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Effects of liquefaction on seismic ground motion 

Influence de la liquefaction sur la propogation sismique

K.Tim Law & Qiang Song -D e p a rtm e n t o f C ivil and  Environmental Engineering, Carleton University, Ottawa, Ont., Canada

M. Fukue -  TokaiUniversity, Japan

ABSTRACT: It has been found that soil liquefaction may reduce the damages to structures during major earthquakes. This phe
nomenon is called "dual effect of liquefaction”. In this paper, the dual effect of liquefaction will be studied by means of numerical 
analyses and case studies. The studies show that the seismic damage to buildings with shorter resonant period is significantly 
reduced when liquefaction occurred.

RESUME: On a decouvert que la liquefaction de sol pourrait reduir le dommage de structure cause par des tremblements de terre. 
Ce phenomene s’appelle “l’effet double de liquefaction. Dans cet article, nous allons examiner l’effet double de liquefaction a la fade 
l’analyse numerique et des etudes de cas. Les etudes demontrent que le dommage sismique de batiments dans un petit moment 
resonant est reduit significativement lorsqu’une liquefaction a lieu.

1. INTRODUCTION

It is well known that soil liquefaction leads to serious dam
age during earthquakes. Under certain conditions, however, 
damage in structures on soft soils during major earthquakes 
is reduced when the soils suffer from liquefaction failure. In 
the 1964 Niigata earthquake (M=7.5), the earthquake inten- 
sity(MM scale) was only about VIII for areas with soil lique
faction, significantly lower than other areas without liquefac
tion. The devastating 1976 Tangshan earthquake(l/4 million 
people killed) further demonstrated this point. For areas with 
liquefaction, the intensity was IX or lower. For areas with ex
treme damage(X to XI) no liquefaction was found. During the 
recent 1995 Hyogo-Ken Nanbu(Kobe) Earthquake, two differ
ent fates were observed for identical elevated sections of the 
bullet train railway. About one kilometer length of the ele
vated structures collapsed extensively in an area where there 
was no liquefaction. The adjoining section which was of al
most equal length, suffered hardly any damage. There, soil 
liquefaction was readily observed.

This reduced earthquake damage is of significance in con
struction in earthquake zones. This effect is called “dual ef
fect of liquefaction” on earthquake damage(Wang and Law,
1994). To date, only conceptual explanation has been given. 
Essentially, the liquefied soil is considered to act as a liq
uid medium which isolates seismic shear waves coming from 
the underlying bedrock. However, no systematic analysis has 
been conducted.

This paper describes a time domain visco-elasto-dynamic 
analysis for studying earthquake ground motion transmission 
through a soil media, part of which may liquefy during an 
earthquake. A stress-strain liquefaction model is used to rep
resent the dynamic response of the sandy soil. The model 
incorporates an energy approach to determine the build up of 
pore-water pressure.

The analysis is applied to a case record at Port Island, 
Kobe, where extensive liquefaction failure occurred due to the 
recent 1995 Kobe Earthquake. At this site, records of seismic 
motion at different depths have been obtained.

2. RESPONSE ANALYSIS BY BEM

Most soils show a significant non-linear behavior through
out the strain range from 10-4 to 10-2, a range of great engi
neering interest. As well the behavior will change with time 
due to the generation of pore pressure during the shaking 
process. Both phenomena can be incorporated in a boundary 
element method (BEM) formulation for the analysis of soil 
liquefaction and site response in time domain.

A new BEM formulation has been proposed by Song and 
Law(1995). The new formulation is developed by first dis

cretizing the governing equation in time domain, and then ap
plying the dual reciprocity method to solve the non-homoge- 
neous differential equation. This method can be adopted in 
the analysis of soil liquefaction, when combined with a lique
faction model.

3. LIQUEFACTION MODEL

The liquefaction model used in the analysis is based on the 
energy approach(Song and Law, 1994). The model consists of 
two parts: a constitutive relationship and a pore-water pres
sure generation function. The constitutive relationship can be 
any non-linear relationship describing the effective confining 
pressure-shear stress-shear strain behavior of sandy soil. The 
pore-water pressure build-up function is based on an energy 
approach, which defines the excess pore-pressure as a function 
of the cumulative dissipated energy(Law et al., 1990).

