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Abstract

Liguefaction-induced lateral spreading causes severe damage to the pile foundation of
structures. Old structures that are not properly designed for liquefaction are more vulnerable
to a strong earthquake. Many old piled abutments require a remedial measure against lateral
spreading. This paper examines the responses of an old piled abutment subjected to
liquefaction-induced lateral spreading and efficacy of the sheet pile reinforcement technique
to mitigate the associated damage through dynamic centrifuge experiments. The experiment
on the old piled abutment reveals that the abutment moves together with the spreading soil
and shows a significant channel-ward movement without pinning effect. The large bending
moments are found to take place around the pile head and the interface of the loose and the
dense layer as expected. The installation of sheet pile in front of the abutment considerably
reduces the channel-ward movement of the abutment thus mitigate the bending moment

demand of the piles.

Keywords

Seismic retrofit; Centrifuge experiment; Piled abutment; Lateral spreading; Liquefaction;
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1. Introduction

The liquefaction-induced lateral spreading can cause great damage to the pile foundations.
Numerous observations of pile failure have been documented in the previous major
earthquakes [1][2][3]. The waterfront structures, for example, the bridge foundations resting
on a liquefiable layer, are particularly vulnerable due to the lateral spreading [4][5]. A large
number of bridge foundations are observed to fail or to be severely damaged due to the
liquefaction or the liquefaction-induced lateral spreading of the loose foundation in the past
earthquakes [1][6][7][8][9][10]. Because of the lateral spreading of the liquefied soils, the
waterfront structures go under significant water-ward displacement. The lateral spreading is
highly damaging if the loose sand layer is overlain by a non-liquefiable crust [11][12]. The non-
liquefiable crustal layer can push the structure more since it does not lose its strength due to
the liquefaction of the underlying sand. The bridge abutment, which is the first support of a
river-spanning bridge, carries the load from the superstructure as well as it retains the
approach embankment which is usually non-liquefiable. Thus, the piled abutment is probably
the most crucial structural element of a river crossing bridge that can be severely damaged

due to the lateral spreading of the loose foundation that needs more attention.

Extensive researches have been conducted to observe the response of the pile foundation
subjected to lateral spreading. Large-scale shake table tests are conducted to observe the
response of a pile group in a liquefied soil on the level ground and as well as on the sloping
ground [13][14][15][16]. Wang et al. [17] conducted several shake-table tests to investigate
the scouring effect of the crusts on the seismic behaviour of the pile-supported bridge piers
resting in liquefiable soil. The scouring of the crusts was observed to make the inertial effect

more dominant than the Kinematic effect. Motamed et al. [18] carried out a large scale shake
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table test (E-Defense) to determine the response of the pile group behind a quay wall
subjected to lateral spreading. The pile tips in those experiments described in the above-
mentioned articles were kept either fixed or pinned to the bottom of the container. However,
the actual response of the pile group is neither perfectly fixed nor pinned, which might affect
the response of the pile group. Brandenberg et al. [19] conducted several centrifuge
experiments to study the behaviour of pile foundation in laterally spreading ground to
characterize the soil-pile interaction in the liquefied ground. They conclude that the response

of the pile in the liquefied ground is significantly influenced by its relative stiffness.

Although a large number of research works exist on the response of the pile foundation in the
laterally spreading ground, however, the behaviour of the piled abutment is rarely studied.
The centrifuge model tests and finite element analysis by Takahashi et al. [20][21] are a few
of the limited number of studies. Saha and Takahashi [22] and Saha et al. [23][24] also studied
the behaviour of the piled abutment by the finite element analysis. These studies were
motivated by the fact that the piled abutments designed according to the old Japanese design
guideline for highway bridges[25] are not resilient enough to sustain in a very strong

earthquake as the liquefaction effects are not considered in the design.

The liquefaction-induced damage to the pile foundation can be remediated either by
improving the ground against liquefaction or mitigating the lateral spreading through
reinforcement. The ground improvement techniques to mitigate liquefaction, such as ground
densification, were found effective in the experiments as well as in the previous earthquakes
[26][27][28][29][30][31][32]. However, ground improvement techniques are difficult to
implement for the existing structures. Pamuk et al. [33] implemented a passive site

stabilization technique by using colloidal silica to remediate the piled foundation against
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lateral spreading. Although this passive stabilization technique looks attractive for the existing
structures, the seepage flow might hinder the efficiency of this technique near a water body.
Considering all the limitations to implement the ground improvement techniques, the authors
consider using the sheet pile reinforcement technique to mitigate the lateral spreading of a
loose foundation, thus preventing the failure of the pile foundations. Motamed and Towhata
[34] implemented a sheet pile to improve the performance of a pile group behind the quay
wall subjected to lateral spreading. The fixed end sheet pile was found effective to mitigate
the effect of lateral spreading, for instance, on reduction in the bending moment of the piles
behind the sheet pile. Further study is needed to ensure the efficiency of the sheet pile to
mitigate lateral spreading since it is affected by the softening of the bearing stratum caused

by the generation of excess pore water pressure.

