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Synopsis

Effective stress analyses are performed on seismic response of underground structures

subjected to strong earthquake motions. The model of sand used for the analysis is based on the

multiple shear mechanism. The seismic response data analyzed are based on the 30g centrifuge

tests of an underground reinforced concrete (RC) box culvert, 9 m high and 12 m wide, buried at

the bottom of saturated and dry model ground 16 m deep in prototype scale. Subject to a strong

earthquake motion with a peak acceleration of 0.8 to 0.9g in prototype scale, earth pressures acting

on the sidewalls of the RC structure increased after shaking in both saturated and dry model

grounds. These earth pressures together with the effect of the lateral displacement due to shaking

result in yielding of the side RC walls. The portion of the RC walls that are put into yielding is 

larger in saturated model ground than in dry model ground. The effective stress analyses are

capable of capturing the essential features of the response of underground structures.

Keywords: centrifuge test, earth pressure, effective stress analysis, liquefaction, reinforced

concrete (RC), underground structure, yield

1. Introduction

Seismic response of underground structures is a result

of a complex soil-structure interaction. For a box culvert

type structure, soil pushes one side wall if the soil

displacement is larger than the structural displacement

while soil pulls the other side of the wall. This is the case 

when the overall shear stiffness of a structure is stiffer

than that of a corresponding soil column. In addition, soil

above the top slab of a culvert causes lateral shear due to

inertia force as well as vertical pressure due to gravity.

Seismic performance of underground RC structures

has been studied successfully by experimental studies.

Honda et al. (1999) performed static loading test on four 

cases of scaled box RC structures and evaluated cross

sectional ductility of these structures. Aoyagi et al.

(2001) studied the seismic performance of underground

RC duct-type structures in dry sand. Koseki et al. (1997)

and Kawashima (2000) studied the uplift behavior of 

underground structures in liquefiable soils based on case 

histories, shaking table tests and centrifugal model tests.

However, an analytical method to evaluate the

performance of underground structures subjected to the

complex soil-structure interaction described earlier has

not been fully developed.

Analytical method based on the effective stress 

model, FLIP, is widely used to study seismic response of

structures, especially those built in liquefiable soils (Iai et

al., 1992). In this study, this analytical method is used to

analyze the centrifuge test data on the seismic

performances of underground RC structures. The

centrifuge tests were performed for both dry and 

saturated model ground. The objective of this study is to

investigate the applicability of this analytical method to

simulate the response of underground RC structure

subjected to the complex soil-structure interaction.

2. Centrifuge tests and numerical

modeling



Fig. 1 Centrifuge test model

2.1 Centrifuge tests

The 30g centrifuge tests were performed in saturated

and dry model ground. The centrifuge test model

including instrumentation is shown in Fig. 1 for the

saturated model ground. The test for dry model ground

was similar to those shown in Fig. 1. A laminar shear

box with internal dimensions of 2,000 (W) × 800 (L) ×

600 mm (H) was used in the centrifuge tests. The model

RC structure, shown in Fig. 2, had dimensions of 400

(W) × 250 (L) × 300 mm (H), in model scale. Thickness

of sidewalls of model RC structures was 25 mm,

thickness of the top and bottom slabs was 50 mm in

model scale. The box culvert type RC structure was fixed

to the base plate of the laminar shear box. Density,

Young’s modulus, and Poisson’s ratio of model RC

structure are 2.4 g/cm3, 2.33×107 kPa, and 0.2,

respectively.

The soil profile consisted of an uniform Silica sand

layer with a relative density of about 84%, about 15.67 m 

thick resting on stiff bedrock at prototype scale. Specific

gravity, maximum and minimum void ratios of the sand 

are 2.684, 1.09 and 0.73, respectively. The grain size of 

sand is shown in Fig. 3. In saturated model ground, the

soil is saturated with de-aired metolose solution, having

30 times the viscosity of water such that the deposit has

the permeability of sand in prototype. The ground water 

level is shown in Fig. 1.

2.2 Numerical modeling

A program FLIP (Finite element analysis program

for LIquefaction Program) based on effective stress

analysis method, developed by one of the authors (Iai et

al., 1992), was used to analyze the seismic responses of

Fig. 2 Model RC structure
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Fig. 3 Gradation curve of Silica No.7 sand



underground RC structures in this paper. The constitutive

model used in the program is a model of multiple shear

mechanism, originally proposed by Towhata and

Ishihara (1985). The excess pore water pressure

generation due to dilatancy is modeled using the concept

of liquefaction front, as shown in Fig. 4, which is defined

in the equivalent normalized stress space. In Fig. 4, S is a

state variable, S= m’/ mo’, under undrained condition

with a constant total confining pressure, and r is the shear

stress ratio, r= mo’/ mo’ .The program has been verified

in many numerical simulation works of structure damage

induced by earthquakes and liquefaction. The simulation

using FLIP is done under two steps; static analysis and

dynamic analysis. A static analysis is performed with

gravity to simulate the initial stress acting in situ before

the earthquake. Then a dynamic response analysis is

done under undrained condition.

