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Itis reported that the inclined pile could be either beneficial or detrimental for the
abutment they support in the condition of liquefaction—induced lateral
displacement. To clarify the effect of inclined pile on seismic response of
bridge abutments undergoing liquefaction—induced lateral displacement,
numerical analyses were carried out on the damaged abutment that was
supported by inclined piles and that was displaced riverwards
100 mm-150 mm due to soil liquefaction during 2011 Great East Japan
earthquake. Accordingly, a fully coupled dynamic effective stress finite element
model was developed for the soil—pile—superstructure system. It was found that
the shear failure of the bridge abutment was initialized from the inclined piles and
then followed by the middle vertical pile. Moreover, the earthquake—induced
liquefaction caused substantial lateral displacement of soils around the piles and
thus dominated the backward rotation of the abutments supported by inclined
piles. Additionally, the exclusion of the deck pinning effect may lead to a marked
increase in the lateral displacement and rotation of abutments. If the abutment
were supported by vertical piles, a much larger lateral displacement was expected
and the promotion of the earth pressure behind the abutment was the main cause
of the forward rotation of the piled abutment.

KEYWORDS

abutment damage, inclined pile, u-p formulation, liquefaction, soil - pile - superstructure
system

1 Introduction

The safety of the soil-pile -bridge system is a primary concern in the engineering practice
(Gerolymos et al., 2008; Cubrinovski et al., 2014; Qu et al., 2018a; Qu et al., 2018b; Qu et al.,
2019). Liquefaction—induced lateral displacement has caused much damage to the piled
abutment of bridges in the past earthquakes, such as the 1991 Costa Rica Earthquake, the
2011 Christchurch earthquake, and the 2011 Great East Japan earthquake (Gerolymos et al.,
2008; Cubrinovski et al., 2014; National Institute for Land and Infrastructure Management of
Japan, Public Works Research Institute of Japan, 2014; Tazohb et al., 2008; Xu et al., 2023). It
is reported that the inclined piles are more effective than vertical piles in restricting lateral
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FIGURE 1

Side view of Nishikawa Bridge located in Miyagi Prefecture, Japan with geological cross section and standard penetration test data (unit: mm; Bs, Bn:
Fills; Asl: sand; Ac, Aoy, Aoy, Asc: clayey soil; Ag: sandy gravel; Ns: sandy soil).

FIGURE 2
Finite element model for the soil-pile—bridge system.
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TABLE 1 Input parameters for the pile and the deck in the finite element analysis.

Poison’s ratio (v)

Yield stress (kN-m)

Abutment pile 35.3 0.2 6.28 x 1072 1.26 x 107 184
Pier pile 35.3 0.2 144 x 107 9.0 x 107" 184
Deck 35.3 0.2 2.64 1.5 x 107? -

Note: E is Young’s modulus.

displacements of superstructures subjected to liquefaction induced
lateral displacement. However, the evidence shows that the inclined
pile could be either beneficial or detrimental for the abutment they
support in the condition of liquefaction—induced lateral
2014).

For example, the liquefaction—induced lateral displacement caused

displacement (Gerolymos et al., 2008; Cubrinovski et al.,

a lateral displacement of approximately 1-2 m at the unconstrained
river banks in the vicinity of South Brighton Bridge during the
2011 Christchurch earthquake. As a result, the bridge abutment
rotated by 8° and the pile head displaced laterally approximately
20 cm. Nevertheless, following the infilling of the offsets between the
approaches and the deck, the bridge was back in service immediately
after the earthquake (Cubrinovski et al, 2014). However, a
detrimental case related to the bridge abutment supported by
inclined piles were found on Rio Vizcaya Bridge during the
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1991 Costa Rica Earthquake. The liquefaction—induced lateral
displacement caused large rotations of the abutment and thus the
collapse of the bridge deck (Gerolymos et al., 2008). Thus, it is
necessary to clarify the damage mechanism of inclined piles which
support the abutment subjected to the liquefaction—induced lateral
displacement.

The liquefaction effects on piled bridge abutments have been
investigated via both model tests and numerical analyses in recent
years. Armstrong et al. (2013) conducted centrifuge model tests to
evaluate the capability of the vertical pile group in resist the lateral
displacement of abutments in approach embankments underlain by
liquefied soils. The benefit of the pile pinning effect was reflected in
reducing the lateral displacement of bridge abutments and was also
evaluated by 2D numerical analyses. Tanabe et al. (2016) reported
two case histories of two bridge abutments supported by inclined
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TABLE 2 Calculated liquefaction strength for Bs and As, layers.

