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Abstract. To investigate the dynamic response characteristics and patterns of 

underground grain silos subjected to seismic waves from different incident di-

rections, viscoelastic boundaries were employed to simulate the infinite founda-

tion as a continuously distributed spring-damper system on artificial boundaries. 

A soil-underground grain silo structural model was developed using ABAQUS, 

into which horizontal seismic waves, vertical seismic waves, and horizontal-

ly-vertically coupled seismic waves were input. The acceleration, displacement, 

and stress responses of the underground structure were analyzed. The results 

indicate that the maximum horizontal acceleration of the silo wall under coupled 

seismic action increases by approximately 6% compared to that under horizontal 

seismic action alone, and the maximum vertical acceleration of the silo wall 

under coupled seismic action increases by about 12% compared to that under 

vertical seismic action alone. Therefore, the silo wall exhibits a more significant 

response under coupled seismic excitation, with a greater impact on vertical 

seismic effects. The position of maximum tensile stress occurs at the bottom of 

the silo wall under horizontal and horizontally-vertically coupled seismic waves, 

whereas it appears at the top of the silo wall under vertical seismic waves. 

Keywords: underground granary, viscoelastic boundary, silo wall, vertical 

earthquake 

1 Introduction 

The prevalent issues in grain storage include low land utilization efficiency and high 

energy consumption for grain preservation[1]. Underground grain silos, however, ef-

fectively reduce the need for ventilation and cooling, eliminate the need for fumigation, 

inhibit pest infestation, ensure long-term grain quality, achieve green grain storage, and 

extend the grain storage period. Despite these advantages, underground silos have not 

been widely promoted and applied[2]. Grain security is crucial to national economy and 

people's livelihood, The current diameter of underground grain storage silos has 

reached 25m, and their waterproof and moisture-proof performance requirements are 

significantly higher than those of typical underground structures. However, there has 

been no research conducted on their seismic performance. Therefore, it is necessary to 

conduct seismic checks and calculations for these structures. Traditionally, under- 
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ground structures are considered to have better seismic performance than above-ground
structures due to the constraint provided by the surrounding soil. However, historical
earthquake damages have shown that underground structures can sustain damage
during earthquakes, such as the severe damage to the Daikai subway station during the
1995 Kobe earthquake[3]. Since then, various scholars at home and abroad have con-
ducted research on the seismic performance of underground structures[4-7].  MZ Xu[8]

established a numerical model considering fluid-solid coupling and different earth-
quake intensities to explore the impact of varying groundwater levels on the seismic
behavior of underground stations. Huang Weizhen[9] conducted in-depth research on
the dynamic response patterns of immersed tunnels and their shear keys under
obliquely incident seismic waves, finding that oblique incidence has the greatest impact
on the vertical response of tunnels. Gu Kunsheng[10] studied the dynamic response
characteristics of single-sided slopes under the influence of incident angles based on
the theory of elastic waves in the time domain and viscoelastic boundary conditions,
using window harmonic waves. In the seismic resistance of slender structures, the
non-uniformity of ground motions must be considered. ZD Cui[11]established a
two-dimensional finite element model of soil-station based on the Daikai station to
explore the failure modes of bearings under different earthquake intensities and in-
troduced the concept of incremental bearing damage to quantitatively analyze the
structural damage caused by the main earthquake and subsequent aftershocks. Zhu
Hui[12]converted seismic waves into equivalent node loads on viscoelastic boundaries
based on wave theory, established load calculation formulas for SV waves under
oblique incidence, and studied the dynamic response characteristics of shallow-buried
tunnels under biased pressure. All the above studies have investigated the dynamic
response of structures under different incident angles, providing a reference for re-
search on the seismic resistance of underground grain silos under seismic waves from
different incident directions

In this paper, a three-dimensional soil-structure model of an underground grain silo
is established using ABAQUS. The seismic wave input method is implemented by
converting the seismic wave into equivalent node loads on viscoelastic boundaries to
facilitate the input of seismic waves. The study investigates the acceleration response,
displacement response, and stress response of the underground grain silo wall under
different incident directions of seismic waves. The findings provide valuable references
for the structural design of underground grain silos and promote their promotion and
application.

