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Abstract

:

Due to the size limitations of shaking tables, dynamic scale models of large-span space structures for engineering have small cross-sections and thin wall thicknesses. It is difficult to use the structural steels commonly used in prototypes to make dynamic scale models. In this paper, 304 stainless steel is proposed for making the scale model, and the similarity relationship between the structural-steel prototype and the 304-stainless-steel dynamic scale model was studied. Firstly, a uniaxial test was conducted to study the elastic modulus similarity and the yielding stress similarity. The test results demonstrated that the elastic modulus similarity ratio was 1:1, and the stress similarity ratios of the 304 stainless steel and the three typical structural steels were 1:1 (Q235 steel), 1:1.5 (Q355 steel) and 1:1.8 (Q420 steel). Then, the similarities of other variables were derived using the dimensional analysis method. In the end, a numerical analysis was conducted to verify the similarity relationship between the structural-steel prototype and the 304-stainless-steel dynamic scale model. In the numerical analysis, a single-layer spherical reticulated shell structure and a dynamic scale model with a length similarity ratio of 1:20 were established by using the ABAQUS 2021 software, and the node displacement, the element internal force and natural vibration characteristics were analyzed. The results show that standard deviations of the displacements, the internal forces and the natural vibration frequencies between the prototype and the scale model were within 5%. It turns out that the proposed similarity between the structural-steel prototype and the 304-stainless-steel dynamic scale model was applicable in the elastic stage. The findings provide a reference for designing a dynamic scale model of large-span space structures for engineering by using 304 stainless steel.
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1. Introduction


In addition to various advantages, large-span spatial structures also have characteristics such as a frequency density, complex vibration modes, and significant spatial effects in terms of earthquake action [1]. The seismic response of large-span spatial structures is complex, and seismic damage events are often reported [2]. The shaking table test is an important means of seismic research [3,4,5,6]. The size of the shaking table is limited, but the span of the spatial structure is often large. A scale model for large-span spatial structures for dynamic studies has to be made. In addition, the similarity of the length for large-span spatial structures is very small. The similarity relationship between the prototype structure and the dynamic scale model is a key parameter of the shaking table test.



The shaking table test can be separated into a scientific-research-oriented test and an engineering-oriented test according to its purpose. The differences between the two in terms of the scale model design requirements and the limiting conditions are obvious.



In terms of scientific research, the shaking table test is used for validating the research results of engineering seismic theory. Ye et al. [7] conducted a shaking table test to study the strong earthquake collapse of single-layer spherical-shell structures. Three dynamic scale models with a geometric similarity ratio of 1/10 were designed. The three models were made of oxygen-blown steel pipes and welded hollow steel balls. However, significant residual deformation during the welding made the welding quality poor. Wang et al. [8] conducted a shaking table test to study the dynamic collapse mechanism of grid shell structures. They designed a dynamic scale model with a geometric similarity ratio of 1/10. The components were made of structural steel. Li et al. [9] conducted a shaking table test to study the seismic response of a single-layer cylindrical-lattice shell with friction pendulum isolation under multiple seismic inputs, and they designed a dynamic scale model with a geometric similarity ratio of 1/10. The model was made of structural steel.



For the shaking table test for scientific research, the geometric similarity of the dynamic scale model can be determined with a suitable value of about 1/10. Then, based on the geometric similarity relationship, the geometric dimensions and cross-sectional dimensions of the prototype structure can be inferred. With a suitable geometric similarity, the cross-sectional dimension of the scale model will be suitable, and the materials of the scale model and the prototype structure can be consistent. Overall, the design of dynamic scale models for scientific research has low complexity.



In terms of practical engineering, the purpose of the shaking table test is to verify the reliability of engineering structures under earthquake conditions. Zhang et al. [10,11] conducted a shaking table test on a 93-meter-span dome structure. A dynamic scale model with a geometric similarity ratio of 1/10 was manufactured, and structural steel was used for both the scale model and the prototype structure. It was found that it was difficult to obtain structural-steel pipes that met the similarity relationship. Zhang et al. [12] conducted a shaking table test on the large-span roof structure of the Beijing Daxing International Airport Terminal and designed a dynamic scale model with a geometric similarity ratio of 1/60. Since the geometric similarity was very small, yellow bronze was used for the dynamic scale model. It was also difficult to obtain yellow bronze pipes that met the similarity relationship. However, the elastic modulus and yield strength between the structural steel and the yellow bronze were different; it affected the accuracy of the shaking table test results.



