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ABSTRACT: This paper presents an experimental task in which the specimens are either single thin-walled circular 
stainless steel tubes or a honeycomb structure. The honeycomb structure is made up of the tubes with 4 
configurations. Compressive loads are applied and deformations are recorded. The numerical and analytical analyses 
are also carried out with respect to the bearing capacity and energy absorption characteristics. It is shown that the 
average bearing capacity of single thin-walled circular steel tubes is lower than those tubes arranged in a honeycomb 
structure. The configuration of staggered thin-walled circular steel tubes with R/t  values between 20 and 30 exhibits 
good bearing capacity. The configuration of aligned thin-walled circular steel tubes of R/t values between 30 and 45 
exhibits good energy absorbing characteristic. The results obtained in this paper may be useful in designing a steel 
retractable roof structure with respect to passive collision protection. 

Keywords: Thin-walled circular steel tube, Honeycomb structure, Bearing capacity, Energy absorption, Aligned 
configuration, Staggered configuration 

 
 
1.  INTRODUCTION 
 
Many researches on the thin-walled circular tube under different loads were conducted. 
Abrahamson [1] firstly studied the dynamic plastic flow buckling of a cylindrical shell from 
uniform radial impulse procedures. And the radical impact experiment of the single cylindrical shell 
was carried out. The buckling wave shape was observed. His finding is buckling modal number and 
critical impact velocity which fit the experimental results. Lindberg [2] made further research on 
the dynamic plastic flow buckling of a cylindrical shell from uniform radial impulse procedures 
considering the strain rate influence. The buckling modal number of the cylindrical shell was 
further studied. Selecting aluminum spherical shells of R/t values between 15 and 240 axially 
compressed, Gupta et al. [3-4] drew the load-compression and energy-compression curves and 
determined the mean collapse loads. They found a simple analytical model which matched well 
with the experimental results. Ru and Wang et al. exploration on the plastic buckling of a 
cylindrical shell under radial impulse load by the energy principle acquired the equation of the 
critical impact velocity [5]. Gu and Liu [6] presented the assumed energy of the displacement field 
to study the dynamic plastic buckling of a cylindrical shell fixed at both ends under impulse load. 
Their conclusion is that fixed boundary condition makes plastic buckling stronger than the free 
boundary condition. Zeng et al. [7] conducted a series of experiment on thin-wall circular steel tube 
under shock wave. They acquired the modal solution based on the principle of the virtual velocity. 
It reports that the deformation of steel tubes are controlled by changing the material hardening, 
layer and inertia. Gu [8] and Du et al. [9] also conducted the experimental research and theoretical 
analysis about the deformation and energy absorption characteristics of multi-row cylindrical shell 
under explosion and shock waves, which serves as the analytical method for this paper. 
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At present, thin-walled circular tubes have many applications. Thin-walled circular tubes may be 
applied in long-span space structure design. Retractable roof structure is an advanced long-span 
space structure. Compared with the traditional structures, retractable roof structure is a moving 
system, which can be used in partially or entirely open or closed conditions. The research on the 
retractable roof structure is only about design principle, load, load combination and so on. Zhang 
and Liu [10] firstly summarized the developing trend of retractable roof structure and put forward 
the retractable principle and methods based on the architecture plane projection and elevation. Then 
Guan et al. [11] presented wire-driven track system and explained the differences of the load value 
and load combination between the retractable roof structure and traditional structure. Ishii [12] 
introduced the basic concept of retractable roof structure and building function. Then the typical 
construction examples are introduced. When retractable roof structure is moving，it may cause 
collision accidents. There is few research on the collision mechanism and passive safety protection. 
Passive safety protection [13] aims at reducing the damage after the collision accidents of movable 
elements, avoiding the casualties. And the relevant technique contains crashworthy design, personal 
evacuation and rescue. 
 
