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ABSTRACT

A computational model for dynamically induced liquefaction is calibrated by centrifuge model tests. The model
is a time domain code based on a nonlinear coupled solid-fluid formulation. Special attention is dedicated to
the concept of cyclic mobility during liquefaction in dense granular soils. The effect of this dilation-induced
phenomenon and the associated increase in soil stiffness is studied within the framework of remediation of an
infinite-slope loose-sand site.
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INTRODUCTION

Recent major seismic events such as the 1989 Loma Prieta and the 1995 Hyogoken-Nanbu earthquakes continue
to demonstrate the damaging effects of liquefaction-induced loss of soil strength and associated lateral spread-
ing (Seed et al. 1990, Bardet et al. 1995). Experimental laboratory research on soil liquefaction and analysis
of field instrumentation has provided valuable insight concerning excess pore-pressure buildup (National Re-
search Council 1985). However, for engineering applications, there remains a need to further understand and
identify the mechanisms of seismically induced soil deformation due to liquefaction, and related stiffness and
strength degradation.

Centrifuge model tests provide a valuable source of information about the mechanisms of liquefaction and
lateral spreading. In this regard, the VELACS (Verification of Liquefaction Analysis by Centrifuge Studies)
project is unique (Arulanandan and Scott 1993, 1994). Within this project, tests were conducted on ten sat-
urated soil (and soil-structure ) centrifuge models with well defined boundary conditions, soil properties, and
input dynamic motions. The recorded experimental data included accelerations, displacements, settlements and
excess pore pressure histories.

In this paper, a computational model for soil liquefaction was calibrated by experimental laboratory data, and
by centrifuge tests conducted at Rensselaer Polytechnic Institute. In the following sections, the data employed
for calibration is discussed, and the computational model is presented. This model is then used to study, in
plane-strain, the response of an infinite slope with and without a liquefaction countermeasure to resist lateral
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Fig. 1 Stress-strain history of a Nevada sand sample at D, = 40%, subjected to an undrained stress-controlled
cyclic triaxial test and stress bias (after Arulmoli 1992).

deformations. Remediation is based on the following concepts: 1) increased stiffness in densified zones (sand
columns), 2) increased drainage (wick drain effect, Seed and Booker 1977), and 3) the combined effect of stiff-
ness and drainage (gravel or stone columns).

SOIL PROPERTIES

The liquefiable material properties were patterned after those of Nevada sand with a relative density (D, ) in the
range of 40%. This sand was thoroughly tested under cyclic loading conditions by Arulmoli ez al. 1992. For the
purposes of this study, the most important feature of observed laboratory response is depicted in Fig. 1. As may
be noted, the process of asymmetric cyclic shear loading during liquefaction has resulted in a cycle by cycle
accumulation of shear strains; and has clearly displayed a process of regain in stiffness and strength at the large
shear strain cyclic excursions. This pattern of response limits the amount of deformation during each loading
cycle (Castro 1975, Zeghal and Elgamal 1994). The same response was clearly observed in a series of insight-
ful centrifuge tests conducted at RPI (Taboada and Dobry 1993, Dobry and Taboada 1994, Taboada 1995). In
these tests, dynamic centrifuge experiments on a Nevada sand stratum in an inclined laminated (Van Laak et al.
1994) container, documented the same pattern of regain in stiffness at large shear strain excursions (Taboada
1995, Elgamal et al. 1996). As will be shown below, the constitutive model employed herein was developed to
mimic the above described cyclic loading behavior; so as to provide reliable estimates of liquefaction-induced
cyclic deformations.

CONSTITUTIVE MODEL AND NUMERICAL IMPLEMENTATION

An effective-stress finite element (FE) algorithm has been developed to predict dynamic soil response (Ragheb
1994, Parra 1996). This algorithm is based on a two phase solid-fluid u-p formulation (Biot 1962, Zienkiewicz
et al. 1990, Chan 1988). Soil skeleton constitutive behavior was represented using a newly-developed multi-
surface plasticity model (Parra 1996), which was calibrated by laboratory data (Arulmoli et al. 1992) and by
centrifuge testing results conducted by Taboada and Dobry 1993, and Taboada 1995. The salient features of
this model are presented in Appendix I.

COMPUTATIONAL MODELLING OF LATERAL DEFORMATION

The response of an infinite mildly sloping stratum of saturated Nevada sand was studied. The stratum is 10 m
in depth, and is inclined at a slope of S degrees to the vertical (Fig. 2). A shear beam response was mimiced by
connecting lateral boundary nodes on either side of the finite element mesh. Soil permeability was taken as k£ =
6.6 x 10~ m/sec, at the 40% relative density. Saturated soil mass density was taken as p = 1973 kg/m3, angle of
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Fig. 2 Finite Element discretization of the infinite sloping stratum of saturated Nevada Sand and sampling lo-
cations.

internal friction ¢ = 32°, phase transformation angle (i.e. the angle at which contractive and dilative zones are
separated in the p/ — q space, Ishihara et al. 1975) ¢,, = 26.5°. Low-strain shear modulus G, = 6.5 x 10* kPa
at a reference confining pressure p, = 80 kPa, and Poisson ratio v = 0.42. Finally, Low-strain moduli were
considered to vary with the effective confining pressure at the power of n = 0.5.

