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Abstract
To study the dynamic damage effect of lining across the main-sliding surface reinforced with multi-anchor round piles under 
different seismic sequences, two loading sequences of “foreshock-mainshock” and “mainshock-aftershock” were designed 
by shaking table test for the first time. Based on acceleration, the seismic performance evaluation factor (SPEC) and seismic 
effect coefficient (Sec) of reinforced lining were proposed. A calculation method for shear force (Sf) and bending moment 
(Mb) of multi-anchor round piles based on dynamic strain was proposed, and its distribution characteristics were given. 
The evaluation index of the reinforcement effect evaluation coefficient (REEC) of reinforced lining was put forward. The 
results showed that the acceleration of the main-aftershock sequence on multi-anchor round piles was greater than that of 
the foreshock-mainshock sequence. The Sf of pile presented an inverted “S” type distribution, while Mb exhibited an “S” 
type distribution. Compared with the unoptimized multi-anchor round piles, the seismic effect of Sec and REEC reached 
3.04–18.96% and 120–180%, respectively. The seismic effect of anchor head optimization is related to the seismic sequence, 
which is more suitable for the seismic structure design of the foreshock-mainshock sequence, indicating its superior popu-
larization value in tunnel-landslide engineering treatment in high-intensity areas.

Keywords  Tunnel engineering · Seismic action · Shaking table test · Seismic performance evaluation coefficient · 
Reinforcement effect evaluation coefficient · Seismic effect coefficient

Introduction

The seismic sequence refers to a series of earthquakes of 
different sizes occurring within the same focal region dur-
ing a certain period of time. The seismogenic mechanism 
is a series of earthquakes with several internal connection 
or common seismogenic structure (Jiang et al. 2006). The 
strongest earthquake in a sequence is called the mainshock, 

after which smaller earthquakes occurring in the same seis-
mic region are called aftershocks. Such kind of earthquake 
may occur after the mainshock, known as the mainshock-
aftershock. Smaller earthquakes occurring in the same seis-
mic region before the mainshock is called foreshocks (Jiang 
et al. 2008), and before the mainshock, there may be some 
foreshocks called the foreshock-mainshock. According to the 
proportion of large and small earthquakes, as well as energy 
release characteristics of each seismic sequence, the seismic 
sequence can be divided into three types: mainshock type, 
cluster seismic type, and isolated seismic type (Zhang 2018).

Based on years of observation and study on historical 
seismic data, Chinese scholars calculated the occurrence 
ratio of various seismic sequences with Ms > 5.0 in the Chi-
nese mainland from 1070 to 2004. Isolated seismic type, 
mainshock type, and multi-earthquake type account for 23%, 
59%, and 18% respectively, indicating that 77% of earth-
quakes are accompanied by aftershocks (even strong ones). 
Wu et al. (1990) conducted statistical analysis of seismic 
data worldwide and found that the foreshock-mainshock type 
seismic sequence and mainshock-aftershock type seismic 
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sequence accounted for 20–40% and 60–80%, respectively. 
After the mainshock occurs, the rock mass and the structure 
will be damaged to a certain extent. However, foreshock 
sequence or aftershock sequence can further accumulate 
damage to the rock mass and structure, thereby deepening 
the degree of earthquake damage (Xiao et al. 2022), which 
suggests the nonnegligible influence of seismic sequence on 
rock mass and structure (Yang et al. 2021).

Mahin (1980), Amadio et al. (2003), Lee and Foutch 
(2004), Hatzigeorgiou and Liolios (2010), and other schol-
ars studied the dynamic response of nonlinear single degree 
of freedom system, elastic stiffness model, and RC frame 
structure model under the main-aftershock seismic sequence 
by means of theoretical analysis and model test, and revealed 
the influence of sequential earthquakes on dynamic damage 
of different system models. Krawinkler and Zhorei (1983), 
Krawinkler and Nassar (1992), Kachanov (1958), Kachanov 
and Krajcinovic (1986), Rabotnov (1963), Lemaitre (1971), 
and Krajcinovic (1989) proposed damage evaluation meth-
ods and technical indexes applicable to elastic, elastic plas-
tic, and plastic materials based on the theory of damage 
mechanics. Starting from the macroscopic performance 
indexes of materials, components and structures, Shen and 
Dong (1997), Park and Ang (1985), Kato and Akiyama 
(1975), Satish (1994), and Gosain et al. (1977) established 
a damage theory model based on theoretical analysis. Ruiz-
García and Negrete-Manriquez (2011), Liolios et al. (2013), 
Goda and Salami (2014), and Ludovico et al. (2013) studied 
the nonlinear response of steel frame structure model, con-
tinuous beam bridge structure model, and wood frame struc-
ture model through theoretical analysis, numerical calcula-
tion, and model test, and obtained the nonlinear response 
and structural damage index under different combinations 
of seismic sequences. Taken together, there are four main 
methods to study earthquake sequence and structural dam-
age analysis: prototype observation, model test, theoretical 
analysis, and numerical calculation. The mainshock is typi-
cally accompanied by strong aftershocks, resulting in further 
structural damage.

