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FOREWORD

THE following Four papers deal with wvarlous aspects of partially

saturated soils. The first paper is reprinted from Geotechnical
Engloneering, whilst the other three papers have been presented at
the ASCE Specialty Conferance on Engin¢ering and Condtruction £n

Tropdcal and Readdual Soifs, held in Rawali, Januvary 11-14, 1982,
and are published in the Proceedings of this Speclalty Conference.

Yang, R.M. (198Q) Some Adpects of Soil Suction, Shear Staength
and Soif Stabifity, Geotechnical Enginecering, Vol.it, pp.55-76.

Yong, R.M., Swears, G.T.M., Sadana, M.L., Moh, 2.C. and Chiang, Y.C.
{1982) Compoaitional Effect eit Suctlon of a Residuat Soif,
Proceedings, ASCE Specialty Conference on "Englneering and
Construction Fn Troplical and fesidual Solls', Hawall.

Boonsinsuk, P. and Yong, R.H. (1982) Analyses of Heng Kong Residuat
Soid Slopes, Proceedings, ASCE Specialiy Conference on "Engineering
and Construction in Tropical and Residual Salls'', Hawall,

Yong, R.M., Siu, 5_K.H. and Sciadas, N. (1932} Stability Analysis of
(nsaturated Soif Stoped, Progeedings, ASCE Specialry Confarence on
“Engingering and Construction In Troplcal and Residual Soils",
Hawall.
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SOME ASPECTS OF SQIL SUCTION,
SHEAR STRENGTH AND SOIL STABILITY+

RaymoND N, Yosc*

SYMNOPSIE

The itdee celtiomahiipe beoween soil and warer in rerms of degrees ¢f satyrinion of wil
murocs Ang reveewed,  The slomens of soil-watsr potential involved are Searly derimed
4l the primaty compeaenis —osmotic, gravitarional and pecsne—idenied. Thpeul
Lbocatary and feld equipment Tor medsuring soit-water podential am descnbed et
cxamples of st resuliy on Both Iwborniery prepared wnd satwral clay sods are presemed.
Further examinalion of tha duta in mistion to Jdry deasioy of the soils and dwear wrengh
s Lhat shear srengihs e on 1 surlace which provide a unique refulipnahip between
soil -emter putcniial, shear strength and dry dencity, Finally, arigniioa I paid 1o the
wxtring of soil prafiles a5 & rewlt of inflitration from rinfall.

INTACOUCTION

The problems of analysis and deteemination of soil stability are generaliy
addressed and solved in terms of;

la} determination and establishuinent ol Lhe pertinent soll properties.

b} foemulatwon of a physical mode! which aecurately deseribes the inreru-
non of the various physical compoments providing stabilicy of
the soil mass—or polential instability, and

fe}  development of the assorcted analytical tochnique to represent the
physkal model for computational purposes kading to usape in
lerms of prediction o design,

th sitwations where the seil mass is fully saturaled, Randzrd techargues
have begn déveloped which permit the procurement of representative labora-
fory test measurements subject to conditions which purpont to meprysent
ficld loading sitvations. By permilting laritude in examination in terms of
total and effective stresses, varicus modelling techniques can be applicd which
ruplicily rely on the saturated nature of the soif mass. Thus the identification
<f pore water pressure, in a fully saturated soil mass forexample, becomes &
most refevam and impoctant parameter. The measurement of porg walsr

!t??;rm:_u-:d_u 1; SEASSE Gaechnicnl Enginesring Scmisar, Hong Kong, Joh 31,

* Durepaar, Greotechnical Research Center, and Willinm Seoit Professor af Civil Engi-
neehitng wwd Applied Mechanicy, MoGill University, Mondreal, Canada,
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pressure and frs rok in the control of siability or instability of a »oil mass has
been 1boroughly examimted in many studies and can well be appreciated,

Laboratory tesl systems, appropriate anafylical modeiling techniques
which pddress the redwetion of Wboratory tesl measurememiy, and slso
problems of mass instability, have all been developad in relation 1o a saturated
soil mass system. The various difficulties that might arise relaie tc (he appro-
priateness or viability of & mode! dewribing mass gnd stability, the varigus
stages of Joading which impect on v boundery condition, specification of
initial conditions, snd 1he exact rofe of pors water pressure.

However, in situstions where 1he soil b mot Fully saturated, difficulties arise
not only in the establishment of the pertinent shear sirength parameters, byt
aliz in The undersiending und associated development of the kind of physical
maxdel which best describes noc only soil pesformance but ahe mass stability
or instability. These sduations are complicmed not only beeause of soif
ursaturation, but because of 1he variaus stages of dehydration or hydration
a4 the 50il moisture contenl changes in sympathy with the varicus scasonal
and daily minfall Auctua‘ions rnd other bocal environmental factors.  Thus
ona is faced nol anly with probicms af Ructualion in water conlent bul also
in the role of pose water pressure ind the gnawing dou®™ that perhaps
histepesis might also play o significant part in the cantrol of soil performance.
The problern, thersfont, it one which equires attention to the proper devebop.
ment of theories which » ould atlow for a menns for prediction of gail strength,
in refation 1o i1s present dynamie equilibrium staiuy, and application of 1he
relevant soil strengih values or paramelers 0 an aceeplable working model
which would describe mass siability or ingtahility,

THE SDIL-WATER ENERGY CHARACTERISTIC

I an uabonded natural soil sysiem A tklmm with wh-c]{\nter i ll'ld o
the foil partices and their particle unis {Hi:u:s aggregale groups, ¢1c) will
dni:rihl the Imnuh energy of (he soll ;aass Ksell. This phenomenen is
Hpecmlbr useful in the description of soil strength 2nd stability in siluations
where the degree of spil unsaturarion is an issue.

Tiking advantage of this fact, we note there fore thatdhe intrinsic energyiol

» 2 parily satpratedk unbended soil or of remoulded soils, can be characterized
by \Re energy relations of soil for water. By and large. these are muliphe-
valued functions {hat depend on the maisiure history of the soil itelf, This
wecountability For the effects or influences of welling and drying can be
liciored inlg 1he evaluation of Lhis infrinsic energy. When volume changes
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SOiL STABILITY

accur because of changes in the moisiure regime and stress environmen, it
will b observed that corresponding changes will sccur in the infrinsic energy
of the soil.

Sl waler potenlizl measurements are generally used 10 describe the
encrpy status with soils. "These can be usefully thought of as defining the
iricgrity or stability of 1he soil system. Ooe measures soil water palential in
the laboralory 10 define the energy or equilibrium relstionship briween soil-
water poienlial and waler contenl for 3 reprosentative soil sample. In the
field one measures soil-water potential with 1he aid of psychromelry, Through
other means san] suclion measyrements are made for purposes of estublishment
of water movement, waler availability and ather purposes. The relationship
berween soil warer potential and soil waler suction is essentilly onc which is
described in sermis S conceplsvia thermody namics oT concepts via cngincering.
In rescarch, energy wilth which water is held in soils is best descnbed with
thermudynamic termincology giving rise thevefore 1a 1he description in ferms
of sqil-water poteniial. The potential is given in wrms of the waler phase and
il 15 noted that the powential would deerease as (the water contend incrcases.
This indicates 1hot the wuter 5 Teld more strongly by dry soil than by wet
«oil and that movement of soil-water would he frem u point of low potenrial |
10 on¢ of higher potential - anafogous 1o the Raw of heat in a conducior. 17
wiie therefore comiders 1he potential in lerma of water-phase, we noke then
that the velues arg generally regative. Figure § illustraies the conceps of po-
rential of soit-water, We note from Figere 1 1hat two component potentials
any shown which rombine to Farm 1be to1al pereial. T aciual! fact. one
could diide 1he 1tmal soil-water potcntial ivo six components deiined by
vaFious oescarghers and summanzed eceatl by YONG AND WARKEN-
TIN 11975) as Follows:

(1) & the tolal potential, is the work required 1o ransfor & unil guanting
of waler from (he reference pool 1o the poimt in the soil. Tt is a
veglive number,

{2y Ay, she marric potential, is a sgil matrix propesty.  This s ahe
equivalent of Buckingham's capillary poteatial. [ is 1he work
required La Cramider @ usil quantity of soil sotution, frem & reference
Mool al the samie ekevalion and mperaiure as the sail, 10 the point
in the soil. o, cannol be calewdated except for uniform spheres where
it % reiated vo curvature of sir-water interfaces and g =~ Sfil/n,) +
(Irg il or o frecly-suelling clay plates where v = RT cosh iy, — 1.
5 r surface wusion of the sirewaler interface; ry, ry » radn of
curvalure of (he air-water inlerfzoe ; R = yniversal gas constant;
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SOML STABILITY

T - absolule temperature; y, = electrical polenial midway betweoen
lwo clay plates ¢F, ¢an be wuhdivided inio & component relaied w
wwelling forary and 3 tomponent from pir-water interface foroes, ba
1hese componenis cannot be separated experimenially.

Ay, the gravitational potential, it the work required o trensfer waier
from 1he reference elevation 10 the soil clevation,

¥y = —T.4b

where ¢, = density of waler.

Ay the osmotic polential, is the work required to transfer water
from & refercnee pood of pore water [o a poolt of sof! solution at Lthe
ame elevation, iemperalwre, cic.

ﬁ‘;r'n =n RTe

where o = sumber of molecules per mole of salts R = universal gas
conslani; T = absolute iemperalure; ¢ = concentralion of sall.

Ay, the piczometric or submergence potential, is the work reguired
10 transfer water to a point below the warer table,

&, = 7upd
where d = degth below free water level.

Arr,. the pneamatic of a pressure poiential, refers to transfer of waer
from atmospheric pressure 16 the aie pressure, P.oon the seil.

sy, = P

The three component potentials, imatric, pigzemetric and pneumatic
are afien taken together as the prewsure potential, Ay,

5";"’ - A;’- * ai}p * d“};

This therefore leaves us with the tolal potenrial as being comprised primanty
of the osmotic, Lhe grivitational and Lha pressure compenents. In Eaborarory
euperiments where 1he soil amples used for testing do not involve gravia-
ticnal hrad differcnces, we note that the total potential measurements made
will be comprised only of the ssmolie and the pressure {mairix} components.
Two represeniative labosutory techniques (o provide coil-water poteniial
meaturements can be applied using the set-up described in Figure 2.

From Figure 2, we can mow begin to relate the eoncept of soil suction 1o
the wilwaler podendial. We phserve 1he! the tamples are suhiected to in-
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SOfL STABILITY

creasing air pressure within 1he chamber which serves 10 drive Lhe pore waler
oul from ihe test wmple. The air presaure can be increased monotonically
and ser ai varicus stages 10 alfow lor equilibrium 1o be ewablished aftes
rach pore-waler catrusion. Thus the air pressureswaier content relationships
(1.8, water eontenl remaiting in the soil amples) will essentially desoribe the
amount of air prevsure st aquilibrium wilh the water content in the soil—ic.
the tension established batween the soil water and she soil panticks which
allaws the soil moist ure o remain in equitibrium with the applied air pressure.
This deseribes the oquivalent energy relationship established belween wil
particlcs and the pore water which prodeces soil integricy,

Alternatively, instead ofusing air pressure ta drive the water out 10 establish
varicus stages of equilibrium halwesn air pressure and water remaining in
the soil samples. another procedure can be ased which requires thal a
suciion be applied a1 the bostom end of the porous plate as shown in Figure L
Applying the suction 1o the water would draw the water out from the samples
and. in effect. esrablixh a seil woclion principle in a more visually rewarding
form. [ is rol unwsual therefore 1o equate this nctual experimentzl tesd
s3slem using wacthion measurements direclly and dexcribing these in wrms of
nepalive pore-wgler pressures. Thus one mught argue thet the megative
pare-waler pressure derived in this fashion i kdentico! Lo thar used for eam-
putations for derivation of cflective siress, Winlst one might acorpd that 1ol
suchion measurements obtained directly through the suetion technique, in
1 ringe of suction capability for the st appardus k< than — | mimaosphere,
could be direetly eguated to the negative porewater psessore used for effce-
twe sircas compulatews, 1the many preblems ard complicalions associated
wilh 1ke suclion technique for pore water measorements below ane aimasphers
will not allew For s simple refationship to be easily established between soil
suglion measurements and Acgative pore-waler pressure.

In ke techiniques vsed For field measurerment. the ewo general devices shown

i Figures 3 and 4 inglude cither a soil-water leasiomeler, or a thermocguple
mychrometer. Tn Figure 3, water in the leasiomeier is in conlatt with soi-
water through the coramic tip, Thus as the soil dries, a 1ension is ¢x¢rted on
the water in the 1ensi¢imeler which is measured with 8 manometer or a Bour-
dont gauge. Nowe also that a tensicmeisr may be used 1o measure posilive
pressures or heads, making it, thercfore, an ordinary piczometer. It is alwo
wseful 10 note that the rensiometer will enly function unlil & regative pressuce
i reached at which air bubbles (hrough the ceramic g, The air-enatry value
of 1he ceramig tip can be manipulated within & very small range of interest in
the testing procedure, Bal by and large the air entry values for naost fensbomes
&1
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tersis abour =85 bar, IF, perchance, the soil dries considerably wad Lhe aviual
dehvdration prasess will yield tension yatues much lower than —0.85 bar, the
readings detived from the lensiometer will not secessanly indicate the true
value of iension in the soil water. Thus, under thowe Sircumstances. it hecomes
exiremely difbicuk 1o Tully appreciate the real "tension™ slalus of the pare-
water and serions error can therefore resuft in both measurement and sub-
sequent use of the measurement for analysis of soil integrity.

