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Soil-Pile-Structure Interaction During Liquefaction

Shoei Nomura Yasuhiro Shamoto
Graduate Student, Tokyo Institute of Technology, Tokyo, Japan Research Engineer, Shimizu Co., Ltd., Tokyo, Japan

Kohji Tokimatsu
Associate Professor, Tokyo Institute of Technology, Tokyo, Japan

SYNOPSIS: An analytical method is presented for evaluating dynamic response of soil-pile-structure
system during soil liquefaction. The method consists of a modified Penzien's model combined with an
effective stress analysis for free-field soil response and a horizontal subgrade reaction model
which connects free field response with pile-structure response. Shaking table tests are conducted
to study the effectiveness of the proposed procedure. A model sand deposit-pile-structure system

is constructed in a large container which can permit shear deformation of the socil. Soil density,
pile diameter, pile rigidity, and input motion are controlling variables in the tests. Analysis is
made for both liquefied and non-liquefied cases, and the results are compared with the measured
values. The analytical results including the time histories of excess pore water pressures, accel-
erations, and displacements, and the Fourier spectra of the ground surface and the pile head, are
all in good accord with the observed values, showing that the proposed analysis is effective.

INTRODUCTION each system is lumped at discrete points along a
vertical axis. Each discrete mass has horizon-

Despite the increase use of pile foundations for tal one degree-of-freedom and is connected with

mitigating soil liquefaction hazards of various the adjacent one in the same system by a spring

structures, our understanding of its behavior which has an idealized stress strain relation-

seems quite restricted. This is partly because ship of each system.

there exists few case histories in which the

failure of pile foundation is described in Discrete masses at the same elevation in the two

details. Although a number of shaking table system are connected with each other by a spring

tests has been conducted on model soil-pile- which holds an idealized load deflection rela-

structure systems to understand their behavior tionship of the modeled pile.

during liquefaction, most of the results are

qualitative and hence cannot directly be re- The equation of motion for the model pile-

flected in the practice. structure system is given by:

Consequently, there is few dynamic response Mp*p + ppip + prp

analyses which can reliably estimate the behav-

ior of soil-pile-structure systems during soil + Me(ip—is) + Ce(kp—ks) + Ke(xp—xs)

liquefaction. Further their effectiveness has

seldom been verified by comparison with behavior = —RGMpI (1)

of prototype structures or even model structures
in the laboratory.

The object of the paper is to present a rela- ModdFMeSvucuneSymem
tively simple method of analysis for simulating
the dynamic response of a pile-supported struc-
ture during soil liquefaction. The effective-
ness of the proposed method is discussed with
the results of shaking table tests conducted on
a model soil-pile-structure system.

Model Sail Layer

PILE-STRUCTURE RESPONSE ANALYSIS

A modified version of the analytical method
proposed by Penzien et al. (1964) is used for

analyzing soil-pile-structure interaction since Bearing Stratum

it can easily be extended into non-linear prob- - < —

lems. A pile-supported structure and the sur- Soil-Pile Interaction Spring ’
rounding soil deposit are assumed to be a sin-

gle-pile system and a one-dimensional soil Fig. 1 Idealized model for soil-pile-structure
column system, as shown in Fig. 1. The mass of system
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in which M = lumped mass matrix, C = damping
matrix, K = stiffness matrix, I = unit matrix,
x = displacement vector relative to the base,
and suffix p represents the pile-structure
system, s the free-field soil system, e the
soil-pile interaction, and G base input motion.

In the second line of Eq. (1), the free-field
soil response and the horizontal subgrade reac-
tion of pile are incorporated into the response
of pile-structure system through x_. and Ke.
Both values tend to decrease with Increasing
pore pressure as well as increasing shear
strain, which tendency must be taken into ac-
count in the analysis.

The free-field soil motion may separately be
obtained by various analysis methods, and

the pile-structure motion is computed based on
the free-field soil motion. The solution of Eq.
(1) in the time domain uses the Newmark's B8
method (B = 0.25).

FREE FIELD SOIL RESPONSE ANALYSIS

One-dimensional effective stress analysis method
proposed by Shamoto and Shimizu (1986) is used
for analyzing free field soil response during
soil liquefaction. The method is similar to
that proposed by Finn et al. (1977), except the
following two points:

(1) The effects of soil densification during
cyclic loading are neglected.

