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The Mises stress contour of steel tube is shown in Figure 6. Before point A, the whole section 

of the steel tube was in elastic state. The steel tube began to appear plastic deformation when it 

reached the characteristic point B. When loading to point C, most of the steel tube yielded, but 

the stress of tension side did not change much from point B, and the yield strength was not yet 

reached. When reaching point D, the stress of compressive side increased gradually, and the 

maximum stress was 593.0 MPa, while the stress of tension side decreased. At point E, the 

stress of steel tube on compressive side increased to 626.2 MPa. 
 

   

(a) Point A (b) Point B (c) Point C 

  

 

(d) Point D (e) Point E  

Figure 6: Mises stress contour of steel tube. 

 

   

(a) Point A (b) Point B (c) Point C 

   

(d) Point D (e) Point E (f) coordinate system of CFRP 

Figure 7: Vertical CFRP profiles stress contour and coordinate system of CFRP. 
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Figure 7 is the vertical stress contour and coordinate system of CFRP profile in model ACC-

2. It can be seen from the Figure 7 that the whole section of CFRP profile was under 

compression when the load reaches point A. At point C, the CFRP profile was not damaged and 

its maximum compressive stress was at the mid-span section. At feature point D, the load 

sharing of the profile reached the limit. Moreover, it can be found that the stress of CFRP profile 

at mid-span section was smaller than both ends, indicating that the middle portion was damaged. 

At point E, the CFRP appeared brittle failure in the middle of the span and withdrew from work. 

5 PARAMETER ANALYSIS 

5.1 Slenderness ratio 

Figure 8 is the load-deflection curve of different slenderness ratio. It can be seen from the 

Figure 8 that the slenderness ratio has a greater influence on the bearing capacity of the model. 

As the slenderness ratio changed from 34.64 to 69.28, the bearing capacity of the members 

decreases by 4.95%, 5.97%, 9.91%, and 14.0%, respectively. The deflection increases with the 

increase of slenderness ratio, and the ductility is better. 

5.2 Steel yield strength 

Figure 9 is the load-deflection curve of different steel yield strength. Before the steel yield 

strength was reached, the curves are basically coincident. The steel yield strength has little 

effect on the mechanical properties of the model at elastic stage. When the steel yield strength 

is increased from 550MPa to 690MPa, 890MPa, the bearing capacity is increased by 14.01% 

and 31.30%, respectively. It can be seen that the steel yield strength has a great influence on 

the bearing capacity of the model. 
 

 

Figure 8: Effect of slenderness ratio on P-Δ curves. 

 

Figure 9: Effect of steel strength on P-Δ curves. 
 

 

Figure 10: Effect of concrete strength on P-Δ curves. 

 

Figure 11: Effect of steel ratio on P-Δ curves. 
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architectural visual effect, plate-cone reticulated shell has been widely used as a long-span 

spatial structure. Since the 1990s, composite materials such as FRP have been increasingly used 

in civil engineering[3][4][6]. Because FRP is much lighter and stronger than ordinary steel and 

aluminum alloy, it is more preferred to be applied on the prefabricated cone units of plate-cone 

reticulated shell. Some studies have been carried out, most studies are focused on the structural 

behavior of reticulated shell of homogeneous materials[6]. In contrast, the studies on the GFRP 

laminates in plate-cone reticulated shell are limited, very few reports can be found. Reference 

[7] studied the structural use of plastics pyramids in double-layer space grids, reference [8] 

studied the application of GFRP on plate-cone reticulated shell preliminary, plate-cone 

reticulated shell was just analyzed wholly, and a series of mechanical problems of composite 

material plates of cones were not studied, material design and structure design had not been 

done simultaneously. Buckling analysis for laminated composite plates of plate-cone reticulated 

shell was carried in reference [8]. Reference [8] studied the strength failure analysis model of 

composite laminates in cooperated with Strength Criterion of Hoffman, the effects of layer 

number, laying direction and thickness of laminates on the failure strength of laminates are 

studied by detailed parametric analysis. Composite materials possess some distinct mechanical 

properties, these mechanical characteristics are more complicated and challenging than the 

conventional materials that is homogeneous, continuous, linear elastic, and isotropic. Hence, it 

is necessary to investigate the mechanical behavior of composite plate-cone reticulated shell 

with FRP laminates. 
 