Since the geometric dimensions, component cross-sections, and material categories of actual engineering structures cannot be changed, the geometric similarity ratio of dynamic scale models is constrained by the size of the shaking table. The small geometric dimensions and cross-sections bring various difficulties when making dynamic scale models. In an actual large-span spatial roof structure, there are dense components and various cross-sections. When a small geometric similarity ratio is used, the dense structural components, various small cross-sections and super-thin-walled members make it difficult to obtain small-cross-section thin-walled components that fully meet the similarity relationship using the same materials as the prototype structure. When it is necessary to design a dynamic scale model using alternative materials, the differences in the elastic modulus and yield strength between the alternative materials and the prototype materials make the similarity relationship more complex. Overall, the design of dynamic scale models for large-span spatial structures facing practical engineering has more limitations and greater difficulty.



Stainless steels have attracted extensive interest due to their distinguished mechanical properties [13]. It has been recognized that one of the most important microstructural properties that allows an optimum balance between strength and ductility in these steels is the presence of metastable austenite [14]. It was found that austenitic 304 stainless steel is commonly used to process small-cross-section, thin-walled, hollow pipes and solid rods. There are many types of standard section specifications available, and hot extrusion molding technology [15,16] can also be used to process non-standard hollow pipe sections. In summary, using austenitic 304 stainless steel to design dynamic scale model components for engineering-oriented large-span spatial structures makes it easy to obtain component sections that meet geometric similarity ratios. In addition, austenitic 304 stainless steel plates can be used for welding hollow ball joints or other commonly used solid joints. Gas-shielded welding can effectively achieve the high-quality welding of austenitic 304 stainless steel rods and nodes [17]. In summary, the difficulty in manufacturing austenitic 304-stainless-steel dynamic scale models with a small geometric similarity is not significant.



Hence, in this paper, austenitic 304 stainless steel is proposed for designing a dynamic scale model for engineering-oriented large-span spatial structures. The similarity between the 304-stainless-steel dynamic scale model and the structural-steel prototype structure was the key parameter for designing the dynamic scale model in this study. In this paper, a uniaxial tensile test was conducted to determine the elastic modulus similarity and the stress similarity between the 304 stainless steel and three typical structural steels. Then, the similarity of other variables was derived by the dimensional analysis method. Furthermore, taking a finite element model of a single-layer cylindrical reticulated shell as an example, the static similarity and the dynamic similarity of the dynamic scale model and the prototype structure were verified.




2. Materials and Methods


2.1. Experimental Methods


2.1.1. Design of Test Specimens


The test specimens were designed and produced according to the EN10002-5-1992 [18] and GB/T 228.1-2010 standards [19]. The original cross-sectional area of the parallel length,     S   0    , was taken as 4 mm, and the original width,     b   0    , of the parallel length of the plate specimen was taken as 20 mm. According to the specifications, the transition arc,   R  , of plates with a thickness greater than or equal to 3 mm should be more than 12 mm, and 20 mm was taken for the specimens in this study. The head width should be more than 1.2     b   0    , and in this experiment, the head width was taken as 60 mm.



The original gauge length,     L   0    , can be calculated using Equation (1), where   k     is the proportion coefficient.


    L   0   = k    S   0     



(1)







The proportion coefficient   k   is usually taken as 5.65, and the original length     L   0    , calculated from Equation (1), is 49.7 mm. In the experiment, it was taken as 50 mm. The parallel length,     L   c    , can be calculated from the original gauge distance,     L   0    , by Equation (2).


    L   c   ≥   L   0   + 1.5    S   0     



(2)







From the above, it can be calculated that the parallel length,     L   c    , is at least 63.4 mm, and in this experiment, 64 mm was taken. Taking into account all the dimensions, the total length,     L   t    , was 304 mm. The specific style and size are shown in Figure 1.




2.1.2. Loading of the Test Piece


Upon loading startup, the test machine was warmed up. The cross-sectional area of the test piece was measured at the parallel length. Gause was pasted onto the test piece. Then, the testing machine was set up, and zeroing of the machine was completed. In addition, the gripping of the test piece was restricted to the grip section. The speed of testing was defined in terms of     ν   c     that is the rate of the testing machine, and       e     L   c      ~    that is the straining rate of the parallel length of the test piece. The loading history was recorded by a computer, as shown in Figure 2. The rate of the machine,     ν   c    , was calculated by Equation (3).