According to the post-disaster investigation in Wenchuan 
(Pai 2022), anchor cable anti-slide pile exhibited favorable 
seismic performance. However, some piles still appeared 
the phenomenon of anchor head failure under the earth-
quake action. The seismic performance of the anchor head 
is directly related to the dynamic stability of the slope under 
earthquake action. In terms of engineering geology and geo-
technical engineering, scholars only focus on the interac-
tion between the mainshock on rock mass and associated 
structure through numerical calculation and model test at 
the current stage (Ai et al. 2018), while little attention is 
paid to the interaction effects of rock mass under different 
seismic sequences. Wang (2010) studied the damage effect 
of embankment model for the first time using two seismic 

sequences of “large-medium seismic type” and “medium-
large seismic type” in shaking table test. Sun et al. (2018) 
carried out the shaking table test on piled slopes with differ-
ent water contents, then compared and analyzed their accel-
eration response characteristics and slope top displacement 
development trends under continuous seismic sequences. To 
sum up, the deformation of rock mass and structure varies 
with different seismic sequences, and appropriate loading 
methods can truly reproduce their dynamic responses under 
earthquakes. The shaking table test can actively simulate 
earthquake excitation, and reduce the physical phenomena 
of structures under earthquake by controlling key param-
eters. And targeted research can be carried out under this 
condition.

The influence of aftershocks on the seismic performance 
of structures has been widely concerned in recent years. 
However, both seismic analysis of structures and the current 
seismic design code at home and abroad still only consider 
the impact of a single earthquake, not the impact of after-
shocks on the seismic performance of the structure. There is 
currently no specific regulation for structural damage caused 
by sequential earthquakes. At present, the degree of damage 
caused by aftershocks to damaged structures remains uncer-
tain, which needs a large amount of research to determine 
the impact of aftershocks on the damaged structure, so as to 
consider the impact of this factor on the structure in practi-
cal design.

In this paper, two loading sequences of “foreshock-main-
shock type” and “mainshock-aftershock type” were designed 
through shaking table test of a new type of multi-anchor 
round pile reinforced tunnel across main sliding surface. 
The SPEC of multi-anchor round piles and Sec of reinforced 
lining were proposed based on acceleration. A calculation 
method of Sf and Mb of multi-anchor round piles was pro-
posed on the basis of the dynamic strain, and their distri-
bution characteristics were given. The evaluation index of 
REEC of reinforced tunnel lining was put forward. This 
study conformed to the development of prestressed anchor-
age technology, with certain theoretical significance on the 
one hand, and provided a reference for future research on 
anchor head failure repair technology on the other.

Design of new multi‑anchor round piles 
seismic structure

In the typical mode of tunnel crossing slip surface, seismic 
measures of the anti-slide structure were mainly consid-
ered, and then the anti-slide structure was used to reinforce 
the tunnel lining. The author has developed a new type of 
multi-anchor cable round pile seismic structure suitable for 
high seismic intensity area, as shown in Fig. 1. The structure 
is composed of three kinds of rigid and flexible materials, 
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including large diameter reinforced concrete round pile, EPS 
damping layer, and energy dissipation spring. Large diam-
eter round piles were drilled with mud wall protection and 
poured into piles underwater. The EPS damping layer was 
arranged around the pile to reduce the dynamic response 
of the structure. The self-coordinating device of energy 
dissipation spring was installed between the anchor head 
and the pile, which exerted its role in energy dissipation 
buffer through the expansion and deformation of the spring 
to improve the stress condition of the anchor head. It can 
not only meet the requirements of resisting landslide thrust, 
but also improves the seismic performance of the structure, 

showing its broad practical prospect in high seismic intensity 
areas (Ma et al. 2019).

Shaking table tests set up

Shaking table test system and model box

The shaking table equipment consists of two parts: vibration 
box and vibration base, as shown in Fig. 2, and its main tech-
nical indicators are shown in Table 1. The internal net size of 
vibration box was 1.60 m (length) × 0.95 m (width) × 1.20 m 
(height). The main frame of rigid model box was welded 
with Q235 steel. The yield strength was 235 MPa, the tensile 
strength was 375–460 MPa, the elongation was 26%, and 
the impact energy was 27 J. The inner side perpendicular to 
the horizontal excitation direction was a steel plate. To meet 
the requirements of stiffness and visualization test, 10-mm 
thick transparent plexiglass plate were used on both sides of 
the interior, and the phenomenon can be observed. It has the 
characteristics of easy welding, machining, smooth surface, 
and effective weakening of the side boundary. The model 
box was connected to the vibration base through two sets 
of linear bearings. Linear bearing motion was rolling fric-
tion. Four sliding blocks were installed on both sides of the 
bottom surface of the box, and two slideway were installed 
on both sides of the vibration base. The vibrating base was 
fixedly connected to the foundation through 14 bolts around 
the bottom and was rigidly connected to it.

Test model design

To test the seismic performance of the multi-anchor 
round pile structure, a series of shaking table tests 

Fig. 1   New type of multi-anchor cable round pile

Fig. 2   Photos of shaking table 
test equipment (unit: m)
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were designed by means of amplitude separation. This 
test design only considered setting energy dissipation 
spring self-coordinating device between anchor head 
and round pile. The EPS damping layer of pile body was 
not involved aiming to reduce the influence of multiple 
variables on test results. The amplitude division design 
ensures that the waveform, loading time, and condition 
of the seismic simulation shaking table can be accurately 
reproduced, and the reliability of the test results can be 
ensured.