 

Fig. 1 Segment of plate-cone reticulated shell 
 

In this paper, GFRP plates are applied on cone units of plate-cone reticulated shell, the 

excellent performance of GFRP material will be utilized to give full play to the material and 

structural advantages of GFRP plate-cone reticulated shell. Through model test, the ultimate 

bearing capacity, load transmission way and the whole destroy process of GFRP plate-cone 

cylindrical reticulated shell are studied deeply. Through comparing with the results of the 

ANSYS simulation, the correctness of the theoretical analysis and structure reliability are 

verified, the stress mechanism and damage characteristics of composite plate-cone reticulated shell 

are revealed and summarized. Some important suggestions in the design for GFRP plate-cone 

reticulated shell are provided in the paper. 

2 FINITE ELEMENT SIMULATION OF GFRP PLATE-CONE CYLINDRICAL 

RETICULATED SHELL  

2.1 Establishment of finite element model 

In the finite element model, the upper members are simulated by Link8 element which can 

only withstand axial force. The plates are simulate by Shell181 element which have four nodes 

and six degrees of freedom and a certain thickness, and it is suitable for analyzing linear large 

Truss members

Cone elements

Top joint

Bottom joint
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rotational deformation and nonlinear large deformation[11]. 

The ANSYS model of 7×7 GFRP plate-cone cylindrical reticulated shell was established 

by APDL language (shown in Fig. 2). The geometrical parameters of the model are: span 

=1.886m, length =2.1m, vector height=0.4m, thickness =0.15m. The structure was supported 

along two long sides, and concentrated loads were applied to the vertices of the five middle 

pyramids except the left and right side pyramids. The concentrated load is applied step by step 

with 4 levels: 56.84kN, 113.68kN, 170.52kN and 227.36kN.  

 

 

Fig. 2 ANSYS model of plate-cone cylindrical reticulated shell 

2.2 Static analysis of GFRP plate-cone cylindrical reticulated shell 

The vertical displacement of GFRP plate-cone cylindrical reticulated shell is a very 

important index of the structure’s stiffness. The diagram of vertical displacement of the 

structure under the fourth level loading simulated by software is shown in Fig. 3. 
 

 

Fig. 3 Vertical displacement of structure under the fourth level load 
 

From the figure, it can be seen that, the maximum displacement occurs at the position of 

the outer plate of the most outer middle cone along the direction of arch axis. The maximum 
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displacement increases linearly with loading. The maximum displacements under four loading 

levels are -0.386mm, -0.703mm, -1.019mm, and -1.336mm, respectively.  

The results of internal force of upper members under the fourth level load show that all the 

upper members along the arch axis are negative, indicating that all the upper members along 

the arch axis are under pressure. While the upper members perpendicular to the direction of the 

arch axis are all positive number except the middle one, which indicates that the upper members 

perpendicular to the direction of the arch axis are all tensile forces except the middle one. The 

maximum tensile stress and compressive stress of upper members increase linearly with loading. 

The maximum tensile stresses of the upper members under four loading levels are 0.11E+06Pa, 

0.22E+06Pa, 0.33E+06Pa and 0.44E+06Pa, respectively. While the maximum compressive 

stresses of the upper members under four loading levels are 0.44E+07Pa, 0.81E+07Pa, 

0.12E+08Pa and 0.15E+08Pa, respectively.  

The stress of nodes under the concentrated loading is shown in Figure 4. The maximum 

tensile stress occurs at the bottom connection position of the middle cone and the front and rear 

cones, so failure occurs here firstly. The stress at the junction of the middle three cones and the 

front and rear cones is the second, followed by the failure. In addition, the stress at other bottom 

junction marked by red boxes in the figure is smaller, so these positions finally appear failure. 