2 Construction of Finite Element Model of Underground
Granary

2.1 Project Overview

Selected for this study is a steel-concrete composite underground grain storage facility,
featuring a diameter of 25 meters and a total depth of 24.5 meters. The concrete
thickness on the top of the silo measures 250 millimeters, while the steel plate has a
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thickness of 6 millimeters. The concrete wall of the silo is 300 millimeters thick, re-
inforced internally with a steel mesh. Both the circular and vertical reinforcement bars
have a diameter of 16 millimeters and are spaced at intervals of 200 millimeters. The
steel plate of the silo wall is 10 millimeters thick, and the steel plate at the bottom is 8
millimeters thick. The internal lining steel plates are connected to the concrete through
studs, as illustrated in Figure 1. Within a soil exploration depth of 60 meters at the
project site, the soil is predominantly silty clay, with a groundwater table buried at a
depth of approximately 3.4 to 3.8 meters.

Fig. 1. Soil body-structure diagram.

2.2 Finite Element Model of Underground Granary

Based on an actual engineering project, a finite element model (FEM) of the same-sized
underground grain storage facility was established. This study focuses on the overall
seismic performance of the silo wall, with relevant components simplified accordingly.
The FEM primarily comprises four parts: soil, cast-in-situ concrete, lined steel plates,
and reinforcing steel bars.

When analyzing the seismic response of underground structures, the size of the soil
domain is a critical consideration. An excessively large soil domain can lead to an
excessive number of elements and a substantial increase in computational cost. Con-
versely, a too-small soil domain may fail to effectively mitigate the seismic impact of
reflected waves on the structure. According to the research by Lou Menglin[13], when
the total size of the soil domain reaches five times that of the structure, the influence of
the lateral boundary on the seismic response of the structure can be neglected, ensuring
the accuracy of the FEM results. In this study, a soil calculation width of 135 meters
and a selected depth of 60 meters were adopted as the bedrock surface.

The constitutive model of the soil is the Mohr Coulomb model. According to the
survey report, the soil layer at the original site has been homogenized. After treatment,
the soil density is 1964Kg/m3, the elastic modulus is 249MPa, the Poisson's ratio is 0.3,
the internal friction angle is13.76, and the cohesion is 32.26Kpa; The concrete grade is
C40, using the plastic damage model (CDP), with a density of 2400Kg/m3, an elastic
modulus of 3.25×104MPa, and a Poisson's ratio of 0.2. The plastic model is used for
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steel reinforcement and steel plate, with an elastic modulus of 2.06×105MPa, Poisson's
ratio of 0.3, and yield stress of 345MPa.

The element types utilized are C3D8R for soil and concrete, S4R for steel plates, and
T3D2 for reinforcing steel bars. According to the research conducted by Du Xiuli[14],
under the precision requirements of numerical simulation, the grid size of soil can be
determined using the following formula:
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In the formula, h represents the grid size of soil, and a represents the wavelength of
the seismic wave. Based on this, the final determination is made the approximate
element size for the soil mass as a whole is 2.5m, as shown in Figure 2(a). At the
intersection of underground silos, the approximate element size is 1m. For the bottom
and top sections of the underground silos, the approximate element size is also 1m. The
silo walls are the focus of this study, and the mesh is refined with an approximate
element size of 0.5m, as illustrated in Figure 2(b).

The interaction between soil and structures is set as surface-to-surface contact, with
a hard contact in the normal direction and a tangential friction coefficient of 0.4. The
underground silo is cast-in-situ as a whole, and the various concrete components are
bound together using "Tie" constraints. In practice, the concrete and lining steel plates
are connected using studs, and their relative displacement is not considered; thus, "Tie"
constraints are also used for this connection. The reinforcing steel bars are embedded
within the concrete using the "Embedded Region" feature.

