Influence of Permeability on Liguefaction-Induced
Shear Deformation

Zhaohui Yang, A.M.ASCE,* and Ahmed Elgamal, M.ASCE?

Abstract: Permeability of a liquefiable soil profile may affect the rate of pore-pressure buildup and subsequent dissipation during and
after earthquake excitation. Consequently, effective soil confinement and available resistance to shear deformations may be significant
dependent on permeability in many practical situations. If present, spatial variation in permeability may even have a more profound
impact on available overall shear resistance. Indeed, case histories and experimental €sfttable and centrifuge testsiggest

that spatial permeability variation in stratified liquefiable deposits can highly influence the nature and extent of associated lateral
deformation. In such situations, the onset of liquefaction-induced densification may result in water or water-rich thin interlayers trapped
below overlying low-permeability strata. The presence of these low-shear-strength interlayers may trigger efaressareunbounded
localized shear deformatioiiow failure mechanism In this paper, numerical modeling is employed in order to investigate the influence

of permeability and the spatial variation thereof on liquefaction-induced shear deformations. The involved response characteristics ar
numerically simulated using a fully coupled two-phdselid—fluid Finite Element program.

DOI: 10.1061(ASCE)0733-93982002128:1720)

CE Database keywords: Permeability; Shear deformation; Liquefaction; Earthquakes; Sand boils.

Introduction pore pressure. Consequently, in the viscose fluid-saturated soil,
liquefaction was reached at all pore-pressure transducer locations,

Liquefaction-induced shear deformatidiateral spreadingcon- whereas liquefaction was not observed in water-saturated soil.

tinues to be a major cause of earthquake-related dart@eged Spatial variation of permeability in a soil profile is also poten-

et al. 1990; Ishihara et al. 1990, 1992; Bardet et al. 1995; Sitar tially of primary significance in the development of liquefaction
1995; Japanese Geotechnical Society 1996, 1989& sands and  and associated deformations. Early theoretical work on the
silts, the assumption of undrained excess pore-presgureildup mechanism of sand boildHousner 1958, Ambraseys and Sarma
is usually employed_for quuefac’Fion susceptibiIity/triggering 1969; Scott and Zuckerman 1972:; National Research Council
analysegSeed and Idriss 1982; National Research Council 1985; 1985 attributed the formation of sand boils to inhomogeneity in
Kramer 1996; Youd and Idriss 1997, 2Q0Experimentally, the  permeability near the ground surface. Many natural and man-
influence of permeability on liquefaction and associated deforma- - 4o liquefiable deposits contain stratified sands, and more im-
.“°”? has !oee_n clearly manifested in the results of centrifuge tEESt'pervious silts or clay$a typical example is soil strata generated
ing investigations(e.g., Tan and Scott 1985; Arulannandan and by the hydraulic fill procestSeed 198J]. During and after earth-

Scott 1993; Kimura et al. 1998In such dynamically induced ! : L e :
liquefaction studies, scalin Izws dictate }[lhat rotg[ e perme- guake shaking, liquefaction-induced densification may result in a
ability be simulated, througgrjl the use of a highgr viszgsitg pore water-rich seam entrapped underneath the relatively impervious
fluid. Recently, Dewoolkar et al(1999 conducted a dynamic rlglaterlalls.tS(l:oitggnd chﬁngdafgg’ ITIU anc:l Qla?(%98t4), f
centrifuge experimerfat a simulated increased gravitational field gamal e al( . 9, an . alier( 3’.'?‘ smail-scalé tests o
stratified deposits(of varying permeability, observed similar

of 60 g), in which two identical soil profiles were excited simul- - ‘ -
taneously. The first profile was saturated with water, and the sec-water interlayer formation. In these studies, occurrence of sand

ond saturated with a fluid of viscosity 60 times that of water. It POilS was also reported. Recently, Kokusti®99 and Kokusho
was found that higher fluid viscositior lower soil permeability ~ €tal. (1999 conducted one-dimensional1D) and  two-

coefficien) caused faster buildup and slower dissipation of excess dimensional(2D) liquefaction shaking-table tests to demonstrate
the evolution of a water filnttrapped below a silt segmand its
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1994, Zeng and Arulanandafi995, Balakrishnan et al1997, 1D lateral shear
and Balakrishnan and Kutté1999. Most of these experiments

employed clean liquefiable sand profiles overlain by a clay/silt

layer.