(2) The behavior of cyclic mobility is appropri
ately simulated.
The method can take into account the degradation

of the stress strain relationship of soil due to
pore water pressure generation with the follow-
ing models:

Pore Pressure Model

The rate of generation of pore pressures in a
soil deposit due to cyclic loading is estimated
by extending the following empirical equation

proposed by Seed et al. (1976).
u 2
g . ———arcsin(RN1/2af) (2)
oo' T

in which u, = excess pore water pressure, o,”=
initial ef?ective stress, af = a function o? the
soil properties and stress conditions, and ry =
cycle ratio defined by the ratio between the
number of applied stress cycles N to the accumu-
lative number of cycles required to cause ini-
tial liquefaction Ng,.

Unlike the laboratory test conditions in which a
constant amplitude of cyclic loading is used,
the loading conditions in the field during
earthquake are random in nature, which requires
the evaluation of ry in Eq. (3) by the following
equations:

1 1
rN :ZA[(’_—) - (

Nj Nj 4

)1
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| az]
ZOO.C1

Ny )1/c2

= 2¢4( (4)

(1/20)€2 Ryq, Cy = -0.25,
= 1.0 and R,y = shear stress ratio causing
initial liquefaction at 20 cycles. Eq. (4) c¢
be derived assuming that the relationship be-
tween the stress ratio and the number of cycl
causing liquefaction is linear on a log-log
plot. AT in Eg. {(4) is defined by an increment
shear stress from the latest turning point of
stress strain relation of soil in cyclic loac
ing.

in which A=1, C-I =

It is known that dense sands tend to dilate
subjected to large amplitudes of shearing.
is called cyclic mobility behavior and charac
terized by a pore pressure drop during shear
when the sand is at or near failure. Such a
change in pore pressure cannot be estimated |
Eqg. (3).

The rate of pore water pressure change once

after the stress strain relation of soil hit
the phase transformation line may approximat
be given by:

For |T/0'| = Mg
hug = -|at| /ng (5)
For Mg < |t/0'| < Mg
1
0 /o - MO]A 6
bug= - Opas 2 a1 (6)
Mg - My
in which ¢' = current effective stress, Mg =
tangent of failure line, M, = tangent of pha

transformation line, and Omax = 2 function t
governs the positive dilatancy characteristi
of sand and is assigned a value between 0 ap
2.5 depending on such factor as soil density

For ‘T/O'l < My, the rate of pore pressure
change may be estimated by Eg. (3) with A-ve
which is greater than 1 and increases with
application of shear stress (Shamoto and
Shimizu, 1986).

Stress Strain Relationship

The stress strain relationship of soil durir
liquefaction is defined by the Ramberg-Osgoc
model. Its skeleton curve is defined by:

]
Go Y

(7)
1 4+ alr/Tr’lb

in which a=1, b = a function controlling th
degradation of shear modulus with shear str
G.' = initial shear modulus under current e
tive stress, T.' = reference shear stress u
current effective stress. These values may

defined Dby:

b = (2 + why,)/(2 - why ) (8)
H} t 1 0.5

Go' = Gola'/ag") (9)

.= 1 (0ot (10



in which hpax = maximum damping ratio of soil,
G, = initiai shear modulus under initial effec-
tive stress, 1. = reference shear stress under
initial effective stress (= GoYy), and vy, =
reference shear strain. The hysteresis foop is
determined by the Masing's law.

HORIZONTAIL SUBGRADE REACTION OF PILE

The lateral load-deflection relationships of
piles, i. e., the relationship between horizon-
tal subgrade reaction of pile, P, and relative
displacement between soil and pile, y, has been
extensively studied by many investigators with
various techniques. For example, the study by
Kagawa and Kraft (1980) gives a sophisticated
load-deflection relationship which includes
non-linear behavior of soils. However, their
study cannot directly be used for soils involv-
ing liquefaction conditions.

The load-deflection relationship used in this
study is also modeled by the Ramberg-0Osgood’'s
model in which the effects of decreasing effec-
tive stress as well as increasing strain level
during liquefaction can be taken into account.

