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The flat-roof and four-slope folded plate structure is a space thin-walled structure composed of four trapezoidal plates and a
rectangular plate parallel to the bottom surface, which is widely used in various engineering applications. In order to clarify the
force transmission path and stress distribution law under the action of this structural load, the folded plate structures were made by
utilizing the plexiglass with the thicknesses of 3 and 4mm, respectively, and had the simple support on opposite sides and fixed
support on another opposite side. Then, the static load tests and ANSYS finite element analysis were implemented, and the results
were compared. It shows that the test results are basically consistent with the finite element calculation results, the maximum stress
values of the folded plate structure along theX andY directions appear in the same position, and themaximum stress value of a 3mm
thick folded plate structure is greater than that of 4mm. The junction position of the roof and the slope plate is the dangerous section,
and the special treatment should bemade for this section to prevent the damage of folded plate structure in the practical engineering.
Moreover, some reasonable measures also should be taken to meet the design requirements of the plate–plate junction position.

1. Introduction

The folded plate structure is a space thin-walled structure
composed of several flat plates. It has the inherent character-
istics of the plate and thin shell structures. This structure has
clear force, short force transmission route, lightweight, high
rigidity, and it is materials saving. In addition to better seis-
mic performance, it is easy for construction and time-saving
that is found in on-site fabrication of flat plates [1–4]. With
the improvement of experimental research and better under-
standing of engineering practice, the application of folded
plate structures becomes wider, such as roof factory build-
ings, residential buildings, auditoriums, and movie theaters.

The forms that are commonly used of folded plate structure
are groove shape, V shape, combined folded plate, etc. At pres-
ent, the focus is on the mechanical properties of this type of
structure and related theoretical and experimental research.
For example, Lai et al. [5] studied the simply supported V-
shaped folded plate roof. Ding et al. [6] studied based on the
finite element analysis software for the structure under two dif-
ferent support forms with arch angle four-point support and

surrounding multipoint support. The results show that under
the two support conditions, the fundamental frequency of the
structure ismost affected by the rise-span ratio, and the rise-span
ratio of the structure is recommended to be 1/5. Guo et al. [7]
studied the mechanical characteristics and design points of the
composite beam roof with prestressed concrete V-shaped folded
plate. Miao et al. [8] studied the dynamic performance of the
complex double-layer folded plate reticulated shell and analyzed
the modal, stability, and seismic performance of the structure.
Zhu et al. [9] studied static characteristics of concrete prismatic
folded-plate reticulated shells with dense ribs on oblique grids.
Yu and Liu [10] conducted research on the characteristics and
key technologies of a new type of folded grid shell structure.
Zhang et al. [11] completed temperature strain measurement
and analysis of large-volume concrete structures in large-span
folded arch tunnels. Zhang [12] analyzed the dynamic perfor-
mance of the polyhedral space folded-plate structure model by
using Midas/gen and SAP2000 and studied the structure in
multiple seismic performance under earthquake action. Gaafar
[13] first considered the relative displacement of the folded plate
joint in their method, which provided a reference for solving the
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problems related to the folded plate more accurately. The work
of Goldberg and Leve [14] was adopted by Guha-Niyogi et al.
[15]. It is considered to be the first time that the exact solution of
the static problem of the folded plate is given. Bandyopadhyay
and Laad [16] reviewed and compared the approximate and
exact analysis methods of the folded plate. Milašinović and Bur-
sać [17] presented numerical analysis of typical folded-plate
structures by the finite strip method (FSM) taking into account
geometrical and material nonlinearity. Yousif et al. [18] pre-
sented an optimum design algorithm for reinforced concrete
folded plate structures.

