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Abstract: In order to reveal the dynamic response mech-
anism of silo-storage-foundation system under seismic
wave loading, the silo is simpli�ed as a thin-walled cylin-
drical shell structure with �xed bottom and free upper
part. Considering geometric nonlinearity, dynamic elas-
tic modulus, damping and other factors, the nonlinear vi-
bration di�erential equations of the silo under dynamic
loading are established. The Galerkin method is used to
discretize the vibration di�erential equations, and the
de�nite conditions with solution ideas are given. Subse-
quently, the dynamic action systemof tube supported rein-
forced concrete silos is studied by using the shaking table
test method. The similarity theory of silomodel test is con-
structed, and the experimental model of the silo storage
foundation interaction system with the geometric ratio of
1:20 is established, where three seismic waves in the suit-
able engineering background are selected to carry out the
shaking table test. The acceleration peak value at di�erent
heights of the model is measured, and the dynamic ampli-
�cation factor of the silo model along the height direction
is studied under di�erent seismic intensity and di�erent
material condition. The seismic performance of the proto-
type structure is studied, which provides the theoretical
basis and practical guidance for the design of silo system
and the operation and management of silos.
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1 Introduction
With the advantage of simple operation, environmental
protection, land saving, less loss and the like, Silo struc-
ture has become a universal structure widely used in in-
dustry, enterprises and transportation departments [1-3].
At present, domestic and foreign scholars have done a lot
of theoretical and experimental research on static charac-
teristics of silo structure [4-7]. Pieraccini et al. [8]studied
the buckling of a silo with di�erent structure types caused
by the impact load during the storage loading and un-
loading process, and several di�erentmodels were used to
carry out experimental research andnumerical simulation
analysis. K Knebel et al. [9] studied the bending buckling
problem of full bunker. The results showed that the com-
pressive stress of bulk can greatly increase the buckling
critical load of thin shell wall. C.Butenweg et al. [10] com-
pared two methods of silo force analysis under static and
dynamic equivalent load. The interaction between silos
and storagematerials had been considered in the analysis.
Through geometric nonlinear analysis, Ji [11] researched
systematically on the in�uence of cylindrical support steel
silo’s geometric parameters such as diameter and thick-
ness of columns, steel stall, column height, radius and ra-
tio of pillar to width on structural stability and strength.
On the basis of the interaction of silos and bulk materials,
the dynamic behavior of the silo system under the earth-
quake action is evaluated by Durmuş, A. et al. [12], and a
simpli�ed method for the approximation of the �nite ele-
ment model is proposed for the analysis. The results show
that themethodhas high accuracy. However,most of these
studies only relate to the engineering mechanical proper-
ties of a single silo structure[13-16], lack of the research
on silo storage foundation interaction system under dy-
namic load. and the related mechanism is not clear, but
seismic action is one of the main factors that cause insta-
bility and failure of silo structure [17-19]. Therefore, it is of
great practical signi�cance to study the dynamic charac-
teristics of silo storage foundation interaction system un-
der earthquake load.
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In this paper, the silo-storage-foundation system is
taken as the research object. Through the Shaking table
simulation test, the dynamic characteristics of the silo-
storage-foundation system under di�erent storage condi-
tions are tested, The seismic design of the existing silo-
storage-foundation system is carried out, and the e�ective-
ness of the aseismic device is veri�ed by numerical cal-
culation.The research results can provide some theoretical
basis and reference value for the design of safe operation
of silo structures under special conditions.

2 Basic equations of dynamic
model

Silo storage foundation interaction system can be re-
garded as a composite thin-walled cylindrical shell with
one end �xed and another end free. In the role of external
periodic load changes, the cylindrical shell diagram and
its strati�cation shown in Figure 1 cylindrical shell in the
movement process will have a displacement of each point
in the cylindrical coordinate system with u, v, w and the
three displacement components are simultaneously func-
tions of the spatial coordinates x, θ, r and time t.

2.1 Geometric equation

The strain component at any point of a thin-walled cylin-
drical shell has the following relationship with the mid-
plane strain, mid-plane bending de�ection, and mid-
plane distortion:

εx = ε0x + zχx (1)
εθ = ε0θ + zχθ (2)
εxθ = ε0xθ + zχxθ (3)

Figure 1:Model of a circular cylindrical shell

In the formula: ε0x , ε0θ, ε
0
xθ are the �lm strain compo-

nents of the middle curve, χx, χθ is the mid-plane bending
de�ection, χxθ is the mid-plane twist, and z is the distance
from any point on the shell to the middle.

According to the Donnell shell theory [20,21], the �rst-
order derivative nonlinearity of the normal de�ection is
taken into account in the relationship between the mid-
surface strain and the mid-surface displacement.
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Of these the underlined items represent the nonlinear
terms.

