
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

The paper was published in the proceedings of the 7th 

International Conference on Earthquake Geotechnical 
Engineering and was edited by Francesco Silvestri, Nicola 
Moraci and Susanna Antonielli. The conference was held 
in Rome, Italy, 17 – 20 June 2019.

https://www.issmge.org/publications/online-library


Earthquake Geotechnical Engineering for Protection and Development of
Environment and Constructions – Silvestri & Moraci (Eds)

© 2019 Associazione Geotecnica Italiana, Rome, Italy, ISBN 978-0-367-14328-2

Centrifuge modeling on lateral force-displacement behavior
of buried pipes in liquefied sand

K. Ono & M. Okamura
Graduate School of Science and Engineering, Ehime University, Matsuyama, Japan

ABSTRACT: One of the typical liquefaction damages of buried pipelines is detachment of pipe
joints due to lateral displacement of pipes. The past damage survey revealed that the damage con-
centrated in the pipe bends subjected to the thrust force generated by the internal pressure. This
paper presents results of a series of dynamic centrifuge tests for a pipe buried in liquefied sand.
The displacement behavior of the buried pipe and the lateral force on the pipe were examined by
lateral loading tests under either displacement or load control. The experimental results showed
that the lateral force hardly acted on the pipe movement when the surrounding soil was liquefied,
but the force gradually recovered with the dissipation of the excess pore pressure. The force-dis-
placement relationship showed different curves depending on the loading conditions.

1 INTRODUCTION

Seismic damages of buried water-supply pipelines become more severe with the liquefaction of
the surrounding soil (e.g., O’Rourke et al. 1991, Hamada et al. 1996). In the damage survey of
the 2011 off the Pacific coast of Tohoku Earthquake, Ministry of Health, Labor and Welfare
reported that the damage ratio of the buried pipelines in the liquefied district increased to
about 11 times of that in the non-liquefied district. The survey revealed that approximately
half of the damage of the buried pipeline was concentrated in pipe bends or branches, and
most of the damage was detachment of pipe joints due to the large displacement of the pipe.
Such a displacement behavior of the buried pipeline in the liquefied soil can be categorized

generally into two groups: vertical displacement and lateral displacement. The former behav-
ior has been studied as floating problem of pipelines since 1980s (e.g., Ling et al. 2003), and
the latter can be further divided into two cases: one caused by lateral ground flow (e.g.,
Towhata et al. 1999) and the other caused by a thrust force. The thrust force is an unbalanced
force that depends on the angle of the bend and the internal water pressure. In usual, the
buried pipeline remains stable because the passive earth pressure behind the pipe bend acts as
a resistance to the thrust force. However, Mohri et al. (1995) pointed out that the buried pipe-
line is largely displaced in the lateral direction and finally damaged by the loss of equilibrium
between the thrust force and the resistance due to liquefaction. In fact, since it is not easy to
grasp the in-situ buried condition and seismic properties at a particular point, assessment of
how the pipeline was actually moved and damaged is insufficient. Therefore, the present
design guideline for buried pipelines published by the ministry (MAFF 2011) has not fully
taken into account the influence of liquefaction.
The studies focusing on displacement behavior of the pipe subjected to the thrust force have

been started since the 1990s. Mohri (1996) demonstrated the displacement of pipe bends due
to thrust force by a field experiment. Kawabata et al. (2006) carried out a series of 1g test to
examine the lateral force applied on a buried pipe during lateral displacement, and proposed a
countermeasure method using geogrid. On the other hand, there are not many studies on dis-
placement behavior of pipes during liquefaction. For example, Dungca et al. (2006) observed
the lateral displacement of the pipe in the liquefied soil when a large relative displacement
between the pipe and the soil was induced. The authors examined the influence of loading rate
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on the lateral force by applying cyclic vibrations to a model pipe. Ono et al. (2018) also con-
ducted 1g tests to examine the relationship between the pipe displacement and the resistance
when the effective stress decreased due to liquefaction. As above, the past studies focusing on
the lateral displacement behavior during liquefaction are few, many of which forcibly displace
the pipe at a constant rate. Since the thrust force is a constant external force acting on a pipe-
line, load-control loading method is required. In addition, it is important to focus on the rela-
tionship between the lateral force and the pipe displacement because the stability of the buried
pipe against the detachment is evaluated by the amount of the displacement of the pipe.
This paper represents results of a series of dynamic centrifuge tests on the lateral displace-

ment of a model pipe in liquefied sand under displacement or load control.