The skeleton curve of the load-deflection rela-
tionship is defined by:

Ky, 'y
P = ho (11)
1 4 alP/Pr'[b

in which a and b are constants and assigned the
same values as used in Eg. (7), and Ky ' and p_'
are effective coefficient of horizonta? subgraée
reaction of pile and effective reference sub-
grade reaction under current effective stress as
defined by:

0.5

Kho = Kho (d'/Go') (12)

v _ t '
P.' = P (0'/ag") (13)
in which Ky, = coefficient of horizontal sub-
grade reaction under initial stress, and P. =
reference subgrade reaction under initial
stress. The hysteresis curve is again defined
by the Masing's rule.

SHAKING TABLE TEST

Apparatus and Model Soil-Pile-Structure System

Shaking table tests were performed to study the
effectiveness of the proposed analysis. As
shown in Fig. 2, a model soil-pile-structure
system was constructed in a large shear contain-
er 4 m long, 2 m wide, and 2 m deep. Consisting
of a stack of twenty five 8 cm-thick steel
frames, it can allow shear deformation of the
inside soil. A rubber membrane attached inside
the container makes the system waterproof. a
layer of coarse sand was glued on the bottom
surface of the container to prevent the model
ground from slippage.

The sand used is a clean silica sand, of which
physical properties are listed in Table 1.
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Fig. 2 shaking table test apparatus and test
arrangements
Table 1 Physical properties of test sand
item Property

Specific Gravity of Soil Particle G, = 2.651
50 % Diameter of Soil Particle Dsa = 0.28 [mm]
10 ¥ Diameter of Soil Particle Dioc =0.17 [mm]
Uniformity Coefficient Uo =1.71
Maximum Dry Density Pmax = 1.619 [g/cm3]
Minimum Dry Density Prin = 1.296 [g/cm®]

Table 2 Similitude requirements
Item Similitude Similitude
(model/prototype) Ratio
Length La/Ls 1/7A
Mass Density O/ D5 1
Time tu/ t, 172172
Acceleration (Lo/ts2)/(L./1,2) 1
Strain To/Ts 1
Flexural Rigidity (pala®X(p,L.> 1/A°
Internal
Friction Angle Do/ Do 1

The model piles were made to simulate the condi-
tions in which the pile is fixed at its head to
the structure and penetrates adequately into
stiff non-liquefied layer overlain by a lique-
fiable layer. The model structure was idealized
by a mass 270 kgf weight. The similitude re-
quirments used are listed in Table 2.

Test Procedures

The model pile-structure system was constructed
in the container before the placement of sand.
Static horizontal loading tests and free vibra-
tion tests were made on the pile-structure
system in the air and the water without soil
layer.



The soil layer was then constructed by placing
the sand under water. Static horizontal loading
tests were again made on pile-structure system
to determine the initial load deflection curve

Table 4(a) Physical and mechanical properties
used in analysis for Test A with 0.5EI-pile

