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M e a s u r e m e n t  of seismic induced pore pressure 

La mesure des pressions interstitielles induites par les séismes
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SYNOPSIS Complete time histories of seismic ground motion and pore water pressure includ
ing base rock motion were obtained by an array observation system which has been built in Funaoka, 
Miyagi Prefecture. Although intensity of earthquake was relatively small, definite zero offsets in 
pore pressure were seen. The excess pore pressure was found to be generated by S-wave and P-wave 
exerts influences only on vibrational component of the non zero offset. A constitutive model was 
proposed based on a plastic theory, in which two surface model was employed to describe pore pres
sure rise in a soil element under repeated loading by earthquake excitations. Then the response of 
the ground to S-wave incidence was calculated using Biot's dynamic equation of porous solid and 
fluid system. Fairly good approximation was obtained by numerical analysis, but some improvement 
will be needed for further application of the method to liquefaction analysis.

INTRODUCTION

Recent progress in numerical analysis made it 
possible to calculate responses of ground to 
seismic excitation with a special consideration 
on the nonlinear behavior of soils. Although 
there has been proposed a sufficient number of 
constitutive models and theories for liquefac
tion phenomena, information concerning pore 
pressure in actual sand layers during earth
quakes is very scarce compared with laboratory 
triaxial test data.

Direct measurement of pore water pressure gener
ated by an earthquake was made first by Uesawa 
et al.(1969) below railway embankment near 
Misawa during Tokachioki Earthquake of 1968. 
Simultaneous measurement of seismic motion and 
pore pressure was made by Ikuta et al.(1979) on 
the surface of the basement wall of a building. 
Complete record of ground surface acceleration 
and pore pressure in free field condition were 
measured by Ishihara et al,(1981) at Owi No.1 
Island, there are some papers so far on the 
field measurement of seismic pore pressure, but 
none of them describes the information on input 
waves, which will be essential for the response 
analysis of pore pressure.

For the purpose of liquefaction analysis, it is 
strongly desired to measure the base rock motion 
besides the ground surface motion and the pore 
pressure response. The purpose of this study is 
to get complete records of seismic motion and 
pore pressure including input wave and to devel
op a new computational program which can be used 
for the liquefaction analysis.

INSTALLATION AND SITE CONDITION

Funaoka, Shibata-cho, Miyagi Prefecture. The 
array system consists of a strong motion array 
system of 8 velocity type seismometers scatter
ed in a region and a center array system of 12 
three-component seismometers as shown in Fig.1. 
In the center array system, observation points 
are distributed to form an equilateral triangle 
with the sides of 400m in the plane as shown in 
Fig.2. At the center of the triangle 6 three- 
component seismometers are installed to form a 
vertical array from the ground surface to the 
bed rock of granite at the depth of 406m. The 
surface soft layers con
sist of soft silt, sand, 
silty sand and alterna
tion of silt and sand 
layers. Fig.3 shows a 
soil boring log at an 
observation point of the 
center array system. N- 
value of standard pene
tration test (SPT) and 
shear modulus obtained 
by velocity logging are 
shown in the same fig-

Fig.2 Center Array 
System

The measurement of seismic response of ground 
and pore pressure was executed by an array 
observation system "KASSEM" which was built in
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ure. At the depth of 2m and 58m, velocity type 
seismometers were installed and piezometers with 
the capacities of 200kN/m2 and SOOkN/m2 were also 
placed in the sand layers at the depth of 5m,
13m and 16.5m, respectively. The observation 
began in September 1984, and several earthquake 
records were obtained.

Resonant column tests and dynamic triaxial tests 
were also performed on undisturbed samples 
obtained from the site in order to evaluate 
dynamic properties of soils. The shear modulus 
of silty sands which was measured by resonant 
column test was shown by larger dots in Fig.3. 
Liquefaction strength of undisturbed samples 
differs from place to place since each specimen 
contains different amount of silt as thin 
layers.

C O N S T IT U T IV E  R E L A T IO N  USED I N  T H E  A N A L Y S IS

In order to describe undrained behavior of loose 
silty sand, anisotropic hardening model was 
employed. Two distinct surfaces were assumed in 
stress space to predict deformation characteris
tics of sand in virgin loading and cyclic load
ing. For virgin loading, an isotropic loading 
surface which is defined by a function of stress 
state and strain history is assumed. The loading 
surface also defines equivalent plastic modulus 
surface along which plastic modulus has an equal 
value hft. For cyclic behavior, loading surface

is defined as a function of current stress 
state, stress history and strain history.

