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Reliable joint connection is key to designing prefabricated structures. To study the mechanical properties of the vertical joints in
the designed prefabricated underground silo steel plate concrete composite wall and verify their reliability, flexural and com-
pressive experiments were conducted using two groups of six full-scale steel plate concrete composite wall specimens; the
mechanical properties between jointed and jointless specimens were compared and analyzed. (e experimental results indicate
that all specimens are in the elastic stage during the entire loading process; further, they exhibit large stiffness and high bearing
capacity without damages. (us, the designed vertical joints of the steel plate concrete composite wall provide a reliable
connection that is safe and applicable. Further, the flexural and compressive properties of jointed and jointless specimens were
found to be similar; the newly designed prefabricated underground silo steel plate concrete composite wall could be designed
using the “equivalent principle” that the combined wall design calculation with the joint could be equivalent to that without
the joint.

1. Introduction

Food security concerns national economy and people’s
livelihood as well as national strategic security. To ensure
national food security, China has established a grain reserve
system and implemented a grain reserve strategy [1]. Un-
derground silos have advantages such as low-temperature
grain storage, lower land consumption, energy conservation,
and environmental protection, while providing privacy and
safety. It is an important foundation for building green and
ecological grain storage systems, thereby providing good
environmental, economic, and social benefits [2, 3]. In re-
cent years, many researchers have studied large-diameter
reinforced concrete underground silos [4–6], thereby laying
a solid foundation for further research in this field. With
social development and technological progress under the
background of green ecology, energy saving, and environ-
mental protection, to the best of the author’s knowledge, this
is the first study to propose and design a prefabricated steel
plate concrete underground silo (hereinafter, prefabricated
underground silo). Prefabrication and steel plate concrete

composite structure technologies are adopted to solve key
technological difficulties faced by current underground silos
and to promote the research and application of underground
silos.

In this paper, the prefabricated technology is based on
reverse construction to ensure the connection between the
prefabricated block of the silo wall and the foundation pit
support, which shortens the wet operation construction
period and reduces construction cost; this technology has
been studied in the field of tunnel lining engineering.
Currently, the experimental research methods of tunnel
lining focus on the integral ring test [7–12] and joint test
[13–20]. Compared to the joint test, the loading device of the
integral ring test is more complex and less applicable, which
can only be used for specific test object and test purpose
[9–11]. In addition, the mechanical properties of the joints in
the assembled structure are very important to evaluate the
overall force performance of the structure. Zhang et al. [13]
designed a set of flexural loading devices that can create
segment joints under compression and bending stress; they
performed a series of full-scale test studies on the joints
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under different axial forces and bending moments. Geng
et al. [14] used numerical simulation to study the feasibility
of the local test of the longitudinal joint formed between two
segment rings, and they then carried out the local full-scale
test of the longitudinal joint to study the force and defor-
mation characteristics of the joint. Jin et al. [16] performed
the ultimate flexural strength test of the segment joints of
large cross-section rectangular shield tunnels; the me-
chanical properties and the entire process of the failure of
segment joints were studied by analyzing the seam angle and
joint deflection; Kazuyoshi et al. [19] studied the law of
vertical deformation and rotational deformation in pipe
segment joints with a bending moment based on the joint
test. Moreover, Zhang et al. [20] performed a load test of
shield tunnel segment joints, and they compared the
bending joint and direct joint full-scale specimens, which
indicated that the stress and deformation law of the bending
joint is the same as that of the direct joint. It is appropriate to
replace the toggle joint with a direct joint only from the angle
of bending stiffness evaluation of the joints.

