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This paper aims to determine the appropriate scaling coefficient rigorously in the dynamic analysis of structures via small shaking
table tests to represent the full real case while considering the soil-structure interaction problem. In addition, we investigate the
seismic effects of the superstructure with flexible and fixed bases. To achieve this purpose, seven stories of concrete moment-
resisting frames supported on silty clay soil were scaled. According to the shaking table specifications, a small-scaled soil-structure
model was executed with a scaled factor of 1:50. Consequently, the scale steel skeleton model was built to represent the real
superstructure. In addition, the laminar soil container for the soil block was constructed to reduce undesirable boundary effects.
Three earthquakes have been applied at the superstructure base as a fixed base and at the bottom of the soil block in the soil
structure system as a flexible base. The numerical simulations are implemented for scaled and real models. According to obtained
results from experimental and numerical investigations, the numerical model achieved good results with experimental obser-
vation. In addition, the small scaling factor of 1:50 can represent the seismic response of full construction conditions with
acceptable precision. It is observed that the flexible base has overestimated in lateral displacement of the real superstructure
compared with a fixed base, in which the maximum amplification percentage at the roof floor level reaches up to 98% under
seismic load. Otherwise, the shear force distribution along the height and base shear of the superstructure with a flexible base
decreases compared with a fixed base. The maximum reduction percentage is 38% under seismic load. Consequently, the safety
and cost of the superstructure are affected.

1. Introduction

Most civil designer engineers consider the structure’s sup-
port a fixed base during seismic analysis and design. This
assumption is improper because there is an interaction effect
between the soil and structure during seismic motions,
especially in the presence of weak soil. Therefore, it is im-
perative to investigate the effects of soil-structure interaction
on lateral displacements, shear force distributions of dif-
ferent column locations, and base shear of the superstructure
under seismic loads. The significance of the dynamic soil-
structure interaction (SSI) is summarized into two com-
ponents: the inertial component and the kinematic com-
ponent. Both components are generally affected by the

seismic structural response [1, 2]. Most of the researchers
focus on analytical [3-5] and numerical studies [6-9] more
than on experimental investigations [10, 11]. Pioneering
work was proposed to develop the hybrid numerical method
(finite element method, moving particle simulation) to
simulate the complex dynamic behavior of structures [12].
The developed numerical method was verified with a series
of benchmark problems, whether they were analytical or
experimental studies. Other studies [13, 14] performed a full
simulation of the centrifuge model using the three-di-
mensional (3D) discrete-element method (DEM). This
model was validated with other physical experimental results
to check its effectiveness and accuracy. While in this study
[15], they performed large-scale shaking table tests to
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investigate the near-fault ground motions effects on the
seismic response of slopes. They mainly depended on ex-
perimental results. Consequently, numerical and analytical
studies without experimental observations may not be
convincing in practical engineering. In turn, the validated
numerical analyses provide an alternative to experimental
observations. Therefore, carrying out a shaking table test
considering the SSI effect combined with the corresponding
numerical simulation is preferable. Such as in Reference
[16], the researchers evaluated the seismic response of
reinforced concrete structures by using smart materials
along with plastic hinges of the beams to resist the high
strain under cyclic and seismic loads. The numerical analyses
were performed by the seismo struct model and verified the
results with other laboratory reports. The experimental and
numerical results were in good agreement. However, this
study neglected the effects of SSI under seismic loads. In
addition, another study [17] performed a three-dimensional
finite element analysis by ANSIS software on a Structure-Soil
Structure Interaction (SSSI) test. The numerical model was
verified with experimental results to carry out many para-
metric studies with practical applications in engineering. The
large-scale modeling at 1:15 was applied to two buildings
with 12-story cast-in-place concrete frames. To reduce the
undesirable boundary effects, the soil container was flexible
and cylindrical. By comparing the results of numerical
simulations with experimental observations, the built
modeling is suitable for numerical simulation analyses with
other parametric studies. Moreover, in Reference [18],
large-scale shaking table tests with a scale factorof 1: 4 on a
six-story steel frame structure supported on a pile group
with SSI effects and on a rigid foundation were performed.
The numerical simulation method using ABAQUS soft-
ware was validated with experimental results. It is con-
cluded that the SSI effects have become more considerable.
A series of shaking table tests and theoretical analyses on
liquefiable soils in pile group foundations of tall buildings
were studied to evaluate the seismic responses of structure,
foundation, and soil under major, moderate, and minor
earthquakes [19]. They analyzed the results derived from
the shaking table tests, including a free-field test, a
structure on a rigid foundation test, and a long pile-soil
structure. The scaling coefficient applied in this study was
1:10 for a concrete structure cast in place with a 12-story.
The seismic responses of a structure with pile SSI are af-
fected and compared with a rigid foundation case. The
same researchers [20] performed on 12-story concrete
moment resisting frames supported on pile foundations on
soft soil and fixed bases to study the dynamic effects of SSI
under seismic loads. Large-scale shaking table tests with a
scaling coefficient of 1:6 were applied. A shear laminar
container was used to minimize the effects of soil
boundaries during experiments. The results showed that
the effects of SSI have been amplified in lateral displace-
ments and inter-story drifts compared with no SSI effects.
In contrast, the inter-story shear force decreases with SSI
compared with a fixed base. While reference [21] inves-
tigated reinforced concrete buildings with fourteen stories
as full-scale in the Republic of Srpska under different
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seismic motions. Other researchers [22] applied a full-scale
soil-structure simple frame with cross bracings. Most of the
mentioned studies with full-scale and large-scale factors
are better and more concise. However, such research ex-
ecution would be difficult due to skilled labor require-
ments, high-technical instruments, consumption of more
time, and high cost.

