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ABSTRACT :

Before subject to complex cyclic loading induced dsismicloading, the initial stress conditions of :
element beneath the foundation under the structgeeerally complicatedThe principal stresses of ¢
element under the different locationssbfucture are usually anisotropic and acted wittirbctional. In orde
to simulate dynamic behavior of saturated clay umdenplex stress path consioey the combined effects
both initial consolidation condition and seismiadiing, bidirectional and haontal cyclic tests are conduc
for anisotropic consolidation condition under diffet initial orientation of principal stres€he apparatus f
static and dynamic universal tri-axial and torsiosiaear soil testing is employed to perform cydauplec
vertical and torsional shear test in initial oraidan of @, 45, and 90 induced by bidirectional shaking ¢
cyclic torsional test. Uniform and reproducible esive specimens having a specimen shape of hajtindel
were obtained using vacuum suction methdde effect of initial orientation of principle sg® axes ¢
dynamic strength behavi@nd pore water pressure evolution of bidirectianyallic tests and torsional cyc
tests is systematically investigation through a benof soil tests. Based on the experimengalilts, it wa
shown that the dynamic strength of saturated clidly lidirectional was less thahe torsional cyclic loadir
under identical initial orientation of principaress. In order to reflect the variation chter pore pressure w
different stress states, the method of acquiringe peater presure which was getting stable after ces
coupling cyclic loading was adopt.
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1. Introduction

Previous studies of the effect of shear stresséseodynamic behaviaf clay have only considered the seis
loading condition corresponding to transverse eake motion. When subjected to seishoading induced t
longitudinal and vertical components of earthqualaions, the influence of the bidctional loading had be
importance on deformation and strength behaviocla§, which is not known well and caused enginee
problem frequently (Qian et al., 1982). Practicdlg initial stress state beneath the foundatiarallysis of
anisotropy. Moreover, the initial stress statesoiifelement located at diffent parts are rather sophisticated.
initial principal stresses of soil element are eqial generally on three directions under theahitbnsolidation
condition. The large orientation of major princigédess with respect to vertical directiaggichanges from Ofo
90°. It is necessary to adopt the experimental igbps that can control the initialientation of principal stre
consolidation condions and use it available for simulating tests cwhimodel multidirectional loadi
conditions.

The purpose of this paper is to present the resiles laboratory study of the behavior of clay saebgdto
bidirectional cyclic and torsional cyclic loadingraition under different initial stress statén order to perfor
the shear test under complex inititess and physical conditions, an intensive effas been made by
Institute of Geotechnical engineering, Dalian Unéity of Technology to establish the soil statid atynamic
universal triaxial and torsional shear apparatugso(@ al. 2003), which was jointly designed Wyaliar
University of Technology and Seiken Corp., Incpala This apparatus enables tprogluce the complex initi
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stress condition and simulate the multidirectiongtlic loading. In order to werstand effect of initi
orientation of stress on strength and deformatiasheaose sand, a series of undrained cyclic @ogditests we
carried out by Satdl©99). The multidirectional direct simple sheardebr of soil has been investigated by |
(1993), Ross (1995). The effect of the bidirectideading on the strength of sand through using a hc
cylindrical trosional shear test was investigatgddhiharaet al. (1983). More comprehsive studies on tF
subject have been done by Waet@l. (1994), Fuet al. (2000) on silt and Miyun sand by means of a spst
designed flexible shear test apparatus. The infl@erh orientation of initial principal stres loose sand unc
bidirectional coupling shear test has been a dethigane of the investigations by Geatal. (2003).

As the current research situation at home and dbtba present subject investigais given priority to san
But so far reports on the effect of initialientation of principal stress as well as mutédtional loading on ti
undrained behaviors of clay are rare. Furthermmmprehensive and systematic analyses on dynareiogsh
and pore water pressure characteristics of renglday subjected to multidirectional cyclic andsional cyclic
loading condition test were carried out. The prepaper describes the results of tggtsgram conducted on ¢
which simulates the seismic stress condition atesgmtative element within the foundatioihstructure. Tes
were performed at varg, angles using saturated clay to detiere the influence of the angle between
longitudinal and vertical components of stress ilogdand &ear stress. The improved method of spec
preparation, the logic of automated control, ad a®lypical test results are presented in detail.