Flat-roofed folded plates are composed of four trapezoidal
plates and a rectangular plate parallel to the bottom surface.
As a new type of spatial structure, the folded plate structure
has the advantages of lightweight structure, economical mate-
rial use, simple construction, and so on, and it is still in the
initial stage of study. Now it mainly focuses on themechanical
properties analysis under the boundary condition of four sides
simply supported and temperature load. Lai [19] established
the surface equation of the flat-roof and four-slope folded
plate roof with the help of the local oblique coordinate system
and generalized functions (sign function and step function).
The elastic thin shell theory and the variational method are
applied, and the expressions of the deflection and internal
force of the four-sided simply supported flat-roof and four-
slope folded plate roof are derived. This research group has
done a lot of work on flat-roof and four-slope folded plate
structures, mainly studying the variation laws of stress–strain
curve, load–displacement curve, and other mechanical prop-
erties of such structures under the condition of simple support
on four sides and the action of conventional loads and tem-
perature loads [20, 21]. At the same time, the mechanical
properties and seismic response numerical analysis were con-
ducted on flat-roof and four-slope folded plate structures with
simple support on opposite sides and fixed support on
another opposite side, and the results showed that the damage
was most severe at the interface between the plates, which was
the weak part of the structure [22, 23].

However, there are few reports on the force transfer path
and stress distribution of the folded plate structure with a flat

roof and four slopes with simple support on opposite sides
and fixed support on another opposite side. Based on the
previous study on the flat-roof and four-slope folded plate
structure with 3mm thickness in the X direction, the paper
further investigated the mechanical properties of the flat-roof
and four-slope folded plate structure with different thick-
nesses in the X and Y directions and obtained the stress,
strain, and displacement at key parts of the structure, pro-
viding guidance for the design and application of folded plate
structure in practical engineering.

2. Mechanics Performance Test

2.1. Test Model Design. The model is made by precisely cut-
ting of plexiglass plates and processed by hands, and the
plates are glued together with glue to precisely control the
angle between the plates of the folded plate structure and
the contact area between the plates. In this experiment, plex-
iglass plates with the thicknesses of 3 and 4mm were selected
as the structural material and base material of the folded plate
structure. During the model-making process, the two long
sides were fixed, and the two short sides were in a simply
supported state. Model size: bottom side length a= 150mm,
b= 120mm; top plate side length a0= 70mm, b0= 40mm;
sagittal height f= 32mm; and thickness h= 3 or 4mm respec-
tively, as shown in Figure 1.

The elastic modulus and Poisson’s ratio of 3 and 4mm
thick plexiglass materials were measured by electrical mea-
surement (Figure 2), and the results are as follows: (a) 4mm
thick plexiglass plate: E= 3.649GPa, μ= 0.333, and (b) 3mm
thick plexiglass plate: E= 3.249GPa, μ= 0.331.

2.2. Test Point Arrangement and Loading Process. During the
test loading process, in order to prevent the concentrated
force from directly acting on the glass surface from causing
the damage, the loading force was transmitted to the four
joints between the top plate and slope plate through the steel
plate, as shown in Figure 3. MTS810 Material Test System
equipment is used for loading, and DH3816 and DH3817
strain acquisition instruments are used for test data collec-
tion, on both sides of the three special Sections 1-1, 2-2, and
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FIGURE 1: Schematic diagrams of flat-roof and four-slope folded plate structure: (a) plane view and (b) sectional view.
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3-3 on the outer surface of the four slopes and the upper part
of the top plate, strain gauges are placed at the position, as
shown in Figure 4. The dial indicator contacts are installed
on the small plexiglass rods drawn from the four corners of
the top plate to monitor the vertical displacement of the top
plate. The maximum range of the dial indicator is 10mm.

Using the step-by-step loading method, the loading value
of each stage is 10% (50N) of the design load value, and the
loading is completed in 12 stages. It takes 1min from the
beginning of loading to the completion of loading for each
stage. From the end of loading to the next level of loading,
the duration is 10min, so that the internal force redistribu-
tion of the specimen can be completed, and the next level of
loading is applied after the deformation under a certain level
of loading is basically stable. The test data are read manually
after it is stabilized. The test loading process is shown in
Figure 5.

2.3. Test Results and Analysis. When the load exceeds 400N,
for the plexiglass model material, the stress at this time can

already produce 2,000 macrostrains. To ensure sufficient
accuracy of the measured values, only the load range of
300N for the folded plate structure is used for experimental
research.

Table 1 shows the displacement values of the top plate of
the folded plate structure measured in the test. The displace-
ment and strain of the structure basically tend to be linear
during the step-by-step loading. Tables 2 and 3 present the
strain at each section of the folded plate structure. The posi-
tion of themaximum strain value along theX andY directions
for the two folded plate structures with different thicknesses is
the same.