A few researchers [23, 24] provided other methods to
represent the full real soil-structure model via small
shaking table capacity with low cost to assess the seismic
structure response considering the SSI effects. To achieve
this type of research, the derived data from laboratory
measurements are compared with numerical simulations
to check the accuracy of the results [25]. Consequently, the
novelties of this research are to verify adequate accuracy
for the appropriate small scaling coefficient of the coupled
soil structure system via small shaking table tests under
seismic loads. In addition, investigate the seismic response
of the superstructure without SSI and with SSI effects. To
achieve these issues, a series of experimental studies were
performed on a small shaking table at the American
University in Cairo (AUC), Egypt. The dimensions of the
small shaking table are a width of 1.30 m and a length of
1.70 m. In addition, the maximum carry-over load is five
tones.

2. Methodology

2.1. Real Soil-Structure Model System. The real superstruc-
ture consists of seven concrete moment-resisting frames
with a raft foundation. The total height of the building is
21 m and consists of double bays in both directions. Each
direction with a bay span is 4.0 m. The soil layer is silty clay
with a unit weight of y=17.8kN/m’ and a shear wave ve-
locity of 220 m/s. Also, the soil block’s length, width, and
depth are 70 m, 50 m, and 40 m, respectively. The configu-
ration of the real soil-structure model and sectional plan
with concrete dimensions is displayed in Figure 1.

A numerical investigation was carried out by SAP2000
software [26] of a real superstructure with a fixed base, as
displayed in Figure 2, to check the safety and adequate
section properties. Afterward, conclude the fundamental
period of the superstructure and total mass as depicted in
Table 1.

2.2. Scaled Soil Structure Model System. To achieve the ac-
curacy measurement from the laboratory tests with the real
model, the appropriate geometric scaling coefficient has
been determined according to shaking table specifications
(dimensions and characteristics). The scaling model is
geometric scaling and kinematic or dynamic scaling. Many
works of literature verified and checked the geometric and
dynamic similitude laws of scaled models with real models
[27, 28] and had good agreement results. Therefore, the
Cauchy condition presented the similitude laws of the
geometric and dynamic scaled models used in shaking table
tests [29]. Table 2 shows the similitude laws of geometric and
dynamic scaling factors.
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Figure 1: Configuration of real soil-structure model.

According to the small shaking table specifications, the
appropriate scaling coeflicient was chosen to be A=1:50.
Therefore, the total height of the scaled superstructure was
042m, and the width in both directions was 0.16 m. The
equivalent steel-scaled model was used as an alternate solution
to represent the concrete moment resisting frames due to the
volume and weight of the concrete. In addition, the length,
width, and depth of the soil layer were scaled to be 1.4 m, 1.0 m,
and 0.8 m, respectively. For the superstructure, to conclude the
time period and total mass of the steel skeleton structure, the
real model’s time period and total mass in Table 1 should be
scaled according to the similitude laws displayed in Table 2. The
scaled factor of a time period and mass are A% and A3, re-
spectively. Therefore, Table 3 shows the required time period
and mass of the scaled superstructure with a fixed base.

A numerical model was built by SAP2000 to conclude
the section properties of the steel skeleton to achieve the
properties in Table 3. The trial and error method was applied
to reach the properties of the steel skeleton structure. Fig-
ure 3 presents the final dimensions and section properties of
the steel skeleton model with a mild steel grade of 240/350, in
which all connections between elements were welded. As a
result, the adopted time period and total mass of the su-
perstructure are shown in Table 4. It is noted that the

maximum difference between the adopted and required
properties of the superstructure does not exceed 1.9% in the
mass item. Consequently, the scaled model was manufac-
tured in the workshop.

2.2.1. Scaled Soil Properties. The soil layer cannot be placed
directly on the shaking table. Therefore, many researchers
[30, 31] described a laminar soil container to represent the soil
boundary and maintain the soil layer as a real condition.
According to similarity rules, the scaled geotechnical model’s
length, width, and depth were 1.40m, 1.00m, and 0.80m,
respectively. The material components of the laminar shear box
consisted of aluminum and rubber layers that were joined by a
high-strength resin material. The use of aluminum material is
due to possessing ductile properties and low weight [32, 33]. In
addition, the wood plate was fixed at the level of the shaking
table.

To conclude the dimensions of the aluminum and rubber
sections, the natural frequency of the laminar shear box is
matched with the natural frequency of the soil block to prevent
any waves from an interface between container and soil during
seismic excitations, which was determined as 9.43 Hz. There-
fore, the laminar shear box was manufactured in the workshop,
as shown in Figure 4. The soil properties used in this research
are shown in Table 5 [28].

2.3. Earthquake Records. Three seismic displacement time
histories with different frequency contents, such as Kobe (1995),
Northridge (1994), and Chi-Chi (1999) earthquakes, are applied
at the bottom of the soil in the soil structure model system and
the base of the superstructure in the fixed base case. Scaled
displacement time histories were concluded according to si-
militude laws in Table 2. Therefore, real and scaled displacement
time histories are displayed in Figures 5-7, in addition to the
characteristics of the real earthquakes [34].

