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ABSTRACT: It is considered that a reinforcing construction method using additional piles,
which is one of the reinforcement methods of a foundation, is effective to improve running
safety of the train on a viaduct built on soft ground. However, increased response acceleration
due to greater stiffness caused by the foundation reinforcement can be detrimental to the run-
ning safety of a train. Therefore, a method of adjoining the piles to the footings with frictional
force was investigated in this study. A series of shaking table tests was performed in 1G field
with a 1/20 scale model to examine effect of the reinforcement method with additional fric-
tion-adjoined piles. As a result, response acceleration at top of the viaduct was restrained by
attenuation brought by frictional loss on the adjoining surface by the additional friction-
adjoined piles reinforcement method.

1 INTRODUCTION

Derailment of a high-speed train occurred during the Mid-Niigata Prefecture Earthquake in
2004 and the 2011 Off the Pacific Coast of Tohoku Earthquake. Derailment should be pre-
vented in consideration of importance of the high speed trains in society.
Matsumoto (2010) pointed out that increase of natural frequency by increasing the stiffness

of a viaduct column in a direction perpendicular to the bridge axis and reduction of inertia
force caused by earthquake by adding attenuation to the viaduct were considered effective as
a countermeasure method regarding running safety improvement of the train during large
earthquake. On the other hand, as a countermeasure for a viaduct built on soft ground,
reinforcement of a foundation is considered more effective than the reinforcement of a super-
structure because influence of ground displacement on deformation performance of the via-
duct becomes high. However, an amplified acceleration at top of the viaduct (i.e., acceleration
acting on a high-speed train in operation on the viaduct) can be detrimental to the safety of a
train in operation due to increased stiffness caused by conventional foundation reinforcement
using additional piles, as in Murono et al. (2010)’s demonstration that maximum response
acceleration at top of a viaduct is related to derailment risk.
Therefore, a method of adjoining the additional piles to existing footings with frictional

force as shown in Figure 1 was investigated in this study in order to reduce the amplitude of
the maximum acceleration that can be increased by the foundation reinforcement. The footing
of an existing structure is adjoined with an additional pile by frictional force at both sides of
the existing structure footing. Slippage on the frictional adjoining surface will occur when
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difference between inertia force acting on the footing of the existing structure and that
the additional pile exceeds the frictional force on the adjoining surface, that dissipates
energy via friction, leading to an attenuation of the maximum acceleration transferred to
the deck.
In this study, a series of shaking table tests was performed in 1G field with a 1/20 scale

model to examine reinforcement effect of the reinforcing construction method using add-
itional piles adjoined by friction. This paper presents outline and results of the shaking table
test and discusses effectiveness of the additional friction-adjoined piles reinforcement.

Figure 2. Mechanism of attenuation generation on friction-adjoined surface

2 OUTLINE OF SHAKING TABLE TEST

2.1 Model similitude and test cases

The target of the model experiment is a 12.0 m high and 9.0 m wide railway viaduct with pile
length of 24.0 m and pile diameter of 1.20 m (yield seismic lateral coefficient khy = 0.35 and
equivalent natural period Tg = 0.89 s) built on soft ground which is classified as G4 ground
(normal to soft ground with natural period = 0.5 - 0.75 s) by railway design code for seismic
design in Japan edited by Railway Technical Research Institute (RTRI, 2012). A schematic
figure of the experimental model is shown in Figure. 3. The shaking table test was carried out
using a horizontal shear box shaking table machine with width of 2.0 m, height of 1.25 m, and
length of 1.0 m in interior dimensions. A reduced scale of the model was set to 1/20 so that
model scale of piles with length of 24.0 m in real scale became that of 1.25 m. Model dimen-
sions were set as Table 1 following similitude shown in Iai (1989). Model piles were made by
square shape aluminum pipes with cross section of 50 mm×50 mm and wall thickness of
2.0 mm so as to satisfy the similitude of flexural rigidity EI of the piles. The distance between
the pile models and the side boundaries of the shear box of 340 mm was larger than lateral
distance of passive failure zone due to lateral pile body deformation of 330 mm, which was
obtained by multiplying pile characteristics value of 143 mm by tan(45°+φ/2). Therefore, the

Figure 1. Outline of reinforcement method with friction-adjoined piles
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boundary effects of the shear bow was negligible. Tips of the piles were adjoined with base of
the shear box using an adjoining pin considering that resistance of a ground spring in rota-
tional direction at the tips of piles is negligible. The target of the pile models was the tip-fixed
piles of a railway viaduct built on soft ground. Therefore, the supporting condition of the pile
tip was set to the hinge type. Model ground was made by a dry No.6 Tohoku silica sand
(standard of Japanese Geotechnical Society(JGS), 2015) with relative density Dr of 80 %, i.e.,
internal frigtional angle ϕ = 44.4 (degrees), cohesion c=0kPa, and defomation modules
E50=13.2 (MPa).