    ν   c   =   L   c   ⋅     e     L   c      ~   



(3)







      e     L   c      ~    was taken as 0.00025     s   − 1    , and     ν   c     was calculated as 0.96 mm/min, taking 1 mm/min.




2.1.3. The Elastic Modulus and Yield Stress


When steel is subjected to tension, the initial elastic stage conforms to Hooke’s law, and its proportional coefficient is the elastic modulus. Therefore, the proportion coefficient is calculated within the linear deformation section of the steel stress–strain curve. During the manufacturing process, some minor defects on the test pieces may occur, such as internal stress, welding areas, surface finish, etc. These issues may have an impact on the test results. Due to various uncertain factors, the final curve is not perfect. Therefore, a linear segment interval was selected for the calculation. The elastic modulus of each specimen was calculated according to Equation (4), and the average elastic modulus of the specimen was calculated using Equation (5).


    E   i   =   (   σ   i   1   −   σ   i   0   )  /  (   ε   i   1   −   ε   i   0   )    



(4)






    E  ¯  =     ∑  i = 1   n      E   i      /  n    



(5)







In Equation (4), i represents the specimen number,     E   i     represents the elastic modulus of the ith specimen,     σ   i   1     represents the upper boundary value of the stress interval,     σ   i   0     represents the lower boundary value of the stress interval,     ε   i   1     represents the strain value corresponding to the upper boundary of the stress interval and     ε   i   0     represents the strain value corresponding to the lower boundary of the stress interval. In Equation (5),     E  ¯    represents the average elastic modulus,     E   1     represents the elastic modulus of the first specimen and   n   represents the total number of specimens.



In the nonlinear stage of a material, its stress and strain will no longer form a linear deformation relationship, that is, from the elastic stage to the nonlinear stage, the material exhibits a straight to curved stress–strain curve. The turning point from a straight-line segment to a curved-line segment on the stress–strain curve can be taken as the yield stress.





2.2. Similarity Relationship of the Main Physical Parameters


The length, the stress and the acceleration can be selected as the control constants for a similarity relationship. Except for some response values and a similarity relationship that can be directly determined by experimentation, other similar data can be determined using dimensional analysis or the quasi-dimensional method [20]. The mass density, concentrated force, moment and surface load similarity ratio of the prototype structure and the scale model can be derived.



The dimensionality is a type of physical quantity such as the time, mass, velocity, acceleration, etc., which are all specific physical quantities. Therefore, the type of each physical quantity is called the dimensionality. Dimensions are divided into basic dimensions and derived dimensions. Basic dimensions are the fundamental physical quantities among physical quantities. In physical quantities, dimensions are divided into two systems, including mass systems and force systems. The basic dimensions of a mass system are the mass, the length and the time. All other dimensions are derived dimensions expressed by the dimensions of these three physical quantities. Another system is the system of force. Its basic dimensions are the force, the length and the time. The basic principles of the mass system and the force systems are the same, and the mass system was used for the dimensional analysis in this paper.



The Mass Density Similarity Constant


In the mass system, the dimensions of length,   L  , stress,   σ  , and acceleration,   a  , are     L    ,     M   L   − 1     T   − 2      ,     L   T   − 2      , respectively, and their power exponents are listed in Table 1, Table 2, Table 3 and Table 4. The dimension of mass density   ρ   is     M   L   − 3      , the dimension of concentrated force is     M L   T   − 2      , the dimension of the bending moment is     M   L   2     T   − 2       and the dimension of the surface load is     M   L   − 1     T   − 2      . The corresponding power exponents are also listed in the following table and were linearly transformed until they were all zero. Therefore, the mass density similarity,     S   ρ    , the concentrated force similarity,     S   p    , the moment similarity,     S   m m    , and the surface force similarity,     S   q    , can be expressed as per Equation (6), Equation (7), Equation (8) and Equation (9), respectively. The similarity of other quantities can be calculated with the same theory.