The isotropic hardening surface is given as

0 and F = OF/acLj >6^ > 0 (1

(2)

P( CJi j , X t ) =

The flow rule for the virgin state is given by 
the following set of equations.

e?j = <1/h)OF/adij),F and e£k =

where e ^  denotes strain deviator; i.e.,

eij = £ij"<1 ̂ 3)£kk^ij ' ^ij : the Kronecker's 
delta with 1 for same indices and 0 for others. 
()' denotes deviatoric part of the enclosed 
quantity. ^  is an equivalent shear strain

defined as

dilatancy factor which defines the ratio of the 
dilatancy rate with respect to the equivalent 
shear strain rate. For the isotropic loading 
surface we use 

F =73J'

|y<2/3 )e. .e. .ds. flOO is the
•O 1 J 1 J

R ( e ) k ( x t )p' = o

bXt) (4)

stress deviator; namely J 1_=(1/2)s..s.. andj 2 l] l]
s. .=0. .-(1/3)0. . fe. .. R(6) denotes the effect of

1 ^  1  ^  K K  1 J

the intermediate principal stress on the shape 
of the isotropic loading surface in the princi
pal stress space, and p 1 denotes the effective 
mean stress, i.e. p' = (1/3)0^. For the func

tion form of k(X^), we employ the following

hyperbolic relation: 
k U t) = (Xt)/(a

For the cyclic behavior of sands within the 
equivalent plastic modulus surface, which is 
identical with the isotropic loading surface of 
the previous stress state, we assume the 
following loading function;

f = 3J2(sij-rfij ) - R(6 )C5o( \Jp' (5)

(f. „ denotes the back stress tensor indicating

the position of the center of the loading sur
face and is the isotropic hardening dur

ing cyclic deformation of sands. The schematic 
representation of the loading surface in the 
principal stress space is shown in Fig.4. The 
following flow rule gives the plastic strain 
deviator for cyclic loading conditions.

e ^  = (l/hXaf/CJ^)'? (6)

where f = (5f/3c5. . )16. . and ()' denotes the 
i] i]

deviatoric components of the gradient of the 
loading surface with respect to the correspond
ing stress components. Instantaneous plastic 
modulus is defined at a current stress state by 
a measure of the relative configuration of the 
loading surface with respect to the equivalent 
plastic modulus surface. Fig.5 shows the two 
dimensional representation of the stress rever
sal mentioned above in the deviatoric plane. 
When the direction of the stress rate deviates 
from a radial loading, b and SQ were assumed to

vary by adopting new values of s q and sft.

where J'j denotes the second invariant of

3)

J3 7. r

F i g . 5 D e s c r i p t i o n  o f  T w o

L o a d i n g  S u r f a c e s
F i g . 6  F u n c t i o n  o f  a n d  A s

u n d e r  C y c l i c  L o a d i n g
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The dilatancy is assumed to be given as

(7)
where «¿(Xg) is a dilatancy factor depending on

the stress path. The function Xg operates both

in virgin loading and cyclic loading within the 
equivalent plastic modulus surface, whereas

operates only for virgin loading as a monoton- 
ically increasing function. Xs will be set equal

to zero when the stress reversal occurs in the 
stress state beyond the phase transformation 
lines, which implies the shrinkage of the 
loading surface to a point; namely vanishment of 
elastic domain. Thus the parameter s plays roles 
in generating the gradual increase of shear 
resistance when sands are subjected to repeated 
low shear stress and the drastic change of 
volumetric deformation behavior after a stress 
reversal beyond the phase transformation lines.

After rewriting the constitutive equations into 
conventional stress and strain quantities for 
the triaxial or plane strain conditions, a 
computer program was developed in order to 
simulate the cyclic behavior of sand. Fig.7 
shows an illustrative example of results for 
cyclic triaxial test calculated by the model. 
(Note that the stress ratio in the figure is a 
quantity divided by R(0) in Eq.(3).) Gradual 
increase in pore pressure can be seen not only 
in loading and reloading conditions but also 
during unloading process. When the stress level 
reaches the phase transformation lines, the 
effective stress path goes up along the failure 
lines, which is one of the typical features of 
liquefied sands. For the detailed discussion of 
the shear behavior of sands, it might be needed 
to refine the model, but for the purpose of 
calculation of seismic response analysis the 
model seems to have enough accuracy to predict 
the soil behaviors.

