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ABSTRACT: Amsotropies of shear properties were exammesd for satmaied and unszturated soils. Indoced amisotropy arses when an

anzotropic stress 15 applied to 2 sl Using = hollow exvlindar torzional shear apparatos, echesnive saturated and unsaturated specimens ware
amzotroprcally conzolhidated m diffarent directions. Then the shear strensths wnder an wndramed condition for zaturated z0il and 2 constant
water content condifion for unsatuwrated sodl were measured psing those specimens. Inhersnt amzofropy develops from the onentation of zo1l
pathcles during sedpmentzbion. Specimens with different depostbonal aneles were extracted fom zand samples depostted in an melmed
container Finally, the shear propartiss nnder 2 dramed condition for saturated sand and 3 constant suction condition for unssturated sand weare
evzluzted uzing the trizxiz] apparatuz. The axpenmental rezaliz indicate that amzetropy, sspecizlly of the shear stremsth, 13 prezent for hoth the
cohestve soil and the 2and: Howesver, shear strangth amisotropyis eszer for the cobesrve zoil m the unsatursted condition than in the satureted

condition.

EKEYWOEDS: Arzotropy. Cohearve 2oil, Matrie suchion, Sand, Torstonzl shear, Trizxial test. Unsaturatad =odl

L INTRODUCTION

Cazagrande and Comilo (1944) defmad twio fipes of amzotropy m
sotls: (siress-) mduced znd mherent anezotropy. Induced anmotropy,
which oceors when siresses andior shains are apphbed to sodls, &=
especially predominznt in cohesiee soils. Inkerent amsotropy, which
it anzendered from zoil parbicles” fabme created duwrimz sodd
sadimeantziion, 1= szpecially predominant m sandy soils.

It 13 well known that the shear stremngth 1= dependent on the
direction of shear because of mechamcal anisotropy of soils. The
shear direction 1= chansms even zlons one ship surface. For cohesive
sotls, Bjarmom (1972, 1973) demonstrated that strensth propertias are
altered by stress condittons mdnced by triaxsal compresaion triaxial
extension, and direct shear tests. Therefore, he recommended that
suitzble experimentz which apprommate the stress condition in the
artual soul shounld be used for ground stabihity analyzes: Ladd and
Foott (1574) conductad varous shear tests using clay. The SHANEZED
procedare, where the nse of shear tes= comesponding 1o the direction
of zhear 1z Tecommended, was developed to avold unsafe conditions
for desizn.

Stadies have bean mads on specimens trimmed at various ansles
from a vertically consobdated remoulded clay sample (Mikazs st al,
1934} and from am undizstorbed clay sample {Adachs =t a1, 1991},
Mtkasa et 2l (1984) smphasized  that uncomfmed comprezsion
strength decreazed when 2 specimen’'s axzl dirsction approachss the
samples® horizontz]l direchons. Besulz of uondramed tmaxial
compression tests from Adachs et al. (1991} exhibited simular frends
to thoze reported by hlikasa ot 2l (1934)

For zandy szoils. Oda (1972) demonstratad that the inherent
anizotrepy 15 related to both the shape of the constiuent gramns and
tha maode of depesthen. Arthur and Menzies (1972} mvestizated tha
mberent - anizotropy caused by deposibomnzl angle differemces
Yamada and Ishihara (15979) aleo comducted frue friaxial testz on
cubomdal loose sand speciment and found that imherent anisotropy
stronsly affected deformation charactersstics of =zand m the small
shear stram rangs. Guo (2008), usins results of modified direct shear
tests with -different anglés of sedmmemiation demmonstrated that the
pariicle shape and the direction of onentation dominated the degres
of amizotropy. Tenz ot =l (2014} specifically ezanmuned mherent
fabric amsotropy by imrestizating effects of the beddme plane on the
pezk fction angle using drect shear tests, Okher studies (Oda et al,
1978: Ochizr and Lade, 1983; Wons and Arfhor, 1985} have also
revealed that mherent anisotropy has impertant effects om strength
and stresz—strain relztionships of sands.

