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Abstract

This study aimed to illustrate the seismic performances of anti-slide pile-reinforced bridge foundations in landslides. Based on the
anti-slide reinforcement project at Yousuotun along the Chengdu-Lanzhou high-speed railway under construction, shaking table
tests were performed on a double-row anti-slide pile-reinforced bridge foundation and landslide model with a 1:40 similitude
ratio. Given that the similitude law was satisfied, seismic waves with different frequencies and acceleration amplitudes were input
as base excitations to monitor the responses of dynamic parameters: slope acceleration, earth pressure, and pile strain. The
amplification effect of peak ground acceleration (PGA) was analyzed. The landslide thrust distribution characteristics and slope
response processes were further studied to verify the seismic design of such bridge foundations in landslide-prone areas. The
response acceleration of the slope subjected to seismic loads showed a nonlinear amplification “elevation effect”, “surface
effect”, and “geological structure effect”. When the distance between the bridge foundation and the back-row anti-slide pile
was small, the pier maintained a relatively large PGA amplification factor and was subjected to strong seismic loads. The
landslide thrust was mainly borne by the upper part of the back-row anti-slide piles as its distribution changed from spoon-
shaped to bow-shaped. Under high-intensity earthquake events, the load-bearing section of the bridge foundation should be
strengthened at the sliding surface. Anti-slide piles can effectively limit the dynamic response of the landslide and weaken the
seismic response of the slope. The results of testing this reinforcement are the first results proving that the seismic design of
reinforced bridge foundations with anti-slide piles can be reliable.

Keywords Anti-slide piles - Shaking table model - Peak ground acceleration - Bridge pile foundation - Seismic response

Introduction to high intensities (Ms 6.5-7.1) (Huang et al. 2017).

Earthquake-induced landslides (co-seismic landslides) are of-
Since the occurrence of the May 12 Wenchuan Ms 8.0 earth-  ten followed by devastating consequences (Cui et al. 2009; Xu
quake along the Longmenshan fault in 2008, southwestern et al. 2009; Wang et al. 2009). Co-seismic landslides, with
China has experienced a number of earthquakes of medium  higher kinematic velocities and longer run-out distances than
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creep landslides (Pastor et al. 2009), have become one of the
major geological disasters associated with earthquakes
(Chigira et al. 2010; Gorum et al. 2011; Wasowski et al.
2011). The Chengdu-Lanzhou high-speed railway (Chenglan
HSR) is one of the large transportation projects under con-
struction in the alpine valley area on the eastern edge of the
Qinghai-Tibet Plateau, which is an area with active
neotectonics (Hubbard and Shaw 2009), as shown in Fig. 1.
The topographic and geological conditions along the
Chenglan HSR are characterized by the typical “three high
characteristics” of high ground stress, high seismic intensity,
and high geological hazard risk (Du et al. 2012). The difficult
geologic conditions have complicated the slope-retaining
measured used in this region (Huang et al. 2013). The
Chenglan HSR includes a considerable number of piers in
unfavourable slopes. The slopes are steep, generally steeper
than 40°, and their reliefs range from 50 to 400 m. The bridge
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Fig. 1 The route orientation, seismic distribution, and Yousuotun test site locations of the Chenglan HSR

foundation on a high steep slope is usually thrust horizontally
by geological bodies. Due to the limited deformation require-
ments of a bridge foundation, the horizontal deformation of a
pier must be less than 5v/L (Kowalsky 2000; Hwang et al.
2000; Lee et al. 2005; TB10002.5-2005 2005; JGJ94- 2008
2008), where L is the bridge span. Under the action of high-
intensity earthquakes, these high and steep slopes are prone to
overall slip. To ensure the structural stability of the bridge
foundation under seismic effects, carrying out anti-slide rein-
forcement for potential landslides and simultaneously consid-
ering the restrictions on the deformation of the pier foundation
are necessary (Li et al. 2008; Han et al. 2009).

The co-seismic responses of natural high and steep slopes,
such as the spatiotemporal responses in slope acceleration and
dynamic stress, are receiving increasing academic attention
(Chotesuwan et al. 2012). To mitigate natural disasters in
mountainous areas, anti-slide piles are widely used to control
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slope stability during earthquakes (Lirer 2012; Al-Defae and
Knappett 2014). The stability of anti-slide piles within rein-
forced slopes is of great concern for geologists. The interac-
tion between soil slopes and anti-slide piles under static con-
ditions has been extensively studied (Ellis et al. 2010;
Kanagasabai et al. 2011). However, according to the post-
earthquake investigation of damage in Wenchuan, anti-slide
piles demonstrated good anti-seismic effects, but large num-
bers of anti-slide piles had been tilted, overturned, or even
fractured (Zhang et al. 2012). Understanding the seismic per-
formance of anti-slide piles is the basis for improving anti-
seismic design for slopes (Yu et al. 2010). To fully understand
the anti-seismic mechanism of anti-slide piles, clarifying the
evolution characteristics of the slope acceleration response
and the dynamic strain of the anti-slide pile is necessary
(Yin et al. 2015). Yu et al. (2010) studied the dynamic char-
acteristics of pile-reinforced sand slopes under El Centro wave
excitation and proposed that the overall response of pile-
reinforced slopes is lower than that of nonreinforced slopes.
Nian et al. (2016) derived an analytical expression that could
facilitate both the calculation of the slope’s yield acceleration
coefficient and the improvement of the slope safety factor to
the design requirement for the lateral force on the pile. Ma
et al. (2019) carried out shaking table tests on two stabilizing
structures for soil slopes, namely, constrained anti-slide piles
and pre-stressed anchor slab-pile walls, subjected to different
ground motion intensities to study the effectiveness of differ-
ent stabilizing structures. Despite the above-mentioned exten-
sive studies, the understanding of the dynamic interaction be-
tween anti-slide piles and soil slopes subjected to different
ground motion intensities is still insufficient. Few studies
mention dynamic model testing of anti-slide pile-reinforced
bridge foundations in landslides, and only a few relevant field
engineering cases can be found (Kobayashi et al. 2002).

