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ABSTRACT 
 

The Great East Japan Earthquake of 2011 caused severe damage in Urayasu City because of liquefaction. 

Damages that were not caused by past earthquakes were observed. These damages were assumed to have been 

caused by the ñswinging phenomenonò (a kind of sloshing), in which the duration of the earthquakeôs motion is 

extremely long and the ground continues to shake significantly after liquefaction. In this study, we tried to 

reproduce the swinging phenomenon using a superabsorbent polymer to investigate the behavior of liquefied 

ground during swinging. A shaking table test was conducted to investigate the influence of the inclination angle 

of the base layer on the liquefied ground surface. The experimental results showed that the maximum horizontal 

strain of the simulated liquefied ground increased at the position, where the inclination of the base layer started. 

The maximum value also tended to increase as the slope became larger. We experimentally proved that the 

inclination of the base layer affected the vertical displacement and the horizontal strain of the simulated liquefied 

ground surface. This method was used in attempts to reproduce the damage caused by the swinging phenomenon 

to buried pipe joints. The detachment of joints could be reproduced based on the experimental results. The 

experimental results indicated that the seismic motion characteristics and the condition of the buried pipe 

influenced the damage caused to the joint. 
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1. INTRODUCTION  

 

Buried underground pipes, such as water and sewer pipes, gas pipes, etc., have been moderately 

damaged by every large earthquake. The damage rate is particularly high when the ground liquefies, 

but the damage mechanism on the buried pipe in the liquefied ground is complicated and difficult to 

clearly explain. The light pipe buried in the ground rises, and the heavy pipe settles, when the ground 

liquefies at the time of the earthquake. The damage caused by the vertical movement of the buried 

pipe itself is simple. However, the mechanism is complicated when the liquefied ground moves largely 

in the horizontal direction and damages a buried pipe. Two types of motion can be observed in the 

horizontal direction: (1) repeatedly generated during the earthquake motion because of earthquake 

shaking and (2) large permanent displacement occurring in the direction of the liquefied ground flow. 

The damage of the buried pipe by (2) was caused by the flow of the gentle sand dune slope in Noshiro 

City during the Nihonkai Chubu Earthquake of 1983. Furthermore, the damage during the Niigata 

earthquake of 1964 and the Great Hanshin Awaji earthquake of 1995 was caused by the flow of the 

ground behind the revetment and quay. As an example of the dynamic displacement of (1), the 

displacement amplitude was approximately 20 cm when the acceleration date from Kawagishi town 

liquefied at the Niigata Earthquake is integrated. Weak buried pipes, such as supply pipes, were 
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damaged because of this dynamic displacement. However, liquefaction commonly occurred around 

the point of the peak acceleration of the ground motion followed by a reduction in shaking. Therefore, 

not much damage seemed to have occurred in buried pipes with high strength, such as distribution 

water pipes and supply pipes. 

 

However, the ground continued to be shaken for a long time even after liquefaction occurred because 

the duration time of the 2011 Great East Japan Earthquake disaster was extremely long, causing a 

ground deformation from the unique shake. We obtained a displacement waveform by integrating the 

acceleration data recorded by K-NET Inage in the Tokyo Bay area, where liquefaction extensively 

occurred. Even after the point at which liquefaction occurred, a large wave with a period of 3 to 4 s 

then propagated with a single amplitude of approximately 15 cm. According to the videos captured by 

citizens on the road along the Makuhari Kaihin Park near the K-NET Inage, the sidewalk was 

repeatedly displaced with a cycle of 3 to 4 s. Figure 1 shows the damage to a community road caused 

by the swinging phenomenon within Urayasu City. The sidewalk of the main road was pushed up in 

various places as shown in Figure 2 (Yasuda et al. 2014).  

 

A unique dynamic displacement, called ñswinging phenomenonò (Yasuda, Suetomi, and Ishikawa 

2015) was thought to occur in the Great East Japan Earthquake, where the liquefied ground was 

slowly shaken because of an extremely long period of earthquake motion. As a result, the damage to 

the sidewalk of a living road or a main road may be considered to occur near the boundary of the 

structure shown in Figure 3(a) or at a place where the lower surface of the liquefaction layer was 

inclined (Figure 3(b)). 

 

 
 

 
Figure 1 Damaged road at Urayasu City (shot by Mr. Ogawa) 

 

 
Figure 2 A sidewalk pushed up on the main road at Urayasu City 
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Figure 3 Conceptual diagram of the push-up damage of the plan road 

 

 
Figure 4 Schematic diagram of the deviation of sewerage / manholes generated 

and omission of a culvert in Urayasu City etc. 