The above experimental studies were generally motivated by (O Fluid node
relevant case histories worldwide, such as the Lower San
Fernando DantSeed et al. 1975, 1989; Davis and Bardet 1996
In the 1978 lzu-Ohshima-Kinkai, Japan Earthquakehihara
1984, one of the Mochikoshi—Tailings—Dam dikes was reported
to have failed 24 h after the earthquakdarder and Stewart Fixed and impervioys
1996. More recently, in the 1994 Northridge, California Earth- il 2m E
quake, liquefaction-induced flow failure of the 24-m-high Tapo
Canyon Tailings Dam appears to have occurred about 10 minFig. 1. Typical 9-4-node element employed in solid—fluid coupled
after the main shockHarder and Stewart 1996Berrill et al. formulation, and boundary conditions/applied shear for single ele-
(1997 and Boukouvalas et al1999 also report on delayed flow  ment investigation
failures in slopes and bridge foundations.

A number of numerical simulations are presented in this paper
to illustrate the characteristics of interaction between permeability
and ”quefaCtion-induced shear deformations. These nUmericalwhere o' =effective stress tensor;p: pore_ﬂuid pressure;

studies were performed using a solid—fluid fU”y Coupled Finite d =second-order |den’[|ty ’[ensq;;: mass density of the mixture;
Element program{CYCLIQ. The paper first summarizes the key y=displacement vector of the solid phasg: gravity accelera-
modeling features o€YCLIC including soil stress—straifcon- tion vector; Q=undrained mixture bulk modulus=Darcy’s

Stitutive) model and finite element formulations. Signiﬁcance of permeabi]ity coefficient tensor; pf:ﬂUid mass density;
permeability on shear stress—strain response is then illustratedy=absolute value of gravity acceleratiofi=gradient operator;

using a single elemertfor demonstration purposesThereafter, V. =divergence operator; and a superposed=doaterial time
numerical studies of permeability effects in both uniform and derivative.

stratified soil strata are presented and discussed, under conditions After FE spatial discretization and Galerkin approximation,

of dynamic excitation. the governing equations can be expressed in the following matrix
form (Chan 1988

@ Solid node

CYCLIC: Finite Element Program for Liquefaction

Analysis MU +f B'o’'dQ+Qp—15=0 (2a)
Q

In order to study the dynamic response of saturated soil systems

as an initial-boundary-value problem, a 2D plane-strain Finite El- QTU+Sp+Hp—fP=0 (2b)

ement(FE) programCYCLIC was developedParra 1996; Yang
2000. This program implements the two-phaselid—fluid) fully
coupled FE formulation of Chafil988 and Zienkiewicz et al.
(1990. CYCLICincorporates a soil constitutive model that was
developed for liquefaction analysi®arra 1996; Yang 2000In

the following sections, the adopted FE formulation and stress—
strain model are summarized.

where M =mass matrix;  U=displacement vector;
B = strain-displacement matrixs' = effective stress vectddeter-
mined by the soil constitutive model discussed beglow
Q=discrete gradient operator coupling the solid and fluid phases;
p=pore pressure vector, H=permeability matrix; and
S=compressibility matrix. The vectorfs’ andf P include the ef-
fects of body forces and the prescribed boundary conditions for
Einite Element Formulation the solid and fluid phases respectively. In E2p), the first term

) ) _ represents inertia force of the solid—fluid mixture, followed by
The saturated soil system is modeled as a two-phase materia|yternal force due to soil skeleton deformation, and internal force
based on the Biot1962 theory for porous media. A simplified  nguced by pore-fluid pressure. In E@b), the first two terms are
numerical formulation of this theory, known as-p formulation  the rates of volume change with time for the soil skeleton and the
in which displacement of the soil skeletanand pore pressurg fluid phase, respectively, followed by seepage rate of the pore
are the primary unl_mown({:han 1988; Zienkiewicz et al. 1990  f,ig (Hp). It should be noted that a high permeabilityin Eq.
was implemented IrCYCLIC (Ragheb 1994; Parra 1996; Yang (1p) results in a large-valuedl matrix in Eq.(2b), which numeri-
2000. The computational scheme follows the methodology of cally behaves as a penalty term that forces pore-presgure