To summarize, the geological engineers still lack a clear
seismic strengthening mechanism for anti-slide piles, and in
some cases, the engineering practice of the slope design in
seismic areas must rely on experience to a large extent. The
shortcomings of anti-slide pile-reinforced bridge foundations
in landslides are summarized as follows: (1) The design of
anti-slide piles remains immature as of date, especially with
regard to the internal force variation in piles during seismic
activity (Anderson et al. 2009). There are few related studies
on the dynamic response of slopes with anti-slide piles and
bridge foundations during earthquakes, and few previous en-
gineering cases can be used as references (Kobayashi et al.
2002; Chotesuwan et al. 2012). (2) Experts in engineering
geology have not gained an adequate understanding of the
interactions among anti-slide piles, bridge foundations, and
landslides to quantitatively describe the seismic behaviour of
anti-slide piles and bridge foundations. (3) The existing design
methods of anti-slide pile-reinforced bridge foundations on
landslides adopted by engineers have not been able to satisfy

the practical needs of engineering (TB10002.5-2005; JGJ94-
2008). (4) Moreover, monitoring the seismic response of co-
seismic landslides is difficult because it requires the continu-
ous accumulation of data by field stations (Medel-Vera and Ji
2016; Rong et al. 2016; Zhang et al. 2017). This requirement
has led shaking table testing to become an effective method
for studying the dynamic process and failure mechanisms of
landslides under the effects of earthquakes (Wang and Lin
2011; Yuan et al. 2014; Shi et al. 2015; Sun et al. 2017).

The objective of this study was to clarify the seismic per-
formances of anti-slide pile-reinforced bridge foundations in
landslides by performing shaking table tests. The colluvial
landslide on which the Yousuotun Bridge of the Chenglan
HSR stands was selected as the prototype, and a shaking table
model test of a double-row anti-slide pile-reinforced bridge
foundation and landslide with a 1:40 similitude ratio was car-
ried out. Sinusoidal waves with different frequencies and ac-
celeration amplitudes were applied as the base excitation.
Various types of sensors arranged on the slope were used to
record the time-history response of the acceleration, pile
strain, and dynamic earth pressure of the slope subjected to
continuous multi-level seismic loads (<0.7 g). Furthermore,
the peak ground acceleration (PGA) amplification factor of
the slope was analyzed, and the evolution characteristics of
the dynamic earth pressure were studied. The results success-
fully revealed the response dynamic strain distribution char-
acteristics of the anti-slide piles and the bridge foundation. In
addition, this experiment clarified the anti-slide pile-rein-
forced bridge foundation and landslide interaction mechanism
to provide a reference for bridge foundation-landslide seismic
strengthening design.

Overview of the landslide

The Yousuotun Bridge along the Chenglan HSR is located in
Songpan County, Sichuan Province, China. The bridge is near
the DK247+788 section of the rail line, traversing the
Minjiang River over three bridge spans and covering a total
length of 1670 m on the eastern edge of the Qinghai-Tibet
Plateau. The PGA of this region is mostly 0.2—0.3 g. The bank
slope has a relief of approximately 260 m and a natural slope
of 10-45°. According to the on-site investigation, the land-
slide at the bridge site is an ancient landslide and is in a stable
state. The overall landslide is in the shape of a round-backed
armchair, small at the top, and large at the bottom. The land-
slide body has an axial length of 100 m, a width of40-60 m, a
thickness of 3—15 m, and a volume of approximately 5 x
10* m®. This landslide is moderately sized and moderately
bedded, as shown in Fig. 2. The soil in the sliding body is
silty clay in a plastic state with a fine breccia layer at the
bottom. The bedrock is a weakly weathered (W3) carbona-
ceous slate intercalated with sandstone.
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The bridge is located in the downslide section of the land-
slide. The anti-slide retaining structure consists of front-row
and back-row anti-slide piles, with the bridge pile foundation
in the middle. The main dimensional parameters are shown in
Table 1. The bridge foundation has a diameter of 1.25 m, a pile
length of 30.5 m, and a strength grade of concrete (STGC) of
C30. The front-row anti-slide piles have a cross section of
2 mx2.5 m, a pile length of 19 m, and a pile spacing of
7 m. The back-row anti-slide piles have a cross section of
3 m x4 m, a pile length of 33 m, and a pile spacing of 7 m.

Shaking table model test design
Test apparatus

The test was carried out on an electro-hydraulic servo-driven
seismic simulation shaking table with a platform size of 4 m x
2 m and a horizontal excitation at Southwest Jiaotong
University (SWJTU). The maximum load on the table is 25
tons, the maximum horizontal displacement is = 100 mm, and
the maximum acceleration is 1.2 g at full load. The accelera-
tion repeatability of the actuator is +3%. The size of the rigid
model box is 3.7 m x 1.5 m x 2.1 m (length x width x height).
The back wall of the model box is lined with an 8-cm-thick
foam carpet to reduce the reflection of seismic waves at the
boundary (Fang et al. 2003). The primary performance param-
eters of the shaking table are listed in Table 2.

Similitude relationship

The gravity similitude law and the dimensional analysis meth-
od were used to derive the geometric size (/), unit weight (),
and acceleration (a) as the main controlling factors (Iai 1989;
Lin and Wang 2006; Liu et al. 2016); C,=1,C,=1,and C;,=
40. According to the similitude relationship of the physical
conditions, geometric conditions, dynamic equilibrium condi-
tions, etc., the similitude relationships, expressed as Eqs.
(1)—(5), were obtained. The similitude relationship of the
physical quantities was derived according to the similarity
law derived by Lin and Wang (2006). Please refer to Table 3
for more details.

