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ABSTRACT: Instead of the seismic reinforcement technologies that structurally enhance
the strength or stiffness of a pile foundation, this study focused on a method to enclose the
periphery of a pile foundation with a ground improvement wall detached from existing structures and, thereby, restrict the liquefaction of volcanic ash ground surrounding the pile foundation. The effect of this seismic reinforcement method was examined in centrifuge model
tests. In these tests, the distance between the outermost pile and the ground improvement wall
was set at twice or four times the diameter of the pile. The results showed that the effect of
restricting the shear deformation and liquefaction of the ground surrounding the pile was the
most significant in the case where the area enclosed by the soil improvement wall was smaller.

1 INTRODUCTION
Seismic retrofitting of the aboveground parts of existing road bridges has been promoted in
Japan. However, earthquake safety has not been improved in the pile foundations of road
bridges.
As Japan is located along a volcanic belt, different kinds of volcanic ejecta are present
widely across the nation. Among them, coarse-grained volcanic ash soil has peculiar mechanical characteristics, such as particle breakage (Miura et al. 2003). In Japan, pile foundations in
coarse-grained volcanic ash ground generally are designed following the same standards as
those in sandy ground. However, past studies showed that volcanic ash ground is different
from sandy ground in terms of the respective piles’ static bearing capacity and the rate of
decrease in the coefficient of horizontal subgrade reaction of piles in the ground being affected
by an earthquake and liquefaction (Egawa et al. 2016).
Therefore, for seismic reinforcement of road bridge pile foundations in volcanic ash
ground, seismic reinforcement technologies need to be developed by taking into account the
mechanical behavior of volcanic ash ground during an earthquake.
Instead of the seismic reinforcement technologies that structurally enhance the strength or
stiffness of the pile foundation, this study focused on a method to enclose the periphery of the
pile foundation with a soil improvement wall which is detached from existing structures and
thereby restrict the liquefaction of volcanic ash ground surrounding the pile foundation. The
effect of this seismic reinforcement method was examined in centrifuge model tests.

2 OUTLINE OF THE CENTRIFUGE MODEL TEST
Figure 1 shows the outline of the experiment model, and Table 1 shows the list of experiment
cases. In this experiment, parameters were set as 1) with and without a countermeasure for the
piles in a liquefiable volcanic ash ground; 2) with and without the countermeasure reaching
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Figure 1.

Outline of the experiment model.

Table 1. Experiment cases.
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the hard bearing layer; and 3) the distance between the countermeasure and the piles. The distances of the ground improvement wall constructed as the countermeasure for the liquefaction
were set so that the wall did not contact the existing structure, and set as 4D (D: pile diameter)
and 2D from the center of the outermost pile. In the currently used designs, the standard distance between the outermost pile and the edge of the footing is specified as 1D from the center
of the outermost pile.
In the centrifuge model test, centrifugal acceleration of 50g was applied on the model at 1/
50 scale as shown in Figure 1, and a dynamic excitation experiment under the experiment conditions shown in Table 1 was done after a static horizontal loading test. This study aims to
obtain the fundamental data, thus the input seismic ground motion applied to the base of the
soil container was a single excitation of 20 sine waves with a frequency and max. acceleration
equivalent to the prototype values of 1.5 Hz and 200 cm/s2, respectively.
For the model piles, steel pipes with the parameters shown in Table 2 were used. The flexural rigidity EI of the model pile was determined in a bending test conducted immediately
after creating the model piles. As shown in Figure 1, the piles were installed in a group of 2
piles × 2 rows (center-to-center distance was 30 mm = 3D). The ends of piles were fixed on the
base of the soil container and the tops were connected by using a plate-shaped weight. Strain
gauges were attached to one of the four piles at 11 depths (2 for each depth).
For the model ground, volcanic ash from the Shikotsu pumice flow deposit Spfl, which is a
characteristic volcanic ash coarse-grained soil, was used. The soil that passed the sieve of a mesh
size of 0.85 mm was used. As the volcanic ash ground in which liquefaction occurs from excitation, a volcanic ash soil layer with relative density of Dr = 85% and liquefaction resistance ratio
of RL20 = 0.242 (DA = 5%) was set. Where, the liquefaction resistance ratio (RL20) is the cyclic
stress amplitude ratio σd/2σ′0 (σd: cyclic deviator stress, σ′0: effective confining pressure) that corresponds to the double amplitude axial strain DA = 5% and the number of cycles Nc = 20 in the
cyclic undrained triaxial test on soils (JGS0541-2009: Japanese Geotechnical Society. 2016). The
physical properties of the model ground material are shown in Table 3. This soil used for the
model ground is classified in the sandy soil layer (FC ≦ 35%, D50 ≦ 10 mm and D10 ≦ 1 mm)
which requires determination for liquefaction in Japan (Japan Road Association. 2016).
The aim of this study is to control the shear deformation of ground around the piles by
using a surrounding ground improvement wall. Considering the possible construction, the
target strength of the stabilized body was set as the unconfined compressive strength of qu =
1,000 kN/m2, which was considered the same as the soft rock strength. A cement base solidification material was selected for the ground improvement material. High-early-strength Portland cement, which provides the target strength on the 11th day of curing, was used. The ratio
of the added ground improvement material was 19.4% (227 kg/m3) in the dry weight ratio,