    S   ρ   =   S   σ   ⋅   S   a   − 1   ⋅   S   L   − 1    



(6)






    S   p   =   S   σ   ⋅   S   L   2    



(7)






    S   m m   =   S   σ   ⋅   S   L   3    



(8)






    S   q   =   S   σ    



(9)







In Equations (6)–(9),     S   σ     represents the stress similarity,     S   a     represents the acceleration similarity and     S   L     represents the length similarity.






3. Results


3.1. The Elastic Modulus Similarity and the Yield Stress Similarity


Q235 steel is a plain carbon structural steel that is widely used in China. Q355 steel and Q420 steel are low-alloy, high-strength structural steels used in China. For Q235 steel, “Q” is the first letter of the Chinese spelling of “Qufu dian”, which means yield point. The number “235” refers to the minimum yield strength of 235 MPa tested with a steel bar diameter or plate thickness ≤ 16 mm. Q355 steel and Q420 steel have the same meaning as Q235 steel.



The test results of the elastic modulus are shown in Table 5. The average elastic modulus was used as the actual elastic modulus of the material. The average yield stresses for the Q235, Q355, Q420 and 304 stainless steel were 237 MPa, 347.43 MPa, 423.89 MPa and 238.92 MPa, respectively. Based on the elastic modulus and yield stress of the different steels, the similarities of the Q235, Q355 and Q420 to the property data of the stainless steel were calculated. According to the experimental results, the ratio of the yield stresses of the three typical structural steels to the yield stress of the 304 stainless steel were 0.99, 1.46 and 1.77, respectively. The ratios of the elastic modulus were 1.06, 0.96 and 1.04, respectively. For the convenience of engineering use, the elastic modulus similarities among the steels were taken as 1.0, and the yield stress similarities were taken as 1.0, 1.5 and 1.8, respectively.




3.2. Similarities of Other Main Physical Quantities


3.2.1. Similarity Relationship of the Main Physical Parameters of the Scaled Model


Following the test results as well as given the length similarity of 1:20 and the acceleration similarity of 1:1, the similarity relationship of other physical parameters could be calculated according to the dimensional analysis method. The similarity ratios of the mass, the length and the time were 1:1, 1:20 and 1:1, respectively. Compared with the static performance of structures, the difference in the structural dynamic performance is mainly caused by the inertial action of the structure itself. Therefore, the design of structural dynamic scale models should also carefully consider the similarity relationship between the physical quantities related to those used in practice. In summary, the similarity relationships of the main physical parameters of the three typical structural steels are listed in Table 6.




3.2.2. Additional Mass for Scaled Models


When using materials with the same mass density as the prototype structure, its volume will be reduced by the cubic ratio of the length similarity. Meanwhile, the cross-sectional area of the structure will be reduced by the square of this ratio. Therefore, the stress generated by self-weight in a dynamic scale model is smaller than the self-weight stress in a prototype structure. To maintain the consistency of the self-weight stress between a scale model and a prototype structure, it is necessary to use a material with a mass density that is several times larger than the prototype material.



The mass densities of the structural steels and the 304 stainless steel were the same. Due to the similarity ratio of the acceleration being taken as 1:1, the mass density of the scaled model did not meet the relationship in Table 6. Hence, additional mass was required to achieve the same self-weight stress between the scale model and the prototype. The calculation of the additional mass,     m   c    , was conducted as per Equation (10), in which m is the mass before compensation.


    m   c   =     S   ρ   ⋅ m   8000   −   m   8000    



(10)









3.3. Example


3.3.1. Model Design Parameters


A single-layer cylindrical reticulated shell was selected as the analysis model, as shown in Figure 3. The span and longitudinal length of the prototype structure were both 20 m, the shell height was taken as 10 m and the number of vertical and horizontal grid divisions was 10. The material was structural steel, and the cross-section was a uniform 180 mm × 10 mm circular steel pipe. The dynamic scale model was made of 304 stainless steel, and all the other dimensions were scaled to a length similarity of 1:20. The specific data are shown in Table 7.




3.3.2. Layout of Observation Nodes and Elements


Five nodes and five elements on the prototype structure and the scale model were taken as the observation nodes and elements, respectively. The nodes and elements are shown in Figure 4. By comparing the displacement, internal force, etc., of these nodes and elements, the feasibility of the similarity relationship of the scale model can be demonstrated. In Figure 4, A–E means the node number, and 1–5 means the element number.