Chan (1988, based on the following assumptior{$) small de- changes to be negligibly smdfree drainage scenajio
for_maﬂons and negllglble rgtatlon(s?) densities of _the_ solid and Egs. (2a) and (2b) are integrated in time using a single-step
fluid are constant in both time and spac®) porosity is locally  predictor multicorrector scheme of the Newmark tyf@han
homogeneous and constant with tinfd) incompressible soil 1988 parra 1996 The solution is obtained for each time step
grains, and5) equal accelerations for the solid and fluid phases. using the modified Newton—Raphson approéearra 1995
As described by Cha(i988, theu—p formulation is defined A typical element employed in the—p formulation is shown
by: (1) an equation of motion for the solid—fluid mixture, a®@ i, Fig. 1, with nine nodes for the solid phase and four nodes for
an equation of mass conservation for the mixture, incorporating the fluid phase, so as to reduce numerical difficulties associated
equation of motion for the fluid phase and Darcy's law with the nearly incompressible fluid phag€han 1988 Each
V-(¢'+pd)—p(i—g)=0 (1a) solid node is associated with two-degrees-of-freed@mOF) for
. ‘ the lateral and vertical displacements, and each fluid node is as-
— X I -~ sociated with 1 DOF for pore pressure. This 9-4-node element is
veut Q v g (Vp=piltpig)|=0 (15) employed in all numerical studies presented herein.
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Fig. 3. Conical yield surface in principal stress space and deviatoric
plane(after Prevost 1985; Lacy 1986; Parra 1996
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Hardening Rule

A purely deviatoric kinematic hardening rul@revost 1985 is
employed in order to generate hysteretic response under cyclic
shear loading. This kinematic rule dictates that all yield surfaces
may translate in stress space within the failure envelgibié

Fig. 2. Recorded and computed results of anisotropically consoli-
dated, undrained cyclic triaxial te¢Nevada sand at 40% relative
density with static stress biaArulmoli et al. 1992; Yang 2000

1950.
Remarks Flow Rule . . . I L
1. The permeability coefficienk is a function of void ratio, During shear loading, the soil contractive/dilative behavior is

fluid viscosity, and fluid densitylLambe and Whitman handled by a nonassociative flow rul@arra 1996 so as to
1969. However, in all the simulations presented in this achieve approp_nate |nteract|on.b(.et\./ve<.an shegr and volumetric re-
paperk for a given material was assumed constant through- sponse. In particular, nonasspuaﬂwty is restricted to the volumet-
out (independent of void ratio changd his simplification is re C(_)mponen_t Pof the p_Iast|c flow tensofouter normal tp the
considered reasonable since void ratio change in all casesP!2stic potential surface in stress spadeerefore, depending on
was less than 10%, with negligible impact on permeability the relative Iocat|o_n of the stress stai_lf'eg. 4) with res_pect to th_e
(Lambe and Whitman 1969%nd the presented computa- phase transformatiofPT) surface(Ishihara 1985; lai 1991; Vaid
tional results. and Thomas 19_95; Kramer_ 1996; !I)obry and Abdoun 1998;
2. As mentioned above, the employed FE formulation is based Kramer and Ardl,“no 1999; Vaid and Sivathayalan 19@#ferent
on the small deformation assumption. Generally, this as- €XPressions for’Pwere specified fotParra 1996
sumption had minimal impact on the presented results and 1. the contrgctlve phase, when the stress state lies inside the PT
response mechanisms. The relatively large computed simple  Surface(Fig. 4, phase 0951 )
shear deformations will not be substantially different if esti- 2-  the dilative phase during loading, if the stress state lies out-
mated by a finite strain formulation. side the PT surfaceFig. 4, phase 293and
3. the contractive phase during unloading, with the stress state
initially outside the PT surfacéig. 4, phase 3-4
At low effective confining pressure, when the stress state reaches
In the developed liquefaction model, emphasis is placed on con-the PT surface while loading, permanent shear strain may accu-
trolling the magnitude of cycle-by-cycle permanent shear strain Mulate with essentially no change in shear sti¢sg. 4, phase
accumulation in clean medium-dense saBarra 1996; Yang  1—2. Thisis achieved by activating a perfectly plastic zoRB2)
2000. Specifically, the experimentally observed accumulation of
permanent shear strain in Fig.(8.g., Arulmoli et al. 199Pwas
modeled by using strain-space paramet®eng 2000, within a
multisurface stress-space modelevost 198b Furthermore, ap-
propriate loading—unloading flow rules were devised to reproduce
the strong dilation tendency seen in FigiA&ulmoli et al. 1992,
which results in increased cyclic shear stiffness and strength. The
main components of this model are summarized below.