Table 2. Parameters of the model pile.

Table 3. Physical properties of the model ground
material.
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which was determined from the result of a mix proportion test using the model ground material conducted before this experiment. The model ground material and the ground improvement material in the form of slurry with a water cement ratio of W/C = 1.0 were mixed in a
vacuum mixer under negative pressure. After mixing, the mixed materials were placed in a
form created based on the specified dimensions, and were atmospheric cured. At the time of
placing the mixed materials in the form, test pieces for verification of strength were also created. An unconfined compression test on the test piece for each case was done on the same
day as that of the experiment. The unconfined compressive strength of the ground improvement wall of each case is shown in Table 1. The curing periods differed among the test pieces
because of the experiment procedures. The strength of the test pieces were above the target
value. In the observation after the experiment, damage including deformation was not found
in the ground improvement wall in each case.
For the pore fluid for each experiment model, silicone oil with a kinetic viscosity 50 times
that of water was used after deaeration. The pore fluid was slowly saturated into the material
under negative pressure in the deaeration tank.
The centrifuge (Kuji et al. 2016) used in this study was a balanced beam type apparatus
with 2.5 m of effective radius which belongs to the Civil Engineering Research Institute for
Cold Region, Japan.

3 RESULTS AND DISCUSSION
In the following, the response behavior of the ground and the pile at the excitation, and
the decreasing tendency in the coefficient of horizontal subgrade reaction after the excitation will be discussed. The results of centrifuge model tests shown below are converted
to prototype scale.

Figure 2. Time history of the response acceleration of the ground measured at G.L.-1.0m, G.L.-4.0m,
G.L.-6.0m, and G.L.-10.0m, and that of the input acceleration.
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3.1 Response behavior of ground in the dynamic excitation experiment
Figure 2 shows the time history of the response acceleration of the ground measured at excitation at the depths of G.L.-1.0m, G.L.-4.0m, G.L.-6.0m, and G.L.-10.0m, where the piezometers were installed in all the cases, and the time history of the input acceleration at the base
of soil container. For the cases with the countermeasure, the response accelerations measured
at the outside and inside of the ground improvement wall are also shown. From Figure 2, it is
understood that the response accelerations measured at the outside of the ground improvement wall in the cases with the countermeasure tended to be lower than that of the case without the countermeasure, probably because the input acceleration in the cases with the
countermeasure was slightly lower than that for the case without the countermeasure. However, it is understood that the response acceleration was controlled inside of the ground
improvement wall at the depths of G.L.-4.0m and G.L.-6.0m. The degree of control was particularly greater in Countermeasure 3, at G.L. -10.0m, in which the ground improvement wall
was installed with a small distance from the piles. The response acceleration at G.L.-1.0m
showed a tendency not to change greatly between the inside and outside of the ground
improvement wall and the case without the countermeasure.
In Figure 3, the time history of shear strain of the ground generated by excitation in the
section between the measurement locations in Figure 2 are shown. The shear strain of the
ground was determined by obtaining the relative displacement of the target section from the
time history of displacement, which was obtained by performing the second order integration
on the time history of the acceleration for each measurement depth shown in Figure 2, and
dividing the relative displacement by the section length.
From Figure 3, it is understood that in the cases with the countermeasure, the shear strain at
the outside of the ground improvement wall tended to be smaller than that in the cases without
the countermeasure. This tendency is similar to that for the response acceleration in the ground.
It is understood that the shear strain of the ground generated by excitation in all the cases with
the countermeasure, excluding the section from G.L.-10.0m to the base, was controlled better at
the inside of the ground improvement wall than at the outside. The effectiveness (i.e., the degree
of controlling the shear strain) seems to be particularly good in Countermeasure 3.
Figure 4 shows the time history of the excess pore water pressure, which was measured at
G.L.-1.0m, G.L.-4.0m, G.L.-6.0m, and G.L.-10.0m, and the time history of the excess pore
pressure ratio (Δu/σv‘) divided by the initial effective overburden pressure at each depth. From