In this study, to examine the efficiency of the sheet pile as a seismic retrofit for an old piled
abutment subjected to liquefaction-induced lateral spreading, four dynamic centrifuge
experiments are carried out. The experiments are conducted under different reinforcement
and structural configurations. One experiment is conducted without any sheet pile
reinforcement to study the seismic response of the old piled abutment subjected to lateral
spreading. Whereas, the bridge abutment is reinforced with sheet pile in the other experiment
to determine the efficiency of the sheet pile as a seismic retrofit. Other two experiments are
conducted without any bridge abutment having the same geometric configurations to
examine the ground movement in the reinforced and unreinforced condition. The results are
compared with the cases with an abutment to investigate the pinning effect of the pile
foundation. Pile pinning effect is the reduction of the lateral spreading caused by the pile
foundation. It should be mentioned that the bridge girder is not modelled in this study and

the strut effect of bridge girder is not considered here for simplicity.
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2. Experimental program

2.1. Test conditions

Four dynamic centrifuge experiments are carried out at 50 g using the Tokyo tech Mark llI
centrifuge facility [35]. The experiments are conducted to study the seismic response of the
old bridge abutment resting in a liquefiable layer and simultaneously investigate the efficacy
of the sheet pile as a seismic retrofit for the piled abutment. The test conditions are
summarised in Table 1. A generalized scaling law [36] is used to model the ground and the
structural elements in these experiments. The generalized scaling law allows using the
combined scaling law of a 1 g shake table experiment and a 50 g centrifuge experiment to
accommodate a large prototype within a limited dimension in the centrifuge. The combined
scaling factor for a 1:2 scaled shake table experiment and 50 g centrifuge experiment is used
here. The scaling factor for different important parameters, for example, length, acceleration,
bending stiffness, etc. are tabulated in Table 2. Two centrifuge experiments (C-5 and C-6)
consist of a piled abutment. The piles of the abutment pass through an 8 m thick loose layer
while the pile tips are embedded 14 m into the dense ground. Whereas, the experimental
cases C-1 and C-3 are conducted without any abutment to investigate the pinning effect of
pile foundation. The experimental results of C-1 and C-3 have been already reported in
another paper [37]. The model ground is reinforced with sheet pile to mitigate lateral
spreading of the loose foundation in C-3 and C-6. The typical model ground consists of an 8 m
thick approach embankment (having a side slope 1:2) of a river spanning bridge resting on a
layered foundation. The top 8 m of the foundation ground is made of loose liquefiable sand
(Dr = 50%) that is resting on a 15 m thick dense layer (Dr = 90%). The water table is set at the

foundation ground surface. The detailed plan and cross-sectional views of the experimental
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cases are shown in Figs. 1 and 2. The approach embankment is also made of loose sand (Dr =
50%) to avoid unexpected densification of the liquefiable foundation. The model ground
consisting of the approach embankment as well as the foundation ground is made of Toyoura
sand in the centrifuge experiment. The physical properties of the Toyoura sand are tabulated

in Table 3.

The model abutment is placed at the channel end of the approach embankment, as shown in
Fig. 2. The half-width of a 3x8 piled abutment is modelled to get the advantage of symmetry.
Therefore, the abutment is placed at the side of the container in the centrifuge experiment.
The abutment and the piles are designed according to the old Japanese design standard of
highway bridges [25]. The wing wall, vertical wall, and the footing of the abutment in the
centrifuge experiment are made of aluminium. The specifications of the model abutment are
tabulated in Table 4. The abutments are usually made of reinforced concrete in reality.
Therefore, the generalized scaling factor for density (which is 1.0) of the abutment is not
satisfied with the abutment. However, the total mass and centre of the gravity of the
abutment are estimated and modelled according to the appropriate scaling factor. Therefore,
the authors believe that the deviation of the generalized scaling factor for the density of the

abutment doesn’t significantly affect the overall response of the structural system.

The half abutment is supported by 12 piles according to the actual design. However, it is
difficult to model 12 piles with instrumentation in the limited space of the centrifuge
experiment. Therefore, a simplification is applied in the design of the model abutment. The
frame formed with the piles rigidly connected to the abutment footing at their heads can be
treated as a shear frame by considering the footing is infinitely rigid in comparison with the

piles. Therefore, the three-column shear frame along the longitudinal axis can be modelled as
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an equivalent two-column shear frame by increasing the bending stiffness of each pile 1.5
times as that of the pile in the prototype [38]. Similarly, in the transverse direction, the piles
in four rows are converted into two rows by increasing the bending stiffness two times as that
of the original pile. Therefore, each pile in the simplified model corresponds to the three piles
in the prototype. The concept of this simplification is illustrated in Fig. 3. In the experiment,
four rectangular acrylic piles are used to support the abutment in the centrifuge experiment.

The details of the model abutment are shown in Fig. 4.

The abutment piles are usually failed due to bending in the incidence of lateral spreading.
Therefore, the bending stiffness of the pile should be properly modelled in the centrifuge
experiment. However, the circular RC pile in the prototype cannot be directly modelled in the
centrifuge experiment. Therefore, the acrylic pile with appropriate bending stiffness is used.
Besides, the rectangular shape provides a wide surface for the instrumentation of the strain
gauges as well as the slender behaviour of the abutment piles can be simulated in the
experiment. The rectangular piles in the experiment might attract comparatively larger
kinematic load than the circular piles which is one of the limitations of the centrifuge
modelling. Since the slender piles move with the liquefied ground during lateral spreading the
authors believe that the rectangular shape doesn’t affect much in the overall response of the

structural system.