(N1)so D, (%)
Bs 12 83.6 133 51.0 0.214
As, 14 ‘ 19.2 ‘ 26.7 723 0.304

TABLE 3 Parameters of Pastor-Zienkiewicz Ill model for Bs and As, layers.

Model parameters Bs As,
Mg 12 1.3
M, 1.67 1.87

C 0.9 0.9
o 0.45 0.45
ag 0.45 0.45
Kevo 165 165
Geso 240 240
m, 0.5 0.5
my 0.5 0.5
Bo 10 10
B 03 0.3
Hp 750 1,100
Hyo 7,500 14,000
Yo 6 6
Yu 4 4

and vertical piles and subjected to a varying degree of damage due to
liquefaction-induced lateral displacement during the 2011 Great
East Japan earthquake. A 2D numerical model was developed to
investigate the liquefaction effects. However, the effect of the
superstructure (i.e., deck) wasn’t considered in the above
analyses. Cubrinovski et al. (2014) found that the deck pinning
contributes significantly to the back rotation of the piled abutment
of short-span bridges in the case of liquefaction—induced lateral
displacement; Nakata et al. (2018) used a large shaking table
(i.e., E-Defense) facility to investigate both the liquefaction effect
and the deck pinning effect on the bridge abutment supported by the
vertical piles. Shin et al. (2008) and Wang et al. (2018) pointed out
that appropriate modeling of soil-pile-deck interaction is necessary
for understanding of the seismic response of bridge abutments,
especially when the abutment piles encounter the problem of the
liquefaction-induced lateral displacement. However, very limited
work was conducted to investigate the effect of inclined pile on
seismic  response  of  bridge abutments  undergoing
liquefaction—induced lateral displacement, especially the soil-
inclined pile-deck interaction effect. Incorporating the soil-
inclined pile-deck interaction in the analyses could help
understanding the damage mechanism of inclined piles of bridge

abutments in the liquefaction induced lateral displacement ground.
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For this purpose, this study performed a case study of damaged
abutments which were supported by the pile group consisting of
inclined piles and vertical piles and were displaced riverwards due to
the liquefaction induced—Ilateral displacement during the
2011 Great East Japan earthquake. A 2D fully coupled dynamic
effective stress model was developed for the soil -pile-bridge system.
Accordingly, the damage mechanism of the bridge abutment and the
effect of deck and pile rake angle on the seismic response of the
bridge abutment were investigated.

2 Case history

Nishikawa Bridge was located in Miyagi Prefecture, Japan. The
construction of the bridge was completed in the year of 1968. The
bridge had a total length of 105 m and a width of 7.2 m. The bridge
had three spans and each of span has length of 34.3 m. The total load
of one-span deck was estimated to be 2,300 kN (Tanabe et al., 2016).
During the 2011 Great Eastern Japan Earthquake, the Al and
A2 abutments of the bridge was horizontally displaced riverwards
approximately 150 mm and 100 mm, respectively (see Figure 1), as
reported by National Institute for Land and Infrastructure
Management of Japan, Public Works Research Institute of Japan
(2014). Tt was also reported that shear failure developed near the
bottom of two abutments. The foundation of each abutment was
composed of 7 * 3 reinforced concrete piles. The piles in the middle
row were vertical, while others were inclined piles with rake angle of
10°. The pier foundation had 5 * 5 reinforced concrete piles: the piles
in the front and rear rows were inclined at 10°, while the piles were
vertical in the middle row. The diameter of the pile was 400 mm. The
length of the pile was 7.0 m and 5.0 m for the abutment and the pier,
respectively.

3 Finite element modeling of the
soil—-pile—Bridge system

3.1 u-p formulation

Biot’s u-p formulations are used for saturated soils the dynamic
system, where u and p represent the displacement and excess pore
water pressure, respectively (Zienkiewicz et al., 1999):

Mii + Ca + Ku - Qp = f* (1)
Qu+Sp+Hp =1 )

where M is the mass matrix, u is the displacement vector, C is
Rayleigh damping matrix, K is the stiffness matrix, Q is the coupled
matrix, p is the excess pore water pressure vector, f* is the external
load vector, H is the seepage matrix, S is the compression matrix,
and f? is the external load vector for the pore water.