Figure 3. The time history of shear strain of the ground generated by excitation in the section between
the measurement locations in Figure 2.
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Figure 4. Time history of the excess pore water pressure ratio (Δu/σv‘) measured at G.L.-1.0m, G.L.4.0m, G.L.-6.0m, and G.L.-10.0m.

Figure 4, it is understood that, similar to the case without the countermeasure, the Δu/σv′
roughly reached 1.0 at the outside of the ground improvement wall in the cases with the countermeasure, and that the ground was liquefied. At the inside of the ground improvement wall,
Δu/σv′ did not reach 1.0, which indicates that the increase in the excess pore water pressure
generated from the excitation was controlled.
In Countermeasure 1, the excess pore water pressure continued to gradually increase after the
end of excitation at G.L.-1.0m inside the ground improvement wall, and a generation of relatively high excess pore water pressure was found at the last stage of excitation. Because of this
behavior found in the excess pore water pressure, it is understood that the excess pore water
pressure, which increased greatly at G.L.-4.0m and G.L.-6.0m inside the ground improvement
wall, did not dissipate into the surrounding ground outside the wall but propagated upward.
In Countermeasure 2, the excess pore water pressure increased greater at G.L.-10.0m,
where the ground improvement wall did not exist, than that in Countermeasure 1; however,
the excess pore water pressure was controlled better at the other depths inside the wall than in
Countermeasure 1. If it is interpreted that the behavior of shear strain of the ground between
G.L.-1.0m and G.L.-6.0m did not differ between Countermeasures 1 and 2, the difference in
the excess pore water pressure of these two cases is thought to be attributable to the difference
in the drainage distances of these two cases. In Countermeasure 2, the excess pore water pressure generated at G.L.-7.5m and shallower inside the ground improvement wall dissipated
upward and also downward toward the section without the wall.
In Countermeasure 3, the increase in the excess pore water pressure was controlled better at
all the depths inside the wall than in Countermeasure 1. If it is interpreted that the drainage
distance for dissipation of excess pore water pressure did not differ in Countermeasure 3 from
that in Countermeasure 1, the effectiveness in controlling the shear deformation by the
ground improvement wall was marked in Countermeasure 3, because the shear strain of the
ground at each depth was controlled relatively better than those in Countermeasure 1.
3.2 Response behavior of piles in the dynamic excitation experiment
Figure 5 shows the horizontal displacement of the pile top with the weight measured at each
excitation by using a laser displacement meter. It was found that about the same degree of
effectiveness in controlling displacement of the pile top was achieved in all the cases with the
countermeasure.
Figure 6 shows the depth distribution of the maximum bending moment of the pile at each
depth, which was obtained by using the time history of the bending moment of the pile. The time
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Figure 6. Depth distribution of the maximum
bending moment of the pile.

Figure 5. Time history of the horizontal displacement of the pile top.