The head of the piles is rigidly attached to the abutment footing. Whereas, the tip of the piles
is kept free inside the ground. Two piles out of four are instrumented with strain gauges to
measure the bending moment at different depths. The instrumented piles (Pile type-A) are
attached to the abutment at the opposite side of the container wall as shown in Fig. 2. The

dimensions of the pile and the locations of the strain gauges on the pile are shown in Fig. 5.
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The specifications of the acrylic piles together with those aimed in the prototype are listed in

Table 5.

It is already mentioned that the sheet pile reinforcement is used in this study. A 2.5 mm thick
steel plate (in model scale) is used as sheet pile here. The sheet pile is embedded 14 m deep
into the dense layer to mitigate the lateral spreading of the overlying loose sand. The top of
the sheet pile is extended 3 m into the non-liquefiable embankment. The top and the tip of
the sheet pile are kept free. A full-width sheet pile is used in C-3, as shown in Fig. 1 (b). In the
case of full-width sheet pile, three separate plates are used (see Fig. 1 (b)). The primary
purpose of using sheet pile is to mitigate the effect of lateral spreading in the region located
50 mm (in model scale that corresponds to 5 m in prototype) in the transverse direction from
the container wall. The other two plates are placed to avoid the effect of ground movement
beside the desired protected zone. However, it was found that the extension of the sheet pile
width beyond the target area did not have any additional advantage to mitigate the lateral
spreading of the target area [37]. Therefore, the region only in front of the abutment is
reinforced with sheet pile in C-6. The 5 m width (in prototype) sheet pile is instrumented with
strain gauges to measure the bending moment at different depths. The instrumentation of

the sheet pile is shown in Fig. 6. The specifications of the sheet pile are tabulated in Table 6.

2.2. Model preparation

The ground is prepared in a rigid container having the inner dimensions of 600 mm, 250 mm,
and 400 mm in length, width, and height, respectively. Toyoura sand is used to prepare the
model ground in all the experiments. An air pluviation method is used to pour the sand into

the container by using a sand-hopper. The different relative densities in the different layers
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are maintained by changing the pouring rate and the falling height of the sand, which is
calibrated before the ground preparation. The actual relative densities of different layers in
all the cases are tabulated Table 1. The foundation ground (15 m thick dense sand overlain by
an 8 m thick loose sand) is saturated with the de-aerated Metolose (60-SH50) solution (2.2%
by weight) to make the viscosity of the pore fluid 50 times as that of the water [39]. Metolose
is the commercial name of Hydroxypropyl Methylcellulose from Shin-Etsu Chemical Company.
According to the generalized scaling law, the viscosity should be 70.71 times of water.
However, due to the difficulties in saturating the model ground with high viscous fluid, the
viscosity of the pore fluid is kept 50 times the viscosity of water. Thus, the permeability of the
soils is relatively larger and this might cause a relatively faster dissipation of the excess pore
water pressure. The piles of the abutment, as well as the sheet pile, are usually driven into the
ground in practice. However, the sheet pile and the abutment piles are placed into the
container before the soil is poured due to the ease of model preparation. Therefore, the effect
of the ground densification due to the driven piles and sheet piles, in reality, cannot be

simulated in the experiment.

The ground response characterised by the surface settlement, horizontal ground movement,
generation of excess pore water pressure and the seismic acceleration at different depth is
properly recorded during the experiment. A sufficient number of sensors, for example,
accelerometers, pore pressure gauges, potentiometers and Laser Displacement Transducers
(LDT) are installed at different locations, as shown in Figs. 1 and 2. The sensors located inside

the ground are installed during the model ground preparation.

2.3. Applied ground motions

10
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Two successive ground motions are applied to the model ground, as shown in Fig. 7. The
Japanese design specification for highway bridges [40] recommends the sustainability of the
highway bridges should be checked for Level-2 earthquakes. Therefore, the Tohoku ground
motion is applied to the model ground. The recorded acceleration at the base of the container
is similar to the real Tohoku Earthquake recorded at the ground surface near the New
Bansuikyo Bridge, Tochigi (2-I-1-3, NS component) which corresponds to Type | of Level-2
earthquake. Unfortunately, the magnitude is comparatively smaller. A comparison of the
spectral accelerations of the applied ground motions and the design spectra of Level-2
earthquake (2-I-1-3) is shown in Fig. 8. The figure shows that the applied Tohoku ground
motion is comparatively smaller than the design spectra. However, the first ground motion

applied to the model ground will be described as the Tohoku Earthquake in this paper.

Comparatively strong sinusoidal waves are applied in the second shaking as the first ground
motion is smaller in magnitude than the design earthquake. The frequency and the amplitude
of the sinusoidal waves are 1.42 Hz and 0.49 g, respectively. It is to be mentioned here that
the second ground motion is applied once the excess pore water pressure by the first ground
motion is completely dissipated. The Arias intensity [41] of the applied ground motions in all
the cases is compared in Fig. 9 to check the repeatability of the input motions in different
experimental cases and the difference in the applied energy to the model. The graphs show

that the Arias intensity of the input ground motions in all the cases is quite comparable.