The application of thin-walled circular steel tube in designing a steel retractable roof structure is 
discussed with respect to passive collision protection. In this paper，thin-walled circular stainless 
steel tube of D values between 19mm and 51mm and t values between 0.3mm and 1.4mm are 
selected for the research. The main mechanical parameters are shown in Table 1. An experimental 
task was presented in which the specimens are either single thin-walled circular stainless steel tubes 
or a honeycomb structure. The honeycomb structure is made up of the tubes with 4 configurations. 
Compressive loads were applied and deformations are recorded. The numerical and analytical 
analyses are also carried out with respect to the bearing capacity and energy absorption 
characteristics. The given numerical simulation aims at verifying the experimental results.  
 

Table 1. Mechanical Properties of the Thin-walled Circular Steel Tube 
Material Elastic Modulus ( GPa ) Yield Stress ( MPa ) Density ( 3kg/m ) 

Stainless Steel 190 347 7850 
 
 

2. ANALYSIS OF THE THIN-WALLED CIRCULAR TUBE UNDER STATIC 
COMPRESSION 

 
2.1 Ultimate Internal Forces of Single Circular Tube under Two-way Symmetrical 

Compression 
 
Two-way symmetrical compression is the basic form for thin-walled circular tube. The 
corresponding simplified model is shown in Figure 1(a). [8] 
 
Under static load, single tube under two-way symmetrical compression is a hyperstatic structure 
with three redundances. Based on the symmetry, a quarter of the structure is extracted , which is a 
hyperstatic structure with one redundance (Figure 1 (b)). The basic structure is a curved beam. In 
polar coordinate system, by the method of forces the final moment is shown as 
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(a) Simplified Model      (b) Hyperstatic Structure with One Redundance 

 
Figure 1. Internal Forces of Single Circular Tube under Two-way Symmetrical Compression 

 

In the compression course，there are four plastic hinges where 0=α ，
2
πα =  and the symmetrical 

points. The first plastic hinge appears at the point of 0=α ，which makes the tube deforming as the 
shape of dumbbell. This mechanical behavior leads to the failure form of four plastic hinges. 
 
According to the formula for calculating the maximum bending stress  
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For the rectangular section, 
 

6

2LtW =                       (5) 

 
Putting Eq. 3 and Eq. 5 into Eq. 4 ,  
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When f=maxσ , the yield load of single tube under two-way symmetrical compression is shown in 
Eq. 7 
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Eq. 7 shows that the yield load of single circular tube under two-way symmetrical compression is 
related to 

t
D .  
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2.2  Ultimate Internal Forces of Honeycomb Circular Tubes under Compression 
 
Thin-walled circular tubes are arranged as a honeycomb structure. The general configurations are 
aligned configuration and staggered configuration (Figure 2) [8]. 

   

    
     (a) Aligned Configuration      (b) Staggered Configuration 

 
Figure 2. Honeycomb Structure 

 
2.2.1 Ultimate Internal Forces of Aligned Circular Tubes under Compression 
 
When the configuration is aligned configuration, the mechanical mode of one tube is shown in 
Figure 3 (a). Based on the symmetry, a quarter of the structure is extracted, which is a hyperstatic 
structure with two redundances (Figure 3 (b)). The basic structure is also a curved beam [8]. 

F

                 

F/2

 
 (a)Simplified Model    (b)Hyperstatic Structure with Two Redundances 

 
Figure 3. Internal Forces of Aligned Circular Tubes under Compression 

 
By the method of forces, calculate the section moment of the curved beam. And the maximum of 
section moment can be acquired when 0=α . 
 

FRM 15.0max =                     (8) 
 
Putting Eq. 5 and Eq. 8 into Eq. 4, the yield load of aligned circular tubes under compression is 
derived when f=maxσ . 
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2
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2.2.2 Ultimate Internal Forces of Staggered Circular Tubes under Compression 
 
When the configuration is staggered configuration, the mechanical mode of one tube is shown in 
Figure 4 (a). Based on the symmetry, a third of the structure is extracted, which is a hyperstatic 
structure with two redundances (Figure 4 (b)). The basic structure is also a curved beam [8]. 