F I N I T E  E LE M E N T RESPO N SE A N A L Y S IS

The equations governing the interaction of 
porous solid and liquid were first established 
by Biot in 1941 and then the equations were 
extended to dynamic problems. Zienkiewicz and 
Shiomi(1984) applied these equations to non
linear finite element analyses. The governing 
equations of motion for porous solid and pore 
fluid can be written in the form;

(m 0 ) Ü 1 C1+Ki -C, + K,1 (Û K 0s ,.SU 2 c2\ • s +-
0

MsJ iufl -c2+K2 c2+fc3J lUf 0 0 M if'
............ (8)

where M;mass matrix C, K;viscous matrices 
K;stiffness matrix f;external forces 
U;absolute displacement (vertical and 

horizontal components).
Subscripts s and f indicate the components for 
solid and liquid, respectively. Pore pressure 
can be introduced from compatibility equations 
and defined as

P - /*fg/'[(1-n)Usifi+ nufi(i] (9)

where n;porosity g;the gravity acceleration 
; the density of water.

i is a parameter introduced to approximate 
incompressibility of fluid and, in the present 
analysis, it is assumed to be 10". Direct 
integration of Eq.(8) was made by Newmark's 
method assuming /J=0.3025 and i =0. 6.

One dimensional response of the soft surface 
layers was calculated at the site where pore 
pressure and seismic ground motion had been 
observed. Although there exists tuff rock at 
the depth of 58m, where the velocity record H2 
was obtained, the graval layer at the depth of 
42m was selected as the base layer for input 
waves since it has a shear wave velocity of 
700m and is enough rigid compared with the 
surface layers. The soft surface layers were 
divided into 26 elements and the thickness of 
each layer was held thinner than 3m in order to 
raise the accuracy of the calculation as shown 
in Fig.3.

0
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Time (s )

Fig.8 Velocity Response at The Ground Surface

F i g . 7 E f f e c t i v e  S t r e s s  P a t h

d u r i n g  C y c l i c  L o a d i n g
F i g . 9 P o r e  P r e s s u r e  R e s p o n s e s
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The observation records of the Fukushimaken-Oki 
Earthquake on February 6, 1987 were chosen as 
the object of the analysis. Horizontal component 
of H2 motion perpendicular to the direction of 
the epicenter was used to reproduce the input 
wave. Velocity response of the ground surface 
(HI) to the input wave was shown in Fig.8, where 
the fine line indicates the calculated result 
and the bold line shows the observed one. Fig.9 
indicates the time histories of pore pressure at 
P1, P2 and P3 points, respectively. In this fig
ure again the calculated results were plotted by 
fine lines and the observed one by bold lines.
It should be noted that pore pressure records 
obtained by piezometers have vibrational compo
nents and only excess pore pressure was 
extracted by using a moving window of 4 seconds 
in the time domain. Although slight differences 
can be recognized in the maximum values and 
patterns of generation and dissipation of pore 
pressure, good agreement was obtained by the 
simulation. Of course it may be possible to 
choose adequate material constants such as per
meability coefficients and dilatancy coeffi
cients, which are expected to give more reason
able values than the present analysis, but it 
can be said as a whole that the actual behavior 
of excess pore pressure observed in the ground 
was well approximated by the numerical model.

Fig.10 shows the effective stress path of an 
element (No.9) near P2. The seismic forces were 
not large enough to cause liquefaction in any 
element, but it is clearly seen in the figure 
that the effective stress decreases evidently as 
the shear stress is applied repeatedly to the 
element. The amount of excess pore pressure is 
not so significant as it causes strong non- 
linearity in the stress strain relationship of 
soils. Slight improvement will be needed for the 
application of the method to liquefaction 
analysis, because material constants used in 
this analysis are considered to be valid only 
for low stress level. For further refinement 
actual response of pore pressure during strong 
earthquake will be needed.

E f fe c t iv e  Mean S tre s s  (kPa)

Fig.10 Effective Stress Path 
at P2 Point

1. Complete seismic records including input 
waves and pore pressure were obtained by the 
array system "KASSEM", which has been installed 
in Funaoka, Miyagi Prefecture, Japan.
2. Although the earthquake forces were rela
tively small a definite zero offset in pore 
pressure was seen by 14.2cm in head.
3. A constitutive model was proposed to 
describe deformation characteristics of loose 
sand under repeated loading conditions.
4. Biot's dynamic equation for fluid in porous 
media was solved by finite element method, and 
calculated results were compared with observed 
values.
5. The model used in this study is considered 
to be adequate for the approximation of the 
response of the ground to relatively weak 
seismic excitations.
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C O N C LU S IO N S

Based on array observation data, response of 
soft sand layers to seismic excitations were 
investigated including pore pressure response. 
Conclusions drawn from this study can be 
summarized as follows.
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