In Donnell’s nonlinear shell theory [16,20], the mid-
plane bending strain component remains linear [15]:

χx = −∂
2w
∂x2 (7)

χθ = − 1
R2
∂2w
∂θ2 (8)

χxθ = − 2R
∂2w
∂x∂θ (9)

2.2 Physical equations

Taking into account the elastic modulus of the compos-
ite material with the vibration frequency changes, the two
have the following relationship:

E1(ω) = E2(ω) = E3(ω) = 2.5751 × 109

+2×3.2283×1012
π ×

[
238.62

4×(ω/2π−0.46787)2+238.622

] (10)

E4(ω) = 5.04289 ×108 +9.2387 ×109 × e−0.0064ω/2π (11)

Physical equation of layer K of isotropic laminated
shell:  σxσθ

τxθ


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Among them Qji is reduced sti�ness matrix, the elements
given by:

(Q11)k = (Q22)k = Ek(ω)
/
(1 − µ2k) (13)

(Q12)k = (Q21)k = Ek(ω) · µk
/
(1 − µ2k) (14)
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(Q66)k = Ek(ω)
/
2(1 + µk) (15)

Among them: Ek(ω) is k-th elasticmodulus, µk is k-th layer
of Poisson’s ratio.

2.3 Dynamic balance equation

According to the principle of D’Alembert, the dynamic
equilibrium equation of a laminated composite cylindrical
shell can be established:
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Among them:
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3 Model test of
silo-storage-foundation dynamic
interaction system

3.1 Project examples

Shenyang Jinshan Thermal Power “To the small” heat-
ing project is located in Sujiatun District, Shenyang City
Hunhe South Bank. Its coal handling system needs 5 si-
los of 10000 tons, with a diameter of 22m and a height of
39.730 m. According to the speci�cations of the proposed
silo construction project for the warehouse. Coal is lignite,
bulk density by 10 kN/m3. Seismic forti�cation intensity
of 7 degrees, the design of the basic seismic acceleration
0.10 g, Seismic structural measures at 7 degrees forti�ca-
tion, the �rst group of seismic sub-group design, seismic
grade two; structural safety rating of two; �re rating of two;
silo foundation design grade B, design life of 50 years. The
base bearing layer is medium sand, and the silo wall is
made of reinforced concrete.

3.2 Test materials

The model test silo material used particulate concrete and
galvanized wire mesh instead of the reinforced concrete
material of the prototype silo. In order to simulate the in-
teraction between the soil and the structure, a foundation
soilmodelwas prepared using spun yarn, calcium carbon-
ate, and gypsum to ensure a reliable connection between
themodel structure and the vibration table. The con�gura-
tion of the foundation soil was similar to the elastic modu-
lus anddensity parameters of theoriginal soil. Theoriginal
storage was lignite, and similar �ne-grained coal particles
were used as similar materials for the storage.

3.3 Model test similarity criteria

The similarity ratio of the experimental model is selected
as 1:20, the total height of the prototype is 40 m, and the
total height of the model is 2.0 m. During the construc-
tion of the model, three particle concrete cubic test blocks
(70.7 mm×70.7 mm×70.7 mm) and three prism test blocks
(100 mm×100 mm×300 mm) were simultaneously pro-
duced. After 28 days of curing, material performance tests
were conducted to test the actual compressive strength
and elastic modulus of the particulate concrete material
that determine the model similarity coe�cient.

The test measured the elastic modulus of the micro-
particle concrete was 9.33 GPa, the bulk density of the
micro-particle concretewas 24.9 kN/m3, and the geometric
similarity coe�cientwas 1:20. Basedon these threeparam-
eters, similarity coe�cients of other major parameters can
be derived based on the similarity criteria. The following
relationship can be derived:

αt = αL
√
αγ
αE

(21)

αa = αE
αγαL

(22)

αν =
√
αE
αγ

(23)

αω = 1
αL

√
αE
αγ

(24)

Finally, the model similarity coe�cient is determined
as shown in the Table 1:

Table 1:Model dynamic similarity coe�cient table

length Weight Elastic Modulus stress acceleration speed time frequency
1/20 1 0.33 0.33 6.6 0.57 0.087 11.4
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Figure 2: The text model and equipment

Figure 3: Accelerometer layout

3.4 Test equipment

The vibration table used in this test is a 3 m×3 m electro-
hydraulic servo shaker with a holding time of 5 minutes,
Equipped with GS2000 servo controller, digitally con-
trolled dynamic data acquisition system. Text model and
equipment shown in Figure 2.