Similar design of model and selection of similar materials

In the shaking table test of engineering structures, the model 
similarity cannot be easily satisfied to a full extent, while the 
main influencing factors can generally be satisfied. Moreo-
ver, the similarity relation of the complete mass model 
with additional counterweight may not be easily satisfied 
due to the limitation of the shaking table bearing capacity. 
Considering the similarity of material constitutive proper-
ties, the incomplete mass model with a similarity ratio of 
mass density 1:1 was typically adopted in the shaking table 
test. Therefore, this experiment adopted the loose similar-
ity between the model system and the prototype system to 
allow for gravity distortion.

Current studies regard the surrounding rock and tunnel 
lining as a continuous elastic medium, and the dynamic 
characteristics of the elastic continuous medium can be 
expressed by the following equation (Zheng et al. 2012):

where, [M] is the mass matrix. {a} is the acceleration matrix. 
[C] is the damping matrix. {v} is the velocity matrix. [K] is 
the static stiffness matrix. {u} is the displacement matrix. 
{R} is the load matrix.

(1)[M]{a} + [C]{v} + [K]{u} = {R}

For seismic dynamic problems, the general function 
forms of 12 physical quantities, such as length (l), elastic 
modulus (E), mass density (ρ), time (t), Poisson’s ratio (μ), 
stress (σ), strain (ε), cohesion (c), internal friction angle (φ), 
acceleration (a), velocity (v), and frequency (w), are (Ayres 
and Santos 2013) as follows:

where, u is the displacement, unit: m. v is the speed, unit: 
m/s. a is the acceleration, unit: m/s2. g is the acceleration of 
gravity, unit: m/s2. φ is the angle of internal friction, unit: 
°. ρ is the density, unit: kg/m3. t is the time, unit: s. w is the 
frequency, unit: s−1. E is the elastic modulus, unit: Pa. l is 
the length, unit: m.

According to the second similarity theorem (Buckingham 
π theorem) and dimensional analysis method (Yang et al. 
2008), density ρ, elastic modulus E, and length l are taken as 
basic dimensions, and the similarity criterion is as follows:

Other similar indexes can be obtained from the relation 
xi = cixi and the above equation. Some parameters of the 
similarity law are listed in Table 2.

Similar materials selected for this test include quartz 
sand, red clay, silty clay, gypsum powder, talcum powder, 
barite powder, and water. Quartz sand can not only serve 
as a skeleton support, but also increase the internal fric-
tion angle and density of similar materials. Barite pow-
der is used to increase the counterweight of similar mate-
rials. Talcum powder, gypsum powder, silty clay, and red 
clay are used to regulate the density, elastic modulus, 
and compressive strength of similar materials. Water is 
used to the regulate cohesion and moisture content of 
similar materials. The similar parameters of the model 
are shown in Table 3.

According to geometric similarity, the lining model 
shows a maximum span of 19.3 cm, a height of 14.6 cm, and 
a thickness of 1.6 cm. The tunnel lining is mainly composed 

(2)� = f (u, v, a, c,�,�, g, �, t,w,E, l)

(3)�1=
v

�−0.5E0.5l0

(4)�2=
a

�−1El−1

(5)�3=
g

�−1El−1

(6)�4=
t

�0.5E−0.5l

(7)�5=
w

�−0.5E0.5l−1

Table 1   Main technical indicators of shaking table

Sequence 
number

Equipment performance index Equipment parameters

1 Table size Length 3.50 m × width 
1.80 m

2 Dimensionality Horizontal one-way
3 Maximum displacement  ± 75 mm
4 Frequency range 0.5–50 Hz
5 Maximum payload mass 3000 kg
6 Maximum acceleration 1.0 g
7 Maximum overturning 

moment
60 KN·m

8 Maximum speed 0.7 m/s
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of gypsum powder and water mixed in a certain proportion, 
and the proportion parameters are shown in Table 3. Pre-
vious research has demonstrated the effectiveness of using 
gypsum as a similar material to simulate C30 concrete (Pai 
and Wu 2021a). In the tunnel model, a steel wire mesh with 
a diameter of 0.2 mm is used to approximate the annular 
main reinforcement and distributed reinforcement.

Boundary condition processing of model box

Considering the influence of rigid model box boundary 
effect, the model box boundary needs to be processed 
(Pai and Wu 2021b). To reduce the inf luence of the 
boundary effect, XPS extruded plate with a thickness 
of 20 mm was adopted in the direction perpendicular 
to the horizontal vibration inside model box, with a 
compressive strength of 250 kPa and a density of 35 kg/
m3. The XPS extruded plate embraced a dynamic elastic 
modulus of 7 ~ 9 MPa, and remained in a linear elastic 
state during the test loading process. A smooth PVC 
film was pasted along the horizontal vibration direc-
tion to reduce the friction between the model box side 
wall and the soil. A layer of XPS extruded plates was 
arranged on both sides parallel to the tunnel to reduce 
the reflection of boundary waves. Seismic waves were 
input from the bottom of the model box. Under this 
condition, there should be no relative sliding between 
the filling material and the bottom plate of the model 
box. To ensure a favorable bonding between them, a 
layer of gravel soil with a thickness of 5 cm was laid 
at the bottom of the model box to increase the friction, 
with a gravel particle size of approximately 1 cm (Pai 

and Wu 2021a). The bottom plate is considered as a 
friction boundary.