3. Test results and discussion

The recorded data are presented and described in the prototype scale. The important

parameters include the propagation of the seismic wave, the evolution of excess pore water

11
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pressure, associated ground deformation, displacement of the abutment and the induced

bending moment on the piles.

3.1. Excess pore water pressure evolution

The generation of excess pore water pressure triggers the lateral spreading, which is
augmented by the liquefaction of the soil inside the channel. Several pore pressure gauges are
installed in the loose and the dense soil under the embankment slope (P2-3) and inside the
river channel (P3-3 and P3-5) to monitor the evolution of excess pore water pressure. The soil
is considered to be liquefied when the excess pore water pressure (Au) reaches the initial
vertical effective stress (0o’). The excess pore pressure ratio ry, which is estimated by the ratio
of excess pore water pressure and the initial vertical effective stress (Au/oo’) is another
popular way to represent the soil liquefaction. The soil is considered as liquefied when the ry

at that location reaches 1.0.

The excess pore water pressure time histories in C-5 (abutment without sheet pile) and C-6
(abutment with sheet pile) under the slope (P2-3) and inside the channel (P3-3), and
immediately below the liquefiable layer inside the river channel (P3-5) are shown in Fig. 10
and Fig. 11, respectively. The pore pressure gauge P2-3 is located right behind the abutment
pile in C-5 and C-6. The graphs show namely the ry, values of the liquefiable layer inside the
river channel (P3-3) reaches 1.0 at the early stage of shaking at about 71 s and 30 s during the
Tohoku Earthquake and the sinusoidal waves, respectively. The soil at P3-5, located 3.5 m
deep into the dense layer, almost reaches the liquefied state at about 85 s which is followed
by a quick dissipation afterwards in the Tohoku Earthquake. Whereas, the soil at P3-5 gets

liquefied for the sinusoidal waves. The soil at P2-3 doesn’t liquefy during the Tohoku

12



271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

Earthquake. However, the ground reaches the liquefied state nearly around 36 s for the

sinusoidal waves.

The evolution of the excess pore water pressure at the corresponding locations in the case of
the embankment without abutment and sheet pile (C-1) is shown in Fig. 12. The comparison
of the excess pore water pressure evolutions in the different cases reveals that the excess
pore water pressure at P3-5in C-1, C-5, and C-6 is almost the same in the phase and magnitude.
The ry value at P3-3 located in the liquefiable layer inside the river channel also reaches 1.0 in

all three cases.

The existence of structure is reported to affect the liquefaction potential of the soil near the
structure [42, 43]. Rollins and Seed [42] reported that the liquefaction potential of the soil
close to the structure could depend on the soil density and the type of structure and concluded
that the soil below the short-period and low rise building could exhibit high liquefaction
potential. Dash and Bhattacharya [43] reported that the excess pore water pressure
generation could be slower near the inclined piles. However, in our centrifuge experiments,
the excess pore water pressure is insignificantly influenced by the existence of the abutment.
The excess pore water pressure at P2-3 located near the abutment pile in the liquefiable layer
in C-5 and C-6 shows a similar trend as seen at the same location in the case without abutment
(C-1), though the fluctuation is rather large in the cases without structures (see Figs. 10 — 12).
The evolutions of excess pore water pressure in C-3 are not shown here, but they are also

comparable to the other cases.

The trend and the magnitude of the excess pore water pressure at P2-3 and P3-3 are
significantly different as shown in Figs. 10 — 12 although they are located at the same elevation

in the centrifuge experiment. The pore pressure gauge at P2-3 is located under the
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embankment slope whereas, the pore pressure gauge at P3-3 is located inside the river
channel. The stress conditions at those two locations are potentially different. The soil at P2-
3 is subjected to a considerably large confining stress than the soils located at P3-3. The large
confining stress hinders the soil to reach the liquefied state which is also true for P1-3 [37].
Therefore, the soils at P3-3 gets liquefied at the early stage of shaking whereas, the soils at
P2-3 don’t liquefy particularly in the Tohoku Earthquake. It is observed that the overall ground
responses in terms of excess pore water pressure evolution in all the experimental cases are
almost the same. It indicates that the structural elements have a minor influence on the
evolutions of excess pore water pressure as mentioned above. Besides, the experimental
observation shows that dense soil can also liquefy depending on the magnitude and duration

of the earthquake.

3.2. Efficiency of sheet pile to mitigate the channel-ward movement of the ground and the

abutment

The expected function of the sheet pile is to mitigate the channel-ward movement of the
ground. It is expected that the mitigation of the lateral spreading can reduce the channel-ward
movement of the abutment thus minimize the damage of the structure, such as piled
abutment associated with the lateral spreading. Two targets (TR-1 and TR-2) are placed on the
embankment slope to monitor the channel-ward movement of the ground, as shown in Figs.
1 and 2. The target TR-1 is located near the shoulder in C-1 and C-3 (the cases without
abutment), whereas, TR-1 corresponds to the abutment (2.0 m below the crest) in C-5 and C-
6. The target TR-2 is located in the middle of the embankment slope, where the sheet pile is