1r situations where one might eapecl vhe values for solFmoisturs iension fo
wary conrslderably —{znd beyond the capability of Lhe lentiomeler)-—the
thermocou ple prychremeter showh fn Figure 4 should prove 1o be most useful,
The imatrument shown in Figure 4 determines the soit-water potential by
mezsure et of the vapour pressure within the iest bullb. Thisis a well-defined
thermodyaamic quantity which depends on both the matric and oswmotic
componems of e tolel poteatial. The whermocouple end, which is fixed
inside the smatlceramic bulb, shown in Fraure 4. e sehiect te a cooling current
42



SOIL STABILITY
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which condenses 8 minute amount of water on the juaclion.  As this waler
ceaporales, the junclion is cooled. Computdtions ¢an be made which will
cvaluate the rate of evaporation with respect 10 the vapour pressure in the
Hulkh. These computations briween osmetic pressure and vapour pressore
wiil then provide one with the soil-water potential.

v is uselul 1o note that the precision of the psychromeler as used in the
laboralory, is usually about £ 0.1 bar. Howaver, 1his precision is not readity
accessible in the field. In the field, the precision is mare easity + 0.5 bar. it is
therefore more useful at low polentials (high suction) or in sifgarions where
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the tensiometer will aot work. At potentizls nround — 1% bars, vapour equilib-
rfem 14 cstablished quickly and the readings 1ske onfy a few minuwies
However at higher potentials such as —1 bar {low suciion) the readings mav
Lake hours 10 reack equilibrium,

SOIL-WATER POTENTEAL AND SHEAR STREMNGTH

Recalling that the soil-water potential describes the energy status af soils,
and that thess cany be measured éaperimentally in 1the laboratdy or in 1he
fietd, it s usePul 10 show a (ypical sct of results illustrating the adsorption or
desorption characitristica af & laboratory prepercd clay and a natural clay.!
Note that in the desorpiion process, waler is expelled from the test sample in
the pressure chamber following appl kation of the air pressere. In the adsorp-
tion process, the soil sample &5 allowed 10 1ake wp water and 1he gormesponding
mezsuremenis of the suction requintd o maintain ¢quilibnum are made
Because of the volume changes ol 1he 1oil semples assogialed with the eatrusion
or enlry of water similar to those obsesved in the cansalidalion and mchownd
tests, 1he adserption and desorption curves do not necessanly caincide

The typical soil-water potential resulis for kaolinite and & natural soil
identificd w4 Ste Rosalie clay oblained from Lhe suction =nd pressure plaie
1ests, shown in Figure $a, inctude 1he dry densities of the samples at equilib-
rium for the parsicular warer potential identifled  This Agure demonstralcs
the oetmal relationships expecied, where the hysteress encounierdd betwen
desorption and adsorption is primazily due 1o imecoverable changes in 1he
fabre {i.e. volume change hyperesis) The worm ~Tabtie™ refers to 1he peo-
metrical arrangement of particles {including particie spacingh and docs nol
ke into aceount the forces belween particles.

The relationship betwesn the soil-water poential and shear sirengeh for
these samples can be seen in Figure 6. It i3 noted thal, in the desorpiion
process, the kaclinite samphe begins (0 detaluraie a1 3 poterial value some-
where between =10 and ~ 100 millibars, {i.e. aboul pF#10pF 21 Betwern -
and —100 millcbars soil-water poiential, the shear sirength i wen to remain
relatively conslant. However, 1he shoar strength increases very rapidly once
desaturalion beging to octur. A similar wrend in the relattonship between
shear sirength and soil-water potential is shown in Lhe sdsorption portion af
the syck. It would appear thal the sample strives 1o resch complete saturalion
Poenl ol vests o s natore Soih, dermnmirali i Fepenoes Detneen 308 waler

potenkial and sad water, for dewription amd adsorpcon 1o xchaigoee,  Moie thal these
are mot crciee, Pud Scparalr toMs,
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in the sdsorplion process and the strength thus begins Lo decremse hess
rapidly below potential values of — 0 millibars.

Similar wrends con B¢ noted in the Ste Rosalie clay although it would appear
that the unsmwraiad Hate for 1the Ste Rowle clay begins at 3 much carlier
stape, probably around @ soil-water polentia! value af ~ 13 10 — 5N millibars,
From Figures 3a and 6 it is nated that imecoverable fabric changes ocrur in
the desarpiion process which, in tera, render different values for shear strength
1],



SOH STABILITY

1,60~ -15
a— —n  KAOLIN H
. e STE., ROSALIE CLAY
Jaak .--}ﬂr'i
‘p' w
ur’
o
15y
o
a
gu
3

Shear Hwgistancs (Vg cm) KAQUIN
@ w
= o

|
Shear Resistance {kg cm}

.30 —{1
l'.,,plll'
..=.--/,, ”
a — 1 1 o ]
-1 -0 .10* 107 10"

Water Potaniial dn Miltibatrs

Fop & Soii-wnisr potentis] hod shesr Sirength rebutionships for aatinita and Sts Romalie
clxy, .

&7



YONG

at the same soil-waler polential value on 1he edsorplion cycle. Thus, one
otmceves that, for the same soil-water poiential, it B possible to obtain at beast
two different vafues of shear Mrength.  Howsver, if wabter conteals, sample
saturalion and dry dansities wrw 1aken into accound, it will b seen that thest
are in no way similar, i.e. for the same soil-water potential it is possible o
obtain different vatues of water contemt (Figure 54), saturwtion, and dry
density. The changes in febric which are reflected in cormesponding changes
in dry density are not unlite those oblained in samples sulject 1o the loads
ing end unloading cyches in the standard consoltdaiion tew.

Whilst in general the soil-water potentis] may be Jerermined [or the desorp-
tion of &rying process, the results shown in Figure 58 for bolh 1he desorption
and wdsorption process have been odained 1w demonstrate 1he infuence of
moisture history. Simce volume changey are meesurable in rerms of resultant
eflects on Jdry densiey (i.e. dry weight of solids divided by the bulk volume),
it i+ seen that, if dry densities are obtained, & singular wil-watcr polential
surface independent of moisture histery can be optained whick identifies the
energy status of the clay woil (sec Figure 7 for a 1ypica! cese). By mning dry
densily as the ideniilying parameier, weler contents, salurgtion amt hulk
volume must be laken into account. [t i interesting 10 note Lhat (or a glveasoil
iype, there cazals a singular 50il-water poiential surface which shows the
interdependence between water gontent, dry density and soil-water patestial,

Since gne can gbtain different velues of shear sirength for the same soil-water
porential depending upon whether one ix on the adsorption or desorplion
portion of the ¢xle, it is Lhus possible 1o obtain & unigue vafue of shear
strengih in terms of the persistenl (e, a1 thal particular Limed soil-water
potential. provided thai information on soil dry densiwy is avanlable. From
measuzrements of soil sample volume, i1 is seen thal » significant reason lor
the differences in shear sirength between the adsarpiion and desorption cycle
1% due o the resubaat existing volume of the sample a1 cach par kular poten-
tial vafue. Whilk water resention measurements previde quantitative valuey
ferr the tolal water holding capacity of the soil, ir must be realized shat where
selute efecty are negligible(as in the cawe of 1he soiks shown here), the matric
suction which acoounrs for the total soil suction depends an bath soul fabric
and scibwater interaction. In aciual fact, therefore, the matne suction is
directly related to dvy density,

In Figures 8 and % 1he shear strengih, dry deuslty and soil-water potental
values for Kaslinite and Sre Rosalie clay respectively arc shown on a three.
dimensional plor. Iy is seen that the shear strengths lie on 8 susface which
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provide 2 wmique relationship between sil-water potential, shear steength, and
dry densily. The significance of this form of cxamination is that the dry
density vomponent of sail structure? i now incorporated and 15 scen o e
influential in the development of shear sirength,

A: mentoned presiously, Lhe irrecguerable volume ¢hinge due to fabric
distertion, [ie. dry density changes) can influence the resislanoe Lo shear
delormation whilst mraining the same erergy status, This demonsirales the
impertance of dry density om the development of water retention and shear
strengthe The shear strengih of the materialis seen ta depend on the soil-water
potemial, sa long a5 dry density is taken inre aceounl, and thus provides a
very uieful basis for the examination of the shear strength of partly saturated
clay soils

W is evident thar, with this method of examinanon, one is fmeed from 1he
hurden of application &f standard models which rely in the fully saturated
nature of the soil. In addition, 11 is not atways clear whether the e o-parameter
tarlure theors penerally wsed (e, Mohr-Coulomb theory] can be wsefully
applicd to describe soil failure during (he entire stage of ~ol unsaruranign

WETTING OF $0IL PROFILE AND UNSATURATION ¢ SATLRATION

In addressing the peoblem of prediction &f unsaturated soil strength, using
any approach which might be feasible, one of 1the mere imporiant requirc-
ments is the ghility 1o forecast or to esablish beforehand the soif-messture
status (walet content andjor degree of saturation), In order ro do this. at s
necesiary 4o consider the phenomenon of infiltraiion infe the sodd arising from
it of maisture fram the pround surface—through rainfall or any otker
meats. |nfilirgion, which is the downward enery of waler intothe soii, is bost
viewed in terms of whe infilirmiion rate of the soil--i¢. the rate 28 which a
«m] an a given condition can absorb water. |t is defined asthe volumnc of warer
passing into a unil area of soil per unit Fme.  One thergfore deals with
infieation welocity and capacity of the soil 1o absorb a certain amgunt of
water. The infillzation rate obwicusly depends upon both sutface and sub-
surface conditions whege particular ancntion is paid to the initial status af
the soil prios to conditions of furher welling

The general moisture profile kad charsiensrics of infilrathan arc shown in
Fipure 10. Note that the peacral rate of distribution is independent of grain
size, even though the time required to wet 1o & given depth of soil increses with
2 SoMl mructire is defimed as the resuN Jnl sction of 0 CONT T NS D ORI R JTF AT -
menid off partiches (Tabrc) awnd wwienict i0n thravgh imtenpar ol foroes.
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deveawing graio bge, The foor parts of thesafiltration profile are identitied
in Figure 1), Wote a¥ic 1hat the welling front al any time may be above the
vanding waler table  Recharge of the warer tabie |hrough infifiabon wilf
occur very showly 10 Yong s the wet front is sbove the waler 1able When Lhe
comphete wed frant and 20ne of walling penetrate the wakee lable, a corres-
ponding increase in baight of the water Labk will be abserwed.  Note tha the
saturation of the 30il in 1he 2one of transmission is ndt neotssarily 10027, Tt i
useful 1o observe thay in the downward infiliration zone, the water contenl
in whe infiitrared soid will be high. Below 1he wel front—in Lhe region between
the wet from and Whe standing waler 1able—there exists a layer of soil with
lower water contemrs,  This sandwiched kayver witl decremse in thickness when
inKltration progresaes further uniil peactration of the wet (ront into the water
tuble aecurs, or uniil recharge from the ground surface is diminished,

Changey in 301! suction wil] oocur a5 a result of chanpes in (he waler con-
tenl realied rhrough infMration. Figure ?) sfbows & (ypical set of daty
which describes the change in soit suciion with de2pih as a funclion of 1ime
Mo a erg 1inse base, which deseribes initial infltration. It is clear that thesg
kinds of information can be obtained for varicus wil profiles which would
alloh one to begin 1o relate soil suction and their ¢hanges wih resulan
shear strength for 1he soil a1 various stages of unsaluration — a5 shown for
example in Figure 7.

CONCLUSIONS

It isevident, from the preceding dispourse, Lhal the problem of deternination
of unsuraied soil sirength which is pariinent panicularly 1o the difficuliies
wssociated with stabifity analyses, can B suocessfully evaluated provided one
van develod a s71 of refarionships which describe the unsaturated soil strength
in relations 10 the degroe of unialuratign and water content. The probizms
which surround thisdelesmination of unsaturaied spil sirenpth chvigusly now
can be transferred 1o thosy which concem 1bemselves in secking o set of rela-
ton=hips which ptrma one 1o esiimate the degree of wetting and 1he 1ime rale
of wetting in 1he face of rainfall or other surface ponding conditions. With the
propes characicrization of spil moisture wptake, 2 knowkedge of soil capacity.
and the corresponding soil-energy relationships, it now becomes ponsible to
approwch the prablem of determinatian for potential insdabilily or present
sistus of siability of a soil mass. The many factors thay control soil moinure
uptzke, water welention, infiliraticn rale, end moisture cohesion beur over-
lapping simikasily wih those which control soi! suciton. Thys 1he charaoieri-
zation procedurc which requires one to determime the soil suction capabilny
B



XOIL STANILITY

10 min

i —l | 4
109 3 S0 25 o

S01l Suction, ¢cm wa'ter
Fum. E1, Soil saction profiles during InAivaiion 38 varisus e,

{soil-water patential) can be used 16 serve 1wo purposes—ig. sl characteri-
zation for determunation of the soil-energy relalionships and soil characteric
ration far the purpases of identification of Aeld moisture uptake of foils.
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ABSTRACT -

The relationship batween sai! composition and soil structure
as revealed from water ratentlion andfer uptake For a 30l derlved From
a moderataly to highly weathered granlte formation in & tropical region
was studied. This relationship s signlficant in that most of these
soils ara not fully saturated.

