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Lateral pile response in liquefying sand
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ABSTRACT: The potential significance of the impact of liquefaction on the
dynamic responses of pile foundation has been demonstrated through a numerical

study.

Due to liquefaction the pile-head acceleration will be amplified or

attenuated and the pile-head displacement and the pile moment will be greatly

amplified in most cases.

These tendencies are expected to be more pronounced

when liquefied soils induce flow movements.

1 INTRODUCTION

Liquefaction has been the key cause
of damage and failures of foundations
for civil engineering structures in
major historical earthquakes. Lig-
uefaction may result in 1loss of
bearing capacity, excessive
settlement and tilting, and lateral
spread and flow of liquefied soils.

Extensive studies have been made
since the Niigata and Alaska earth-
quakes of 1964 to establish reliable
procedures for predicting
liquefaction potential. Therefore,
liquefaction susceptibility of a site
can be predicted with reasonable
confidence at present. However,
rational prediction of the impact of
liquefaction on the performance of
structural foundations is not pos-
sible at present. This is especially
true for pile foundations that are
installed in loose saturated sand
layers.

The major objectives of this paper
were to demonstrate the potential
significance of the impact of lig-
uefaction on the performance of pile
foundation and to improve our
understanding of the phenomenon. For
this purpose numerical tools were
developed and an extensive parametric
study was conducted.

This paper presents first the key
features of the numerical methods
used in this study. This is followed
by presentations of major findings
from the parametric study.

2 NUMERICAL MODEL

Dynamic response computations of a
soil-pile-structure system involved
two major steps; free-field response
analysis and soil-pile-structure
interaction analysis. The free-field
response analysis was made with a

one-dimensional, nonlinear site-
response method SRANG2 and the
soil-pile-structure interaction

analysis was performed with NONSPS2.
The original versions of these pro-

‘granms, SRANG and NONSPS, were
developed by Kagawa and Kraft
'(1981b) . These programs have been
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rewritten and upgraded for this study
to incorporate various new features
and to increase their computational
efficiency. The major features of
these numerical methods are high-
lighted below.

2.1 Free-~field response model

Responses of free-field soils against
seismic waves were obtained by using
the one-~dimensional wave propagation
theory, which has been used in most
site-response analyses. Computed
soil responses were used in separate
and subsequent soil-pile-structure
interaction analyses. The stress-
strain relation of soil for the
free-field analyses was represented
by a one~dimensional simplification
of the multi-surface model (Mroz
1967) . The backbone curve of the
stress-strain relation was deter-
mined from a hyperbolic model fit of



experimentally determined
stress-strain relations of soil.

Excess pore pressures develop in
sands during earthquake loading. The
pore pressure model developed by
Kagawa and Kraft (198la) was used in
the program SRANG2 to evaluate such
pore pressures. One~dimensional
consolidation model was wused to
compute redistribution and dissipa-
tion of excess pore pressures.

The program SRANG2 included a vis-
cous transmitting boundary at the
base of the layered system to model
a visco-elastic half space.

2.2 Soil-pile-structure interaction
model

The soil-pile-structure interaction
model used in this study was based
on a beam-on-Winkler foundation
model. A pile-supported structural

system was represented by a single-
pile system. The superstructure was
represented by a series of lumped
masses, connected by beams, that
possess lateral degrees-of-freedom
only. The pile was discretized into
segments, and each pile segment was
connected to free-field soil through
discrete soil-pile elements. These
discrete soil-pile elements repre-
sented: 1) variations of near-field
soil properties with depth, 2)
nonlinear stress-strain behavior of
soils around a pile, 3) three-
dimensional soil-pile interaction
effects, 4) excess pore pressure
build-up in the free field and around
a pile and 5) pore pressure dissi-
pation and redistribution into the
radial direction away from the pile
and into the vertical direction. The
key features are summarized below.

