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ABSTRACT: A pile foundation with ground improvement under the footing is a composite foundation which enhances the seismic 
resistance of the foundation, and thus, enables the reduction of the size of the footing and the number of piles. Soft or loose grounds 
near the surface layer of this type of foundation can be improved by the cement mixing method. As research on pile foundations has 
mainly been conducted on soft grounds, there are few examples of their application to liquefiable grounds. In this study, therefore, 
dynamic centrifuge model experiments were performed under the centrifugal acceleration of 50 g in order to understand the effect 
of the ground improvement of a liquefiable layer on the behavior of a pile foundation during an earthquake. From the results, it is 
confirmed that the improved ground restrains the pile heads, thereby suppressing their horizontal displacement during liquefaction, 
and that the effect is more remarkable when the stiffness of the improved ground is high. Furthermore, although the bending moments 
tend to increase at the boundary between the improved ground and the original ground, this increase hardly occurs at the pile heads; 
and thus, the maximum bending moment as a whole is reduced. 

RÉSUMÉ : La fondation sur pieux avec amélioration du sol est une fondation composite qui améliore la résistance et permet la réduction 
de la taille de la semelle et le nombre de pieux. Dans cette fondation, un sol mou ou meuble à faible profondeur est amélioré par la 
méthode du cement mixing. Diverses recherches sur les fondations ont été menées principalement sur le sol mou, mais il existe encore 
peu d'exemples d'applicabilité aux sols liquéfiés. Par conséquent, dans cette étude, des essais avec sollicitation sismiques en centrifugeuse 
ont été réalisées sur modèles réduit avec une accélération de 50 g afin de comprendre l'effet de l'amélioration du sol de la couche 
liquéfiable sur le comportement de la fondation sur pieux pendant le séisme. Des résultats obtenu, il a été confirmé que le sol amélioré 
retient la tête de pieu, supprimant ainsi le déplacement horizontal de la tête de pieu pendant la liquéfaction, et l'effet est plus notable 
lorsque la rigidité du sol amélioré est élevée. En outre, bien que le moment de flexion ait tendance à augmenter aux abords du sol 
amélioré et le sol d'origine, le moment de flexion se produit à peine au niveau de la tête de pieu, et le moment de flexion maximal dans 
son ensemble est réduit. 

KEYWORDS: composite pile foundation, ground improvement, liquefaction, centrifuge model test. 

 
1  INTRODUCTION 

In the construction of pile foundations on soft grounds or 
liquefiable grounds, countermeasures such as increasing the 
number of piles and expanding the footing are often adopted to 
satisfy the required seismic performance. However, the 
enormous substructure related to these countermeasures causes 
increases in the construction costs and construction time, as well 
as the need to expand the construction sites. 

As a solution to the above problems, a construction method 
has been developed to rationalize the substructure by improving 
the ground under the footing (Tomisawa et al., 2007; Maeda et 
al., 2006), as shown in Figure 1. This method enables an increase 
in the horizontal resistance of the pile-ground system and a 
decrease in the pile diameter, number of piles, and footing width. 
Based on previous researches, the effectiveness of composite 
piles in soft and loose grounds has been confirmed; however, 
there are few examples of examining their applicability to 
liquefiable grounds.  

The structural failure of piles constructed in liquefiable soils 
has been observed in many of the past strong earthquakes (e.g., 
Hamada and O’Rourke, 1992; Finn and Fujita, 2002). This is 
because liquefaction reduces the horizontal resistance of the piles 
from the surrounding ground. In this study, therefore, dynamic 
centrifuge model tests under a gravitational acceleration of 50 g 
were conducted to understand the effect of the ground 

improvement of a liquefiable layer around pile heads on the 
behavior of a pile foundation during an earthquake. 

2  EXPERIMENTAL CONDITIONS 

2.1  Outline 

The experiments were conducted using the geotechnical  
 

 
Figure 1. Concept of pile foundation with ground improvement
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Table 1. Specifications of geotechnical centrifuge device at DPRI, Kyoto 
University. 

