
analysis. T h ~ e ~ ~ ~ , o F _ , _ r h a p o ~ l ~ ~ f i o ~ ( ~ ~  I s . ~ r m a l l y a s % o c t a t e O  
w i t h  very low va lues  o f  c ' .  W h i l s t  t h l s  seems l o g i c a l ,  a r e l i a b l e  ... . - - .,., - -. -- - -- -- 
va lue  o f  s o i l  s u c t i o n  For use i n  des ign  Is not e a s i l y  swgh t .  The 
u9c o f  back ana ly5 i 5  to  determine the s c i l  s u c t i o n  imp1 lcl  m a t  tna 
va lues . . . . . -. o f  . . . . s o i l  s u c t i o n  . . . . . . . w i l l  also depend on t h e  s l o p e  and s l l p  s u r f a c e  . - 

g e e F r y .  Th is  however, i s c o n t r a r y  to  $071 p a r t i c l e  i n t e r a c t i o n  
knowledge where ampleexperience and l n v t s t l g a t i n n  have shown that 
c ~ ~ l _ t _ i ~ n ~ J ~ c h h _ a r + c c e r i s t i ~ s ,  t q e t h e r  wI t h - s o i l  s - t r u c t u r e . p . r t l ~ I p a t o  
in>s~a.blls.h,iqg- che sol ll*atgr. p o o t  i a l  - i,a,. s o l  1  s u c t i o n  . - (Yong and 
t i  1  A case i n  point  i *  the s o l 1  s u c t l o n  study r e c e n t l y  
conducted on Hong Kong s o i l  showing t h e  e f f e c r s  of compos i t i on  on 
s o i t  s u c t i o n  and s o i l  fabr lc  (Yong e t  d l ,  1982). A t  p r e s e n t ,  tne 
behav iour  o f  t n e  unsa tu ra ted  r e s i d u a l  s o i l s  i s  b e i n s  i n v e s t i g a t e d  bo th  
i n  1 gbore t o r y  and i n - s i  tu cond i  t ions  by the Hong Kong Government and 
other I n t e r e s t e d  p a r t i e s .  

I n  p resen t  day technique,  rnc s t r m g t h  parameters ( c '  ,$ I )  

t o  be used i n  des ign  a r e  c u s t o r a r i l y  d e r i v e d  tran t r i a x l a l  corrprscrloo 
t e s t s  on s a t u r i t e d  samples us ing bo th  d r a i n e d  and undrained c o n d i t i o n s ,  
A l  t h o q h  the undra ined s i t u a t i o n  seems m5ul tabla for  H m g  Kong 
r z s i d u a l  s o i l s  due to t h e i r  r e l a t i v e l y  h i ~ n  p a r m e a b l l l t y ,  i t  1s s a w -  
t imes used f o r  comparison w i  t h  the d r a i n e d  trlts.  The cohbs lon I n te r -  
cep t  ( c ' l  eva lua ted  frm the d r a i n e d  t r i a r i a l  t e s t s  should ba the l w e r  
l i m i t  and hence c o n s e r v a t i v e  for designing the r l a p a  a n g l e  a t  m e  
p a r t i c u l a r  h e i g h t .  S o i l  specimens a r e  o b t a i n e d  mostly by the Maz ier  
sampler ( B e a t t i e  and Chau, 1976). The r e s u i t s  o f  t h e  t r i a x i a l  t e s t s  
a r e  norna l  l y  grouped accord ing  to the dry dtns l ty ,  standard p e n a t r e t i o n  
r e s i s t a n c e  and/or the degree of weathar lng observed i n  the ~ p e c r m t n l  M 
t h a t  r e p r e s e n t i t i v e  s t r e n g t h  parameters f a r  each roil stratun can be 
determined. I n  t h i s  manner, t h e  shear strmgrh tends to increara w l t h  
depth  which rep resen ts  the a c t u a l  bchavlour Y lnco tha degree of  
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weatharing dtcrearel u l t h  dapth. A l l  t r l a ~ l a l  tes t  re lu l  t s  i n  terms 
o f  e f fec t ive  stress are acc~nu ld r t d  in the p ' - q  diagram fro= w h i c h  the 
strength parameters for design are evaluated, usual l y by least-squares 
f i t t l n g .  

The most pronounced dl f ferenca in  c~nduc t l ng  t r i a x i a l  tes ts  
for  Hong Kong residual soils I s  l i k e l y  to be the slnqle-stage and mul t i -  
stage tas t inqprrxedurer .  i n  the s i n g l r - s t a g e t e s t s , t a c h  s o i l  sptc i -  
men I s  Subl tc t  t o  one assigned loadlng c m d i t l o n  u n t i l  f a l l u re .  
Several Tndlvldual r o i l  samples are sheared a t  d i f f e r e n t  ton f in lng  
pressures ta produce tes t  information f o r  in terpreta t ion i n  terms O F  
a M h r - C o u h b  envelope. I n  the . rnu I tp .s t~e  , tests, each samp l i s  
tested to f a i l u r e  a t  a constant conf in ing pressure s im l la r  to the s lngle-  
s tage  test.  a f t e r  rh lch,  l c  i s  reconsolidated under 4 higher confining 
pressure and shearing ir repeated. A series of 3 d l f f e r t n t  conPin1ng 
pressures ac t ing  on each Indiv idual  sample i s  normally used.-Th.q 
failure.cr!grigp,, f o r  ,each-stage 1s. control  led by -. t h e  maxjmum p r i nc i pa l  
stress r a t i o  ( o ; / o ; )  which Cdn norm1 l y  be reached .. . . s t  low s t ra l n .  
Typical ' i t ke rs -s t ra ln   relationship^ For mult i -stags tests are presented 
i n  F i g .  2 .  I n  general, there i s  no sharp peak a t  lw st ra ins  and 
streugth a t  high s t r s i n  i~ not determined p a r t l c d a r l y  i n  the f ! r s t  two 
stages 50 as t o  l i m i t  the degree o f  dlstortlon i n  th8  t e s t  sp%cim?n. 
The absence of any well-pronounctd peak In  t h t  i t r t 5 s - s t r a l n  rera t lon-  
s h i p  could imply that  

The aa ln  advantage of the mu1 t i -s tage tes t  i s  that  an 
' i d e n t i c a l '  sample I s  rested thrmghout the three stages whereas three 
d i f f e ren t  specimens a re  used i n  the single-stage test  to obtain the Hohr- 
Coulombenvelope. T k m u l t l - s t a g e  t e s t  Isadopted pr imar i l y  t o o v e r -  
c o m t  the h l g h  d q r c a  o f  m u o i f o r m l t y  inherent i n  Hong Kong residual  
s o i l s .  Houevcr. I t s u t f t r g  F r o n t h r  fac t  t h a t a w e a k  f a f l u r e p l a n e  
m y  develop fron t h t  p r e v l o u ~  stage r h i c h  w11I eventually lead to specl- 
men f e i  l u re  along that weak plhnt ,  reducing thereby the 1 lkel i hmd o f  
obtalnlng separate f a l t u r s  points i n  each stage o f  tes t .  For residual 
soi Is o f  which the true cohesion, I f  any, 1s d t r l v e d  predominantly from 
the weafherlng process of l t s  parent rocks, each stag*  of the mv l t l -  
stage t e s t  w i l l  reduce, I F  not dtstroy,  such cohtsion which i s  un l i ke l y  
to recover through c ~ n s ~ t i d r t l o n .  A carrect lon prmedure f o r  t h i s  
phenomarmn i n  the mu1 t l -3tage tes t  has been prowsad by Wong (1978). 