Test model making

According to the test purpose and the needs of data 
acquisition system, accelerometers and dynamic strain 
gauges were mainly selected as the test components. 
Shaking table test model design and sensor components 
layout are shown in Fig. 3. The optimized multi-anchor 
round piles were equipped with an energy dissipation 
spring self-coordinating device between the anchor 
head and the round pile. The unoptimized multi-anchor 
round piles were common round pile and anchor cables 
without special treatment. Alloy steel die spring 65 Mn 
was used for anchor head optimization structure in this 
test. Its rectangular cross-sectional rounded field race 
shape can reduce the concentration of spring rebound 
stress in high-speed extrusion. The highest frequency 
can be up to hundreds of times per minute, making 
it the optimal mold for anti-slide pile anchor head in 
the shaking table test (Pai and Wu 2021b). The outer 
diameter of the die spring was 16 mm, the inner diam-
eter was 8 mm, the length was 25 mm, the ultimate 
compression rate was 50%, and the ultimate pressure 
was 206 N.

Due to the limitations of model test conditions, 
large diameter round piles and anchor cables cannot be 
directly poured with model materials on site. Therefore, 
larger diameter round piles and anchor cables were pre-
fabricated in accordance with the preset size and buried 
in the model box. The same applied to tunnel linings, 

Table 2   Test similarity ratio Physical quantity Symbol and relational 
expression

Dimension (MLT) Similarity ratio

Length (L) CL [L] 1/100
Young’s Modulus (E) CE [M][L]−1[T]−2 1/100
Density (D) CD 1 1
Time (t) Ct = CL

1/2 [T] 1/10
Poisson’s ratio (μ) Cμ 1 1
Stress (σ) Cσ = CECε [M][L]−1[T]−2 1/100
Strain (ε) Cε = ClCDCE

−1 1 1
Cohesion (c) Cc = CECε [M][L]−1[T]−2 1/100
Friction angle (φ) Cφ 1 1
Acceleration (a) Ca = CLCt

−2 [L][T]−2 1
Speed (v) Cv = CLCt

−1 [L][T]−1 1/10
Frequency (f) Cf = Ct

−1 [T]−1 1/0.1
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which were prefabricated in accordance with preset 
dimensions and then buried in model boxes. The test 
element accelerometer and dynamic strain gauge were 
set according to the pre-position. The accelerometer was 
fixed on the round pile and lining with epoxy resin, and 
the dynamic strain gauge was fixed with 502 glues to 
ensure a close fit between the surface and the model 
surface.

When making a shaking table test model, similar mate-
rials were first mixed in proportion, then the model materi-
als were placed layer by layer with a thickness of 10 cm, 
and then tamped layer by layer. The model filling was 
carried out in the order of bedrock, sliding surface, and 
landslide. As the model was filled, the tunnel and multi-
anchor round pile were buried in the target position when 
the bedrock was filled to the marking position.

Design of loading system

There are two main methods for selecting the main-
aftershock sequence: structural method and actual selec-
tion (Zhang 2018). The construction method mainly 
includes repeated synthesis method, random synthesis 
method, and attenuation synthesis method. The attenu-
ation synthesis method obtains the aftershock amplitude 
according to the attenuation relation of seismic ampli-
tude, and connects the aftershock after the mainshock 
to form the main-aftershock sequence. There are two 
connection modes: setting the interval (10 s, 20 s, 50 s, 
100 s, 200 s) and not setting the interval. Most after-
shocks occur at a certain interval after the mainshock, 
and the aftershocks will act on the structure again after 
the structure is in a static state.

EL Centro wave was selected for the shaking table 
test. The main and aftershock were considered to share 
the same seismic mechanism. The same seismic wave 
was selected, with different peak accelerations. The 
loading direction only considers the x-direction seis-
mic wave, while does not directly link different seis-
mic sequences together. After completing the given 
shaking time under each seismic loading condition, the 
model was placed in an undisturbed position for about 
4 min to minimize the impact of continuous seismic 
loading on the tunnel lining and multi-anchor round 
pile test results, and ensure that the structure was in a 
static state. Before formally loading the shaking table 
model, the initial dynamic characteristics of the model 
were tested by white noise with a loading amplitude of 
0.05 g. The loading waveform and Fourier spectrum are 
shown in Fig. 4. In addition, all data from the sensors 
were sampled at a frequency of 500 Hz.

According to the relationship between the attenu-
ation synthesis method, two earthquake sequences, Ta
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namely “mainshock-aftershock type” and “foreshock-
mainshock type” were designed. The “foreshock-
mainshock type” earthquake sequence was designed 
as a stepwise loading system of 0.1 g (intensity ratio 
0.33), 0.15  g (intensity ratio 0.50), 0.2  g (intensity 
ratio 0.67), and before the mainshock of 0.3 g. The 

“mainshock-aftershock type” earthquake sequence was 
designed with a loading system of 0.2 g (intensity ratio 
0.67), 0.15 g (intensity ratio 0.50), and 0.1 g (inten-
sity ratio 0.33), which progressively decreased after 
the mainshock of 0.3 g. The two loading sequences are 
shown in Table 4.