A composite structure comprising the steel plate and
concrete has been widely used in the construction of long-
span bridges and high-rise and super high-rise building
structures because of its high bearing capacity, high rigidity
and ductility, good seismic performance, constructability,
and relatively low cost; it achieves good economic and social
benefits [21–25]. Yu et al. [26] performed an experimental
study on a high-strength concrete composite shear wall with
four built-in steel plates, and they showed that a high content
of steel in the wall can increase the bearing capacity of the
test piece and limit the development of cracks in concrete.
Liang et al. [27, 28] studied the local stability of the steel plate
and the force mechanism of the steel plate after buckling
when the steel plate-concrete composite structure was
subjected to biaxial axial compression. Tian et al. [29]
studied the design method of steel plate concrete shear wall
shear studs, and they determined the maximum ratio of stud
spacing to steel plate thickness. By means of experimental
research and numerical analysis, Wu et al. [30] studied the
shear capacity, deformation, and crack development of steel
plate-concrete composite slab. Yang et al. [31] performed the
flexural experiment of the steel plate-concrete composite
slab, which showed that the specimen designed according to
the complete shear connection showed a similar failure
pattern with a balanced-reinforced beam, thereby exhibiting
good flexural bearing capacity and ductility.

Assembly technology and composite structure tech-
nology are gaining popularity in the field of engineering.
However, there are few reports on the application of the
two methods in the underground storage, and the joint
connection mode, structural form, mechanical charac-
teristics, and other aspects of the tunnel segment are also
considerably different. (e joints designed in this paper
adopt dry joint, and the prefabricated blocks are con-
nected by steel plates in the form of welding seams. (us,
the residual stress in the welding process inevitably affects
the strength of the joint [32, 33]. It is urgent to test
whether the joint connection mode of the steel plate
concrete composite wall of the prefabricated

underground granary is reliable. Its mechanical prop-
erties determine the selection of the structural calculation
method, and therefore, this paper focuses on the flexural
and compressive mechanical properties of the composite
bin wall joints; compared with the control group, the
bending and compressive stiffness of the steel plate
concrete silo wall with the control group was analyzed,
and the reliability and operability of the designed joint
were verified. It is of great significance to provide an
experimental basis for the structural design and engi-
neering application for this type of prefabricated un-
derground silo.

2. Structural Scheme of Prefabricated
Underground Silo

(e stated prefabricated underground silo is an under-
ground thin-walled cylindrical structure composed of a top
plate, a bottom plate, an inner silo, a composite wall, and a
steel pile. Figure 1 shows a section diagram of the pre-
fabricated underground silo. Its capacity is 5000 t (in wheat),
and it is buried below the surface with a covering soil depth
of ∼1.5m; the inner diameter of the silo is 25m, the wall
thickness is 0.31m, the elevation of the silo floor (funnel
shape) is∼−21m to −28m; the height of the composite wall
is about 20m; and 36 steel piles are uniformly distributed
around the silo. Further, there are equipment interlayers in
the silo.

In the structural scheme, a steel plate concrete composite
structure is used for the roof and floor of the silo, and a
prefabricated reinforced concrete structure is used for the
inner barrel and equipment interlayer. In the reverse con-
struction, 36 steel piles (HW400X400X13X21) which were
first driven around the foundation pit are not only sup-
porting piles but also structural stressed piles.(e composite
wall is first assembled by 36 prefabricated steel plate concrete
blocks to form the first section of cylinder; the plane layout
of the prefabricated underground silo composite wall is
shown in Figure 2. (e soil is excavated from the top to the
bottom. Each time a section of soil is excavated, a section of
the cylinder is formed by assembling prefabricated blocks,
and the entire silo is formed in turn from each section of the
cylinder. (e structural scheme can realize the integrated
design and construction of the composite wall and foun-
dation pit support, and reverse construction is adopted to
avoid large excavation and solve the difficult problem of the
foundation pit support; the dry joint between the steel pile
and the prefabricated block of steel plate concrete wall is
used to form a whole and shorten the construction period;
the steel pile can be used as uplift pile to solve the problem of
long construction periods in underground wetting opera-
tions and antifloating. (e single-sided steel plate lining of
composite structure is not only a structural layer, but also a
waterproof layer. (e scheme provides foundation pit
support, antifloating, and waterproofing, and it also reduces
construction cost.