                                  Bearing Capacity and Energy Absorption Characteristics of                             210 
Thin-walled Circular Steel Tube and Its Application in Retractable Roof Structures 

F

                  

¦ Á

F

 
(a)Simplified Model      (b) Hyperstatic Structure with Two Redundances 

 
Figure 4. Internal Forces of Staggered Tubes under Compression  

 
Based on Figure 4，the maximum moment of staggered circular tubes under compression is as 

follows when 
3
πα = .  

 
FRM 19.0max =                       (10) 

 
The yield load of staggered circular tubes under compression is shown as 
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3. STATIC COMPRESSION EXPERIMENT OF THIN-WALLED CIRCULAR 

STEEL TUBES  
 
3.1  Experimental Research 
 
Static compression experiments were conducted using the thin-walled circular steel tubes with 25 
sizes and 4 configurations. The bearing capacity and energy absorption characteristics for 
thin-walled circular steel tubes under static compression were studied. The whole absorbed energy 
was acquired by the internal of load-displacement curve. Because the mass of the circular steel tube 
affects the energy absorption characteristics. Specific energy absorption was calculated. After the 
experiment，bearing capacity and energy absorption characteristics of the circular steel tubes were 
carefully analyzed so as to obtain the optimal configuration and the size of the tubes. 
 
The experimental material was thin-walled circular stainless steel tube with 5 different diameters 
and 5 different thicknesses respectively. And L = 200mm. The main mechanical parameters were 
shown in Table 1. The load speed was 15mm/min. When the circular steel tube was flattened, 
load-displacement curve was recorded. The circular steel tube of each size was compressed three 
times. The average value was used as final experimental result. 
 
Because the tube size of 25x0.7 is usually used in the project, this circular steel tubes consist of the 
honeycomb structure. The circular steel tubes with 4 configurations were compressed, and the 
load-displacement curves were acquired. The configurations are shown in Figure 5. 
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(a) Aligned Configuration             (b) Staggered Configuration  

with Two Row                      with Two Row 

                   
(c) Aligned Configuration             (d) Staggered Configuration  

with Three Row                     with Three Row 
 

Figure 5. Configuration of Honeycomb Thin-walled Circular Steel Tubes 
 

3.2   Experimental Results and Analysis 
 
3.2.1  Static Compression Experiment of Single Circular Steel Tube 
 
The states of deformation of single circular steel tube are shown in Figure 6. According to the 
experimental results, different sizes of single circular tubes obtained similar load-displacement 
curves. At the beginning, the load-displacement curve is linear, and the time duration is short. As 
the load increases, the single circular steel tube begins to yield, and the yield point elongation is 
present. At this time, the displacement increases gently. This phrase is the major energy-consuming 
stage. In the course of compression, there are two sharp points, which are plastic hinges. The 
contact zone between compression surface and the circular steel tube and that between the bearing 
surface and the circular steel tube gradually expands. At the end, the load increases sharply, and the 
circular steel tube has the shape of dumbbell. Finally the contact zone completely expands, and the 
process of energy absorbing is completed. 
 

          
(a) Initial Stage                      (b) Final Stage 

 

Figure 6. Static Compression Experiment of Single Circular Steel Tube 
 
The load-displacement curve for 5 kinds of thin-walled circular steel tubes with the same thickness 
and different outer diameter selected for the experiments can be seen in Figure 7. When tube 
thickness keeps the same, the yield load decreases and the elongation in the yield point increases 
with the increment of the outer diameter. At the same time, five groups’ thin-walled circular steel 
tubes with the same outer diameter and different thickness are selected for thickness effect (Figure 
8). From the load-displacement curves, with the increment of the tube thickness, the yield load of 
single circular steel tube increases, but the length of the yield point elongation is the same. The total 
absorbing energy also increases.  
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Figure 7. Load-Displacement Curve           Figure 8. Load-Displacement Curve 

              (Same Thickness)                         (Same Outer Diameter) 
 
By internal calculating of the load-displacement curves, the absorbing energy curves of single 
circular steel tube can be seen in Figure 9. Specific energy absorption (SEA) is the absorbed energy 
of the unit-mass in the whole compression. From the curves, as the thickness of the circular steel 
tube with the same outer diameter increases, SEA increases and the increment trend of SEA tends 
to be slow. With the increment of the outer diameter, SEA of the tube with the same thickness 
decreases.  
 