2. SAMPLE PREPARATION AND TEST METHOD
2.1Sampling preparing and test apparatuss

Due to the difficulty of obtaining uniform saturdtelay specimen, the research on bidirectional cyclic an
torsional cyclic undrained shear behaviors of tlaye not been system investigated. The ni@tased for thes
experimental studies is the remolded clay. Degp#eversatility of initial principal stress directidest, lots ¢
problems are still identified with respect to tegtiprocedure and the interprida of test data. First of ¢
since thin wall hollow cylindrical specimens needite used, natural safpecimens are very difficult
employ. Most undisturbed natural clay specimensHaw potential of uriormity of stress and strain duri
loading is another major difficult. Since undistedb clay sample is short of quantity and impos
homogeneous, the issue about it has only a lgdedata which disperse on value by Wanagl. (2000).The
high potential of uniformity of stress and stramtihe specimen during loading is another concer&doyaoet
al. (1991), and the non-uniformity can be exacerbdigdusing norhomogenous disturbed specim
Therefore, obtaining reproducible and homogenedag specinens is critical for the success of com
testing.

The hollow cylindrical specimens used in this studg prepared by using the improved vacuunticuc
technique, at one time reported by Yan (1991). Whik technique of prepare batch homogeneous reg
clay specimens for soil test, which clear up tha-aoiformity of soil, also ensures the compari betwee
similar stress history and experimental data ad.vdl first, the clay powder is mixed with d&r anc
de-ionized water at a water content of 55.1 % dbagedensity of 1.41 g/chand through 14 days and nic
vacuum suction, then the uniform saturated claycispens that satfying test requirement are prepa
Specimens made by using the vacuum suction techragel composed of equal element with high sttura
level and the variation of water content is lesantl2%. In order to ensure a high quality uniformtlod
specimens, significant cares are taken during tneeldpment stage of testinglated to clay specim
preparation, its uniformity and B value verificatiolt easily to be trim into solid cylindrical orotow
cylindrical specimen, also the test data has haghparability and repeatability proved by statiextial tests.
took approximately 14 days for specimens to be grnegh as shown in a typical settlement historytgtbir
Figure.1. The basic physical property indices efshmples are listed as Table 2.1.
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Table 2.1 Physical property of the clay and silgycsamples
plt-m®) W% | Gy | W,/% w/% 1, S/%

saturated clay 1.95 29 | 2.67 18.12| 36.2 | 18| >98
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@

height normalized by initial height of slurry
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Figure 1 Settlement history of slurry in terms lafycheight

For the typical hollow cylindrical specimen usedtlie study, the outer and inner didere of the specime
are D=70 mm and d=30 mm respectively and the hésgdt=100 mm. Both top and bottom drained is alld
to shorten the duration of primary consolidatiam.okder to reduce theenessary time for consolidation
pore water pressure equalization, filter papeisisduaround the outer surface of the specimen wadeaadia
drainage paths. Saturation of the sample is fetfilby pouring de-air water and by exerting baclsgue. This
iS necessary to saturate the ifdaee of specimens and inner and outer membranese(she clay sample
already fully saturated at the end of vacuum suactiechnique). The consolidation completion critaialay
follow the Standard for Civil Engineering Experini¢8L237-1999).

2.2. lllugtration of Test Apparatus

The solil static and dynamic universal triaxial &mgional shear apparatus in laboratesgd for the experimel
is composed of five components including main wmrtwater unit (air compressor and uao pump), analog!
control unit, data acquisition and automatic cdraystem and hydraulic servo ldaag unit (hydraulic actuato
and hydraulic supply). The details concerning taisiprehensive system were given by Legal. (2003).
This apparatus can be simulate complex initialsstrtates with different combinations of the coedfit o
intermediate principal stress and orientation dfigh major principal stress. The soil static anghamic
universal triaxial andarsional shear apparatus enable to simultaneoogigse and individually control ax
pressuré), and torqueM+, as well as outer chamber presspy@nd inner chamber pressyxeAlso differen
combinations of these components can be fulfill€derefore the consolidation and lirgl paths und
different complex stress condition of soils carirbplemented.

p L
g; q
—

Figure 2 Stress state of soil element in hollowrtér sample
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By this system, both inner and outer chamber pressis well as individual ogponents of static torque ¢
axial force can be independently imposed on saiipda and controlled. Accordingly, lots of comg
consolidation of cefficient of intermediate principal stress and otation of initial principal stress can
simulated. A typical stress of soil element in dalicylindrical sample is illustrated in Figure 2.