The finite element mesh used in the analysis is shown

in Fig 5. The finite element model consists of 3,486

nodes and 6,532 elements. Horizontal slabs of RC

structure are modeled with linear beam elements, and

vertical sidewalls of RC structure are modeled with

nonlinear (tri-linear) beam elements. To simulate the

conditions of the centrifuge test using a laminar box,

equal x-displacement and fixed boundaries are set up at

the lateral and bottom boundaries, respectively, as shown

in Fig.5. Slide along the interface between the sand and 

the RC structure was ignored in the analysis. The actual

input motions measured on the base plate of the shaking

table, shown in Fig. 6, were input to the bottom boundary

of the analytical model. The saturated and dry model

grounds are assumed to be of uniformly deposited sand 

of which density is 1.942 g/cm3 and 1.501 g/cm3,

respectively. The initial shear modulus of ground is 

80,000 kPa, and hysteretic damping factor is 0.28 as

shown in Fig. 7. The sand parameters for the simulation

listed in the Table 1 are determined based on the

laboratory tests and the simplified parameter

identification method (Iai et al., 1990; Morita et al., 

1997). More detailed definitions of model parameters

may be found in the reference (Iai et al., 1992). The

cyclic shear strength curves obtained by applying cyclic

stress loading upon one element of the finite elements for 

the same sand, isotropically consolidated at the confined

pressure of 98 kPa are shown in Fig. 8. The simulation

results in the liquefaction when the shear stress ratio is 

0.51 at 26 cycles of loading. The seismic response

analysis was performed for the duration of 30 s with a

time interval of 0.03s for the saturation model and 0.015

s for dry model, respectively. Wilson-  method ( =1.4)

Fig. 5 Mesh, boundary, element type for numerical modeling
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Fig. 6 Input motion for numerical simulation

Fig. 7 Computed and measured strain dependent modulus and hysteretic damping

Table 1 Model parameters of the analysis of undrained cyclic loading

Kma

(kPa)

Gma

(kPa)

f

(°)

h max p

(°)

S1 p1 p2 w1 c1

208600 80000 47 0.28 17 0.005 0.5 0.8 3.13 3.03

Fig. 8 Stress-strain curve and stress path obtained by numerical simulation of one sand element subjected

to cyclic loading under undrained condition

was used with Rayleigh damping of =0.0, =0.002 for

numerical time integration.

3. Results and comparisons

3.1 Results from centrifuge tests and simulations

The underground RC model buried in saturated

model ground was excited by a horizontal earthquake

motion with a maximum acceleration of 8.35 m/s2 for a

duration of 30s at prototype scale (Fig.6-a). The 

computed and measured time histories of displacements
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at the upper slab of RC structure, acceleration and excess

pore water pressure of sand deposit are shown in Fig. 9.

As mentioned earlier, the locations of instruments are 

indicated in Figs.1 and 5. The amplitude of acceleration

at the ground decreased significantly after 6s of shaking

(Fig. 9-a). The excess pore water pressure reached about

100% of initial effective vertical stress at 6s of shaking

(Fig. 9-b). These facts suggest that the soil liquefied after

6s of shaking. The computed and measured acceleration

and excess pore water pressures are in good agreement

with each other.

Displacements at the top slab of RC structure and in

ground at the same depth are shown in Figs. 9-c and 9-d.

Both the computed and measured displacements in 

ground are larger than those at the top slab of RC

structure. In particular, the computed and measured

displacements at the top slab of RC structure agree with

each other. However, the measured and computed

displacements of lateral ground do not match with each

other especially after 10s of shaking. There may be

several reasons for this difference, including the effects

of the laminar box for overall response of model ground.

The most likely reason, however, is the stress-strain

behavior of sand after liquefaction. The analysis model

with the parameter used in this study behaves much

stiffer manner than the centrifuge model ground.

As a whole, the analysis is able to capture the

essential features of the response of the buried RC

structure subject to a complex soil-structure interaction.

Both the computed and measured results show that

liquefaction occurred at 6s, causing de-amplification in

acceleration. Both the computed and measure results

show that displacement of ground is larger than that of

RC structure.