Several a t tempts  have been made t o  c l a r l f y  the m j o r  factors 
w h i c h  govern the shear strength behavlour of Hob9 h n g  residual so i ls .  
Sweemy and Robertson (1979) have show that s i q l e - s t a g e  and mu1 t i- 
stage tests y h l d  s l n l l a r  strength envelopes regardless of whether the 
conFinlng prcsmrcs o f  the f i rs t -s tage test*  are lower than or equal to  
in -s i  t u  s t r c s s ~ .  T h l s  I s  thwght to r e f l ec t  the j ranu lar  nature of 
the camp late1 y decomposed g r m f  t e  saraples tcs ted. Furthermore, tes ta  
conducted a t  the in-41 tu m t s t v r e  condif ion agree b e l l  w i t h  the test  
resul t s  o f  laboratory-satureted sampl as whlch seems t o  indlcdte t h a t 2  1 c~n-tt~ . .  b > ~ ? n . o f  !oil suct ion to I t s  shear s t f eng th  !n.fact.!ggl 1g i j l . t .  
There f s  also na significant e f f e c t  from the sampling procedure bctwtcn 
the Hazier and dry percussion techniques. 
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A typical p'-q  diagram prtsenred i n  F i g .  3 illustrates the 
res'ults o f  t r i a x i a l  t e s t s  under various dual conditions. i . e .  slngle 
and multi-Stage, draloed and undrelned. saturated and unsarurarrd. The 
d r y  dens1 t l s r  o f  hc specimens tested uere bemeto  94 and 100 I b/f t3 5 (1.5 and 1.6 n g / m  ) w l th  very low p l a s r i c l t y  indlces. ln  general. 
s;nglt-stage tests uslmg a s-11 range o f  confining prasrurca o f ten  
y i e l d  negativs values o f  cohtslon Intercept ( I f  derived by the mathod 
of least squares) whl l a  such a problem se ldm a r i $ e s  i n  mu1 t i -s tage 
t e s r s .  For s h a l l w  slope Fa i lu re ,  the srre*ses w l t h l n  the s o i l  mass 
are cunparr t tvc ly low and balm rhos* used normally i n  the t r i a x i a l  
rests comnst le l l l y  wa l l ab le .  Tho s t rength e m e l ~ p c  w i l l .  therefore, 
have to ba e%trapolatsd I n  accord w l rh  the d t r i gnc r ' s  judgment. 
Although i t  i s  custoRlrry t o  r e l y  on l inear  antrapolaclon, some w i l l  
adjust rha valu* of c '  t o  zcra and use s o  I suct lon (uA) instead. 
Several inwtst lgarlans r r 8  blng conducted to c l a r i f y  the shear strength 
behaviour o f  H o g  KDng residwl s o l l r  In  the low st ress  range in  addi- 
tion to other Factors such as th4 influence o f  r e l i c  Joints. stress 
r e l i t f .  c t c .  I t  appears f r o m  the p ' - q  diagram Tn Fig. 3 t h a t  
d l f ferent t a r t  lng procedures seem to have only a s l  ighe e f f e c t  on Uong 
Konq residual m t l s .  

Frmn the prtcedlng discussion, I t  i s  obvrous that  se l t c t l on  
o f  strength paramters for nong Kong residual so i t s  depends mainly on 
"anglneerlng judgment". I n  ordmr to uchleva the requ Ired factor  o f  
safety of  I . 4 .  4 vrall change in the coheslon Intmrcept or  the so51 
s u c t l ~ c s n s l g n t ~ i c s n t l y  a f f e c t  c h e f l n a l  daaign. Inconsequenct. 
s c n ~ l t l ~ i t y  ana l y~es  are often conducted by varying the strength para- 
matars. Such an approach ackrwnrlrdger the f a c t  that  the theoretleal 
factor  of ia fa ty  agalnst slope Instability I s  not an exact value - as 
specl f led by cu r ren t  requirements. 

Groundwater - Perhaps the derlgn I n g r t d l t n t  r h l c h  Is tha w s t  d i f f  I- 
c u l t  to  a t t a i n  i s  the rcprasentatlva greun&atbr level to be used in the 
analysis. U h l l s t  s u b ~ o l l  condit1ons can be l den t l t l ed  by s l te  Inves t i -  
gatlor. and i t r ang th  parawtars for dts lgn can bO found t o  vary w i t h i n  a 
narrow range, groundwater can change drast1caI ly depending on rainfall 
int8nr i ty /durat Ion and local gealoplcal structures. Ourlng the dry 
season, groundwatw i s  o f ten  found to be near the Inter face k tween the 
i n * s l t u  soZl and the bedrock. Thls leve l  w i l l  r l sm and f luc tuata  
considerably In the r a t  season. I t  b s  been reported char a r i s 8  i n  
groon&ater lwei up to 40 f t  (12 m )  occurred as a rtsul t o f  r t r o p l c r l  
storm I n  on. I x s t l ~  whi I s  t another p l c m e t e r  located nearby recorded 
only 10 f t  ( 3  m) i s  (Smrney and Robertson, 1979). 

A s  th8 s o i l  p r o f i l e  i s  mul t l - layered i n  na tu r t  4 s  a resu l t  
o f  d l f f c r t n t  waathrring a c t l v l t l e s  and geotogical or ig in ,  i t  i s  
poss lb l t  that a parched water table m y  a x l s t .  p l r k l c u l a r l y  during 
i f  i a With th is  In  mind. rm, plezwwter r  w i  l l srrmecimes 
be T n l t r l l c d  i n  the lama d r l l l h o l t  but a t  two d l f f e r c n t  leve ls  near the  
interfacer betwacn v i r lous  subsol1 strata. I t  Is s t i l l  d l t f f c u l t .  
hwev t r .  t o  ldenr i fy  a p0t.ntI.l inparmaable layer wl th in  th*  residual  
s o i l  m a n t l e  s ince  a l l  t e s r e d  vaTues of p e r ~ e a b i l i t y  ( laborarory o r  f i e l d )  
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produce resulrs di rh  t k e  same order  o f  magni cude. Consequently the 
piemneterr  are mon i to red  c losely w i t h  special frequent readings during 
periods of heavy ra in .  An autanatlc piezcwneter-monitoring system Is 
somet imes used t o  provide continuous readings. In  general. any s x i s t -  
ence o f  ptrcked groundwar8r Is d i f f i c u l t  to prove although slope f a i l u r e  
due t o  the presence of an i so la ted water table i s  not  unc-n. For 
safe design. the p e r c k d  w t c r  level  I s  a lways assumed where appropriate 
alrhough i t s  hydraul le head i r  subjective. Tkegroundwater level  
behind a slope face I s  sumtlmes cont ro l led by i n s t a l l i n g  h o r i z m t a l  
d r a i n s ,  occar lonaf ly w i t h  ve r t i ca l  calssons f i l k d  w l th  f i l t e r  material.  

Based on general abscrvatlons that the groundrater table 
r i s e s  d u r i n g  the wet season. i t  I s  curtormry to cs tab l lsh  the mrimum 
aroundwater level mn i t o red  durina the wet season 8s the base l ~ v t l  in  
design.  A cerraln r i s e  Is then i d d t d  I n  accordance wl th tha s t a t i s t i -  
ca !  r a i n f a l l  r e t u r n  perlod requlred (normally I i n  10 year and t i n  
1000 year) as recmnwnded by Beatria and Chau (1976). 

The w u n t  of such r r l s e  I s  1wct3rsts assumed to be equal 
to t he  d e p t h  of the wetting band dcsc*nding f rm the cwis t lng surface 
to  the base grounduattr level.  This depth 1s calculated by che simp- 
l i f i e d  express ion  proposed by tumb (1975) as f o l l w s :  

w h e r e  h = depth o f  wetting front, k - coe f f l c len t  o f  permeabil i ty, n = 
p o r o s i t y ,  5, - i n l t l a l  degree of saturat ion, Sf = f l n a l  d e g ? e ~  of 
saru rac ion ,  t - d u r a t i o n  o f  r a i n f a l l .  

The r l s e  i n  t h e  groundwater leve1 !s o f t e n  assmed to be 
1 n fnr the I i n  10 year  s torm (required F a 1.4) and 3 m f o r  the 1 In 
1000 year storm ( r w u i  r t d  i 1.12 ) .  Suck an appr~ach  Is general l y  
accepted. where possib le.  although i t  i s  not s t r i c t l y  f o l l omd .  This 
i s  due t n  the obvious d w b t  cmcernlng the advance distance o f  the w e t  
f r o n t ,  i . e .  whether o r  not i t  i s  physically equal to  the r i s e  i n  the 
groundwarer table. In a specla1 situation o f  ' d r y '  slope, a d i f f e r e n t  
approach w i l I  have t o  be considered to account fo r  the v a r i w a  s t o r m  
return per iods. 