List of test cases is shown in Table 2. The test consists of a case using a viaduct model before
reinforcement (case 1), that using a viaduct model reinforced by additional vertical piles (case
2), and that using a viaduct model reinforced by additional 5.0 degrees inclined piles (case 3).
Natural frequencies of the models were 9.4 Hz at top of the viaduct model and 16.5 Hz at

ground surface, which were 1.0 s at top at the viaduct and 0.57 s at ground surface as the natural
period in real scale. These natural frequencies were evaluated by the percussion test shown in
Shinoda et al (2008). The sub-model of the viaduct was modeled by matching the natural fre-
quencies between the experimental model and existing structure, which were measured by the
percussion test and micro tremor measurement through the similitude so as to represent
responses characteristics of the targeted viaduct. Consequently, the natural period at ground
surface was close to that of G4 ground (0.50 – 0.75 s) on which the targeted viaduct has been
built. The effect of the additional piles on the vibration will be explained in chapter 3.4.

Figure 3. Schematic figure of test models

Table 1. Model similarity law
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2.2 Experimental model

A schematic figure of an experimental model of a viaduct reinforced by additional piles
adjoined by friction used in case 2 and 3 is shown in Figure 3. Dimensions, number of add-
itional piles (4 piles), and the tip adjoining manner were the same as those of the existing via-
duct piles. The additional piles and footings were installed at both sides of the existing viaduct
footing in the bridge axis direction considering that we could have hardly obtained an
adequate construction site area for the reinforcement beside an actual railway track. The add-
itional piles consisted of vertical piles, which were the same as the existing viaduct piles, and
inclined piles with inclination angle of 5.0 degrees considering that it is known by Kiyota et al.
(2010) that the inclined piles can suppress the horizontal displacement of the top of the viaduct
during an earthquake.
The joints between the existing viaduct footing and the additional piles footing consisted

of free, frictional, and fixed joints. Schematic figure of the adjoined part in the frictional
joints case which simulated the additional piles adjoined by friction is shown in Figure 4.
The footing of the existing viaduct model touched that of additional piles at the adjoining
surface which consisted of a frictional plate and stainless plate by fastening springs posi-
tioned on rods connecting the additional footings with a nut. Fastening force of the add-
itional footings was controlled by measuring the fastening force with a load cell installed in
the rods
The conventional reinforcement method using additional piles was simulated in the fixed

joints case in which the footings of the existing viaduct and additional piles were fixed by a
bolt. In the free joints case which simulated conditions before reinforcement, a 50.0 mm gap
was left between the footings to minimize influence of the additional piles on the behavior of
the existing viaduct model.
A material used in a disc brake for a train vehicle was utilized as the frictional mater-

ial at the adjoining surface to obtain stable frictional force during shaking. Characteristics
of this material show no difference in static and dynamic frictional coefficients which
are 0.4.

Figure 4. Details of friction-adjoined surface

Table 2. Configurations in the shaking table test
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2.3 Input wave

One input wave is shown in Figure 5. The L1 seismic wave requirement for design of railway
structures in Japan (RTRI, 2012a) on bearing layer with maximum acceleration of 137 gal,
300 gal, and peak Frequency of 2.0Hz compressed in the direction of the time axis following
the law of similitude, were used considering that L1 waves have been utilized in verification of
train running safety in the Japanese railway design code (RTRI, 2006). The input waves were
applied by shaking the shaking table on which the shear box was installed.

3 EXPERIMENTAL RESULT

3.1 Horizontal displacement-response acceleration relation at top of the viaduct model

Figure 6 shows relationship between horizontal displacement and horizontal response acceler-
ation at top of the viaduct model during shaking with the L1 seismic wave with maximum
acceleration of 137 gal and 300 gl obtained from 0.40 kN mobilized frictional force case as
representative result. Overall, rigidity, which was magnitude of gradient of hysteresis loop,
increased in the order of fixed, frictional, and free joint cases. This means that the rigidity of
the viaduct can be increased by the additional friction-adjoined piles reinforcement.
Relationship between the maximum response acceleration and peak frequency derived from

response acceleration spectrum at top of the viaduct model is shown in Figure 7. The

Figure 6. Relationship between horizontal displacement and response acceleration at top of viaduct

Figure 5. Input wave (L1 seismic wave requirement for design of railway structures in Japan)
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maximum response acceleration in the frictional joint case became smaller than that of the
fixed joint case. This indicates that the response acceleration at top of the viaduct can be
reduced by the attenuation effect brought by the additional friction-adjoined piles reinforce-
ment. Additionally, the maximum response acceleration at shaking with 300 gal L1 seismic
wave was reduced in the frictional joint case, which means that the response acceleration at
top of the viaduct can also be restrained by the additional friction-adjoined piles reinforce-
ment method at shaking with a larger wave than the L1 seismic wave.
Case2-3 (Frc 0.4kN) Case2-5 (Fix)
Case3-3 (Frc 0.4kN) Case3-5 (Fix)

