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\ Proceedings: Second International Conference on Recent Advances in Geotechnical Earthquake Engineering and Soil Dynamics, 

~ March 11-15, 1991, St. Louis, Missouri, Paper No. 8.10 

=»seudo-Three-Dimensional Analysis of Cyclic Deformation of 
3round Subject to Seismic Liquefaction 
kuo Towhata M.D. Shafiqullslam 
~ssociate Professor of Civil Engineering Graduate Student, Syracuse University 

SYNOPSIS: A Numerical tool "Was developed to evaluate the effects of differential movement "Which 

.:>ccurs at the ground surface during earthquakes. A special emphasis is placed on liquefaction of 

subsoils. A complicated three-dimensional analysis "Was avoided by using a pseudo-three-dimensional 

method of finite element analysis "Which runs on an element mesh of the ground surface topography as 

seen from the sky. The present analysis takes into account the nonlinear stress-strain behavior of 

soils, the ground softening due to pore pressure development, and the irregularity in the 

topography. The proposed method "Was applied to several cases in "Which buried pipelines were damaged 

by seismic liquefaction. The calculated results sho~Jed that the differential movement of the ground 

in cyclic manners is not significant. Thus, it seems that those pipeline failures were induced not 

by the cyclic ground movement but by the monotonic or permanent displacement which accumulated to 

several meters. 

INTRODUCTION 

The present research is concerned with the 
mechanism of failures which occur to buried 
pipeline networks in the course of seismic 
liquefaction. Hamada et al. (1986) studied 
those failures which took place in Noshiro City 
in 1983, detecting a permanent ground displace­
ment of several meters in the lateral direc­
tions. Since the permanent displacement of this 
magnitude resulted in a significant ground 
deformation, it was speculated that a substan­
tial axial force and bending moment, greater 
than the strength, were induced in the pipeline 
body, leading to its breakage. 

It should be noted that there is another 
possible cause of pipeline failures. The acce­
leration history recorded at a liquefied site 
(e.g. basement of a Kawagishi-Cho apartment 
building in Niigata) revealed that the predomi­
nant period of the motion became much longer 
than the normal value due to soil liquefaction, 
accompanied by an increased acceleration ampli­
tude. It seems, therefore, that the dynamic 
component of the ground-surface displacement is 
much greater after the onset of subsoil lique­
faction when the ground is softer than before 
liquefaction. The ground displacement of a 
large amplitude easily leads to a large differ­
ential displacement or a ground deformation 
along the route of buried pipelines. 

A numerical analysis to evaluate the different­
ial cyclic motion at the ground surface was 
thus desired in order to compare the signifi­
cance of the static permanent displacement with 
the cyclic differential movement. 

A buried pipeline 
and branches. An 

network normally has 
irregular topography 

bends 
of the 
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ground surface and a local variation of soil 
conditions are not rare. The horizontal compo­
nent of the ground motion occurs in both EW and 
NS direction. These issues require a three­
dimensional version of analysis which is of a 
nonlinear dynamic type. It is well known, 
however, that an analysis of this kind is very 
difficult because of a lack of a suitable 
deformation model for soils, a complicated 
evaluation of soil parameters, and a lengthy 
computation time. 

A boundary element method is able to make some 

contribution to develop a three-dimensional 
analysis of the ground. However, most of the 
methods so far reported run on a linearly 
elastic ground. Furthermore, many of them assu­
me a harmonic excitation of the ground under 
which soil properties do not vary with time. 
This state of arts obviously conflicts with the 
reality in which soils have a nonlinear stress­
strain relationship and the development of 
excess pore water pressure makes soil softer 
with time. 

The first author of this text carried out a 
pseudo-three-dimensional analysis on the perma­
nent displacement of a liquefied ground wherein 
the surface unsaturated layer was modeled by a 
two-dimensional plane-stress finite element of 
linear elasticity, while the liquefied sublayer 
was replaced by a frictionless inclined floor 
(Towhata, 1986). This method was developed 
further to be a dynamic version (Towhata, 
1987). Note that a special emphasis is placed 
on the effects of subsoil liquefaction, which 
is the most important difference of the present 
study from a similar method that was proposed 
by Tamura and Suzuki (1987) almost at the same 
time but independently. 