3. Experimental Investigations

3.1. Seismic Response of Scaled Structure Model without and
with SSI Effects. Firstly, it is essential to check the time period
of the scaled superstructure without SSI effects (fixed base) that
matched with numerical analyses before being exposed to
seismic motions. Therefore, the scaled structure was put on the
shaking table and fixed with four bolts with a diameter of
16 mm (4M16). The LVDT (Linear Variable Differential
Transformer) was set up at the roof floor level to measure the
response of the superstructure (as shown in Figure 8). A sine
sweep test was implemented to check the scaled model’s time
period. The first resonance between the shaking table and the
scaled model indicated the scale model’s time period.
Consequently, the time period of the scaled super-
structure with a fixed base was 0.0869 seconds, which
matched with the numerical analysis in Table 4. Afterward,
three different scaled earthquakes were applied at the base of
the structure. The lateral displacement obtained from the
experimental investigation at the roof floor level was an
absolute lateral displacement that represented the dis-
placement of the shaking table (earthquake motion) plus the



All beams 300 mm x 600 mm

All columns 800 mm x 800 mm
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Slab thickness = 160 mm

FIGURE 2: Real superstructure with fixed base by SAP2000 software.

TaBLE 1: Time period and total mass of the superstructure with a
fixed base.

0.617
Total masses (tones) 645

Time period (second)

TaBLE 2: Similitude laws of the geometric and dynamic scaling
factor.

Mass density 1
Stiffness A2
Force A3
Modulus A
Strain 1
Time A0
Shear wave velocity 100
Frequency 1708
Acceleration 1
Stress A
Length A
Mass A3

TaBLE 3: Required time period and total mass of the scaled su-
perstructure with a fixed base.

Time period (second) 0.087
Total masses (Kg) 5.16

relative displacement of the superstructure (distortion
displacement).

For the SSI case, the laminar soil container was placed on
the shaking table and fixed by 14M16 after placing the soil layer.
Afterward, the scaled structure was placed in the determined
place in the middle of the soil. Finally, LVDT was placed at the
roof floor level as in the fixed base case. Figure 9 depicts the
scaled soil-structure system in the laboratory. Before applying
the three scaled earthquakes, a sine sweep test was performed at
the resonance frequency at the shaking table to obtain the scaled
model’s time period. Therefore, the time period of the super-
structure with a flexible base was approximately 0.095 seconds.

All plates
160 mm x 160 mm X 3.5 mm

Four plates

7 mm x 1.5 mm x 420 mm

FIGURE 3: Dimension and section properties of steel skeleton.

TaBLE 4: Adopted time period and total mass of the scaled su-
perstructure with a fixed base.

Time period (second) 0.086

Total masses (Kg) 5.06

It is observed that the flexible base has been amplified in the
time period by 9.3% in comparison with the fixed base case.

Three scaled seismic waves were applied at the base of the
soil block level. The absolute lateral displacements were
produced at roof floor level, including the movement of the
input motion, a rocking component due to foundation
rotation, and a relative lateral displacement of the super-
structure (distortion component).

4. Numerical Approaches

4.1. Seismic Response of Real and Scaled Structure Models
without and with SSI Effects. Numerical analyses were car-
ried out to verify the experimental investigation. In addition,
simulate other parametric studies to evaluate the SSI effects
compared with a fixed base. By referring to the real and
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FIGURE 4: Laminar shear box.

TaBLE 5: Soil properties for scaled SSI system.
Parameter Symbol Magnitude Unit
Average unit weight y 17.8 kN/m’
Young modulus E 4571 kN/m?
Shear modulus G 1758 kN/m?
Compression wave velocity V, 58.23 m/s
Shear wave velocity Vi 31.13 m/s
Poisson’s ratio v 0.3 —
Cohesion c 60 kN/m?
Dilatancy angle v 1.8 (degree)
Friction angle 0 31.8 (degree)

scaled numerical models with fixed bases in Sections 2.1 and
2.2, three seismic motions were applied at the fixed bases of
the superstructure. Therefore, the absolute lateral dis-
placements at each floor level for real and scaled models were
obtained.

For the SSI case, 3D numerical models with a flexible
base were built by PLAXIS 3D software [35] for real and
scaled models. The direct method was applied, consid-
ering the soil and structure during seismic motions in one
step. This model consisted of structural elements, soil
blocks, the interface between soil and structure elements,
boundary conditions, and input motion. The structure
elements consist of slab elements as plate elements and
beams and columns as beam elements with the mentioned
properties in Sections 2.1 and 2.2. In addition, the soil
modeling in this study was the Mohr-Coulomb (MC)
criteria (linear-elastic perfectly plastic), for which many
researchers [10, 28] had good results for this model. The
soil layer properties of the scaled model system are given
in Table 5. By applying the similitude laws in Table 2, the
properties of the real soil layer are concluded. The

interface model properties between soil and structure
elements are the same as soil blocks with a reduction
factor of 0.67, as mentioned in the PLAXIS manual [35].
The appropriate boundaries were set up in the soil block,
in which the soil in the natural case is infinity in all lateral
directions. Therefore, free field boundaries with damping
dashpots were applied to the lateral boundaries of the soil
block to absorb any reflecting seismic waves. The base of
the soil block was assumed to be the bedrock base where
earthquake loads were employed, as in Figure 10.
Therefore, after applying three seismic motions at the
bottom of the soil block, the absolute lateral displace-
ments at each floor level under three seismic scenarios for
real and scaled models were investigated.