Changes In the immediate local environment will affect the
status of the sails - especially in the ¢sie of water avallabllilty.
Since the shear strength and comprassibility properties of the soils are
to a very large matent dependent on the water content-saturation sspects
of tha soll, It |5 necessary to establlsh baslc characterization proce-
dures to allow for prediction of the changes In the molstura regime in
the solls, This study provides infornatlion on campositional features
of a soll phtained from tropically weathered granite. The soll-water
relatioaships are sstablished for the sofl and their dependence ¢on
aspacts of compositlonal control are shown.  Because of the low clay
and smorphous materfal content, very small changes In water content can
signifleantly affect soll performance - aspecially |F the coarser soil
particles are coated with the clay and amarphous marerial.

INTROOQUCTION

Of the many problems that underlia the utilization of soft
characteristics and properties for predicrion of sofl performance, the
problem of assessment of the role and influencu of water content {and
degree of saturatfon) in & partially-saturated residual soil is by far

! Dirgctor, Geotechnlcal Resedrch Centre, and Witllam Scott Professor of
Ciwl] Engineering and Applied Mechanlcs, McGill Unlversity, Montreal,
Quebec, Canada.

a
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Hong Kong,

4 Resident Director, MAA Englaeering Consultants {4.K.) Ltd., Hong Kong.
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ane of the most signlficant, Whilse one of tha most recogqnlzable
fFeatures of 4+ residual soil is its degree of saturation {oartlal satura-
rion), and whilst ig is indeed known rhat the water content-percent
saturation blumped parameter plays a decided role in the contrel of the
mecnanical properties {stress-strain, compressibilicvy, ete.) of such
residual soils, the nesd Lo Coatinud ta dsak a more appropriate and
accurate soil mechanics models deating with partly-saturatad soils

cannot be overstatad. By and large tradition has relegated (a) the
proclem of determination of mechanlcal progerties of parcly-saturated
scils to one wnich cansiders and tests the fully-saturated %011 equiva-
lant 45 a conveni&nt aiternative, or {b) the destermination of partly-
qaturated soil propertlies using prodedures which [avolve empirfeal
gorrelating faerars and other paranaters dealing wlth "measured' pore alr
gressures, pseudo machanicy theories, dealing with equilibrium esrab-
lished hatwasen the varioud phases, efc, Unfortunately, whilst all thase
attempts are indeed tacit recognition of che phunomeron of the multiphase
interaction, the problem af predicting the parformance and behaviour of
the partly-saturated reasidual soil has yvet to be successfully solved.

To provide & better means for development of predicgive
behavioural models dealing wlth parcly-saturaced residual solls, it is
clear that because of the phenomenon of aultiphasa Tnteractlon, it is
fMecessary to obtain an understanding of the Fabric and structure of the
so0ils - especially in regard to the influence exerclised by the individual
fanstituents in the sal), {.e. composbrional cantrol, In pariicular,
the various kinds of constltuents condtituting the composliclonal
features which interact snd participate in the development of porewater
relationships mustc be well-understood, since water plays a prominent
rale in the performance of soil materlal, As the nature of the residual
toil i3 one «hith is tha produce of chemical weatharing processes, and
since the more traditional and classical tocols used in soil machanlcs
classiflicarion techniques 49 not necessarily take Into account the
requiremant foar compoil tlomal characterizaktion requiring a broader spec-
trum far detalling af tha ¢hamistry of the soll-water aystem, the present
study provides the flrst-phase reparting of analysas performed on soit
samples obtaingad from three separate corsholes in a2 soil profils con-
sisting af weathered granite and coliuvium overTying the weathered
granj e,

501L SAMPLES AND TEST PROCEDURES

The three coreholes were pbtained In tha vicinity of Clear-
water Bay Road Development 11, Xowloon. Solt samples ware obtained
tath in tha callyvium and In the weathsred granite, with tha latter
showing the various stages of weathering ranging from compieraly weathared
near the top to a highly weathered zona near the battom of the corehols
profile,  The samples taken were 7.6 cm in diaseter with lengths
warying berween 9.3 and ' m.  The dapth of sampling varied from Z to 20
m as shawn in Fig. 1, whara the in{itial on-site dascription of seil
sampfes is provided rogather with tha blow count.

fn addition to the standard classiflcation tests, e.g. grain
size analyses, consistency 'imits, the other kinds of tests conducted

2 Yang
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included chemical and mineralagical anaiyses {or determination of the
amount af |lme remowved, arganlc content, amorphous material content,
propartions of clay minerals and chemical analyses of the porewarer.

Sail suspensions obtained aftar amorphous material removal
were ussd for preparation of crlented £lides for minaralogical analyses,
¥-ray diffractograms were obtalned and the peak haights for the various
minerals compared ta those of standard minecals. Wlith such a methad,
an approximaeion af tha guantlitias of the specifie minaralsy presenc In
the scils may be gbraimed. It T3 necessary to note at this time that
hecause of the high coarse fractlen content, mineralogical analyses
were only conducted on the fine fractlans of tha sail sanples, and hence
the data presented [n the results concerned wlith mlperalogy refer only
the the fina Fraction minerals,

In the procadure used for removal of Iime {CaCl3) the soll
samp les were ground and mixed with sodium acatare, and sulsequentcly
heated to 1QQY(C, This resulted In & mixture with a pH = §, The
mixture wal then cenerlfuged and decanted, and analyses made for the
calcium and magnesiwn contants.

The soil sampias were treated with hydrogen peroxide For
removal of organic material, The dry walght bafore and after treatment
with hydrogen peroxide wis Indlcative of the amouat of organic material
remgved.

The procedure followed For daterainacion oF amorphous
content in the $50i1 samples was similar 1o the one reporied previously
by Yong et a) {1979}. This pH-depandent dissoluticn technigque has been
pravious |y developed by Segalen (1968) for application to troplcal soils,
In this technlique, pH of the soil 15 decreased with the additlon of 8N
HC) selutlon, at which time iron and alumina are ditnolved. Subsequently,
the pH is increased with the additlon of O.5N NaQK sclution which in
turn will dissolve sT11ca ond alumina. To apply this alternace pH
cevcling for dissolution af the speciflc amorphous components, the 3011
samples are gvendried and treated at room temperature in the cold state
with the HCl sajutton for 10 minutes to allow for dissolutlon of alumina
and iron. Fallowing thls, the excess hydrochloric solutlon [3 removed
by washing and cantrlfugation of the sample with water. This i1
followed by tha additlion of the NalOH and subsequent placement of tha
samples Tn a hot water bath far flve minutes to permit dissalutlon of
silica and aluming, This alternate washing with HC1 and NaOM constl-
tutas ons cycla. This ¢yecle 15 repeatnd elght timas for the sane soll
sampla, and has been found to be effective In rhe awtractlion of amorp-
hous materials = ®.9. Yong et al {197%).

In the procedures used for porewater analyses, the porewater
was axrracrad from the soi) samples using the saturation extracyt mathod.
Subsequently, the porewater was then analyzed for cations (Na, K, Ca,
Mg) and anions {cns, HEo4, €1, suhb.

in addition to thesa characterlzation tests, soil suction
messuregments were made using the pressure mambrane technique, Tha

4 Yang



samples were allowed to take in water at pf* w 0 injtlally, prigr to
desorption to a pF value of 7. Foflowing this, the samples were then
ailowed ta adsarb in the rewatting part of the soil suction teses.
Whilst attempts were made to measure volume change at various stages of
desorption-adserption, It should be recarded that ng measurable volums
changes ware obsarved,

To better understand and to develop a wider base of appreci-
ation of the various components interacting to prgvide the eatire make-
wp of the soil, scanning electron microscopy wad used for visual examina-
tion of the sofils, By and large, this was confined to those soll
samples which contained the fina matarial and which atlewed for sapara-
tion of tha materlal inta finer guantities,

RESULTS AND DISCUSSION

The partiele size grading tests obtained from the results
of the particle stz diatribution tests For all the samplea, using tha
same samgla Tdentification numbering scheme as in Fig. 1, are shown in
Table |I. In the Tabla, the By5, Dgg, and Dpg, i.¢. diamaters for tha
75%, SO% anmd 25% zail fractlon, are shown with the median, deviation,
and skewnass of tha distributed curvas, For proper Individual parcicle
separation - becausa of the syspicion char the amorphous material present
in the 1afl might coneribute to aggragate particle groupings which would
not be esasy to disintagrate - samplas ware mixed wlth sodium bicarbonate
and shaken for |15 minutes before final agitation in an ultrasenic cleaner
For ancther 15 minytes, Following this agitatlion, the mixtyre was
washed through ® 51 migron sieve |n order to separate the flna fraction
from the cparser Fraction,

IF one uses the more standard procedure for grain size ang~
lysis, Tt will be sean that the resulting particla size distribution
when compared to & Gausslan discrfbution wiltY appear to be smailer than
thar which should be obtalnad From cthesa kinds of samples.  Apparently
part of the clay fraction appears as 3l)lt-4ized pargicles becsuse of the
aggregative bonding sstablished batween the particles. To confirm
thls suspicion, the cementing agents werd remaved, using the chemical
treatwant method (DL mechod)} described by Mehra and Jackson (1960).
The resulcant particle slze distributions ebtalned were subseguently
znalysed and the values shown In Table F. The skewnsss, devlation and
madian wers calculated according to - median #d = log Dgg, devlation
Dv = } Tog (04./D,c), skewnness Sk = } Tog {{nnmsumnsa;nzs}]

Resulfts from Table 1 can ba plotted in the Md~Ov Field as
shown [n Fig. 2, which according to Lumb {1985) shows that Samples 1 to

* Sgil suetion values are genarally expressed on a pF scale. The log of
5gil suction exprassed In cantimeters of watar is deflned a3 of, in
analogy to pH., A pF of zero for example indicatss that the height of
& ¢olumn of water which che 30f] suction would suppore is one cantimater.

6 Yang



TABLE 1 Particle Si2e Distribution
Sample DT5 D5ﬂ ﬁzs Md Dv Sk
{mm)  {me) {mm)
1 LAl 0.00% 0.0006 -2.398 1,132 0.308
[ 2.00 G.650 0.07Q =3, 180 3.723 =0.2h&
LI 1.75 0.650 0.058 =3.187 0.6825 -0,195
R] 1.85 0.80a 0.115 =057 0.603 =0.23%
v 1,70 0,980 0.200 =0, 0049 3,465 0,225
1| 1.60 0.3680 0.431 -0, &k 0.842 -0.223%
Vil 2.50 1.§80 0.270 a.9061 0.433 =0. 46
TR 2.05 1.000 0.%00 0,000 3.505 ~0. %4
iX 2.35 i.150 0.390 0.061 - 0.390 =0.084
X 2.55 0.950 D.145 =-3.022 0.5%4 =0, 156
Xl Z2.00 0.580 0.038 0,237 0.8&] =0.32)
O
1.5
D EAAT™
1 OECOMPOSED : ------ ;;ﬂ;;:l;
RWPILITL i s TR
X J
| ]
. -
1 -
:
4
'
i [ ]
-1 -t )

Fig. 2 Soll Llassification on Grain $ize {according to Lumb. {945)
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X1 can be classified from this plot as decomposed granite, whilst
Samgile | can be classified as red earth. This confirms the initial
visval classification shown in Flg. 1,

Flgure la shows the water content distribution far the sgil
samples as indlcated in the coreholy profiles.  Superposed on the
diagrams ara the degree of saturation In the natural state and the water
content at saturation polat. Note that the ssturation palnt water
contents for remoulded so0il samples ware exporimentally measured, and
may mat sccord with theoretical saturation walues caleulated gn the
basis of measurements for initlal partial saturation void ratlos,
dansltlexs and specific gravitles, One af the reasans for any percelfved
differences may fie in the presence of entrapped air in discontinuous
vold spaces and aggregate groups, since no ateempt is made ar thils point
to disaggragate all the peds or Fabrfc wmits, The eantrapment af air
in aggregate units i3 sometimes encountered in experimental soil satura-
tfon technlquet using simple water uptake procedures for preparation of
saturation &xtract samples.