FINITE ELEMENT MODEL OF PSEUDO-THREE-DIMENSION­
AL CONFIGURATION 

Fig.1 illustrates a schematic view of the 
proposed method. The unsaturated surface soil 
layer which does not liquefy is modeled by 
plane-stress finite elements, while the lique­
fiable subsoil situated between the ground 
water table and the unliquefiable "base" is 
modeled by a spring and a dashpot (Voigt 
model). Both the finite element at the surface 
and the Voigt model underneath are of viscoela­
stic characteristics. The nature of the Voigt 
model is exactly identical in both x and y 
directions, allowing for a multi-directional 
shaking of the base. 

It is seen in Fig.1 that the thickness of the 
finite elements is not constant. This is becau­
se of the variable level of the ground water 
table and the irregular surface topography. 
Properties of the finite elements as well as 
the Voigt model will be discussed later on. 

The baserock motion is of multi-directional 
nature, occurring in both x and y, or EW and 
NS, directions simultaneously. It is possible 
to consider, if necessary, the delay of wave 
incidence due to the limited rate of S-wave 
propagation in the base. 

The side boundaries are temporarilY free of 
stress, although some modification in future 
is desired to take into account the lateral 
infinity of the ground. Hence, the calculated 
response of the ground near the side boundary 
is subject to a certain amount of error. 
However, this error hardly propagates to the 
interior of the model due to the viscosity 
which is assigned to the finite elements as 
well as dashpots. 

Fig.1 

Subsoil model 

x direction y direction 

Schematic view of pseudo-3-D 
finite element model 

Se i srnic -a.. 

motion ._...-

motions 

y 

Fig.2 Single-degree-of-freedom model composed 
of lumped mass and Voigt model. 
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ELASTIC PROPERTIES OF FINITE ELEMENTS AND VOIG 
MODEL 

The dynamic analysis on the model in Fig.1 i 
carried out in the time domain by integratin 
the equation of motion; 

[M]u+[Cg ]u+[Kg Ju=-[Cb] (u-ug )-[Kb] (u-ug) (1 

where u is the absolute displacement of th 
nodal points at the ground surface, u 9 is th 
displacement of the base, and dots indicate 
the time derivative. Those matrices [M], [C9 ] 

and [Kg] are the mass, viscosity, and stiffnes 
matrices of the finite element model at th 
surface, whilst [Cb] and [Kb] stand for th 
viscosity and the stiffness of the Voigt mode 
at the bottom. Visco-linear-elasticity is thu 
assumed to both finite elements and Voig 
models. However, the values of viscous an 
elastic parameters mentioned above are vari· 
able, varying with time corresponding to th 
magnitude of strain and development of excesf 
pore water pressure. The finite element mode. 
employs a lumped-mass method. Hence, eac~ 

nodal point is associated with a mass which iE 
denoted by m in what follows. 

Fig.2 illustrates a single-degree-of-freedon 
model thus constructed, in which Kb and Tlb 
represents the spring stiffness and the dashpot 
viscosity, respectively. The natural circular 
frequency, Wo, of the model is given by 

Wo = /Kb, m a • /m (2) 

in which Kb. m a 1 is the value of Kb at very 
small shear distortion of the liquefiable sub­
soil. Since the mass, m, is known, Kb.••• can 
be evaluated in accordance with a given natural 
circular frequency, Wo, of the ground at a 
particular nodal point. Note that Kb.••• indi­
cates the ground stiffness at the beginning of 
a seismic event. 