Specification 
Geotechnical centrifuge 

(DPRI) 

Effective rotation radius [m] 2.50 

Effective space for model installation [m] 
0.80 (L)  
0.36 (W)  

0.80 (H) 

Experimental capacity [g×ton] 24 

Maximum centrifugal acceleration [g] 200 for static test 
50 for dynamic test 

Maximum number of rotations [rpm] 260 

 

Table 2. Material properties of Toyoura sand. 

Specific gravity Gs 2.64 

Average diameter D50 [mm] 0.20 

Internal friction angle   [deg] 38.9 

Cohesion c [kPa] 0 

Maximum void ratio emax 0.975 

Minimum void ratio emin 0.585 

Unit weight (Dr = 40 %)  [kN/m3] 14.24 

Unit weight (Dr = 85 %)  [kN/m3] 15.76 

 
centrifuge device located at the Disaster Prevention Research 
Institute (DPRI) at Kyoto University. Table 1 shows the 
specifications of the centrifugal loading device. Figure 2 gives a 
diagrammatic illustration of the experimental setup and the 
locations of the measurement sensors. The experimental object is 
a 2 × 2 group pile foundation passing through a 3-m liquefiable 
layer and a 10-m non-liquefiable layer. A rigid soil container, 
with a width of 450 mm, a height of 300 mm, and a depth of 150 
mm, was used. Three experimental cases, focusing on the 
presence or absence of an improved ground and the strength of 
the improved ground, were conducted. 

2.2  Model ground 

Both the liquefiable and non-liquefiable layers were made of 
Toyoura sand. Table 2 shows the material properties of Toyoura 
sand. The model grounds were prepared for the liquefiable and 
non-liquefiable layers with target relative densities of Dr = 40% 
and 85%, respectively. The liquefiable layer was made using a 
funnel, while the non-liquefiable layer was made by tamping 
with a metal rod and a wooden plate. For the pore fluid, a 
methylcellulose solution (Stewart et al., 1998), adjusted to have 
a viscosity 50 times that of water, was used in order to satisfy the 
scaling law of the permeability phenomenon under the 
centrifugal condition. 

After preparing each model ground with the predetermined 
density, the ground was saturated in a deaeration container by 
dropping a saturated methylcellulose solution onto the ground 
surface. The viscosities in Cases-1, -2, and -3 were estimated, 
based on the fluid temperatures of the ground surface before the 
tests, to be 57.5 cSt, 48.0 cSt, and 47.0 cSt, respectively. The 
degree of saturation was measured by the vacuum-chamber 
method (Okamura and Inoue, 2012). The degrees of saturation in 
all three cases were higher than 99.9%. 

2.3  Modeling of pile foundation and superstructure 

Steel pipe piles, with a length of 12 m, a diameter of 0.4 m, and 
a thickness of 0.04 m in prototype scale, were modeled. The 
model piles were made of aluminum alloy (length: 0.3 m, 
diameter: D = 8 mm, and thickness: 0.8 mm in model scale) and 
had a Young’s modulus of 6.83 × 107 kN/m2. Both ends of the  

 
Figure . Diagrammatic illustration of experimental setup in case of 
improved ground; (a) Top view, (b) Side view. 

 
piles were fixed by aluminum blocks. The pile spacing was set to 
4.0D = 32 mm, considering the workability for casting the 
improved ground and fixing the pile model to the soil container. 
The spacing between the piles and the footing edge was 1.75D = 
14 mm. 

Bhattacharya et al. (2004, 2005) analyzed 15 reported cases 
of pile foundation performance during earthquake-induced 
liquefaction and suggested that the failure modes of piles can be 
expected due to the slenderness ratio of the piles. It is said that 
buckling failure will occur when the slenderness ratio of the piles 
is larger than 50. As the ratio is 19.5 in this experiment, attention 
is given here to the bending moments of the piles causing 
bending failure. 

In addition to a superstructure (60 × 60 × 45 mm in model 
scale), made of a stainless-steel block (E = 1.97 × 108 kN/m2), a 
bridge pier (20 × 20 × 100 mm in model scale), made of an 
aluminum block (E = 6.83 × 107 kN/m2), was also modeled to 
consider the center of gravity of the superstructure. 