2.3 Test Procedure

In these experiments, the three-direction anis@tra@onsolidation stress state is achieved by sanatiusl
controlling axial pressur®V, torqueMy, outer chamber pressupg and inner chamber pressyseas well as tr
combination of these components. For the sake wdstigate the influence of multidirganal cyclic tests ar
torsional cyclic tests under anisotropic consolaatcondition, three type tests af;=0°, 45and 90 were
performed. The applied loading is given in Tab2 After saturation and consdgdition, cyclic sinusoidal wave lo
were applied in the vertical direction and horiabrdirection. The cyclic bidirectional shetsts in which tt
amplitude of the cyclic deviatoric stress origimhttom the deiation of normal stress and shear stress |
unchanged. In order to examine the effect of tHentation of principal stress, the orientation angle noéjol

principal stressa, with respect to the vertical direction defined elfoiving are employed in this paper

1 2r
a, = 5 arctan(ﬁ ) (2.1)
z 4

Where g, and g,are axial and circumferential mean normal streséewh,, is mean shear stressliuced b
torgue in the hollow cylinder sample.

Table 2.2 Combinations of applied loads during otidation
ap pi / kPa po/ kPa W,/ kN Mo/ (Nxm)

0° 116.67 93.86 0.118 0
45° 100 100 0 2.07
90° 83.33 107.14 —-0.118 0

3. ANALYSISOF TEST RESULT

3.1 Effect of ap on Dynamic Strength

The bidirectional cyclic tests are characterizedthms/combination of the deviatoric of normal stress &m
shear stress and torsional cyclic tests are claizet by the shear stress under anisotropic colasoh

condition simulate the seismic. In this paper,dbthor adopt the maximum shear stress amplitudes show
in the following equation(Satet al., 1999), which acts as the dynamic strength insihecific bdirectiona

cyclic test.
g,
Iy :"(7(1)2_”(12 (3.1)

Where g, and 7, are cyclic normal deviatoric stress and cyclic sis¢r@ss.

The failure criterion regarding the clay usualliggs as 5 % double amplitude torsional straib 86 sum c



th
Thel4 World Conference on Earthquake Engineering
October 12-17, 2008, Beijing, China

single amplitude and residual accumulative stmaithée torsional cyclic testélowever, the failure criterion
double amplitude strain or the one which advisedAoylersen (1988) can not consider thetlsgtically
influence of axial and horizontal deformation. Gemsently, the generalized shear strain éwal., 2000
reaching a certain constant as the failure criterés adopted. Whereas, this criteria can not cengsit
influence of negative strain and the fluctuationga of generalized shear strain is rather large.

Accordingly to the stress and strain relationshapar bidirectional cyclic test, the author wasoramende
the equation (3.2) as the synthesis strain of #ileré criterion for the multidirdional loading test. It wi
shown that synthesis strain for clay was reconsidethe integrave effects of torsional shear strain
normal deviatoric strain as well as cyclic stramdaccumulative strain. Meanwhile, the sysikestrain fa
criterion was fit for the failure criterion of rdatan of principal stress axe under complex initakentaion of
principal stress.

e +e Ve Vmimz . N2 [9 3
ygs_\/( max2 mln)2+( ma><2 m|n)2 +_3\/_Z(gmax_‘Emin)2+_2(ymax_ymir)2 (32)

In which y,, is the synthesis straig,,, and &, is the maximum and minimum axial strain of thely

hysteretic loop; yi.xand )i, presents the maximum and minimsimear strain of the cyclic hysteretic Ic

respective. The two parts of the right side of &geiation is independent average residual defoman(
cyclical deformation, which due to the combineceffof negative deviation and shear strain.

The dynamic strength of remolded cohesive soil umdgtidirectional cyclic test is generally datened b
synthesis strain. The dynamic strength in thisstigdtaken as the 5% amfplde synthesis strain, and it

similar properties of dynamic strength determingdther criteria. The dynamic strengtikes as 5 % sum
single amplitude and residual accumulative straithie torsional cyclic tests. Figure. 3 shows tffiece of ag
on the variation of the dynamic stress ratio whik thumber of cycles caused = 5% andy = 5%. Th
logarithmic scale of the number of cycles is ugedhow the variation at the fi@l cycles of the tests. It shol
be noted that the dynamic stress was calculateabutitcorrection for the area change that occursguhe
test.

Figure.3 summarizes the influence of anisotropiesotidation on théidirectional cyclic tests and torsio
cyclic tests. Based on the experimental resultajas shown that the dynamic strength of saturakay @n
bidirectional was less than the torsional cycliadimg under identical initial orientation of pripel stressit
was found that the dynamic strength with the idehtir, have increased 34 % on thiglirectional cyclic tes
and torsional cyclic tests, approximately. Figural® indicates that the dynamic stress decreasesthd
increase of orientation of initial principal stregsfrom ¢ to 9C¢ for a given number of cycles, i.e., the si
the ap becomes, the large the dynamic strength will beereas the effect of orientation of initiatincipa
stressay gradually diminishes small when the number of eyak large enough. As tlag increases from<0to
90°, the initial major principal stress that acting thre horizontal plane changes in correspondemice the
initial minor principal stress. For the same cycliember, the dynamic strength with differemtentation c
initial principal stress has been compared to §madic strength with O It found that the dynamistrengtl
with the ay of 45° and 90 have reduced 18 % as well as @9 approximately, respectively. The redt.
gradient of dynamic strength reduces in correspoceléo an increasingp, that is to say the influence of to
the dynamic strength of clay with principal strdggctions diminishes.
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Figure 3 Effect of orientation of initial principatressa, on dynamic strength on
bidirectional cyclic tests and torsional cycliste