C 4 (1)
CiC,
C,
=1 2
e (2)
C,
=1 3
C]Cf\/ ( )
Cg
=1 4
e (4)
C,Cr=1 (5)

where C;=C;, C.=1,C,=1,and C, = 1; [ is the geomet-
ric size, ¢ is the cohesion, ¢ is the internal friction angle, -y is

Table 1 The dimensional

parameters of the Yousuotun Structure Length (m)  Sectional Axis STGC  Distance from
Bridge and anti-slide piles in dimension (m) spacing (m) toe (m)
prototype
Front-row anti- 19 2.0x%x2.5 7 C40 15m
slide pile
Back-row anti- 33 3.0x4.0 7 C40 44 m
slide pile
Bridge foundation 30.5 Diameter 1.25 39 C30 /
Bridge cushion cap 2 10.1x10.1 / C30 32 m
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Table 2 Performance

parameters of the Shaking Max. Max. Range of Max. Wave form Driving way
shaking table table size load (t) acceleration frequency displacement
(® (Hz) (mm)
4mx2m 25 Horizontal 1.2 0.4-15.0 Horizontal Regular/seismic  Electro-hydraulic
+100 wave Servo

the unit weight, p is the dynamic Poisson’s ratio, g is the
gravitational acceleration, T is the time, w is the frequency, s
is the linear displacement, ¢ is the strain, o is the stress, and a
is the PGA.

Model construction

The slope model consisted of a landslide body (silty clay), a
landslip layer (weak interlayer), a lower breccia layer, and
bedrock. The modelling materials were all taken from the
actual project site. The silty clay was crushed and passed
through a 5-mm sieve. The water content was adjusted to
25.6%, and after 24 h of curing, the landslide body was filled
with the modelling materials. The gradation curve of the fill-
ing soil is shown in Fig. 3. The dry density of the landslide
body was controlled at 1.90 g/cm’. The large-scale direct
shear test was used to determine, under the undrained condi-
tion, the internal friction angle of the silty clay, which was
14.0° and the cohesive force, which was 20.4 kPa. The inter-
nal friction angle of the breccia soil was 35.1°. The physical
and mechanical parameters of the slope material are shown in
Table 4. The 1.0-cm-thick landslip zone created a smooth
contact surface, which was made of a 1:2 mixture of bentonite
and fine sand. The breccia layer was simulated by a mixture of
coarse gravel and crushed stones. The bedrock was made of

red clay, cement, quartz sand, and water with a ratio of
1:0.55:1:0.25 to ensure an elastic modulus of 16.4 GPa. To
effectively reduce the friction effect on the inner wall of the
model box, the plexiglass on both sides of the inner walls was
cleaned, and Vaseline was evenly coated on the plexiglass. A
smooth layer of transparent cellophane was pasted on the
sidewalls as a friction-reducing membrane. Then, another thin
Vaseline layer was applied to the surface of the cellophane,
and the slope model was filled in layers. These procedures can
effectively reduce the friction effect between the slider and the
box wall during the vibration process (Haeri et al. 2012; Li
etal. 2019).

The back-row anti-slide piles were located in the downslide
section of the landslide, while the front-row anti-slide piles
were located in the landslide-resistant section. The reinforce-
ment ratio and the stirrup ratio of the actual bridge pile foun-
dation and the anti-slide piles were adopted to create a model
composed of micro-concrete. With reasonable control of the
aggregate dosage and water-cement ratio, the mechanical
properties of the micro-concrete showed satisfactory simili-
tude with the ordinary concrete in the prototype (Brara and
Klepaczko 2007; Li et al. 2014). The dimensional parameters
of'the model structures are displayed in Table 5. A 40-cm-high
gravity pier was placed on the upper part of the pile cap. Given
the dynamic influence of the bridge superstructure on the

Table 3 Similarity relationship

and scaling factors for the shaking Parameter type Physical quantity Dimension Similarity ratio Remarks
table tests in this study (prototype/model)
Physical dimension Length (/) C 40 Control variable
Displacement (s) Co=C; 40
Material Mass density (p) C, 1
characteristics Unit weight () c, 1 Control variable
Cohesion (c) C.=C,C 40
Internal friction angle  C, = 1
()
Strain () C. 1
Stress (o) C,=C,( 40
Poisson’s ratio () C, 1
Dynamic Gravity acceleration Cy 1 Control variable
characteristics ()
Input acceleration (a) C, 40 Input control

Shaking time (¢)
Frequency ( f)

C,=(CJ)C)% 40
Gr=C/C) 1

Input control
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bridge foundation, a prefabricated steel box was fixed on top
of the bridge pier to simulate the movable beams. A track was
welded along the central axis of the steel box to allow the
double weights to slide freely. Two weights were hung at a
certain distance along the track to simulate the simply support-
ed box girders on either side of the pier top (Tang et al. 2010).
The weights were determined as per the experimental similar-
ity relation in Fig. 4(b) and (c). The anti-slide piles and bridge
pile foundation were prefabricated and cured. The model after
filling is shown in Fig. 4(f). The slope model was filled layer
upon layer and levelled and tamped from the bottom up.

Instrumentation

The arrangements of the sensors in the model are shown in Fig.
5. The accelerometers were placed behind the back-row anti-
slide pile P3, as well as between the front-row anti-slide pile P1
and the bridge foundation P2. The model was equipped with 11
sets of accelerometers (at points A1-A11) using German-made
ICP/IEPE piezoelectric horizontal accelerometers with a working
frequency of 0.1-100 Hz and a measuring range of 2.0 g. Point
A10 on the table base was used to record the actual input accel-
eration of the shaking table. A total of 17 dynamic earth pressure
sensors (at points E1-E17) were arranged at the front and rear of
the front- and back-row anti-slide piles, as well as at the front side
of the bridge foundation. Earth pressure mini-sensors with a
diameter of 10 mm, a thickness of 5 mm, and a range of

100 kPa were used. Strain gauges configured with a quarter
bridge were arranged symmetrically on the front and rear sides
of the anti-slide piles and the pier foundation pile, and strain was
measured at a total of 21 points (S01-S21). Five YHD-100 pull-
rod displacement meters (at points D1-D4) were used to monitor
the horizontal displacement of the sliding surface with an accu-
racy of 0.001 mm. The sensors were all calibrated prior to
installation.