installed in C-3 and C-6.
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Comparisons of the horizontal displacement at TR-1 and TR-2 in all the cases are shown in Fig.
13 for the Tohoku Earthquake and the sinusoidal waves. The comparison of the horizontal
displacement at TR-1 and TR-2 between reinforced and unreinforced cases with an abutment
(C-5 and C-6) shows that the reinforcement can considerably reduce the channel-ward ground
movement. Similarly, in C-1 and C-3, the horizontal displacement at TR-1 and TR-2 is also
significantly reduced with the installation of sheet pile. The horizontal displacement time
histories near the crest of the abutment (2 m below the crest) with and without the sheet pile
(C-5 and C-6) are shown in Fig. 14. The graphs clearly illustrate that the channel-ward
displacement of the abutment is reduced up to 41 % for the Tohoku Earthquake, which is
around 34 % for the sinusoidal waves. This observation certifies the efficiency of the sheet pile

as a seismic retrofit against the liquefaction-induced lateral spreading.

The channel-ward movement of the embankment, as well as the abutment, is caused by the
combined action of the propagated seismic energy to the embankment and the lateral
spreading of the loose foundation. The displacement vector of the model ground obtained
from PIV analysis [44] for C-1 shows clear evidence of lateral spreading [37]. The loose soil in
the embankment slope moves both vertically and horizontally during the earthquakes
whereas, the loose saturated foundation significantly moves towards the river channel.
Besides, the ground deformation is considerably large during the sinusoidal waves in
comparison with the Tohoku Earthquake since the input energy in sinusoidal waves is much

larger than the Tohoku Earthquake.

An attempt is made to quantify the channel-ward movement of the laterally spreading ground.
Several vertical coloured noodles are placed at the various locations shown in Fig. 15 to track

the ground movement after the shaking. The coloured noodles are placed immediately behind
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the glass window to make the deformation visible from the outside of the container. The
deformation of the coloured noodles after the successive shakings is manually measured and
compared between the reinforced and unreinforced cases, as shown in Fig. 16. The coloured
noodles are placed 9 m behind the sheet pile (towards the backfill), 1 m and 6 m in front of
the sheet pile (towards the channel). Because of the build-up of excess pore water pressure
in the dense layer as seen at P3-5 (see Fig. 11 for C-6,) a certain deformation of the ground
takes place even in the dense layer, leading to the tilting of the sheet pile. However, the stiff
sheet pile can constrain the liquefied soil in the loose layer and make the distribution of the
horizontal displacement rather straight compared to the case without sheet pile (see the
displacement profile at a distance of 1 m towards channel from sheet pile.) As a result, the
ground deformation in the reinforced cases (C-3 and C-6) is significantly smaller than the
ground deformation in the unreinforced cases (C-1 and C-5). Therefore, the graphs clearly

illustrate the efficiency of the sheet pile to mitigate lateral spreading.

The ground deformation profiles in Fig. 16 and the horizontal displacement of the targets TR-
1 and TR-2 in Fig. 13 reveal that the channel-ward movement of the ground below the
abutment (or below the embankment slope in the case without abutment) is not affected by
the existence of the abutment but is controlled by the existence of the sheet pile. These
indicate that the piled abutment is almost following the movement of the ground. A
comparison of the displacement time histories at TR-2, which is at the top of the sheet pile in
C-3 (without abutment) and C-6 (with abutment), are shown in Fig. 17. This graph also shows
that the horizontal displacement of the sheet pile is almost the same irrespective to with or
without abutment. These clearly illustrate that the old piled abutment is relatively flexible as
compared to the sheet pile that has a minor pinning effect on the ground movement. Besides,

the channel-ward ground movement which is predominantly controlled by the sheet pile in
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the reinforced cases, leading to the less rotation of the foundation in the reinforced cases as
will be described in the following sections. On the contrary, in the case with comparatively
stiff piles, marked pinning effect could be confirmed and such piles could attract more load

from laterally spreading soil [45].

3.3. Bending moment response of sheet pile

The sheet pile as a seismic retrofit carries a large amount of kinematic load imposed by the
laterally spreading soil and the embankment. The bending moment response of the sheet pile
provides the information regarding its contribution to carrying the load imposed by lateral
spreading. The sign convention used in this paper for the bending moment of the sheet pile is
shown in Fig. 18 (a). The bending moment that causes the curvature of the sheet pile concave
towards the river channel is considered as positive in this paper. A comparison of the bending
moment profiles of the sheet pile in C-3 (without abutment) and C-6 (with abutment) is shown
in Fig. 19 when the sheet pile experiences the maximum bending moment. The maximum
bending moment takes place around 86.0 s in Tohoku Earthquake and 48.0 s in sinusoidal
waves. The graph demonstrates that the bending moment profiles of the case with and
without abutment are comparable except the upper part (at a depth up to 4 m from the
surface of the foundation ground) of the sheet pile, particularly during the sinusoidal waves.
The difference in the bending moment profile is probably because of the interaction between
the abutment footing and the sheet pile. Apart from this minor difference, the bending
moment profiles are very similar in terms of shape and magnitude. It indicates that the

majority of the mobilized load from the laterally spreading soil is carried by the sheet pile
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rather than the abutment piles. In another word, the ground deformation around the old piled

abutment is mostly controlled by the sheet pile reinforcement.