5. Results and Discussion

5.1. Verification of Experimental and Numerical Simulation.
Firstly, in this section, the scaled model’s numerical analyses and
experimental investigations are verified in terms of maximum
absolute lateral displacement under different frequency contents
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of earthquakes. Therefore, Figures 11 and 12 display the
maximum absolute lateral displacements along the height de-
rived from numerical analyses with experimental results at the
roof floor level under scaled earthquakes for fixed and flexible
bases, respectively. It is noted that the experimental and nu-
merical results at roof level are adequate and achieve high
accuracy. The maximum deviation between experimental and
numerical results at the roof level is 4% in both conditions: fixed
and flexible bases.

After ensuring that the experimental and numerical results
of the scaled model were in very good agreement with high
accuracy, the second phase in the verification is to check the

appropriate scaling coefficient, achieving good results in the
dynamic analyses. To perform this process, the maximum
absolute lateral displacement of the real model is divided by the
maximum absolute lateral displacement of the scaled model at
each floor level of the superstructure under three seismic
motions for each case: fixed and flexible bases. Figure 13 dis-
plays the maximum absolute lateral displacements of the real
model derived from numerical analyses at each floor level with
fixed and flexible bases that showed the effects of SSI compared
with the fixed base case. By performing the division process,
Figures 14(a) and 14(b) exhibit the resulting inverse scaling
coeflicients (1/1) along the height of the superstructure under
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FIGURE 9: Scaled soil-structure interaction system.
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FIGURE 12: Maximum absolute lateral displacements derived numerically and experimentally in a flexible base case under three scaled

earthquakes: (a) Kobe. (b) Northridge. (c) Chi-Chi.

three earthquakes for fixed and flexible bases cases, respectively.
The target scaling coefficient used in this study was 1:50.
Therefore, it is observed that the maximum scaling coefficient is
1:58 in a fixed base case under the Chi-Chi and Kobe
earthquakes that occurred at the foundation level. While under
the Northridge earthquake, the maximum scaling coefficient is
1:61 at the roof floor level. Consequently, the selected scaling
factor of 1:50 achieves adequate accuracy under three seismic
motions along the height of the superstructure with a fixed base.
In the flexible base case, the maximum scaling coefficient along
the height of the superstructure is 1:59 under Chi-Chi and
Kobe earthquakes that occurred at the foundation level. While
under the Northridge earthquake, the values of the scaling
coeflicient are considered good results from the foundation level
to the fourth level (less than 1:60). However, the maximum
scaling coefficient under the Northridge earthquake is 1: 67 at
the roof floor level.

Generally, the selected scaling coefficient of 1:50 is
regarded as a suitable scaling factor in the seismic analysis to
represent the full-scale real construction model under dif-
ferent seismic scenarios.

5.2. Relative Lateral Displacements of the Superstructure.
After ensuring the adequacy of the numerical model, it is
suitable to study other parametric to investigate the
seismic response of a real superstructure with flexible and
fixed bases under different seismic scenarios. The pre-
vious results derived from experimental and numerical
investigations were absolute lateral displacement that
included the movement of the earthquake, relative lateral
displacement of the structure (distortion component)
that was different in flexible about fixed bases, and a
rocking component due to foundation rotation in the
flexible base case only. Because the movement of the
earthquake is the conjoint movement in both fixed and
flexible bases, the displacement time histories at each
floor level will be subtracted from the displacement time
histories of earthquakes. For example, Figures 15 and 16
show the absolute displacement time histories at the roof
floor level with different seismic motions and the resulted
relative displacement after subtraction at each time step
for fixed and flexible bases, respectively. The resulting
relative displacement time histories may be in phase, out-
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FIGURE 13: Maximum absolute lateral displacement at each floor level with flexible and fixed bases under three real earthquakes: (a) Kobe.

(b) Northridge. (c) Chi-Chi.

of-phase, the same sign, or different from absolute and
seismic motion time histories.

Consequently, the relative lateral displacement is
considered to study the effects of SSI and is compared
with a fixed base. Figures 17 displays the maximum
relative lateral displacement at each floor level of the real
superstructure with fixed and flexible cases under dif-
ferent earthquakes. It is observed that the flexible base has
amplified lateral displacement at the roof floor level by
98% under Kobe, 74% under Northridge, and 58% under
the Chi-Chi earthquakes. Therefore, the fixed base is
unsuitable to represent the structures support under
seismic loads, and the fixed base assumption is under-
estimated in lateral displacement. Consequently, the
safety of the superstructure is affected.

5.3. Shear Force Distribution and Base Shear of the
Superstructure. The shear force distribution and base
shear are important to analyze and design the structural
elements of the superstructure due to earthquake loads.
Therefore, Figures 18 and 19 display the maximum

envelope shear force distribution along the height of
external and internal columns of the superstructure with
different support conditions under three seismic loads,
respectively. For the external column (C1), it is noted that
the flexible base has reduced shear force distribution
along the height of the superstructure compared with a
fixed base case. The reduction percentages at the base
level are 19%, 9%, and 38% under the Kobe, Northridge,
and Chi-Chi earthquakes, respectively. While for the
internal column (C2), the shear force distribution for the
fixed base at the first-floor level to the foundation level is
different compared with the flexible base. It may be re-
ferred to as its support condition and position. Generally,
it is also noted that the flexible base has a reduced shear
force distribution along the height compared with the
fixed base case. The reduction percentages at the foun-
dation level are 1%, 5%, and 26% under the Kobe,
Northridge, and Chi-Chi earthquakes, respectively.
Finally, Figure 20 presents the maximum envelope
base shear force for the superstructure under three
seismic loads with flexible and fixed bases. It is noted that
the flexible base has reduced base shear compared with a



Shock and Vibration

11
7 7
6 6
s _5
g4 54
£3 3
7 ) 7z,
1 1
0 0
0 5 10 15 20 25 30 35 40 45 50 55 60 65 0 5 10 15 20 25 30 35 40 45 50 55 60 65
1/ /)
= Kobe = Kobe
= Northridge = Northridge
® Chi-Chi ® Chi-Chi

(a) (b)

FIGURE 14: Resulting the inverse scaling coefficients (1/1) at each floor level of the superstructure under three earthquakes in the cases:
(a) fixed base, (b) flexible base.