Detailed onderstanding of the amzoropy of zatorated zoil: has
besn zchieved and has been uwzed to zobre many zeotechmical

engmasnine problems such a2 undersround stroctura desizn and
grownd deformation pradiction. However, bitle nowledee exmiste on
the amzotropy of unsaturztad soil:. Hence, the amsotropy of shear
properties of saturated and unsstorated sols are exammed m thas
study.

Torsional shesr and tnamizl teste were comducted uzins
racomstistad cohesive soil and zand zpecimens to elucidate how
sirength amsotropy  appears undsr satursied and unsaturated
condiions. The specimsn: were amisotropically conmsclidaied at
varions directions to-create antotropy for cohesive ol For zand, the
specmens’ depositional angles were controllad In vanous direchions.
Moreover, mechanicz] properties of zaturated and sahirated soils were
compared.

1 EXPERIMENTS
21 Materialz

The cohesive soil usad for this shudy 15 a latentic 201l desizrated a=
Yorevama sandy sift. Yonevama zandv zilt meludes grams of widsly
varipus sizes and comtzmz oo less thaw 30% zand Tovouwrz sand
which iz fapanese standard zand, was uzad 3z the test material for
zand. Tovowra sand 1= 2 sub-ansular to ansular poorly graded fine
quartz rich sand Two primeipa] dimensions (mzjer axiz L and manor
axie W) of zand particles were messured from the 2-D optical
microscope Imaze fo ascertam the sand particle shape. The zand
particles are mregular ewelss becanse the aspect retio LW 1=
distributed from 1.0 to 1.6; the averagevalus of LW s about 1.5 (Le
at 21 2018). Ths svam sire distribubon curves znd the phvsiesl
properties of the spils ars presented m Fizurs 1.

2.2  Specimen preparation

Yorevama sandv st and de-aired water were muixed and shrred well
to producs slorry. The slurry water content was zbout 80% which 1=
about 1.6 times 1ts liguid Lt Pra-comzclidation using this shorv weas
performed one-gimensionally m 2 mould under 43 kPa vertical
pressura. This verbical stress was salacted from the minmimum vertical
stress at which the spacimen can maintain 1ts shape durms trmmme.
The water content of the conschdatad o1 block was about 40%%. The
bollow cylindrical specimen, with 80 mm outer diawsster, 50 mm
mner diameter, and 160 mm m haizht was formed by mmominzs from
thaz zo1l block The paramsters. 4 and & which respectively denote
the slopes of mormal compression and unloadinz—reloading lines 1n
zpecific. volume v and In p’ plane, were 0072 znd 0.014 under
1sotropic strezz condibions for Yoneyama zandy silt
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Figure 2 depicts 2 rectangular contamar used to make samplas of
Toyoura zand wath different dsposthomal angles by changme the
mclnation and the posibon of s walls. Anslas arof 0F, 22.3% 437,
6757, and 907 (Figure 1) were chosen as the deposthonal a.ngles uzed
for thiz study. The mharent anizotropy 1= related to the deposttional
process doring ol parbels sedimentabion. Therefors. specimen
preparation mathod plavs 2 crocal role for mechanscal propariies of
sotl with mherent anieoiropy. “Aw ploviahon” method was osed to
produce spacimens with different deposihional angles. Tovoura sand
was poured mto the container throush a sieve with mesh size of 450
pm. The falimz heicht of zand was kept conztant af about 425 mm
uang a counter weight Afterwards; the contamer foll of zand was
mmerzed m water for 2 hows, Then water was removed. The
remairins water in the sand sample wa: dramed mains 3 v=cunm
pump at -10: kPa. The sand sample produced usms this method can
stand by izelf Eventually. the evlindrical specimen with 30 mm
dizrveter and 125 mm kaight was trimmed 3z showm inFignre I from
the =01l block under 2 bazal pl.nte beme honzontally placed. Thas
mathod can ezsily create 3 speeimen wath melined depozthonal ansls.
The denzity of the specimen creatad was zlmost constant with relative
dersity Dr of about 83%.