3.4. Mitigation of bending moment of abutment piles

The abutment pile in laterally spreading soil can be damaged due to bending caused by the
kinematic force from the soil and the inertia force from the abutment. The efficiency of the
sheet pile to mitigate the pile bending moment is investigated in this section. Two piles are
instrumented with strain gauges, as shown in Fig. 5 to record the bending strain during the
experiment. The sign convention used for the bending moment of the piles is shown in Fig. 18
(b). The sign convention for piles is the same as the sign convention used for the sheet pile.

The channel-ward concave curvature of the pile is considered as positive bending.

The bending moment profiles of Pile-1 and Pile-2 (see Fig. 2) in C-5 (without sheet pile) and C-
6 (with sheet pile) are shown in Fig. 20 when the piles experience the maximum bending
moment. Pile-1_5 in Fig. 20 represents the bending moment profile of Pile-1 in C-5. Similarly,
Pile-2_5, Pile-1_6 and Pile-2_6 represent Pile-2 in C-5, Pile-1 in C-6, and Pile-2 in C-6,
respectively. The two piles do not necessarily experience the maximum bending at the same
time. For example, Pile-1 and Pile-2 experience maximum bending moment both at 86.83 s
during Tohoku Earthquake whereas, during the sinusoidal waves Pile-1 experiences the
maximum bending moment at 49.59 s and Pile-2 experiences the maximum bending moment
at49.52 s. However, the piles most of the cases experience maximum bending moment almost
at the end of the effective shaking. The bending moment distributions in Fig. 20 show that the
piles exhibit different response due to the existence of sheet pile reinforcement. The piles in

the reinforced case (C-6) experience maximum bending moment near its head, whereas, the
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maximum bending moment is observed near the interface of the loose and the dense layer in

the unreinforced case (C-5). This tendency is clearly seen for the Tohoku Earthquake.

The alteration of the pile response in the reinforced case is probably because of the change in
the ground displacement profile around the piles and the limited rotation of the pile. The
latter will be described in the next subsection. This largely influences kinematic load from the
soils. The existence of the sheet pile alters the ground displacement profile around the
abutment piles as explained in Subsection 3.2. The sheet pile erases the large change in the
horizontal displacement around the interface between the loose and dense layers. This
contributes to the significant reduction of the bending moment around the interface. The
smaller channel-ward displacement of the abutment in the reinforced case decrease the
bending moment near the pile heads. Besides, because of the frame formed with the footing
and piles, the movement of the abutment is translational and hence the reduction of the
bending moment around the interface also contributes to the reduction of the bending
moment near the pile heads. As a result, the reduction of the bending moment is nearly
around 40 % near the pile head and the interface of the loose and the dense layer as well. It
should be noted that the bending moment near the pile heads (at a depth of 2 m from the
ground surface) cannot be measured during the sinusoidal waves in the unreinforced case (C-

5) because of the malfunctioning of the strain gauges.

The bending moment near the pile head is caused by the combined action of the kinematic
load from the soils and the inertia force of the abutment. The effect of inertia force on the pile
bending moment gradually decreases with depth. The time histories of the bending moment
near the head of the Pile-1 and Pile-2 (at a depth of 0.25 m) along with the horizontal

displacement at TR-1 (2.0 m below the crest of the abutment) and acceleration of the
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abutment footing (A-ft) in C-6 (with sheet pile) are shown in Fig. 21 to observe the contribution
of the inertia force of the abutment. The maximum bending moment appears just after the
principal shock. The maximum bending moment takes place at 86.83 s in the Pile-1 and Pile-2
during the Tohoku Earthquake. Whereas, the peak acceleration of the abutment is recorded
at 84.27 s. The bending moment is observed to increase with the increasing channel-ward
movement of the abutment even after the principal shock. This indicates that the maximum
bending moment does not necessarily coincide with the event of peak acceleration of the
abutment and is predominantly guided by the lateral spreading of the ground. Therefore,
simultaneous application of the inertia force using peak acceleration and the kinematic effect
induced by the lateral spreading in the design calculation for piled abutment might yield a

rather conservative result.

3.5. Deformation mode of abutment piles

If we ignore the strut effect of the bridge girder as in this experiment, a piled abutment is
expected to show the translational movement because of the frame formed with the footing
and piles. In this type of deformation pattern, the bending stress in a pile arises due to the
excessive translation of the comparatively rigid footing. The deformed shape of the pile
provides an idea about the failure mechanism of the pile in this type of deformation pattern.
The deformed shape of Pile-1 and Pile-2 along with the deformed shape of the abutment is
plotted in Fig. 22 when the piles experience the maximum bending moment during the Tohoku
Earthquake. The deformed shape is calculated from the bending moment recorded during the
experiment. The simple area-moment method of beam deflection is used here to estimate the

pile displacement. In the calculation, it is assumed that (1) the pile heads have equal
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translational displacement as they are connected to the rigid footing and (2) the horizontal
movement of the pile tips is considered as zero. As for the second boundary condition, the
pile tips are free to move in reality. However, as the magnitude of the displacement at the pile
tip is negligibly small in comparison with the pile head displacement, this assumption is

applied in the calculation.