Constitutive Model

Yield Function

Following the classical plasticity conventighlill 1950), it is as-
sumed that material elasticity is linear and isotropic, and that
nonlinearity and anisotropy result from plasticity. The selected
yield function(Prevost 1985; Lacy 1986orms a conical surface

in stress space with its apex at pg) along the hydrostatic axis
(Fig. 3). In the context of multisurface plasticitlwan 1967,
Mroz 1967; Prevost 1985a number of similar yield surfaces . . - .
with a common apex and different sizes form the hardening zone Fig. 4. SChemat'C of gonstltutlve model response showmg octahedral
(Fig. 3. The outmost surface is the envelope of peak shear stressr, effective confinement’, and octahedral stramrelationship
strength(failure envelopg (after Parra 1996
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Table 1. Major Material Properties for Nevada Sand at 40% Relative g :
Density (Arulmoli et al. 1992; Taboada 1995 < E
Property Value g j
Specific gravity 2.68 % sol ——— Sitk _
Saturated unit weight 19.355 kNfm A B Gravel k (a)
Dry unit weight 15.250 kN/rh S ~100; 000 001 0015 002
Minimum void ratio 0.516 Shear strain
Maximum void ratio 0.894 100
Permeability 6.6X10 ° m/s 5
-

o . . . §sol el
before the initiation of dilation outside the PT surfa@ég. 4, i PR
phase 2—-B The PPZ is defined in deviatoric strain space as a 2 ==
circular, initially isotropic surfacéYang 2000. Depending on the 0 (b)

current strain state and plastic loading history, the PPZ may en- 0 0.004 0008 12 0.016 0.02
large and/or translate in deviatoric strain space to model the ac-
cumulation of permanent shear deformati@¥ang 2000.

Limits on Dilation. The dilation rule(Fig. 4, phase 2-3can
result in a significant increase in shear stress and mean effective
confining stress. This increase is limited by:

1. Fluid Cavitation(Lambe and Whitman 1969; Casagrande 0 L © .
1979: If soil response is essentially undraingftliid migra- 40 0 oo ehoive stress (kll,og 120
tion is relatively slow, the tendency for dilation can eventu-
ally drop pore pressure to the minimum value-ef.0 atmo- Fig. 5. Pore pressure histories at element base, shear stress—strain,

spheric pressurg@.e., cavitation. Cavitation will preventthe  and effective-stress paths at element center
effective confining pressure from further increase.

2. Critical-void-ratio soil respons@Casagrande 1936, 1975f
the soil is partially or fully drainedrelatively rapid flow of stress—strain response. Two numerical simulations of drained,
pore fluid, overall volume increase is allowed. To this end, Strain-controlled monotonic 1D lateral shear tedtg. 1) were
the critical-void-ratio state may be reached, whereupon fur- conducted. In the first simulation, a relatively low permeability
ther shear deformation continues to develop without addi- coefficientk of 6.6x 10™? m/s (representative of silt rangavas

50r

Shear stress (kPa)

tional increase in shearing resistance. employed. In comparison, a higtof 6.6x 10~ m/s (representa-
tive of gravel rangewas employed in the second simulation. In
Model Calibration both cases, the element was initially anisotropically consolidated

The main modeling parameters include typical dynamic soil prop- under a vertical confining pressure of 80 klegquivalent of about
erties such as low-strain shear modulus and friction angle, as well8 m of submerged overburden soil pres$ufuring shear load-

as calibration constants to control pore-pressure buildup rate, di-ing, the following boundary conditions were applied to the ele-
lation tendency, and the level of liquefaction-induced cyclic shear ment(Fig. 1): (1) the base was fixed?) the base and two side
strain. The employed model has been extensively calibrated forboundaries were impervious, af@®) the top edge was free drain-
clean Nevada sanTable 1 at a relative density of about 40% ing. Lateral shear strain was applied at a rate of 0.02%/s, to emu-
(Parra 1996; Yang 2000The calibration phase included results late undrained and drained shear response in thek siitd

of monotonic and cyclic laboratory testdrulmoli et al. 1992, gravelk simulations, respectively.
Fig. 2 as well as data from level-ground and mildly inclined During the shearing process, Figab shows that the silk
infinite-slope dynamic centrifuge-model simulatidiobry et al. element first experienced a pore-pressure incréasatractive