3.3.3. Static Analysis Results


The static analysis of the prototype structures and the dynamic scale model was performed using the Midas Gen V2021 software. In addition to considering the weight of the steel structure itself, the distributed dead load of the prototype structure was taken as 0.6 kN/m2, and the distributed live load was taken as 0.5 kN/m2. The external loadings of the scale model were correspondingly reduced according to the similarity relationship shown in Table 6. In addition to applying the above loads, the scale model should also undergo additional mass Considering that an actual scaled model usually applies additional mass blocks at nodes, the finite element model should also apply additional mass in the form of nodal forces, and the magnitude of the nodal forces should be converted according to the additional mass. The load combination of the prototype structures and the scale model was taken as the standard combination, which was 1.0 dead load + 1.0 distributed dead load + 1.0 distributed live load + 1.0 additional node force.



In Table 8, Table 9, Table 10, Table 11 and Table 12, it is shown that after considering the similarity relationship, the displacement, axial force, bending moment standard deviations of the prototype structure and the scale model under static load could be controlled within 5%. In summary, the static behavior of the prototype structure and the scale model satisfied the similarity relationship.




3.3.4. Dynamic Analysis Results


The frequency and vibration mode shapes were compared. The frequencies corresponding to the first five modes of the prototype structure and the scale model are listed in Table 11. Since the mode shapes of the scale models corresponding to different steels were the same, the Q420 prototype structure and its corresponding scale model was selected as an example, and the first five mode shapes are displayed in Table 12.



From the comparison of the natural frequencies of the prototype structure and the scale model, it can be seen that the natural frequency deviation of the two could be controlled within 5% after considering the similarity relationship. Hence, the natural frequency of the two conformed to the similarity relationship. From the comparison of the first five modal modes of the prototype structure and the scale model, it can be seen that the vibration modes could maintain consistency during the vibration process, and the scaled model could reflect the dynamic characteristics of the prototype structure.






4. Discussion


This article provides a design method for a dynamic model of a large-span spatial structure with a small geometric similarity using 304 stainless steel. The similarity relationship between the 304 stainless steel and three typical structural steels, including Q235, Q355 and Q420, was studied. There are several limitations with this paper.



Firstly, the research in this article verified that the proposed similarity relationship was applicable to the elastic stage. The similarity in the inelastic stage requires further study. Secondly, only three typical structural steels were studied in this paper. Other structural steels require investigation. In addition, some references mentioned the use of bronze tubes to design engineering-oriented dynamic scale models, and further research is needed to determine the similarity relationship between bronze and structural steels.




5. Conclusions


Due to the size limitation of shaking tables, dynamic scale models of large-span-space structures for engineering have small cross-sections and super-thin-wall components. It is difficult to use structural steels in prototypes to make dynamic scale models. It was proposed in this paper to use 304 stainless steel to make a scale model, and the similarity relationship between the structural-steel prototype and the 304-stainless-steel dynamic scale model was studied.



A uniaxial tensile test was performed to determine the elastic modulus similarity and the yield stress similarity. The results of the uniaxial tensile test show that the elastic modulus similarity ratio was taken as 1:1, and the stress similarity ratios of the 304 stainless steel and the Q235, Q355 and Q420 steels were taken as 1:1, 1:1.5 and 1:1.8, respectively.



The similarity relationship of other main physical parameters was studied using the dimensional analysis method. The mass density, length and time were defined as the three basic physical parameters. The length similarity ratio, yield stress similarity ratio and acceleration similarity ratio were selected as the control constants of the similarity relationship.



For verifying the similarity, a single-layer spherical reticulated shell and a dynamic scale model with a length similarity ratio of 1:20 were established, and the static analysis and natural vibration characteristics were analyzed. The analysis results verified the similarity between the low-alloy, high-strength structural steel prototype and the 304 stainless steel dynamic scale model.



In future research, static loading experiments on prototype structures and scaled models will be conducted. The similarity between the two in terms of the structural stiffness and ultimate bearing capacity will be studied, and the differences in the failure characteristics between the two will be discussed to verify that the proposed similarity relationship is applicable in the inelastic stage.
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Figure 1. Dimensions of the test piece. 
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Figure 2. Testing and recording equipment. 
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Figure 3. Overall view of the single-layer cylindrical reticulated shell. 
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Figure 4. Locations of observation nodes and elements. 
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Table 1. Power exponents for calculating the mass density similarity constant.