This model was subjected to uniform cycles of harmonic base excitation (0.2 g peak amplitude), and the results
are shown in Figs. 3-5. In view of the large shaking amplitudes, excess pore-pressures attained the vertical
effective stress values indicating the occurrence of liquefaction (Fig. 3). However, the associated acceleration
response did not vanish due to the reduction in pore-pressure and the associated regain in stiffness and strength
at each cyclic large shear strain excursion (Fig. 4). Lateral permanent deformations at ground surface attained
a total of 0.66 m at the end of dynamic excitation (Fig. 5).

Remediated ground
1) Remediation by increased drainage

In this case, the columns shown in Fig 2. were modelled as a draining material with the same frictional charac-
teristics, but with an increased permeability of 1000 times that of Nevada sand. The computed results showed
the following main response patterns: i) the lateral deformation at ground surface was reduced from 0.66 m to
about 0.53 m (Fig. 5), ii) high drainage appeared to reduce the rate of pore pressure buildup within the draining
material, but apparently had a small impact on pore-pressure buildup within the original sand. Even within the
drain, it was observed that drainage mainly affected the upper zones near the free draining ground surface (Fig.
4a). Here, it may be concluded that drainage would have achieved better results if the high drainage columns
were distributed more uniformly along the stratum lateral extent.

2) Remediation by increased stiffness

In this case, the constitutive model parameters were adjusted to model a dense Nevada sand (D, = 85% — 90%)
within the columns of Fig. 2. The computed results show a substantial reduction in accumulated strains within
these dense zones (Fig. 4b); and a reduction in surface lateral deformations from 0.66 m to 0.40 m (Fig. 5).
However, the original soil contained within the dense columns was found to liquefy, and accumulate large per-
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Fig. 3 (a) Excess pore pressure and (b) acceleration histories at the center of the FE mesh and at 2.5 m depth
corresponding to no remediation configuration.

manent strains. Here, it may be concluded that the dense materials have supported the original loose material.

3) Remediation by drainage and increased stiffness

In this case, the columns of Fig. 2 were modeled to represent the stone column remediation technique. Such
columns possess the high permeability, and high stiffness characteristics simultaneously. As may be observed
from Fig. 5, the surface displacements were reduced to the lowest value of 0.23 m in permanent lateral defor-
mation. Again, the main reason for this reduction in deformations stemed from the stiffness and strength of
the introduced columns. Here, it was observed that the increased drainage had the following effects: i) faster
pore-pressure dissipation, and ii) associated reduced tendency for dilation in the dense drain material, due to
this high permeability (Fig. 4c and 4d). Nevertheless, the presence of increased permeability had a positive
impact on controlling lateral deformations.

SUMMARY AND CONCLUSIONS

A computational model calibrated by laboratory and centrifuge testing data was employed to explore counter-
measures against liquefaction-induced lateral deformations. Increased drainage was found to primarily con-
tribute to increased strength within the high drainage remediated zones. Increased stiffness introduced by soil
densification, or use of dense stone columns was more helpful in controlling the extent of lateral deformations,
as the stiff material supported the surrounding loose liquefied zone.
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APPENDIX I

Soil was modeled as a two phase material using the Biot (1962) formulation for porous media. This formulation
was incorporated in a general purpose 2-D finite element program (Ragheb 1994, Parra 1996) using the u - p
formulation (in which displacement of the soil skeleton, u, and pore pressures, p, are the unknowns) suggested
by Zienkiewicz et al. (1990). The computational scheme follows the methodology of Chan (1988), which is
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Fig. 4 Shear stress-strain histories sampled at: a) S-1 for increased drainage; b) S-1 for increased stiffness; c)
S-3 for increased stiffness; and d) S-3 for increased stiffness and drainage.

based on the following assumptions: small deformations and rotations, density of the solid and fluid is constant
in both time and space, porosity is locally homogeneous and constant with time, incompressibility of the soil
grains, and equal accelerations for the solid and fluid phases. Therefore, the general coupled formulation after
the spatial discretization and Galerkin approximation is expressed as follows:

Mi‘i+/ﬂBTo-’dQ—Qf>—fS=0 (1a)

Gu+QTu+Hp+Sp—fP=0 (1b)

where M is the mass matrix, B is the strain-displacement matrix, o is the effective stress vector, Q is the
discrete gradient operator coupling the solid and fluid phases, @ is the displacement vector, p is the pore pres-
sure vector, G is the dynamic seepage force matrix, H is the permeability matrix, S is the compressibility ma-
trix, and 5 and f? are the prescribed boundary conditions for solid and fluid phase respectively. A superposed
dot denotes time derivative. Viscous damping is added for the solid phase in the form of Rayleigh damping
(C = aM + PBK, where K is the initial stiffness matrix). For earthquake loading problems, G is usually
neglected so that symmetry of the global matrix is attained.