1995, Taboada 1995For Nevada sand at about 40% relative phasg, followed by a subsequent reducti¢dilative phasg The
density, the stiffness was represented by a low-strain shear modu<orresponding shear stress—strain cifig. 5(b)] initially shows
lus of 31.4 MPa at 80 kPa confinement, and the shear strengtha yielding response, followed by a dilation-induced significant
corresponded to a friction angle of 31°. regain in stiffness and strength, as the effective-stress [Fagh
In the following numerical studies, this calibrated sand model 5(c)] approached the failure envelogabove the phase transfor-
was employed throughout to represent the dynamic soil propertiesmation line, see also Fig.)4In contrast, the graved-element
(with different permeability coefficients Thus, differences in shows no change in pore press{ifeg. 5@]. The relatively mild
computed response will be solely due to permeability, in order to increase in mean effective streldsig. 5c)] is the usual conse-
highlight its significance. The dynamic soil properties of Nevada quence of shear loading in an anisotropic state of soil confine-
sand are therefore implicitly assumed to be representative of ament. Overall, shear-volume interaction had a relatively small ef-
medium-density granular material, with a permeability coefficient fect on the shear stress—strain respdidg. 5(b)] of this highly
in the gravel, sand, or silt range. permeable element.
The presented numerical simulati@fig. 5 clearly shows that
the siltk element exhibited a much larger shear resistance com-
Simple Shear Loading in Single Element pared to the gravei-element(note that identical mechanical soll
properties were employed for the two eleméngoil permeabil-
A single saturated eleme(fig. 1) was used as a simplified en- ity along with the tendency for dilation at large shear strain is
vironment to demonstrate the influence of permeability on shear seen to result in this remarkable difference in shearing resistance.
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Fig. 6. Employed soil profile and input base acceleration history for
uniform-profile simulations

Dynamic Excitation

Permeability in Uniform Soil Profile

In this section, the influence of permeability in a uniform soil

profile composed of a single soil is investigated. A 1D model was

employed to represent a 10-m-thick uniform soil profile, inclined
by 4° (Fig. 6) to simulate an infinite-slope response. This configu-
ration is identical to that of the VELACS Model-2 centrifuge
experiment(Dobry et al. 1995; Taboada 199%nd is modeled
using CYCLIC by specifying:

1. For the solid phase, the two lateral sides of the mesh were

tied together both horizontally and verticallysing the pen-
alty method to mimic a 1D shear beam effe@®arra 199§
and the top surface was traction free; and

Centrifuge experiment

0.6r o~ b
— — — Computed (sand k) - TP TT TP TR
------ Computed (sandy gravel k) # e

04 - — Computed (gravel k) g

02 B :

M
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2.5m depth ot T
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Lateral Displacement (m)
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0.2F

0.6 b

0.2r

Time (sec)

Fig. 7. Lateral displacement histories in uniform soil profile with
different permeability coefficients

profile. Consequently, high effective confinement was maintained
with less reduction in shear stiffness and strength. On the con-
trary, in the lowestk profile, soil response was essentially und-
rained, with sustained high, long after the shaking phase.

Effect of Low-Permeability Interlayer

As mentioned in the Introduction, shake-table and centrifuge ex-
periments have revealed the importance of low-permeability

2. For the fluid phase, the base and two sides were impervious,seams(or interlayer$ on the liquefaction-induced response of a

with zero prescribed pore pressure at the ground surface.
The VELACS Model-2 input excitatiotharmonic, mainly 2
Hz motion, Fig. 6 was employed in this section. Three numerical
simulations were conducted, with a permeability coefficiewoif
1.3x10 2 m/s (grave), 3.3x10 3 m/s (VELACS Model-2
sandy gravel calibration simulatinnand 6.6<10™° m/s (clean
sand, respectively.

cohesionless soil profile. The premise is that a low-shear-
resistancgwater-rich interface may develop below the low per-
meability stratum. Along this low-resistance interface, a flow fail-
ure may ensue, with large localized shear strain.