2.4  Experimental cases and casting method of improved 
ground 

In order to investigate the effect of an improved ground on the 
behavior of a pile foundation during liquefaction, three cases 
focusing on the presence or absence of an improved ground and 
its strength are presented. In Case-1, the ground under the footing 
was not improved. In Cases-2 and -3, ground improvements with 
relatively low and high strengths, respectively, were applied. The 
target strength of the improved ground in Case-2 (qu = 600 
kN/m2) was determined with reference to an actual example 
(Shinohara et al., 2015); the improved ground was made of 
Kasaoka clay, early strength Portland cement, and water. The 
strength of the improved ground in this experiment was qu = 1100 
kN/m2. On the other hand, the target strength of the improved  
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Figure 3. Stress-strain relationship in uniaxial compression tests of 
improved ground for Cases-2 and -3. 

 
Table . Material properties of improved ground. 

 Case-2 

(Low strength) 

Case-3 

(High strength) 

Unconfined compression 

strength qu [kN/m2] 
1100 9030 

Young's modulus 8.82 × 103 7.53 × 103 

Poisson's ratio 0.20 0.21 

Density  [g/cm3] 1.57 1.90 

 
ground in Case-3 was more than 10 times that of Case-2, namely, 
qu = 9030 kN/m2. Figure 3 and Table 3 show the stress-strain 
relationship in the uniaxial compression tests and the material 
properties of the improved ground, respectively, for Cases-2 and 
-3. 

The size of the improved ground was 70 × 70 mm in model 
scale, which was larger than the footing (60 × 60 mm), with 
reference to the real example (Shinohara et al., 2015). The depth 
of the improved ground was set to 60 mm, which is the same as 
the thickness of the liquefiable layer. 

In an actual construction, the pile foundation is constructed 
after the ground has been improved. However, in the present 
experiment, the improved ground was cast around the pile heads 
in advance because of the difficulty of reproducing the actual 
construction process. The improved ground was cured by sealing 
for 24 hours and then cured in water for 7 days. In preparing the 
experimental models, the pile foundation with the improved 
ground was firstly installed in the soil container, and then the 
ground was prepared to achieve the specified density (Figure 4). 

2.5  Input wave 

The input wave was that of a Level 1 earthquake (Japan Road 
Association, 2012), which is used for the design of road bridges 
in Japan. Since the shaking table is operated by a displacement 
control system, the target acceleration was integrated twice and 
the baseline-corrected displacement was input into the shaking 
table. Figure 5 shows the time history of the acceleration and the 
Fourier spectrums observed on the shaking table in the 
experiment. 

3  EXPERIMENTAL RESULTS 

3.1  Excess pore water pressure ratio and response 
acceleration of ground 

The time histories of the excess pore water pressure ratios 
(EPWPRs) during shaking are depicted in Figure 6. At GL -1.5 
m, which is at the center of the liquefiable layer, the EPWPRs in 
all three cases were 1.0 or close to 1.0 at around 5 seconds, which  

 
Figure 4. Preparation of model ground after installation of pile foundation 
with ground improvement. 

 

 
Figure 5. Input wave: (a) Time history of acceleration measured at 
shaking table in Case-1 and (b) Acceleration spectrums of measured 
wave and Level 1 earthquake. 

 
means that the ground was liquefied. Even at the lower end of the 
liquefiable layer (GL -2.75 m), the EPWPRs were about 0.8, 
indicating that the strength of the ground decreased with the 
decrease in effective stress. Tamura et al. (2000) reported that the 
stiffness of the ground during liquefaction decreases sharply 
when the EPWPR rises to 0.4 or more. 

On the other hand, in the non-liquefiable layer, even though 
large EPWPRs of about 0.8 were measured near the boundary 
with the liquefiable layer (GL-3.25 m), they were about 0.3 at the 
center of the non-liquefiable layer (GL -7.5 m). Therefore, it is 
thought that the non-liquefiable layer had a certain degree of 
strength during the excitation. 