Fig. 3   Shaking table test model design drawing

Fig. 4   Loading wave time-history curve and Fourier spectrum. a EL Centro wave acceleration time-history curve. b Fourier spectrum
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Analysis of shaking table test results

Evaluation of seismic effect of acceleration response 
of multi‑anchor round piles with different loading 
sequences

Acceleration response characteristics of multi‑anchor 
round piles

According to the peak acceleration analysis of different 
loading sequences in Fig. 5, the peak acceleration of the 

optimized multi-anchor round pile gradually amplifies along 
the pile height under horizontal seismic. The peak accel-
eration of unoptimized multi-anchor round pile presents a 
k-shaped distribution along the pile. The peak acceleration 
response of the mainshock-aftershock to the multi-anchor 
round pile is greater than that of the foreshock-mainshock 
loading sequence, and the optimized multi-anchor round pile 
is smaller than that of the unoptimized round pile. The pile 
head presents a particularly prominent peak acceleration 
response, making it easy to cause the failure of multi-anchor 
anti-sliding round pile anchor head. The seismic impact on 

Table 4   Loading sequence for 
the shaking table tests

Number Loading conditions Input waveform PGA (g) Loading 
direction

Remarks

1 Foreshock-main shock type White noise 0.05 – –
2 EL Centro wave 0.1 X Case-1
3 White noise 0.05 – –
4 EL Centro wave 0.15 X Case-2
5 White noise 0.05 – –
6 EL Centro wave 0.2 X Case-3
7 White noise 0.03 – –
8 EL Centro wave 0.3 X Case-4
9 White noise 0.05 – –
10 Main shock-aftershock type EL Centro wave 0.3 X Case-5
11 White noise 0.05 – –
12 EL Centro wave 0.2 X Case-6
13 White noise 0.05 – –
14 EL Centro wave 0.15 X Case-7
15 White noise 0.03 – –
16 EL Centro wave 0.1 X Case-8

Fig. 5   Peak acceleration response of round piles with different loading sequences. a Peak acceleration response of round piles in foreshock-main 
shock loading sequence. b Peak acceleration response of round piles in mainshock-aftershock loading sequence
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the round pile can be effectively buffered by setting the 
energy dissipation spring at the anchor head.

Seismic performance evaluation coefficient based 
on different loading sequences

To better describe the seismic performance of multi-anchor 
round piles under different loading sequences, the author 
defined the seismic performance evaluation factor (SPEF) 
referring to the research results of Yun et al. (2002). When 
the loading sequence is “foreshock-mainshock” or “main-
shock-aftershock type,” SPEF refers to the ratio of the dif-
ference between the peak acceleration of an unoptimized 
round pile and the same characteristic part of an optimized 
round pile to the peak acceleration of the same characteristic 
part of an optimized round pile, which can be expressed as 
follows:

where, SPEF is the seismic performance evaluation factor, 
SPEF < 1. The higher the SPEF value, the better the seismic 
performance of multi-anchor round pile. auac,b and aoac,b are 
the peak acceleration of unoptimized and optimized multi-
anchor round pile under different loading sequences respec-
tively, unit: m/s2; ua and oa represent unoptimized and opti-
mized multi-anchor round pile respectively; c is the position 
of the characteristic position; b is the same magnitude of the 
loading sequence.

In Fig. 6, the larger SPEF value at the anchor head 
indicates the significant effect of the optimization of 
energy dissipation and shock absorption spring for the 
round pile anchor head. Under the main-aftershock 
loading sequence, the maximum SPEF of multi-anchor 
round pile is 28.4% when the mainshock magnitude 
is 0.3 g. Under the foreshock-mainshock type loading 
sequence, the overall SPEF value of the sliding surface 
is relatively small, indicating that the optimized multi-
anchor round pile at the sliding surface position has 

(8)SPEF =
auac,b − aoac,b

aoac,b

no obvious seismic effect and is prone to becoming a 
weak link of instability failure. The seismic effect of 
anchor head optimization is closely related to the seis-
mic sequence, making it more suitable for the seismic 
structure design of the foreshock-mainshock loading 
sequence.

Evaluation of seismic effect of dynamic strain 
response of multi‑anchor round piles with different 
loading sequences

Dynamic strain response characteristics of multi‑anchor 
round piles

According to the dynamic strain peak analysis of the 
foreshock-mainshock type loading sequence in Table 5, 
the dynamic strain amplitude at A2′ reaches the maxi-
mum value with the main seismic magnitude of 0.3 g. The 
dynamic strain of the unoptimized multi-anchor round 
pile is larger than that of the optimized one. In addition, 
the non-optimized multi-anchor round pile shows a large 
dynamic strain response on the sliding surface and below. 
When the foreshock sequence magnitude is less than 0.3 g, 
the optimized anchor head energy dissipation spring does 
not fully exert its role. When the mainshock magnitude is 
0.3 g, the anchor head energy dissipation spring produces 
a certain compression, resulting in a certain deformation of 
pile head at this position along with the anchor head energy 
dissipation spring.