The Young modulus, E, and the Poisson ratio, u, 
of the surface finite element can be evaluated 
empirically by using, e.g., standard penetra­
tion test data. They are then replaced by the 
bulk modulus, B, and the shear modulus, Gma•, 
at a small strain amplitude; 

E E 
B 

2(1-u) 
Gm a • -------

2(1+u) 
(3) 

The B parameter is 
throughout the period 
unless liquefaction in 
boiling of sand which 
layer. 

maintained constant 
of response analysis 

the subsoil triggers a 
destroys the surface 

EFFECTS OF SHEAR STRAIN AND PORE WATER PRESSURE 
DEVELOPMENT ON ELASTIC PROPERTIES OF MODEL 

The spring stiffness of the Voigt model, Kb, 
should be altered in accordance with the magni­
tude of the maximum shear strain, 'Yb. ma •, as 



~ell as the developed excess pore water press­
ure, P, in the subsoil. 

!ig.3 is indicative of the variation of spring 

stiffness with the intensity of shear strain. 
This figure is similar to the famous G vs. y 

curve of soils (Seed and Idriss, 1970) because 
both Kb and G represent soil resistance against 
lateral displacement during shaking. The ampl­
itude of shear strain, Yb.max, in the subsoil 
is simply evaluated, although approximate, by 

Yb, m a • = Um a • /H ( 4) 

Um a • = Max ( u. 2 + Ur 2 ) for 0 :S t :S tm ( 5) 

where u. and U9 are x- and y- components of the 
displacement at nodes relative to the base, 
while H is the thickness of the liquefiable 
layer that is represented by a Voigt model. 
The maximum displacement in Eq.5 is taken 
between the beginning of shaking and the cur­
rent time, tm. Eq.4 is most valid when a 
homogeneous level ground is at resonance of the 
fundamental mode, and is expected to be reason­
able for the present simplified analysis, be­
cause a fundamental mode of resonance is still 
predominant under an irregular excitation as 
will be shown in Fig.5 later. 

Fig.4 reveals the modification of Kb modulus 
with the excess pore pressure development which 
degrades the soil stiffness. The present anal-

Fig.3 

0 rb, max 

Variation of spring stiffness with 
shear strain. 

P :excess pore press 

1 r·~Ov' :eff. vert stress O a/fa.: 

I---- ·-·~ 

I 

0 

time tm 

1 i 
K.IK •. max 

1 
s. 

0 

i..._ _________ _j 

Fig.4 Degradation of spring stiffness with 
pore pressure development. 
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ysis does not predict the time history of 
excess pore pressure development, P. The 
P/avo' history, in which Gvo' stands for the 
initial effective overburden pressure, is spec­
ified intuitively from a design view point, 
although some attention may be paid to an 
effective stress analysis in 1-D manner (Ishi­
hara and Towhata, 1980) which is performed 
separately. When the current value of 
a, '/a, o ', the reduction of effective stress, is 
determined at tm, the current Kb is obtained by 
an idea that soil stiffness at small strain is 
proportional to a power (commonly 0.5) of a,'. 

Thus, the current value of Kb 
obtained by 

modulus is 

Kb = S1 S2 Kb. m a • ( 6) 

in which S1 and S2 are evaluated in Figures 3 
and 4. The Kb value thus determined is employ­
ed for dynamic analysis from time tm to tm + 

~tm, and is then updated repeatedly. 

The bulk and shear moduli, 
surface finite element are 
similar manner; 

B and G, of the 
evaluated in a 

B 

G 

S2 (initial Bin Eq.3) 
(7) 

where S1 stands for the effects of strain 
amplitude, Yo.ma•, in the element, similar to 
Fig.3, whilst S2 suddenly changes from 1 to 0 
when a perfect liquefaction occurs in the 
subsoil to create a boiling and liquefy the 
surface layer. Using Kb, B, and G thus deter­
mined, the stiffness matrices [Kg] and [Kb] in 
Eq.1 are obtained. 