Seismic wave input

To simulate the damaging effects of seismic waves with dif-
ferent frequencies and PGAs on the landslide model, sinusoi-
dal waves with frequencies of 3 Hz and 10 Hz, which would
not cause resonance in the model, were selected as the seismic
excitation. A similar input motion of sine waves was
employed by Lin and Wang (2006), Torisu et al. (2010), Pal
et al. (2012), and Liu et al. (2016). The input acceleration
amplitude was increased from 0.08 to 0.7 g. A micro-
vibration test of 0.08-g white noise excitation was used to
determine the dynamic properties of the slope materials. The
loading scheme of the seismic wave is shown in Fig. 6. The
input seismic waveform is shown in Fig. 7. The duration of the
earthquake was compressed to 1/6.32 of that experienced by
the prototype. The measured data were converted to the actual
results of the prototype according to the similarity in Table 3.

Seismic behaviour of a bridge-pile-foundation
slope

This section first introduces the apparent characteristics of the
slope model after the earthquake, then analyzes the responses
of acceleration, dynamic earth pressure, and dynamic strain,
and finally summarizes the anti-seismic mechanism of the
anti-slide pile-reinforced bridge foundation.

Post-earthquake indicative characteristics

After loading the PGA of 0.7 g, the bridge foundation and
landslide exhibit no obvious signs of damage, and the bridge
foundation is stable, as shown in Fig. 8a. The peak displace-
ment of the slope increases with increasing PGA. Affected by
the landslide thrust, the dynamic displacements of the pile tops

Table 4  The physical and mechanical properties of the model slope material

Stratum Unit weight  Cohesion ¢ (kPa)  Internal friction angle ¢ (°) ~ Water content (%)  Poisson’s ratio v Elasticity modulus £ (MPa)
(kN/m®)

Silty clay  19.0 20.4 14.0 25.6 0.40 10.0

Breccia 21.0 0 35.1 16.6 0.30 100.0

Bedrock  23.0 1.8x10° 40.0 4.0 0.24 5.1x 10
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Table 5  Structural dimensions of the bridge foundation and anti-slide piles in the model

Structure Quantity Length (cm) Sectional dimension (cm) Pile spacing (cm) STGC
Front-row anti-slide pile P1 7 47.5 5.0x6.25 17.5 C40
Back-row anti-slide pile P3 9 82.5 7.5x10 17.5 C40
Bridge foundation P2 3x3 76.25 Diameter 3.125 9.75 C30
Bridge cushion cap 1 5.0 25.25x25.25 / C30

of the back-row anti-slide piles are greater than those of the
front-row anti-slide piles. The anti-slide piles significantly re-
duce the displacement of the bridge foundation, as shown in
Fig. 8c. When the input PGA is less than or equal to 0.4 g, the
maximum dynamic displacement of the bridge foundation is
0.4 mm. The displacement of the landslide body accumulates
under the amplitude increase during repeated earthquakes. The
markings on the sidewall of the model box show that the land-
slide has slid along the landslip surface, as shown in Fig. 8b.
Figure 9 shows the spectrum analysis curve of the slope
material in the 0.08-g white noise test. When the Gaussian
white noise propagates upward, a filtering process occurs in
the spectral response of the soil, and the amplitude of the
spectrum near the natural frequency is amplified. The re-
sponse amplitude of the spontaneous vibration frequency of

the silty clay is larger than that of the fine breccia. The re-
sponse interval for the first natural frequency of the model is
11-29 Hz, while it is 32—39 Hz for the second natural frequen-
cy. The first and second natural frequencies of silty clay are
20.4 Hz and 34.1 Hz, respectively.

Acceleration response

The response acceleration is a main parameter that character-
izes the instability of the slope caused by the inertial force. The
acceleration distribution characteristics of the key points of the
slope, including points A2, A5, A6, and A9 on the slope
surface and points A1, A4, and A8 on the soil-rock interface
of the slope, were obtained to analyze the effect of accelera-
tion amplification on the slope.

Fig.4 Photographs of the slope model for the shaking table test. (a) Shaking table; (b) movable beams; (c) piers and cushion cap; (d) reinforcement cage
of anti-slide pile; (e) bridge pile foundation; (f) completed model and displacement sensor bracket
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Fig. 5 Schematic of the monitoring arrangement in the model and model dimensions (unit: cm). (a) Cross section of the model; (b) horizontal layout of
the model; (c) earth pressure cell of the bridge foundation; (d) horizontal layout of the bridge cushion cap

Variations of acceleration with the input PGA

Taking point A2 in the downslide section of the landslide as an
example, the acceleration value a,,,, is the weighted mean of
the acceleration amplitude of the landslide. The acceleration-
time curve when PGA is 0.6 g is presented in Fig. 10.
Figure 11 shows the relationship curve of the input

0.8 T T T T T T T
20 07 Acceleration is increased by 7-1
g : 0.1 g step by step...

6-1
T o6t : .
= —A—ainpu: Peak amplitude of .
g' 05 + acceleration
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R "
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5 o3 §
T, 3 32
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a 0.1 = Test2-1: 0.2 g, 3 Hz sin, 10.23 s
= ’ 12 Test 2-2: 0.2 g, 10 Hz sin,10.23 s

00 0.08 g 1 1 1 1 1 1 1

0 25 50 75 100 125 150 175 200
Time 7 (s)

Fig. 6 Input acceleration amplitude converted by the prototype wave to
the vibration shaker with time

@ Springer

acceleration amplitude and the response PGA obtained from
point A10. With the increase in the ground motion intensity
input by the actuator, the PGA of point A10 increases, indi-
cating that the performance of the shaking table meets the
loading requirements for the ground motion intensity. As the
input PGA increases, the response acceleration of each mea-
suring point increases.