 

The schematic diagram in Figure 4 shows that the manhole in the sewer pipeline shifted, and the joint 

of the sewer was pulled out or damaged. This result was thought to also be caused by the swinging 

phenomenon (Yasuda 2013). Damage also occurred in a high strength drain pipe, (Yasuda et al. 2014). 

This study investigated whether the damage to the buried pipe occurred by such a mechanism by 

analyzing the reduction in rigidity caused by liquefaction (Yasuda et al. 2014). 

 

We report herein the results from a model experiment, where the damage mechanisms were 

investigated. 

 

 

2. OUTLINE OF  THE MODEL EXPERIMENT  

 

Model experiments were conducted in a container with dimensions of 1800 mm width Ĭ 670 mm 

length Ĭ 400 mm depth (Figure 5). The experiments should be performed using sand, but we did not 

do it. The excess pore water pressure quickly dissipated in the ground with a thin layer thickness, and 

excitation cannot be performed while maintaining the liquefied state. In this case, the swinging 

phenomenon cannot be reproduced. We searched for a very soft material with similar properties as 

liquefied sand. We opted to simulate the liquefied ground material using a sample of the water. CP-1 

was set to 1 versus 300 by the mass ratio. The density of the superabsorbent polymer was 1.1 g/cm
3
. 

A soil container filled with superabsorbent resin was set on a 2 m Ĭ 2 m shaking table and excited in 

the longitudinal direction. The ground surface displacement was measured using image analysis. The 

markers shown in the lower right corner of Figure 5 were on the ground surface at 20 mm intervals. 

ñDIPP-Motion Vò was used to perform the image analysis. A three-dimensional (3D) position 

information for each marker was calculated by stereo-synchronously shooting the simulated liquefied 

ground from two high-speed cameras installed at a height of 3 m above the shaking table. 
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Figure 5 Photograph of the experiment 

 

 
 

Figure 6 Experiment configurations 
 

 
 

Figure 7 Table acceleration waveforms 
 

(a) Inage wave forms (b) Port Island wave forms 
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Three acceleration waveforms were used for excitation. First, a sine wave with a frequency of 0.25 Hz 

was used to investigate the effect of long periods of ground motion after liquefaction. The apparatus 

was excited for 30 s with an acceleration of 50 gal. 

 

The table was excited with waveforms matching the 2011 Great East Japan Earthquake that were 

observed with K-NET Inage (K-NET WWW service 2011) (NS direction, maximum acceleration 

177.24 gal) and Port Island during the Great Hanshin-Awaji Earthquake of 1995 (Japan Road 

Association 2002) 
 
(GL-16m, NS direction, maximum acceleration 564.18 gal). 

 

The Inage waveforms were divided into two sections for convenient image analysis. The experiments 

were conducted in the first half and the second half. Both the Inage and Port Island waveforms had an 

excitation time of 155 s. The maximum table acceleration was approximately 250 gal. Figure 7 shows 

the acceleration waveform observed with the shaking table. 

  

Two experiments were conducted. The first one aimed to reproduce the large horizontal and vertical 

local displacements when the bottom surface of the liquefaction layer was irregular (Figure 3 (b)). The 

second one aimed to reproduce the detaching of the buried pipe caused by the swinging phenomenon 

(Figure 4). 

 

 

3. EXPERIMENTAL RESULTS  CAUSED BY THE DIFFERENCE IN TH E 

UNDERSURFACE INCLINE  OF THE LIQUEFACTION LAYER  

 

In this experiment, an inclined plate was installed in the soil container to simulate an inclined lower 

surface within the liquefaction layer. Figure 6 shows the experiments conducted with a total of four 

configurations in which the inclination angles were set to 0Á, 5Á, 10Á, and 20Á. In each case, point 200 

mm from the right end was defined as the ground boundary, and the thickness of the liquefied layer 

was kept constant at 100 mm. 

 

Figure 8 shows the displacement behavior in the XZ-axis direction obtained by obtaining the 3D 

displacement of the locus of the marker by the sine wave excitation. 