Tha data In Fig. 3a shows thae the saturation water content
for the remoulded samples pppoars to become relatively constant in the
lower part of tha corehgle profiles - Fndicative of Lhe results &
in the distritution of the ¢lay content for eath coreholes = 1,e. :g;n
for each corahals, Thus, for example, for 3amples ¥V and VII), the 025
values are identlcal, and the Dyg valuas for Samples YIt, ¥ and X for
corghole Hl are of the same order of magnltuds,

The calclum and magnesium content togather with the organics
contant superpoded are shown In Fig. 3%, snd the porewater analyses are
shkmen in Flig. Y, where the diseributiony for caleium, sodiuvm, potassium
and magnesium in the porewatsr are shown in the depth profile. The
mineralegy and amorphous contert distribukions are shown In Table 2, It
iz noted that the amorphous content, even in the small proportions
shown, can exercise a slgnificant role In the tontrol of water retention
and uptake = 8% will be shown later,

The 30l auctlon curves shown for the samples from the
thres coreholes are glven In Figs. & ta &, OFf particular interest are
those samples which show measurable differences In adsorption-desorption
performances. Ta provide » batter visw of these diffearencas Figs, 7
and 8 gather togather the soil suction curves for Samples X, ¥, and V111
(Fig. 7), and Samples | and VI [Fig. 8}.

In gatharing tha two representative groupings of soil
suctlon curves, tha intent is to show nol necessarlly the asorphous
content Influerce, but alsa to highlight the importance of both the

*Hote that the nzs criterion, |.e. effective max[mum diamater of sofl
partieleas For tha 25% Fractlioan of soil in the sample tested, 75 & wery
waefutl method For quick assessmant of tha grain size proportion of the
5011, 1f Bye 15 very small, f.a, in the clay size range, the clay
content is obviously significant,
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TABLE 7  HINERALDGY AMD AMORPHOUS COHTEWT DISTRIBUT QNS
MINE RALOGY AND AMORPHOUS MATERIAL COMTEMT

{orehcle Hi M3 M5

Depth [m) & 12 16 18 3 7 1% g 13 19 20

cample Mo. | 11 WIT 1V ® 1 1x KI ¥I LI ¥ OVTII
MINERALOGY
Kool injge a5 B4 56 U &4 49 25 97 a0 75 97
Nica 1 1 i 25 2 i 39 1 [ 1
Quartcz 4 7 12 z2 i2 13 H 2 ) 23 -
Hicrogline - 1 3 1 b 5 k 2 i -
Albite - 7 1 7 1 - - - - 1 2
AMORPHOUS
HATERlnk
CONTERT™™
Fe203 0.23 - 0.6 0.89 {1.34 0. 7h 0.44 1.3 0.6% J).01 0,27

AL,y - ) ) i ) ) - - ) i )

Siﬂz - 0.14 Q.12 - - - - - - 9.2 0.

.:a

present In the fine fractions of the soil samples.

ety

" The presence of each wineral is expressed as a percentace of the total amount of minerals

"“The amorphous material content is expressed a: a percentage of ovendry weight,



a1z

Water Content (%) —

Flg. 8 Soilwater Potentlal Curves for Samples | and VI

Fireness of the finds content {D1 § and the percentage of Fines. Thus,
for enample, whilst the amorphous materlal content For baoch Samplas |
and Vi are almost identical, the disaweter values shown for D show that
this Dy; Jiameter is indeed very small. The Dyg fineness p?us the
higher percentage of Fines for Sample | In contrast to Sample VI is
reflected in the contrasting deviation and skewnsss of Samples | and V).
The soi! syction curve for Sample | reflecrs the material characteristic
not only in terms of initial water content, but also in the desorption/
absorption characteristics of the material. it should be noted that
this is matzrial From the ol lyviym and not fram the weathered graniye,
as shown also by the data indlcated In Flg. 2, and drawn sccarding to
Lumb's classificatlon technlque. The electron micrographs for the
typlcal sampled show thar where the amcrphous presenca |& high, tha
crystallinity of tha mineral particles cannot be saslly discerned. The
amorphous materkal appears to codt the larger size partliclas,

The significance of the presence of clay, silt and amarphous
materials in the soll suction performance of the salls tested can be
discussed in wimw of the mode! Initially propesed by Yong amnd Sathi
f1977) for clays with a high amorphous content. Tha results of this
study indfzate that the baslc mode) can by adapeed Far the 30ils studied
herain ta account for the much lower amerghous content but highar
coarse fractlon avallability. The prasence of the high coaria fracklon
plus gropertionately much lower clay and amerphous sacerial contents
suggest that ctha coarse fracelons such »3 gravel and sand are costed
with soma clay and some amorphous materfal. Addicionally. it would

| ¥ Yong



not he unlikely for clay particles to form aggregate groups (peds} with

the amorphous material as bonding agents. To illuscrace the mode]
suggested by the results obrained it 75 necessary to develep 3 3-pare,
or 3-zone adsorption/desarption mechanism madel - Fig. 9a.

A

WATER CONTENT

Fig. 9a Typical 3-Zone Desorption/Adsorption furves - with *'Ink
Bortle'" Effect (Curva A) and Without "ink Aseele!
Effect (Curve B).

In the typical desorption/sdsorption curve shown in Fig. 9a
as Curve A, the classlc ink-bottle effect* is shown as typified In Zane
2. The suction parformance is Indlcative of a uniformly dispersed
"uniform" size particle system somewhat similar to sile, where the

-

In a serfes of Intarconnected pares, the dlameter of the pores ar mid-
points are larger than the nacks of tha pores, Thus In dry or

emptying the polnts, the water contents reached will not be the same as
in the wetting procass = bearing In mind the different pore diamaters.
This Ts the classlc Tnk bottle effect, i.e. where the neck diamater is
smaller than the main pore space, Thus [n emptying the smallest dia-
meter wiil contral whilst In wetting the Targer diameter will control,
This will result In kyscaresis. Sea Flgq, 9b and Yong, RA.N. and
Hark:ntin, a.P. {Tg?i}l chﬁp* lll N
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Watting

ODrying

Fig. 95 Hysteresis in Soils Due to Drying and Wetting

adsarption-desarption curves deviate significantly In Tones 2 and 3 as
testimony to the "ink-bottle" effect. Bote that thls agplies to

Samples | and Y1, In the model suggested whare the amorphous matecial
wiuld rend to form bonding between clay particles, creating dggregdte
groups (peds] - it s mot uncharactaristle for these pedy o be more

or less similar in size to the siit particles, thus producing in
gssanca 3 seamingly uniform-sized soil particle system, Note that the
presence of peds was indicated in the tests for graln slze distribution
as observed earliar.

Water yptake In Zone 1 can ba identified with vapour phase
phenomena whilse watar yptake in Zones 2 and 3 ara associated with
capillary action in view of the micro-pores and maceo-pores respectively,
The greater or lesser presence of microa-pores will highlight the greater
or lasser "ink=borrle'" aeffece. With the likellhood of ped formatlon as
in Samples | and VI, the deviations barween adsarprion~desarptlon per-
formances in Zones 2 and 3 can be qulte pronounced.

'n the case of Curve B, Zona 2 adsorption=-desorption deviation
's Indeed weak., This is typical of & 50il sydcam where particle slze
disgcribution does not develap much "Tnk-bottle’” effece In rewetting -
i.a. pare size distribution is "wall=graded". Samples ¥, ViIl and X
shown in Fig. 7 are somewhat s!milar to Curva 8 in Fig. Sa. To a
greater ar lesser extent, all the other samples show suction character-
istics not un!ike that of Curve A, The Curve B mechanlsm identified
indicatas water uptake Tnitiaily by tha clay particles as coating
material [plus some minor individual clay particles), Ffoliowad by alcro-
pore water yptake, At this clme, a 1ittle “ink=-botels offect is
apparent for wost of the samples In thils grouplng, But to a considerably
lesser extant [n comparlson to Samples | and Vi, The fina! phase of
water uptake is through caplllary actian identcified In Zanse 3 - through
the macro-pores.
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To apply the modal further, the soil sucrion curves For the
various samples are analyzed to shew the differences in watar eontent
for adsorption-deserpt!on as a Function of pF. The reiults are shown in
Fig. 10. The curves representing Samples §, 11, I11, 1Y, ¥1, ¥IE, IX
and X| are typical of the type of suction performance shown by Curve & n
Fig. %a. The curves representing Samplés ¥V, Vitl and X in Fig, 10
correspond te the type of suctlon performance shown by Curve B in Flg. 9a.
Note that the "ink-bottle' effect In the curvas correspending to typa A
in Fig. |0 occurs at about pF3. The clay contents for type A vary from
1.8% to 39.5%, and for type B from 1,72 to 2.12.

Differancs In Water Conter (%)} —

Fig. |10 Difference In Water Content for Adsorption-Desorption
as a Function of pF for Samples From tha Thras
Cereholes

The warlous proportions of clay present can indead form
coatings around the gravel and sand - as shown in Tables 3a and 3b,
where surfidce ared measuraments for soils hava baen shown. in the
procedure used for the four soll samplas stedled, {(f.e. I, 11, ¥i and
VI[} the surface area was determined for esch sample in Tts natural
state, and also for the various fractions obtained separately from part-
icle size distribution determination. In additfon, measuraments wars
alise made for soll zamples obtained afrer lime and crganics removal,
Surface ares msasurements ware made ualng the EGME (ethylene glycel
moncethy 1 ether) mathod described by Carter et al {1965}, Because of
the fact that the measured surface area for the coarse fractiens far
exceeded the thearetically calculated values for Mequivalent! sirzed
spheres, the coarse fractions of soma of the samples were “'cleanad'' using
DCB=meachod ard sodium hydroxide Ereatmént. in doTng 0, coatings of
clay and amerphaus macerial would be removed, leading perhaps to a
closer sccord betwean maasured and caleculated surface area of the coarse
particles, After this "cleaning' procedure, a substantial reduction ip
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surface arga was observed, bur this still Far exceeded ideal spharicat
particie computed surface aresas, This 8 to be expected since ths
coarse fractions were indesd Mighly angulae torally "non-spherical',

Froam the results shown, it 15 evident that the coarse
particles were indeed coated by the clay particies, and also by some
arorphous marerials, The differences in measured surface areas, both
before and after cleaning are testimony to the coating model, Thus
the principal of this oethod Is thar EGHME forms a monomolecular lgyer
on s0i] particles., Since the amount of EGME ngeded to cover 1 m® of
soil particle surface is known (i.e. 2.86 x 1¢™%g EGME per nd of
surface), the surface area of the s0ils can be calcylated From the
diffarance In waight of the saaple with and without the EGME ¢oating.
With tha sesmingly smal) amount of clay present, a judiclous placement
of the ¢lay can Indeed afFfect s0ll performance considerably. Xote
that, axcept For Sample WP, the surface area of the clay partictes far
exceads the fomblned surface arsa oF the grave) and sand. {Sze Table
iB). Thus, there are sufficient clay particles tg coat rhe larger
particies, plus lefrover clay particles to form peds with amorphous
banding.

CONCLUS I QNS

tn this first stage of soll compositional contral study
for a2 particular resldual 207l, attention has focussed on two parti-
cular aspects of the prablem, {.s, the presenca and amount af amorphous
material and ciay in the soil, and the manner In which these are distri-
buted in the s$oil. By and large, Bmeause af cha granular natyre of
the z0il and the low amounts of ¢lay fines and amarphous matarials In
contrast to the amount of total soil material, ib 19 clear that the
degres of saturation 1s important in the response behaviour of the soil
material. It is fndeed significant ta chservwe that begause of the
low amounts of clay Fines and amorphous saterial, any small change in
the water cantent of the materisl would play a large part in changing
the overall mechamical behavigur of tha 3011 - especially If the
material forms clay coating and aggregate groups, If the residual soil
had 2 much higher clay flinex and amorphgusd materlal content, smal!
changes in the water content would not be as significant [n the control
of carrespondling changes In the chemlcal properties.

Tha First phase gf this study has indeed demonstrated
through the characteristic sqil suctlgn turves that bezauss of rhe smalt
changes In water coafent, na real changes in volume can be measurea.
However, this does not necessarlly Indlcate that che machan cal proper-
ciws of che material would not be considecakly Influenced becausa of
thase small changes. In actual fact, the results demonstrate through
the shapes of rhe soil succion curves that a gne ar two percent gveral!
content diffarence in the clay fines or amorphous material would sarve
to dramatically increase or dagrease the rate of water uptake - as shown
by the adsorpticn-gescrpeicon part of the scil suctlan curve,

In the continuing study, the shear strengths of the soils
are examined in rafation to the wvarigus stages of water uptake and
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TABLE Ja Speclfic Surface Area in mzfg for Various
Fracclons of Samples 1, 11, V! and ¥I1,

Sample Number
| | Vi VIl
Total sample, nacural state s51.95 12,581 12.84 8. 133
Gravel 14.93 1,12 0.70 J.38
Gravel, 'eleaned! 2.1% 0,57
Coarse sand i3.14% 1.9% 1,33 z2.19
Coarse sand 'cleaned’ . co Z.49
Medlm fline sand 6.57 £.52 2.37 14,23
Fine Sand 9.80 2.3 £.35 14,90
Site 14,89 3Z.41 2638 17.54
Clay ) 120.42  &7.40 £G.55  138.21
Toral samele, afrer |ime
and organlics removal 47.07 9.67 10.85 7.06

HOTE: In order o compare the surface arez of the total! sample o
the sum of cha surfaca areat of the constiruring fractions,
the latter should ke added up proportionately ta thalr
presency In tha toral sample {as indicated by the particle
‘$1za distrlbution}.