Acceleration amplification effect

The ratio of the horizontal monitoring acceleration amplitude
in the slope to the actual input acceleration amplitude of the
table (measuring point A10) is defined as the PGA amplifica-
tion factor (Srilatha et al. 2013). Figure 12 shows a distribu-
tion contour plot of the PGA amplification factors of the slope.
With increasing input acceleration amplitude, both the dynam-
ic response of the slope and the PGA amplification factor
increase. The PGA amplification factor shows a layered dis-
tribution along the downbhill direction of the slope. A PGA of
0.5 g is defined as the boundary intensity between moderate-
and high-intensity earthquakes (GB18306- 2001 2001).
Figure 12a—c show that the fine breccia layer at the slope foot
can effectively dissipate the energy of the vibration wave dur-
ing the vibration, and the PGA amplification factor is small.
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When PGA <0.4 g, the PGA amplification factor of the shal-
low layer (2.4-m deep) on the back side of the bridge founda-
tion is larger than that of the deep layer. For the back-row anti-
slide pile P3, the PGA amplification factor in front of pile is
smaller than that behind the pile. When PGA >0.5 g, the
seismic response of the landslide body on the back side of pile
P3 is enhanced, as shown in Fig. 12b and c¢. The PGA ampli-
fication factor on the front side of the pier also increases with
the increase in the ground motion intensity. In Fig. 12, the
yellow-green region, representing a strong amplification of
the PGA, spreads to the breccia layer (12 m), which is consis-
tent with the sliding phenomenon observed in the landslide
body shown in Fig. 8b. Viscous damping occurs due to the
dissipation of frictional energy when the shear wave propa-
gates through the rock and soil mass. If the distance between
the bridge foundation and pile P3 is too small, the energy
dissipated by the back-row anti-slide piles during seismic
wave propagation is limited; thus, a reasonable pile spacing
should be set.

Figure 13a and b show the PGA amplification factors of the
landslide. The soil demonstrates a series of amplification ef-
fects in the epicentre and exhibits a nonlinear state (Hashash
etal. 2015; Liu etal. 2016). The PGA amplification factor has

aflti;—sliding pile

a significant nonlinear amplification effect along the
elevational direction of the slope. The PGA amplification fac-
tor of point A2, which is at the crest of the slope, ranges from
1.16 to 1.32 when PGA <0.7 g, while the PGA amplification
factor at the foot (A11) is 0.96—1.06. The higher the position
on the slope, the stronger the PGA response and the more
obvious the PGA amplification effect are (Xu et al. 2010).
Due to the high and steep-free surface of the landslide
backwall, the PGA of point A2 reaches its maximum value,
showing an obvious PGA “elevation effect”.

For the soil mass at the same elevation, the seismic wave
produces a magnification effect on a single-free-face slope,
with a larger effect on the surface layers (AS) than in the
deeper layers (Al). The PGA amplification effect is found to
be greater along the slope surface, which is expressed as the
“surface effect”, that is, the closer the position is to the slope
surface, the larger the PGA amplification factor. Since the
shallow soil in the slope surface is less constrained, it is more
likely to vibrate strongly under a seismic wave from the bed-
rock. As the slope elevation increases, the increasing trend of
the PGA amplification factor near the bridge foundation slows
(Fig. 13b), indicating that the seismic response of the anti-
slide piles and the soil surrounding the bridge foundation is

2.0 T T T
(c) 10 Hz:
—+ Slope toe
—/— Front-row anti-slide pile
—— Back-row anti-slide pile
—e— Bridge foundation

05 r

Dynamic displacement (mm)
>

0.0

0.0 0.2 0.4 0.6 0.8

Input acceleration amplitude a (g)

Fig. 8 Apparent characteristics and the dynamic displacement of the slope model after a PGA of 0.7 g is applied. a The model does not undergo
significant damage. b The landslide body slides along the landslip surface. ¢ The variation in peak displacement with input PGA

@ Springer



1438

5 T T T T T T T T
(a) Predominant frequency=21.4 Hz

> 4 Intensity=3.895 cm/s

g —BS5, Silty clay

g 3t

2

a,

g 2t

g

I | |
0 I | L 1 h
0 5 10 15 20 25 30 35 40 45

Frequency (Hz)

C. Zhang et al.
5 T T T T T T T T
(b) Predominant frequency=18.65 Hz

= 4l Intensity=2.796 cm/s
E
2
8 3t
B L
= —— B4, Breccia soil
g 2}
g

0 1

0 5 10 15 20 25 30 35 40 45
Frequency (Hz)

Fig. 9 a, b Spectrum analysis of the natural vibrations in the landslide mass

suppressed. The anti-slide piles and the bridge foundation can
reduce the acceleration amplification effect of the slope sur-
face to a certain extent and weaken the seismic response of the
slope. This process occurs because the reinforcement effect of
the anti-slide piles and the soil arching effect between the piles
can limit the dynamic response of the reinforcement area and
reduce the response acceleration. In addition, the anti-slide
piles produce a reflection superposition effect of the seismic
waves in the landslide deposit, with a larger response acceler-
ation in front of piles than that behind piles.

Figure 13 c illustrates the PGA amplification factor curve
of the rock and soil interface inside the slope. The seismic
response inside the landslide is affected by the properties of
the slope material, which is manifested as a “geological struc-
ture effect”. The PGA amplification factor of point Al on the
landslide bed ranges from 1.10 to 1.21, which is smaller than
that of the landslide body (AS). The maximum PGA amplifi-
cation factor of the bedrock is only 1.05, demonstrating a
smaller response. At the same elevation, the breccia layer
(A8) has a larger amplification effect than that of the bedrock
(A3). For the geological structure with soft top and hard bot-
tom layers, the amplification due to the “geological structure
effect” is obvious.
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Figure 13 d shows the effect of seismic frequency f on
response acceleration. The PGA amplification effect of the
slope is stronger at 10 Hz than at 3 Hz. The PGA amplification
factors corresponding to low excitation frequencies were con-
siderably lower than those for high excitation frequencies.
This phenomenon is consistent with the results proposed by
Brennan and Madabhushi (2009), Roten et al. (2013), and Lin
et al. (2018). Seismic waves generate viscous damping when
propagating through the rock and soil, and the damping is
proportional to the velocity of the material. For a consistent
input PGA, the PGA amplification factor is related to the
seismic frequency. The higher the frequency is, the smaller
the velocity of the granular particles (Hobiger et al. 2012),
which in turn leads to less viscous damping of the soil and a
larger PGA amplification factor (Brennan et al. 2005; Hashash
and Park 2002).