The model is used in the analysis of seismic response for 
a site underlain by layers of liquefiable soils. First, the shear 
stress and shear strain increments in a time step are computed 
by applying the constitutive relationship. The energy dissi
pation is obtained by summing the energy increments in each 
time step. For every half stress-strain cycle, the pore-pressure 
is calculated by applying the pore-pressure generation func
tion, which relates the excessive pore-pressure to the cumula
tive dissipated energy. The effective confining pressure at any 
time can be obtained by subtracting the excess pore- pressure 
from the initial effective confining pressure. The parameters 
in the pore-pressure generation function and the constitutive 
relationship are updated in every half strain cycle by consid
ering the change of effective confining pressure.

4. CASE STUDY

During the 1995 Kobe earthquake, strong ground motion 
caused extensive liquefaction in the reclaimed land on Port 
Island, Kobe. The liquefaction resulted in ground damages 
such as ground settlement, lateral displacement, and sand 
boils (Ishihara et al., 1996).

4.1 Site Condition

Port Island is a reclaimed island made by placing a 19 m 
thick sandy gravel fill. Underlying the fill is an 8 m thick layer 
of silty clay forming the old sea bed, with an SPT value less 
than 10. The silty clay layer is underlain by alternate layers 
of dense gravely sand and silt. These deposits extend to the 
depth of 79 m, where stiff silty clay is found. The soil profile 
of the site is shown in Fig.l.
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* Parameters used in computing

** Shear modulus and damping ratio change with pore-pressure build-up

Fig.l Soil Profile of Port Island

The soil properties at Port Island have been reported by 
Ishihara et al.(1996) and Sugito et al.(1996). The cyclic shear 
strength of the reclaimed soils at the site has been summa
rized by Ishihara et al.(1996).

4.2 Ground Acceleration Record

Seismic acceleration records at different depths were ob
tained from the Port-Island borehole Array Station during 
the earthquake(Sugito et al., 1996). The N-S components 
and the vertical components of the record are shown in Fig.2 
and Fig.3.

4.3 Computed Ground Accelerations

The acceleration-time histories are obtained by applying 
the time domain boundary element method mentioned above. 
It is assumed in the analyses that the input seismic motion 
acts at the depth of 83 m. The simple visco-elastic con
stitutive relationship is used for both liquefiable and non- 
liquefiable soils. For the liquefiable soil layers, the pore-pressure 
build-up and the associated change of shear modulus is calcu
lated by means of the liquefaction model based on the energy 
approach.

The time interval used in the computation is 0.05 second. 
The 83 m thick soil mass is divided into 33 elements, in which
14 elements are used to represent the 14 m thick liquefiable 
soil(the sandy gravel, under ground water table).

The results of computation are shown in Fig.4 to Fig.7. 
Fig.4 and Fig.5 is the N-S components and vertical compo
nents of acceleration time history obtained from computation. 
Fig.6 is the pore-pressure build-up at the depth of 12 m. Fig.7 
is the horizontal velocity response spectra.
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Fig.2 Acceleration Records from Port Island Array Site 

(Horizontal)

5. DISCUSSION

5.1 Development o f Liquefaction

It can be found from Fig.6 that the pore-water pressure 
build-up becomes significant at the 4th second in the graph, 
after the arrival of the first strong shaking. The soil element 
fully liquefies(the effective confining pressure equals zero) at 
the 7th second.

Computation shows that the liquefaction starts from the 
bottom of the sandy layer, this is because the transmission 
of seismic energy is from the bottom to the top. The energy 
dissipation in the bottom caused a quicker pore-water pressure 
build-up, and therefore reduces the energy transferred to the 
upper soil mass.

On the other hand, the upper soil elements are subjected 
to lower confining pressure, and therefore have a lower lique
faction strength.