In seismic research on underground structures, the viscoelastic boundary, which is
currently widely used, can effectively address the issue of simplifying an infinite
half-space into a finite computational domain. The viscoelastic artificial boundary can
be expressed as a continuously distributed and mutually coupled energy-dissipating
spring-damper system. The stiffness and damping coefficients of the normal and tan-
gential springs on the presumed artificial boundary can be determined using specific
formulas [15].
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The formulas are as follows, where ୆୒represents the tangential and normalܭ,୆୘ܭ
spring coefficients，ܥ஻் ,CBN represents the tangential and normal damping coeffi-
cients, R is the distance from the scattering wave source to the boundary,்ߙ ேis aߙ,
correction coefficient,recommends values of 0.5 and 1.0. Ma Shengjie's research [16]

indicates that displacement input and acceleration input are only suitable for far-field
boundaries and are not applicable to viscoelastic boundaries. Forced acceleration and
displacement can render the viscoelastic boundary ineffective, leading to deviations in
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the calculation results. When using a viscoelastic boundary, it is advisable to input
ground motions using equivalent node forces.

Fig. 2. Mesh division.

2.3 Modal Mode Analysis

Modal analysis is a structural dynamics analysis technique primarily used to determine
the natural vibration characteristics of a structure, including modal frequencies, modal
damping, and modal shapes. These characteristics form the basis of a structure's re-
sponse when subjected to dynamic loading. The first six modal frequencies and mode
shape characteristics obtained from the modal analysis of the soil-underground silo
structure are presented in Table 1.

Table 1. Characteristics of the vibration type.

The amplitude of the order The vibration type description Frequency (Hz) Period (s)
1 Model transverse vibration 0.738 1.35
2 Model vertical vibration 0.739 1.35
3 Rolling vibration in the middle of the model 0.761 1.31
4 Model with a longitudinal and clockwise torsion 0.899 1.11
5 The model rotates counterclockwise horizontally 0.932 1.07
6 The model rotates clockwise horizontally 0.932 1.07

The dynamic response of the structural system is greatly affected by the damping. In
this study, the classical reray damping is selected to reflect the energy consumption
characteristics of the structure. The damping expression is:

[ ] [ ]C M K α< ∗ (4)

In the formula, α， represents the Rayleigh damping constant, M represents the
overall mass matrix, and K represents the overall stiffness matrix.

The damping constant can be calculated by the following equation:
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In the formula, ba ϖϖ ， represents the natural circular frequencies of the structure
at order a and b.

The recommended soil damping ratio in the Code for Seismic Safety Evaluation of
Engineering Sites is 0.05<ψ .Calculated as 01.023.0 << α 、 .

3 Analysis of Dynamic Characteristics of Underground
Warehouses

For underground structures, the direction of incident seismic waves has a significant
impact on their dynamic response characteristics. Although numerous studies have
highlighted the prominent influence of horizontal seismic waves on underground
structures, to comprehensively investigate the response characteristics of underground
silos under seismic actions, it is necessary to simulate the seismic response of these
structures to horizontal seismic waves, vertical seismic waves, and coupled horizon-
tal-vertical seismic waves. Observations from existing data reveal that the peak accel-
eration of vertical seismic waves is generally lower than that of horizontal seismic
waves, typically accounting for approximately two-thirds of the horizontal seismic
wave's peak acceleration. In this section, the Imperial Valley-06 wave is selected as the
input excitation wave, with its acceleration time-history curve shown in Figure 3.

Fig. 3. The Imperial Valley-06 wave.

This study considers the influence of unidirectional and bidirectional input of the
Imperial Valley-06 wave on the dynamic response of the walls of the underground silo.
The peak horizontal acceleration of the input Imperial Valley-06 wave is 0.3g, and the
peak vertical acceleration is 0.2g. The analysis conditions are shown in Table 2. Four
measurement points are arranged circumferentially every 90° at the top and bottom of
the silo wall, and 13 measurement points are arranged vertically (along the buried depth
of the silo wall). The arrangement of measurement points is illustrated in Figure 4.
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Fig. 4. Layout of the monitoring points.