TABLE 3b Comparlson of Surface Area In m2 for the Combined
Grave! and Sand Fractlon Yarsus Clay Fracelon, as
Present in 100 g of Tatal Saoll Hatarjai# :

Sanple Nynber
t n | Vil
Gravel + Sand Fraction 3t7.04  21.78 120,86 210,98
EIEY Fract!gn h?s&;ljg 3‘33.51! 55(!.0-'4 3"3-"3‘

* Computed from particle skze distributlon and specific surfece area,
as indicated in Table 3a.
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relatrionships deseribing the rate of water uptake and corresponding
chamges in cthe marerial properzies will be shown,
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ANALYSES OF HONG KONG RESIQUAL S01L SLOPES

by

1
Prapote Boonsinguk , H.ASCE and Raymond N. Yong?, M.ASCE

ABSTRALT

The curreant procedures for designimg cut slopes in Hang
Kong residual seils are reviewed. le §s evident that the scabiliey
of slopa In auch 3oi1s is predominantly governed by the streagth of
partially=-saturated so0ils and the effect of rairwater Infiberation,
The shortcomings of the design approaches adopted at present appear
to be tha lack of an appropriate constitutive relationship for the
unsaturated s0ils and an analycical ogdel For evaluating slope stahi-
ity which properly accounts For ralnfall intenslty.

A sultable mathod for analysing and/or designing cut slepss
In residual salls which underge hlgh amnual rates of ralnfall is ocut-
11ned.  This can be achleved by s3sessing the intensity of rainfall
which will affect s'ope scabillty, Such a constderation shoyid 1ead
to & better design procedure For slopas Formed in residual soils.

[NTRODUCTION

Slope failures in Hong Kong residual soils occur frequently
dyring the wet season {From May to September) in which the average
annual ralnfall Is about 80 in (2000 mm) with che highest recorded
dally rate of about 21 In (530 mm). Ona of the most comnon types i3
in the form of mudstides carrying 1oose Fill ar in-sltu sofl, ofren
wlth rock boulders, downslope at high speads durfng perlods of heavy
rain. The pther type of aqual significance Is faflure af cut siopes
and natural slopes charactarized by shalléw slip surfaces axtending to
depths of ppproaimately 10 to 20 ft (3 to 6 m)., The consequences of
such Fgilures can be disastrous to human |lves and proparties especlally
when thesa &vents ¢gcur wlthin highly populated areas., One of the most

} kesgarch Assoclate, Gegtechnical Research Lentre, McGill Unlversity,
Montreal, Carada:; formerly Geotechnical Englneer, Scott Wilson Xirk-
patrick £ Partners, Hong ¥ong,

2 Ofrector, Georechnical Resaarch Centre, and William Scoce Prafessor of
Civi) Englneering snd Applied Mechanics, HeGil) Unlversity, Montreal,
Canada.
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severe lands]lides experienced in Hong Kong was in June 1972 in which
mare than a hundred people were Killed 3nd several roads and buildings
werz hadly damaged (Hong Kong Government, 1971).

To prevent disastrous slope fallures, the hong Kong Govern-
ment cammissionsd a8 detailed study on the landslide potential of the
existing slopes (Beattie and Attewill, 1977) and introduced new ragula-
tions which requlred comprehenslve ground investigation and proper
gesign under the supervision of spaclalizad geotechnical engineers for
al| major site devalgpments. Repores on site investigation and propo-
sals for site formation have to be checked by the Govermrment. in order
to outtine the basic approach in slope design, the Hong Kong Government
puzlished the 'Geotechnical Manual for Slopes' in Moveaber 1979 which
provides general desige prosedures for lacal soil conditions. However,
the problem of identification of the actual mechanism of slope failure
has yet to be solved. This prablem lv indeed impartant and needs to
be solved since many steep slopes standing at consldarakle heights have
survived years of heavy ralnfall whilst othars have failed. Without
such an undérstanding of slope failure mechanics, it Is apparent that
only confervative design approaches will be adopted by pruden:t designers,
resultlng thereby in extensive precautiomary design measuyras, eo.g.
cutting at filat angles, installlng anchors, building retalnlng walls,
eLc..

Needless to say, thera are saveral schoais of thought
regarding the moda of failure and strength parameters currently used
for slopa design Tn Hong Rong. The various differences often lead to
lengthy dlscussions batween the ¢hecking authorlty and tha designer,
on the chaice or use af the proper deslgn criteria, sometimes to such
an axrent yhat a complete re-design is netessary.

The conceprs underlying design of cut slopes in in-sltuy
residual soils generally adopted in Hong ¥ong will be presented herein
to identify the prohlems encountered. Possible amendmencs to [mprove
the current design conslderation will be discussed.

GENERAL SOFL PROPERTIES

h%p abundant residual soils ferming the natural siopes of
Hong kong are The products of in-situ decomposition of the parenr rocks
by the orocessas af weathering which have been relacively active dus

to the sub-tropical climare, high temparatures and heavy ssasonsi ralons.
The thickness of the residual soll mantle varies extensivaly and can be
as deep as 100 fr (60 m). Along the lower parcs of steep natural
slopes, the in-situ resicdual solls are fregquently overlaln by calluvial
{slopewssh) materia) of various thicknesses which were transperted
downslopa By torrantlial ralnastorms, There are two major rock types:
granite and volcanles {Fig. 1), both being of igreous arigin. The
granitic rocks are, in general, widely jointed with joint spacings
cetwean | ft (300 wa) and 10 fr (3 m} whlle the volcanic rocks are
closely jolated at spacing® ranglag from 2 in (50 mm} ¢o | ft {300 mm).
Both rocks vary conslderably In composition and colour., The geology of
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Hong Kang has been studied in detail by Ruxton {1960) and Allen and
Stephans [1971)

J—'il-

The residual soils derived from granltic rocks {decomposad
granite) are Usually coarss grained {sandy) whilst those from volcanic
rocks [decomposed volcanics) are fine grainad {silcy). When undisturbad,
relice jaoint planes and some fabric of the parent rocks can ba [deaci-
fied except in the surface structureless sail, To be specific, the
residyal_soils referred herein include the topsail, containing no
recognizable rock texture, and soil_derived from completely decomposed
rock, weztherad in place, with distinguishable rockh texture and relict

faines. The major clay mireral resulting from the weatherlag of both
granitic and volcanlc rocks is halloysite {Lumb and Lee, 1325). |n_the
natural state. the residuval salls are generally unsaturated and the

‘degree of saturation, depending on the seasonal rainfall, varles between
0.7 and 1, ucca:funallv reducing to 0.5 at shallow depths and on exposed

surfaces Qu*r.-.na the dry season.

When _ynsaturated, most residual soils appear 1o have s
high cohesive strength,  Thls cobesive strength drops to low values or
eyen zerg upon_ fut! saturation (Lumb, 1985 & 1975), Such a behaviour
is_consigared to be the rasult of the release of soll suctlon when the
soil begins to take In more water in the wett:ng processy. The measured
vaives of s0il suctlon for undisturbed specimens at about 0.75 degres
aof saturdtion, for sxample, range From pF 3 to pF 4.5 (2 ro 60 kip/fe
or 108 to 3000 kPa). Lumb notes that the reduction in strength, which
seems o be more pronounced in the decomposed volcanics, does not
apoear to be caused by the collapse of 3ail $fructure dus to saturation,

The permeabil ity of the Jdacomposed granlte obtained from
lasoratary and field tests has been found to be of tha game order,
herween 3 x 10753 frss (1075 mfs) and 3 x 10°8 fFr/s {1070 m/s) with the
mearn valva of sbout 2.5 x 1673 fr/s (8 x 1078 m/s). Howsver, the
permeability of che decomposed wolcanics exhiblts a much higher wvaria-
tian in labaratory and Fleld resis. The mean field valua hay baen
calculated to be a%out 5 x 10°° fr/s (1.5 x 1u‘5 m/s) compared to the
mean iaboratory value of about 6 x 1078 fe/s (2 x -9 m/s) which
demonstrates the imporeant role of joint glanes on permeability in this
sail. Cetalled progercles of the in=situ restdual soils of Hong ¥ong
have been studied earlier by Lumb {1965 & 1975},

CURARENT DESIGN APPROACHES

Tha customary approach for analysis and/or daslgn of
slopes in Hong Kong residual solls, in general, consists of selestlon
of an appropriate mathed of stability analysls, evaluatlion of strength
parameters and groundwater interpretation. Differant deslgn approachas
frecquenthy result I'n proposals for different stabilization measures,
sometimes bn total disagreement. The following discussions sre aimed
at highlighting the design procedures currently adopted and thalr auita-
Biliey. Ar present, for high risk slopes, the minimum Ffactor of safety
(F} raquired is 1.4 in assoclation with a 1 in 10 year return perlod
rainfall and F.12 with 1 in 1080 year return period.
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Method of 3lope Stabilicy Analysis - Amongse tha numerous methods

of slope stabiliey analysis available, the one used most for practical
design appears to be the Janbu routine method (Janbu, 1954} using non-
circular failure surfaces. lts popularity stems from the Facr that
it can be easily hand-calculated or programmed in small computers and
the non-circular Fallure surfaces conform co the failure surfaces
obsurved. In order to search and locate the critlcal slip surface
(.9, the ana having the minimum factor of safety), the mathematical
equations describling the slip surface conflguration, normally circular
or log=spirail In shape, can be ysed to generate a succession of ship
surfaces. With the development and ready availabilicy of sophisticated
small computers, the entlra process of calculation using a subsrantial
number of slip surfaces can be carried out in a relatively shart tima,

Ocher mathods of slopa stabllity analysis are employed
occasfonally. For quick preliminary calculations, simplIFied stability
chares ofrer provida yseful results, particularly when groundwater can
be Incarporated in the aralysis, e.g. Hoek's charts (Hoek and Bray,
1577). Since thasa stadility charts cannor account for the effects of
layered s0il profile, nor complicated sltope configuration, thair use is
therefore unsultable for detailed design of high slopes. The Bichop
simpl1fled method (Bishop, 1354} Is sometimes used when cirgular
surfaces with large radii are |Tksly to represant the probable failure
surfaces. The varfations of strength paramaters and groundwater levels
in Hong Kong solls are sa hlgh that an extremely detalled method such
as the meehod proposed by Morgenstern and Price (1968) {s seldom used
for routine design,

As stated above, the Janbe routine method is normally
emploved In practice for slope stability analysis in Hong Kong. However,
Janku's method conslders only the momant eguilibrium of Individual
slicay but not necessarily for the whole siiding mass., Its use should
therafore be limited ro alongated shallow slip surfaces, otherwi{se
serlous error would arise whan the method of amalysis {8 appllad to deep
slip surfaces (Nonvelller, 1965). Ffurchermore, a survey on the effec-
tiveness of the 'in house' computer programmes used in slope stability
aralytis, which has recently been conducted by the Hong Kong Government,
reveals that a large dlscrepancy can occur (n the computed facrors of
safety from different programmas - for the $ame s'ope! The main
reasony bre different methods of programming, daws grocessing and
appllication of the method of slices.

Strength Parameters =~ The effective stress concept is adopred in all
stability analysas so that the physical state of stress in both satura-
ted and unsaturated conditions can be expressed. When fully sawrated
the effective stress Is defined as:

o' =0 - u (1)

whara J' = effective stress, O = total normal stress and u » pore water
arassure, For_partially-saturated soils, Bishop (195%) has proposed
the following equation:

5 Boonsinsuk



T _ - - - a
= s L o- xle b {2)

where uy = pore air pressure, U, ® pore water pressure and y = an
€73irical parameter deEendlqg on _the degree of saturation, AT presant,
there are no recommendedvaiues of ¥ 4r any proper expression available
For determining the effective stress in the unsaturated sails of Hang
Kang. However, when back-analysing some existing steep slopes known to
rave been stable for a number of years, the factor of safaty is often
found to be much tess than 1.0 which is theoretically incompatible.
Whilst one explanation may be because the strength parameters [i.e.

the cohesion intercept ¢' and the angle of Tnternal friceion o' in the
Mohr-Couiomt failure criterion) obtained with test dats From triaxial
tests on saturated samples are too loaw, the other plauiible reasan

could obvigusly be that present methods of evaluation of partly satur-
ated sail strength are totally inadeguate, Since the bulk of the

soil mantle is in fact partially saturated, the eéxistence and influence
of 50il suctian in the scil pores cannot be discounted., For simpllicity
equation 2 i5 sometimes used as:

o' g - us {3

where ut |5 the soil suction [npegative value} obtainable oy back
analysis. The use of the 30il suction {u2} Is normally associatea
with very low valuei of e!. Whilst this seems logical, & reliabte
valuz of sotl suction for use in design }s not easily sought. The
use of back analysis to determine the scil sucrion implies that tha
values of soil suction will also depend on the slope and slip surface
geometry. This howsver, s contrary to soil particle interaction
know|edge where ample experience and investigatien have shown that
compesitional characreristics, together with soll structure partjclpacs
in _establishing che soil-water potential - ;.a._soil suction {Yong and
Warkentin, 1§75). A case in polnt is the sail suction study recently
conducted on Hong Kong soil showing the effects of composition an

soil suction and soil fabric (Yong et al, 1982}, A&t present, the
behaviour af the unsaturated residual soils Is being investigated both
in laboratory and Tn-situ conditions by the Hong Kong Gavernment and

ather interested partias.