history of the bending moment of the pile was determined by using the bending strain measured
by strain gauges P1 to P11. The maximum bending moment of the pile at each depth was evaluated as the average of the positive and negative absolute values of one wave that had the maximum amplitude in the time history of the wave profile. From Figure 6, it is understood that the
greatest bending moment was generated at G.L.-6.0m in the case without the countermeasure,
and that the value gradually decreased in the section between G.L.-6.0m and the ground surface.
The greatest bending moment at G.L.-6.0m and gradual decrease toward the ground surface are
thought to be because the subgrade reaction in the ground at G.L.-6.0m and shallower decreased
from liquefaction of the ground at excitation, and the pile top swayed greatly with the point near
G.L.-6.0m as its supporting point. On the contrary, in the cases with the countermeasure, the
generation of bending moment inside the ground improvement wall was controlled better than
the case without the countermeasure, and the greatest bending moment was generated at the
ground surface. The generation of liquefaction of the ground was controlled inside the ground
improvement wall, and the ground maintained the function as the reaction body for the piles. In
Countermeasure 2, a great bending moment about the same degree as that in the case without
the countermeasure was generated near G.L.-7.5m, which is at the boundary between the lower
end of the ground improvement wall and the natural ground.
3.3 Tendency in the decrease of the coefficient of horizontal subgrade reaction of the piles
Based on examination on the results of the dynamic excitation experiment, it appears that the
generation of liquefaction of the ground was controlled inside the ground improvement wall, and
that the ground maintained the function as the reaction body for the piles. Here, the coefficient of
the static horizontal subgrade reaction of the pile (kh0) obtained in the static horizontal load test
conducted before the excitation and the coefficient of dynamic horizontal reaction of the pile
obtained in the dynamic excitation experiment (khL) will be compared and the tendency of
decrease from excitation in the coefficient of horizontal subgrade reaction of the pile will be discussed. The calculation procedure for obtaining the coefficient of horizontal subgrade reaction of
the pile by using the values measured in various experiments are detailed in Egawa et al. (2018).
Figure 7 shows kh0 and khL at G.L.-1.0m, G.L.-4.0m, and G.L.-6.0m, where the piezometer
was installed in all cases and the coefficient of static subgrade reaction was able to be measured in each case. The figure also shows the decrease in the coefficient of horizontal subgrade
reaction of the pile khL/kh0, which was caused by the excitation and obtained by using the
measured kh0 and khL. In determining khL/kh0, kh0 was the value corresponding to the horizontal displacement of the pile y0 (see Note under the figure) at the time when the displacement of
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Figure 7. Coefﬁcient of static subgrade reaction (kh0) and coefﬁcient of dynamic subgrade reaction
(khL) and decrease in the coefﬁcient of horizontal subgrade reaction (khL/kh0) of the pile at excitation.

the pile at the ground surface was 1% (0.5 cm) of the pile diameter at each of these depths,
and khL was the value corresponding to the relative displacement of the pile and the ground
yR at each depth and at all 20 waves during the excitation.
In Figure 7, kh0 before excitation at G.L.-1.0m and G.L.-4.0m for Countermeasures 1 and 2
did not greatly differ from those in the case without the countermeasure. It is also understood
from Figure 7 that khL for Countermeasures 1 and 2 at G.L.-1.0m and G.L.-4.0m increased
more than those for the case without the countermeasure when yR started to exceed 0.2 cm.
For Countermeasure 1 and 2 at G.L.-1.0m and G.L.-4.0m, the values of khL/kh0 showed that
the decrease in kh0 in these cases was smaller than that for the case without the countermeasure. For Countermeasure 1 and 2 at G.L.-6.0m, khL/kh0 showed approximately the same
values as that for the case without the countermeasure; however, this was because kh0 was
overestimated because the y0 for the case without the countermeasure at this depth in the
static horizontal load test before excitation was small. In Countermeasure 3, the increase in
kh0 was greater than those in the other cases, probably because the distance between the piles
and the ground improvement wall was set shorter than those in the other cases. The khL for
Countermeasure 3 during excitation, which was greater than that for the case without the
countermeasure during excitation, decreased to the values of the order about the same as
those for Countermeasures 1 and 2. In Countermeasure 3, khL/kh0 that indicate greater
decrease in kh0 than in the other cases were obtained. In any of the cases with the countermeasure, khL during excitation was greater than that in the case without the countermeasure.
In the cases with the countermeasure, liquefaction inside the ground improvement wall was
controlled, and the ground around the piles seemed to maintain the required stiffness. The
function as the reaction body of the ground for the piles inside the wall was maintained.

4 CONCLUSION
As an aseismic reinforcement technique for the pile foundation constructed in liquefiable volcanic ash ground, an experiment was conducted with a ground improvement wall that enclosed
a pile foundation without contacting it. The effectiveness of this aseismic reinforcement
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technique in controlling shear deformation and liquefaction of the ground inside the wall was
investigated. Shear deformation and excess pore water pressure inside the ground improvement
wall were best controlled in the case that had the smallest area within the wall. The effectiveness
in controlling pile top displacement was found to be nearly equal in the three cases with the
countermeasure. The authors are planning to determine the rational range of installing the
ground improvement wall without impacting the existing structure.
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