These responses of soil and structure cause the

change in lateral earth pressures acting on the side walls

of the underground structure. Computed total normal

stresses acting on the left sidewall, to be called earth

pressures, are shown in Fig. 10 at three locations from

the top to the bottom of the wall. The earth pressures

during the centrifuge tests were not successfully

measured. As shown in Fig. 10, the earth pressures

gradually increased and reached, in average, the value of

the total vertical stress in free field at 6s when the 

liquefaction occurred.

The computed and measured normal stresses applied

Fig. 9 Measured and computed response in saturated model ground

Sand right side B

0

150

-150

0 10 20 30

Time (s)

D
is

p
la

c
e
m

e
n

t

(m
m

)

—  Computed

---- Measured

(d)

0

PW-S3

-50

0

50

100

0 10 20 3

—  Computed

---- Measured

0

E
P

W
P

 (
k

P
a
)

—  Computed

---- Measured

(b)

RC structure top slab A

-150

0

150

0 10 20 30

Time (s)

D
is

p
la

c
e
m

e
n

t

(m
m

)

—  Computed

---- Measured

(c)

400

LUpper

0

100

200

300

0 10 20 30

N
o

rm
al

 S
tr

es
s

(k
P

a
)

Computed

Saturated model ground

LMiddle

0

100

200

300

400

0 10 20 30

N
o

rm
al

 S
tr

es
s

(k
P

a
)

Computed

Saturated model ground

LBottom

0

100

200

300

400

0 10 20 30

Time (s)

N
o

rm
a
l 

S
tr

e
ss

(k
P

a)

Computed

Saturated model ground

Fig. 10 Computed total normal stress acting on the

left sidewall of RC structure in saturated model

ground



on the top slab of RC structure by the soil above it are

shown in Fig. 11. The time histories shown are at the left

corner, in the middle, and at the right corner of the top

slab of the RC structure. The computed normal stresses

at both corners of RC structure are initially larger than

the total vertical stress at free field but gradually

decreased and reached, in average, the value of the total

vertical stress at free field. These changes are basically

consistent with the change in the measured, except that

the measured value at the left side was smaller by about

50kPa than that of the right side. The reason for this is

not clearly known to the authors. The computed normal

stress in the middle of the top slab of RC structure

remained constant, in average, through the shaking

whereas the measured one showed decreasing trend

similar to those at both corners. The decreasing trend

seen at both corners of the RC structure is presumed to

be caused by the arching effect before shaking. This

arching effect is caused by larger settlement of soil at the

side of the wall than those of the top slab of the RC

structure arising from the difference in overall stiffness

of soil and RC structure in vertical direction. This

arching effect may be sensitive to the preparation method

of model ground, and thus caused the difference between

the computed and measured values in the middle of the

top slab of RC structure.

The underground RC model buried in dry model

ground was excited by a horizontal earthquake motion

with a maximum acceleration of 9.06 m/s2 for a duration

of 30s at prototype scale (Fig. 6-b). The computed and 

measured time histories of acceleration and

displacements at the upper slab of RC structure and at

the ground are shown in Fig. 12. In contrast to the

acceleration response of saturated model ground, 

amplitude of acceleration response in dry model ground

did not decrease significantly during shaking (Fig. 12-a,

b). The computed acceleration response agreed with

those measured.

The computed displacement at the top slab of RC

structure in dry model ground was almost identical with

the ground displacement at the same depth (Fig. 12-c).

This fact also applies to the measured displacement.

However, the computed displacements were smaller

than those measured. The reason for this is not clearly

known to the authors.

These responses of soil and structure cause the

Fig. 11 Computed and measured normal stresses acting on the top slab of RC structure in saturated model ground
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Fig. 12 Measured and computed response in dry model ground

change in lateral earth pressures acting on the side walls

of the underground structure. Computed earth pressures

acting on the left sidewall are shown in Fig. 13 at three 

locations from the top to the bottom of the wall. The

earth pressures during the centrifuge tests were not

successfully measured. As shown in Fig. 13, the earth

pressures gradually increased but did not reach, in

average, the value of the total vertical stress in free field

at the mid height and bottom of the wall.