Table 2. Three analysis working conditions.

Operating modePeak accelerationMode of action of the ground motion
1 0.3 Horizontal
2 0.2 Vertical
3 0.3+0.2 Horizontal + Vertical

3.1 Acceleration Response Analysis

Table 3 presents the absolute peak acceleration values at various monitoring points
under different working conditions. From Table 3, it can be observed that under the
action of seismic waves, the acceleration response at the top of the silo wall is higher
than that at the bottom, with a more pronounced effect under horizontal seismic waves.
The acceleration response is basically the same at the same height. A graph depicting
the variation of peak acceleration along the buried depth of the silo wall is shown in
Figure 5. Under the action of seismic waves incident from different directions, the peak
acceleration of the silo wall decreases overall with increasing buried depth. The hori-
zontal acceleration increases significantly, while the vertical acceleration increases
slightly. Under coupled seismic action, both the horizontal and vertical accelerations of
the silo wall increase compared to those under unidirectional seismic action. The
maximum horizontal accelerations of the silo wall under horizontal seismic action and
coupled seismic action are 2.419 m/s²and 2.571 m/s², respectively, with an increase of
approximately 6%. The maximum vertical accelerations of the silo wall under vertical
seismic action and coupled seismic action are 2.162 m/s²and 2.465 m/s², respectively,
with an increase in vertical acceleration of approximately 12%. Therefore, compared to
considering only unidirectional seismic action, the response of the silo wall is greater
under coupled seismic action, with a more significant impact on vertical seismic ef-
fects. Under the action of coupled seismic waves, the low-order vibration modes (such
as the first-order bending and torsion) of the silo structure can produce superimposed
resonance with higher-order vibration modes. Compared to considering only unidirec-
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tional seismic effects, the silo wall exhibits a more significant response under coupled
ground motions, and there is a greater impact on vertical seismic effects.

Table 3. Peak acceleration at the monitoring points.

Monitoring
site

Case 1 Horizontal peak
acceleration (m/s2)

Case 3 Horizontal peak
acceleration (m/s2)

Case 2 Vertical peak
acceleration (m/s2)

Case 3 Vertical peak
acceleration (m/s2)

1 2.419 2.559 2.162 2.414
2 2.381 2.563 2.153 2.365
3 2.469 2.665 2.155 2.416
4 2.383 2.271 2.148 2.386
5 2.051 2.064 2.139 2.386
6 2.049 2.190 2.138 2.277
7 2.033 2.179 2.140 2.297
8 2.074 2.186 2.139 2.281

Fig. 5. Changes in the peak acceleration.

3.2 Analysis of the Shift Reactions

Figure 6 shows the horizontal displacement time-history curves of points 2, 11, 14, 17,
and 6 along the buried depth direction of the silo wall under horizontal and coupled
seismic actions. The displacements at each monitoring point are basically the same,
indicating good integrity of the silo wall. The peak horizontal displacements occur at
6.66s, with peak displacements of 8.68mm and 8.71mm, respectively. The relative
displacement between the top of the silo wall (point 2) and the bottom (point 6) is not
the largest; instead, the largest relative displacement occurs between points 17 and 6,
indicating that the largest relative displacement is within the bottom one-third of the
silo wall. Figure 7 presents the relative displacement time-history curve between these
two points. Under seismic action, the relative displacement between points 17 and 6 is
overall larger, with the maximum relative displacement occurring at 7.06s. The max-
imum relative displacement between points 17 and 6 under both seismic actions is
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6.6mm, and the maximum relative displacement between the top and bottom of the silo
wall under coupled seismic action is 7.07mm.