(is paper focuses on the composite wall and its joints.
(e composite wall is assembled using a prefabricated
single-sided steel plate concrete prefabricated block. (e
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inner layer of the prefabricated block is a steel plate, and the
outer layer is reinforced concrete. (e two parts are con-
nected together by cylindrical head bolts. (e joint form
between prefabricated blocks is as follows. Along the wall
height between the left and right prefabricated blocks is a
vertical joint, thereby applying a “horn-shaped” cavity joint
(convenient for construction). Its components are two U
bound steel plates, sealing-up steel plate, load-transfer steel

plate, the flange plate of the steel pile, which are joined
together by welding the seam as one as shown in Figure 3.
(e warehouse silo wall is circumferentially jointed along
the upper and lower prefabricated blocks, and the “mortise”
docking method is adopted as shown in Figure 4.

3. Experimental Objective

(e composite wall of the prefabricated underground silo is
assembled using several steel plate concrete prefabricated
blocks, and joints inevitably exist between the prefabricated
blocks. If the stiffness, strength, and stability of the jointed
composite walls are ensured such that they are not lower
than those of jointless composite walls with the same
thickness, the equivalent principle [6] can be used to design
the composite walls. According to cylindrical shell theory,
the circumferential stress of a composite wall under external
pressure is considerably larger than axial stress, and its first-
order buckling mode is radial deformation along the cyl-
inder (ellipse); therefore, this paper studies the mechanical
properties of its vertical joint.

(e following experiment objectives are considered in
this study: (1) to verify that the flexural stiffness of jointed
specimens is not lower than that of jointless specimens; (2)
to verify that the strength of jointed specimens can meet the
engineering design requirements; (3) to verify the validity of
the established finite element calculation model; (4) to verify
the reliability of the designed joints and the feasibility of
their processing, fabrication, and construction technology.

4. Design and Fabrication of Specimens

4.1. Design Principles and Methods of Specimens. (e design
principle in this study is that the stiffness, strength, and
stability of jointed composite walls are not less than those of
jointless composite walls with the same wall thickness.
(eoretical calculation and the finite element method are
applied to design the specimens. When the structure form
and force are determined, its stability depends on flexural
rigidity. Previously, the numerical simulation analysis of
steel plate concrete composite wall of prefabricated un-
derground silo under the most unfavorable conditions
(empty silo) was carried out. It was found that, when the
ratio of the flexural stiffness of the jointed section to that of
the jointless section reaches a certain value (greater than
1.0), the critical buckling load of the jointed composite wall
is not less than that of the jointless composite wall, and
simultaneously, the stiffness and strength conditions can
also be satisfied. (erefore, the joint of the specimen is
designed based on the stability condition of the silo.

According to the abovementioned structural scheme
of the prefabricated underground silo, the arc length of a
single steel plate concrete prefabricated block is 2.2 m,
and the vector height is less than 0.05 m. If the specimen
is manufactured using arc processing, although more in
line with the actual scenario, it will be necessary to make a
special test loading device system to exert the circum-
ferential axial force and realize the actual boundary
conditions. (e literature [14] shows that the toggle joint
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Figure 1: Section diagram of the prefabricated underground silo.
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can be replaced by the direct joint. In this experiment, a
1 : 1 full-scale flat specimen is used, and a “straight
specimen instead of a curved one” is used to conduct the
experiment; this helps save experiment costs.

4.2. Specimen Fabrication. Dividing specimens into jointless
and jointed categories, two jointless specimens and four
jointed specimens were fabricated. One jointless specimens
and two jointed specimens were used for flexural experi-
ment; the other three specimens were used for the com-
pressive force experiment.

(e jointless specimens are numbered SC-M1 and SC-
N1; the sizes and structures of the specimens are shown in
Figure 5. (e jointed specimens are SC-M2, SC-M3, SC-N2,
and SC-N3.(e sizes and structures of the jointed specimens
are shown in Figure 6. SC-M is a flexural specimen, and SC-
N is compressive specimen; the thickness of the waterproof
steel plate with the jointed specimen is enlarged based on the
finite element simulation analysis to improve its bearing
capacity and safety reserve.