The computed and measured normal stresses applied

on the top slab of RC structure by the soil above it are

shown in Fig. 14. The time histories shown are at the left

corner, in the middle, and at the right corner of the top

slab of the RC structure. The computed normal stresses

at both corners of RC structure are initially larger than

the total vertical stress at free field but gradually

decreased and becomes close to, in average, the value of

the total vertical stress at free field. Measured normal

stresses did not show significant change, in average, as 

those computed. As discussed in the case of saturated

model ground, this arching effect may be sensitive to the

preparation method of model ground, and thus caused

the difference between the computed and measured

values.
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The difference in the responses of ground and RC 

structure in saturated and dry model ground shown in the 

previous section causes difference in the earth pressures

acting on the sidewall of RC structure depending on the

model ground condition. As shown by broken lines in

Fig. 15, the earth pressure distribution, in average, as 

represented by the residual values after shaking is

generally larger in saturated model ground than in dry

model ground. This may be because the soil in the

saturated model ground reached the state of liquefaction,

causing significant increase in earth pressures, whereas

this is not the case for dry model ground. In addition,

total vertical stress in saturated model ground, that is the

value the earth pressure eventually reached in average, is

larger than that in dry model ground. The earth pressure

distribution at the time of maximum displacement at the

top slab or RC structure, as shown by solid lines in Fig.
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Fig. 13 Computed total normal stress acting on

the left sidewall of RC structure in dry model

ground
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Fig. 14 Computed and measured normal stresses acting at the top slab of RC structure in dry model ground
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Fig. 15 Distribution of computed normal stresses acting on the left sidewall in saturated and dry model ground

model ground except for the bottom. This fact indicates

that earth pressure distribution during shaking is much

more complex than that after shaking. Instantaneous

distribution of displacement in soil subject to complex

soil-structure interaction is presumed to govern these 

dynamic portions of earth pressure.

Fig. 16-a shows that the displacement of the left

sidewall at time of maximum displacement of the top



slab in saturated model ground is larger than that of dry

model ground. However, their residual displacements

are almost identical as shown in Fig. 16-b. Although

there is a significant difference in the earth pressures in 

average for saturated and dry model ground, there is not

a significant difference in the distribution of curvature of

RC sidewall that is associated with inward deflection as 

shown in Fig. 16. The curvature at the maximum

displacement at the top slab (Fig. 16-c) is associated with

overall shear deformation of RC structure where as this

is not the case for the residual after shaking (Fig. 16-d).

The yielding associated with the peak response of RC

structure may be the primary cause of the curvature

distribution that was not significantly different in

saturated and dry model ground.

In order to study the effect of soil-structure

interaction based on the global shear deformation of RC

structure and ground in the vicinity, global shear strains

Fig. 17 Equivalent shear strain of whole structure s

and ground shear strain g
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Fig. 16 Computed displacement and curvature of the left sidewall in saturated and dry model ground
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were computed based on the maximum relative 

displacement at the top slab of RC structure relative to 

the bottom and that at the same depth in the soil deposit. 

These global shear strains are shown in Fig. 17, where s

and g denote the global shear strain of RC structure and 

ground, respectively. It may be seen that the value of s

and g in dry model ground are almost identical with 

each other. This fact accords with the displacements 

discussed earlier. It is presumed that the dynamic earth 

pressures acting on the side wall may be small because 

the underground structure and ground deforms in a 

similar manner. However, earth pressures at the time of 

maximum displacement at the top slab of RC structure 

are significantly different from those after shaking as 

shown in Fig. 15. Displacement of soil in the ground is 

presumed to be much more complex than those assumed 

as linear distribution along depth. 

In saturated model ground, the global shear strain of 

RC structure is less than that of ground. This leads to a 

thought that the earth pressures at the time of maximum 

displacement at the top slab of RC structure is larger 

than those after shaking. However, this was not the case 

as shown in Fig. 15. Once again, displacement of soil in 

the ground is presumed to be much more complex than 

those assumed as linear distribution along depth. 

4. Conclusions 

Based on the effective stress analysis performed in 

this study combined with centrifuge test data, the 

following conclusions are obtained with respect to the 

seismic performance of underground RC structures. 

1) Lateral displacement of ground is larger than that of 

RC structure in saturated model ground. These 

displacements are almost identical with each other in dry 

model ground. 

2) Computed plastic yielding region of RC structures 

and earth pressures in saturated model ground are larger 

than those in dry model ground. This result is consistent 

with the cracks observed in RC structures during 

centrifuge tests. 

3) Earth pressures acting on the sidewalls of RC 

structures increased during shaking both in saturated and 

dry model ground, gradually approaching, in average, 

the total vertical stress in free field. 

4) Computed earth pressures acting on the top slab 

decreased and, in average, reached to the total vertical 

stress in free field. Similar trend was recognized in 

centrifuge tests. This may be due to the arching effects 

before shaking. 

5) The effective stress analysis performed in this study is 

capable of capturing the essential features of the 

response of underground structures discussed in 1) 

through 4). 
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