POSSIBLE M001F#CAT10M I M  CURRENT APPROACH 

I t  would appear fran the preceding d i s c u s s l ~ n  that a 
r i g o r o u s  assesstunt of Slope st .b l l l t r  in unaaturattd reridual so i l 5  i s  
excrcmel y cornpl ica t td .  Apart  frm tho problems in  esrabl lshing 
s t r e n g t h  parameters and groundwater charac f t r i s t l cs ,  an analy t ica l  m d e l  
ui t l have t o  be developed t o  rake in to  account rha ef fects  of  scasonll 
change i n  5 u b 5 ~ l l  moisture p r o f i l e  caustd by both cmplert r a i n f a l l  
p a t t e r n  and g roundua t t r  Fluctuation. To achlevt  this .In. one would 
have tu undersrand the real  mechmlsms lnvolved i n  such J 8l tuat Ion.  
A typical  s u b s o i l  p r o f i l e  O F  a c u t  slope In uns~turmmd rc~ldual s o i l s  



shown g r a p h i c a l l y  i n  F l g u r e  5 ul!l genera lyy  c o n s i s t  o f  four d i f f e r e n t  
zones. The top lone where i n f i l t r a t i o n  i s  a c r i v e  d u r l n g  r a l n f a l l  
fo l lowed by evapora t ion  undergoes r u b s r a n t i r l  changes i n  I t s  mo is tu re  
content throufhout the depth o f  the w e t t i n g  f r o n t .  The n e x t  layer  i s  
t h e  e q u l t i b r 1 u m  zone where s l l g h t  changes i n  m i s t u r e  c o n t e n t  w u l d  
occur  u n l c r s  the  m c t i n g  from-r advances much f u r t h e r .  Above t h e  
g r o u n d ~ a t e r  t a b l e  i s  the capillary zone where the degree of s a t u r a t i o n  
i s  l i k e l y  to be f l o s s  to s a t u r a t i o n  due to c a p l l l a r i r y  and f l u c t u a t i o n  
of the grourrdwater. The Four th  zone i s  tk saturated sal l r t r a t m  
underneath tho  groundwater table which develops p o s i t i v e  parewater 
pressure.  Under a prolonged r a i n f a 1  l I n  which the w e t t i n g  front can 
advance to a g r o a t  depth, any r l s e  i n  groundwater l e u e l  due d l r e c t l y  to 
i n f i l  t r a r l o n  of  r a i r m a t e r  f rom I t s  i m e d l a t t  v i c i n i t y  w i l l  depend 
p r i m a r i l y  on th4 t h i ckness  o f  the three zones above the  groooduar t r  
l e v e l .  I t  mlqht be p o a a t b l t  t ha t  once the w t t i n g  F ron t  reaches t h e  
top of the c a p i l l a r y  z m  which should be near satutstioe duo to h i g h  
s u c t i o n ,  t h e  g r o u h t o r  t a b l e  n l g h t  r l r a  a b r u p t l y  to t h a t  l t v e l  if the 
r a i n  i s  cont inuous. The amount of r i s e  w l l l  depend m a l n l y  on the 
i n f  i 1  t r a t l o n  r a t e ,  the flm v e l o c i t y  o f  the groundwater, the g e o l o g i c a l  
s t r u c t u r e .  the r a i n f a l l  i n t e n s i t y  and duration. 

I n  the simp1 i f  l e d  m d e l  deumloped by Yong e t  a t  ( 1 9 8 2 ) ,  
s a t u r a t i o n  zones l ead ing  to changes in  s a i l  s t r e s s - s t r a i o  behaviour 
have been us84 i n  the calcul . t l0n procedures for slopd s t a b i l i t y .  I t  
i s  understood that the m r e  s o p h l s t i c a t t d  a n a l y t i c a l  model wi t l  need t o  
f n c o r w r a t e  c-1 l c a t i n g  I JYY~S and s i  t u a t l o n s  In the subsol  1 p ro f  l l a  
a s  shcun i n  Figures 4 a n d  5 .  Should t h e w o r r t c o n d i t i o n  b e d e s i g n e d  
f o r .  i . e .  h ighes t  groundwater l e v e l  a%Poclattd w i t h  f u l l y - ~ t u r a t e d  
mant le  above. t h e  r t w l t  would be v e r y  conswvat ive and unecanonicat .  
Thus, there Is c t r t a l n l y  a need to underltand the b thav tour  of unsatu-  
r a t e d  s o i l  from the s l o p s  stability p i n t  of  view. 

I n  tbrq l[ong where f a i l u r e s  o f  $loper are closely r e l a t e d  
to r a i n f a l l ,  several at tempts  have been mdo to  form an a p p r o p r i a t e  
a n a l y t i c a l  model f o r  as resa lng  slope s t a b $ l l r v  l n  such a manner. One 
o f  these 1s t h e  customary approach which aslumcs a cerratn r i s e  i n  the 
groundwater l e v e l  according to the s p e c l f i t d  s torm r e t u r n  per iod.  
However, I t s  r p p l i c e b i l l  t y  i s  r e s t r i c t e d  to  s lopes w i t h  groundwater 
w i t h l n  t h e l r  l m c d i a t e  v l e i n i t y ,  For 'd ry '  s lopes in  u h l c h  g r w n d -  
w a t e r  doss n o t  e x i s t  or i r  located a t  cona lderab le  depths bala* the 
s l o p e  raca, such a ~cthad would imply  t h a t  the s lope s t a b i l i t y  1s 
independent ef r a l o f a l l ,  obviously a d w b t f u l  concept un less  a!I i t s  
exposed su r faces  a r c  t o t a l l y  covered by an Impervious l a y e r .  F u r t h e r -  
more, the r i a 0  i n  g r w n d w a t t r  l e v e l  due d l r e c t t y  to  i e f i l t r a t l o o  of r a l n -  
water  r e q u l r t s  t h a t  tka w t t t l n g  f r o n t  reaches the o r i g i n a l  groundwater 
l e v e l  a t  a fas ter  r a t e  than the groundwater f l o w  v e l o c i t y .  Shourd the- 
shear s t r e n g t h  o f  the r e s l d u ~ ! , ~ s o i ~ ~ . w ~ ~ h l , p  (he wet t - i f l g  band d r o p  !.?.+ 
t&-;di=--cbi G " l d  cause Ins tab1 llty, the s lope  would fa1 l before any 
r i s e - i n  groundwmter could take pliFL: I n  consequence. I f  such a model 

-. - .... . - 
I5 used togarksr w i t h  no"-zero Soi 1 s u c t i o n ,  1 t wnuld Imply that t h e r e  
remains soms r o l l  s u c t i o n  w l t h l n  the w e l t i n g  band wh ich  would h e l p  i n  

s t a b i l i z i n g  the s lope  o r  o t h e r w l l t ,  t h e  r i s e  I n  g r w h a t e r  83 not 
caused b y  d i r e c t  I n f i l t r a t i o n .  
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Ft0.5 - Typical Profile of Moisture Content Variatlon in Unsaturated Soil 



$red-??.. . the cv?? i?&'~_I .e .d~ l?a  r r h c  5 5 % ~  2 t L e - q t h a  nd 
t h e  so i  1 s u c t i o n  O F  a?  unsaturated 5 0 1  1 decreases w i  rh  i ~ c r @ a s j . n g - r q i $ i  - - . - - - - -, - -. -. . - - . . . . . . - . . . . - . - 
t u r e  s e n h  t w e t h e r  w i t h  the a v a i l a b l e  m a n s  f o r  c a l c u l a t i n g  the 
advance of rat t ing f r o n t  (Lumb. 1361; Uong and Yong. 1973). i r  i s  
vosslblt to form an a n a l y t i c a l  m d e l  capable O F  de te rmfn lng  the r a i n -  
f a l l  l n t t n s l t y  t b t  would wusr s lope  F a i l u r e .  The s h t a r  s t r e n g t h  o f  . .- 
Hang. .brig r e s l c f f a l  soi l s has been demonstrated to decrease w l  rh hire - '  - - . - _. 
a?.ing4w,r3g_sf i & r a  t i on  a n d  the c a e s  h n  _cnu_ld d r o e  to. zsrp wh.ep 
f u l l ~ . _ s & t u f . a t c d  (Lumb, 1965). Thus I t c a n  b e p o r t u l a r e d  t h e t t h ~  --  
s h t a r  - . - i r r e a t h  - -. -. of . - t h e  . . unsa tu ra ted  s o i l  w i  t h i n  t h e  w t t l n g  band I s  - . 
decreased as a resu! t of h ieher  mo is tu re  c o n K w h i c h .  .- I n  tu rn .  
! n . w a ~ s  .rhc deq,cr'rsqturat l o n  s1oce v-ojume chBoge due to w e t t  Tng 
f~t.ng-Kp.mg s o j ! s , ~ h o u l d  be smal l ,  Wi th  such a hypothes is .  the -- 
slope s t a b l  l i t y  d u r i n g  r a l n f a l l  can be e a r l  l y  assessed. ThTs approach 
has been p r w n e d  br  Lunb (1962) b u t  r a r e l y  used In routlne des ign.  
obv ious l y  dur to t t e  une lear  In f luence  o f  dl rec t  r a i n w a t e r  inf i 1 t r a  t i o n  
on  s l w e  s t i b l l l t y  wh lch  has y e t  to  be v e r l f l e d  through d e t a l l e d  f i e l d  
s tudy .  F u r t h c r w r s ,  such an approach w i l  1 have to be m d l f  i c d  to c a t e r  
f o r  t h e  b e h a v i m r  of groundwater f r t q u e n t 1 y  observed d u r i n g  t h e  w e t  
season. 