Figure 7 shows the time histories of the response acceleration 
in the ground. Due to a measurement defect, Case-1 with GL – 
5.25 m is not shown. At GL – 1.5 m, the response acceleration in 
Case-1 is smaller than that in Cases-2 and -3, and the baseline of 
the waveform shifted from zero. It is thought that the 
measurement direction of the accelerometer might have changed 
during shaking because of the liquefaction of the ground. On the 
other hand, no significant difference was confirmed between 
Case-2 and Case-3. Although it cannot be stated clearly from the 
results of this study alone, it is considered that the liquefaction of 
the surrounding ground may be reduced by improving the ground 
around the pile heads. 

3.2  Response acceleration and displacement at pile heads 

Figures 8 and 9 show the time histories of the response 
acceleration at the pile heads and the Fourier spectrums, 
respectively. Figure 8 shows the entire excitation range and an 
enlarged view of 5 to 15 seconds. As large response acceleration  
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Figure 6. Time histories of excess pore water pressure ratios: (a) GL -1.5 
m, (b) GL -2.75 m, (c) GL -3.25 m, (d) GL -5.25 m, and (e) GL -7.5 m. 

 

 
Figure 7. Time histories of response acceleration of ground: (a) GL -1.5 
m, (b) GL -5.25 m, and (c) GL -7.5 m. 

 
and response displacement of the pile heads occurred in the 
period of 5 to 15 seconds, which caused large bending moments 
of the piles, special attention will be paid to the results in this 
period in subsequent data analyses. Regarding the presence or 
absence of the improved ground, the amplitudes of the response 
acceleration in Cases-2 and -3 with ground improvement are 
slightly suppressed compared to that in Case-1 without 
improvement. On the other hand, regarding the strength of the 
ground improvement, there was no clear difference between 
Cases-2 and -3. 

From Figure 9, it can be seen that the response spectrums near 
0.6 Hz in Cases-2 and -3 are smaller than that in Case-1. 
However,  

 
Figure 8. Time histories of response acceleration at pile heads: (a) Whole 
time and (b) 5 to 15 seconds. 

 

 
Figure 9. Fourier spectrums of response acceleration at pile heads. 

 

 
Figure 10. Time histories of horizontal displacement of pile heads: (a) 
Whole time and (b) 5 to 15 seconds. 

 
there was almost no difference in terms of the presence or 
absence of the ground improvement at other frequencies, and the 
response of the pile did not increase due to the ground 
improvement. In addition, no changes were observed in the 
response characteristics in the frequency domain due to the 
ground improvement. 

Figure 10 shows the time histories of the horizontal 
displacement of the pile heads. Similar to Figure 8, Figure 10 
shows the entire excitation range and an enlarged view of 5 to 15 
seconds. The amplitudes of the displacement in Cases-2 and -3 
are seen to have significantly decreased. Under the experimental 
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conditions, the decreasing effect brought about by the ground 
improvement was particularly remarkable at 6 to 14 seconds and 
then after 25 seconds. In other words, it can be said that even  

 

 
Figure 11. Time histories of bending moments of piles: (a) GL -0.25 m, 
(b) GL -1.5 m, (c) GL -2.75, (d) GL -3.25 m, (e) GL -4.25, (f) GL -5.25 
m and (g) GL -7.5. 

 
after the ground has completely liquefied, the displacement of the 
pile heads can be reduced by restraining the pile heads by the 
improved ground. Focusing on the maximum displacement, it 
was 0.0574 m (11.475 s) in Case-1, 0.0380 m (11.395 s) in Case-
2, and 0.0353 m (11.410 s) in Case-3. The maximum 
displacements of the pile heads for Cases-2 and -3 were 34% and 
39% lower, respectively, than that for Case-1. By increasing the 
stiffness of the improved ground, the maximum displacement of 
the pile heads was strongly suppressed, which was qualitatively 
consistent with the results of previous studies on soft grounds 
through static tests (Rollins et al., 2010). 

From the above, it is seen that the response of the pile heads 
is reduced by improving the ground under the footing; and thus, 
the liquefaction of the ground may also be reduced, as described 
in the discussion on the response acceleration of the ground 
(Figure 8). 