When the length of the circular steel tube is a fixed value, SEA relates to tD / . From Figure 10, the 
relation between the absorbing energy of single circular steel tube and tD / is approximately 
modeled as a power exponent function when L is a fixed value. As the value of tD / increases, SEA 
decreases. When the value of tD /  ranges from 30 to 45, the absorbing energy of single circular 
steel tube is large, but the impact force is small. When the value of tD /  ranges from 20 to 30, the 
impact force of single circular steel tube is large, but the absorbing energy is small.  
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Figure 9. Curve of SEA with the Change of D and t 
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Figure 10. Curve of SEA and tD /  

 
3.2.2    Static Compression Experiment of Honeycomb Thin-walled Circular Steel Tubes 
 
According to the configuration shown in Figure 4, the tubes with the size of 25x0.7 were selected 
for the experiment. The load-displacement curve were written down. One tube’s bearing capacity of 
honeycomb thin-walled circular steel tubes is similarly equal to the whole bearing capacity divided 
by the number of the bottom tubes [8]. The compression course is shown in Figure 11, taking the 
two-row and aligned configuration for example. 
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  (a) Stage 1               (b) Stage 2              (c) Stage 3 

        
              (d) Stage 4               (e) Stage 5              (f) Stage 6 

 
Figure 11. Compression Course of Honeycomb Thin-walled Circular Steel Tubes 

(Two-row and Aligned Configuration) 
 
According to Figure 11, the circular steel tube yields by row. Considering the influence of the 
material nonuniformity and experiment condition, the yield tubes are not in the same row, but the 
number of the yield tubes is similarly equal to that of the tubes in the same row.  
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Figure 12. Load-displacement Curve of Honeycomb Thin-walled Circular Steel Tubes 
 
Load-displacement curves of honeycomb thin-walled circular steel tubes are shown in Figure 12. 
And the trend of four curves is similar. At the beginning, elastic deformation occurs and the 
load-displacement curve is linear. When the load increases, some circular tubes begin to yield and 
deformation increasingly extends. As the load continues to increase, inflexion in the curve occurs 
and the curve increases zigzagly. The reason is that there are large gaps among the tubes and less 
constraint of the tubes. The deformation increases into the gaps. Finally the circular tubes are 
flattened. The process of energy absorbing is completed. 
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4.  NUMERICAL SIMULATION OF STATIC COMPRESSION OF  
THIN-WALLED CIRCULAR STEEL TUBES AND RESULTS COMPARSION  

 
4.1    Numerical Simulation of Static Compression of  

Single Circular Steel Tube and Results Comparison 
  
The numerical simulation of the circular steel tube is made by the software ANSYS /LS-DYNA[14]. 
The model size is the same as the size in the experiment. The material of the steel plates is 
low-carbon steel. Its size is 240x100x10. Mechanical properties are shown in Table 2. 
 

Table 2. Mechanical Properties 

Material 
Elastic 

Modulus 
( GPa ) 

Yield 
Stress 
( MPa ) 

Tangent 
Modulus 
( GPa ) 

Poisson 
Ratio 

Density 
( 3kg/m ) 

Static 
Friction 

Coefficient 

Dynamic 
Friction 

Coefficient 

Stainless Steel 190 347 10 0.3 7850 0.15 0.1 

Low-carbon 
steel 210 / / 0.3 7850 / / 

 
In the numerical simulation, bilinear isotropic hardening material model is adopted for the circular 
stainless steel tube. The circular steel tube is simulated with SHELL163. The steel plate is 
simulated with SOLID164 and a rigid model. The contact between steel plate and circular steel tube 
is modeled as the automatic surface to surface contact. The contact between circular steel tubes is 
automatic single surface contact. The contact method is penalty method. This method is commonly 
used in analyzing the contact of shell element. In the contact analysis, the thickness change of the 
shell element is considered. The model is shown in Figure 13. 
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Figure 13. Numerical Analysis Model of Single Circular Steel Tube 