I t  Can be concluded t h a t  there are two d i f f e r e n t  win ions 
regarding the made o f  slop. f a l l u r e  i n  Hong Kong r e s i d u a l  s o l l s ;  -one . 
a*.s+-s t h q t . f a [ l u y s  i_s t a u s .  b y f l s i n p g r o ~ ~ u a b ~ n d r h e  o t h a r  
by saturation of  the top s o i l  mantle due t o  r a i n w a t e r  l n f l l t r a t i m  w i t h -  

. . 
~ G t l ~ r o d u c i n g  - .... L.. , . . .A ... p o s l t l v F ! 4 y d i a ~ l l c  , prtssureT- In b r a c t i c e .  both modes o f  
-fiilure a r e  f n c o r ~ r ' a t T d ' l n  ihe des ign  by using shear srr tngths  O F  
s a t u r a t e d  speclmcns for the unsaturatad zone and s s a l i n g  the c x w s t d  
sur faces w l t h  an l m p e r v i o u ~  l ayer .  I n  $am casms such a s  n a t u r a l  s lopes 
or grassed s lopes,  l n f i l t r a r l m  c a n r a t  be c o r p l e t e l y  prevented,  Hence 
the . . . effect . . . . o f  . i n f i l t r a t i o n  . on s lope  . .. s t a b i l i t y  s t i l l  . . . remalns . . . . . . to  . . be . solved.  . . .- 

To cmparc the v a l l d l t y  O F  these cw analytical approaches, 
the factor  of s a f e t y  o f  a dry s lope  s tand lng  a t  5 5 O  and 33 f t  0 0  m) 
high w i l l  be c a t c u l a t a d .  For slmpllclty. t h e  b u l k  d n s i r y  l y )  and the 3 aogl4 of f r lct ion I+')  a r e  ktp t  constant a t  125 l b / f r  ( 2 . 0  ~ ~ f r n 3 )  and 
35O r e s p e c t l v a l y .  The s l o w  I s  c u t  i n t o  a thlck mant l  g of dccmwred 
g r a n i t e  w i t h  a p e r m t r b i T i t y  o f  2.5 x 1 0 ' 5 ~ f t / s  (8  n 10' r n .  The 
C O ~ ~ J ~ M  I t 1 )  1s 4HUICd to k 0.4 k i p l f t  (19 kPa) w h i c h  cou ld  be 
c o n s l d e r t d  4s 4n fntagratlon of two p h y s l c e l  components. rhe t rue 
cohts1on c a 0 2  f 2  (10 kPa) and the apparent c&c%ion  ( c l )  of 5 0.19 k l p i f t  (9  kPa) due to mil  s u c t i o n  (u*) of  0.27 k i p / r t 2  02.d kPa).  
Thc va lue r  of c '  and u* u l t d  h e r e l n  a re  the upper l l m i t s  f o r  loose 
decmwsrd grant re  often adopted for  s lap*  des ign  In Hmg K o q .  1 t 
s W l d  be noted that the foctor of safety fo r  the d r y  c m d l t i c n  IY 1.4 
w h i c h  nett$ t h e  c u r r e n t  requ l  remtn t .  In othar words,  combining the 
upper l l m i t s  of cohes lon and s o i l  suction wl l l r e s u l t  i n  a Slow 
s tand ing  O t  10 m h i g h  w i t h  a maxinun a n g l e  o f  5S0. Although s lopes 
of such d lnens lons are c-n i n  m~lg Kong. p r e v e n t l u e  w r k s  w l l !  
norma l l y  b8 r e q u l r e d  t o  meet  currant  S tand i rdJ .  

T w o d e s  o f  f a r l u r e  a r c c o n s i d e r e d  h e r e i n .  F i r s t  by 
assuming t h a t  t h  . cohes . - - . . . ion - . JC ')-drops ro zero w i t h i n  t&.,wettiflg, b ~ n d  



i -  wh.1-lh .the I i s  f u l l y  s a t u r a t e d ,  t he  f a c t o r  o f  s a F r r y  can t i r cn  oc . . . . . . . . . . .  
c a l c u l a t e d  as  a f u n c t i o n  o f  tha depth  o f  the w e t t i f i q  f r o n t  ( h ) ,  The 
r e s u l t  s h m ~  i F i g u r e  6 w a y  based  o i  the i t d b ;  I i :y c h a r t  for d r y  
5looe5 preoared by ~ o v k  d ~ d  Brdy ( 1 9 7 7 )  and tne average cones io~  w a s  
approximated d s  ( ( t i  - h) /H)  c ' .  The second mode considers that the 
5oi l s u c t i o n  u: o r  the  aoparant conesion ( c i )  i s  reduced t o  zero by ' 

rhe w e t t i n g  f r o n t  w h i l e  the t r u e  cohes io r  (c;) i s  u n a f f c c t t d .  The 
f a c t n r  o f  s a f a t y  was then c a l c u l a t e d  the s a w  manner u s i n g  fhc  
average c o h e s i o ~  as c '  + ( { H  - h ) / ~ !  c ; .  

t 

Tnv r e s u l t a p t  f a c t o r  of ~ a f c t y  5 k w n  i n  Figure  6 e x h l b l t s  
:he sensi  t l v ;  t y  :o t n a  advance  O F  rainwater l n f l i t r a t l o n  aa w w l d  
r o r r a l i y  be expected.  The s lope ,#uld f a l l  when the v e t t i n g  F ron t  
pene t ra tes  re a c r i t i c a l  deptn  and. on i t s  path. causes severe r t d u c l i o n  
i n  t h e  shear s t r e n g t n .  Tne m o s t  c r i t i c a h  ~ l f u a t i o n  occurs when t h r  
conesicn L C ' )  i 5  c o m p l e t e l y  dest royed and the f a i l u r e  of the clopm I s  
Imminent i f  ra inwater  inf i l t race5 about 6 m I n t o  the s o l  l mant le.  Should 
there be no perched water  rab:e w i  thln thc s lope.  f a t l u r e  w u l d  be 
t r i g g e r e d  by i n f i l t r a t i o n .  n o t  r i s l n g  g r o u r d w a t t r  and t h t  s o i l  m a s s  
w i t h i n  t h e  wet t ing band would f a i l  g r a d u a i l y  f o l l o w i n g  the advance o f  
t h e w e t t i n g  Front.  On t h e o t h e r h a n d .  -. - .., I f  ............. the t r u e c o h e s i o n  ( c t )  e x i s t s  .... . .  ... 
infilrrarionalonec~ldnotcauseslope instability. I n  t h l s c a s e ,  
Chere -w i ld  be no need t o  p r o t e c t  the slope w I t h  an impervious layer;  
grass ing  should  bc adequate. 

To c a t e r  for  t he  c o m n  o b s t r v a t i o n  i n  Hong Kong tha t ,  
d u r i n g  any severe ra ins to rm,  many s lopes f a i l  w h i l e  o t h e r s  s t l t l  stand, 
the proper  a n a l y t i c a l  wthod  s b u l d  be a b l e  to determine the r a 1 n f a l  I 
char could cau5a slope fag lu re .  Th is  can be ach loved once t h e  r a t e  o f  
; n f i l t r d t i o n  and i t 5  e f f e c t  on the shear s t r eng th  tan b t  c o r r e c t l y  
desc r ibed .  f o r  the purpose o f  i 1 l u s t r a t i o n  here ln ,  e q u a t h n  (4) can 
be , ~ r i r t e n  as v - k/(Sf - So) n,  where v = r a t e  o f  I n f i l t r a t i o n ,  and 
used by adopt1 ng the f a1  lowing parameters: k = 2.5 x 10-5 f t s  (8 x 10-6 
n ' / i ) .  Sf  = 1 .  So = O.75, and n  = 0.4.  Prov ided chat continuous t a i n -  
f a l l  p r e v a i l <  such t h a t  water p e r c o l a t e s  i n t o  t h e  s o i l  mars u n i n t e r -  
rup ted ,  the r a i n f a l l  d u r a t i o n  which i s  c r i t i c a l  to s lope  stability can 
be assessed as shoa~n i n  F i g u r e  7 .  