2 OUTLINE OF EXPERIMENT

2.1 Equipment and materials

Figure 1 shows the cross-section of the test model. The rigid test container with inner dimen-
sions of 430×230×120mm was used. The front view of the model was monitored through a
transparent front acrylic-glass wall of the container.
An aluminum rod with the diameter of 30mm was used for the model pipe. Although thrust

forces usually act on the bends of a pipe, the straight aluminum rod was used to simplify the
test condition. The unit weight of the model pipe was adjusted to the one of the saturated sand
to prevent the pipe from floating during liquefaction. Two pore pressure cells were embedded in
either side of the model pipe. At the middle of the pipe, an aluminum rod with the diameter of
20mm was connected perpendicular to the pipe as shown in Figure 2. The other side of the rod
was connected to an electric actuator placed on the outside of the container, and the model pipe
was displaced forcibly in the lateral direction. A load cell was installed between the pipe and the
rod to directly measure the lateral force applied to the pipe when it moved.

Figure 1. Cross-section of test model

Figure 2. Plan view of model pipe
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Toyoura sand was used as the backfill material. The sand properties were shown in Table 1.
The test model was prepared by air-pluviation method while setting up measuring sensors and
the model pipe at the prescribed positions. The target relative density was 50%. The burial
depth of the pipe was 30mm, which was equal to the diameter of the pipe (normalized depth H/
D=1.0). After completion of making the model, the model was fully saturated with viscous fluid
in a vacuum chamber. Metolose aqueous solution was used to achieve a viscosity of 20 times
the one of water.

2.2 Experimental procedure

The model was mounted on a geotechnical centrifuge in Ehime University and the centrifugal
acceleration was increased gradually up to 20g. In the present study, two types of experiments
were conducted with different loading methods: displacement control and load control.
In the displacement-controlled tests, the model pipe was pushed laterally with a constant

loading rate by the actuator, and the model was shaken laterally with a shaker simultaneously
with the lateral loading. The sine wave with peak accelerations of approximately 100gal was
lasted 100s in the prototype scale. Predominant frequency of the input wave was approxi-
mately 0.9Hz.
On the other hand, in the load-controlled tests, a constant lateral load (hereinafter; preload)

was initially applied to the model pipe by the actuator. Note that the input preload did not
match the one applied to the pipe because there was a friction at water cut-off rings. After
confirming that the preload and the measured lateral force on the pipe were in equilibrium,
the lateral shaking was applied to the model. The sine wave with peak accelerations of
approximately 200gal was lasted 40s in the prototype scale. Predominant frequency of the
input wave was approximately 1.0Hz. Total four cases were conducted as shown in Table 2.
All results, hereinafter in this paper, are presented in prototype scale.

3 RESULTS AND DISCUSSION

3.1 Displacement-controlled tests

Figure 3 shows the time histories of the input acceleration, the lateral pipe displacement, the
lateral force, and the excess pore pressure ratio (hereinafter; EPPR) in CaseD1 and D2. The
EPPR was calculated from the excess pore pressure divided by the initial vertical effective
stress of soil depending on the depth. The lateral force was normalized by the following
equation.

Table 2. Test cases

Loading rate Preload Shaking event

Test Loading method mm/s kN/m s

CaseD1 Displacement control 5.0 – –

CaseD2 Displacement control 5.0 – 100

CaseL1 Load control – 28 40

CaseL2 Load control – 36 40

Table 1. Properties of sand

Density of sand particles 2.659 g/cm3

Maximum void ratio 0.977

Minimum void ratio 0.605

Saturated unit weight 18.88 kN/m3
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Nh ¼
F