of the piles. The shear wave velocity and the h 0 D v r Rso |h Kno p
trati istan f the model deposit . * - e ’
SZ?Z gigg ;:a;3?e§?51s ance © ¢ mode P Cem){(g/cm3]] (%] [[m/s]|Xx107* {%] |Tkgf/cm3]|Lg/cm?]
Shaking table liquefaction tests were then 30 1.90 50 70 | 0.80 | 0.135] 30 4.6 36
conducted. In the test, soil density, pile 30 1.90 50 80 | 1.15 | 0.135] 30 6.5 71
diameter, pile rigidity, thickness of the lique- 30 1.90 50 90 | 1.55 | 0.135] 30 7.5 94
fied layer and input motion were controlling * . :
variables. Table 3 summarizes the list of the 30 1.95 50 95 | 1.95 | 0.135] 30 8.7 126
tests. All the input motions were similar to 30 1.95 50 | 100 | 2.35 ] 0.135] 30 9.7 157
Taft 1952 NS or El Centro 1940 NS. The time 30 1.95 50 1 105 | 2.75 | 0.1351 30 10.7 189
interval of these motions was scaled down to
satisfy the similitude reguirement. The two-
layer model in the table was intended to study
the effects of a non-liquefied layer overlying a Table 4(b) Physical and mechanical properties
liquefied layer on the pile-structure response. used in analysis for Test B with 2.5EI-pile
The thickness of the non-liquefied layer was 60
cm and the water table was set at 60 cm below
the ground surface. For other tests, the water h o D v 7 Roo |h Kno p
tab t at 20 below th und rface. r . i mex "
able was set a em beto e gre st CemdiCg/em3]| (%] |[m/s]| X 1074 (%] |Ckgf/cem3]|[g/cm?]
In a typical sequence of shaking table liquefac-
tion tests, maximum amplitudes of acceleration 30 1.90 50 75 1 0.90 | 0.135] 30 5.2 39
of input motions were applied in stages by 30 1.90 50 80 | 1.10 | 0.135! 30 7.3 78
starting with 25 gal and then increasing it by a
factor of about 2, until the soil layer com- 30 1.90 50 90 | 1.55 | 0.135; 30 9.0 116
pletely liquefied. During the test, pore pres- 30 95 50 95 | 1.95 | 0.135] 30 10.3 155
sures, accelerations, and displacements of 30 1.95 50 | 100 { 2.35 | 0.135{ 30 11.6 194
soil-pile-structure system, and bending moment 30 1.95 50 | 105 | 2.75 | 0.135] 30 12.7 233
of pile were monitored and recorded.
Table 3 List of liquefaction tests conducted Table 4(c) Physical and mechanical properties
used in analysis for Test C with 2.5EI-pile
tnput Flexural Rigidity|Diameter|Natural Freg.|Pile Number
Motion of Pile of Pile| of Pile-Str.| identifi-|of Sand h Io] De V. 7 Rza  |hmax Kno P.
[kefecm?] fem] [Hz] cation | Layers CemdiCg/em®]] [%] |[m/s]) X107 (%] i[kgf/cm>]|(g/cm?]
Taft 2.48%107 4.86 2.7 El-pile 1 30 1.95 50 60 | 0.90 | 0.135] 30 5.2 39
El Centro 2.48X%107 4.86 2.7 El-pile 1 30 95 50 65| 1.10 | 0.135] 30 7.3 8
Taft 6.44X%107 5.00 4.2 2.5E1-pile 1 30 1.95 50 70 | 1.40 { 0.135] 30 9.0 116
Taft 1.30x107 5.00 1.8 0.5El-pile| 1 30} 1.85] 50| 75] 1.70 | 0.135| 30 10.3 155
Taft 2.53%107 7.62 2.6 1.5D-pile 1 30 1.95 50 80 | 2.00 | 0.135] 30 11.6 194
Taft 2.48%107 4.86 2.7 El-pile 2 30 1.95 50 851 2.30 { 0.135] 30 12.7 233
triaxial test on the test sand. The values of
COMPARISON OF MEASURED AND COMPUTED VALUES Ky, and P are determined from the horizontal
loading tests conducted before shaking table
Time histories of measured accelerations, dis- tests.

placements, and pore water pressures are com-
pared with those computed by the proposed analy-
sis for three tests including two liquefied
cases, Tests A and B, in Figs. 3 and 4 and one
non-liquefied case, Test C, in Fig 5. Figs.
3(a) to 5(a) correspond to the data in or on the
ground, while Figs. 3(b) to 5(b) to the data at
the pile head. The piles in Test A have about
20% flexural rigidity of those in Tests B and C.

The physical and mechanical properties used for
each analysis are summarized in Tables 4(a),
4(b), and 4(c) in which h = thickness of layer,
p = mass density, D. = relative density of soil,
Vs = shear wave veiocity. The values of Yr and
R;o were estimated from results of a dynamic
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The following significant features can be point-
ed out from Figs. 3(a) and 4(a) concerning the
time histories of the measured values of the
ground. The ligquefaction occurred after about 4
to 6 seconds from the start of shaking in both
tests. As the pore pressures approach to the
maximum values, the accelerations at the ground
surface decrease considerably, whereas the
displacements of the ground surface increase.
The later is due to the degradation of the soil
modulus with increasing effective stress and the
former to the effect of the degradation of soil
modulus on the ground response. The analytical
results shown in the figures appear to simulate
the above features well,



300 —r—Tr—T—" T T—T—T—T—TTTTr

fgal]
o

300 U S ST SUNE SR SR IM.eaxsurxedx

(%]
Q.
Q.
P
4

T T T

Absolute Acceleration
at Ground Surface
[ggll

T T T T

AN AA A

™7 T T T T

T

T

™ Aan /\ N

An A Lo e =

L
i L V % | Measured V

20...r,...,.w..,

Relative Displacement
at Ground Surface

i M.ealsurp dn i

5
T T T ] T T T T T T T

—
[o]

at GL-60[cm)

Pore Water Pressure
[gt/cm?]
—

 Computed

[¥]
[o]
(]

fgal]
o

Input ACC.