I t i 5 w i d e n  t tha t  the; &rat  [~c-of min_fa!j ._coc2jd_efIa_b_!y 
a_ffec~sfhp_,slow . . . . . . . . .  5 t a b i l l t y .  .-. ... I f  the r a i r w a t e r  i n f i l t r a t i o n  does reduce 
thb  cohesion o f  [k t  soil t o  a negl  i g l b l e  value, the c r i t i c a l  r a i n  dura- 
[ :on r o u l d  be about 20 hours o r  a to ta l  r a i n f a l l  o f  about  23 i n  (580 mn) 
! c a l c u l a t e d  from t h e  sa tu ra ted  parmeabITI ty k, be ing  t h e  l i m l t  o f  the 
infiltration r a t e  v) w h l t h  i s  v e r  severe empared w i t h  the a w r a g c  
annual r a l n f a l  l o f  80 In  (2000 m m r .  Under such a ra ins to rm.  rnany 
slopes would f a i l  by d i r e c t  r a i n w a t e r  i n f i l t r a t i o n .  I n  the case of the 
non-zero t rue  coher Ton, more severe r a i n s  toms would be  necessary ta 
cause s lope  i n r t a b l l l t y .  Obviously. I n f i t t r a t i o n  w i l l  cause slope 
f a ;  : u r e  be fo re  any groundwater r i s e  i s  poss lb lm w r t i t u l a r l y  when t h e r e  
i s  no inperv ioua  l a y e r  present.  

Frmn the p r a t e d ;  ng discus5 i o i ,  the fol iowinq observa t ions  
can be made: -  
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FIG.6 - Effect of Rskwater inllltration on Factor of Safety 
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1) The a n a ) y t i c a l  approach for design should be re leered  by 
cons lder i nq the ac rua l subso i l  cond i t i oms emoun tered. 
Routine apuroaches should not be used witkour reservat ions 

2 )  For dry uni form slopes, f a i  lure w o u l d  ba induced by 
d l r e c t  rainwater i n f i l t r a t i o n ,  rot be r l s l n g  proundratet .  

3 )  I f  there i s  no true cohesion, o r  i f  the apparent cohesion 
I n  the near-saturation s t a t e  w i t h i n  the uetting zone is 
extremely low. [hen i n f  i l  [ r a t i o n  .xi  l l  cause slope fa i lure  
p r i o r  t o  any r i s e  i n  groundwater. 

) I f  thart i r  a substantla1 8 ~ u n t  of  true coherton. both 
Infiltration and r i s .  In qrpun&ater ,  i f  uosslblt w l l l  
have ta be wosldcrcd.  

The prob1ems of slope s t a b t l i t y  I n  Hony Kong residua7 soils 
ar lsa  from the fac t  chat many slopes have fa l ied w h i l s t  others survlve 
through slrnilar periods of ralnfall or stern. Al thouqh I t  i s  obvious 
that  s lope  failures are closcly r s l M i a t t d  w i t h  r a i n f a t  +. the ac tua l  
nwde of h i l u r m  Is 1t1Il unclear. Slope l n ~ t ~ b l l l t r  could ba caused 
by d i rec t  r a i w t a r  i n f l !  t ra t lm ,  thereby Increaslng the par* Prearura 
and/or ra ln lng  the undorlylng grwndwmt8r level. Y I t h w t  undarstanding 
such a rnechan l~~ ,  only c m s t r v a t t v e  design approaches can be 4do0trd. 
To be realliric, tach slop. b s  to h anrlysed i n d l v l d u a l f y  according 
to the probable mda of  frl lurm uhlch In turn depends on the l u b ~ o i  1 
condi t ions.  flu rwtlw design approach s b l d  br used only when 
appropriate.  Undwbtcdly th*  bthavlour of  unsaturated residual soils 
upon mrrlal or full saturation need to be s t u d f e d  Further.  

The authors wish to t b n k  the Partners o f  Scott Wllson 
Kirkpatrick S Partners for pcnlss lon to quote t r i a n i a l  test  data 
presented In  t h i s  paper. 
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STABILITY AllALYSlS OF UNSATUMTEO SOIL SCOPES 

This study u t i l l r r m  tk f f n l t a  el-nt nathod far a w l y # l s  
a? the stab4 l l t y  or an unsaturated a o l l  slope where c o n s l d t r a t i o n  I s  
g l w n  to the effect of changes i n  the rol l  m l s t u r a  r a g l w  in  viaw of 
i n  I To a1 low for rainfall e f fec ts  on the s lops,  tha r n a t y s l s  
taker l n t o  c ~ n l l d c r a  Lion the p c r c o l a t l o n  o f  r a i r m t e r  f ra tho I w s e d  
r a i n f a l l  - w l  th a s s d  asslgnrntnt of s a t u r a t l o n  (mtJ p s n o t r a t l o e  l n t o  
:ha l o l l .  Since tha I n f I k r a t l n g  rainwater wll1 treat* t rannlmnt 
mlsturm rqIrw,  the s o l u t i o n  to the problem o f  stab11 l t y  must connldar 
chang8s In t h e  dapraa o f  s o i l  saturatlon and t h e  assoclatcd ~Aaf iqaa I n  
the stress-strain r a l a t t o n s h l p s  of  the a f fec ted s o i l  rcpimr.  

The t l c h n i q l ~  u t l l l r c r  d r e i a t f o n s h l p  ktween so11 s t r a n g t h  
and dagrec o f  s a t u r & t l o n  and the l q l u b m t a t l o n  o f  tIne l n c r r m n t m l  
s b l u r l w r  prarsdurm, g l v t n  In  kerns of  changlng saruratfon zmcs with 
tlm. m l s  a l l o w s  ont re n u r t h  do*nmordr and 4 1 5 0  Inwards frm the 
51- to a c c d a t a  chnst r  I n  the m i l t u r .  rcplme and the a r s o c l i t e d  
chmrqas In  sol l setass-s t ra  I n .  

Tka solutions should show p a t t e r n s  o f  s o i l  r l m c n t  s t r a l n  
dtmtr8ss w l t h  tk* penctrrt lng i a t u r ~ t l o n  front v h l c h  a l l c w s  Tor an under- 
standing of the d t u a l o p l c n t  of slop. s t a b l l l t y .  

A vary pran lnent  c h a r r c t c r f s t l c  of res idua l  s o l  13 found I n  
t ropical  c l  lmstes I s  the l ack  of conplat. s o t u r a t l o n  o f  such so1 1s. 
Because o f  t h e  l n l r l a t  u n s a t u r a t d  stat., i t  Is rot uric-n for the  soils 
to  lose i t r a n g t h  r a p i d l y  u r n  furtkar w t t i n g  to sa tu ra t ion .  T S  c-n 
b c l l t T  Is t h a t  the h i g h  nagatlv. par. prasrurc*  which t n i s t  i n  tkese 
so1 1s i n  the unsaturated i t a t e  p d u c m  rosu l  cant strengths which becont 
p m g r e ~ s I v a I y  reduced a s  wpter content 1s increased. When this mcurs. 

' ~ l r c c r o r .  Ceetachnfca l Rcscarch Centre and W i l l  lam Scott Professor OF 
C i v f l  E n g l n r t r i n p  and h p l l c d  ~ n l c r ,  r O c G r l l  U n l v c r s l t y .  M n t r e a l ,  
tanada . 

2 ~ r o f e s s l o n a l  Research Ass is tan ts ,  Csorechn;a l  Rerearch Cenrre, HcCi  l I 
Univers l rv ,  M n t r e a l ,  Canada. 



d u r i n g  r a  i n5 torm seasons. the water content cont inues to increase - due 
t o  infil t r e t t o n .  p e r c o l a t i o n ,  e t c . ;  shear s t reng th  decreases and 
na tu ra l  l ands l ides ,  mud f lows, and general slope fallurms can occur i n  
i n i t i a l l y  metastable slopes. 

In  t h i s  study,  the problem o f  p e r c o l a t i o n  o f  ra inwate r ,  or 
i n f i  l t r a t i o n ,  i s  considered by assigning s a t u r a t i o n  l e v 8 l s  to the sub- 
s o i l  i n  the slope under onwr inat lon.  T h a  i n t e r e s t  i r  t h i s  p a r t i c u l a r  
study I s  not so much the accuracy I n  mdalllng r a i n t a l l  and i n f i l t r a t i o n  
but the use of a simple W a l  of - 1 1  ratvratlon level and asrorlated 
development of soil InstabllIty b a u s m  of  th d c t c r l o r r t l o n  i n  so11 
s t reng th  - lead ing to slope f a i l u r e .  