Biot’s u-p formulations had been implemented in a fully coupled
dynamic effective stress finite element (FE) analysis software
program UWLC (Forum 8 Co Ltd, 2005; Xu et al, 2013; Xu
et al, 2021; Cai, 2020) where were employed for numerical
analyses in this study. In this program, Eq. 2 can also be
deactivated for layers where the excess pore water pressure is not
necessarily calculated.
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TABLE 4 Parameters of Hardin—Drnevich model for non-liquefiable layers.

10.3389/fmats.2023.1185210

Layers Vs, m/s Poisson’s ratio (v) p’o (kPa) m Gmax kPa ¢, kPa ¢’
Bn 118.4 035 359 05 239717 514 12
Ao, 146.2 035 118.8 0.5 35,481.6 52.8 9.8
Ao, 153.8 035 129.2 05 39,029.8 205 15.1
Ac 167 035 139.8 0.5 50,200.2 19.1 19.1
Asc 186.3 035 1517 05 63,862.2 48 32.8
Ag 373 035 174.2 0.5 292,170.9 - 41
Ns 484.9 035 235 05 493,768.8 - 45
coefficients a and f3 are related to damping ratio £ and two periods T.
A In this study, £ = 0.03, T} = 0.2 s, and T, = 2.0 s, as suggested by Xu
Sr 34 peak at 93 s
L N Horizontal et al. (2023).
2nd peak at 46s
% 3 is‘pea.\kAat
U2 s
Fa 3.2 Finite element model
21
o
ER In this study, a 2D finite element model was developed for the
<. . . - .
! soil-pile—bridge (SPB) system, as shown in Figure 2. The soil layers
2 were determined with some simplifications from the geological cross
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FIGURE 3
Seismic input for the soil—pile—bridge system: (A) Horizontal
excitation and (B) vertical excitation.

TABLE 5 The cases analyzed in this study.

Piles supporting the Deck effect
abutments considered
1 Inclined Yes
2 ‘ Inclined No
3 ‘ Vertical Yes

In the dynamic analysis, the matrix C was given by
C=aM+ K (3)

where « and f are coefficients and are taken as 0.172 and 0.00174,
respectively (Forum 8 Co Ltd, 2005; Wakai and Ugai, 2004). The
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section shown in Figure 1. In this model, eight-node quadrilateral
element was used for the soil, the abutment, and the pier. The abutment
and the pier were modelled as elastic materials with unit weight of
24.5 kN/m’, Young’s modulus of 30 GPa, and Poison’s ratio of 0.15.

The pile and the deck were modelled as Euler-Bernoulli beam.
Table 1 gives the input parameters for the pile and the deck in the
finite element analysis. In the 2D finite element model, the cross-
sectional area and the cross-sectional inertia moment of piles were
estimated according to Xu et al. (2013). The non-linearity of the pile
was considered by using a bilinear model. The second Young’s
modulus of piles was assumed to be 1% of the fist Young’s modulus
of piles. According to Tanabe et al. (2016), the yield stress was set to
184 kN m for the pile. The deck was modelled as elastic materials.
All beam element nodes and quadrilateral element nodes were
merged.

The bearing was modelled by shear springs to consider the
dynamic interaction between the deck and the abutment/pier. For
simply supported beam bridges, each deck was supported by a fixed
bearing and an expansion bearing, which were described by linear
and bi-linear shear springs, respectively. In this study. The initial
stiffness of shear springs was taken as an empirical value of
6,600 kN/m (Wang et al., 2018). For bi-linear shear spring, the
second stiffness was set to zero and the limit force was taken as
287.5kN. The value of the limit force was estimated from the
supported vertical load (i.e., 1,150 kN) multiplied by a friction
coefficient. The friction coefficient was empirically taken as 0.25
(Wang et al., 2013).

3.3 Constitutive modeling of soils
Five standard penetration test (SPT) bore holes were drilled near

either the abutment or the pier, as shown in Figure 1A. The SPT data
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FIGURE 4
Time history of horizontal displacements at the top and bottom of two abutments, i.e., A1 and A2 (Case 1).
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FIGURE 5
Time histories of the excess pore water pressure ratio at two typical points

(see EP1 and EP2 in Figure 2).
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FIGURE 6
Effect of the deck on the residual lateral displacement and
rotation of Al and A2 abutments.

were used to determine the liquefaction potential of each layer
according to the Japanese Design Specifications of Highway Bridges
(Japan Road Association, 2004; Towhata, 2008). Accordingly,
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liquefiable soils (i.e, Bs and As;) and non-liquefiable soils
(i.e., Bn, Aoy, Aoy, Ac, Asc, Ag, and Ns) were classified.