0.12 - 017
0.09 0'08 .
7006 1 E 005 -
=003 - £ 002+
3] =t a
£ g -0.01
=, -0.03 G —0.04 -
8 -0.06 S 007 1

-0.1

-0.12 / -0.13
—— Inputmotion / —— Input motion
___ Absol - -~ Absolute displacement-roof floor

- ¢ displacement-roof floor Relative displ. 1
-~ Relative displacement-roof floor - Relative displacement-roof floor

(a) (b)

Displacement (m)

FIGURE 15: Lateral displacement time histories at the roof floor and the superstructure base (input motion) with a fixed base under three real
earthquakes: (a) Kobe. (b) Northridge. (c) Chi-Chi.

fixed base under different seismic loads. The reduction  represent the structure’s support under seismic scenarios,
percentages are 2%, 12.5%, and 37.5% under the Kobe,  and the fixed base assumption is overestimated in shear
Northridge, and Chi-Chi earthquakes, respectively. force distribution and base shear force. Therefore, the
Consequently, the fixed base is considered improper to  cost of the superstructure is affected.
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FIGURe 18: Maximum envelope shear force distribution of external column (C1) at the corner along the height for superstructure with
flexible and fixed bases under three earthquakes: (a) Kobe. (b) Northridge. (c) Chi-Chi.
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FIGURE 20: Maximum envelope base shear force at the base of the superstructure with flexible and fixed bases under three earthquakes.

6. Conclusions

This paper uses experimental observations and numerical
simulations to study the soil structure model on a small

shaking table under seismic loads. In addition, investigate
the seismic response of the superstructure with flexible
and fixed bases. Seven stories of concrete moment-
resisting frames rested on silty clay soil with a shear wave
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velocity of 220 m/s were scaled. The scale coefficient ap-
plied in this study was 1:50, according to the specifica-
tions of the shaking table. Consequently, a steel-scaled
structure model was manufactured. In addition, a laminar
soil container was implemented to decrease undesirable
boundary effects. The seismic loads were applied at the
base of the superstructure with a fixed base and at the
bottom of the soil block in the flexible base case. The
numerical simulations were verified with experimental
investigations to ensure the adequacy of the numerical
model. Afterward, verified the adequacy of the appro-
priate scaling coefficient in the seismic analyses. Finally,
the seismic behavior of the real model with fixed and
flexible bases was discussed in terms of relative lateral
displacement, shear force distributions for external and
internal columns, and base shear of the superstructure
under different seismic loads.

The results derived from the numerical analysis of the
scaled model were very accurate with experimental mea-
surements under three scaled seismic motions. In addition,
the selected scaling coefficient of 1:50 achieved accepted
accuracy in the dynamic analysis under different frequency
contents. It is observed that the flexible base had amplified
lateral displacement compared with the fixed base. Subse-
quently, the fixed base assumption was underestimated in
lateral displacement compared with soil deposits. Conse-
quently, the safety of the superstructure is affected. Oth-
erwise, the flexible base reduced the shear force distribution
of external and internal columns and the base shear of the
superstructure compared with the fixed base. Therefore, the
fixed base assumption was overestimated in the shear force
distribution and base shear of the superstructure. Conse-
quently, the cost is affected.
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The research on the dynamic response and influencing factors of shield tunnel lining under earthquake demonstrates significant
engineering value in guiding the design of antiseismic tunnels. In this paper, a nonlinear finite element model of soil-tunnel
interaction is established based on FLAC finite difference software, and then Mohr-Coulomb elastoplastic model and dynamic
plastic damage model are used to simulate the dynamic characteristics of soil and lining damage of tunnel, and the seismic waves
of South Iceland are selected to analyze the residual internal force, dynamic internal force distribution, and the relative de-
formation of the top and bottom of the arch of the shield tunnel under the earthquake load. Meanwhile, the effects of depth tunnel,
lining thickness, and tunnel diameter on the dynamic response of the tunnel are discussed. In addition, the interaction law of
horizontal parallel tunnel and the amplification effect on the surface acceleration are also studied. The results show that under the
action of a strong earthquake, the bearing capacity of the tunnel decreases sharply, the lining is destroyed, and a large residual
internal force appears. When the buried depth of the tunnel is small, the nonlinear effect is more significant, and the R value
increases at first and then decreases with the increase in the seismic acceleration. The maximum dynamic bending moment and
maximum dynamic axial force of the tunnel lining aggrandize obviously with the increase in tunnel diameter and lining thickness.
In particular, the dynamic bending moment has internal force redistribution and deflection under the condition of large tunnel
diameter and small lining thickness. Moreover, the interaction of parallel tunnels affects the distribution of internal force and the

magnitude of adjacent surface acceleration.