In present day technique, the strength parameters (c',¢')
to be used in dasign are customarily derived From triaxial compression
tests on saturated samples using both drained and undrained conditions,
Although the wndraimed situation seems unsuitable for Hong Kong
residual s0ils due to their relatively high permeablllty, it 15 some-
times wused for comparison with the drained tests. The cohésiaon [nter-
cept (c') evaluated from the drained triaxial tedsts shauid be the Jower
limit and hence conservative for designing the slopa angle at one
particular height, S0il specimens are obtained moscly by the Mazier
sampler (Beattie and Chau, 1976}, The results of the triaxial rests
gre normal |y grouped according to the dry denslty, standard penstration
resistance andfor the degree of woatherfng observed in the specimens 5o
that representative strength parameters For each soil stratum can be
derarminad, In this manner, the shear strength tends to increasa with
depth which represents the actual behavlour slnce tha degree of
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wealharing decreases with depth., ALl triaalal test results in terms

of effective stress are accumylared in the p'-g diagram from which the
strength paramaters for design are evaluated, usually by least-squares
fittlng.

The most pronounced diffarence in conducting triaxial cests
for Hong Kong residual soils s |{kely to be the single-srage and multi-
stage testing procedures, in the single-stage tasts, e¢ach soil speci-
menn Is sublect to one assigned loading condition until fallure.

Several Individual soil samples are sheared at different tonfining
pressure$ to produce test information for interpretation in tarms of

a Mohr-Coutomb envelops, 'n the multi=stage tests, each sample is
tested to Failure at a constant confining pressure similar to the single-
stage rtest, after which, Ir i% receonsolidated undar & higher confining
pressure and shearing is repeated, A series of 1 different confFining
pressures acting on each individual sample is normally used. _ The
failure celterion for esch_stage is controlled by the maximum principal
stress ratie (0}/0}) which can normally be reached at {ow straln.
Typics! stress=strain relaticnships for multi=-stage tests aré presented
im Fig. 2. in general, there 15 no sharp peak at low strains and
strength at high strain is not determined gparticularly in the first two
stages 50 as to 1Imit the degree of distortion in the test specimen,
The absence of any welli-prongunced peak In the stress-straln refacion-
ship could imply that bonding between_soll particles 1s relativeiy low.

The maln advantage of the multi-stage test is that an
‘identical' sample Is rested throughout the three stages whereas three
different specimens are used in the s5ingle-stage test to obtain the Mohr-
Coulomb envelope. The myltl-stage test is adopted primarily to over-
come the high degresa of nonumiformlty inherent in Hong XKong residual
soils,  Howewer, it suffers from the fact that a weak fallure plane
may develop from the previocus stage which will eventually lead to speci-
men Failure 2long that weak plane, reducing thereby the 1ikalihood of
cbralnlng separate faflure polnts In sach stages of test, For residual
sofls of which the true cohesion, |¥ any, Is derivad predominantly From
the weathering process of Tts parent rocks, each stage of the muiti-
stage test will reduce, IF not destroy, such cohasion which is unlikely
to recover through consclidation, A correction procedure for this
phenomenen im the muiti-stage test has been propased by Wong [1978).

Several attempts have been made to clarlfy the major factors
which govern the shear strengch behaviour of Hong Kong residual soils.
Sweenay and Robertson {1379} have shown that single-stage and multi-
stage tests yiald similar strength sovelopes regardiess of whether the
confinlng pressures of the firsg-stage tests are lower than or equal to
in-situ stresses, This |s thought to reflect the granular nature of
the completely decomposed granite samples tested. Furthermora, [asts
conducted at (ke in-8itu moisture condition agree well with the test
results of laboratary-saturated samples which seems to indicate that_the
contribution of soll suction ta [ts shear strength is In_fact negligible.
There {s also no signiFicant effect from the sampling procedure between
the Mazier and dry percussion tachnlgues,
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A rypical p'-q diagram presented in Fig. 3 illustrates the
rasults of triaxial tests undér various dual conditions, i.e. single
and multi-stage, dralned and undrained, saturated and vnsaturated. The
dry densltias of ihe specimens tested werg batween G4 and 100 1&/fed
(1.5 and |.& Mg/m?) with very Tow plasticity indices. tn general,
single-stage tests using a small range of confining pressures ofren
yield negative values of coheston Intercept (if derived %y the marhod
of least squares) while such = problem seldom arises in meiti-stage
tesrs, Far shallow slope Failure, the SEiresses within the soil mass
are comparatively low and below those used normally in the triaxial
rests commerically avallable, Tihe strength envelope will, tharefore,
have to ba extrapolated In accord with the designer's judgament.
Although fc [$ customary to raly on linear edtrapolacion, some will
adjust the value of ¢' to zera and use soil suctlon {u*) instead.
Several investigatlons ars balng conducted ea ¢larify the shear strength
behaviour of Heng Kong residuval solls In the low stress range in addi-
tion to other Factors such as tha influence of relic Jelnts, stress
reliaf, arc. It appears from the p'~q diagram Tn Fig., 3 that
di fferent testing procedures seem to have only a slight effect on Hong
Kong reasidusal solls.

From the preceding discussion, it is ocbvious that seleccion
of strength parametars for Hong Wong residual s4ils depands mainly on
Uenglneering judgement'', In order to achieve the required factor of
safaty of 1.4, a small ¢hange In the coheslon intercept or the soil
suctign can slqaificantly affece tha final dasign, In ¢onsequence,
sensicivicy analyses are often conducted by varying the streagth para-
Merars, Such an approach acknowledges the face that the theoretical
factar of safety agalnst slope instabiblity Is not an exact value - as
speclifled by current reguirements,

Groundwater = Perhaps the design [agredient which (s tha most diffi-
cult to attain s the representatl/ve groundwater level to ba used in the
analysis. Whillsr subsoil conditions can be identified by site investi-
gation and strangth parameters for deslign caza B¢ Found to vary within &
narrow ranges, qroundwatsr can change drastically depending on rainfall
intensi tySduraclen and tocal geoltogical structures. During tha dry
sea1on, qroundwater is often found to be near the interface becween the
in+*8i gy soil and tha bedrock. This Javel will rise and fiuctuate
considerably in tha wat szason, It has been reported that a rise in
aroundwater iavel yo to 40 ft (12 m) occurred a5 a resulc of 2 tropleal
storm In one locatlon whilst ansther plezometer located nearby recorded
only @ 10 Ft {31 m) risa (Sweeney and Robertson, 1979).

As the soil profile is mulel=-layered in nature as a result
of dlfferent weathering activities and geological origin, it is
possible that a parched water table nay exist, particularly durimg
rainfalt (Fig, &), With this |n mind, two plezometers will sometimes
be imnstalled 1n the same drillhale bur at two dIffarent levels near the
interfaces barwaen varlous subssil atrata. It iy stid) difficulr,
however, to [dentify a potential imparmeable layer wlithin the residual
soil mantle since all tested values of permeability {lszboratory or field)
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produca results with the same order of magnituda. Canseguantly tha
pieroneters are monitored elosely with special Frequent readings during
periods of heavy rain. An automatic piezometer-monitaring system is
somet imas used to pravide continugus readings. In general, any sxist-
ence of perched groundwater s difficult to prove aithough slope failure
due to the preseénce of an isolated water table is not uncommgn,  For
safe design, the perched water level s always assumed where apprapriate
alrhough {ts hydraullc head is sybjective. The groundwater level
behind a slope face |s sometimes controlied by installing horizontal
drains, occavlonally with vertical caissons filled with filter material.

Based on general ahservaticns that the groundwater tatle
rises during the wet season, it is customary to establlsh the maximum
groundwater level monltored during the wet season as the base level in
design. A certaln rise is then added in accordance with tha statisti-
ca! rainfail return pariod requirad (normally 1 in V0 year and | in
1000 vear) as recommended by Beattie and Chau (1376).

The amount of such a rlse |5 sometimes assumed to be equal
to the depth of the watting band descending from the existing surface
to the base groundwater level, This depth 13 calculated by the simp-
1ified expression proposad by bumb (1975) as follows:

h - ht {4)
nISF - ﬁﬁj

where h = depth of wetting Front, k = coefflcient of parmeability, n =
porasity, S, = inltial degree of saturation, $¢ = final degree of
satyration, t = duration of rainfall.

The rise in tha groundwater level !s often assumed to be
I m far the | ia 10 year storm (required F = 1.4) and 3 m for the 1 In
1000 yesr storm (required F @ |,12).  Such an approach §i8 generally
accepted, where pasaible, although it is aot strictly followed. This
is due 1o the obvious doubt concerning the advance distance of the wet
fromt, i.e. whether or not it 13 physically equal to the rise in the
groundwater table, in a speclal situation of 'dry' slope, a different
approach wiil have to be considered to account for the variows storm
return periods.

POSSIBLE MODIFICATION | CURRENT APPRQACH

It would appear from the preceding discussfon thar a
rigorous assessment of slope seablllty in wasaturated residual soils is
extramely complicated. Apart from the problems in esrablishing
strength parameters and groundwater characteristics, am analytical modal
will have to he develapad fo take into account tha effects of seasonyl
change in subsoil moisture profile caused by both complea rainfal)
pattern and groundwater Flucruation, To achleve this slm, one would
have o underscand the real mechanisms fnvolved in such & situatlion.

A& typical subsoil profile of a cut slope in ynsatursted residual soils
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shown graphically in Figure 5 wl!l generally consist of four different
zores.  The top zone where infiltration is active durlng rafnfall
followed by evaporation undergoes substantial changes in [ts moisture
content throughout the depth of the wetting front.  The next layer is
the equltibrium zone where slight changes in moisture content would
occur unless the wetting front advances muech Further.  Abpve the
groundwater table is the capillary 2one where the degree of saruration
is likely to be close to saturation due to caplllarity and fluctuation
of the groundwater. The fourth zone is the saturated sall scragum
undernsath tha groundwater table which develops positive porewater
pressyre, Under a prolenged rainfall In which the wetting front can
advance g a great depth, any rise in grovndwater lavel dus direcely to
infiltration of raimater from its fmwadlace viciniey will depend
arimarily on the thicknass of the three zones above the grouadwarer
level], 't might ba poasalble that once the wetring Front reaches thea
rop of rhe capillary zone which should be near saturation due to high
suctign, the groundwatar table mighe rise abruptly ko that level If the
rain is continuous. The amount of rise will depand malnly oa the
infiltratlon race, the flow velocity of the groundwater, the gealogical
structure, the rainfall intensity and duratlon.

In the simplifled modal developed by Yang et al (1982},
saturation zones Jeading to changes im soil stress-strain behaviour
have been used in the Caleulatlon procedures for slopd stabiliey. It
is underscood thar the nore sophisticated analytical madel will nead e
fncorporate comglicating (ssaues and situations in the subsoll proflle
a5 shown in Figures % and 5. Should the worst condition be designed
far, I.e. highest graundwater level! associated with fully-saturated
mantle above, the result would ba very consarvative and uneconomical.
Thus, thera Is certatnly 2 need te understarnd rhe behaviour of unsatu-
rated soi! from the slope stability point of view.