2.3 Test procedures

Test procedures zre descrbed im this section. Az 2 pralinunary test
the rapeatabilty of the test parformed waz confinmed: for some
represemtaive cazes. Lhe detals of the apparatuzes used are prazented
m the appendiz.

1.31 Cohesive zoil

The hollow-cvhndrical torzional shear apparstus has a beneficial
feature: 1t has shear directions that are changezble by comtrol of
stresses. The frizxial cell of the apparatuz znd e amemate control

syatem are the same as those miroduced by Tovoiz et al (2001 A
doubie-wallad trizxial cell nsing an inmer cell 1= mtroduced to measurs
the change of outer diameter whan experimentz are condoctad on
mmsatwated soils. In this study, the mnper cell was used to maintain
full zatoration of the specimen for a long fime by placing a thin Laver
of silicone o1l above the inmer call water to prevent ar dizsoluhion mto
the innar cell water. Tovotz and Takada (2012Y) damonstrated that ar
diszolution of this type reduces the dsgree of =aturation of the
Specimen.
Inchined sorfdngi -
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Figore 1 Inclined contamer znd depositionz] ansle

Ansle @15 the drection of the major prmeipal stress relative to
the vertical z=iz amd b reprezents the relafive magmitnde of the
mtermediate princpal siress. Fornstance, b=0 and =1 respectrvely
indicate stress conditions of friaxial compression and extension. The
valwes of & and b were chanped at E-consohdation and at sheanng.
which are differantiated, respectrvely, by subscnpt letters cand = The
stresz condibons durins shearing waz fixad 3s =45 and 5=075 to
mirmmise the affecis of boumdary conditioms durime shearme (Hight
et al, 1983 Then, differemt % was =et under &=0 condition during
F-consolidation process. The unit “desres” i= nsed 2z the umt of ansle
m thiz sindy

Testmng procedure: are described below.

1. Isolropic consohdstion process: The specimen was consolidated
isotropically under p'=50 kPa with back preszore of 200 kPz (the
B valoe was sreater than 0.97) m the triaxialcall
Dramead g-loadms procesz: After completing ths isofropic
copsolidziion, the specimen was sheared wnder dramed
conditions with stram control. Shear stress was applied op to
K=/ o7=0.33 under the stress conditton of p=30 kPza, 2 certain
gz amd B=0. The ratz of shear stram was zhout F.0056% mun,
whara shear sitamm = defined a3 £.=V2f
e e = L e
Drvine process: This procesz was skippad for the saturated
specimen. hlatmc suction, o = (pa —wy), of 400 kPa was a.pplied
to the specimen for drying under constant g and peg={p — ) In
tha axiz-translztion techmigus usng a ceramic disk. Aboit 5 days
1= for the dramage from the ceramuc dizk to become less than 0.2
e’ iday,
4. E-comsohdation process: The specimen was consolidated wndar
z constant K with the same o; and b as the dramed g-loadme
process, up to P’ of peg of 300 kP2 Thes lozdmsz rate during thes
process was comtrolled with an abmost tdentical rate of zhear
stram as that of the dramed g-loadme process.
Dramed g-unleading process: Shear siress was unloaded ap o
sotropic stress conditions of 300-kPa under drained condrions:
6. BShearins process: Torsional sheanme wa: conducted undsr
undrammed condition znd under comztent watsr conmtent (CWW)
copdition 1o sshwrated and unsaturated zouls, respectivaly, with
strezs conditions of 2 constart p' or po, Ge=43°_ and be=03. Tha
rata of shear strain were 001 % wawn 1n zaturated znd onsaturated
soels.
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The shear draction 15 an important factor thatmnst be considered
for the anisoiropic shear sirencth om zetuzl sround. He mportancs
exists 1o the difference m drechions, which 1= denoted 3z a'=a—a,
batoreen the K-consohdation and the sheanns.