3. Finite Element Analysis

3.1. Model Establishment. With the development of computer
technology, numerical methods gradually play an important role
in structural analysis, and finite element method [24–27] has
been introduced to solve engineering structural problems. The
SHELL63 unit of ANSYS is selected to simulate the plexiglass
plate, and the specific parameters of the model are consistent
with the taken experimental parameters.When dividing the unit,
the SHELL63 unit is divided into hexahedral units, in which case
the calculation is more stable and easier to converge, and the
specific modeling is shown in Figure 6.

3.2. Calculation Results and Analysis. Through ANSYS
software modeling and analysis, the calculation of the
displacement, stress, and strain values of Sections 1-1, 2-2, and
3-3 for the folded plate structure with different thicknesses under
the step-by-step loading from50 to 300N is carried out, as shown
in Tables 4−9.

When the load is 300N for 3mm model, the maximum
displacement on Section 1-1 occurs at x= 52.5mm, y= 30mm,
w=−5.968× 10−2mm. Themaximum stress in theX direction
is at x= 52.5mm, y= 30mm, σX= 2.517MPa, the maximum
stress in the Y direction is at x= 52.5mm, y= 30mm,
σY= 2.309MPa.

When the load is 300N for 3mm model, the maximum
displacement on Section 2-2 occurs at x= 0mm, y= 0mm,
w=−3.125× 10−2mm. The maximum stress in the X direc-
tion is at x= 0mm, y= 0mm, σX=−0.718MPa, and the
maximum stress in the Y direction is at x= 0mm, y= 0mm,
σY= 0.174MPa.
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FIGURE 3: Schematic diagram of specimen loading.
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FIGURE 4: Schematic diagram of special cross-section position.

FIGURE 5: Model test loading process diagram.FIGURE 2: Experiment loading device.
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TABLE 1: Test displacement values of the top plate of the folded plate structure.

Model (mm) Measuring point
Load value (N)

50 100 150 200 250 300

3
Left side −0.0099 −0.0199 −0.0298 −0.0398 −0.0498 −0.0597
Right side −0.0099 −0.0202 −0.0304 −0.0404 −0.0504 −0.0602
Mean value −0.0099 −0.0201 −0.0301 −0.0401 −0.0501 −0.0600

4
Left side −0.0069 −0.0129 −0.0188 −0.0248 −0.0308 −0.0356
Right side −0.0069 −0.0135 −0.0194 −0.0256 −0.0316 −0.0363
Mean value −0.0069 −0.0132 −0.0191 −0.0252 −0.0314 −0.0360

TABLE 2: Test strain values of each section of 3mm thick folded plate structure.

Cross-section Position (mm)
Load value (N)

50 100 150 200 250 300

1-1

X-axis
0 −30 −61 −91 −122 −153 −183
70 2 5 7 9 13 14
110 −1 −2 −4 −5 −6 −7

Y-axis
0 16 32 48 65 81 97
70 −7 −15 −22 −29 −36 −43
110 −2 −5 −7 −10 −13 −16

2-2

X-axis
0 −30 −61 −91 −122 −143 −182
40 −10 −20 −29 −39 −49 −59
80 −8 −16 −24 −32 −40 −48

Y-axis
0 16 32 48 65 82 97
40 −5 −9 −14 −18 −22 −28
80 −8 −15 −23 −31 −39 −46

3-3

X-axis
0 −30 −61 −91 −122 −152 −182
70 −11 −22 −33 −44 −55 −66
110 −18 −36 −55 −73 −91 −109

Y-axis
0 16 33 48 65 82 97
70 −27 −53 −80 −106 −132 −158
110 3 5 7 10 13 16

TABLE 3: Test strain values of each section of 4mm thick folded plate structure.