To prov lde l n p u t  for anal yscr, t k  s t r e s s - s t r a i n  rusul t s  
obtained frcn c ~ l v r n t l o ~ l  t r f b x i i l  testing of an i n i t i a l l y  unsaturated 
res idual  so i l  Frorr South A f r i c a  (&tafnrd from docanposed gran l ta) Here 
used. T h 4 8 o i l w s  a y e l l o w f s h - b r w n  s i ~ t y c ~ e y w l t h d l s t l n c t l ~ p s  
o f  i to  it In .  (1.0-3.0 m). Tho p r o p e r t l t s  o f  tha soi l  mrt .I 
f 0 l  I N S :  

Sprclflc G r a v l t y  - 2.71 
Natura l  Water Content - 19.58 
l i q u l d  Llml t  - 33% 
P t a s t i c  t l m l  t - 15.5% 
Density - 112.5 p c f  (18 KH/UI~) a t  1OW s a t u r a t i o n  

The g r a i n  size d l s t r i b u t l o n  i s  S h a m  In Flg. I and tha 
t y p i c a l  s t r e s s - s t r a i n  wrvas o b t a l ~ d  for the rollw. backprmsnurod to 
F u l l  sa tu ra t ion  fo r  tk8 th ree wnl ln lng ccll prcalur8r. arm s b  i n  
F i g .  2 .  I n  the absent0 o f  "accepted" Concensus Ter p a r t l y  smtu ra t rd  
so i i  shear strength r e r t l n g ,  i t  was f e l t  that i L  L U J ~  t h l s  t ~ h n l q u e  
of reference f u l l  saturation r t r a n g t h  m l d  be us*ful slme thtr 
presunably represents t h e  ' k a k e s t "  strength.  k t *  tha t  t h e r e  1s 1 
l a rge  d i f f e r e n c e  b e t w o n  tho peak and r r s I d u a l  s t reng ths  for  a1 1 the 
samples tested. 

r t i s  use fu l  to obscrua t h a t  ths a p p l i c a t i o n  o f  the F l n l  to 
eleqent ana lys is  k s  mt requird i n w l v n e n t  o f  tho C and $ p a r m a t e r s  
associdrcd w i t h  the k h r - k u l o n t r  f h I  l u r e  criterfon,  This p o l n t  ba-s 
p a r t l c u l r r l y  Inpor tan t  whn t h e  u n m t u r i m d  mil strength of t h  matarla1 
i s  considered. f ~ r e p p l l e a t l o n 8 F  t h e 9 t r c r s - s t r ~ i n c u r v e s  (&ta) to 
analyses. the tm t-n r m t b d s  used for i l im la t l on  of  t k  data a r e  
(a )  d i g i t a l ,  ana (b) f u n c t S a ~ 1 .  I n  the formtr, the s t r e s s - s t r a l n  
curves a r e  reprksented by coord inate  pairs o f  p o i n t s  which are than used 
a5 i n p u t  i n t o  the c w u t w .  The po in ts  on the curve a r e  chosen a t  
appropr ia te  p o s i t i o n s  to p w m i t  c a l c u l a t l m  of the t rngant  d u l l  
requ i red i n  the  f i n i t e - 8 l c m s n t  method. 

I n  func t iona l  form, the  s t r e s s - s t r a l n  curve i s  represented by 
a mathematical func t ion .  T h i s  technique requ i res  one to spec i fy  a 
func t iona l  form which can c l o s e l y  represent the actua l  s t r e s s - s t r a i n  
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curve. Since t h e  Stress-strain curves of t h e  s o i l  shown i n  F ig .  2 
e n h l b i t  a s l g n i f i ~ a n t  s t r a i n  so f ten ing  e f f e c t  w h i c h  i s  n o t  convenient ly  
mathematized, a d i g i t i z e d  form for representat ion o f  the s t r e s s - s t r a i n  
curves would be more a w r o p r i a t e .  Consequently t h i s  s t u d y  uses a 
d i g i t a l  form of representat ion w i t h  smal l i n t e r v a [ s  t o  reduce the e r r o r  
i n  calculation of the values of tangent moduli and the values o f  s t r e s s  
or s t r a i n  which l i e  between p o i n t s  a t  which the values a r e  d i g i t i z e d .  

For c o m u t a t l o n a l  purposes and appl  lcat lon,  the d i r e c t  
l t e r a t l o n m e t h o d  wasused. To I t l u s t r a t e  t h e p r ~ t d u r t ,  t h e  following 
steps were taken: f o r  the f l r s t  f t e r r t l w r ,  t h r  t r f a l  value of i n i t i a l  
tangent m d u l u s  chosen c a l c u I a t e ~  a prlr  of stress-straln valuas a t  the 
f i r s t  i t e r a t l o n .  A c k c k  i s  made to CEdnparc tho r e s u l t s  u l t h  the 
s t r e s s - s r r a l n  r e l a t i o n .  I f  a large d l s c r t ~ n c y  Is observed, a second 
i t e r a t i o n  1 s  s t a r t e d  w i t h  tk stiffness va lue  equal t o  t h e  slops of  the 
chord jolning the o r l g i n  and the endwlnt of f l  r r t  1 t c r a t i o n  s h w n  
i n  F ig .  3. The procedure i s  repea led u n t i l  the difterance obta lned 
i s  r i t h f n  the a l l owab le  valua. Th is  procedure 1s ntcassary  because of 
the d i s t i n c t  s t r a i n  so f ten ing  nature of  the s o i l .  

I n  t h i s  d i rec t  iteratlon nothod. u h l l m  convergence OCCUrJ 
relatively fast .  the r a t e  o f  convergence s t i l l  depmdl on the I n i t i a l  
t r i a l  v a l u e  of the t a n g m t  mdutul I n  tha f i r s t  r t a r r t l o n .  The bscter  
the f i r s t  apprmlmat lon  Is, the f a s t e r  t h e s o l u t i o n  convarges. Em- 
vergence Is e o n t r o l l a d  by the asslgmd allowable n r r ~ l n  of t r r o r  - I .e. 
15% margin I s  ass-d In this s o l u t l o n  - and the c a l c u l m t d  va lue  of 
the tangent modulus i s  c-red to the ac tua l  valut  to s a t i s f y  tha 
requirements. I n  a c t u a l  rppl l ea t ion ,  ths convergancr of the I tc ra t ion  
i s  seen to be vary quick .  

To deve lop  t h  a ~ l y s l s  which accounts for the t n f l l  t r a t i o n  
o f  water I n t o  an i n i t i a l l y  unsatura ted so11 slope, an asnumed 4 p  slwe 
w i t h  a M i Q n t  of 172.25 f t  (52.5 m) was chosen for th8  study. In  
performing tha analysil f o r  *lope s t a b l l l t y .  the In1 t ia l  t o n d l t i m a  
assumed for the s t a t u s  o f  the slops are: slope i s  unprotected frm 
surface i n f l  t t r a t l o n  d u r i n g  rainfall. I.*. ra in  wtor t a n  i n f i l r r a t a  
into the sol1 through tk. s lope  surface and frm the top of the rlopc. 
(b)  the l n l t l a l  degree of saturation of  the -11 I s  canstant through- 
ou t  the Hhoh sot I nus5 prior to i n f l  l t r a t i o n ,  (<) as r a i n  w a t e r  
I n f i l t r a t e s  I n t o  the s l o p ,  changes i n  water content  and s a t u r a t i o n  are  
d iv ided  i n to  s a t u r a t l w r  Zones and a r t  descr ibed by a r tu ra tTon  contours 
w h i c h  change w t  rh tins 8 s  inf i  1 t r a t i o n  progresses. 

Sa tu ra t ion  contours at  th ree d i f f e r e n t  steses of i n f  i l t r a -  
t i o n  are  shown i n  F i g s .  4a through k c .  b r a  t ha t  these a r e  assumed 
d i s t r i b u t i o n s  and a l s o  t h a t  the l e v e l s  o f  s a t u r a t i o n  have been chosen 
a r b i t r a r i l y  t o  represent  three stages o f  w e t t l n g  exposure o f  the sol  l 
slope. The i n t e n t  o f  t h i s  representat ion i s  t o  pe rmi t  implementation 
and development of the method o f  ana lys is  f o r  the problem under study. 
I t  i s  recognized that a r a r e  scph is t i ca ted  i n f i l t r a t i o n  &el w i l l  need 
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Fig.  4c Assumed I n f  i l t rat lon Pat tern, Stage 3, S k w i n g  Penetration of Saturation (wet) Front 
After Time t w h e n  t > t  >t 3 ' 3 2 1 '  



t o  be developed. U n t i l  such i s  ava i  l a b l e ,  t h e  u5r  o f  sa tu rd t lm Zones 
i s  indeed usefu l  as input  values for  the f i n l r e  elemsot method of 
analysis. 