In Hong Mong where Failures af slopes sre closely related
to rainfalk, several attempts hawve been mads to form an appropriate
analytical model for astesslng $lops stabilley Tn such & manner. One
of these is the customary approach which astumes a certaln rise in the
groundwatar level according to the speclified storm return period.
Howaver, |t4 applicability 78 restricted to slopes with groundwater
withln thalr ITmedizte wlcinity, For *dry' slopes in which ground-
water doas not exise or is located at conalderable depths balow the
slope face, such a method would imply that the slope scability T3
independent &f rainfall, obviously a doubtful concapt unless all its
exposed surfaces are totally covered by an impervious layer. Further-
mare, the rite In groundwater level due directly to infiltratlion of rain-
water requlres that the wetting front reaches the original groundwater
level at a faster rate than the groundwater flow velocity. Should the
shear strength of the resldual_soi! within the werting band drop to a

lew value that would cause instability, the slope would fail before any
rise in groundwater could take place.  In consequence, If such a model
I used togathar with non-zaro scil suctign, It would imply that there
remains some 80!l suction within the wetting band which would help in
stabilizing the slope or gtharwlse, the rise In groundwater i3 not

caused by direct Infileration.
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Based on the common kpowledge that_the shear strengrh ang
the soil suction of an unsatyrated soil decreases with ircreasing mojs-
{g(a_ggg;gqt ‘together with the available means for calculating the
agvance of watting Front (Lumbd, 1962; Wong and Yong, 1971), it is
possible ta form anm analytical model capable of determining the rain-
fakl intensity that would cause slope Failure. The shear strength of
Hong Kong residual soils has been demonstrated to decreass with incre-
asqu‘g;gtgg_of saturatlﬂn and 1d the céﬁesfﬁn cnuld ‘drap to z zera when
Fully satyraced (Lumb, 1985). Thus It can be postulated that the

shear strength of the unsasturated soil within the wetting band is
decreased as a resuit of higher maisture content which, in turn,
ingreases rhe deqree of saturation sirce volume change due o , wetting
fer Hong Kong soils should be smell, With such a hypothesis, the

slope stability during rainfall can be easlly assessed. This approach
has besn proposed by Lumbd {1962) but rarely used In routlne design,
obviously dua to the unclear Influence of direce rainwater infiltration
on dlope stabilicty which has yer to be varified through detalled field
s5tudy., Furthesmore, such an approach will have to be modified to cater
for the behawiour of groundwater frequently observed during the wet
Sed50n,

fe ¢can ba concluded that there are two different opinions
regarding the moda of siope fallure in Hong Kong residual sofls; ona .
assumes that Fallure is caused by rising groundwater table and rhe other
by saturatiaon of the top sqil mantle due to rainwater Ioafiltration with-
Qut producing positive Rydraalic pressurel n practice, both modes of
Faifure are (ncorporated {n the design by using shear strengths of
saturated specimens for the unsaturated zons and sealing the exposed
surfaces with an Impervious layer. in some cases such as natural slopes
or grassed slopes, Infiltracion carnnot be complately prevented., Hence
the effect of infiltration on slope stability still remalns ro be solved.

To compare the valldity of these two analytical approaches,
tha factor of safery of a dry slape standing ac 559 and 33 fr (10 m)
high will be caléulared. For simpifcity, the bulk diniiry (v) and the
angla of friction {4') are kept constant at 125 15/ftd (2.0 Mg/md) and
35¢ raspectively. The slope Is cut into a thick mantlg of decamposed
granite with a permeability of 2.5 x 1075_Ft/s {8 x 10°° m/s}. The
cohesion {¢') Is assumed to be 0.5 kip/ft2 (19 kPa) which could be
considered as an fn:igratlnn of two physical components, the trye
cohesfon {¢!) af 0,2 klp/fe (10 kPa) and the apparent cohesion {c!) of
o.19 klpfft5 {9 kPa) due to soil suction {u*} of D.27 kip/Ft2 D12, § kfa) .
The values of £l and u? used hereln are the upper limies for loose
decomposed granTte aften adopted for slepe design In Hong Kong. Ie
should Be noted that the factor of safety for the dry condltion (9 1.4
which meets the current requlrement. In ochar words, combining the
upper limits of cohesion and sofl suctfomn wlll resule In a Slope
standing &t 10 m high with a maximum angle of 552,  Alrhough slopes
of such dimansions are common in Mong Kong, preventlve warks wil!}
mormally be required to meelk current standards.

Two modes of fallure are considered heresin. First by
assuming that the cohesion (c') drops ro zero within the wetting band
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in which the snil is fully satyrated, the facrar of safery can than be
calculated as a function of the depth of the wetting Front (h), The

result shown im Figura & wae basad aa the stanilicsy chart for drey
slopes prepared by Hovk and Bray (1977) and tne average CONesion was
approximated as {H - R}/H) ', The second mode considers that the

sail suction u® or che appareac comesion {ci] is reduced to zero by
the wetting front while the true cohesior (¢}) is unaffecred. The
factor of safety was then calculated in the same manner using tha
average cohesion as c% + [({H = n}/H} C;-

Tne resultart factor of safety shown in Figure & exhlbits
thae sanmsitivity t0 tne advance ofF rainwater Infliicration as would

narmaliy be axpeacted. The siope would fail when the werting Front
penetrates ro a critical deptn and, on 113 path, causes severe reduclion
in rthe shear strengtn. The most gricical situation oceurs whan tha

conesian (€'} is cotpletely destroyed and the Failure of the $lopa i3
imminent if rainmwater infiltrates about & m into the 30l mantle, Should
thara ba no perched water tapie withia the slope, fallure would ba
triggered ty infiltration, nat rislng groundwater and the soll mass
within the wecting band wouid fail gradualtly following the advance of
the werting front. On the other hand, if the true cohesion {ci) exists
infiltration alone could not cause slope instability.  In this case,
there would be no need ta protect the slope with an impervious layer;
grassing should ba adaquate,

To cater for the commwon gbse=rvacion in Hong Kong that,
during any severe rainstarm, many slopes fail while ochers still stand,
the proper analytical method should be able o determine the ralnfall
that could cause slope failure. This cen be achjeved once the rate of
infFiltration and its &ffect on the shear strength can be correctly
dascribed, For the purpgse of illustratien hereln, equation (4} can
be wrirten as v = k/{§f = S5] n, where v = rate of Infiltration, and
vsed by adopting the following parameters: k= 2.5 x 10=5 f/s (8 x 1676
w/sb. Sg =1, 5, =0.75, and n = d.4. Provided that continucus rain-
fall prevails such thar water percolates i{nte the soil mass uninter-
rupted, the rainfaill duration which 73 eritical to slope stability can
be assessed as shown in Figure 7.

It is evident that the duratien_of rawnfall considerably
afzcts the slope stability. |f the rainwater infilcration does reduce
the cohesion of the soil to a negliglble value, che ¢ricical rain dura-
ton would ba about 20 hours or @ total rainfall of about 23 in {580 mm)
tcalculated from the saturated permeabilicy k, baing the limlt of the
infiltration rate v] which is very severe compared with the average
annual ralnfall of 80 Ia (2000 mm}. Under such a rainstorm, many
slopes would fail by direct rainwater infiltration, In the case of the
ron-2ero trye cohesion, more severe ralnstorms would be necessary to
cause slope Tnstabillity. Obvlously, Iinfiltration will cause slope
failure befgre any groundwater rise is possibie particularly when there
is no impervious layer present.

From the preceding discussion, the foliowing observations
can pbe made: -
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I} The analytical approach for design should be selected by
considering the actual subsoil conditions encountered.
Routine approaches should not be used without resarvations.

2} For dry uniform slopes, failure would be induced by
dlrect rainwater infiltration, noc be rislng groundwacer.

3) 1f thare is no true cohesion, or {f the apparent cohbasion
in the near-saturation state within the wetting 2one is
extramely low, then infiltration #il1l cause slope failure
prior to any rise in groundwater.

4} If there is & subsrantia) amount of true cohesion, both
infiltration and rise tn groundwater, if vessible will
kave to be considered,

CONCLUS FONS

The problems of slope stablliey In Hong Kong residual scils
arisa from tha facr that many tlopes have falled whilst others survive
through similar pacfods of raimFall or storm. Although e is cbvious
that slope fallures are clnsely astociaced with rainfati, the actual
mode of Fallure Is stli] unclear. Slope instablllty could ba caysed
by direct rairwhter infiltration, thereby Increasing the pore preisura
and/or ralslng the underlying groundwater level. Without understanding
such a meghaniam, only conservativa design approaches can be adopted.

To be realfacic, each slope has to be analysed individually according
to the probable moda of Fallura which In turn depends on the subsgil
conditions. The routine design approach should be used only when
appropriate. Undoubredly the behaviour of unsaturated residual soils
upon partial or full saturation need to be studied further.
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STABILITY AMALYSIS OF UNSATURATED SOIL SLOPES

by

| 2

Raymond M. Yong , M.ASCE, Staven K.H. Slu1 and Nicolas Scladas
ABSTRALCT

This study utilizes the Finlte element method for analysls
af cthe stahility of an unsaturated soll slope where consldaration iz
given to the effecrt of changes in the soil moisture regima in view of
rainfall, To allow for ralnfall effects on the slopes, tha analysis
takss Inte consideration the percolation of raimwater from the imposed
reinfall = with assumed assignment of saturation (wet) penetratiocn Into
tha sall. S¥nce the infirerating ralmwater wik! create @ translent
mofsture regime, the solution to the problem of stability muat conslder
changes in the degree of soll saturation and the associated changas In
the strass-straln relationships of the affected sal) regicns.

The technique utll!lzes 3 relatfonshlp batween sall stramgth
and dagree of saturstion and the Inplementation of @ time Incramantal
salution procedurs, glven in terms of changing taturation zones with
tima. This allows one b0 march downwards and also  inwards from tha
slopa to sccoamodate changes In the misture regime and the a3zsociated
chgrgas In soll stress-straln,

The sclutions should show patterns of soil elament strain

distress with the penstrating saturatlen front which allows for an under-
standing of the development of slope stabliity.

INTRODUCT ION

A vary promlnent characterfstic of residual solls found In
tropical ¢limatas s the lack of complete saturation of such soils,

Because of the Inicial unsaturated state, It is pot uncommon for the sofls

to lose acrength rapidly upon further watting to saturation. The common
belief i3 that the high regative pore pressures which enist in these

20115 in the unsaturated s$tate produce resuletant strengths which becoms
progreasively reduced as water content It Increatsed.  When this occurs,

]DIreCLor, Geotachnical Research {eatre and Wiliiam Scott Profassor of
Civi} Englnearing and Applied Mechanlcs, BcGli)) Unlversity, Montreal,
Canada.

2ProFaisiunM Research Assistants, Geotechnical Research Cencre, McGill
University, Montreal, Canada.
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during rainstorm seascns, the water content continues to increase - due
te infileration, parcolation, erc.; shear strengch decreases and
natural landslides, mud flows, and general slope Falluras can occur in
initially merastable slopes.

In this study, the problem of percolation of rainwater, or
infiltration, is considered by zssigning saturation levels o the sub-
s0it in the slope under axaminatlon, The incerest is this particular
study [s not so much the accuracy In modalling rainfall and infiltracion
but the use of a simple wodal of 2ail satvratlon level and asscclated
development of soil Instablliey becausa of the deterioration In sofl
strength - leading to slope failure.

STRES5-5TRAIN REPRESERTATIUN AND AFPLICATION

To provide Input For analyses, the stregs-strain results
obtained from ¢onventlonal triaxial testing of an initially unsaturated
residual soil From South Africa (obtafned From decomposed granlte) wers
used, Tha scil was & yellowish-brown silty clay wlch distince lumps
?F]E to 1¢ In. {1.0-3.0 em). The properties of the scil were a3

Ol IS

SpeclFic Graviey = 2.1

Hatural Water Content = 19.5%

Liquld Limlg = 19}

Plastic LImit - 15.5%

Density = 112.5 pcf {18 KN/m3) at 100X saturation

The grain size dlstributlon. is shown I[n Fig. ) and the
typical stress=strain gurves obiained for the soils, backprassured to
Fu!l satyration for the three confinlng cel] pressurea, ara shown in
Fig. 2. In the absence of "'accepted™ concensus For partly saturated
soit shear scrength cesting, it was felt that at lesast thls technigque
of refersnce Full saturation strength would be useful slnce this
presumably represents the '‘weakest!' streagth. HKote that there (s 3
Targe difference batwesn the peak and resfdual strengths for ali the
samples restad,

it is uieful 1o observa that the application of the finltce
alement analysis does not requira involvement of the C and ¢ parameters
associated with the Mghr~Coulomb fallure critarion, This point becomes
particularly Important when the unsaturated soil strength of tha materfal
is considered. For appllicaclon of the stress-atcaln curves (data) to
analyses, the twa common machods used for simulation of the data ars
(al digiral, ana (b) functional. In the former, the stress-straln
turves are represented by coordinate palrs of points which are thea used
a3 input into the computer, The points on the curve are chosen at
appropriate positions ta permit calculation of the tangent modull
reguired in the finite-elemant mathad,

fn functional form, the stress-stralm curve is represented by
a mathemarlical function. This technique requires one to specify a
functiornal form which can closely represent tha actual stress-strain

2 ¥ong
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curve, Simce the stress-strain curves of the soil shown in Fig, 2
exhibit & significant strain softening affect which {4 not convenientiy
mathematizad, & digitized form for representation of the stress-strain
curves would be more appropriate. Consequently this study uses a
digital form of represenmtation with small intervals to reduce the error
in calgulation of the values of tangent moduli and the values of stress
or strain which lie between points at which the values are digitized.