 
The load-displacement curve and absorbed energy of single circular steel tube is shown in Figure 
14, taking the circular tube with the size of 200x25x0.7 for example. The compression course can 
be divided into 3 phases: elastic phase, plastic phase, compaction and strength phase. At first, 
elastic deformation occurs. When the displacement is about 5mm, plastic yield phase begins and 
plastic level occurs. It is the main phase for absorbing energy. When the displacement is about 
15mm, it is compaction and strength phase and the load sharply increases. After this phase, the tube 
can not absorb energy. In the numerical analysis, the yield load is 2.33kN comparing with 2.51kN 
in theory. The absorbed energy in the whole compression in numerical analysis can be directly 
acquired from the analysis result. The result in numerical analysis tallies with the experiment result. 
When the displacement comes to about 15mm, the stain energy is 82.65J compared with 73.8J in 
the experiment. When the displacement does not exceed the half of the outer diameter, the 
absorbing energy increases linearly. 
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Figure 14. Load-displacement Curve of Static Compression of Single Circular Steel Tube 

 
After theoretical analysis, experiment research and numerical simulation, results comparison about 
the yield load, the whole absorbing energy and SEA are listed (Table 3).  Results of theoretical 
analysis, experiment research and numerical simulation agree well. It proves that it is suitable and 
reliable for the numerical simulation. 
 

Table 3. Results Comparison of Theoretical Analysis,  
Experiment Research and Numerical Simulation 

Size of  
the Tube

（LxDxt） 

Mass
（kg） 

Yield 
Load
（An.）
（kN） 

Yield 
Load
（Ex.）
（kN） 

Yield 
Load
（Nu.）
（kN） 

Whole 
Absorbing 

Energy
（Ex.）（J） 

SEA
（Ex.）
（J/kg) 

Whole 
Absorbing 

Energy
（Ex.）（J） 

SEA
（Ex.）
（J/kg) 