The f i n i t e  element mesh used I s  shown I n  f l g .  5. T h i s  
s l o p e  i s  assumed to be o f  I n f i n i t e  width - a l l c u l n g  for pTanc s t r a i n  
ana lys is  - and the soil  i$ wnrldrrcd as I s o t r o p i c .  The isoparamctr ic  
element concept has h e n  used aL i b a s t s  far  s i m m n t  formulat ions.  

I n  t h ~  procedure usad to eccwnt far  the confin-t of  a 
soil m s h  o l c m m t ,  1 t  vrar recogolzed tha t  tha axtsypwtrlc t r l a n l a l  
( t e s t )  #t ress  condltlon whlch equated the I n w r m o d i a t t  and ninor p r l n -  
c i p a l  mtres r ts  was mt dlrect ly  r c p r e s m r a k i u a  nf the I n  sl tu l a t e r a l  
stresses dtvtlopcd i n  Chc acturl f i - Id  problm. Since the magnltudcs 
of the i n r t r w d l a t e  a d  ninor principal s t r a s l & s  or a mi 1 M S S  eluncnt 
would be d l t f e r c n t ,  and i incu  tho F h l d  htmr.1 confining $ t r e s s  srsy 
n o t  ~ ~ ~ s s a r l l y  be equal to tha aimr p r i n c i p a l  stress, It w a r  decided 
t h a t  for rht c m p u r a r l m u l  purporms the contlnaant In an el-t could 
be represented as an avaraga of the mpnl tudcs of tho tnttrncdlatr and 
minor  p r l n c l p a l  3 t rcssrs  Inductd a t  the c t n t m l d  of the el-t. TO 
i m p l e n t  t h r  f i n i t e  elermnt bnalysis, the fol lwlng ~ t c p s  i r e  used: 

Step 1 CaIcu la te  the  state of s t r e s s  o f  an almmt based 
on an I n i t l a l  a s s d  tangent d u l u s .  

Step 2 Calculate thr n w  tangant modulus f r a  t h e  stress- 
strain non t lnear  curves b r a d  on the stress-state 
ca lcu I * tad  i n  Step 1, 

Step 3 CalcuIa te the st ress-state based on the ncu 
modulus, 

Step  Repeat Step 2 .  

The schcmt lc  f l w  diagram i d e n t l f y t n g  the above i s  
f0 l  lows: 

Asrum l n l t l a l  tangent 
modulus. E, 

I L a l e u l a t e  s t a te  of s t ress i n  each element, 1.e. 
-stress; - s t r a i n ;  - c ~ f  i n i n g  pressure 

k r e r l a l  s t ress-s t ra in  
curves u d e r  d l  fhrent 
cmfl  nlng pressures 

I 

C a l c u t a t t  new tang tn t  nodulur, 

E i  = En Calcu la te  s ta te  of stressa* in  each a l m a n t  

A frm En 
J, 

k js T YES - €,I< Tolerance7 
+END 

Yong 



Yong 



L inear  i n c e r p o l a t  ions were performed t o  compute in termedia te  
v d l u e ~  i n  a curve and a  between curves a t  d i f f e r e n t  c o n f i n i n g  pres- 
sures. 

Since t e n s i l e  stresses w i l l  a x l s t  i n  sana d t h e  e l e m t $  a t  
each i t e r a t i o n ,  the no- tens ion a n k l y r l s  requ l res  that c l m n t s  w i t h  
t e n s i  l e  s t resses induced i n  the f i r s t  Stwattm are mrktd. F o l l w i n g  
the f l r s t  i t e r a t i o n ,  e q u i l i b r a t i n g  nodal fo rces  arm a p p l i e d  for rhm 
elements w t t h  t e n s i l e  stresses.  As tha f i n l t e  elenant a n a l y s i s  contl- 
nucs, t h e  i t e r a t i o n s  are a l s o  cont inued u n t i l  the zones a r e  r c l l s v e d  o f  
t e n s i l e  s t resses chrough r e d l s t r 1 b u t i o n  I n  the adjacent regions.  

The e f f a c t s  o f  the weight o f  ths  s o l 1  a t  t h e  various sa tu ra -  
t i o n  l e v e l s  were taken in to  account i n  the armlysilr of tha p r o b l m .  The 
weight  of the s o i l  a t  the particular saturatton l eve t  was c a l c u l a t e d  
according to  the t o t a l  c w • ÷ t ~ t u c n t ~  In rhe v o l m  - m i n d  by sach 
element (area I n  2-D analy*lu), and distributed c q u a l l y  onto r r c h  nods. 
The process was c u w l a t l v o ,  such that at r s p e c l f l c  n&a th. t o t a l  load 
due to $ e l f  m i g h t  wa5 comwscd o f  the contributions o f  a11 elements.  
conta i n  i ng t h a t  node. 

Seueral f i n i t e  s t m c n t  anatyses war* psr farncd using t h r e e  
d i f f e r e n t  s a t u r a t i o n  contours  represent l n g  rhrcm time stages of i t e r a -  
t l o n .  A surcharge load o f  87.1 psi (6M) KPa) w s  a p p l l c d  to the t o p  
of the s lop?  and tnr a n a l y r l *  c a r r t e d  on u n r l l  c t s a r l y  def ined f a i l e d  
elements were &#crvcd w l t h l n  the ilope. El-nt l  r e r s  considered as 
f a i  ted when the e lontnt  r t rs in  uctedad 16. The i t r e , $ - s t r a i n  curves 
used t o  represent the s t r s n g t h  o f  the solls i n  tha var lous  contoured 
regiarrs o f  s a t u r a t i o n ,  i . e . ,  b0, 60 80 ard 1ibl)P s a t u r a t i o n  were ad jus ted  
i n  accordance w i t h  a simplified assumption ( n d t l )  r h i c h  t i e d  the peak 
and res idua l  s t reng th  t o  the s a t u r a t  Ion l e v e l  of the s o i l .  This model 
i s  descr ibed Fur ther  i n  t h e  f o l l w l n g  d i f c u s s l o n  dea i ing  w i t h  the a p p l i -  
c a t i o n o f  t h e s i m p l i f i e d B i s h o p ' s m * t M o f  ana lys i s .  F i g u r e s 6 a  
tn ro tqh  6c $how the s t r a i n  contours  developed In the s lope f o r  t h e  satur -  
a t  ion stages 1 ,  2 and 3 shown r t spec t1ud ly  in F i g s .  ha, 4b and hc.  
Mote t n a t  stage 3 shown i n  F t g ,  6c 1 s  "acadanic" s ince  the s lope will 
nave f a i l e d  i n  the e a r l i e r  stage 1 situation - a r  u i l l  be seen l a t e r  In 
F i g s .  7b and 7c. 