Cross-section Position (mm)
Load value (N)

50 100 150 200 250 300

1-1

X-axis
0 −21 −43 −64 −85 −107 −126
70 6 12 18 24 30 36
110 −1 −2 −3 −4 −6 −8

Y-axis
0 11 21 32 42 53 64
70 0.5 0.9 1 2 2.3 2.7
110 −2 −4 −6 −9 −11 −13

2-2

X-axis
0 −21 −43 −64 −85 −107 −129
40 −9 −17 −26 −34 −43 −52
80 −6 −11 −17 −23 −28 −33

Y-axis
0 11 21 32 42 53 64
40 −5 −9 −13 −18 −22 −23
80 −5 −11 −16 −21 −27 −33

3-3

X-axis
0 −21 −43 −64 −85 −107 −129
70 −8 −16 −24 −32 −40 −49
110 −12 −25 −37 −50 −62 −76

Y-axis
0 11 21 32 42 53 64
70 −19 −38 −56 −75 −94 −113
110 2 5 7 9 12 15
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When the load is 300N for 3mm model, the maximum
displacement on Section 3-3 occurs at x=44.75mm, y=0mm,
and w=−5.248×10−2mm. The maximum stress in the X
direction is at x=61.25mm, y=0mm, and σX=−0.820MPa,
the maximum stress in the Y direction is at x=61.25mm,
y=0mm, σY=−1.037MPa.

When the load is 300N for 4mm model, the maximum
displacement on Section 1-1 occurs at x= 52.5mm, y= 30mm,
w=−3.571× 10−2mm. Themaximum stress in theX direction
is at x= 52.5mm, y= 30mm, σX= 1.769MPa, and the maxi-
mum stress in the Y direction is at x= 52.5mm, y= 30mm,
σY= 1.612MPa.

TABLE 4: Mechanical properties of Section 1-1 of 3mm model.

Position (mm)
Displacement
(×10−2mm)

σX (MPa) σY (MPa)
Strain εX
(×10−3)

Strain εY
(×10−3)

0 −3.125 −0.718 0.174 −0.182 0.097
30 −5.968 2.517 2.309 0.412 0.347
60 −0.710 −0.111 −0.153 −0.013 −0.026
90 0.123 −0.067 −0.084 −0.008 −0.014
120 0.000 −0.006 −0.032 −0.001 −0.000

1
Elements

FIGURE 6: Finite element model of the folded plate structure.

TABLE 5: Mechanical properties of Section 2-2 of 3mm model.

Position (mm)
Displacement
(×10−2mm)

σX (MPa) σY (MPa)
Strain εX
(×10−3)

Strain εY
(×10−3)

0 −3.125 −0.718 0.174 −0.182 0.097
30 −1.537 −0.563 −0.083 −0.126 0.0244
60 0.119 −0.477 −0.265 −0.088 −0.022
90 0.183 −0.244 −0.334 −0.027 −0.055
120 0.000 −0.106 −0.273 −0.000 −0.053

TABLE 6: Mechanical properties of Section 3-3 of 3mm model.

Position (mm)
Displacement
(×10−2mm)

σX (MPa) σY (MPa)
Strain εX
(×10−3)

Strain εY
(×10−3)

0 −3.125 −0.718 0.174 −0.182 0.097
17.5 −3.731 −0.586 0.012 −0.138 0.064
35 −4.959 −0.459 −0.274 0.013 −0.062
44.75 −5.248 −0.503 −0.581 0.095 −0.153
61.25 −4.105 −0.820 −1.037 0.061 −0.238
90 −1.613 −0.478 −0.527 −0.066 −0.081
120 −0.472 −0.523 −0.085 −0.110 0.027
150 0.000 −0.420 −0.159 −0.081 0.001
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When the load is 300N for 4mm model, the maximum
displacement on Section 2-2 occurs at x= 0mm, y= 0mm,
w=−1.925× 10−2mm. The maximum stress in the X direc-
tion is at x= 0mm, y= 0mm, σX=−0.559MPa, and the
maximum stress in the Y direction is at x= 0mm, y= 0mm,
σY= 0.109MPa.

When the load is 300N for 4mm model, the maximum
displacement on Section 3-3 occurs at x= 44.75mm, y= 0
mm, and w=−3.213× 10−2mm. The maximum stress in
the X direction is at x= 61.25mm, y= 0mm, and σX=
−0.775MPa, and the maximum stress in the Y direction is
at x= 61.25mm, y= 0mm, and σY=−0.732MPa.

The cloud diagrams of the stress calculation results of
each section in the X, Y, and Z directions are shown in
Figures 7−9.