In this section, we attempt to computationally reproduce such
a mechanism. Emphasis is placed on the effect of permeability
variation on lateral deformation. An incline@°®) 1D saturated

Computed lateral displacements for the three simulations aresoil profile was employedFig. 9). Additional numerical accuracy

displayed in Fig. 7, along with the experimental response of VE-
LACS Model-2 test(Dobry et al. 1995; Taboada 1905lt is
clearly seen thafl) computed lateral deformations with the sandy
gravelk value are close to the experimental resporipest of the
calibration procegs and(2) the extent of lateral deformation in
this uniform profile is inversely proportional to soil permeability,
i.e., a higherk results in smaller lateral deformatidmear the
surface, the profile with the lowegktvalue had a lateral transla-
tion about 2.5 times that with the highdsvalues.

The relation betweek and deformation is a consequence of
the effect of permeability oru, along the soil profile. Fig. 8
shows that in the case of high fast u, dissipation took place
(even during the strong shaking phgseesulting in a lowu,
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was achieved through refined modeling of the zone immediately
below the low-permeability interlayer as shown in Fig(d&tails
discussed beloy Boundary conditions are identical to those of
the previous section. Finally, input excitation was defined in the
form of 14 cycles of 1 Hz excitation, with an amplitude of 0.08 g
(Fig. 9.

Three numerical simulations were conducted, with the perme-
ability coefficientk profiles listed in Table 2. In this table, Case 1
represents a uniform sand stratum throughibeinchmark case
and Cases 2 and 3 include a 0.3 m interlayer of ksitithin a
uniform sandy-gravek stratum(Case 2, and a sandk stratum
(Case 3, respectively. The interlayer profiles were selected to
allow for development of a flow failure scenaridue to the in-
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permeability interlayer simulations

terlayey, that initiates during(Case 2, and after(Case 3 dy-

namic excitation as discussed below. _ increased in void ratio sufficiently to reach the prescribed critical-

Fig. 10 depicts the time histories of computed lateral displace- yigratio state. The remaining tendency for dilation resulted in
ment at the surfacdocation A), immediately below the interlayer  he avajlability of shear strength to halt further lateral deformation
(location B, 1.0 m below the interlayeflocation O, and 5.0 m due to the 4° slope inclination. 10 s thereafter, the continued

below the interlayetlocation D). In all cases, displacement stops  tliquefaction sedimentatiofsettlement below the thin inter-
in the lower sections of the soil colunflocation C and beloyas layen eventually allowed location B to reach the critical-void-

soon as the shaking ends. The difference in response is in thegtig state. Thereupon, the lack of dilation tendency and the lig-
upper sectior{location B and above In Case 1, no further dis-  efaction condition(,=1.0) resulted in this delayed flow failure
placement is seen once the shaking sispsilar to the VELACS  gjyyation (Fig. 10. Such delayed flow failure after the end of
Model-2 experiment, Fig.)7 In Case 2, the upper section includ-  qynamic/seismic excitation has been reported in the literature by a
ing the siltk interlayer continues to slide after the shaking ends, number of investigator¢e.g., Seed 1987; Harder and Stewart
in the form of a flow failure. After the shaking phase in Case 3, 1996, Berrill et al. 1997: Bouckouvalas et al. 1999: Kokusho
lateral movement appears to end in the entire column for more 1999: Kokusho et al. 1999
than 10 s. Thereafter, a dglayed flow-failure scenario occurs. The above discussion is further clarified by the computed
Flow failure occurred in Case 2 due to the loss of shear gheqr stress—strain response at location B directly below the silt-
strength below the sik-interlayer. As seen in Fig. 11, this inter-  jyerjayer (Fig. 12. In all three cases, soil strength is seen to
layer sustains, (=ue/c,, whereo, is effective vertical stre$s  graqually decrease, with dilative behavior becoming more pro-
at 1.0 (liquefied statg at location B for a long time after the  gunced and engaged in resisting the acting dynamic and static
shaking phase. In this illustrative computation, the critical-void- gshear stresses. In Case 1, after the shaking phase, adequate shear

ratio state(selected here at 2% volume increase or about 3.3% resistance was available to balance the lateral gravity component
void ratio increaspwas reached at B before the shaking ended.