132 Sand

A saries of experiment: using the triaxial apparatus wasconducied to
estimate the effects of the imherent amzotropy on shear strensth and
deformahon characienistics. A bender element (BE) waz mstalled in
ths apperatns to estimate the mitial shear modulus &0 from the shear
ware velecty. The BE: are momted on the top cap (ransmutier
function) and on the pedests] (recerer funchon). The BE dimensions
are 1.5 mm lensth, 12 mm width and 1 mm thickness. The BE tests
were uniformly cazmied ouwt bazed om 2 standard of Jzpanese

Geotechnical Society (2011).

Local small stram (L53) techmgne was mcorporated mio the
apparatus fo messure the small stem and zlso radial strain for
umzaturated soils acoarately (Le et al, 2018). Two separate targets
were slued directly on the mamhbraie to meazire the vertieal amial
displacersant. A coupls of proxmuity transducers were fastensd on
two columns near the specimen. Distances between the targets and
the promimity transducers can be adjusted from outsads of the tnaxial
cell The distance betwean the two fargets was zbout 80 mm. To
measure the radizl sirain, the proxumity transducer was mstzlled in the
middle part of the specimen usmz a clampms device.

Testing procedurs: are described below.

I. Theprepared specimen was placed into the taxial call Tnwtially,

sucton of -20 kPa was applisd to the specimen. The double

vacuum method was used forsaturahon

MMammfzinms suchion of -20 kP'a maide the speciman, call water

was Temoved from the tnaxial cell Specimen dimersions weres

then measured carefully, Tramecuocers for LSS were mstalled in
the triaxial cell o avoid affecting the specimen condrbon

After supplvins cell water m the trizxal cell the suchon waz

dzcreazed whils the cell preszure was mereasad zo that the

Eotropic effecfive stress was mambamed constamt ai 20 EPz:

Then, backpressare of 200 kPa was apphed to mcreaze the

dzgree of saturzhion of the specimen the B vzlus was sreater

than 0.8

4. Inthessotropic consolhidation process, effectmre stress of 130 kP2

was applied tothe specimen Then tha BE test was conducted by

mput of 2 amnels sinusoidal wave with frequencies of 15 k=, 20

EHz and 30 kH= to 2scertam the shear wave velocify.

Matrie suction, & = (g — ug). of 30 kPa waz apphed to the

specimen for drvmg under constant poet = (p— w2} m the ams-

translzhion techuiqne nsmzs 3 caramic disk. Abeut 2.3 davz were
necessary for dramage from the ceramic dizsk to bacome lags than

0.2 cm’/day. The desree of saturation 5 of the specimen becams

about 17%. This process was skipped mn the saburated specimen.

Then the BE test wasz conducted.

6. Aonotomic compraszion was conducted snder =z dramed
condition for saturated sand and constant suetion (C8) condstion
for unsaturated so1l at 2 constant cell pressurs and constant axal
strain rate of 005% 'mm for tests to accerfain the shear strensth.

B

[

Lh

3 TEST RESULTS
A1 Satorated cobesive zoi

In the hollow-cyhrdncal torsionzl shear apparatns. the satorated
specimens were consclidated st E=0 33 with vanous direchons. Then
ths specimens were sheared wnder an undrained condition to elucidate
the stress-mduced amizcttopy. The stress—stram relations and ths
stress paths are depicted, respectrely, m Figuras 3(a) and 3{(b). Tha
woid ratios just before the sheanne were almost the zame m all cazes,
which waz 0837 When the valos of @' bacomes sreater; the deviater
strazz, g = 1.-"".-"5_{{51 — o) + (o — @ + (03 — o), 1eachez =
smaller value The rezzon can be mferred from the result of the strezs