These positions are the nodes with stress concentration, so the failure mode is the strength 

failure. The style of failure is that cracks appear at the node with the largest stress, and then 

with loading, the cracks gradually develop into larger gaps. When the gaps gradually increase, 

it will lead to overall sinking of cones, resulting in upper members to bear greater force, and 

eventually lead to bending failure of the upper members. 
 

 

Fig. 4 Stress of nodes under concentrated loading 

2.3 Stability analysis of GFRP plate-cone cylindrical reticulated shell 

ANSYS is used to analyze the nonlinear buckling under centralized loading, and eigenvalue 

analysis is combined with arc length method. Fig. 5 shows the relation between the vertex 

displacement of the middle cone and the magnitude of the concentrated force. The influence of 

the initial defects of the structure is considered, and the initial defect is set as 0.1 times of the 

first-order modal’s displacement. As shown in the figure, when the first extreme value of the 

load-displacement curve appears, stability failure of the structure occurs. At this point, the 
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magnitude of the concentrated force loaded at the middle three cones is about 8kN, and the 

corresponding displacement is about 14mm. 
 

 

Fig. 5 Relationship between the maximum displacement and concentrated load  

3 EXPERIMENTAL STUDY OF GFRP PLATE-CONE CYLINDRICAL  

RETICULATED SHELL 

3.1 Model design 

In this study, a 1:10-scaled model was designed according to the test site and equipment 

conditions. This model is a 7 × 7 GFRP plate-cone cylindrical reticulated shell with 

span=1.886m, length =2.1m, height =0.4m and thickness=0.15m. The finished product of 

GFRP plate-cone cylindrical reticulated shell model is shown in Fig. 6. The model is simply 

supported along two long sides. The cone in the model is a regular  pyramid, the plate of cone 

is made of 3mm thick GFRP plate, the bottom of cone is 300*300mm, the top of  cone is 

60*60mm, the height of cone is 150mm, and the top of cone is cut 30mm. The whole GFRP 

plate-cone cylindrical reticulated shell is cast by resin and fiber sheet. 
 

 

Fig. 6 Finished GFRP plate-cone cylindrical reticulated shell model 

3.2 Design of the upper joint 

Plate-cone reticulated shell is a new type of space structure, so the new type of joint needs 

to be designed. The upper joint is divided into two parts, the upper part is a short hollow pipe 

column, the upper member is connected to the short column through welding, and the upper 
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end of short column is welded with a steel plate for stacking or placing displacement meter. 

The connection between upper joint and cone is realized through hooks, nuts and iron plates. 

Because welding can not be used, this connect design uses the opening bolt and bonding method. 

Fig. 7 is the schematic of upper joint of GFRP plate-cone cylindrical reticulated shell. The 

model is simply supported along two long sides, the model is connected to two I-beams by bolts 

and supports, then the two I-beams are connected with the ground through anchor bolts to 

prevent the model from sliding to both sides during vertical loading. 
 

 

(a) Upper joint’s lower part 

 

(b) Upper joint’s upper part 

Fig. 7 Schematic of upper joint 

3.3 Loading scheme and measuring point layout 

The loading scheme of the model test of GFRP plate-cone cylindrical reticulated shell is 

divided into three stages: (1) Pre-loading stage: The purpose of this stage is mainly to compact 

the gap between the contact surfaces, reduce the initial defects, check whether the instrument 

and equipment are normal, and resolve some potential problems before the formal test, etc. (2) 

The step loading stage within the elastic range: Step loading is adopted in this experiment, and 

each node is loaded with four stages. Each level is loaded with 5.8kg per node. Level 4 load is 

a total of 23.2kg per node. The total loading of the fourth stage is 1.2~1.5 times of the normal 

load of 2kN/m2. (3) Failure test stage: using a distribution beam to distribute the force of 

hydraulic jack to three intermediate nodes perpendicular to the direction of arch axis. Hydraulic 

jack is used in the middle of distribution beam to apply pressure slowly until the structure is 

damaged. 