According to the comparative analysis of the main-after-
shock type loading sequence in Tables 5 and 6, the ampli-
tude of aftershock strain is greater than the magnitude of 
the mainshock at position A1 and A2. The dynamic strain 
values reach the maximum value at the position A2 and A2′ 
of the third-row anchor cable. The dynamic strain variation 
of foreshock-mainshock is consistent with the mainshock-
aftershock loading sequence, indicating that the deformation 
of multi-anchor round pile under earthquake is independent 
of the loading sequence.

The dynamic strain peaks are ε1 and ε2, respectively. 
According to the constitutive relation of the material, the 
section Sf and Mb of round pile can be obtained. The calcula-
tion formula of internal force of a round pile section per unit 
length is as follows:

where, b is the unit length of 1 m; d is the diameter of the 
round pile, which is 3.0 cm; E is the elastic modulus of 
round pile, which is 0.77 GPa according to the design value.

(9)Sf =
�

2
E ⋅

(

�1 + �2

)

⋅ bd2

(10)Mb =
�

64
E ⋅

(

�1 − �2

)

⋅ bd3

Fig. 6   Seismic performance evaluation factor of multi-anchor round 
piles with different seismic sequences
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From the calculation comparison parameters of round 
piles Sf under the foreshock-mainshock loading sequence in 
Fig. 7, the optimized and unoptimized multi-anchor round 
pile are inverted “S” shaped distribution. The maximum Sf of 
the optimized multi-anchor round pile is about 87.5% of that 
of the unoptimized one. The maximum Sf of optimized round 
piles is distributed on the third row of anchor cables above 
the sliding surface, while the maximum Sf of unoptimized 
round piles is distributed on the sliding surface. The Sf of 
the optimized round pile in the bedrock is about 50% of that 
of the unoptimized pile. The results show that the optimized 
multi-anchor round pile can effectively reduce and disperse 
the seismic Sf distribution.

The calculation comparison parameters of round piles 
Sf under the mainshock-aftershock loading sequence in 

Fig.  8 shows that optimized and unoptimized multi-
anchor round piles are also inverted “S” shaped distri-
bution. The maximum Sf of the optimized multi-anchor 
round pile is about 88.9% of that of the unoptimized one. 
The maximum Sf of optimized round piles is distributed 
on the third row of anchor cables and the sliding surface, 
while the maximum Sf of unoptimized round piles is dis-
tributed on the sliding surface. The Sf of the optimized 
round pile in the bedrock is about 52.5% of that of the 
unoptimized pile.

The calculation comparison parameters of round piles 
Mb in Figs. 9 and 10 shows that the Mb above the sliding 
surface of the optimized multi-anchor round pile is larger 
than that in the bedrock. The optimized and unoptimized 
multi-anchor round pile are distributed in an “S” shape. 

Fig. 7   Shear force of multi-anchor round piles in foreshock-main shock sequence

Fig. 8   Shear force of multi-anchor round piles in main shock-aftershock sequence
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The maximum Mb of optimized round piles is distributed 
on the third row of anchor cables and the sliding surface. 
The maximum Mb of unoptimized multi-anchor round pile 
is distributed in the anchor cable, which is prone to damage 
to the anchor head under seismic. The Mb of the pile on 
both sides of the sliding surface is abrupt, and the round 
pile is susceptible to being cut off. The Mb above the slid-
ing surface of the optimized multi-anchor round pile is 
about 3 times that in the bedrock, while the overall Mb 
of the unoptimized round pile is relatively large. The Mb 
of the round pile above the sliding surface is about 1.25 
times that in the bedrock. Under the foreshock-mainshock 
loading sequence and the mainshock-aftershock loading 
sequence, the maximum Mb of the optimized multi-anchor 
round pile is about 80% and 79.5% of that of the unopti-
mized one, respectively.

Discussions

Evaluation of seismic effect of acceleration response 
of multi‑anchor round pile

As shown in Table 7, the acceleration response of tunnel 
lining gradually increases with the stepwise increase of 
the foreshock sequence magnitude. The overall accelera-
tion response of tunnel lining under the optimization of 
multi-anchor round pile treatment is smaller than that of 
the unoptimized one. The acceleration response of tun-
nel lining decreases gradually with the stepwise decrease 
of the aftershock sequence magnitude. The acceleration 
response of tunnel lining is smaller than that of the round 
pile, indicating that the seismic response of tunnel lining 
is reduced by the reinforcement of multi-anchor round 

Fig. 9   Bending moment of multi-anchor round piles in foreshock-main shock sequence

Fig. 10   Bending moment of multi-anchor round piles in main shock-aftershock sequence
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pile. The acceleration response of tunnel lining vault 
and invert remains significant under different loading 
sequences.