paths The zameration of pore-water pressure iz sreater when @ 1=
creater. Therefors, the failare state appears st smzllarp'={m - 2+
33 3 mtha caze of sreater @ Actually, g grows sradually alons the
farlure lime after reachins the faillure line becaize the specimen
contzins -a zand fraction. However. m praciice (im actual =zod).
mamtamnms & perfectly undramed condition under dilative behavionr
1z uncertzin. Screenms unsafe dasizns. Toyots ot 2l (2014) definad
the shear strain to estwmate the wndramed shear strengzth as the shear
stram zt which the stress path reached the failurs ne m the cass of
a'=l_ The zams mathod was nsad in the prezent study. Thas crcle
markars m Ficuraz 3{3) and 3(b) show shear strain defined usins this
method
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Tigure 3 Undrammed shear properties of saturated cobesrve soal: (3)
stress—stram and (b} stress path

Fizure 4 prezents the relation between the undramsd shear
strenzihs of the sahmated cokesive so1l and the directional differenca
between: E-conaolidation and shearine. @, The undramed zhear
strengths are decreasing with merezsed o Tovota =t al (2014)
reported the ondrained strensth dacreaze Ime of this kind under &5
(=0.43) condition. The lins iz added to the figure. Greater difference
through & appears m the £=0.33 than E=0.43 condions, meaning
that a smafl ¥ ensenders sirong amsofropy in nndramed shear stransth
of the cobesive spil

3.2  Un:atorated cohesive zoil

Figures 3(3). 3(b), and 3{c). respectively, show the stress—stramn,
virhumzetric strain and matric suchon bahsviour with shear strain under
CW condrion. The woid ratios just before the shearme were almost
the zames 1 all cases, which was 0.774. The difference = mot readily
apparent but the followims tendency = apparent. When the wzlue of
" bacome: graater. the peak deviator siress become:s smaller. The
pezk deviator stresz appesrs zt smaller thear stram with 3 smallsr
value of & Strain softenine 15 apparent in the stress—siram relations.
The volumetric strain sxknbitz more contrachion for greater @' and
more dilation for smaller o (Fieure 50k
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Frzure 4 Undramed shear strencth 'of saturated cohesree soil

The matric ‘zoetion chamges dorimz zheanns are presented 1n
Figure Jic). The matric surfion tends to dacreasze greatly at greater @,
which demonstrates amzotropic shear properties with respect to the
matric ‘suction. The values of the matnic zuchon decrezse sharplv
within shear stram of 1% After shear strain of 1%, the matnic suction
values searcely vary and maintain at about 200 EPz. Althoush chanse
m the depras of saturztion was shight bacauza of the CW condition.
the chanse of matric sucton during shearng was large, such 2z 2
chansa from 400 kPa to 200 kP2 Some doubt persists == to whather
ths matric suchon change was mdured by shearms alone. Therefore,
the matnic suchon was menitored contiruously under an undraimed
condition before shearms. The mondiorne resolis show that the
matric suction decreazes gradually, but if tend: to converze with ims
{Fizure §) because drainase of 0.7 cm’/dey remaims after the dryving
process. However, this change of matric snction (Fizure €) 13 lasz than
that durme shearmg. implyme that a larze part of the matne suchon
chansa occurred durms shearme

Figure 7 prezenis the relation betwesn the shear strensths of the
unsaturaied cobesmee zoil under CW conditton and @ Except for
applicabion of the matric suction, the zame amsotropic stresses az
thoss of saturated specimens act onthe spacimens. The shear ctrength
change 13 divided mic two pars: the decreasmg shear sirength part
for @& from 0 to 457 and the constant shear strencth part for & from
457 10 987 Fioure 4 shows that the chanze of the shear stremsth, winch
implisz induced anisctropy, 1= moch leas than that m the saturated
cohestve soll under an mmdramed condition.