The upper members are arranged with 84 unidirectional strain gauges, and a unidirectional 

strain gauge is attached to the middle part of each member. Each cone of the model needs to be 

arranged with four unidirectional strain gauges, the pasting direction of unidirectional strain 

gauges is along the direction of arch axis. A total of 196 unidirectional strain gauges need to be 

827



WANG Xing et al. 

 

arranged on the cones of the whole model. 12 displacement meters are layout and brackets are 

installed. The placement and number of displacement meters are shown in Figure 8. Quarter 

bridging method is chosen for all unidirectional strain gauge bridges. 
 

 

Fig. 8 Position and serial number of displacement meters 

3.4 Step loading test 

Sandbags are used for step loading in this model test. Each cone of the test model has a hook 

under the cone top for hanging sandbags. In the test, the same concentrated load is applied to 

all joints except those on the outermost perpendicular to the direction of arch axis.            
 

 

Fig. 9 Loading test diagram 
 

 According to the dates of strain gauges (shown as Fig. 10), the force transmission direction 

of GFRP plate-cone cylindrical reticulated shell is mainly along the arch axis, and the dates of 

upper members along the arch axis are also mainly negative. 
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The displacement results of step loading are shown in Table 1. It can be seen that there is a 

linear relationship between the displacement at the apex of cone and the force, and the 

displacement of the apex of cone decreases gradually from center to four corners when the same 

load is applied to each node. 
 

 

Fig. 10 Strain of the model’s upper members under the 4th step loading 
 

Table 1 Displacement results of step loading 

No. 
Level 1 

load/mm 

Level 2 

load/mm 

Level 3 

load/mm 

Level 4 

load/mm 

1 0.572 0.992 1.259 1.831 

2 0.42 0.877 1.373 1.793 

3 0.381 0.763 1.297 1.717 

4 0.229 0.572 0.954 1.297 

5 0.305 0.725 1.144 1.564 

6 0.305 0.725 1.144 1.602 

7 0.267 0.648 1.03 1.411 

8 0.191 0.534 0.839 1.444 

9 0.153 0.42 0.648 0.916 

10 0.191 0.42 0.648 0.877 

11 0.152 0.381 0.61 0.801 

12 0.076 0.153 0.229 0.305 

3.5 Failure loading test 

After the static loading test, the sandbags and the site were cleaned, and after standing for 

half a day, failure test of GFRP plate-cone cylindrical reticulated shell under concentrated 

loading was carried out. In this test, distribution beam and jacks were used for loading. 

Distribution beam was placed above the three cones in middle of model to ensure that the 

extension length of distribution beam was the same and the distribution beam was kept 

horizontal. Controlling the speed to make the jack load slowly, the generation and development 

of cracks in the model were observed in the loading process, and the test was stopped until the 

jack can not increase the load anymore.  
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In test process, the lower connection of the cone under No.2 displacement meter and the 

cone under No.3 displacement meter, namely the nodes at No.5 and No.6 listed below, first 

achieves the strength failure and produces cracks. And with the force gradually increased, the 

width of two cracks gradually increased. Crack No.6 extended to the cone plate under No.3 

displacement meter, causing the plate to begin tearing. In addition to No.5 and No.6 fractures, 

nodes of No.1-10 almost reached strength failure and appeared cracks at the same time. At the 

same time, these fractures also began to develop gradually, and finally the No.5 and No.6 

fractures developed into the two largest fractures in the model. Since the No.5 notch is greater 

than the No.6 notch, the cone with No.2 displacement meter appears a large sinking 

phenomenon and at the same time has a certain inclination to the No.5 notch. Therefore, the 

member on the cone with No.2 displacement meter bears great pressure and produces bending 

deformation. At the same time, the strength failure of No.11-15 node began to appear relatively 

small fractures. No.5 and No.6 cracks are shown in Figure 12. The GFRP plate-cone cylindrical 

reticulated shell has obvious sag at No.5 and No.6 cracks. In addition, the left and right upper 

members of cones with No. 1 and No. 2 displacement meters appear bending deformation.  
 