A generalized plasticity model, named Pastor-Zienkiewicz Mark-|l|
(PZ) (Pastor et al., 1990), with some modifications by Cai et al. (2002)
was adopted for the soils (Xu et al., 2023). Normally, the parameters for
the PZ model were calibrated from either laboratory tests (e.g., cyclic
triaxial undrained test) or in-situ tests. In this study, SPT data were used
to determine the PZ model parameters. The liquefaction strength of two
liquefiable layers (i.e., Bs and As;) was estimated according to according
to the Japanese Design Specifications of Highway Bridges. The
calculated liquefaction strength for Bs and Asl layers was given in
Table 2, where N; was taken as an average SPT blow count for Bs and
As, layers. The PZ model parameters (Geso, Kevor C, 11, 11y, Mg, 0, Mg
ag, Ho, o> 1> Y0 Huo» yu) were determined to obtain the calculated
liquefaction strength shown in Table 2. Table 3 presented the PZ model
parameters for liquefiable layers. The hydraulic conductivities were
taken as a typical value of 1.0 x 10 m/s for the liquefiable layers.

A cyclic non-linear elastic constitutive model (Hardin and
Drnevich, 1972), is used for non-liquefiable soils. The shear stress
7 and the shear strain y are described by a hyperbolic function:

G max )

= 4
1+Gmaxy/rf @

frontiersin.org


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2023.1185210

Xue et al. 10.3389/fmats.2023.1185210
0 50 100 150 200 250 300

0 —— . A . .
' See D1 and D2 in Fig. 2
2 .

E o

= e i
5 i '

DI eeeeeees D2
6 .
7
Time (s)
FIGURE 7

Time histories of two typical points (see D1 and D2 in Figure 2), representing the lateral displacement of soils in the vicinity of inclined piles in front

and rear rows.
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FIGURE 8
Mechanism of the abutment rotation supported by inclined piles
under the liquefaction—induced lateral displacement.

where

I\ m
Gmax = G0P3<§_> (5)

7¢is the shear strength which is a function of friction angle (¢)
and cohesion (¢) (Xu et al., 2013), G, and m are model constants, P,
is atmospheric pressure, and p’ is the mean effective stress. Gy at
p' =p'o can be estimated from G . = pv?, where p is the natural
density and v; is the shear wave velocity. Table 4 gives p, v, p'o, m, ¢,
¢, and Gy of Hardin—Drnevich model for each layer.

3.4 Boundary conditions

In the UWLC program, the initial stress analysis was necessary to
provide geostatic conditions for the earthquake analysis. Two lateral
sides and the base of the analyzed model were fixed in the analyses. The

Frontiers in Materials

two lateral sides were set at three times the total length of the bridge
apart from each abutment. To investigate whether the finite element
model could eliminate the boundary effect, a larger model with an
additional 200 m on each side of the model was analyzed. The difference
between the results obtained from these two models was minimal,
indicating that the finite element model was acceptably accurate.
The seismic input was selected from the data recorded at the K-NET
station (i.e., MYGO009) nearest to Nishikawa Bridge during the 2011 Great
Eastern Japan Earthquake. The seismic data can be downloaded from the
website of National Research Institute for Earth Science and Disaster
(https://www.kyoshinbosai.gojp/) after the
registration was completed. Tanabe et al. (2016) reported that the
angle (6,) of NS component of MYGO009 and the longitudinal
direction of the Nishikawa bridge was approximately 25°. Thus, the
horizontal seismic input (an)s for the Nishikawa bridge was synthesized
from both the NS (ays) and the EW (agy) components of MYGO009:

Resilience required

r .
ans= ans cos By — agy sin 6, (6)

The UD component of MYG009 was taken as the vertical
seismic input. Before the dynamic analyses, a baseline correction
was conducted for the seismic recordings using SeismoSignal
2013). 3A, B
horizontal and vertical input motions, respectively.

(SeismoSoft, Figures showed the corrected

4 Results and discussions

Table 5 gave the cases analyzed in this study. Specifically, the
damage mechanism of the bridge abutment was investigated in the
benchmark model, i.e., Case 1, as described in Section 3. Case 2 was
used to study the effect of the deck on the seismic response of bridge
abutments. Case 3 was used to investigate the effect of the pile rake
angle on the seismic response of bridge abutments.