To better describe the differences in seismic perfor-
mance of multi-anchor round piles under different loading 
sequences, the author defined the seismic effect coefficient 
(Sec) referring to the research results of Andrianopoulos 
et al. (2014). When the loading sequence is “foreshock-
mainshock” or “mainshock-aftershock type,” Sec refers to 
the ratio of the difference between the peak acceleration of 
an unoptimized round pile-reinforced tunnel and the same 
characteristic part of an optimized round pile-reinforced 
tunnel to the peak acceleration of the same characteristic 
part of an optimized round pile-reinforced tunnel, which 
can be expressed as follows:

where, Sec is the seismic effect coefficient, Sec < 1. The higher 
the Sec value, the better the seismic effect of tunnel lining 
reinforced by multi-anchor round piles. autl,s and aotl,s are 
the peak acceleration of unoptimized and optimized multi-
anchor round pile-reinforced tunnel under different loading 

(11)Sec =
autl,s − aotl,s

aotl,s

sequences respectively, unit: m/s2; ut and ot represent unop-
timized and optimized multi-anchor round pile-reinforced 
tunnel respectively; l is the position of the characteristic 
position; s is the same magnitude of the loading sequence.

Figure 11 shows the Sec of multi-anchor round pile rein-
forced lining under different seismic sequences. The nega-
tive Sec indicates that the optimized multi-anchor round 
pile reinforced tunnel lining has no significant seismic 
effect. The seismic effect of tunnel lining reinforced by 
multi-anchor round piles under different loading sequences 
is more pronounced at the arch and the invert. Compared 
with the unoptimized multi-anchor round piles, the seis-
mic effect can reach 3.04–18.96%. As the foreshock mag-
nitude increased, Sec of tunnel lining features remained 
relatively stable, indicating that the seismic performance 
of the optimized multi-anchor round pile has been fully 
brought into play.

Evaluation of seismic effect of dynamic strain 
response of multi‑anchor round pile

As can be seen from Table 8, with the increase of foreshock 
sequence magnitude, the dynamic strain peak value of tunnel 
lining features gradually increases. The lining arch is mainly 
controlled by compression, while the arch waist is controlled 
by tension. The optimized multi-anchor round pile did not 
change the dynamic deformation properties of the lining 
section. When the mainshock of the foreshock sequence is 
0.3 g, the dynamic strain response of lining reinforced with 
optimized multi-anchor point round piles is significantly 
smaller than that of the unoptimized lining. The critical con-
trol points for the stress of the lining are located at the vault 
and the invert, where the stress concentration phenomenon is 
prone to occur, thus leading to lining failure. Therefore, the 
above sections can be considered as safety control sections 
in the seismic design of the tunnel.

According to the analysis in Table 9, the dynamic strain 
peak value of the tunnel lining features gradually decreases 
as the magnitude of the aftershock sequence decreases. 

Table 7   Peak acceleration response of tunnel lining with different loading sequences

Number Loading sequences Peak acceleration (m/s2)

ZA1 ZA2 ZA3 ZA4 WA1 WA2 WA3 WA4

1 Foreshock-main shock loading sequence 0.1 g 0.715 0.786 0.827 0.798 0.529 0.935 0.758 0.891
2 0.15 g 0.923 1.121 0.978 1.086 1.017 1.294 1.089 1.200
3 0.2 g 1.000 1.429 1.300 1.481 1.345 1.720 1.461 1.557
4 0.3 g 2.187 2.319 2.054 2.250 2.225 2.677 2.235 2.459
5 Mainshock-aftershock loading sequence 0.3 g 1.665 2.512 2.224 2.371 2.008 2.612 2.241 2.443
6 0.2 g 1.178 1.631 1.520 1.470 1.319 1.768 1.547 1.631
7 0.15 g 0.938 1.318 1.145 1.137 1.070 1.341 1.192 1.240
8 0.1 g 0.699 0.929 0.923 0.799 0.773 1.151 0.958 0.992

Fig. 11   Seismic effect coefficient of multi-anchor round piles rein-
forced lining with different seismic sequences
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The dynamic strain generated by the GY2 aftershock 
sequence is greater than that of the mainshock. Tunnel lin-
ing features show larger dynamic strain peak value than 
that of the Table 8. The dynamic properties of the lining 
remain unchanged, indicating that the loading sequence is 

independent of the dynamic properties of the lining, which 
reflects that the damage to the tunnel lining is more serious 
in the main-aftershock loading sequence, and the seismic 
performance of the optimized multi-anchor round pile has 
not been effectively utilized.

Table 8   Dynamic strain of 
tunnel lining with foreshock-
main shock loading sequence

Tunnel lining Foreshock-main 
shock sequence

0.1 g 0.15 g 0.2 g 0.3 g

Test location Dynamic strain (με)

Optimization side tunnel lining GY1 3.19 5.27 8.12 11.53
GY2  −6.5  −4.96  −6.62  −8.58
GD1  −3.26  −5.61  −9.22  −14.99
GD2 5.42 6.88 10.66 17.87
GY3 4.86 5.59 9.48 12.69
GY4  −6.04  −9.43  −12.24  −19.22
GD3  −2.87  −9.07  −18.09  −31.1
GD4 4.44 7.08 9.31 17.64

Unoptimization side tunnel lining WY1 4.73 7.15 10.98 19.65
WY2  −6.53  −8.93  −13.16  −20.67
WD1  −3.21  −6.69  −10.29  −15.07
WD2 2.78 4.57 7.77 10.44
WY3 4.91 7.07 9.74 14.47
WY4  −4.97  −7.54  −11.02  −13.82
WD3  −7.94  −23.21  −33.82  −48.56
WD4 4.77 12.81 18.43 22.14