200x19x0.3 0.03  0.61  0.61  0.74 16.85  609.05  18.01  650.92  

200x19x0.5 0.05  1.69  1.43 1.78 31.06 680.79 37.22  815.85  

200x19x0.7 0.06  3.31  4.00  4.06 94.58  1497.07 107.00  1693.60 

200x19x0.9 0.08  5.47  6.43  7.19 178.67  2223.85 185.00  2302.65 

200x19x1.1 0.10  8.16  10.16  11.03 343.96  3541.92 349.00  3593.82 

200x25x0.5 0.06  1.28  1.26  1.38 50.35  833.43  58.10  961.65  

200x25x0.7 0.08  2.51  2.20  2.85 73.84  880.11  74.90  892.80  

200x25x0.9 0.11  4.15  4.89  6.08 180.46  1686.94 121.01  1131.20 

200x25x1.1 0.13  6.21  8.20  8.09 351.96  2714.42 316.01  2437.18 

200x25x1.4 0.16  10.05  11.33  13.10 498.67  3060.22 468.02  2872.11 

200x32x0.7 0.11  1.96  2.02  1.98 83.77  775.19  89.80  831.02  

200x32x0.8 0.12  2.56  2.47  3.13 134.72  1094.39 154.21  1252.69 

200x32x0.9 0.14  3.25  3.76 4.02 175.68 1272.63 186.25  1349.18 

200x32x1.1 0.17  4.85  6.06  6.01 296.59  1769.24 294.01  1753.83 

200x32x1.4 0.21  7.85  9.35  9.81 481.44  2278.62 462.31  2188.07 

200x38x0.7 0.13  1.65  1.50  1.53 93.30  724.52  104.12  808.55  

200x38x0.8 0.15  2.16  2.45  2.98 168.54  1148.28 179.03  1219.75 

200x38x0.9 0.16  2.73  4.09  3.51 296.71  1801.77 265.35  1611.31 

200x38x1.1 0.20  4.08  5.12  5.59 379.57  1896.03 408.45  2040.31 

200x38x1.4 0.25  6.61  7.20  8.63 550.83  2179.63 562.78  2226.93 

200x51x0.7 0.17  1.23  1.01  0.76 73.93  425.70  80.81  465.35  

200x51x0.9 0.22  2.04  2.67  2.48 140.29  630.86  158.12  711.02  

200x51x1.1 0.27  3.04  3.48  3.74 272.04  1004.88 279.52  1032.52 

200x51x1.4 0.34  4.93  5.06 6.08 353.87 1033.25 374.02  1092.10 

200x51x1.9 0.46  9.07  10.73  11.30 843.61  1833.51 863.79  1877.37 
 
(where An. refers to the results of theoretical analysis, Ex. refers to those of experiment research, Nu. refers to those of 
numerical simulation.) 
 



                                  Bearing Capacity and Energy Absorption Characteristics of                             216 
Thin-walled Circular Steel Tube and Its Application in Retractable Roof Structures 

4.2  Numerical Simulation for Static Compression of  
Honeycomb Thin-walled Circular Steel Tubes and Results Comparison  

 
The numerical simulation of circular steel tubes is made. The model size is the same as the size in 
the experiment. The model is shown in Figure 15, taking aligned configuration for example. 
 

 
Figure 15. Numerical Analysis Model of Honeycomb Thin-walled Circular Tubes 
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Figure 16. Load-displacement Curve of Honeycomb Thin-walled Circular Tubes 

(Aligned Configuration) 
 
The load-displacement curve of honeycomb thin-walled circular tubes with aligned configuration is 
shown in Figure 16. The results of experiment and numerical simulation agree well. At the 
beginning，elastic deformation occurs and the load-displacement curve is linear. As the load 
increases，some tubes begin to yield and the curve is subdued. When the load continues to increase, 
the curve rises up. However, the result of numerical simulation is slightly larger than that of 
experiment research. When the circular tubes are flattened, the honeycomb tubes can not absorb 
energy. 
 
From Table 4 and Table 5, the average bearing capacity of single thin-walled circular steel tubes is 
lower than the corresponding one that arranged in a honeycomb structure. This difference is caused 
by the constraint among the honeycomb circular tubes configurations. It will increase the bearing 
capacity of the thin-walled circular steel tube. In theory the thicker the configuration is, the more 
the bearing points have, the larger the bearing capacity is. The real bearing capacity of the two 
configurations, the value of the staggered configuration is larger than that of the aligned 
configuration. However the absorbed energy of the circular steel tube with aligned configuration is 
larger than that of the circular steel tube with staggered configuration. 
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Table 4. Results Comparison of Honeycomb Thin-walled Circular Steel Tubes 

Configuration 
Number 

of 
Tubes 

Yield Load（kN） Bearing Capacity（kN） 
Whole 
Tubes 
（Ex.） 

Whole 
Tubes

（Nu.） 

Single 
Tubes 

（An.） 

Single 
Tube 

（Ex.） 

Single 
Tube 

（Nu.） 

Whole 
Tubes 
（Ex.） 

Whole 
Tubes 

（Nu.） 

Single 
Tube 

（Ex.） 

Single 
Tube 

（Nu.） 
Single Tube 1 2.20 2.85 2.51 2.20 2.85 8.13 8.85 8.13 8.85 

Aligned 
Configuration 

with Tow 
Row 

16 29.18 28.71 1.53 1.82 1.79 80.49 104.15 10.06 13.02 

Staggered 
Configuration 

with Two 
Row 

15 30.14 25.80 1.57 2.01 1.72 71.93 121.20 10.28 15.15 

Aligned 
Configuration 

with Three 
Row 

24 44.65 45.80 1.53 1.86 1.91 100.01 130.01 12.50 16.25 

Staggered 
Configuration 

with Three 
Row 

23 44.27 39.10 1.57 1.92 1.70 99.20 116.50 14.17 16.64 

 
Table 5. Results Comparison of the Whole Absorbing Energy for  

Honeycomb Thin-walled Circular Steel Tubes 

Configuration 
Number 

of 
Tubes 

Whole Absorbing Energy（J）  
Whole 
Tubes 
（Ex.） 

Whole 
Tubes 

（Nu.） 

Single 
Tube 
(Ex.) 