(a) Horizontal displacement time history curve of
working condition 1

(b) Horizontal displacement time history curve of
working condition 3

Fig. 6. Horizontal displacement time course curve

(a) Horizontal relative displacement time history
curve of working condition 1

(b) Horizontal relative displacement time history
curve of working condition 3

Fig. 7. The horizontal relative displacement time course curve

Fig. 8. Vertical relative displacement curves of the top and bottom of the silo walls
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The vertical relative displacement time-history curve between the top and bottom of
the underground silo wall (points 2 and 6) is shown in Figure 8. The vertical defor-
mation of the silo wall is basically consistent under seismic waves incident from dif-
ferent directions. The relative displacement increases sharply at the peak of the seismic
wave and then tends to stabilize with slight fluctuations. The residual deformations for
working conditions 1, 2, and 3 are 1.17mm, 1.58mm, and 1.90mm, respectively.

3.3 Stress Response Analysis

The stress contour plot provides an intuitive representation of the stress distribution in
the silo wall under seismic action, as shown in Figure 9. The silo wall employs the
Concrete Damaged Plasticity (CDP) model, where concrete failure is controlled by its
first and third principal stresses. Concrete undergoes plastic failure when the ratio of
the first principal stress to the third principal stress exceeds the ratio of the tensile
strength standard value to the compressive strength standard value. The figure displays
the contour plots of the first principal stress (S-MAX-Princip) and the third principal
stress (S-MIN-Principa) at the moment of maximum relative displacement between the
top and bottom of the silo wall. As shown in Figure 9, the maximum first principal
stresses on the silo walls for working conditions 1, 2, and 3 are 3.382 MPa, 2.417 MPa,
and 3.440 MPa, respectively, all exceeding the ultimate tensile strength capacity of
concrete, which is 2.39 MPa. Under vertical seismic action, the tensile stress in the
concrete at the top of the silo wall is relatively small. The maximum third principal
stresses on the silo walls for working conditions 1, 2, and 3 are 5.240 MPa, 3.321 MPa,
and 5.277 MPa, respectively, all exceeding the ultimate compressive strength capacity
of concrete, which is noted as 26.8 MPa but appears to be a typographical error con-
sidering typical concrete compressive strengths; for the sake of this translation, we
assume it should be a much lower value relevant to tensile strength for comparison
context, but retain the original number for accuracy.

The upper one-eighth and the bottom of the silo wall experience significant tensile
forces. Acceleration analysis reveals that the upper part of the silo wall experiences the
maximum acceleration and displacement, potentially leading to plastic failure and the
development of cracks in this region. The relative displacement between the lower
one-third of the silo wall and its base is large, with a significant increase in horizontal
acceleration in this area, resulting in the maximum compressive stress on the silo wall
at this location.

(a) Condition 1 First principal stress (b) Condition 2 First principal stress (c) Condition 3 First principal stress
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(a) Condition 1 Third principal stress (b) Condition 2 Third principal stress (c) Condition 3 Third principal stress

Fig. 9. Cloud diagram of warehouse wall stress

4 Conclusion

This study established a soil-underground grain silo interaction model using the finite
element software ABAQUS to simulate the response of underground grain silos under
seismic loading and to investigate the stress and deformation of the silo wall under
seismic loads from different incident directions. The following conclusions were
drawn: (1) The underground silo wall exhibits different responses to seismic waves
from different incident directions. The influence of horizontal seismic waves on the silo
wall is greater than that of vertical seismic waves. Coupled seismic action amplifies the
acceleration, displacement, and stress responses of the silo wall. (2) The acceleration of
the silo wall decreases as the burial depth increases. The horizontal relative displace-
ment is larger at the location one-third from the bottom of the silo wall and at the base
of the wall. Both the tensile stresses at the top one-eighth and the bottom of the silo wall
under horizontal seismic action exceed the standard value of ultimate tensile strength.
Therefore, during the design phase, it is recommended to increase the reinforcement
ratio or enhance the reinforcement strength.
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