Table 9   Dynamic strain of tunnel lining with main shock-aftershock loading sequence

Tunnel lining Main shock-after-
shock loading 
sequence

0.3 g 0.2 g 0.15 g 0.1 g

Test location Dynamic strain (με)

Optimization side 
tunnel lining

GY1 15.91 11.95 9.05 9.82
GY2  −12.26  −12.81  −12.99  −15.25
GD1  −15.08  −6.85  −6.95  −5.04
GD2 10.1 5.24 3.57 3.43
GY3 14.82 8.19 6.75 5.83
GY4  −16.6  −12.73  −5.57  −5.16
GD3  −38.44  −25.61  −20.91  −9.93
GD4 24.57 17.4 12.87 7.38

Unoptimization 
side tunnel 
lining

WY1 20.67 12.61 7.93 5.9
WY2  −25.8  −15.78  −12.69  −9.78
WD1  −17.09  −9.11  −7.26  −4.25
WD2 19.1 16.57 12.67 10.98
WY3 17.63 13.79 12.41 13.06
WY4  −19.28  −11.56  −7.51  −6.07
WD3  −43.78  −26.75  −15.71  −13.82
WD4 22.74 21.29 6.14 4.49
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The author referred to the research results of Liang et al. 
(2020), and defined the reinforcement effect evaluation coef-
ficient (REEC). When the loading sequence is “foreshock-
mainshock” or “mainshock-aftershock type,” REEC refers to 
the ratio of the difference between the peak dynamic strain 
of an unoptimized round pile-reinforced tunnel and the same 
characteristic part of an optimized round pile-reinforced tun-
nel to the peak dynamic strain of the same characteristic part 
of an optimized round pile-reinforced tunnel, which can be 
expressed as follows:

where, REEC is the reinforcement effect evaluation coeffi-
cient, REEC < 1. The higher the REEC value, the better the 
reinforcement effect of tunnel lining reinforced by multi-
anchor round piles. Ds

ua
c,b and Ds

oa
c,b are the peak dynamic 

strain of unoptimized and optimized multi-anchor round 
pile-reinforced tunnel under different loading sequences 
respectively, unit: με; ua and oa represent unoptimized and 
optimized multi-anchor round pile-reinforced tunnel respec-
tively; c is the position of the characteristic position; b is the 
same magnitude of the loading sequence.

Figure 12 shows the REEC of multi-anchor round 
pile reinforced lining under different seismic sequences. 
The negative REEC indicates that the optimized multi-
anchor round pile reinforced tunnel lining has no sig-
nificant reinforcement effect. According to the analy-
sis in Fig. 12, the overall reinforcement effect of the 
optimized round piles reinforced lining figures promi-
nently under different loading sequences, especially at 
the arch waist and the invert. When the magnitude of 
foreshock and aftershock sequence is less than 0.2 g, 
the reinforcement effect can reach 120 to 180% com-
pared with the unoptimized round pile. As the fore-
shock magnitude increases, the REEC of lining features 

(12)REEC =
Ds

ua
c,b − Ds

oa
c,b

Ds
oa

c,b

remains relatively stable, indicating that the seismic 
performance of the optimized multi-anchor round piles 
has been fully utilized.

Conclusion

In this paper, two seismic sequences of “foreshock-main-
shock type” and “mainshock-aftershock type” were designed 
through the shaking table test of tunnel lining reinforced by 
multi-anchor round piles in typical mode across the main 
sliding surface. The conclusions are as follows:

1)	 Under the horizontal seismic action, the peak accelera-
tion of the optimized multi-anchor round pile gradually 
amplifies along the pile height, while the peak accelera-
tion of the unoptimized multi-anchor round pile presents 
a k-shaped distribution. The acceleration response of the 
mainshock-aftershock loading sequence to the multi-
anchor round pile is greater than that of the foreshock-
mainshock loading sequence.

2)	 The Sf of optimized and unoptimized round piles pre-
sents an inverted “S” shape distribution, and the Mb of 
pile presents an “S” shape distribution. After optimiza-
tion, the maximum Sf and Mb of multi-anchor round pile 
are distributed in the third row of anchor cable above the 
sliding surface. The maximum Sf of unoptimized multi-
anchor round pile is distributed on the sliding surface, 
and the maximum Mb is distributed on the anchor cable, 
which is easy to cause anchor head failure under seismic 
action.

3)	 The tunnel lining exhibits remarkable seismic effect after 
reinforced by optimized multi-anchor round piles with 
different loading sequences is remarkable, especially in 
the mountainside arch waist and invert. Compared with 
the unoptimized multi-anchor round piles, the seismic 
effect of Sec and REEC can reach 3.04–18.96% and 120–
180% respectively.

4)	 Under different seismic loading sequences, SPEF value 
is larger at the anchor head, indicating that the optimized 
multi-anchor round pile can effectively buffer the impact 
of seismic action and effectively improve the stress state 
of the anchor head. It is more suitable for seismic struc-
ture design of foreshock-mainshock loading sequence.
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