13 Samorated zand

The preparation method wsed for the ztudy might create a different
depositional angle with sinular ralatrve densaties of sbout 85%0. Danza
sand axiibits clear pezk strenzth and stram softerning becamse of the
dilatancy mduced by interlockms of the sand particles.

Fizures 3{a) znd 8{b), respactively, prezant the strasz—stram and
the volomestric stram varsus thear strain relations in saturated zand
undar dramed condiions. Shearmg was halted 2t the shear stram of
zhont 10% beczuze of the mlerference of LES meanuwrins devices.
According fo Fizure B(b), the specimen did not reach the stezdy state
mthis stramn range. The peck strength appeared at smaller zshear stram
when & 1z smaller. There are apparent effects of the depositional plane
angie on shear behaviour. The shear strensth becomes smaller with
mereazed & Howsver the volumetric bebaviour 15 smilar and
mdepandant of @ Sand parhelss will deposst wath their major axis
raclmed horizontally durmg arr plmnation. Therefore, sreater shear
strength appears when zand particles reciine honzontzlly m maxal
comprassion tesfs.

Felations between the dramsd shear strenzth and the deposttional
angles are presented m Figure ¥ The deposttional angle o markedly
affects the dramed shear stremzth of sand. The dramed shear strength

becomss smazller when & chanses from 2 horizontz] to vertical
depositional ansle. However, the dramed shear strengthz of o=67 .57
and 507 are almost equal because the lowest strensth appear: n the
direchion of the “potential” strain localization plans bazad on the
Aiohr—Coulomb failure critenon. as demonstrated in plans strain teste
(0da et 2l 1975; Tatzucka etal., 1936)

Bﬂﬂ T T T T T T

| Ursastutatsd Yoneyema sandy it
Tarsions shesr el « =007 T

ghoL! WY ot [g,"ﬂm e, o, =400 kPa)

() sires b

: d"ﬂ'.

Dewviator stress. g (kPa)

Shear strain, « (%)

'IE T T T L T T T
Linssturated Yoroysma sandy st Blg-5
Tarslenal shear tesl « =007 Wimn

LR oy test (n,=300 kBa. 5, =200 4P2)

Volumetnc strain, e, (56)

Shear strain, & (%)

' : - : ’
Uirsaturated Yonsyama sancy sil feja-g
Tamjonal shaar mst, « =061 Himm

CWY best (g, =300 WPa, 3 =400 kPa)

Matric suction, & (kFa)
i B & ¥

=]

Shear strain, £ (%)
Ficure 5 Shear properties of unaaturated cohezive soil undar CW
condrtion: {2} stress—stram (b} volmetre stram, and (e} matric
sugtion

The mitia]l (maxmum) shear moduhe was estivated fom the
rasult of the bender elemant (BE) test. The relation batwesn the mutial
zhear modulu: and @1: pressntad in Fizure 10, The dats in Figure 10
are somevwhat scattered. but G increzzes shehtly with mersazad @ &
15 mteresting that zlthough apparent ansotropy appears m the dramed
shear strensth (Figure 9. slight anizobropy. which has revarse relation
ralatimg to the effact of & with the dramed shear strencth, arize m the
watial shear modulus estmated from BE test Mdechangsms of
anisoiropy are expected to be different between shear strangth
fadequate stram level) and the mitzal shear medulus (very small
stram].
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34 Uncaturated zand

Figurez 11(z) and 11{k). respectivaly, poriray the stresz—siram and the
volumetrie stram versus shezr strain relations 1 unsaturated zznd
under constant spetson (CF) condihons. The limutation of maxmmum
zhear stramn 15 the same as the sahorated sand. The sams tendency as
that the zaturated zand appears m shsar behavionr: 1. The peak
strength appearad at smaller shear stram 1o the caze of smaller @ 2.
The shear strensth bacomes small with mereased @ 3. The volumatnic
behaviour 13 simular and mdspendent of & Howsver, the dilative
temdency seams fo lessen shehtly with mersazsed & m the unzaturated
zand. Therefore, the amsotropic shear behaviour was observed oot
only n satorated sand but al=o unzahmated zand