The deformed shape of the piles and the abutment without reinforcement (C-5) shows that
the piles go under significant rotation at the interface of the loose and dense layer without
causing any major tilting of the abutment. The rotation of the pile is around 5°. This excessive
rotation of the pile without any significant tilting of the abutment increases the bending stress
near the pile head and the interface of the loose and the dense layer. The installation of the
sheet pile reduces the kinematic load acting on the piles and the translational movement of
the abutment thus significantly reduce the rotation of the pile as shown in Fig. 22 (b). The
rotation of the pile is reduced to 2.5° in the reinforced case, resulting in a significant reduction
of the bending stress at the pile head and the interface. The installation of the sheet pile
without any direct connection to the abutment does not change the deformation pattern of

the piles but could mitigate excessive displacement of the abutment and pile bending moment.

4, Conclusions

A series of dynamic centrifuge experiments are conducted to investigate (1) the deformation
pattern of the old piled abutment subjected to liquefaction-induced lateral spreading and (2)
the performance of the sheet pile to mitigate the damage of the abutment piles due to lateral

spreading. The experimental results are also compared with the cases without abutment
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having similar geometric configurations to study the pinning effect of the piled abutment

against the lateral spreading of the ground.

The experimental results reveal that the old piled abutment moves together with the
spreading soil and shows channel-ward translational movement without pinning effect. The
piles experience the large bending moment around the pile head and the interface between
the loose and dense layers due to the lateral spreading of the ground as expected. The sheet
pile with sufficient embedment depth can reduce the channel-ward movement of the
abutment up to 40% thus helps to minimize the bending stress on the supporting piles. The
sheet pile is found effective in mitigating the channel-ward movement of the abutment thus

mitigate the bending moment demand of the piles under moderate to strong ground motion.

Since the old piled abutments are comparatively flexible, it exhibits minor pinning effect
against the lateral spreading and consequently flows with the liquefied ground. The lateral
spreading of the ground predominantly guides the maximum bending moment of the piles.
Because of this, the bending moment is observed to increase with the increasing channel-
ward movement of the embankment slope even after the principal shock. Therefore,
simultaneous application of the inertia force using peak acceleration and the kinematic effect
induced by the lateral spreading in the design calculation for piled abutment might yield a

rather conservative result.

It is worth noting that the seismic response of the soil-structure system might differ with the
soil stratification, ground geometry, type of structure and seismic excitation. Therefore, the
results described in this paper cannot be generalized for other types of abutment system.
Further studies with various soil and structural configurations are needed to come to any

generalized conclusion.
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Table 1: Test conditions.

Table 2: Scaling factor for different parameters used in the experiments assuming A = 1.0

[33].

Table 3: Physical properties of Toyoura sand.

Table 4: Specifications of the model abutment.

Table 5: Specifications of the pile foundation.

Table 6: Specifications of the sheet pile in model scale and prototype.

List of figure captions:

Fig. 1: Plan and cross-sectional views of the experimental setup; a) C-1 and b) C-3 (all the

dimensions are in mm in model scale).

Fig. 2: Plan and cross-sectional views of the experimental setup; a) C-5 and b) C-6 (all the

dimensions are in mm in model scale).

Fig. 3: Concept of simplification of the 3x4 piled abutment to the 2x2 piled abutment.

Fig. 4: Plan and cross-sections of the model abutment (all the dimensions are in mm in model

scale).

Fig. 5: Acrylic pile used in the centrifuge experiment and the instrumentation with strain

gauges (the dimensions are in model scale).

Fig. 6: Instrumentation of sheet pile (the dimensions are in mm in model scale).
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Fig. 7: Input ground motions; a) Tohoku Earthquake and b) sinusoidal waves.

Fig. 8: Comparison of the design spectra of Level-2 earthquake and the spectral acceleration

of the applied ground motions.

Fig. 9: Comparison of the Arias intensity of the applied ground motions in all the cases; a)

Tohoku earthquake and b) sinusoidal waves.
Fig. 10: Excess pore water pressure time histories at P2-3, P3-3, and P3-5 in C-5 during Tohoku

Earthquake (left column) and sinusoidal waves (right column).

Fig. 11: Excess pore water pressure time histories at P2-3, P3-3, and P3-5 in C-6 during Tohoku

Earthquake (left column) and sinusoidal waves (right column).
Fig. 12: Excess pore water pressure time histories at P2-3, P3-3, and P3-5 in C-1 during Tohoku

Earthquake (left column) and sinusoidal waves (right column).

Fig. 13: Comparisons of the horizontal displacement at TR-1 and TR-2 in all the cases; a)

Tohoku Earthquake and b) sinusoidal waves.

Fig. 14: Comparisons of the horizontal displacement time histories near the crest (2.0 m below

the crest) of the abutment in C-5 and C-6; a) Tohoku Earthquake and b) sinusoidal waves.

Fig. 15: Locations of the abutment, sheet pile and the vertical noodles in the experimental

model.

Fig. 16: Deformation profiles of the foundation ground at different distances from the sheet

pile after the application of Tohoku Earthquake and sinusoidal waves.

Fig. 17: Comparisons of the horizontal displacement time histories at TR-2 in C-3 and C-6; a)

Tohoku Earthquake and b) sinusoidal waves.