Through the comparison of the above figures and tables,
it is observed that the change laws of mechanical perfor-
mances of the 3 and 4mm folded plate structures tend to
be consistent, and the maximum stress along the X and Y
directions occurs at the same position. The maximum stress
occurs at x= 52.5mm and y= 30mm for Section 1-1, at x=
0mm and y= 0mm for Section 2-2, and at x= 61.25mm and

y= 0mm for Section 3-3. The maximum stress value of a
3mm thick folded plate structure is greater than that of a 4mm
thick folded plate structure, and the 4mm thick folded plate
structure tends to be more linear and smoother overall. It is
recommended to use a thicker folded plate structure in future
engineering applications to ensure structural security.

4. Comparative Analysis of Test Results and
ANSYS Calculation Results

4.1. Comparison of Roof Displacement. When the folded plate
structures with two thicknesses are loaded from 50 to 300N, the
comparison results of the roof displacement test values and the
ANSYS calculation values are shown in Figure 10. It can be seen
that under the step-by-step loading for the folded plate structure,
the linear relationship between the displacement of the roof and
the load is good. As the loading force increases, the displacement
of the roof also gradually increases.

4.2. Comparison between Special Section Stresses. When the
folded plate structure with 3mm thicknesses is loaded step
by step at 300N, the comparison results of the section stress

TABLE 9: Mechanical properties of Section 3-3 of 4mm model.

Position (mm)
Displacement
(×10−2mm)

σX (MPa) σY (MPa)
Strain εX
(×10−3)

Strain εY
(×10−3)

0 −1.925 −0.559 0.109 −0.128 0.064
17.5 −2.280 −0.430 0.027 −0.096 0.042
35 −3.009 −0.327 −0.193 0.004 −0.038
44.75 −3.213 −0.402 −0.395 0.057 −0.095
61.25 −2.737 −0.775 −0.732 0.036 −0.152
90 −1.407 −0.346 −0.355 −0.045 −0.048
120 −0.524 −0.390 −0.022 −0.076 0.021
150 0.000 −0.318 −0.121 −0.056 0.000

TABLE 7: Mechanical properties of Section 1-1 of 4mm model.

Position (mm)
Displacement
(×10−2mm)

σX (MPa) σY (MPa)
Strain εX
(×10−3)

Strain εY
(×10−3)

0 −1.925 −0.559 0.109 −0.128 0.064
30 −3.571 1.769 1.612 0.265 0.220
60 −0.536 −0.143 −0.176 −0.016 −0.026
90 0.075 −0.060 −0.075 −0.007 −0.011
120 −0.000 −0.044 −0.019 −0.006 −0.003

TABLE 8: Mechanical properties of Section 2-2 of 4mm model.

Position (mm)
Displacement
(×10−2mm)

σX (MPa) σY (MPa)
Strain εX
(×10−3)

Strain εY
(×10−3)

0 −1.925 −0.559 0.109 −0.128 0.064
30 −1.052 −0.482 −0.102 −0.096 0.013
60 −0.152 −0.390 −0.213 −0.066 −0.016
90 −0.001 −0.190 −0.263 −0.019 −0.040
120 0.000 −0.087 −0.225 0.000 −0.040
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FIGURE 8: Cloud diagrams of stress calculation results in Y direction: (a) 3mm model and (b) 4mm model.
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FIGURE 9: Cloud diagrams of stress calculation results in Z direction: (a) 3mm model and (b) 4mm model.
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FIGURE 7: Cloud diagrams of stress calculation results in X direction: (a) 3mm model and (b) 4mm model.
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test value and the ANSYS finite element calculation value are
shown in Figures 11−13. It can be seen that, in Section 1-1,
the maximum stress along the X direction is 2.517MPa and
that is 2.309MPa along the Y direction, the maximum stress
in X and Y directions occurs at x= 52.5mm and y= 30mm.
In Section 2-2, the maximum stress along the X direction is
−0.718MPa and that is 0.174MPa along the Y direction, and
the maximum stress in X and Y directions occurs at x= 0mm
and y= 0mm. In Section 3-3, the maximum stress along the
X direction is −0.072MPa and that is −1.037MPa along the

Y direction, and the maximum stress in X and Y directions
occurs at x= 61.25mm and y= 0mm.