 

  

 
Figure 8 Particle motion with sine wave 
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Figure 9 Maximum value distribution diagram with sine wave 
 

Maximum displacement values in the horizontal and vertical directions were taken from these particle 

motions. Figure 9 shows the distribution and the maximum horizontal strain. The horizontal 

displacement showed a large value near the center of the soil container in every case. The vertical 

displacement was small near the center and increased near the walls when the base was horizontal. In 

contrast, the vertical displacement became larger near the upper portion of the incline when the base 

was tilted. Looking at the strain in the horizontal direction, the strain became large near both walls in 

the absence of a base inclination. This result was consistent with the fact that the road pushed up near 

the vertical walls of buildings with a cellar (Figure 3 (a)). A large strain was generated around the 

inclination when the base was tilted (Figure 7). This finding was consistent with the fact that the road 

pushed upwards near the top of the inclination. This result was caused by the fact that the bottom 

surface of the liquefaction layer was also inclined (Figure 3 (b)). Thus, in this experiment, the 

behavior at the actual damage point could be reproduced. The maximum value of the vertical 

displacement and the horizontal strain in the experimental results increased as the inclination angle of 

the base layer increased. The base tilt angle is expected to affect the degree of damage. The same 

tendency was also obtained when seismic waves were used; hence, the results were not shown herein. 
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Figure 10 Particle motion with seismic wave 
 

Figure 10 shows the movement of the ground surface (approximately 0.5 s) near the maximum 

acceleration when each seismic waveform was used for excitation. Overall, the particle motion of the 

Port Island wave was gentler than the Inage wave. The vertical displacement near the inclined 

substrate increased under excitation with the Inage wave even if the maximum acceleration was 

approximately the same with both waveforms. The characteristics of the seismic waveform, such as 

the duration and the period of vibration may affect the ground displacement. 

 

 

4. REPRODUCTION EXPERIM ENT OF THE DETACHMENT OF A BURIED PIPE JOINT 

BY THE SWINGING PHENOMENON  

 

Assuming that an actual sewage pipe was buried under the ground, a pipe made of vinyl chloride 

(outer diameter 18 mm) was fixed on hinges to a simulated liquefied ground on one side (Figure 

11). Each end of the pipe was joined with a T-shaped connector to two straight pipes. The lengths (X 

and Y) of the two straight pipes were changed in six stages and combined (Figure 12).  

 

The experiment was also conducted by changing the density of the pipe to three levels (i.e., 0.9 g/cm
3 

(Case 1), 1.2 g/cm
3 
(Case 2), and 1.6 g/cm

3 
(Case 3)). The density of the simulated liquefied ground 

(superabsorbent polymer) was 1.1g/cm
3. 

 

We used the Inage and Port Island waveforms as the excitation sources to compare the simulated 

earthquake motion. Both earthquake waves were excited by setting the peak table acceleration to be 

approximately the same (250 gal). 

 

 
Figure 11 Installation drawing of buried pipes 
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Figure 12 Experimental conditions 
 

 
Figure 13 Before and after detachment of the joint 

 

The experiments were conducted under these conditions, and we can reproduce the joint detachment 

from the pipe with the Inage waveforms. The joint could not be detached under all conditions with the 

Port Island waveforms. The Inage waveforms had the following characteristics: the earthquake 

duration was very long, and the number of repetitions was large compared to the impact Port Island 

waveforms. 

 

The ease of joint detachment varied depending on the length and weight condition of the pipe even 

when excited with certain Inage waveforms. The case in which the joint was detached during 

excitation was labeled as ủ, while the case in which it was not removed was labeled as ×. Figure 14 

summarizes these cases. The horizontal axis shows the total length (=X + Y mm) of the pipe, while the 

vertical axis represents the maximum horizontal displacement of the liquefied ground at the joint-free 

end (=Y mm) obtained from the image analysis. 

 

In Case 1, the maximum amount of the horizontal displacement between the joint and the free end was 

large, and it became easy to detach as the length of the buried pipe became longer. 

 

However, in Case 3, in which the pipe was heavy, detaching even when the maximum displacement 

was large or when the buried pipe was long was difficult. In Case 2, it was easy to detach in the 

middle.  Such a difference may have arisen from the reasons that follow. 

(a) Before detachment of the joint (b) After detachment of the joint 
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Figure 14 Relationship between the total length of the pipe X + Y (mm) and ȹL (mm) 

 

 
Figure 15 State at the end of the excitation and particle motion of the simulated liquefied ground 

 

Figure 15 shows the state at the end of the excitation when the finished pipe length was 1100 mm. In 

Case 1, the pipe floated up to the surface when the pipe density was lower than that of the 

superabsorbent polymer. In contrast, the pipe in Case 3 was heavy, and sunk.  

 

Figures 15(a) and (b) present the particle motion at the surface of the simulated liquefied ground near 

the earth container measuring 300 mm and 1600 mm obtained from the image analysis. Figure 15(b) 

shows it pushing up in the vicinity of 1600 mm of the soil container. The super absorbent polymer 

pushed the free end to the upper right when the length of the pipe exceeded the center of the soil 

container, and the specific gravity of the free end portion was smaller than that of the super absorbent 

polymer (Case 1). Therefore, the joint seemed easy to detach. On the contrary, the joint was thought 
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