(e concrete strength grade of each specimen is C40; the
steel grades of steel plate and steel pile are Q345B, and the
studs of cylinder head are ML15. According to the design
requirements, all steel components are processed and
manufactured in batches in the steel structure processing
plant and welded by a stud-welding machine for stud head
bolts and steel plates.(e steel components of each specimen
are used as bottom molds, and then, concrete is poured and

maintained for 30 d. Finally, the prefabricated blocks and
steel piles are welded together in a simulated field con-
struction (vertical welding) to complete the fabrication of
the specimens.

5. Flexural Experiment

5.1. Experiment Loading. (e flexural experiment is con-
ducted using simply supported ends and two-point sym-
metrical loading. (e loading diagram of the flexural
experiment is shown in Figure 7. Two hydraulic servo
pressure loading systems, including loading beams, were
selected from the Civil Engineering Experimental Center of
Henan University of Technology. As shown in Figure 8, the
maximum load provided by a single pressure testing ma-
chine is 500 kN, and the test data are automatically collected
by a computer.

Positioning before leveling when stalling specimens and
preloading before formally loading ensures the normal work
of the support, acquisition instrument, displacement meter,
and so on, and it reduces the fabrication defects and system
errors of the component itself. (e calculation in the empty
silo condition shows that the maximum pressure at the
bottom of the wall is 292 kN/m2, and the maximum target
loading value at each loading point is 270 kN. (e loading
speed is 30 kN/min in nine stages.

5.2. Experiment and Measurement Points. Two Donghua
DH3816N acquisition instruments (60 channels each) and a
DSDAH signal acquisition and analysis system were used for
data acquisition. (e experiment instruments included a
YHD-50/100 displacement meter, steel plate, concrete strain
gauge, etc.

(e vertical displacement measurement points of jointed
and jointless specimens in flexural experiments are in the
same position. (e vertical displacement measurement
points of specimens are arranged as shown in Figure 9, and
the displacement meters in the test site are arranged as
shown in Figure 10. To obtain the stress distribution of the
specimens and investigate whether the strength of the
specimens and their joints meet the engineering require-
ments, strain gauges are arranged on the specimens. (e
arrangement of strain measurement points for jointless
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Figure 3: Vertical joints of composite wall.
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Figure 4: Circumferential joints of composite wall.
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specimens in flexural experiments is shown in Figure 11 and
for jointed specimens in Figure 12. In addition to comparing
the measurement points, the measurement points of jointed
specimens are encrypted in the joint area.

5.3. Experimental Result and Analysis. During the entire
loading process, none of the specimens showed cracks, and
they recovered after unloading. (e joints such as steel plate
and welds remained intact. (e steel plate and concrete were
joined together by bolts without separating and deformed
synergistically.

Taking the average values of C1, C2, and C3 as the
midspan deflection, the load-midspan deflection curves of

the three specimens are shown in Figure 13. (e deflection
values of the 3 specimens when the load reaches the max-
imum target value of 270 kN are listed in Table 1. Con-
sidering the displacement value of the longitudinal center
line at the bottom of the specimen at this time, the deflection
curves of the three specimens are drawn as shown in Fig-
ure 14. (e measuring points on both sides of the center line
can be used as the reference values of the corresponding
center line and the replacement values of individual dis-
torted measuring points.

Figure 13 shows that the midspan deflection increases
linearly with the increase in load, which indicates that the
specimen is in the stage of elastic deformation during the
loading process and no plastic deformation occurs. Figure 14
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Figure 5: Size and structure of the jointless specimens (unit: mm).
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shows that the midspan deflection of each specimen is the
largest, and the deformation of left and right sides is
symmetrical, which conforms to the deformation law of the

two-point bending members. (e existence of the joint does
not change its deformation law, and therefore, it is a reliable
connectionmethod. Further, both Figures 13 and 14 indicate

Figure 8: Field loading and testing of the flexural experiment.
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Figure 7: Loading diagram of the flexural experiment.
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that the deformation laws of the three specimens are the
same, and the deflection values of the two specimens with
joints are relatively small, which are smaller than those of the
specimens without joints. (is suggests that the flexural
stiffness of jointed specimens is greater than that of jointless

specimens, and the flexural stiffness of joints is greater than
that of walls, as is consistent with the design principles and
requirements of joints.