2.2.1 Soil reaction to pile

For a pile in linearly elastic soil
layers, the lateral soil reaction,
p, at some depth on a unit pile length
can be approximated by (Kagawa and
Kraft 1980, Kagawa 1992):

p=E,8y+2p,B(V,+V,)%3tf ..... (0

in which E, = the representative

Young’s modulus of .soil, & = the
average soil-reaction coefficient
that is constant with depth, ¥ = the
pile deflection relative to the
free-field soil, p,= the mass density

of the free-field soil, B = the
equivalent width of the pile, and V,
and V, = the shear and constrained
wave velocities of the free-field
soil.

The average soil-reaction coeffi-

cient, 6, can be related to the local
soil-pile flexibility factor
K,=EI/(E,r?), as shown in Fig. 1.
El is the flexural rigidity of the
pile and r, is the equivalent pile
radius. The velocity-dependent term
in Eqg. 1 represents the three-
dimensional wave energy dissipation
away from the pile, using the dashpots:
that absorb plane shear and con-
strained waves.

The linear p-y relation in Eg. 1 may

be extended to include nonlinear
stress-strain behavior of soils.
High  shear-strain concentration
occurs in the vicinity of a pile due
to soil-pile interaction, and the
nonlinear stress-strain behavior of
the soils can have a large impact on
pile response.

To represent this effect, this study

considered representative behavior
of soils around a pile. The pile
displacement, y, was related to the
representative shear strain of soils,
Y, as:

y=(1+v)y/(fB) ... 2)

in which v = the Poisson’s ratio of
soil, and f = the influence factor
that depends, for example, on the
shape of loaded area, the distribu-
tion of soil modulus with depth, and
the relative stiffness of the pile
to soils. The influence factor, f,
of course, varies with depth. A
typical value of f is three to five.
The shear strain in Eg. 2 may then
be used to obtain a representative
shear stress in the soil around the

pile T as:
T=G,Y=GCmaxF(Y/Y)Y e 3

inwhich G, = the representative shear
modulus of s0il, Gn.x = the shear
modulus at very small shear strain,
and Y, = the reference shear strain
(= Tuu/Guax) - T, 1is the apparent

shear resistance of the representa-
tive soil element around the pile and

F(y/y:) is a strain-dependent

function that represents the stifi.?-
ness degradation with strain ampli-
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tude. With Egs. 2 and 3, the lateral
soil reaction in Eq. 1 for linearly
elastic soil layers may be rewritten
for nonlinear stress-strain condi-
tions as:

- e s d
P=2f8B1.,F(y )Y +20,B(V ,+V )5

in which the normalized pile
deflection y° is defined as
(1+v)y/(fBv,). The apparent shear
resistance of soil around the pile,
T.i, May be determined by considering

the passive failure of the soil
element adjacent to a pile as:

T=A(0,sin¢+ccosd)/(1-sind) ..... (s)
in which A = an empirical adjustment
factor, which was assumed to be unity

in this study, ¢, = the effective

overburden stress, and ¢ and ¢ = the
static strength parameters of soil.

2.2.2 Excess pore pressure generation

Excess pore pressures develop in the
soils around a pile due to pile
displacements relative to those of
free~field soils. The effects of
these excess pore pressures and
associated degradation of soil
stiffnesses were accounted for by
successively modifying the stiff-
nesses and strengths of near-field
and free-field soils. This was
accomplished by applying a factor
(1-r)* on the stiffnesses and
strengths of the soil-pile elements.
r is the pore pressure ratio given
as the ratio between excess pore
pressure and the initial effective
overburden stress. ais a coefficient
that depends on soil type; a typical
value for sands is 0.5.

After complete liquefaction soil was
assumed to provide viscous resistance
to pile movements.