1. Introduction

With the rapid development of modern transportation and
the accelerated urbanization process, the problem of urban
traffic congestion has become increasingly serious. An in-
creasing number of cities have started to build underground
transportation structures, such as subway tunnels and cross-
river tunnels, among which shield tunnels have been widely
used due to their technical and economic superiority.
According to previous research, tunnels and other un-
derground structures have good seismic performance under
conventional circumstances and can resist strong earth-
quake effects, so their seismic design is often neglected.
However, with the construction of tunnels in high-intensity
regions and changes in their diameters, embedment depths,
and other parameters, underground structures such as

tunnels can still produce severe damage under strong
earthquake effects [1], such as the 2004 Sino-Vietnamese
earthquake, when some tunnel linings collapsed in the vault
[2], and the 2008 Wenchuan earthquake, when the lining of
the Longxi tunnel cavern section produced ruptures in
multiple directions [3]. On the other hand, due to the
presence of underground structures, which change the
nearby surface site conditions, seismic waves produce an
amplification effect during transmission, thus affecting the
seismic response of adjacent structures underground and at
the surface. Numerical simulations and experimental studies
have been carried out by a large number of scholars on the
causes of seismic damage in tunnels and their influencing
[4-6]. Wang and Cai [7] explored the dynamic response law
of tunnels at different wavelength ratios by the spectral
element method, and the results indicated that the velocity
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amplification is proportional to the tunnel diameter, and
tunnels with larger diameters are more prone to damage
under seismic action. Gao et al. [8] studied the effect of burial
depth on the lining stress distribution by shaking table
experiments, and the experimental results demonstrated that
the lining stress gradually decreases as the tunnel burial
depth increases, and the lining seismic response increases
significantly when the tunnel burial depth is relatively
shallow, whereas the tunnel lining stress shows a gradual
convergence when the burial depth reaches 40 m and above.
Tao et al. [9] analyzed the dynamic characteristics of tunnels
with different burial depths by shaking table tests, and their
results showed that the additional bending moment gen-
erated by the tunnel structure is inversely proportional to the
burial depth, so shallow buried tunnels are more prone to
seismic damage compared with deeply buried tunnels.
Sederat et al. [10] studied the effect of the contact interface
on the elliptical deformation of circular tunnels by using
quasi-static numerical analysis to obtain the lining internal
forces. Kouretzis et al. [11] carried out a parametric study of
shield tunnels to analyze the effect of interfacial friction on
the dynamic response of the tunnel lining. Torcato [12]
carried out a two-dimensional numerical simulation of the
tunnel to study the effects of soil stratification around the
tunnel, lining diameter, and liner thickness on the seismic
response of the tunnel.

Most of the previous studies were based on shaking
table tests. Although shaking table tests have the advantage
of being efficient and accurate, the size of the tunnel
structure model is limited by the size of the shaking table
surface and the model box, and the cost of the experimental
study is high. Therefore, it is of great significance to study
the effect of tunnel parameters on seismic response through
numerical methods. Based on the above research back-
ground, numerical models of single and parallel tunnels are
developed in this paper using FLAC 3D numerical finite
difference software to analyze the effects of burial depth,
lining thickness, and lining diameter of a single tunnel on
the seismic response of the tunnel, whilst the interaction
and ground acceleration amplification effects of para-
llel tunnels are investigated, thus providing a theoretical
reference for the application and promotion of shield
tunneling technology.

2. Numerical Analysis

2.1. Numerical Model and Validation. In this paper, the
numerical model is established by using FLAC 3D general
finite element [13]. In order to simulate the infinite foun-
dation conditions, the model is selected to eliminate the
influence of the boundary with a larger calculation area, the
model calculation domain is 180 m long and 70 m high,
Figure 1 shows the grid division of the tunnel model cal-
culation domain, the grid is gradually encrypted from the
outside to the inside of the tunnel, and the grid size is based
on the principle that the seismic force-frequency can be
transmitted within 10 Hz [14].

To reduce the influence of seismic wave reflection at the
soil subinterface and to simplify the study, the same
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parameters are used for all soil bodies in this paper. The
dynamic response of the lining is simulated using elastic
beam units, and complete bonding is assumed between the
soil and the tunnel without relative slip and separation. The
cumulative damage to the lining under the action of seismic
forces is considered through a dynamic plastic damage
model, and the calculated mechanical parameters of the
tunnel and soil are shown in Table 1.

The seismic analysis of the tunnel is divided into two
steps; first, the model is analyzed statically, accounting for the
gravitational effect of the structure, and subsequently the
dynamic analysis is performed by inputting the seismic force-
time interval through the bottom of the model. The seismic
loads were loaded using the 2000 South Iceland seismic
acceleration timescale, and the seismic acceleration versus
time curve and its power spectrum are shown in Figure 2.

Figure 3 shows the distribution of bending moment and
axial force at each position of the liner under the action of
seismic force. From the figure, it can be seen that the bending
moment and axial force are unevenly distributed, and there
are extreme value points for both bending moment and axial
force at the diagonal position of positive and negative 45° of
the liner, and the dynamic bending moment has the max-
imum value at 45°, and the dynamic axial force has the
maximum value near 315°. The values of the dynamic
bending moment are relatively large, while the values of
dynamic axial force are relatively small. During the calcu-
lation, the soil near the tunnel is deformed, which leads to
the weakening of the lining circumferential restraint effect,
so when the soil deformation increases further, the dynamic
bending moment also increases gradually.

Figure 4 shows the time course of bending moment and
axial force of the liner at 45° position under the seismic force.
From the figure, it can be seen that the time course of liner
bending moment and axial force have a similar distribution
pattern with the time course of seismic acceleration, and the
curve of liner bending moment and axial force also fluctuates
greatly near 10s due to the sudden change of seismic ac-
celeration. The permanent residual load of the liner was
generated after the end of the applied seismic load, mainly
due to the partial damage of the liner under the seismic force,
which caused the reduction of the bearing capacity and made
the residual internal force significant, and the residual
bending moment was about 60% of the maximum moment,
and the residual axial force load was about 30% of the
maximum value. The residual internal force of the lining still
maintains a large value after the seismic load, so the effect of
residual internal force cannot be neglected when calculating
the seismic response of this type.