Based on the strain test data, the load-strain relationship
curves and strain distribution diagram of jointless specimens
SC-M1 are drawn, as shown in Figures 15 and 16,
respectively. (e load-strain curves of the jointed specimens
SC-M2 is shown in Figure 17, and the average strain dis-
tributions of the jointed specimens SC-M2 and SC-M3 are
shown in Figure 18. (e maximum tensile stress of steel plate
and the maximum compressive stress of concrete are sum-
marized in Table 2. (e test results show that the transverse
strain of the steel plate and concrete increases linearly with the
increase in load, and the specimens are always under elastic
stress. (e maximum strain of steel plate and concrete is far
less than their respective limit linear strain values (concrete
ultimate compressive strain 0.003; steel plate ultimate tensile
strain 0.01); based on the comparison of the side strain of the
steel plate in Figures 16 and 18, the strain of jointed specimens
appears to change abruptly at the midspan. However, the
strain value at the midspan decreases.(erefore, although the
stress distribution of the specimens is changed, the local stress
concentration occurs, and the maximum position is different
because of the joints, whereas the maximum value is less than
the allowable value of the project. (e experiments show that
the designed joint and its fabrication can meet the strength
requirements, and the design is reasonable and the working
performance is good.

6. Compressive Experiment

6.1. Loading Scheme. (e compressive specimens are loaded
under axial compression. (e loading diagram of com-
pressive experiment is shown in Figure 19. (e hydraulic
servo shear compression column loading system of the Civil
Engineering Experimental Center of Henan University of
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Table 1: Midspan deflection of flexural specimens.

Specimen
number

Load
(kN)

Midspan deflection
(mm) Notes

SC-M1 270 0.69 Without
joints
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Figure 14: Deflection curves of flexural specimens.
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Technology was employed.(emaximum pressure provided
by the testing machine is 1200 t.(e field loading and testing
of the compressive experiment is shown in Figure 20. (e
maximum load target value of compressive experiment is
5000 kN, which is loaded in 25 stages, and the loading speed
is 2 kN/s.(e preparation for specimen installation, leveling,

instrument debugging, and preloading before formal load-
ing are the same as in flexural experiments; therefore, they
are not repeated here.

6.2. Experiment and Measurement Points. Data acquisition
systems for compressive experiment and flexural experiment
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Table 2: Extreme stress of bending test specimens.

Specimen number Extreme stress of steel plate (location) (MPa) Extreme stress of concrete (location) (MPa) Notes
SC-M1 36.8 (midspan) −6.85 (0.75m) Without joints
SC-M2 43.6 (1.5m) −4.88 (1.25m) With joints
SC-M3 39.7 (1.25m) −5.81 (0.75m) With joints
Note: permissible stress value for Q345 steel plate is 310MPa (less than 16mm)/295MPa and for C40 concrete 19.1MPa (compression)/1.71MPa (tension).
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are equipped with the same type of equipment and instruments.
(e displacement measurement points of jointed and jointless
specimens in compressive experiment are arranged in the same
way as shown in Figure 21; the arrangement of displacement
meters in Figure 22; the arrangement of strainmeasuring points
for jointless specimens in Figure 23; and for jointed specimens
in Figure 24.

6.3. Experimental Result and Analysis. During the entire
loading process, no obvious structural cracks were found in all
specimens, and only local cracks appeared at the boundary of
the support points at both ends. After unloading, the specimens
could be completely restored to their original state, and the
specimens were basically intact, thereby indicating that the

entire loading process of the specimenswas in the stage of elastic
deformation; the welds were intact, and the welds were suffi-
ciently strong. (e steel plate and concrete are joined together
by bolts; they are not separated and can deform synergistically.