4.2 Effect of a on pore water pressure

One of the significant factors to influence of defation and strength characteristics of clay wititlic
loading is the development of water pore pressiiso, the cyclic water pore pressure for saturaleg isa
significant factor which affects the stability otrusture. Hence, the evolution of pore water pues fo
saturated clay under orientation of initial priraigtressag is important to be investigated. The water
pressure has hysteretic phenomenon for clay asureshander cyclic loading, and it isliewed that gradie
of axial and radial of water pore pressure induogdt. However the measurement of water pore presst
proceeded at the bottom of the hollow specimen.af@ptly, the measurement of water pore pressurena!
reflect the truth increasing of water pore presstompletely under the cycliloading. Thus, consulting t
measuring method according to Yasuhara (1994), wimeinained coupling cyclic loading in cohesive 3§
terminated at failure states, a continuous measememf acquiringpore water pressure which was ge!
stable after ceasing coupling cyclic loading waspad
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Figure 4 variation of pore water pressure unddeht orientation of initial principal streeg
on bidirectional cyclic tests and torsional cyctésts.

The effect ofagon the typical water pore pressure versus the witle approximatenumber of cycles is sho
in Figure 4. As shown in Figure 4, the initial fluating section of water pore pressure is thdicyvater por
pressure in process of coupling cyclic loading. Hast-curve section is ¢hwater pore pressure tha
continuous measured by the clay sample when tH dgading stopped. Apparently, the pastrve water pol
pressure still has an increasing stage until iteoop to stabél value. Hence, it is prefer to adopt the me
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recommended by author as mentioned above, whichefbatt the increasing of pore water pressure uode
bidirectional cyclic and torsional cyclic loadingthv different ag better. The fluctuating water pore pres:
represent a trend of average cumulative water piagsure that continuous increased andraeglg rises, ar
the amplitude of cyclic pore pressure is small.

Figure 4 also show that on the bidirectional cytésts and torsional cyclic tests, tbg has an importa
influence on the cyclic cumulative pore water poesslt also indicates that the pore water gues with th
increasing ofapfor a given time, i.e., the higher tligbecomes, the smaller the stopping pore waterspres
will be, whereas the smaller the stable value dEwporepressure will be.

4 CONCLUSIONS

Bidirectional cyclic tests and torsional cyclic teesvere performed using soil static and dynamio/ensia
triaxial and torsional shear apparatus in ordepioroximate the loading conditions under compléiairstres:
conditions to simulate seismic loading induced lyaplel and perpendicular cyclic loading, respesiiv
Through a comprehensive study of the experimeettl data, the effect af, on dyhamic strength and pc
water pressure on multidirectional and torsionatlicy tests were examined. The corstbns can L
summarized as below.

(1) The hollow cylindrical specimens used in thisdy are prepared by using the improved vacuumian
technique, which is significant for the successtlt# testing. It ensures the compan between simil
historical stress and experimental data as weli thiis technique.

(2) It was shown that a general strain fail craarfor clay was recommended for considering thegrative
effects of torsional shear strain and normal deviatstrain as well as cyclic strain and accurtiwastrain. Th
dynamic strength in this study is taken as the $fth&sis strain on bidirectional cyclic tests &é sum c
single amplitude and residual accumulative straithe torsional cyclic testé\s the orientation of initial maj
principal stress exhibits increased, the dynammensgth of saturated clay deased when the hollow specir
subject to complex cyclic loading and the dynantiersgth of saturated clay with liidctional was less th
the torsional cyclic loading under identical iniitiientation of principal stress.

(3) In order to reflect the variation of water p@ressure with different stress states, the metti@gdquiring
pore water pressure which was getting stable aftasing coupling cyclic loading was adopt. Basethen
experimental results, it was shown that the poremaressure of saturated clay on bidirectionalicyests
were more than the torsional cyclic loading undentical initial orientation of principal stresé&se findings
will provide more information about multidirectidria saturated clay, and can be used as referemce f
improving design of seismic structure and foundasiobjected to complex loading.
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