γ0DH 0L
ð1Þ

where F is the lateral force (kN), γ’ is the effective unit weight (kN/m3), D is the diameter (m),
H’ is the depth to the center of the pipe (m), and L is the length of the pipe (m). The arrows on
the curve show the points at which the image analysis was performed as described later.
In CaseD1, the lateral force on the pipe increases approximately linearly with the pipe move-

ments. After reaching a peak value at around 40 seconds, the force becomes constant. The EPPR
at the side of the pipe (P2) instantaneously rises due to the compression of the soil immediately
after the start of pipe displacement, and then rapidly decreases to the minimum value of -1.87 as
the pipe displaces. Interestingly enough, the timing of the minimum value of EPPR is almost in
agreement with the timing at which the lateral force reaches its peak. This implies that the passive-
side soil is deformed by the pipe movement with a constant volume under almost undrained condi-
tion. After that, the excess pore pressure dissipates to a value slightly lower than the original value.
Meanwhile, CaseD2 shows the behavior when the model is shaken. The graph shows that the

lateral force on the pipe during shaking event is very small despite the pipe is moving. Judging
from that the EPPR around the pipe reaches 1.0, the resistance does not act on the pipe due to
the liquefaction of the soil surrounding the pipe. After that, the lateral force starts to recover
just before the end of the shaking event, and the dissipation of the excess pore pressure also
starts at the same time. The force increases monotonically and then reaches peak value. The
changes of the lateral force and the EPPR after liquefaction are similar to that of CaseD1.

3.2 PIV analysis

To visualize the ground deformation, Particle Image Velocimetry analysis (hereinafter; PIV)
was conducted. In PIV, moving vectors of the target pixel can be calculated from the luminos-
ity change between consecutive images without installing gauge marks. The packaged software

Figure 3. Time history: (a) CaseD1 and (b) CaseD2
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“Flow-vec” (Library, Inc.) was used for the analysis. The resolution and the acquisition frame
rate of the photos was 2448×2048 and 10Hz, respectively.
Figure 4 shows the distributions of the velocity vector. The photos to be analyzed were

chosen on the basis of the curve of the lateral force shown in Figure 3. Note that the vectors
are changes for consecutive images at intervals of 0.1s, not the cumulative value from the ini-
tial positions. The velocity is the relative velocity with respect to the test container.
In CaseD1, the passive-side soil is largely displaced diagonally upward with a gentle slope

while the lateral force on the pipe is increasing (Figure 4(a)). The range of the soil moving at
the same rate with the pipe is distributed only on the passive side around the pipe. Most of the
velocity vector of the soil is distributed in about 2 to 3 mm/s. Then, the moving speed of the
soil increases at the peak force (Figure 4(b)), and a sliding surface is clearly visualized. The
angle of the sliding surface is around 39°.
In contrast, in CaseD2, instead of the appearance of a sliding surface, a leftward flow of the

liquefied sand over the pipe is observed near the ground surface during shaking event
(Figure 4(c)). The direction of this flow changes according to the direction of the shaking. The
velocity of the liquefied soil is distributed up to 10mm/s or more, which is much faster than
the loading rate of the pipe. However, note that there is a possibility that the velocity of the
liquefied sand is overestimated because the acquisition rate of the photos was small relative to
the frequency of the input wave. Figure 4(d) shows the flows when the lateral force starts to
recover (see Figure 3(b)). The range of the soil movement at the passive side is clearly expand-
ing although the flow of the soil near the surface is similar to Figure 4(a). This indicates that
the deformation of the soil due to liquefaction and that due to the pipe displacement are over-
lapped. Figure 4(e) shows that the deformation of the soil at around the peak force is similar
to that in CaseD1 shown in Figure 4(a).