Fizure 11 presents relation: between the shear strensth of
unszturated zand undar 3 C8 condition and the depostipnal angles.
The depositional angle affect on the shear strensth of unszfurated
zand 1z the same as the dramed shear strength 1n szturated sand- the
zhear stranzth becomas smaller when @ chanze: from 3 horizontsl to
avertical depositional angle The applied matrc suction of 30 EPato
the szand specimen doss not affect the tendency of amisotroplc
behaviour in drained shear strangth

Fizure 12 shows the relation betwreen the munal shear meodulos
obtained from the BE test and o Thiz relaton shows the zame
tendancy as that for ssturated sand: the tutial shear modnlus shishtly
mcreases with meorezsad deposttonal ansie @ Reverse amzotropy
with that in the draimed shear stranzth appears m the mitial shsar
modules, whils = ansotropy 15 not obvions comparine with that 1n
the shear strength of unzaturated sand (Figurs 12

45
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1 Comparizon between zaturated and unzaturated zoil

Figure 14 portrays the shear strenpths and '@ for cohesrve sodl under
undramed and CW conditions. Diffarences between szturated and
nnzzturated soils zre mduced ki zpplication of the matrie suchon of
400 &Pz Sremficant differances appaar from the matric suction in the
cohestve zol It s imteresting that the undramed shear strangth decays
by about 30%: with the mersaze of &, but #t deécays only by 10% m
the wnsaturatéd 201l mdicating tiat the strenzth anisctropy 13 more
remarkable m the saturated soal than m the unsatwrated =oil
Therefore, the strensth anizobropy 1= less onportant for mnsztarated
cohesTve soils m practice.

Fredlund et al (1978} expressed the failure of unsaturated souls
pans two mdependent strass varizbles (T— #=) and (2 — uw) 3z
follows:

r=¢ = (G— pa) tand = (g2 — un) tangh 1
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= UnsatLirated Tovsurs sar (abeul O of B5%)
% 180 Trinxlal apacmien (o =150 kPa, 5250 kPa)
= || Bender siemen el I
o
- 180 | &, = 00458 o+ 140.3
l:': Fi = 0483
= i S
g 14w ¢ w= M— 3
g
= 120
@
=
£ 100 : - A
0.0 22.5 45.0 67.5 0.0

Depositional angle, « (%)
Fizure 13 Intia] shear modulus of umszhirated sand

GO0 g 1 ' 1 ey
Yonayama sandy a5t
Torsional shear fast (o) 0 =300 kPa)
. Undrained ard G (=, =300 kPa) conditions
SO0 o L
E _ﬁl_‘_——\—- M .
= sl b, Ok =0.01%min 3
g
= " Unidrened (Selursted)
£ o0 | -\-‘-\-\-‘-\-\-\_"‘-\.\_ PA= i sk - |
Gl -
% ‘/\
s
200 T ]
i i i i -\-\-\-\-\-\-\-\""-\-'
0.0 2325 45.0 B7.5 BO.O

@' =y -al (7)

Figure 14 Shear strength of saturated and unsatorated cohesive zoils

Data obtzined from ths stody were apphed to the faithre squation.
Harz the datz of the saturated 01l wers resarded as replacms the
axcess pore watar prasaure as the negative matric suction. The vahies
of the shear stranzth and the matnc suchon were extracted 2t fahare
points a5 defimed previously. They are presemted m Figure 15
Foughly Imearrelations but different mclmations are obtamad m each
part of the zaturated and the unssturated states. The mtersectionsl
point between the toro lmas reprezemts am amr antry valos (AEW),
which 1= the matne suetion 2t which the air starts to enter the seal
specimen. Fimally, e’ =0, " =43 6% and ¢ = 112" in aguation (1)
ware caleulated from the results. Therefors tha shear stransth can ha
estimated from equation (1) when the chanse of the mairic suction or
pora water pressura iz found at the farlure point