Single 
Tube 

（Nu.） 
Single Circular Tube 1 73.84  74.90  73.84  74.90  

Aligned Configuration  
with Tow Row 16 1595.83  1541.00  99.70  96.31  

Staggered Configuration 
 with Two Row 15 1365.00  1290.12  91.00  86.01  

Aligned Configuration  
with Three Row 24 2513.30  1930.00  104.70  80.42  

Staggered Configuration 
 with Three Row 23 2405.30  1830.00  104.60  79.57  

 
 
5.   APPLICATION AND CONCLUSIONS  
 
The results in this paper may be useful in designing a steel retractable roof structure with respect to 
passive collision protection. Steel grid structures are applied in retractable roof structure, whose 
span is over 60m. Thin-walled circular steel tubes, as the energy absorption device, are welded in 
the lateral contact area in Figure 17. (Black bold lines stands for thin-walled circular steel tubes) 
Through the numerical analysis, the collision of the moving roofs are modeled. It shows that 
thin-walled circular steel tubes reduce the collision response of the moving roofs. When the 
collision of the moving roofs occurs, the absorbed energy of the tubes increases. And the moving 
roofs’ s initial impact force and bearing reaction decrease. Space lacks for a detailed description of 
it.  
 
Single thin-walled circular steel tube and honeycomb thin-walled circular steel tubes with 4 
configurations under static compression are conducted. Load-displacement curves are recorded and 
energy absorption is calculated. Then the numerical simulation verifies the experimental results. 
Based on the analytical results, the following conclusions can be drawn. 
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Figure 17. Retractable Roof Structures with Thin-walled Circular Steel Tube 

 
(1) The bearing capacity of single thin-walled circular steel tube is lower than that of one circular 

tube average value for honeycomb thin-walled circular steel tubes. 
(2) The circular steel tube yields by row. Considering the influence of the material nonuniformity 

and experiment condition, the yield tubes are not in the same row, but the number of the yield 
tubes is similarly equal to that of the tubes in the same row. 

(3) The configuration of staggered thin-walled circular steel tubes with value between 20 and 30 
exhibits good bearing capacity. The configuration of aligned thin-walled circular steel tubes of 
values between 30 and 45 exhibits good energy absorbing characteristic. 

(4) With respect to the bearing capacity and energy absorbing characteristic, the numerical 
simulation verifies the experimental results. 

(5) Steel grid structures are applied in retractable roof structure, whose span is over 60m. 
Thin-walled circular steel tubes can be welded in the lateral contact area. It is a technique of 
passive safety protection. It achieves the aim to avoid the collision accidents of movable roofs.  

 
 
Nomenclature 
 
F  static radical load which the circular steel tube bears 
R  radius of the tube 

)(αM  moment of hyperstatic curved beam,
2

0 πα ≤≤  

maxM  the maximum of section moment 
maxσ  the maximum of bending stress 

L  length of the tube 
t  thickness of the tube. 
D  outer diameter of the tube 

tD /  ratio of the outer diameter and thickness of the tube 
W  section modulus 
f  the yield stress of the circular steel tube 

yF  the yield load of the tube under compression 

EN  
the absorbed energy in the whole compression which can be calculated by 
integral of load-displacement curve， ∫=

l
FdsEN

0
 

s the displacement of the circular steel tubes in static radical compression 

Es specific energy absorption(SEA), 
m

ENEs =  

m  the mass of the circular steel tube 
E elastic modulus    
ρ  material density of the circular steel tube 
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