4.1 Damage mechanism of the abutment
supported by inclined piles

Figure 4 shows the time history of horizontal displacements at
the head of piles supporting the abutments. All the piles displaced
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(Smax). @nd (C) axial force (Nyay) (Case 1).

riverwards after the earthquake. The calculated maximum lateral
displacement of piles reached 115 mm and 84 mm at the bottom of
Al and A2 abutments, respectively. The calculated residual lateral
displacements were generally smaller than the observation; however,
the simulation results overall reflected that the lateral displacement
of pile at the bottom of Al abutment was larger than that at the
bottom of A1 abutment. This was due to the fact that the earthquake
induces the full liquefaction not only in Bs layer, but also in As;
layer, (see Bs and As; in Figure 2), consequently resulting in the
instability of the slope of the river bank near the abutment. Figure 5
showed the excess pore water pressure (EPWP) ratio at two typical
points (see EP1 and EP2 in Figure 2) in these two layers, where the
EPWP ratio was defined as the ratio of EPWP to the initial effective
vertical stress. The results indicated that the Bs and As, layers were
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liquefied at approximately 43 s after the arrival of the first peak
horizontal acceleration shown in Figure 3A. Moreover, the excess
pore water pressure was developed much faster in Bs layer than that
in Asl1 layer because the liquefaction strength of Bs layer was smaller
(see Table 2).

Figure 4 further showed that the lateral displacements at the top of
either Al or A2 abutment were much smaller than those at the bottom of
corresponding abutment, indicating that both Al and A2 abutments
rotated backwards. This phenomenon was also found for some abutments
supported by inclined piles during the 2010-2011 Christchurch
earthquakes where substantial slumping of the approaches was
reported near these abutments due to soil liquefaction. The reason for
the backward rotation of the abutment was probably because of the deck
pinning of short-span bridges (Cubrinovski et al,, 2014).
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To investigate the effect of deck on the damage of the abutment, an
additional case (ie., Case 2) was analyzed assuming that the deck was
removed from the benchmark model. Figure 6 showed that the exclusion

100

10.3389/fmats.2023.1185210

of the deck pinning effect may lead to a marked increase in the lateral
displacement and rotation of abutments, where u,ra; and s, Were
the residual lateral displacements of Al and A2 abutments, respectively,
and Ora; and Ora, were the residual rotation angle of Al and
A2 abutments, respectively. Note that a clockwise rotation was
considered as negative in this study. The results indicated that the
abutments supported by inclined piles could rotate backwards even
when the deck pinning effect was not considered in this study (see
Figure 6). It was stressed that positive Oz4; and negative Oy, indicated
back rotation of Al and A2 abutments, respectively. Based on the
numerical results, the damage mechanism involving the back rotation
of the abutment probably complied with the following process: 1) The
earthquake—induced liquefaction initially caused substantial lateral
displacement of soils around the piles, as shown by two typical points
in Figure 7 (See D1 and D2 in Figure 2); 2) the inclined piles consequently
had to rotate along the direction of arrows shown in Figure 8 under the
liquefaction—induced lateral displacements; 3) and then the displaced
inclined piles dominated the rotation of the abutments.

Figure 9 showed the calculated maximum internal force of a single
pile at different rows (i.e., front, middle, and rear), where M5, Smax
and Nj,,x were the maximum bending moment, shear force, and axial
force, respectively. In general, the My, at different rows reached the
ultimate value of 184 kN m at approximately 1.0 m-7.0 m away from
the cap. At the pile head, M,,,,x was generally smaller than the ultimate
value for all piles. However, the S, peaked at the pile head. This result
can explain why the shear failure has been developed at the pile head. In
addition, the rear and front piles appeared to have the larger M,,,. and
Smax than the middle pile at the pile head, indicating that the shear
failure was initialized from the inclined piles and then followed by the
middle pile. Especially, the inclined piles sustained the N, three times
more than the middle pile (see Figure 9C) during the earthquake. Thus,
special treatments were necessary for inclined group piles in the
engineering design to increase the shear capacity of the inclined pile,
e.g., increasing the ratio of longitudinal reinforcement, reinforcement
stirrup.