3.3  Bending moment of piles 

Figure 11 shows the time histories of the bending moments of the 
piles. In this paper, the increment in bending moment from the 
time the centrifugal acceleration reaches 50 g is used. Because 
the bending moments of the piles below GL-8.75 are small, the 
bending moments above GL-7.5 are shown in the figure. Due to 
a measurement defect in the strain gauge, the bending moments 

at GL -0.25 m in Case-2 could not be calculated. From the figure, 
it is confirmed that, in the case with the ground improvement, 
almost no bending moments are generated inside  
 

 
Figure 12. Bending moment distributions of piles when displacement at 
pile heads becomes local maximum or minimum value: (a) Around 6 
seconds and (b) Around 11 seconds. 

 
the improved ground because the deformation of the piles is 
strongly restrained by the improved ground. Furthermore, the 
tendency is more remarkable when the improvement strength is 
high. On the other hand, at GL-3.25 m, the bending moments 
tend to be larger in the case with the higher-strength ground 
improvement. 

Figure 12 shows the distribution of bending moments for the 
piles when the horizontal displacement of the pile heads reaches 
the local maximum or minimum. The bending moments at GL -
8.75 m in Case-1 and at GL -0.25 m in Case-2 are missing. As 
shown in Figure 6, even in the non-liquefied layer, the stiffness 
of the ground decreased due to the increase in the EPWPRs from 
6 seconds to 15 seconds. In all cases, the bending moment 
distributions around 11 seconds have an inflection point near GL 
-4.25 to -5.25 m which is lower than that around 6 seconds. This 
is because the EPWPRs above this point were larger than 0.4, 
and the stiffness of the ground significantly decreased. From 
Figure 12, it can be seen that, in the cases with ground 
improvement, the bending moments reach the local maximum at 
the boundary between the improved ground and the natural 
ground, and that the maximum bending moments in the cases 
with higher stiffness of the improved ground are larger. In this 
experiment, the distribution of bending moments in cases with 
ground improvement was shown such that the lower part of the 
improved ground would perform as pile heads, namely, as if the 
footing had been extended by the ground improvement.  

This tendency is similar to that when the coupling conditions 
of the pile heads are changed (Figure 13). By making the pile 
heads flexible or with a semi-fixed connection, it is possible to 
allow the pile heads to rotate and distribute the bending moments 
generated at the pile heads and at the inflection point in the 
ground in a well-balanced manner. As shown in Figure 13, the 
bending moment distribution of the pile with ground 
improvement is the same as when the foundation is extended to 
the lower end of the improved ground. This means that if the 
lower end of the improved ground is regarded as a new pile head, 
increasing the stiffness of the improved ground will bring about 
the same results as increasing the degree of fixation of the pile 
heads. In other words, it can be said that the structure is such that 
the footing is extended downward due to the ground 
improvement, and the behavior is like that of a combination of a 
caisson and piles. 
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4  CONCLUSIONS 

In this study, dynamic centrifuge model tests under a 
gravitational acceleration of 50 g were conducted for the purpose 
of understanding the behavior of 2 × 2 group piles with ground 
improvement passing through a liquefiable layer. The following 
conclusions have been obtained: 
1) By improving the ground under the footing, the horizontal 

displacement of the pile heads can be reduced even in a 
liquefiable ground, and the effect of the reduction is more 
remarkable with high stiffness of the ground improvement. 
In addition, even after the ground is completely liquefied, 
the displacement can be decreased by restraining the pile 
heads with the improved ground. 

2) It is possible to reduce the bending moments of piles by 
improving the ground around the pile heads. Furthermore, 
when the ground is improved, the bending moments reach 
the local maximum at the boundary between the improved 
ground and the natural ground, and the maximum values 
tend to increase especially with high stiffness of the ground 
improvement. This is because improving the ground 
around the pile heads has the same effect as extending the 
footing; and thus, the behavior of the pile foundation is 
similar to that of a composite foundation comprised of a 
caisson and group piles. 
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Figure 13. Similarity of bending moment distribution of pile foundation under different coupling conditions of pile heads and different levels of 
stiffness of ground improvement around pile heads: (a) Coupling condition of pile heads and (b) Pile foundation with ground improvement. 

 

Improved ground

Mb: Decrease

Coupling condition of pile head

Hinge

Quasi-rigid connection

Rigid connection

Ma: Increase

Mb: Decrease

Stiffness of improved ground

Without improvement

Low stiffness

High stiffness

a b

1204