3.2 Energy absorption of the viaduct model

Input seismic energy can be absorbed by piles periphery ground deformation energy, viaduct
and piles deformation energy, viaduct kinetic energy, as well as frictional energy loss on the
frictional adjoining surface. In accord with this, we investigated change in the viaduct deform-
ation energy and energy loss on the frictional adjoining surface during shaking with the 137
gal L1 seismic wave assuming that the piles and ground deformation energy could be con-
sidered negligible because the input acceleration magnitude was small.
Figure 8 shows that accumulated viaduct deformation energy absorption during shaking

with the 137 gal L1 seismic wave which was calculated as loop area of inertia force introduced
by multiplying the response acceleration measured by accelerometers installed on top and
bottom of the viaduct model by corresponded masses and the horizontal response displace-
ment relationship. The accumulated energy absorption in 8.0 s after the shaking subsided

Figure 7. Relationship between maximum response acceleration and natural frequency

Figure 8. Time history of viaduct deformation energy absorption
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decreased corresponding to magnitude of the frictional force, which was caused by the viaduct
rigidity increase due to the frictional force increase.

3.3 Acting force and slippage on the frictional adjoining surface

Acting frictional forces in tangential direction on the frictional adjoining surface were intro-
duced by multiplying the fastening force with the rods by the dynamic frictional coefficient, as
shown in Figure 9. Figure 10 shows relationship between slippage displacement and the fric-
tional force on the adjoining surface obtained from the additional friction-adjoined vertical
pile case (case2), and inclined pile case (case3). The maximum slippage displacement on the
adjoining surface in case 3 was larger than that in case2, which resulted with larger hysteresis
loop of the frictional force and slippage displacement relation in the case3 comparing with
that in the case 2.

3.4 Frictional energy loss on the frictional adjoining surface

The frictional energy loss on the frictional adjoining surface was calculated by multiplying
slippage displacement on the surface by acting frictional force in tangential direction on the
adjoining surface. Figure 11 shows time history of the frictional energy loss calculated from
Figure 10. The frictional energy loss increased corresponding to the frictional force. Addition-
ally, magnitude of the frictional energy loss in the additional inclined piles case was higher
than that in the additional vertical piles case. The reason this occurred is that the energy loss
on the surface was effectively produced by the slippage on the adjoining surface. This was
caused by horizontal additional inclined piles movement opposite to direction of horizontal

Figure 9. Equilibrium of forces acting on friction-adjoined surface

Figure 10. Relationship between displacement and inertia force on friction-adjoined surface
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component of the inertia force acting on the existing viaduct model because direction of hori-
zontal component of an axial force acting on the inclined pile was opposite to that of the iner-
tia force acting on the viaduct.
Figure 12 shows relationship slippage displacement between the additional and existing

footings and the axial forces of the additional piles in Case 2-3 and 3-3. The axial forces were
introduced from measurement values obtained by strain gauges installed on the pile model
surface. The axial forces in the inclined pile body when the slippage displacement occurred
were smaller than that in the vertical pile body. This means that the slippage displacement on
the frictional adjoining surface was easily produced in the additional inclined piles case due to
the opposite movement of the piles as mentioned above.

Figure 12. Relationship displacement between the additional footings and existing footings and the

axial forces of the additional piles in Case 2-3 and 3-3

3.5 Sum of energy absorption and frictional energy loss

Figure 13 shows relationship between the frictional forces and sum of the viaduct deformation
energy absorption and the frictional energy loss. Results from the fixed jointed case, in which the
frictional force was an extreme value, were shown outside the frictional force axis in Figure 13 as
reference. The sum of viaduct deformation energy absorption and frictional energy loss increased
corresponding to the magnitude of the frictional force. Additionally, the sum of viaduct deform-
ation energy absorption and frictional energy loss in the additional inclined pile case was larger

Figure 11. Time history of frictional energy loss
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than that in the additional vertical pile case. This means that the frictional energy consumption
can be effectively obtained by using the inclined piles as the additional piles.

4 CONCLUSION

A series of shaking table tests in 1 G field with a 1/20 scale model was performed in order to
investigate into effectiveness of reinforcement method using additional friction-adjoined piles,
in which the existing viaduct footing was adjoined to the additional pile footing with frictional
force. As a result, the following findings were obtained:

– The rigidity of the viaduct can be increased by using the additional friction-adjoined piles.
– The maximum response acceleration at top of the viaduct can be reduced by the attenu-

ation effect brought by the additional friction-adjoined piles.
– Viaduct deformation energy absorption can be reduced by using the additional friction-

adjoined piles.
– Frictional energy consumption can be increased by using additional friction-adjoined piles.
– Sum of the frictional energy consumption and viaduct deformation energy can be effect-

ively increased by using the additional inclined friction-adjoined piles comparing with that
additional vertical friction-adjoined piles.
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