—-300 PR . n

10
Time [sec]

deposit

(5]
[o]
(]
P
-

{gal]
o

 Measured

o
Q
o5

LA SRS S

[gall
o

Relative Acceleration
at Pile Head
&
L

500 Y S SV S S SN S SR S | Cxorr!puxt ed|

N
o
e

from]
<+
g
<]

S
| EP
=9
)

N
(=]
-

T T T

{mm]
o

"V"Vv’\lvu VN VY

L i

Relative Displacement
at Pile Head
3

P

1
[N
o

A A/\ AAAAAI\AAA [\ A A
USJ

7

3 <

2

, Computed \/1
l

11 l 1 1 1 i

1

1
u 1 1 1 l 1 H
o 5 10

Time [sec]
(b) Pile head

Fig. 3
histories for Test A with 0.5EI-pil

e

20

Comparison of measured and computed time

at Ground Surface

Absolute Acceleration
i
N § lggl]

Relative Displacement
at Ground Surface

Pore Water Pressure
at GL-60[cm]

Input ACC.

(2]
Q
o

(gal]
o

|
[
g
oo

[mm)
)

|
»)
S8

= 1 [mm]
8 8 "o

[gt/icm?)

-
[o]
[s]e]

lgt/cm?)

500
c
kel
=1 =
© [-Ns]
gg 2
T
o
ST -500
<@ 500
2% =
T 8O
&
-500
= 20
g —
o]
o E
@ ©
3.2
FT —20
Ao 20
a
22,
s°E
&
-20
Fig. 4

T T T T ) B LA A T T

[ i Measured i

PSS SO WS T S S S W PR PR

T T T 7T T T T T T T

vy
~

{ Cpmp u«teq 1

T T T T T T T T

¢,A»Af\\r\/\/\/V\JAV\A/\AA f\A
VW VY vV A% (W
 Measured

T T T T T T T 7T

,\r’\

v V‘v\]vvvvwvvvvu VAV V\A
w1, Computed ‘o
LA A B B (LA S B e S e B S S s s

o A

= —

[ ., g Measued | ]
LA L R S SN A SN AR S B S S S A
Lo oy, Computed |

10
Time [sec}

(a) Soil deposit

[ x.lC . ]

omputed

AAAM["\ MA.L.M
VYTV UV

] ., jMeasured

T T T T T T T T T T

AAnAM I\AAMI\AA[\AA/\A/\I\AAA

LAM'A"AR VAR W ARV AN Al A eV A
N S  Computed | -
[ 1 1 1 1 l 1 1 1 1 l 1 1 1 i I 1 1 i 1 l
o} 5 10 15
Time [sec]

(b) Pile head

Comparison of measured and computed time

histories for Test B with 2.5EI-pile



N
Qo
o

[ga]
o

 Measured,

T 7T T T T 7 T

\
N
(o}
Q

Absolute Acceleration
at Ground Surface
S
O

T0
200 , Gomputed
- 5 ——r—T-——1T—rr—TT—"T""—T—r—T— T
Sg _ 1 ]
§§ EO MMWWM
az  F .
S5
Go Bla a1 1 . 1 hiea.sur.ed. I N
5 % 5 T Y T T T T T T T T T T T T P T—T
0 — T
26 "
§§§ Eo —M%W» oy
g -5 TS TN T WA S U lempu?eq | IR S I x;-
o 100 [T
S = | Measured .
2_E
=L I -
£85% | ]
Q - 1 ! Y
B 9 108 L i 1 1 i 1 i i A L 1 1
g ———— T
ga‘ -,E— I Computed ]
o® S .
eT =
5= | -
0 e ST PR D PR
d 200 T T T Y T LI | T T T LU SRS S S S
g o1 ]
! ]
£ ool oy 0By
l 1 P 1 1 I 1 1. 1 1 I 1 i 1 1 l 1 1 1l 1 I
o] 5 10 15 20
Time [sec])
(a) Soil deposit
200