Hence, the lack of additional dilation and low available shear
strength ¢,=1.0) resulted in continued postshaking lateral defor-

. ) ; ) L Table 2. Permeability Coefficients Employed in Numerical Simula-
mation(flow failure). The detrimental void ratio increase at loca-

tions
tion B was facilitated by:(1) liquefaction-induced settlement — —
within the sandy-gravek-stratum below the thin interlayer, and Permeability coefficienk (m/s)
(2) inability of the overlying stratum to match this rate of settle- Case 0.3 m Interlayer Stratum

ment(due to the low permeability of the interlayer

i - 1 3.3x1074 (cl & 3.3x1074 (cl &
In Case 3, the relatively low permeability of the base layer 3.3% 10(,(:86?7“5'3” ) 3.3x10-2 ((C e;m san )k)
(compared to that of Case 2esulted in a slower liquefaction- ) . Sf ) 743an Y grave
3.3X 107 ° (silt k) 3.3X 10" * (clean sand)

induced settlement rate. At the end of shaking, location B had not
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Fig. 10. Lateral displacement histories along soil profile
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Fig. 12. Shear stress—strain histories directly below interldigra-
tion B)

Finally, the influence of a low-permeability interlayer on the

of the soil above. In Case 2, soil stiffness and dilatancy effects overall profile response may be visualized in Figs. 13 and 14, in
were completely lost before the end of shaking, and excessiveterms ofu, and deformation profiles along the soil column at 16.5
permanent shear strain accumulated after shaking due to insuffi-s (end of shakingand 80.0 s. In Case (Fig. 13, lateral defor-
cient resistance. In Case 3, after the shaking event, a level ofmation andu, profiles were smooth along the soil profile. With no
shear stress sufficient to maintain equilibrium was present. How- further lateral movement observed during 16.5—-80 s, additional

ever, this equilibrium was eventually logtue to void ratio reach-

vertical settlement continued, as a result of the post-shaking dis-

ing the critical statg and the soil profile became unstable. There- sipation and the associated reconsolidation processes. In contrast

after, excessive permanent shear strain develdfyed failure),

in a fashion

similar to that of Case 2.

Excess pore pressure (kPa)

Location C

- - - Case 1 (sand k)
----- Case 2 (sandy gravel k with silt £ interlayer)
Case 3 (sand k with silt £ interlayer)

200 /4 TTTTTeeeo s
o Location D
0 20 40 60 80 100
Time (sec)

Fig. 11. Excess pore-pressure histories along soil profile

to the above, Fig. 14Case 3 with the siltk interlayer present,

shows:

1. A very high pore-pressure gradient within the Eiltayer.
Below this layer, the postshaking reconsolidation process
eventually results in a constamj distribution. This constant
value is equal to the initial effective confinemegpterbur-

Excess Pore Pressure Profile Deformed Mesh

16.5 sec

Tu=1.0 { |

80 sec

| Tu=1.0

Fig. 13. Excess pore-pressure profile and deformed mesh for case 1:
uniform clean sand profilédeformations are not to scale and are
exaggerated for clarily
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Excess Pore Pressure Profile Deformed Mesh tion in a liquefied uniform cohesionless-soil profile, af&l to

65w illustrate the potential for a lateral deformation flow failure
mechanism in liquefiable strata with spatially varying permeabil-
@ Silt & interlayer |ty

/ / In summary, the reported studies aimed to shed light(n:
the potential significance of permeability in liquefaction-induced