Figure 5. Time history in CaseL1

Figure 4. Velocity vector: (a) δ/D=0.05 in CaseD1 (b) δ/D=0.15 in CaseD1 (c) δ/D=0.28 in CaseD2 (d)

δ/D=0.68 in CaseD2 (e) δ/D=1.00 in CaseD2
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3.3 Load-controlled tests

Figure 5 shows the time histories of the input acceleration, the lateral pipe displacement, the
lateral force, and the EPPR at the side of the pipe in CaseL1.
First, the model pipe is slightly moved in response to the preload and then stops by receiving

the resistance from the soil, indicating that the lateral force is balanced with the preload. At this
time, the EPPR instantaneously reached 1.0 on the front side of the pipe due to compression by
the movement of the pipe. Once the model is shaken at about 186s, the lateral force dropped
greatly and the pipe starts to move again. Judging from the fact that the EPPR reaches 1.0, the
lateral force is reduced due to liquefaction, and the balance with the preload is lost. The lateral
force measured during shaking event fluctuates greatly because this force includes the inertial
force. The inertial force calculated from the input acceleration and the mass of the pipe is
approximately 0.23 in the normalized force, which is about 11% of the measured force. After
shaking event, the EPPR starts to dissipate and the force starts to recover simultaneously. The
same behavior was observed in CaseD2 as shown in Figure 3, but the EPPR does not decrease
to the negative value, which is greatly different from the result of displacement-controlled test.
The displacement of the pipe is stopped again due to the recovery of the resistance, and the pipe
is in a stable state. A similar tendency was also observed in CaseL2.
Figure 6 shows the time history of the lateral velocity of the pipe. The velocity was calcu-

lated from the measured displacement divided by the acquisition time interval. Figure 6(a)
shows that the velocity of the pipe during liquefaction is approximately constant at around
0.012m/s. The change in the velocity until the pipe stops is gentle compared to that at the start
of movement. On the contrary, in CaseL2, in which the preload is larger than CaseL1, the
velocity is slightly faster than CaseL1 although there is a fluctuation. The above results indi-
cate that the moving velocity of the pipe during liquefaction changes depending on the magni-
tude of the preload.

3.4 Comparison of force-displacement curve

Figure 7 shows the relationships between the pipe displacement and the lateral force on the
pipe in each case. In CaseD1, the force-displacement curve shows a hyperbola typically
observed in the lateral-loading tests for buried pipes (e.g., Trautmann and O’Rourke 1985). In
CaseD2, although the pipe keeps moving while the lateral force does not act on the pipe
during liquefaction, the shape of the curve after liquefaction is similar to that of CaseD1. In

Figure 6. Time history of velocity of pipe (a) CaseL1 and (b) CaseL2

Figure 7. Relationship between lateral force and pipe displacement
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CaseL1 and L2, the increase of the lateral force due to the preloading is observed twice before
and after liquefaction. In CaseL2, since the preload is large, the lateral force on the pipe is
large. Also, since the moving velocity is fast, the displacement is large.
Table 3 summarizes the modulus of subgrade reaction in each case. The modulus of sub-

grade reaction is a secant gradient obtained by dividing the lateral force by both the lateral
displacement and the projected area of the pipe as following equation.

k ¼
F

δA
ð2Þ

where F is the lateral force (kN), δ is the lateral displacement (m), and A is the projected
area of the pipe (m2). In the load-control tests, two types of moduli (k1 and k2) were calculated
before and after sand liquefaction, respectively.
First, Table 3 shows that the moduli in CaseD1 and D2 are close. This indicates that the

resistance of the soil to pipe movement does not change much even once the soil liquefied. On
the other hand, the moduli of CaseL1 and L2 are larger than those of CaseD1 and D2. This is
due to the difference of the moving velocity of the pipe as shown in Figure 6, indicating that
the lateral force on the pipe has rate dependency. Meanwhile, the moduli of CaseL1 and L2
after liquefaction are not largely different from CaseD1 and D2 although it is difficult to
choose the secant slope due to fluctuation.

4 CONCLUSIONS

In the present study, a series of lateral loading tests for a model pipe was conducted to exam-
ine the displacement behavior of the pipe during liquefaction. In the displacement-control
tests, the lateral force hardly acted on the pipe during liquefaction, but the force recovered as
the excess pore pressure dissipated. After shaking event, undrained behavior of the soil was
observed while the pipe moved. The results of PIV analysis showed that the liquefied sand
flowed over the pipe, and no sliding surface appeared. In the load-control tests, the relation-
ships between the pipe displacement and the lateral force changed before and after liquefac-
tion. The modulus of subgrade reaction after liquefaction was almost equivalent under either
displacement-control or load-control test.
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