Text, the shear sirensth and the mitial shear moduliz of sand were
infarred  from comparison between zaturated and unsaturated
conditons. Fizure 16 shows the respective relsbions bebveen the
shear strengths and & for zand under draimed and C5 conditions for
the :zturated zand and the umeaturatad zand. The difference between
the szturated sand and the unsatorated sand = mdaced by application
of 50 kPa matnc sucton. The dramed shezr strensth of unsaturated
zand 15 slightly ereater than that of saturafed sand. Thiz is 3 smallsr
differanca than that for cohesive so1l bacanse of the smal] suction
effect mduced by large scil grams. The zaturated zand and the
mnsatwated sand showr simelar tendencias, meaming that the matric
zucton affects the shear strength o the same degree mrespsctive of
the inherant anizotropy mduced by the zand particle orientation
Theratore, the stremeth of unsatorated zand can be sstimated b
adding the suchon effect to the strength of the szturated sand.
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Figure 17 shows the respactive relations batueen the mitial shaar
modulus and & for sand umder drzmed znd C5 conditions for the
zafurated zand and the msaturated sand The only difference betwesn
the zaturated sznd znd the unszturated samd 1= whether the matrie
staction of 50 kPa 1= applied to the specimens ar not Althoush the
data scatter to some degree, the matne suchon shehthy mereasios the
izl shear medulus without chanse of the trend between mrtizl shear
modolus 2nd & This is the zams a= thet of the dramed shear strensth
Therefors, the affzet of matric snction 1z the zame for both the shear
sirength and the mitial shear modulus.
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4. CONCLUSIONS

The {stresz-) mduced amd inherent amsotopy were mvesheated,
respactively, nsms specimens of Yonsyama sandy silt and Toyowz
zand: Induced anizofropy was senerzted from stresz acting on the
specmmen. The mherent amsciropy was expressed m the specimen
extracted from 3 sample whare sand waz reconshintad with differant
depositional angles 1 an melmed comtaimer. The amisoiropy effects
on mechancal propertias of saturated soals and unsaturated sols were
examined and discussed. Results lad to the following conclusions.

1. Thes strensth amsotropy developed m the specimens shearsd
under undraimed conditions for the zaturztad cohesive zotl and
under CW conditions for the unsaturated cobesive zoll The
shear strensth droppad by abowut 0% with the sTeatest difference
of & the satoratad cohdarve soil. For the unsaturatad cohesive
zodl, that 1z about 10%:. The inchnation of the siresz—siram curve
decreazed with inereazed &'
Stremcth amsotropy was generated, Tespectmrely, from the
change of pore water pressure and matric suchon in tha saturated
cohesrve zoil and m the unsatursted cobesive soil Therefore,
when the chanse of the pore water prezsure or the matnc suchion
during sheanng can be known at the failore pomt, the chear
streneth can be caleulzted naine existine faflure critenia.
The zhear strength of sand under a dramed condihion for the
saturztéd zind and onder 3 CF condrbon for wnsasturated zand
markedly decreazes with an meraase of the deposinonal angla.
4. The matial shear modol of both =sturated and unsaturated sands
arz slightly mmereazed with inereazed daposihonz! ansle & This
is an opposite tendéncy from that reported for the effect of Ton
the dramed shear stength The mitiz]l shear moduluz of zamnd
merzazes shehtly by the application of matric suchion
5. The matric suchion effsct on the shear afrenzth 13 smaller
between the saturated sand and the unsaturated sand thew that

the cohesive soil.
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i APPENDIX

Fizures and photos of the test apparatuses are schematically shown n
thiz zaction. The hollow cylmder tarsional shear spparstus 1= depicted
mn Fiz A-] and Photo A-1. Settne of the local strain massnrements
meoorporated m triaxial apparatus 1= represented 1 Fig. A-2 and Photo
A2
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