— 1\ ,Tu=1.0
TV shear deformation assessmeli®,the importance of field inves-
____________ }r_ tigations and research related to quantification of overall site per-
‘ meability profiles; and?3) the role of relatively impervious nar-

row seams or interlayers in the possible development of a
& [80 sec | catastrophic flow failure mechanism. Such situations abound in
liquefiable natural(e.g., alluvia) as well as man-madée.g.,

o Silt £ inter] s . .
e ’f hydraulic-fill) soil deposits.
{
 —— Tu=1.0
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2. After the shaking phase, the void ratio continued to increase  hesis. Rensselaer Polytechnic Institute, Troy, N.Y.
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additional shear strain was observed in the rest of the profile. Arulanandan, K., and Scott, R. F., ed$993. “Verification of numerical
procedures for the analysis of soil liquefaction problemBroc.,
Remarks Conf.,Balkema, Rotterdam, The Netherlands, Vol. 1.
In conducting the above computational analyses, it was found thatArulanandan, K. and Scott, R. F., ed$994. *Verification of numerical
the time needed for location B to reach the critical-void-ratio state F();rocfedé”?ks for tgena“da'ys'sw?f Eo't'h“qluezm'\(;”l p2r°b'em§"°°-v
depended on element size. The flow-failure state was found to 0N balkema, Rotierdam, The RNetherlands, Vol. 2.
occur earlier as the elements between B and C decreased in SiZéA'ru;ir(]jag:g:{gK.éYOS%igggmilr_?t;o?;t(;\f;rf?cl)s\/etsr,ll?dr:ndulii.ng.’eztjttt:ZBaBkéL”
For an element height of about 0.05 m or I§S§, no fur.ther change simulation.” Proc., Centrifuge 88Corte, J.-F., ed., Balkema, Rotter-
in th_g computed _results was obser_ved._ Th|_s issue hlg_hllght_s the  gam, The Netherlands, 539-544.
significance of high spatial resolution in simulations involving - arumoli, K., Muraleetharan, K. K., Hossain, M. M., and Fruth, L. S.
high permeability gradients. (1992. “VELACS: verification of liquefaction analyses by centrifuge
It is also noted that the impervious-interlayer effect may be studies.” Laboratory Testing Program, Soil Data Rep. No. 90-0562
reduced or minimized in practical situations, due to the prior pres- The_ Earth Technology Corporation, Irvine, Calif. . _
ence or subsequent development of pervious pathways within thisBalakrishnan, A., and Kutter, B. L1999. “Settlement, sliding, and liq-
interlayer (possibly leading to the development of sand Boils uefaction remediation of layered soil. Geotech. Geoenviron. Eng.,
Therefore, quantification of overall actuédffective interlayer 12511), 968-978.

e - - . Balakrishnan, A., Kutter, B. L., and Idriss, 1. M1997). “Liquefaction
gg;rglegtggg/r; a key issue, and should be a topic of much addi remediation at bridge sites—centrifuge data report for BAM@Rep.

No. UCD/CGMDR-97/10Center for Geotechnical Modeling, Univ. of

California, Davis, Calif.
Bardet, J. P., Oka, F., Sugito, M., and Yashima,(2995. “The Great
Summary and Conclusions Hanshin Earthquake disastePreliminary Investigation RepDept.

of Civil Engineering, Univ. of Southern California, Los Angeles.

The influence of soil permeability on liquefied soil response was Berrill, J. B., Christensen, R. J., Keenan, R. J., Okada, W., and Pettinga,
numerically investigated using a two-phase, fully coupled Finite  J. R.(1997. “Lateral spreading loads on a piled bridge foundation.”
Element program. The framework of this coupled Finite Element ~ Proc., Int. Conf. on Soil Mechanics and Geotechnical Engineering
formulation and the incorporated liquefaction soil model were _ Balkema, Rotterdam, The Netherlands, 173—-183. _
summarized. A monotonic shear loading numerical simulation Biot: M- A. (1962. “The mechanics of deformation and acoustic propa-
was presented using a single element with a Higylave) and a gation in porous media.J. Appl. Phys.33(4), 1482-1498.

. L g L ) Bouckovalas, G. D., Gazetas, G., and Papadimitriou, A1699. “Geo-
low (silt) permeability coefficientto mimic drained and und- technical aspects of the 1995 Aegion, Greece, EarthquaRet.,

rained conditions, respectivelyThe computational framework 2nd Int. Conf. on Earthquake Geotechnical EngineeriBalkema,
was then employed in a 1D mild infinite-slope context to conduct  Rotterdam, The Netherlands, 739—748.

two series of numerical simulationét) to document the interac-  Casagrande, A(1936. “Characteristics of cohesionless soils affecting
tion between soil permeability and the extent of lateral deforma-  the stability of earth fills.”J. Boston Soc. Civ. Englanuary, 13—33.
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