 

Fig. 11 Failure test of GFRP plate-cone cylindrical reticulated shell 
 
  Comparing the whole process of failure test with the results of software simulation, it can be 

seen that the position where the strength failure firstly occurs at the node is different. The node 

with the first failure in the test is the node with the second failure in the simulation. In addition, 

in the whole test process, no failure occurs at the position where the failure firstly occurs in the 

simulation. The failure at other nodes in the test is the same as that in the simulation. The reason 

for the difference is that the resin has fluidity in the molding process of whole GFRP model, 

the thickness of connection bottom between the cone under No.2 displacement gauge and the 

cone under No.3 displacement gauge fails to meet the requirement, resulting in a relatively 

weak place, so the strength failure occurs firstly here. 

A total of 15 cracks is found in this model, and each crack is numbered as shown in Fig.13. 

All these cracks except crack 5 and 6 appear between the two cones perpendicular to the 

direction of arch axis. Because there are too many cracks, only the main cracks are shown in 

detail. The details of crack 5 and 6 are shown in Fig 14. 
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In the process of test, as the jack force slowly increases, the displacement at the apex of each 

cone also increases. However, when crack 5 and 6 develop into gaps, the displacement at the 

apex of cone increases, the jack force cannot increase or even decrease.  

Before the apex displacement of cone under No.2 displacement meter reaches 14mm, the 

cone is in the elastic stage, and the relationship between displacement and force keeps a linear 

growth. When the displacement at the apex of cone reaches 14mm-73mm, the cone is in the 

elastic-plastic stage, though the force does not change greatly, the displacement still increases. 

When the apex displacement of cone is larger than 73mm, the cone began to fail, the 

displacement still increases, but the force decreases rapidly. 
 

        

(a) Inside notch display                        (b) Bending of top member 
 

 

(c) Local subsidence 

Fig. 12 The failure mode of model 
 

 

Fig. 13 Specific location of cracks 
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Fig. 14 Crack 5 and 6  

3.6 Comparison analysis 

Comparing between the FEM and test results of step loading, the maximum difference of 

displacement between the measured value in the experiment and the FEM results is 0.495mm. 

The measured maximum displacement occurs in the middle cone, while the maximum 

displacement of simulation occurs in the lateral cone plate of the most lateral middle cone along 

the direction of arch axis. 

Comparing between the FEM and test results of failure loading, the theoretical value of 

vertical displacement is 11.4mm, while the measured value of experimental study is 14mm. 

The difference between them is 2.6mm, accounting for 18.5% of the measured value. In the 

FEM analysis, the position with high stress is the lower connection between cones, and this 

area is basically the same as the actual fracture location. The data of nonlinear buckling analysis 

and experimental study are compared in Fig.21. Before the joint displacement is about 8mm, 

the tested results are basically similar to the simulated results. And then, crack 5 and 6 appear 

and develop rapidly due to the weak lower connection of the model, leading to the model’s 

stiffness decrease, so the measured ultimate bearing capacity is much smaller than the simulated 

value. When the displacement is about 14mm, the ultimate bearing capacity is reached. The 

measured ultimate bearing capacity is about 18kN, and the simulated value is about 24kN. The 

difference between them is 6kN, accounting for 25% of the simulated value. 

4 CONCLUSION 

This paper mainly studies the mechanical characteristics of GFRP plate-cone cylindrical 

reticulated shell. The test results of displacement and stress are compared with the simulated 

results to understand the mechanical performance of GFRP plate-cone reticulated shell. Some 

valuable conclusions are obtained as follows： 

(1) According to the test results and simulated results, the pressure mainly appears on the 

upper members along the arch axis, which indicates that the structural model mainly transmits 

force along the arch axis. 