Fig. 18: Sign convention used in this paper; a) sheet pile and b) abutment pile.
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Fig. 19: Comparisons of the bending moment profiles of sheet pile in C-3 and C-6 when sheet
pile experiences the maximum bending moment; a) Tohoku Earthquake and b) sinusoidal

waves.

Fig.20: Bending moment profiles for Pile-1 and Pile-2 in C-5 and C-6 when the piles experience

the maximum bending moment.

Fig. 21: Time histories of bending moment near the head of the Pile-1 and Pile-2 (at a depth
of 0.25 m), horizontal displacement at TR-1 (2.0 m below the crest of the abutment) and

acceleration of the abutment footing (A-ft) in C-6.

Fig. 22: Displacement profiles of Pile-1 and Pile-2 along with the abutment in a) C-5 (without
sheet pile) and b) C-6 (with sheet pile) when the piles experience the maximum bending

moment during Tohoku Earthquake.
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691 Tables:

692 Table 1: Test conditions.

Test Existence Widthof Existence Width of Relative density (%)
ID of piled abutment of sheet sheet pile
. Embankment Loose Dense
abutment (m) pile (m) ) )
foundation foundation

C-1 No No No - 54 53 92

C-3 No No Yes Full-width 54 50 a0

C-5 Yes 5 No - 53 52 91

C-6 Yes 5 Yes 5 (in frontof 54 51 94

abutment)

693

694  Table 2: Scaling factor for different parameters used in the experiments assuming A = 1.0 [36].

Quantity Model/Prototype
Length 1/(50 x 2) =1/100
Acceleration (50x1)=50
Displacement 1/(50%x2) = 1/100
Time (dynamic) 1/(50 x 2°°) =1/70.71
Frequency 50 x 20%° = 70.71

Bending stiffness, El 1/(50%x 2°) =5 x 10°
(structure)

Stress 1/2

695
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696

697

698

699

Table 3: Physical properties of Toyoura sand.

Parameter Value
Specific gravity 2.65
Maximum void ratio 0.973
Minimum void ratio 0.609
Mean diameter, Dso (mm) 0.19
Uniformity coefficient, C, 1.32

Coefficient of permeability (Dr=50%) (m/s) 2 x 10*

Coefficient of permeability (Dr=90%) (m/s) 1 x 10*

Table 4: Specifications of the model abutment.

Model Prototype

Material type Aluminium Reinforced
concrete

Length 50 mm 5m
Width 50 mm 5m
Height 80 mm 8m
Weight (kN) 1.74x10% 1.74x10°
Height of gravity 26 mm 2.6m

centre (from base)
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700 Table 5: Specifications of the pile foundation.

Model Prototype

Material type Acrylic Reinforced
concrete

Length 220 mm 22m
Number of pilesin 2x2 3x4
half section
Sectional 4.75x 10 360
dimensions (mm)
Modulus of 3.14 x 10° 2.3 x 10"
Elasticity (N/m2)
Bending stiffness  0.28 1.9 x 107

of pile, El (N-m?)

701

702  Table 6: Specifications of the sheet pile in model scale and prototype.

Model Prototype

Material type Steel Steel

Bending stiffness, EI 2.6 x10*> 5.2 x 108
(N-m?/m)

Target sheet pile - Hat-type & H-
shape composite

703
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706  Fig. 1: Plan and cross-sectional views of the experimental setup; a) C-1 and b) C-3 (all the

707  dimensions are in mm in model scale).
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710  Fig. 2: Plan and cross-sectional views of the experimental setup; a) C-5 and b) C-6 (all the

711  dimensions are in mm in model scale).
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Fig. 3: Concept of simplification of the 3x4 piled abutment to the 2x2 piled abutment.
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722  Fig. 5: Acrylic pile used in the centrifuge experiment and the instrumentation with strain

723  gauges (the dimensions are in model scale).
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726  Fig. 6: Instrumentation of sheet pile (the dimensions are in mm in model scale).
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744  Fig. 11: Excess pore water pressure time histories at P2-3, P3-3, and P3-5 in C-6 during Tohoku

745  Earthquake (left column) and sinusoidal waves (right column).
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748  Fig. 12: Excess pore water pressure time histories at P2-3, P3-3, and P3-5 in C-1 during Tohoku

749  Earthquake (left column) and sinusoidal waves (right column).
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756  Fig. 14: Comparisons of the horizontal displacement time histories near the crest (2.0 m below

757  the crest) of the abutment in C-5 and C-6; a) Tohoku Earthquake and b) sinusoidal waves.
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764  Fig. 16: Deformation profiles of the foundation ground at different distances from the sheet

765  pile after the application of Tohoku Earthquake and sinusoidal waves.
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768  Fig. 17: Comparisons of the horizontal displacement time histories at TR-2 in C-3 and C-6; a)
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772  Fig. 18: Sign convention used in this paper; a) sheet pile and b) abutment pile.
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775  Fig. 19: Comparisons of the bending moment profiles of sheet pile in C-3 and C-6 when sheet
776  pile experiences the maximum bending moment; a) Tohoku Earthquake and b) sinusoidal

777 waves.
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788  Fig. 22: Displacement profiles of Pile-1 and Pile-2 along with the abutment in a) C-5 (without
789  sheet pile) and b) C-6 (with sheet pile) when the piles experience the maximum bending

790 moment during Tohoku Earthquake.
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