Figure 14 shows the variations in the PGA amplification
factor with the input acceleration amplitude at 10 Hz. When
PGA <£0.3 g, as the input acceleration amplitude increases, the
acceleration responses measured at points A3, A4, A5, and A6
along the slope crest decrease, and the PGA amplification
factor decreases. A similar phenomenon was found in other
1-g large-scale shaking table tests of slopes (Xu et al. 2008),
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©
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<
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o

Time (s)

Fig. 10 Time-history curves of the acceleration at A2 on the surface of the landslide body under a PGA of 0.6 g. a 3 Hz. b 10 Hz
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Fig. 11 Relationship between the input PGA of the shaking table and the
response acceleration as monitored from the slope

that is, the deposit body shows obvious nonlinear characteris-
tics when subjected to dynamic loading (Sun et al. 2015). On
the one hand, with increasing ground motion intensity, the
shear strain of the soil increases, the stiffness modulus de-
creases, and the damping ratio increases, which reduces the
PGA amplification factor. On the other hand, loose deposit
bodies show a tendency towards vibratory compaction under
continuous low-intensity earthquakes, which also reduces the
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PGA amplification effect. When PGA >0.4 g, the slope is
subjected to greater seismic inertial force, which causes the
landslide interior to gradually loosen. This effect further
causes the sliding deformation of the landslide body to devel-
op, the dynamic response of the slope to increase, and the
PGA amplification factor to rise rapidly. The response accel-
eration of the bedrock (A3) with a PGA amplification factor of
1.03 is not significantly affected by the input PGA.

Dynamic earth pressure response
Variation in dynamic earth pressure with input PGA

The dynamic earth pressure on the back side of the reinforced
structure affects not only the stability of the structure but also
the stability of the soil mass around the structure (Ma et al.
2019). Figure 15 shows the variation in the dynamic earth
pressure response with time for the back-row anti-slide pile
P3 at point E1. When only the increase in structural earth
pressure caused by an earthquake is considered, the dynamic
earth pressure peak o4, is the weighted average of the pos-
itive and negative peak values of the earth pressure in the
landslip direction. Figure 16 shows the vector distribution
characteristics of the dynamic earth pressure peak of the
anti-slide piles (back-row P3, front-row P1) and the bridge
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Fig. 12 PGA amplification factor distribution contour plots of the slope with input acceleration amplitude. 2 0.2 gand 10 Hz. b 0.5 gand 10Hz. ¢ 0.7 g

and 10 Hz. d 0.7 g and 3 Hz
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Fig. 13 PGA amplification factor of the slope at the key measurement
points distributed along the elevation under the /=10 Hz condition. a
Acceleration distribution of the landslide. b Vertical distribution of

foundation P2 with the input PGA. As shown in Fig. 16, the
distribution of the dynamic earth pressure of pile P1 shows a
shape with “a large bottom and a small top”. Moreover, the
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Fig. 14 Variations in the PGA amplification factor at key points inside the
slope with an input acceleration amplitude at f'= 10 Hz
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distribution of dynamic earth pressure on the front side of the
bridge foundation P2 is “small in the middle and big at the
ends”.

Figure 17a shows the variation in the response peak of the
dynamic earth pressure on the back side of anti-slide pile P3
with the input acceleration amplitude. The response peak of
the dynamic earth pressure of the load-bearing section (depth
< 6.8 m) increases as the input PGA increases. When the input
PGA is less than or equal to 0.3 g, the response peak of the
dynamic earth pressure is maximum at point E3. When PGA
> 0.4 g, the dynamic earth pressure of the load-bearing section
increases significantly. This result shows that with the increase
in the seismic response of the slope, the supporting perfor-
mance of anti-slide piles is gradually strengthened. The dy-
namic earth pressure of the embedded section (depth > 6.8 m)
remains unchanged, with a maximum of 19.8 kPa. As the
input PGA increases, the position with the maximum peak
value of the dynamic earth pressure shifts up, resulting in a
larger value at point E1 than at point E3.

Figure 17b shows the variations in the maximum value of
the dynamic earth pressure of pile P3, bridge foundation P2,
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Fig. 15 Dynamic earth pressure-time curves of measurement point E1 when the input PGA is 0.6 g. a 3 Hz. b 10 Hz

and pile P1 with the input PGA. The maximum dynamic earth
pressure appears at point E1 of pile P3. The maximum value
of the dynamic earth pressure of bridge foundation P2 occurs
at point E14 (a front-row pile) and point E7 at the back-row
pile. The maximum dynamic earth pressure between piles P2
and P3 is 11.3 kPa, that is, the bridge foundation P2 is weakly
affected by the thrust of the back side of the landslide. The
maximum dynamic earth pressure between pile P2 and pile P1
is 55.6 kPa.

Dynamic earth pressure distribution along pile depth

Figure 18a shows that the peak value of the dynamic earth
pressure behind the back-row anti-slide pile P3 is distributed
along the pile depth. The 3-Hz sinusoidal wave produces
greater peak earth pressure behind pile P3 than that of the
10-Hz wave. When the same PGA is applied, the low-
frequency wave (3 Hz) can cause the soil to undergo more
displacement deformation, which produces a stronger land-
slide thrust. As shown in Fig. 18a, the response of dynamic
earth pressure can be divided into two parts by a sliding sur-
face (depth of 12.6 m). When PGA <0.3 g, the maximum
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dynamic earth pressure is in the middle of the landslide, and
the landslide thrust distribution is in a shape of a spoon along
the pile depth, that is, low at both ends and high in the middle.
When PGA >0.4 g, the dynamic earth pressure of the upper
part of the pile body increases rapidly, and the dynamic earth
pressure is distributed along the pile depth in the shape of a
bow. The landslide thrust is mainly borne by the upper part of
pile P3. The action points of the resultant force of the dynamic
carth pressure move to the top of the piles as the input PGA
increases. The reason for the upward shift of the resultant
action point of the landslide thrust is that the seismic wave
has an amplification effect on the slope surface, causing a
strong dynamic response in the nearby soil and resulting in
an increase in the earth pressure on the pile. As the input PGA
increases, the soil arching effect between the piles leads to a
redistribution of the pile-soil stress, and the landslide thrust is
also transferred to the upper part of the piles. The breccia layer
behind the piles is relatively stable, and point E4 is subjected
to a very low dynamic earth pressure. To restrain the defor-
mation of the back-row anti-slide pile P3, the earth pressure of
the bedrock anchoring section (E5—E6) must be less than
29 kPa. Under the action of the earthquake, the landslide
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Fig. 16 Vector distributions of the dynamic earth pressure peak of the anti-slide piles and the bridge foundation with the following ground motion