2.2. Effect of Burial Depth on Seismic Response. According to
available data, the geometric parameters of the tunnel have
an important influence on the seismic dynamic response of
the tunnel structure. Previous studies are usually carried out
using shaking table tests, but some of the parameters cannot
be accurately simulated due to the size effect, so it is im-
portant to use numerical methods to study the influence of
tunnel parameters on the seismic response. Based on the
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TABLE 1: Parameters of tunnel and soil.
Tunnel parameters Soil parameters

Burial depth (m) 50 Density (kg/m3) 2000
Diameter (m) 10 Shear wave speed (m/s) 300
Thickness (m) 0.5 Friction angle (*) 23
Density (kg/m3 ) 2500 Bonding force (MPa) 0.03
Modulus of elasticity (MPa) 24.8 Poisson’s ratio 0.3
Poisson’s ratio 0.2 Damping ratio (%) 5
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FIGURE 2: (a) Acceleration time history of South Iceland earthquake. (b) Power spectrum of South Iceland earthquake.

aforementioned model, this paper analyzes the effects of
three parameters on the seismic response of shield tunnels
by establishing tunnel models with different lining burial
depths, lining thicknesses, and lining diameters.

Figure 5 shows the changes of dynamic bending
moment and dynamic axial force response of the liner
with different tunnel burial depths. It can be seen from the
figure that the dynamic bending moment and dynamic
axial force both increase with the increase in burial depth,
and the distribution law of dynamic axial force is basically
the same for each condition, while the distribution law of

dynamic bending moment is relatively complicated.
When the burial depth is shallow, the maximum dynamic
bending moment of the lining appears at the right arch
shoulder and left arch corner position, and with the in-
crease in the burial depth, the dynamic bending moment
fluctuates significantly along the axial direction, which
may be caused by the reflection of seismic waves in the
bottom area of the tunnel. The dynamic axial force shows a
strong distribution pattern, and the maximum dynamic
axial force at different burial depths appears near the
diagonal of plus or minus 45°.
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FIGURE 4: (a) Time history of bending moment of 45° position under seismic force. (b) Time history of axial force of lining of 45° position

under seismic force.

Figure 6 shows the changes of relative displacement and
Rvalue of liner arch bottom with seismic intensity and tunnel
burial depth; R value represents the ratio of relative dis-
placement of the arch bottom to free field displacement at the
same position. At the same time, the displacement of the arch
top base under different burial depths is different, and the
relative displacement of the arch top base is the largest when
the burial depth is 35m. With the change of seismic load
acceleration, when the buried depth is large, the R value
increases with the increase of seismic load intensity. When
the burial depth is small, the R value increases first with the
seismic acceleration and then decreases, and the maximum
value of R value exists near the acceleration of 0.2 g. When the
seismic load acceleration continues to increase, the R value
decreases significantly. The main reason for this is that the

Mohr-Coulomb principal model is used for the soil prop-
erties, and there is an amplification of the acceleration in the
soil layer [15]. In addition, when the acceleration is less than
0.2 g and the burial depth is large, the calculated R value is
basically around 1.0, indicating that when the tunnel is
buried at a large depth, the nonlinear effect of the soil is small,
and it is reasonable to use the free field method for seismic
calculations.

2.3. Effect of Liner Thickness on Seismic Response. Figure 7
shows the maximum dynamic bending moment and dynamic
axial force at each position under different lining thicknesses,
the calculated burial depth is 12m, and the peak ground vi-
bration acceleration is 0.2 g. It is seen from the figure that the
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FIGURE 5: (a) Maximum dynamic bending moment of lining at different positions under different embedded depths. (b) Maximum dynamic
axial force of lining at different positions under different embedded depths.
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FIGURE 6: (a) Relative displacement of vault and bottom under different embedded tunnel depths. (b) Distribution of R value under different

embedded tunnel depths.

larger the lining thickness is, the values of dynamic bending
moment and dynamic axial force of the lining also increase.
The distribution law of dynamic bending moment changed
with the thickness, and an obvious deflection phenomenon
occurred, while the distribution law of dynamic axial force did
not change significantly with the thickness change. When the
lining thickness is small, there are maximum dynamic bending
moments at four positions of the lining 0°, 90°, 180°, and 270°,
which mainly cause the redistribution of the internal forces in
the lining and change the force characteristics of the tunnel

[16, 17]. The distribution pattern of dynamic axial force is less
affected by the lining thickness, and the maximum dynamic
axial force for each condition occurs near 225" and 315" of the
tunnel, and the dynamic axial force amplitude does not change
significantly with the increase in lining thickness.