4.2 Effect of the pile rake angle on the
abutment damage

To investigate the effect of the pile rake angle on the lateral
displacement at the bottom of Al and A2 abutments, Case 3 was

o, & Au (kPa)

o, atEl

100

150

200 250 300

Time (s)

FIGURE 12

Time histories of horizontal stress (o,) and excess pore water pressure (Au) at typical points behind the Al abutment (see E1 and E2 in Figure 2)

(Case 3).
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Distribution of the maximum internal force of a single pile at different rows (i.e., front, middle, and rear) (A) bending moment (M,,), (B) shear force

(Smax), and (C) axial force (Nmay) (Case 3).

analyzed assuming that all piles supporting the abutments were vertical.
Figure 10 showed the comparison of the lateral displacement at the
bottom of Al and A2 abutments between Cases 1 and 3. The results
indicated that the pile rake angle had an insignificant effect on the lateral
displacement of the abutment before the first peak horizontal
acceleration was reached. However, the lateral displacement in at the
bottom of the abutment in Case 1 turned to become much larger than
that in Case 3, especially when the third peak horizontal acceleration
was arrived at approximately 93s. Moreover, the residual lateral
displacement (u,g) at the bottom of Al and A2 abutments
increased by approximately 82% and 45% in Case 3 with respect to
that in Case 1, respectively. The above results demonstrated that the
inclined piles were more effective than vertical piles in restricting the
liquefaction—induced lateral displacements of the abutment during.
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To further investigate the effect of pile rake angle on the deformation of
the abutment, Figure 11 compared the time histories of the rotation angle
of the A1 abutment in Cases 1 and 3. The results indicated that the residual
rotation angle of the abutment supported by vertical piles had opposite sign
with respect to that of the abutment supported by inclined piles. Thus, the
abutments in Case 3 rotated forwards and had different deformation
mechanism with respect to the forementioned backward rotation of the
abutment supported by inclined piles. Particularly, there was a tremendous
increase in the rotation angle of the abutment in Case 3 when the third peak
horizontal acceleration was reached. The forward rotation of the abutment
in Case 3 was probably dominated by the promotion of the Earth pressure
at the backfill of abutment, including the increase in the horizontal stress in
non-liquefiable layer and the buildup of EPWP in liquefied layer.
Specifically, Figures 12 showed the calculated horizontal stress (oy,) at
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two typical points (see E1 and E2 in Figure 2), representing the center of
non-liquefiable and liquefiable layers behind the abutment in Case 3. The
horizontal stress at the non-liquefiable layer increased abundantly during
the earthquake and reached the maximum at the arrival of the third peak
horizontal acceleration. The horizontal stress at the liquefiable layer
decreased to a value approaching zero due to the soil liquefaction;
however, the EPWP also reached the maximum value of 65 kPa at the
time of third peak horizontal acceleration (see Figure 12). This maximum
value was approximately five times more than the initial horizontal stress.

Figure 13A showed that the M. at pile head in Case 3 was
approaching to the yield stress at different rows. Unlike inclined piles in
Case 1, the values of M, and Sy, were almost identical for vertical piles
at different rows in Case 3 (see Figures 13A, B). This result indicated that
all vertical piles not only displaced equally at the pile head, but also rotated
equally due to the restriction of the abutment. Figure 13C indicated that
the Nmax at the pile head in Case 3 was approximately 67%-78% of that
in Case 1 (see Figures 9C, 13C), although the lateral displacement of the
abutment was much larger in Case 3 (see Figure 10). These results
demonstrated the benefit of inclined piles that had greater axial forces but
smaller bending moment than vertical piles.

5 Conclusion

A case study was carried out on the damage mechanism of the
Nishikawa bridge abutment that was displaced riverwards due to soil
liquefaction during 2011 Great East Japan earthquake. Some
conclusions can be summarized from the numerical analyses:

(1) The shear failure of the bridge abutment was initialized from
the inclined piles and then followed by the middle vertical
pile. Thus, special treatments were necessary for inclined
group piles in the engineering design to increase the shear
capacity of the inclined pile.

(2) The earthquake—induced liquefaction caused substantial
lateral displacement of soils around the piles and thus
dominated the
supported by inclined piles.

backward rotation of the abutments

(3) The exclusion of the deck pinning effect may lead to a
marked increase in the lateral displacement and rotation of
abutments for simply supported beam bridges.

(4) The pile rake angle had insignificant effect on the lateral
displacement of the abutment before the first peak horizontal
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