In the compressive experiment, the displacement
difference between the bottom and the top of the spec-
imen is used as the total longitudinal compressive de-
formation of the specimen. (e load-deformation curves
of the compressive specimens drawn from the test data
are shown in Figure 25. Further, this figures indicates that
the total compressive deformation of the specimens in-
creases linearly with the increase in load, which indicates
that the specimens are always in a stage of elastic de-
formation. Four rows of measuring points are arranged
along different heights of the specimens. Under the last

Figure 20: Field loading and testing of the compressive experiment.
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stage load, the difference between the average displace-
ment of six measuring points at a certain altitude and the
average displacement of six measuring points at the top is
regarded as the longitudinal compressive deformation of
this position. From this, the load-deformation relation-
ship of measuring points at different heights is obtained
as shown in Figure 26. (is figure shows that the load-

deformation relationship at different height points tends
to be linear, which indicates that the deformation of
specimens is approximately linear and conforms to the
deformation law of axially compressed members. (e
total longitudinal compression deformation of the
specimens under the last stage load reaches the maximum
value, as summarized in Table 3. Table 3 indicates that the
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Figure 21: Arrangement of displacement measuring points for compressive experiment specimens.

Figure 22: Field displacement meter arrangement for compressive experiment.
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total longitudinal compressive deformation of jointed
specimens is smaller than that of the jointless specimens,
which indicates that the compressive stiffness of jointed
specimens is not reduced by the existence of joints, and
the former is not weaker than the latter.

Figures 27 and 28 show the load-strain relationship
and strain distribution diagrams of jointless specimens
SC-N1, respectively. With an increase in load, the
transverse strain of the steel plate and concrete increases
linearly and is in the elastic stage. Besides the local stress
errors at both ends of the specimens, the stress distri-
bution of steel plate and concrete is uniform. Figure 29
shows the load-strain relationship of the jointed

specimens SC-N2, and the variation law is similar to that
of jointless specimens SC-N1. Figure 30 shows the av-
erage strain distributions of jointed specimens SC-N2
and SC-N3. (e variation trend is different from that of
jointless specimens SC-N1. (e maximum compressive
stress of the steel plate and concrete for each specimen is
summarized in Table 4. Noticeably, the joint changes the
stress distribution of the specimen. However, the strain
and stress of steel plate and concrete are far less than the
allowable value, and the jointed specimens still have
sufficient compressive capacity to satisfy the engineering
requirements. In addition, by comparing the displace-
ment and strain of jointed and jointless specimens, it
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Figure 23: Arrangement of strain measuring points for jointless specimens in compressive experiment.
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Table 3: Extreme deformation of compressive experiment specimens.

Specimen number Load (kN) Deformation (mm) Notes
SC-N1 5000 1.07 Without joints
SC-N2 5000 0.98 With joints
SC-N3 5000 1.05 With joints
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Figure 29: Load-strain relationship of SC-N2 in compressive experiment.
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could be concluded that the compressive design calcu-
lation of jointed specimens could be performed by using
the design idea of “equivalent principle.”

7. Conclusion

(e following conclusions can be drawn from this study:

(1) Under the equivalent load of external water and Earth
pressure, the steel plate and concrete of the designed
specimens can work together with bolts, and the
specimens did not appear to crack and were in the
elastic stage. A composite wall has large stiffness and
high bearing capacity, and the design is reasonable, safe,
and reliable.

(2) (e vertical joint of the steel plate concrete composite
wall of the prefabricated underground silo has good
working performance. After loading to the target load,
the joint was not destroyed. (us, it is a safe, reliable,
and feasible joint connection method.

(3) (e flexural and compressive properties of jointed and
jointless specimens were almost the same. (e stiffness
and load-bearing capacity of the steel plate and concrete
composite wall of prefabricated underground silo were
not reduced by the existence of joints.(edesign idea of
“equivalent principle” could be adopted; i.e., the
combined wall design calculation with the joint was
found to be equivalent to that without the joint.

(4) (e straight specimen was used to replace the actual
arc prefabricated block of the prefabricated under-
ground silo wall in the experiment. “Straight instead
of curved” considerably simplified the experiment,
and the expected experimental results were obtained.
(is was an effective experimental method.

(5) (e composite wall itself is a thin-walled cylinder
structure. Considering the needs of practical engi-
neering applications, full-scale specimens are used in
this experiment. However, owing to the difficulty of
loading and testing, the bearing capacity failure test
has not yet been implemented. Subsequent research
into the bearing capacity failure test needs to be
conducted.
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