EVALUATION OF VISCOUS MATRIX 

The viscosity of the model is evaluated approx­

imately by knowing a damping ratio. When a 
single-degree-of-freedom model in Fig.2 is sub­
ject to a harmonic motion, the deformation of 
the model (relative displacement of the mass) 
is expressed like 

U = Uo (w) cos wt 

where the amplitude, Uo, 

frequency, w. The energy 
cle, ~w, is given by 

dU 

is a function 
dissipation per 

~w = I 'Tib ___ dU 11''Tib WUo 2 
dt 

( 8) 

of 
cy-

( 9) 

The number of cycles included in the duration 
time To of shaking is equal to equal to wTo/211'. 
Hence, the total energy dissipation, ~w, which 
occurs at the frequency of w is given by 

wTo 1 
AW Aw Tlb To ( CJ>Uo )2 

2 



1 

2 
'17b To Vo 2 (10) 

in which Vo is the amplitude of relative 
velocity. Thus, the energy loss at a frequency 
w is proportional to Vo2 when the viscosity and 
the duration time are held constant. 

Fig.S indicates a spectrum of the total energy 
loss, Vo2, when a single-degree-of-freedom mo­
del is excited by an irregular El Centro 
motion. Note that, when the stiffness of the 
model is varied over a natural period (T) 
ranging from 0.08 to 0.9 sec., the predominant 
energy loss occurs unexceptionally at the natu­
ral period, T. The energy loss due to the 
resonant component out of an irregular motion 
is the most influential. Thus, it is resolved 
that the viscosity of the Voigt model, '17b, is 
determined without a significant error in ener­
gy loss so that the model may attain the 
desired damping ratio, hb, at the natural 
period or the current natural frequency, Wo. 

Energy dissipation '17b Wo 
(11) 

4~ (Elastic energy) 2Kb 

Wo ( 12) 

The damping ratio is obtained from Fig.6 for 
which the maximum strain is calculated by Eq.4. 

The element's viscosity matrix [CeJ is obtained 
by 

2he 
[Ce J =--- [Ke J (13) 

w 

in which the elementary damping ratio is deter­
mined by the element's shear strain that is 
maximum so far (similar to Fig.6) while w is 
the average of the natural frequency at nodal 
points associating the particular element; 

We (Average of Wo at associating 
nodes) 

Volocity2 spctra 

h=O.OS at resonance 

~ : nat. period T of 

Voight mcxlel 

• : Velo2
• of input 

El-Centro motion 

(14) 

10-·~--~----~--~--~------------------------~ 
0.05 0.1 0.3 0.5 

Peri cd • secon::1 

Fig.S Relationship between energy loss and 
period of motion. 

The determination of parameters so far describ 
ed is summarized in Fig.7. It should b 
emphasized that all the material properties ar 
updated repeatedly at such an appropriate tim 
interval as one second of shaking in accordanc 
with the pore pressure rise and the generate 
strain which is maximum up to the current time 

CASE STUDIES 

The method of analysis described above wa~ 
compiled into a FORTRAN computer code namec 
"SAAM-D" in which "SAAM" means "THREE" in Thai. 
It was then applied to sites in the Noshirc. 
CitY where pipeline failures occurred anc. 
Hamada et al. (1986) detected a permanent 
ground strain of over one percent. The base 
motion employed here is the one which was 
recorded at the Akita Harbor during the concer­
ned earthquake in 1983 and was converted to the 
base motion. For simplicity no delay was 
assumed in the wave incidence. 
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Analyzed areas were divided into liquefied and 
unliquefied domains by using such airphoto 
informations as cracks and sand boils (Hamada, 
et al. 1986). The liquefied domain in the 
analysis has a 100 % development of excess pore 
pressure at 12 seconds after the initiation of 
shaking, while the unliquefied area is associa­
ted with 33% pore pressure increment (P/a•o • 
0.33). Note that the spring stiffness was kept 
greater than 1% of its initial value, Kb,ma•. 
even after the complete liquefaction. This is 
because multi-directional simple shear tests on 
sand (Ishihara and Yamazaki, 1980) revealed 
that 100% pore pressure rise or zero effective 
stress is attained only at moments when shear 
stress in both x and y directions are equal to 
null accidentally at the same time, which 
rarely happens in reality where x and y motions 
of earthquakes occur almost independently. 

subsoil is 10 m in the 
Boiling and a breakage of 
is not considered in the 

The thickness of the 
following analyses. 
the surface layers 
present calculation. 