(2) According to the test and simulated force-displacement curves, the maximum vertical 

displacement is proportional to the loading force, which indicates that the model is in its elastic 

stage under step loading. 

(3) The cracks of the structural model mainly appear at the lower connection of cones. crack 

6 and 5 appear firstly, and these two cracks gradually developed into larger gaps which caused 

the plates to tear. By comparing the test and simulate results, the location of cracks in the test 

is basically the same as that of the finite element analysis. 
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(4) The structural model has greater ductility. The failure of model can be divided into elastic 

stage, elastic-plastic stage and failure stage. The displacement of model in elastic-plastic stage 

is about 3.4 times that in elastic stage. Therefore, the model has large deformation and ductility 

during the failure process. 

(5) Suggestions on the design of GFRP plate-cone reticulated shell. The difficulty in the 

design lies in the upper joint and lower connection between cones. In the experimental study of 

GFRP plate-cone cylindrical reticulated shell, the upper joint plays a good role in force 

transmission and does not damage during the whole test process. This indicates that the 

connection mode of upper joint is very efficient. Because the model is small, integral casting is 

adopted. If the overall model is formed by the final splicing of single cone, the four sides of 

each cone can be extended downward by a certain distance and cut holes on the extension 

surface to use bolted connection.  

ACKNOWLEDGMENTS 

The authors gratefully acknowledge the financial support provided by the Natural Science 

Foundation of China (Project No: 51678313), Key Scientific Research Project of Universities 

of Guangdong province (2019KZDXM050) and Scientific Research Project of Guangzhou 

(202102010457). 

REFERENCES 

[1] Z.S. Makowski, Analysis, design, and construction of braced domes, New York, Nichols Pub.                 

Co., 1984. 

[2] WANG Xing and Dong Shilin, “Aesthetic Characteristics of a New Type of Structure”, New    

Architecture, 1998, 16 (4): 83-84. (in Chinese) 

[3] Wang Xing and Dong Shi-lin, “A study on static characteristics for plate-cone reticulated shell”, 

Building Structure, 2000, 30 (9): 28-30. (in Chinese) 

[4] Parsa. K and Hollaway. L, “Application of advanced composites to a double layer stressed skin 

roof   structure”, International Journal of Space Structures, 1997,12(2):69-80. 

[5] Halliwell. S, “In-service performance of glass reinforced plastic composites in Building”, 

Proceeding of the Institution of Civil Engineers：Structures and Buildings, 2004, 17(1)：99~104. 

[6] Bakis CE, Bank LC, Brown VL and Cosenza E, “Fiber-reinforced polymer composites for 

construction-state-of-the-art review”, Journal of Composites for Construction, 2002, 6(2): 73-87. 

[7] D. Robak, “The structural use of plastics pyramids in double-layer space grids”, Proceeding of the 

IASS Symposium on Membrane Structures and Space Frames, 1986:105-112. 

[8] Wang Xing and Wang Fan, “Application of composite materials in plate-cone reticulated shells”, 

Journal of Zhejiang University of Technology, 2003, 31(2): 124-128. (in Chinese) 

[9] Wang Xing, Wang Fan and Cai Siyuan, “Buckling analysis for laminated composite plates of  

plate-cone reticulated shell”, Fiber Reinforced Plastics/Composites, 2009, 207(4): 6-10. (in 

Chinese) 

[10] Wang Xing, Jiang Yu and Huang Yonghui, “Finite element failure analysis of GFRP laminates in 

plate-cone reticulated shell”, Advances in Polymer Technology, 2020.6:1-12. 

[11] WANG Xinmin, Numerical Analysis of ANSYS Engineering Structure, People's Communications 

Press, 2007. (in Chinese) 

[12] Z.C. Yang, Y.H. Huang, and A.R. Liu, “Nonlinear in-plane buckling of fixed shallow functionally 

graded grapheme reinforced composite arches subjected to mechanical and thermal loading”, 

Applied Mathematical Modelling, vol. 70, pp. 315–327, 2019.  

833