When the folded plate structure with 4mm thicknesses is
loaded step by step at 300N, the comparison results of the
section stress test value and theANSYS finite element calculation
value are shown in Figures 14−16. It can be seen that, in Section
1-1, the maximum stress along the X direction is 1.769MPa and
that is 1.612MPa along theY direction, and themaximum stress
in X and Y directions occurs at x= 52.5mm and y= 30mm.
In Section 2-2, the maximum stress along the X direction is
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FIGURE 10: Comparison of test values and calculation values of roof displacement: (a) 3mm model and (b) 4mm model.
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FIGURE 11: Relationship between stress and position on Section 1-1 of 3mmmodel: (a) stress σX in X direction and (b) stress σY in Y direction.
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−0.559MPa and that is 0.109MPa along theY direction, and the
maximum stress in the X and Y directions occurs at x=0mm
and y= 0mm. In Section 3-3, the maximum stress along the X
direction is −0.057MPa and that is −0.732MPa along the Y
direction, and the maximum stress in X and Y directions occurs
at x= 61.25mm and y= 0mm.

By comparing the stress–position relationship between
Sections 1-1, 2-2, and 3-3 of flat-roof and four-slope folded
plate structures with different thicknesses under the action of
300N, it can be obviously observed that the maximum stress

along the X and Y direction occurs at the same position
whether the thickness of the structure is 3 or 4mm. Gener-
ally speaking, the maximum stress is related to the factors
such as the geometric shape and loading method of the speci-
mens. At the joint position between the top plate and slope
plates of the folded plate structure, the displacement and
stress values are relatively large, forming the dangerous sec-
tion of the structural damage. Meanwhile, the locally
increased stress declines rapidly with the increase of the
interval between the peak stress points. Special treatment
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FIGURE 12: Relationship between stress and position on Section 2-2 of 3mmmodel: (a) stress σX in X direction and (b) stress σY in Y direction.
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should be done for this section in practical engineering. For
example, reinforced ribs can be added to enhance the
strength of the section to prevent the damage.

5. Conclusions

By conducting themechanical experiments of flat-roof and four-
slope folded plate structures with thicknesses of 3 and 4mm, the
force transmission path and stress distribution law were ana-
lyzed; meanwhile, the ANSYS finite element analysis was carried
out. The main conclusions of this work are as follows:

(1) The analysis of the experimental results shows that
during the step-by-step loading process, the displace-
ment and strain of the structure tend to be basically
linear. The error between the experimental analysis
results and the theoretical calculation results mainly
lies in the loading position, constraint conditions,
and adhesive materials, but these factors do not affect
the applicability of linear theory. Throughout the
entire destruction process, the structure exhibits
good ductility overall. The comparison between the
theoretical and experimental results confirms that
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the adopted structural static analysis model is appro-
priate and effective.

(2) By comparing the experimental and theoretical
values of the top plate displacement, it is found
that under the step-by-step loading of the flat-top
and four-slope folded plate structure, the displace-
ment of the top plate has a good linear relationship
with the load. As the loading force enhances, the
displacement of the top plate also gradually increases.
For the organic glass models with different thick-
nesses, under the same load, the larger the thickness,
the smaller the displacement of the top plate.

(3) The mechanics characteristics of the folded plate
structures with different thicknesses tend to be con-
sistent. The maximum stress along the X and Y direc-
tions occurs at the same position, and the maximum
stress value of a 3mm thick folded plate structure is
greater than that of a 4mm thick folded plate struc-
ture. Overall, the maximum stress value of 4mm
thick folded plate structure tends to be more linear
and smoother. The joint position between the top
plate and slope plate of the folded plate structure is
the dangerous section of structural damage, which
can be reinforced with ribs to enhance its strength
and prevent section failure in practical engineering.

Though some valuable insights are obtained in this work,
the loosening phenomenon of the binder in the model mate-
rial under the action of high load, the material performances
of the plexiglass plate could not be fully exerted. Therefore, it
is suggested to consider different joint treatment forms in the
future model test. In the practical engineering, the folded
plate structure with large thickness should be considered,
and some reasonable measures can be taken to prevent struc-
tural damage for the joint position of the folded plate struc-
ture in the design and construction.
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