Equation 1 is integrated in time using a simple single step predictor multi-corrector scheme of the Newmark
type (Katona and Zienkiewicz 1985), with an automatic time stepping split algorithm, incorporated to improve
the rate of convergence. The predictor is calculated using the initial stiffness matrix method, as the high degree
of non-associativity shown in the behavior of the solid phase for granular materials, produces a non-symmetric
tangent stiffness matrix that requires a non-symmetric matrix solver. Experience based on analyses of non-
associative plasticity shows that the initial stiffness method performs reasonably well (Chan 1988).

The second term in Eq. 1a is defined by the soil constitutive model. In this study, a new model is developed
and used, based on the original work on plasticity theory for frictional cohesionless soils (Prevost 1985). The
new model (Parra 1996) provides flexibility in modeling the cyclic mobility phenomenon. Special attention is
given to the way the deviatoric - volumetric strain coupling occurs under cyclic loading, especially for load-
ing - unloading - reloading situations above the phase transformation line, and near the liquefaction condition
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Fig. § Lateral displacement histories at H-1 and H-2 locations.

(pr = 0 condition).

The constitutive equation is written in incremental form as follows (Prevost 1985):
oc=E:(&e-¢&) 2)

where & is the rate of effective stress tensor, € is the rate of deformation tensor, €” is the plastic rate of defor-
mation tensor, and E is the isotropic elastic coefficient fourth order tensor. In this equation the superposed dot
denotes a material derivative. The plastic rate of deformation tensor is defined by: € = P (L), where P is
a symmetric second-order tensor which defines the direction of plastic deformation in stress space, L is the
plastic loading function; and the symbol { ) denotes the McCauley’s brackets (viz.,, L = 0 if L < 0). Other-
wise, L is defined as: L = Q : & /H', where H' is the plastic modulus, and Q is a symmetric second-order
tensor which defines, in stress space, the direction of the outer normal to the yield surface (Q = V f/||V f|]).
The yield function, f, representing the states of stress for which plastic flow occurs, is selected as a family of
nested cone surfaces connected at the apex as follows (Lacy 1986):

f=g(s—ﬁa):(s—ﬁa)—m2ﬁ2=0 3)

wheres = o — p 6 is the deviatoric stress tensor, 7 = p — a with p and a representing the effective mean
normal stress and the attraction at the apex (given by the amount of residual shear strength) respectively, o is
the kinematic deviatoric tensor defining the coordinates of the yield surface, and m is a material parameter to
describe the friction angle ¢.

The flow rule is chosen so that the deviatoric component of flow P’ = Q' (associative flow rule in the devia-
toric plane), and the volumetric component P” gives the desired amount of dilation or contraction in accordance
with laboratory or field observations. Consequently, P” defines the degree of non-associativity of the flow rule
and is given as follows (Parra 1996):

" o__ ("7/7—7)2 -1
3P = /T 1 Ya (a) 4

1/2 . P . . .
wheren = (% S: s) / /D is effective stress ratio, 77 is a material parameter defining the stress ratio at the phase

transformation (PT) line, vy is a dilation function scaling the amount of dilation or contraction depending on



the level of confining pressure and cumulative plastic deformation, and ¢; = f (eﬁ - 65) is an effective dila-
tion function triggered at the point when the cumulative plastic deformation in the dilative zone (e}) reaches a
predefined yielding level 7. Dilation or contraction is defined by the sign of (/7 )2 — 1. If negative, the stress
point lies below the PT line and contraction takes place. On the other hand, when the sign is positive the stress
point lies above the PT line and dilation occurs. However, contrary to the original Prevost 1985 formulation,
contraction above the PT line is performed towards the point where dilation started, which acts as a memory
for the dilation-contraction condition. At the point of initial liquefaction or p# = 0 only dilation is allowed
and upon contraction P” is set equal to zero.

A purely deviatoric kinematic rule is chosen according to: pa = ap, where p is a deviatoric tensor defining
the direction of translation (Lacy 1986) and a is the amount of translation dictated by the consistency condition.

The integration of the constitutive equations is performed using a stress point algorithm based upon the ra-
dial return method in the deviatoric plane (Lacy 1986), with an automatic strain stepping split algorithm which
guarantees convergence and accuracy at all levels of strain (Parra 1996).
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