intensities. a 10 Hzand 0.3 g. b 10 Hzand 0.7 g
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Fig. 17 Variations in the peak dynamic earth pressure of the slope with input PGA. a Measuring points E1-E6 behind pile P3. b The maximum earth
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thrust is mainly borne by the middle and upper parts of pile P3
when the slope approaches the slide. The traditional design
aims to strengthen the middle and lower parts of the pile body,
which are the most prone to damage in seismic design.
Figure 18b shows the peak dynamic earth pressure distrib-
uted along the pile between the bridge foundation P2 and
back-row anti-slide pile P3. As the input PGA increases, the
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dynamic earth pressure between piles P2 and P3 increases
slowly with a low earth pressure. The maximum value at point
E7 is only 10.7 kPa. The dynamic earth pressure is distributed
along the pile in a triangular shape, characterized by a large
top and a small bottom. The pressure difference between the
front and back sides of pile P3 is significant, indicating that the
anti-slide effect and arching effect of pile P3 limit the transfer
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Fig. 18 The distributions of the peak dynamic earth pressure of the pile with pile depth when subjected to different input PGA. a Behind back-row anti-
slide pile P3. b Between pile P3 and the bridge foundation P2. ¢ The front side of the bridge foundation P2. d Front-row anti-slide pile P1
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of the dynamic earth pressure from the landslide body to the
bridge foundation. Figure 18c shows the distribution of the
peak dynamic earth pressure at the front side of the bridge
foundation P2 along the pile depth. The peak value of the
dynamic earth pressure in the landslide exhibits a triangular
distribution characterized by a large top and a small bottom.
The dynamic response of E11 at the slope surface is enhanced,
and the dynamic earth pressure is increased, while the dynam-
ic earth pressure of the sliding surface (E12) is very low. The
anchoring section of the bridge foundation (E14) has the
highest dynamic earth pressure and can effectively restrain
the deformation of the bridge foundation. The dynamic earth
pressure of the breccia layer (E13) increases rapidly. As the
input PGA increases, the dynamic earth pressure of E13 grad-
ually approaches that of E14. The dynamic earth pressure
distribution of the anchoring section changes from triangular
(with a small top and a large bottom) to trapezoidal.

Figure 18d shows the dynamic earth pressure of pile P1
with pile depth. The dynamic earth pressure in the landslide
is very small. The dynamic earth pressure of the breccia layer
increases with increasing input PGA, forming a triangular
distribution. This result indicates that the front-row anti-slide
piles have sufficient rigidity and that the thrust of the back side
of the landslide body is transmitted to the anchoring section of
pile P1. The maximum dynamic earth pressure of pile P1
(55.6 kPa) is only 10.5% of the maximum value of pile P3
(529 kPa); that is, the thrust of the landslide becomes very
small when transmitted to the front-row anti-slide piles.

Dynamic strain response
Dynamic strain with input PGA

Response dynamic strain refers to the seismic-action-induced
strain experienced by the pile. The peak dynamic strain is the
mean value of the positive and negative peaks of the dynamic
strain-time curve. Figure 19 shows the relationship between
the peak dynamic strain of the pile and the input acceleration
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amplitude. The peak dynamic strain of the pile caused by an
operating frequency of 3 Hz is greater than that caused by
10 Hz. In Fig. 19a, the dynamic strain of the back-row piles
of bridge foundation P2 is distributed from 26-88 pe. When
PGA is 0.5 g, the dynamic strain value of top point S7 of the
bridge foundation reaches 176 e, which is a significant in-
crease of approximately 2.7 times the value when PGA is
0.4 g. When PGA =0.5 g, the landslide slides, causing the
thrust of the sliding body to increase sharply. At the same
time, the PGA amplification effect of the slope surface causes
the top section of the pile to carry more dynamic stress,
resulting in a sudden increase in pile strain. The maximum
dynamic strain is transferred from the top to the bottom of
the pile. When PGA > 0.5 g, the dynamic strain at point S7
decreases sharply, while the dynamic strains at the adjacent
points S8 and S9 increase. This result indicates that under the
action of ground motion, the deformation of the bridge foun-
dation first occurs on the upper part of the pile. When the pile
is subjected to the critical acceleration amplitude of PGA =
0.5 g, the middle and lower parts of the pile share the excess
seismic loading. The overall bearing capacity of the bridge
foundation can be optimally utilized. In Fig. 19b, the maxi-
mum dynamic strain of the front-row piles of bridge founda-
tion P2 appears at point S14 on the sliding surface, with a
maximum value of 207 pe. The evolution characteristics of
the dynamic strain can be divided into three stages: slowly
increasing (PGA < 0.4 g), rapid growth (PGA =0.4-0.6 g),
stable (PGA >0.6 g).

Dynamic strain distribution with pile depth

Figure 20 shows the distribution of the peak dynamic strain
of the pile with pile depth. As shown in Fig. 20a, the dy-
namic strain peaks of the back-row anti-slide pile P3 are
triangular in the section with points S1-S4 and square in
the section with points S4-S6. The maximum strain appears
in the breccia layer (S4). When PGA = 0.5 g, the increase in
the amplitude of the dynamic strain is maximized. The
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Fig. 19 a, b The relationships between the peak dynamic strain of bridge pile foundation P2 and the input acceleration amplitude
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Fig. 20 The peak dynamic strain of the pile distributed along the pile for a PGA of 0.1-0.7 g. a Back-row anti-slide pile P3. b Back-row pile of bridge

foundation P2. ¢ Front-row pile of bridge foundation P2

dynamic strain of pile P3 is very small, with a maximum
dynamic strain of only 18.0 pe when PGA =0.7 g. Pile P3
has sufficient flexural rigidity and can effectively resist the
deformation caused by the slope slip. The dynamic strain of
the front-row anti-slide pile P1 is the smallest, with a max-
imum dynamic strain of only 11.0 pe. The other small strain
distributions of piles P2 and P3 are not provided here.