To prov ide a bas is  for  comparison o f  f i n i r e  element a n a l y s i s  
r zsu l  t s ,  t h e  s i ~ p l  i f  i e d  B i s h o p ' s  merhod w a s  used to perform a s t a b l l l t y  
a o a i y s i s  f o r  the s lope  w i t h  the same s a r u r a t l o n  zones shown i n  F i g s .  ha 
t h r o u g h  4c. Since the s t r e s s - s t r a i n  curves O F  the s o i l s  e x h i b i t  peak 
and res idua l  s t rengths  and s ince  t h e l r  values d i f f e r  by rmre than 182, 
separa te  analyses ware made us ing both peak and res idua l  values f o r  deter -  
minat ion o f  the corresponding s h w r  .; t renq th  parameters. To account 
fo r  the e f f e c t  o f  s a t u r a t i o n  on the s t r e 5 s - s t r a i n  values. a s imple  model 
wh;cn accounted f o r  s t r e n g t h  changes w i t h  s a t u r a t i o n  was used. I n  t h l s  
model. the peak and res idua l  r r rengchs o f  40% sa tu ra ted  s o i l s  were 
assumed t o  increase by 10% above the s t rengths  O F  ths 100% satura ted 
s o i l s ,  and the s t rengths  of the 80% satura ted s o i l s  were 1 . 1  t imes l a r g e r  
than the s t rengths  o f  the 901 s a t u r a t  d so i  I s .  5 in t i  l a r l y ,  the  s t reng ths  
o f  the  60% sa tu ra ted  $.oils were [ I  -1) '  times g rea te r  than the s t reng ths  
of the  100% sa tu ra ted  $ o i l s .  Us ing  m e  appropr ia te  increased strengch 
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values, the corresponding mhr -Cou lmb shear s t reng th  parameter5 can 
be ob ta  incd f o r  the p a r t i c u l a r  sol I s a t u r a t i o n  leve l ,  and appropr ia te  
camputat ions f o r  s lope stab11 i t y  can accondinply be Mde. Table 1  
shows the var ious values used i n  t h e  simp1 i f  tad Bishop ana lys is .  
Note t h a t  the a p p l l c a b i l  i t y  of a Hohr-CouImb f a i l u r e  c r l t e r l o n  to t h e  
unsaturated s o i l s  tes ted  1s n o t  belng debated e t  t h l s  time. The 
quest ion is  begged since the i n t e n t  of t h i s  study i s  to t e s t  or examine 
the development of a s t r e s s - s r r a l n  method ustd  In t h e  ana lys ts  O F  
unsaturated s o l 1  slopes. I t  1% r e a d l l y  a c k w l e d g e d  tha t  t h e  s l m p l i -  
f i y  ing assumpt lons concerning s t reng th  changes w i t h  s a t u r a t i o n  Tevel 
i n  t h e  r Impla modal cannot be eas i ly  defended. %ever, t h e  r a t i o n a l e  
f o r  the d e l  I I t s  In t h e  o b r c r v r t t o n  tha t  s t reng th  k e s  Indeed decrease 
as s a t u r a t i o n  increases. and v ice  versa. Wi th  proper data. i t  would 
not  be d l f f l c u l t  to c o n s t r u c t  a s l rn i l a r  type of model. tk:c t ha t  i t  
i s  n o t  the model that Is r e a l l y  important  b u t  t h e  m e t h d o l w y  used i n  
con junct ion w i t h  i f i n i t e  t lcmcnt  a n a l y s i s  - I .e. the use o f  s a t u r a t i o n  
Zones and assoc la ted s t r e s s - s t r a i n  phenomena f o r  ana lys is  o f  unsaturated 
s o i l  slopes undergotog I n f  I l t ra r ion  lead ing to  s lope fa ;  l u re .  The 
s l  i p  c i r c l e s  canputcd w i t h  t h e  simp! i f  i ed  Blshop m e t h d  of anatys fs  a r e  
shown in  Flgs.  74 thrpugh 7c together  w l t h  the r e s u l t s  f r m  t h e  f i n l t e  
element ana lys is .  Ln tha d i a g r a m ,  the elements rhowlng s t r a i n s  
exceeding stra in-at-peak s t r e s s  (approxlmatcly 7 to 8x1, b u t  less  than 
1 %  ( i . e .  " f a l l e b l  s t r a l n )  a r e  i n d i c a t e d  as ahaded eternnts .  The 
f t g u r e s  ihw t h a t  i n  s tage 1 (Fig. 7a ) ,  " f e l l u r e "  o f  t h e  s lope does not  
r e a I l y  occur al though I d e n t i f i a b l e  elements w i t h l n  t h e  s lope s h w  
degrees o f  s t r a i n  d l s t r c $ s .  T h l s  i s  compat ib le w l t h  t h e  values o f  t h e  
fac to rs  o f  sa fe ty  de r i ved  from the l i m i t  e q u l l  i b r ium a n a l y s i s  us ing  the 
s i m p l i f i e d  Bishop methdd. 

I n  Fig.  7b where Stage 2 s a t u r a t i o n  occurs  a f t e r  t ime t2 .  I t  
i s  noted t h a t  progression o f  the s a t u r a t i o n  wet f r o n t  has caused a 
greater  s t r a i n  d i s t ress .  The F.E. a n a l y s l s  s b  a  continuous f a i l e d  
zone which cor respmds to the l l m i t  a n a l y s i s  s o l u t i o n  - as I d e n t i f i e d  
by t h e  lw f a c t o r s  of safety cmputed by the simp1 i f i e d  Bishop method. 

Stage 3 s a t u r a t  Ion pene t ra t ion  i s  "academic1' s ince  s lope 
f a i l u r e w i l l  h a v e a l r e a d y o c c u r r c d .  Hwever,  for completeness, and 
for the purpose of il l u s t r a t  i on  of the ana lys is  whlch cen l fde rs  t h e  
t r a n s i e n t  s a t u r a t i m  o f  the s o i l ,  the r e s u l t s  s h a m  in  Fig. 7c d r a m -  
t i c a l l y  i l l u s t r a t e  the f u l l  e f f e c t  of deep s a t u r a t l o n  penet ra t ion.  
E x t r e m  s t r a i n  d i s t r e s s  i s  shaun o v e r  a I a r q e  reg ion  i n  the s o i l  slope. 
The I l m l t  ana lys is  rhms the bounding failure surfaces as ind ica ted  by 
the f a i l u r e  c i r c l e s  i n  Fig.  7c. 

As sta ted e a r l i e r ,  the I n t e n t  of t h i s  study i s  n o t  t o  show 
tha t  the f i n i t e  element analys i s  can again be appl l ed  to  yet  another 
slope s tab i  l t t y  problem, but  to t r y  to  i n d i c a t e  t h e  f e a s i b i l i t y  o f  
incorporat ing a s imple s e t  of assumpt lons t h a t  rscogni  t e  the d i s t r i b u -  
t i o n  of water content of t h e  s o i l  c o n s t i t u t i n g  the slops and the assoc i -  
a ted d i f fe rences  i n  s o i l  s t rengths.  The s lmple stress-strain-saturation 
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model can be c r i r i c i z e d  and the  need for a data-baszd s t r e s s - s t r a i n -  
s a t u r a t t m  modal i s  lndeed obvious. Houever, for the purpesm of  thi8 
study, tha asrignmant of zones of aa tu ra t lon ,  and the contlnuod psne- 
t r a t i a n  o f  a saturated wet f r o n t  w l t h  elapsed time. idantlf1.d by rpclving 
s a t u r a r l o n  c a t o u r s  1 s  f u n d m n t a l  to the notbdolcqy far m a l y b i 8 .  
Ui t h  thIs technique, the study sharr that  tho f lntt .  atontnt analysis 
can generate analyses which show progressive e l m n t  s t r a l n  d ls t ress  a s  
s o i l  s a t u r a t i o n  incrcarcs .  

The I I n i  te e l e n e n t  analyses of tha s lope snd the consldera- 
t i e n s  i d e n t i f i e d  i n  F igs .  7a through 7c produce n o n - c i r c u l a r  s l i p  arcs 
which a r c  seen to Se close to the c i r c u l a r  s l  i p  surfaces p r e d i c t e d  by 
the simp; i f i e d  Bishop method. I t  i s  noteworthy t h a t  w i t h  the f i n i t e  
element a n a l y s i s  uh i ch  cons iders  the complete s t r e s s - s t r a i n  curve, the 
p r e d i c t  ion of slope f a i l u r e  due t o  s a t u r a t i o n  increase o f  the s o i l  
accords c l o s e l y  w i t h  t h e  l i m i t  s I i p  surface p r e d i c t e d  by the  s i m p l i f i e d  
Bishop methm.  The f a i l e d  elements s h w n  in  Figs. 7b and 7c prov ide 
a use fu l  f ea tu re  i n  t h e  a n a l y s i s  o f  s lope i n s t a b i  l i t y  i n  view o f  the  
s a t u r a t i o n  e f f e c t s  I n  the s o i l s .  I f  orher  changes i n  the s a t u r a t i o n  
l e v e l s  of the s o i l  a r e  made. t h e  method of ana lys i s  can produce r e s u l t s  
s i m i l a r  t o  those shown i n  Figs.  7a through 7 c .  Uhen t h e  i n f i l t r a t i o n  
model i s  deve;oped i n  terms of  a sa tu ra t ion -pene t ra t  i on - t  ime r e l a t i o n -  
sh ip ,  the a n a l y s i s  can be e a s i l y  adapted to cons lder  "time" as a d i r e c t  
Feature of the  o v e r a l l  a n a l v s i s .  

The authors  w i s h  t o  acknarledge the ass i s t a n c t  and i n p u t  
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TABLE 1 S o i l  Strzngrh Propert ies and Bulk Densi t ies  Used In Simplified Bishop 
Analysis 

-- - 

Saturation Peak Cohcsion Peak F r i c t i o n a l  Residual Coheslon Residual Frictional Bulk W t .  

rb KPa Anq l  e  K?a Angle  K M / M ~  - - 
100 6 . 1 0  27 4.95 23 18.00 

80 17 .53  29 14.85 25 17.07 

60 34.65 3 3  29.7 28 16.14 

4 0 61.40 38 4 9 . 5  32 15.22 

1 K N / M ~  - 8.2h3 pcf 

1 pcF = 0.160 W M ~  
1 KPa = b , l & p s i  

1 p s i  = 7.0307 Wa 