2.2.3 Excess pore pressure redis-
tribution

Excess pore-water pressures develop
in soils around a pile due both to
free-field ground movements and to
the relative movements between the
soils and the pile. The former type
of pore pressures redistribute in the
vertical direction, while the latter
type of pore pressures redistribute

in both the vertical and radial

directions. Therfore, the soil-
pile-structure interaction model
included an axisymmetric,

finite-element consolidation model
that handles coupled flow of these
two types of pore pressure redis-
tribution.

3 PARAMETER STUDY

A parametric study was conducted to
evaluate and demonstrate the impact
of liquefaction on the earthguake
responses of a single-pile system.
The soil-pile-~structure systems
studied are shown in Fig. 2. The
radius of the pile is 0.5 ft; its
length is 100 ft; the pile carries
a concentrated structural weight of
; and the bottom 60 ft of the pile
is embedded into clay. In CASE I the
top 40 ft of the pile is supported
by loose saturated sands, while CASE
ITI and III have fill layers with
thicknesses of 10 ft and 30 ft,
respectively. The ground water table
was assumed at the top of the loose
saturated sand layers.

In addition to the soil-pile-
structure conditions presented in
Fig. 2, the following conditions were
also analyzed; 1) no liquefaction in
sand layers and 2) no soil in the top
40 ft of the pile. These cases
provided measures of the significance
of the impact of liquefaction on pile
responses.

Responses of the soil-pile-
structure systems were computed for
sinusoidal shear-wave excitations
and for selected earthquake motions.
Twenty historically recorded earth-
quake records were used in this study.
These records included four motions
from the Loma Prieta earthgquake,
seven Japanese motions, and western
U.S.A. motions. The acceleration
amplitudes of these records were
scaled to four levels, ranging from
0.05 g to 0.40 g.

4 RESULTS
4.1 Steady-state responses

Figure 3 shows the frequency
responses of pile-~head accelerations
and of the maximum moments in pile
for CASE I with 0.05 g excitations.
As indicated in Fig. 3, the soil-
pile-structure system has a resonant
frequency at about 0.6 Hz when the
top 40 ft of sand liquefies. Since
the excitation level was low, the top
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40 ft of sand didn‘t liquefy com-
pletely. Therefore, the pile-head
accelerations and the maximum moments
in pile were reasonably close to those
for no liquefaction cases.

Figure 4 shows similar results for
0.15 g excitations. Complete lig-
uefaction of the top 40 ft of sand
took place at all frequencies. The
pile-head accelerations and the
maximum pile moments are given as
envelopes of those for the no lig-
vefaction and no sand layer cases.

4.2 Earthquake responses

Typical results obtained from this
analysis are shown in Fig. 5.

Figures 6 through 8 summarize
results for maximum pile~head
accelerations, maximum pile-head
displacements, and maximum pile

moments for all the conditions of
CASE 1I. Figure 6 shows that the
pile~-head accelerations for the no
liguefaction cases are nearly
uniquely related to corresponding
free-field surface accelerations.
The pile-head accelrations for the
liquefaction cases, however, may be
amplified or attenuated from those
of the no liquefaction cases. The
degree of amplification or attenu-
ation is shown to be larger at higher
free-field acceleration levels.
Figures 7 and 8 demonstrate the
significance of liquefaction on pile
foundation design. Figure 7 shows
the peak pile-head displacement for
the liquefaction case normalized by
that for the no liquefaction case.
Figure 8 shows similar ratios for the
maximum pile moments. Liquefaction
is shown to result in significant
increase in pile movement and moment
due to loss of lateral soil support.

The results presented above are for
CASE I. The impact of liquefaction
on pile responses in this case was
larger than that of the other cases.

5 CONCLUSIONS

The potential significance of the
impact of liquefaction on the per-
formance of pile foundation has been
demonstrated. Due to liguefaction
the pile-head acceleration will be
amplified or attenuated and the
pile-head displacement and the pile
moment will be greatly amplified in
most cases. These tendencies are
expected to be more pronounced when
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liquefied soils induce flow move-
ments.
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