No.1 Site in Noshiro 

The finite element model of this site is shown 
in Fig.8. Although the location of the buried 
pipeline is illustrated, the analysis does not 
take it into account. One of the breakage of 

Damping 
ratio 

.e.g r 
Fig.6 Relationship between damping ratio and 

strain amplitude. 
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pipe was detected at No.1 point in the figure. 
The soil liquefaction is supposed to have 
occurred in the shaded domain. 

Fig.9 indicates the time history of calculated 
displacement difference derived between nodes 
no. 34 and 56. The maximum displacement is not 
more than lcm over the distance of around 70 m. 
Deformation in unliquefied domain is as small 
as this. Hence, it seems difficult to relate 
this result to the pipeline breakage. 

N 

r 
.... 
0) 
N 

w 
# " 

Aj/ 

242 rn 

'1( \ 
~ \ 
I 91 I 

l 1\ 
Nt~. K 
J;:l\" No.1 point 

1--

• Nodal point 
number 

c==J Liquefied area 

71 "-t 
L~ Pipeline 

Fig.9 

Fig.8 FE model of Noshiro No.1 site. 
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0 

-0.5 
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Time history of relative displacement 
between nodes 34 and 56 (Noshiro, No.1). 
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No.2 Site in Noshiro 
The finite element model is illustrated 
Fig.lO. Pipeline failed at the node no. 61. 
comparison is made of acceleration time histor 
in Fig.ll between the node 24 in an unliquefie 
domain and the node 61 in a liquefied area 
The motion at node 61 is of longer period o 
motion than that at node 24. Particularly th 
elongated period after lOOt liquefaction ( 1 
seconds) is obvious. 

Fig.12 shows the relative displacement histor 
between nodes 24 and 48 together with the on 
between nodes 60 and 71. No significant dis 
placement was detected even between nodes 2 
and 48 between which there is a boundary o 
liquefied and unliquefied domains. 

The most remarkable relative displacement waf 
found when the shear and bulk moduli of th 
surface finite element were reduced to lt of 
the initial value in the liquefied domain wher 
the surface layer is considered to be broken bl 
boiling sand and water. The maximum relative 
displacement between nodes 24 and 61 (Fig .13, 
is 15 em over a distance of 80 m. 

DISCUSSION 

Case history studies did not show a cyclic 
ground deformation as large as lt which the 
permanent ground deformation attained. Hence, 
it is currently concluded that those pipeline 
failures detected in the particular area were 
caused by the permanent ground displacement, 
while the cyclic component is much smaller than 
the permanent one. 

It should be pointed out, however, that the 
present analysis neglected the delay of wave 
incidence at the base which is one of the 

N 

t 
e 

0 
0 
N 

y 

L:. 
Fig.lO 

150 rn 

-~ No.2 point 

71 

j 

j Pipeline 

• Nodal point 
number 

0 Liquefied area 

FE model of Noshiro No.2 site. 



ources of relative displacement of the ground. 
oreover, the present simplified analysis can­
ot take into account the surface wave propaga­
ion. Further studies seem needed in these 

·espects. 

"ONCLUSIONS 

"he cyclic component of the relative displace­
Dent or the deformation of ground was investi­
lated by a newly developed pseudo-three-dimen­
;;ional computer code. The following conclu­
~ions may be drawn from studies so far made. 

100 

10 20 30 

Time (second) 

1) It is possible to carry out a three­
dimensional dynamic analysis in a simplified 
manner with effects of soil nonlinearity and 
pore pressure development taken into 
account. 

2) The subsoil liquefaction affects the frequ­
ency of the surface motion. 

3) The cyclic ground displacement seems less 
significant than the static permanent one in 
their effects on ground deformation. Thus, 
the latter is probably the main cause of the 
damages which occurred to pipelines in the 
studied area. 

100 

-IOOL---------~-----------L----------~ 
10 20 30 

Time (second) 

Fig.ll Time history of surface acceleration 
in liquefied and unliquefied domains 
(Noshiro No.2). 
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Fig.12 Time history of relative displacement 
of ground (Noshiro No.2). 
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