When the input PGA is less than or equal to 0.5 g, the
dynamic strain in the back-row piles of the bridge founda-
tion P2 decreases from the slope surface to the landslip
surface and then increases to the bedrock surface in a bow
shape, as shown in Fig. 20b. The minimum dynamic strain
occurs near the landslip surface. The breccia layer and the
bedrock layer play restraining roles in the anchoring section
of the bridge foundation. The micro-strain of pile P2 is
small and is approximately 2-27 pe. When PGA =0.6—
0.7 g, the interaction between the pier and pile P3 is en-
hanced, the breccia layer is squeezed, and the maximum
dynamic strain moves down to the landslip surface (point
S9). The section of the bridge foundation embedded in the
bedrock has a great constraint on the deformation of the
upper pile, with a dynamic strain close to the maximum
value at the slip surface (S11).

@ Springer

As shown in Fig. 20c, when the input PGA is less than or
equal to 0.5 g, the strain distribution of the front-row piles of
the bridge foundation P2 is similar to that of its back-row
piles, resulting in a bow-shaped distribution. The dynamic
strain of the pile above the slip surface decreases with increas-
ing pile depth, and the minimum value can be found near the
landslip surface (S15). The dynamic strain in the fine breccia
layer increases with pile depth. When PGA =0.6-0.7 g, the
dynamic strain increases sharply with increasing PGA. The
position of the maximum dynamic strain is transferred from
the pile top to the landslip surface. Influenced by the resistance
of the soil around the pile, the pile strain decreases progres-
sively from the sliding surface to both sides of the sliding
surface, showing a convex shape. The reason for this evolu-
tion of the pile strain from a bow shape to a convex shape is
that the initial seismic load is low; hence, the landslide is
weakly subjected to the PGA, but as the landslide thrust is
released when the PGA increases, the bridge pile is subjected
to greater seismic inertial force and landslide thrust from the
upper pier, and the position of the maximum dynamic strain is
shifted down to resist the landslide sliding.

When the input PGA is greater than 0.5 g, the dynamic
strain distribution characteristics in the front-row and back-
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row piles of the bridge foundation P2 change accordingly,
indicating a synchronous force development of the pile foun-
dation. The anti-seismic performance of the front-row anti-
slide pile P1 is limited. The strong ground motion can change
the dynamic stress distribution of the bridge foundation near
the sliding surface, and the reinforcement range of the pile
should increase. In a deposit slope strengthened by anti-slide
piles, this effect may be the main reason why cracking or even
breaking of the piles of the bridge foundation would occur
near the sliding surface during earthquakes. Therefore, in the
anti-seismic reinforcement design of the bridge foundation in
landslides, the strain distribution characteristics of the piles
should be considered.

Conclusions

Shaking table tests of a double-row anti-slide pile-reinforced
bridge foundation in a landslide with a 1:40 similitude ratio
were completed. Different ground motion intensities were in-
put to investigate the seismic responses of the bridge founda-
tion and to analyze the PGA amplification factors of the slope.
The distribution of the landslide thrust and the pile strain were
explored, after which the seismic performance of the design of
the anti-slide pile-reinforced bridge foundation was verified.
Ultimately, seismic design involving the use of an anti-slide
pile-reinforced bridge foundation in a landslide in the
Chenglan HSR was proven to be safe and reliable. The con-
clusions are summarized as follows:

(1). The acceleration amplification effect of the bridge foun-
dation and landslide under the action of an earthquake
shows a “surface effect”, an “elevation effect”, and a
“geological structure effect”. For a geological structure
with soft top and hard bottom layers, the seismic re-
sponse of a loose deposit layer is greater than that of
the bedrock. As the input PGA increases, the PGA am-
plification factor of the slope first decreases and then
increases rapidly.

(2). For the reinforcement of the bridge foundation in the
sliding section with front- and back-row anti-slide piles,
the spacing between the back-row anti-slide piles and
the bridge foundation is small, and the bridge cap and
its adjacent slope maintain a large PGA amplification
factor. Therefore, the acceleration response of the bridge
foundation is enhanced, which is not conducive to the
stability of the bridge foundation.

(3). The force of the landslide thrust behind the piles is main-
ly carried by the upper part of the back-row anti-slide
piles. The distribution of the landslide thrust changes
from the shape of a spoon to the shape of a bow with
increasing PGA. The resultant force action point in the
pile body bearing the dynamic earth pressure shifts to

the pile top with increasing input PGA, which is a result
of the amplification effect of seismic waves and the re-
distribution of the pile-soil stress caused by the “arching
effect”.

(4). For medium- to low-intensity earthquakes (PGA <
0.5 g) (GB18306-2001), the peak dynamic strain of
the bridge foundation appears at the pile top and gradu-
ally decreases with pile depth. For high-intensity earth-
quakes (PGA > 0.5 g), the maximum dynamic strain of
the bridge foundation appears near the sliding surface,
which is the main cause of the cracks and broken piles in
bridge foundations; thus, this condition is not
favourable for engineering protection. The load-
bearing section of the bridge pile foundation near the
sliding surface needs to be strengthened.

(5). The higher the seismic frequency is, the stronger the
acceleration response and the larger the PGA amplifica-
tion factor of the slope. Under the action of an earth-
quake, anti-slide piles can reinforce the landslide and
mitigate the dynamic response of the bridge foundation,
which optimally minimizes the dynamic earth pressure
behind the piles near the bedrock. Reinforcement by
anti-slide piles can limit the dynamic responses of the
bridge and the landslide and weaken the seismic re-
sponse of the slope.
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