; MLea|surledl

T T T T

Relative Acceleration
at Pile Head
8y
38

EQ
200 bem o o 12 o o 1 Cpmlpu‘ted' | S S S
= 5 F—r—T—T—" ——T—T—T—T "7 T T T
E .l | 1
8'0 EO A V‘L-‘AVA‘L._‘_AV"A‘ e . - - .
«© T - 4
%% s b1  Measured, —
52 5 e B AL S A S S ;. T T
2= [
g «© Eo —WM—M%&MM
[+] o 4
o sl  Computed -
l 1 1 1 ) - l 1 1 1 ) - l i L 1 1 l 1 1 1 L ]
0 5 10 15 20
Time [sec]

(b) Pile head

Fig. 5 Comparison of measured and computed time
histories for Test C with 2.5EI-pile

748

Concerning the measured pile response, the
displacement of the pile with low flexural
rigidity shown in Fig. 3(b) is very similar to
and thus considered to be controlled by that of
the ground surface throughout the test. 1In con-
trast, the displacement of the pile with high
flexural rigidity shown in Fig. 4(b) is similar
to the ground displacement only before liquefac-
tion and becomes independent after liquefaction.
The computed results appear to simulate the
significant difference in pile response caused
by the difference in pile rigidity.

The maximum excess pore pressure ratio induced
in the test shown in Fig. 5 is 0.35. Since the
reduction in soil modulus is relatively small
compared with the liquefied case, the displace-
ment of the soil is about one order of magnitude
smaller than that for the liquefied cases.

Under such a condition, the displacement of the
pile is significantly affected by the ground
displacement. These characteristics of the
measured records are again simulated well by the
proposed analysis.

The good agreements in the time histories of
accelerations, displacements, and pore pressures
both of the ground and at the pile head for the
liquefied and non-liguefied cases indicate that
the proposed method has a significant potential
of evaluating the dynamic soil-pile-structure
response during soil liquefaction.

The above analyses of shaking table test results
also indicate the following:

(1) Regardless of pile rigidity, the dynamic
response of the pile-structure system before
liquefaction is significantly influenced by the
response of soil,

(2) Unless the pile is rigid enough, the dynamic
response of the pile-structure system after
liquefaction is also influenced by the response
of soil.

Both the measured and computed time histories of
acceleration of the ground surface and the pile
head before and after liquefaction for Tests A
and B are converted into the frequency domain,
and their Fourier spectra are compared in Figs.
6 and 7. Figs. 6(a) and 7(a) correspond to the
ground surface and Figs. 6(b) and 7(b) to the
pile head. The computed spectra show good
agreements with the measured ones irrespective
of the degree of liquefaction and the rigidity
of pile, indicating that the propose analysis
can simulate dynamic response characteristics of
the soil-pile-structure system in the frequency
domain.

Fig. 8 shows the relationship between measured
and computed maximum accelerations for all the
tests conducted. Solid symbols correspond to
liquefied cases, open symbols to non-liquefied
cases. All the data fall on or near the line
having a slope of 1:1, indicating that the
computed and measured values are in good agree-
ment with each other. This suggests that the
proposed procedure is effective irrespective of
such factors as the extent of soil liquefaction,
the soil density, and the flexural rigidity of
piles.
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Fig. 8 Relationship between observed and
calculated maximum acceleration for all tests
conducted

CONCLUSION

The analytical method is presented for evaluat-
ing dynamic response of soil-pile-structure
system during soil liquefaction. The method
consists of the modified Penzien's model com-
bined with the effective stress analysis for
free-field soil response and the horizontal
subgrade reaction model which connects free
field response with pile-structure response.

To validate the effectiveness of the proposed
method, large shaking table tests were conducted
on model soil-pile-structure systems, and the
results were compared with the values computed
by the proposed analysis for liquefied and non-
liquefied cases. The analytical results includ-
ing the time histories of accelerations and
displacements, and the response spectra of the
ground surface and the pile head, were all in
good accord with the observed values, showing
that the proposed analysis is effective.
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