The test and measurement instruments used in this
test are mainly acceleration sensors. According to the me-
chanical characteristics of silo-storage-foundation inter-
action, a total of 14 accelerometers are arranged in the key
parts of the structure, as shown in Figure 3.

3.5 Selection and adjustment of seismic
waves

The three factors of ground motion are frequency, ampli-
tude and duration. When the seismic waves are selected,

the characteristics of the selected seismic waves should be
met according to the category of the building site, even if
the main period of the design of the earthquake is close to
the excellent period of the site. The original site category is
class II, and the seismic forti�cation intensity is 7 degrees.

Considering the comprehensive consideration, 2 natu-
ral seismicwaves (EL Centrowave and Lanzhouwave) and
a arti�cial waves are selected as experimental input seis-
mic waves. The seismic time history curves and spectral
curves are shown in Figure 4.

(a) EL centro wave seismic time
history curves

(b) EL centro wave spectrum
curve

(c) EL centro wave spectrum
curve

(d) EL centro wave spectrum
curve

(e) EL centro wave spectrum
curve

(f) EL centro wave spectrum
curve

Figure 4: Time history curve and spectrum curve of seismic wave

After selecting the actual seismic wave, the ampli-
tude of the selected seismic wave must also be adjusted.
According to the regulations, the maximum value of
ground motion acceleration with 7 degrees frequently
earthquake is 35 cm/s2, the 7 degree forti�cation earth-
quake is 100 cm/s2 and the 7 degree rare earthquake is
220 cm/s2.
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3.6 Test program

In this experiment, a multiple loading scheme is used to
input two-way horizontal seismic waves at each loading.
The acceleration ratio of bidirectional input seismic waves
is X : Y = 1 : 0.8. Designed three conditions of empty stor-
age, 1/2 storage and full storage. The peak acceleration of
each load was gradually increased, corresponding to 7 de-
grees frequently earthquake, 7 degree forti�cation earth-
quake and 7 degree rare earthquake three seismic levels.

3.7 Model test results

Themaximummeasured acceleration value of the acceler-
ation sensor in the base position of the silo model is taken
as the reference value, and the magni�cation coe�cient
of themodel under the sameworking condition can be ob-
tained by comparing the measured maximum value of the
acceleration sensor at the di�erent heights of the model.

The change law of structural dynamic ampli�cation
factor is relatively complex, which is related to the charac-
teristics of themodel structure, the development of inelas-
tic deformation, and the input seismic spectrumcharacter-
istics of the vibratory table, which can re�ect the changes
and destruction of the dynamic response of the model. In
order to investigate the changes of the model’s dynamic
ampli�cation along its height direction, the change law of
the acceleration magni�cation factor along the height di-
rection of the model is analyzed. The acceleration peaks
and the changing trend of dynamic ampli�cation fac-
tor under various operating conditions are shown in Fig-
ures 5–7.

Figure 5: Dynamic magni�cation coe�cient of the 7 degrees fre-
quently earthquake

4 Conclusions
(1) The peak acceleration measured from the foundation

model shows that the input seismic load is reduced in

Figure 6: Dynamic magni�cation coe�cient of the 7 degree forti�ca-
tion earthquake

Figure 7: Dynamic magni�cation coe�cient of the 7 degree rare
earthquake

the foundation, and the acceleration peak to the base
surface is reduced to about 65%∼75% of the input
peak. It is necessary to consider the interaction of silo
foundation and consider the interaction of silo foun-
dation, which is more suitable for engineering prac-
tice.

(2) Under the action of seismic intensity at the design lev-
els, the peak acceleration of the model gradually en-
larges from the base to the top, and the maximum
acceleration response occurs at the top of the model
structure, indicating that the model structure is the
�rst mode of vibration. At the same time, the top of
the top has certain whiplash e�ect, which indicates
the existence of higher mode shapes.

(3) Under the condition of the samematerial, the acceler-
ation magni�cation coe�cient decreases with the in-
crease of seismic intensity, indicating that the struc-
ture gradually enters the nonlinear stage, and the sti�-
ness of the structure gradually decreases. Under the
action of 7 degree rare earthquake intensity wave,
the acceleration magni�cation coe�cient has a larger
decrease, indicating that the damage inside the silo
model begins to occur.

(4) With the increase of storage materials, the accelera-
tion ampli�cation coe�cient of the model clearly de-
creases. The X accelerationmagni�cation factor of the
7 degree rare warehouse top is 4.60, 4.01 and 2.56 re-
spectively in empty storage, 1/2 storage and full stor-
age. This indicates that the movement of the storage
material is not synchronous with themovement of the
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silo body, and there is phase di�erence. The interac-
tion between the silo and the storage tank plays a role
of damping energydissipation for themodel structure.
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