2.4. Effect of Liner Diameter on Seismic Response.
Figure 8 shows the effect of different tunnel diameters on the
dynamic bending moment and dynamic axial force under
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FIGURE 8: (a) Maximum dynamic bending moment at different positions under different lining diameters. (b) Maximum dynamic axial force

at different positions under different lining diameters.

seismic forces. It can be seen from the figure that the
maximum dynamic moment and the maximum dynamic
axial force of the tunnel structure both increase with the
diameter of the tunnel under the same seismic load, and the
dynamic axial force of the lining is less affected by the di-
ameter than the dynamic moment. When the tunnel di-
ameter is small, the maximum dynamic bending moment is
distributed at plus or minus 45°, and when the tunnel

diameter is large, the dynamic bending moment distribution
law becomes complex and irregular, so for large diameter
shallow buried tunnel, the mechanical model simply as-
sumes that the tunnel structure is subject to the action of far-
field shear deformation and is not reasonable. The maximum
dynamic axial force of the liner increases gradually with the
diameter, and the change of tunnel diameter has a greater
effect on the dynamic axial force at the liner arch angle
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FIGURE 9: Model of parallel twin-tunnel and soil.
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FIGURE 10: Ratio of internal force increment varies with spacing.

position, while the dynamic axial force at other positions is
less affected by the change of diameter.

2.5. Interaction and Amplification of Parallel Tunnels under
Seismic Effects. Most of the currently built shield tunnels are
parallel double-row tunnels, which are more complex due to
the reflection of seismic waves, and the loads on the tunnels
may be significantly different compared with the single
tunnel case, so it is necessary to carry out a study on the
interaction effects of parallel tunnels under seismic effects
[18, 19]. Based on the aforementioned study, a parallel twin-
tunnel model is developed in this paper, as shown in Fig-
ure 9. The peak seismic acceleration is 0.2 g, the tunnel radius
is 8 m, the lining thickness is 0.5 m, and the burial depth is
12 m, and the seismic response is calculated for five different
tunnel center distances of 6m, 8m, 10m, 16 m, and 24 m,
respectively.

Figure 10 shows the variation of the incremental force in
parallel tunnels compared with the tunnel spacing, where the
incremental ratio is defined as (maximum internal force in a
parallel tunnel — maximum internal force in a single tunnel)/
maximum internal force in a single tunnel. As can be seen
from Figure 10, with the increase in tunnel spacing, the
incremental ratio of tunnel internal force gradually de-
creases, and the bending moment is affected more obviously
compared with the axial force. When the spacing of parallel
tunnels is 6 m, the incremental ratio of bending moment is
about 16% and the incremental ratio of axial force is about
15%. When the spacing of tunnels is greater than 1.25 times
of tunnel diameter, parallel tunnels have less influence on
each other and the incremental ratio of tunnel bending
moment and axial force gradually converge, and their values
are less than 5%.

Under seismic loading, the presence of underground
tunnels amplifies the surface shaking, and the incident waves
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interacting between parallel tunnels amplify this effect [20].
The amplification effect of parallel tunnels with different
spacing was compared by monitoring the acceleration at the
surface at the top of the computational domain. As seen in
Figure 11, (1) in the single tunnel condition, the acceleration
at the center of the tunnel is smaller than the free field ac-
celeration, which is mainly due to the reflection effect at the
tunnel location during the upward transmission of seismic
waves, reducing the ground acceleration, while the acceler-
ation at both sides of the tunnel increases significantly, and its
maximum value increases by 3.4% compared with the free
field acceleration; (2) for parallel tunnels, the acceleration
directly above the tunnel is basically the same as the free field
acceleration under seismic loading, and the seismic accel-
eration has a maximum value in the middle of the two
parallel tunnels, which is 6.35% higher than the free field
acceleration. The maximum accelerations calculated for
parallel tunnels with different spacing are greater than the
single tunnel condition, so the interaction of parallel tunnels
cannot be neglected.

3. Conclusions

In this paper, a nonlinear finite element model of soil-tunnel
interaction is established with a shield tunnel as the research
object, and the South Iceland seismic wave curve is used to
study the geometric parameters on the dynamic response of
the tunnel and the interaction of parallel tunnels under the
action of seismic loads, and the following conclusions are
obtained through the analysis:

(1) The time course curves of bending moment and
axial force of the lining under the action of

seismic force coincide with the distribution pat-
tern of South Iceland seismic acceleration time
course curve, and the maximum values of bending
moment and axial force appear near 10s. The
lining is damaged by the seismic force, and the
bearing capacity is reduced. After the seismic load
is loaded, the lining has a large residual internal
force, and the residual bending moment is about
60% of the maximum bending moment and the
residual axial force is about 30% of the maximum
axial force.

(2) For different tunnel embedment depths, the maxi-
mum value of dynamic bending moment is at the
right arch shoulder and left arch angle of the tunnel,
and the maximum value of dynamic axial force
appears near the plus or minus 45° diagonal. When
the burial depth is larger, the R value increases with
the increase in seismic load intensity. When the
burial depth is smaller, the nonlinear effect is more
significant, and the R value shows a trend of in-
creasing and then decreasing with the increase in
seismic load acceleration.

(3) Under the same seismic load, the maximum dynamic
bending moment and maximum dynamic axial force
of tunnel lining increase with the increase in tunnel
diameter and lining thickness, the influence of tunnel
diameter and lining thickness on dynamic axial force
is smaller than that of the dynamic bending moment,
the distribution of dynamic axial force under each
condition is similar, and the maximum value appears
around 225" and 315°. Moreover, due to inertia and
plastic deformation of soil, the dynamic moments
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are redistributed and deflected at larger tunnel di-
ameters and smaller lining thicknesses.

(4) The interaction of the parallel tunnels affects their
internal force distribution, which increases signifi-
cantly when the spacing between the parallel tunnels
is small compared with the single tunnel case. On the
other hand, the presence of tunnels causes the in-
cident waves and the reflected waves between the
tunnels to superimpose on each other thus ampli-
fying the ground acceleration, and the peak incre-
ment of ground acceleration in the middle of the
parallel tunnel is doubled compared with the single
tunnel case.
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