For computational purposes and application, the direct
iteration methad was used, To illustrate the procedure, the following
steps wera taken: for the first Freratlon, the trial wvalua of initial
tangent modulus chosen calculates a palr of stress=stralin values at the
first iteratTon. A chech is made tg compare the results with the
stress-straln relation. If a large discrepancy s observed, a second
iteration 75 started with the stiffress value equal to the slops of the
chard joining the arigin and the sndpolne of flrsc feeration as shown
in Fig. 1, The procedurs is repeated untii the difference obtalned
is withfn the allowable wvalue. This procedure Is nacatsary because of
the distingt strain softening nature of the sail,

In this direct iteratfon method, while convergence occyrs
relatively Fast, the rate of convergence atill depends on the Initial
trial value of the tangent modufus In the first Ttaratlon, The better
the firse spproximation is, tha faster tha solurion converges., (on-
vergence ¥s controlled by the assigned allowabie margln of error ~ i.e.
15% margin Is asswmed In this solutlon - and the calculated value of
the tangent modulus is compared to the actuval valus to satisfy tha
requiremanrts. In actual application, the convergance of the [teration
is saen to be very guick.

APPLICATION BF FINITE ELEMENT ANALYSIS

Tc develop tha analysls which accounts for the infilzration
of water Tnto an initially ynsaturated solt slope, an assumed 452 glope
with a haignt of 172.25 fr (52.8 m) was chosen for the study. [n
performing tha amalysis for slope stabllbey, the inftial conditions
assumed for the status of ths slops are: slope is unprotected from
surface inflltration during ralnfall, i.e, rain water can infilerate
inta the sall through the slope surface and from the wop of the slope,
{b] tha inltlal degqrea of saturation of the soll |a constant throwgh-
out the whole sail mass pricor to inflltration, fe) as rain watar
infilcrates Inte tha slops, changes in water content and saturation are
divided intc saturatlon Tones and are described by saturation contours
which change with tlme as infiltration progresses.

Saturation contours at three different stages of infiltra-
tion are shown in Figs. ba through ¢, MNote that these are assumed
distributions and also that the levels of saturation have been chosen
arbitrarily to rapresent three stages of wettlng exposure of the sofl
slope., The intent of this representation is to parmit implementation
and development of the method of analysis for the problem under study.
It is recognized that o more sophisticated infiltration model will need

5 Yong
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ta ba developed. Until such is avaiiable, the use of saturatlon Zones
is indead useful as input values for the finlte eiement mathod of
analvysis.

The finite element mash used s shown In Fig. 5. This
slape 75 assumed to be @f Inflnlte width - allewlng for plane strain
analysis - and the soil is consldered as Isotropic. The isoparametric
element concept has been usied a4 & basls far eiement formulations.

in the procedure used to eccount far the confinement of a
soil mesh element, [t was recognlzed that the axisymetric triaxial
frast) stress condlitlon which equated tha intermediate and minor grin-
cipal stresies was not dlirectly representative af the in situ laceral
stresses develaped in the actual fiald problem. Singe the magnltudes
af the incermedlate and mingr principal strasses of a sail wass elsment
would be different, and since tha Fiald lataral confining stress wmay
not necassarlly be equal te the ainor peincipal stress, [t was decided
that for che computational purposas the confinsment in an element could
be represented as an average of the magnfrudes of the intermediate and
minor princlpal stresses Induced at the centrold of the element. To
implemant the finite elemene analysis, the followlng steps are usead:

Step | Cafculate the state of stress of an element basad
on an initlal assumed tangent modulus,

Step 2 LalcuTate the new tangent modulus from the Scress-
strain nontinear curves based on the stress-state
caleylated in Step 1,

Step 3 Caleylate the stress-state bazad on the new
medulus,

Step Repeat Step 2.

The schematic flow diagram {dentifying the above is

fol fonas:
Assume infltlal tangent
modulus, EI
f 3'”*
Caleulate state of stress in each elemant, i.e.
~stress; ~strain; -confining pressura
' Materlal stress=strain
curves undar d1 Fferent
confining pressures
Calculate new tangent modulus,
E“ *
E. = E Calculate state of stresses in each alement

i n from Erl

T 5O 15 * YES

IEn - Eilf-'-' Talerancal

L END

10 Yong
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Linear interpclations were performed to compute intermediate
walues im a curve and also between curves at different confining pres-
Sures.,

Since tensile stresses will axlst in some of the clemeants at
each iteration, the no-tension analysls requlires that &lements with
tensile stresses induced in the First lteration are marked. Following
the first iteration, equilibrating nodal Forces are applied for the
elements with tensile stresses. As the finlte element analysis conatl-
nues, the iterations are alsd continued until tha zones are rellsved of
tensile stresses through redlstribution In the adjacent regions.

The affects of the weight of the soll at tha various satura-
tion leavels were taken jneo acgount In the analysis of the problem. The
weight of tha sail ac the particular saturation level was calculaced
according to the total constltuents In che volune contained by esach
element [area [n 2-0 analysis), and discributed egually onte each node.
The process was cumulative, such that at a spec|flc noda tha total load
due ca self weight was composed of the contributlons af all elements.
containing that node.

Several finite element analy$es wara performed using three
different saturation contours representing threa time stages of itera-
tion. A surcharge load of 87.) psi (600 KPa} was appiled to the top
of the sTope and tre analysls carrfed on uneil clearly dafined failed
¢lements were observed within the sippe. Elemants were considered as
faited when the element stralin axceeded 15%. The stress-scrain curves
used to represent the strength of the solls in the varleus contoured
regions of saturation, f.e., 40, 60 B0 and 100% saturation were adjusted
in accordance with a simplified assumption (model) which tied the peak
and residual strength to the saturatlon leve| of the soil. This model
is described further in tha followlng discusslon deaiing with the appli-
cation of the simplified Bishop's method of analysis. Figures ba
through 6¢ show the strain contours developed In the slope for the satur-
ation stages [, 2 and 3 shown respectfvely Ta Figs. 43, 4b and bc.

Mote that stage 1 shawn in Flg, 6¢ Is "academie” since the slape will
have failed in the earlier stage 1 situathon = a5 will be seen later In
Figs., 7b and 7c.

To provide a basis for comparison of finite elemant analysis
results, the simplified Bishap's meithad was used to perfarm a stability
anaiysis far the alope with the same saturation zonaes shown in Figs, 4a
through bc. Since the stress-strain curves of the soils exhibit peak
and residual strengths and since thalr values differ by more than 18%,
feparaté analyses were made using both peak and residual values for deter-

mination of the corresponding shear strength parameters. To account
for the effact af saturation on the stress=strain values, a simple model
which accounted for strenqth changes with saturation was used, in this

model, the peak and residuz! stremgths of 0% saturated sofls were
assumed to imerease by 10% above the strengths of the 100% saturated
sotls, and the strengths of the B0% saturated soils were 1.1 times larger
than the strengths of the 90% saturatgd soils., Similarly, the strangths
of the 80% saturated soails were (1,10 times greater than the strengths
of the 100% saturated sails. Using tne appropriate increased strength

P2 Yong
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valuas, the corresponding Mohr-Coulomb shear strength parameters can

be obtained For the particular sol) saturatlon lavel, and appropriate
computations For slope stability can accondingly be made. Table |
shows the various values uged in the simplified Bishop analysis.

Mote that the applicability of a Mohr—{oulemb failure criterion to the
unsaturated sails tested Ts nat belng debated at this time. The
question is begged sTnce the Tntent of this study is to test or examine
the development of a stress-scrain method used In the analysls of
unsaturacad sofll slopes. It (3 read?ly ackrow]edged that the simpli-
Fiving assumptlons concerning skrength changes with saturation Tevel

in the slmpla modal cannct be easily defended. However, the rationale
for the mode! |fes in the observation that strength does Indeed decrease
as saturation intreases, and vice versa. With proper data, it would
not be difflcult to construct a similar type of model, MNa-e that It

is not the model that s really important but the methodology used in
conjuncCion with a finite =lement analysis - 1.e. the use of saturatian
Zones and assoclated stress-strain phenomena for analysis of unsaturated
sall slopes undergoing Inflltracion leading to slope fallure. The
slip ¢ircles computad with the simp!ified Bishop method of analvsis are
shown Tn Flgs. 7o through Tc together wich the results from the finlte
element analysis. [n the diagrams, the elements showlng strains
exceeding strain-at-peak stress {approxlmately 7 to 8%), but less than
15% (i.e. "falled straln) are indicated as shaded elements, The
flgures show that in stage 1 {Fig. 7a), "fallure' of the slope does not
really oceur although [dantiffable &laments within tha slope show
degrees of strain distrass. Thls is compatible with the values of the
Factors of safety derived from che limit equilibrium analysls using the
simplified Bishop method.

In F1g, 7b where Stage 2 saturation occurs after time ts, it
is noted that progresslen of the saturation wet front has caused a
greater strain distress, The F.E. analysls shows a continuous failed
zone which corresponds to the lImit analysis solution - as ldentified
by the low facters af safety computed by the simplified Bishop method.

Stage 1 saturation penetration s "academic' since slope
failure will have already ocgurred, However, for completeness, and
for the purpose of illustration of the anatyais whilch conaiders the
transient saturation of the s¢il, the results shown in Filg. 7¢ drama-
tically illustrate the full effect &f deep saturation penstratcion,
Extreme strain distress is shown over a large régiom in the soil slope,
The Iimit analysis shows the bounding fFailure surfaces as indicated by
the failure circles in Fig. 7c.

CONCLUSIONS

Az stated earlier, the infent of this study is not to show
that the finite element analysis can again bhe appllied to yet another
slape stabillty problem, but to try to indicate the feasibility of
incorparating 5 simple set of assumptions that recognite the distribu-
tion of water content of the scil constituting the siops and the associ-
ated differences in soi) strengths. The simple stress-straln-saturation

16 Yong



SISALBUY 2twi) pue uies1g Juaus(l flog - | abeis ef -6y g
s
"

Uy

%gl Jor0 QY

%GL-2 A

ujR®
red yibuelys yeod — —

et yiBuosye |enpisos - - -

‘§°d [ eoBpns dys-.doysig



SIUMUS | SNObIen 2yl ul S5l Uledls o
Byl JIO§  “5ISA|RUY 147 WOly SAILYING in||ey pue utedls luswayl {jog - ¢ I6eig qf ‘B4 m
-.ﬂ_s__” -.-i.
LY [ L]
UL LI
o oa LN
:
_._..__._._._ _._.__-._._.t
--.I-F'
LI B N ]
=
%91 IOAD ,ﬂﬂ
%918 T
uiel}s
8O") 1éuans yeod ——

ya’0 wbuass [enpised - -~

‘g*4 | sorplns dys-doysig



5154 euy

Wi wod i pauiwlalag s33eJUng 240 k) Alepunog Jamo pue Jaddp 9yl pue m._
vo1bay ssaJ1%)q 1sep ay) ajoN "5SS0 UIRNIS IUBWS|F 110§ pue sanjied ado|g - § sbeyg of 614 >
-t”_... --__..-__._..._ ...“_....._a..l.l.u.lnl
Vo et
VLT g NN
& & ey
N,
. = sorro .
Jepunog -
”..m”. %G1 12A0Q é
i %51-8
d My ugei}e
Z g ,
7 20'L-€9°0 YBuass yeed ——

89°0-9%°0 | Yyibuesns [enpisos ——- -

‘§°4 | eoepuns dys-doys)g



modal can be grigicized and the need for a data-based sgress-sgrain-
saturation medal is indeed obvicus., However, for the purposs of this
study, tha assignmeént of zones of saturaclon, and the contlnusd pena-
tration of & saturated wet Front with elapsed time, identiflad by moving
saturatfon contours 13 fundapental to the methodology for analysis.

With this rechnigue, the atudy shows thai tha finite element analysis
can genarate analvies whick show progressive alement serafn diseregs as
soil| saturation increasss.

Tha Fimite alement analyses of tha slops and the conslidera-
tions identified in Figs. 7a through 7c produce non-circular slip arcs
which are sean o he close to the circular slip surfaces predicred by
the simpiified Bishop method. It is noteworthy that with the Finite
elament analysis which considers the complate stress-strain curve, the
prediction af slope failure due to saturacion increase of the soil
accords closely with the limit slip surface predicted by the simplified

Bishop method. The failed elements shown in Figs. b and fc provide
a useful feature in the analysis of slope instabilicy in view of the
saturation effects In the soils. |f other changes in the saturation

leveis of the soil are made, the method of analysis cae produce results
similar to those shown in Figs., 7a through Te. When the infiltration

mode] is deveioped inm terms of a saturation-penetration-time relation-

ship, the analysis can be easily adapted to considar "vime' as a direct
features of the overall analysis.
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TABLE 1 Soil Strength Proparties and Bulk Densities Used in Simplified Bishop

[

Buog

Analysis
Saturation Fezk Cohesion Feak Frictional Residual Cohasion Residual Frictlonal Bulk Wt.

k4 KPa Angle KPa Angle KNu3
100 .10 27 . i, 94 23 15.00
80 17.53% 29 14,55 25 17.0%
60 34,65 33 29.7% 28 16,14
40 61,40 38 hyg,5 32 16,22

1 wm’ = 6,243 pef

I pef = 0,160 KN

1 KPa = D145 psi

1 psi = 2.0307 KPa