In general, The pore-water pressure build-up in each liq
uefiable soil element occurs at more or less the same time. 
The top elements liquefy 0.3 second later than the bottom 
elements. The whole sandy layer liquefies at the 7th second. 
This is identical to the results obtained by Sugito et al.(1996).
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Fig, 3 Acceleration Records from Port Island Array Site 

(Vertical)

5.2 Ground Motion

Both the computed results and the field records show tha t 
the frequency components of the vertical motion have not 
been changed by the propagation through soil layers. For 
the horizontal motion, the high frequency components a t the 
ground surface is filtered out. This phenomenon can be ex
plained by further study of the time histories.

The acceleration time histories of the horizontal ground 
motion can be divided into three stages: The first stage is 

from the beginning of the record to the 4th second, when 
the pore-water pressure is low. In this stage, the ground mo
tion corresponds to the case where the soil does not liquefy. 
The second stage is from the 4th second to the 7th second, 
the pore-water pressure in the liquefiable soil layer increases 
quickly, causing shear modulus of the liquefiable soil to de
crease. From the 7th second to the end of the record, the 
sandy layer is fully liquefied, and this significantly affects the 

ground motion.
Fig.7 is a  good example to dem onstrate the effect of soil 

liquefaction to the ground motion. It shows the velocity re
sponse spectra of the computed ground motion at the ground 
surface befor and after the sandy layer liquefies. The spectra 
for the case with no liquefaction are also plotted.

Fig.7a shows the responses from the begining of the record 
to 6th second, which is in stage 1 and stage 2. In this time
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Fig.4 Computed Horizontal Acceleration Time History

period, the pore-pressure build-up in the liquefiable layer is 
low(at 5.8 second, pore-water pressure less than 50% of con
fining pressure). The spectra for the cases with and without 
liquefaction show no significant difference. Fig. 7b is the re
sponses from 6th second to 30th second, which covers the end 
of stage 2(pore-pressure build-up is over 90% of the total con
fining pressure at 6th second) and stage 3. It is found tha t 
for the shorter period motion, the “liquefied” response is sig
nificantly weaker than th a t of the “non-liquefied” response. 
W hen the motion period is longer than 2.5 second, liquefac
tion does not affect the response.

This result explains the reduction of damage to structures 
at sites where soil liquefaction is found. From the period of 0.2 
to 2.5 second, which is the range of the resonant periods for 
most structures, the seismic energy transm itted to the struc
tures is lower in the liquefied sites. T hat is, the liquefaction 
will cause damage to the ground and shallow foundations, but 
on other hand, it will reduce the seismic energy transm itted 
to the structures. In the case discussed above, this effect is 
significant when the resonant period of the structure is shorter 
than 2.5 second.

For a structure with long resonant period, the occurrence 
of liquefied layer will not reduce the seismic damage to the 
structure.

The record of ground motion also demonstrates this ’’dual 
effect” of liquefaction. Fig. 8 is the velocity response spectra 
for the motion at ground surface and the motion at -16 metres 
(liquefiable layer is at -5 to -19 metres). It is found th a t at 

ground surface, where the shear wave transm itted through the 
19 m thick liquefied sandy layer, the reaction to short period 

component is significantly weaker than tha t at the depth of

16 m.
Under the one-dimensional condition, the vertical motion 

is caused by the propagation of the compressional wave, which 
depends on the compressional modulus of the soil. Because 
the soil liquefaction does not affect the compressional modu
lus, the frequency components of the vertical motion are not 
significantly altered.
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Fig.5 Computed Vertical Acceleration Time History
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Fig.6 Pore Water Pressure Build-up at -12 m

6. CONCLUTIONS

1. The time-domain boundary element formulation for 
visco-elastic materials, combined with a liquefaction model, 
can be used in the analysis of soil liquefaction and seismic 
response.

2. When the soil layer liquefies, the high frequency com
ponents of shear wave is filtered out because of the reduced 
shear modulus in the liquefied layer. This reduction in high 
frequency motion results in less damage to structures with 
short resonant period.

3. The vertical component of ground motion is not signifi
cantly altered by the soil liquefaction, because its propagation 
depends on the compressional modulus, which is not reduced 
by soil liquefaction.
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Fig.7 Velocity Response Spectra (Computed Horizontal 
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Fig.8 Velocity Response Spectra of 6-30 second 

(Recorded Horizontal Motion, 0 m and -16m)
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