Table 1. Power exponents for calculating the mass density similarity constant.





	
Basic Physical Quantity

	
Known Physical Quantities

	
Linear Transformation of Unknown Physical Quantities




	
    L    

	
    σ    

	
    a    

	
    ρ    

	
    ρ − σ + a + L    






	
     M     

	
0

	
1

	
0

	
1

	
0




	
     L     

	
1

	
−1

	
1

	
−3

	
0




	
     T     

	
0

	
−2

	
−2

	
0

	
0











 





Table 2. Power exponents for calculating the concentrated force similarity constant.






Table 2. Power exponents for calculating the concentrated force similarity constant.





	
Basic Physical Quantity

	
Known Physical Quantities

	
Linear Transformation of Unknown Physical Quantities




	
    L    

	
    σ    

	
    a    

	
    p    

	
    p − σ − a    






	
     M     

	
0

	
1

	
0

	
1

	
0




	
     L     

	
1

	
−1

	
1

	
1

	
0




	
     T     

	
0

	
−2

	
−2

	
−2

	
0











 





Table 3. Power exponents for calculating the moment similarity constant.






Table 3. Power exponents for calculating the moment similarity constant.





	
Basic Physical Quantity

	
Known Physical Quantities

	
Linear Transformation of Unknown Physical Quantities




	
    L    

	
    σ    

	
    a    

	
    m m    

	
    m m − σ − 3 L    






	
     M     

	
0

	
1

	
0

	
1

	
0




	
     L     

	
1

	
−1

	
1

	
2

	
0




	
     T     

	
0

	
−2

	
−2

	
−2

	
0











 





Table 4. Power exponents for calculating the surface load similarity constant.






Table 4. Power exponents for calculating the surface load similarity constant.





	
Basic Physical Quantity

	
Known Physical Quantities

	
Linear Transformation of Unknown Physical Quantities




	
    L    

	
    σ    

	
    a    

	
    q    

	
    q − σ    






	
     M     

	
0

	
1

	
0

	
1

	
0




	
     L     

	
1

	
−1

	
1

	
−1

	
0




	
     T     

	
0

	
−2

	
−2

	
2

	
0











 





Table 5. Elastic modulus of 304 stainless steel and three low-alloy, high-strength structural steels.






Table 5. Elastic modulus of 304 stainless steel and three low-alloy, high-strength structural steels.





	
Specimens

	
     σ   i   0      (MPa)

	
      ε   i   0      

	
     σ   i   1      (MPa)

	
      ε   i   1      

	
     E   i      (MPa)

	
     E  ¯     (MPa)






	
Q235-1

	
97.72

	
3.38 × 10−4

	
150.0

	
5.66 × 10−4

	
2.28 × 105

	
2.220 × 105




	
Q235-2

	
93.49

	
3.49 × 10−4

	
150.0

	
5.83 × 10−4

	
2.41 × 105




	
Q235-3

	
74.3

	
2.01 × 10−5

	
150.0

	
5.82 × 10−4

	
1.98 × 105




	
Q355-1

	
6.07

	
1.97 × 10−5

	
25.0

	
1.15 × 10−4

	
1.99 × 105

	
2.013 × 105




	
Q355-2

	
5.22

	
0.94 × 10−5

	
25.0

	
1.13 × 10−4

	
1.91 × 105




	
Q355-3

	
7.68

	
3.1 × 10−5

	
25.0

	
1.12 × 10−4

	
2.14 × 105




	
Q420-1

	
246.44

	
9.09 × 10−4

	
300.0

	
1.16 × 10−3

	
2.13 × 105

	
2.180 × 105




	
Q420-2

	
210.90

	
8.86 × 10−4

	
300.0

	
1.29 × 10−3

	
2.21 × 105




	
Q420-3

	
183.85

	
7.62 × 10−4

	
300.0

	
1.20 × 10−3

	
2.19 × 105




	
S304-1

	
11.07

	
2.91 × 10−5

	
50.0

	
2.02 × 10−4

	
2.24 × 105

	
2.090 × 105




	
S304-2

	
17.05

	
1.09 × 10−4

	
50.0

	
2.61 × 10−4

	
2.15 × 105




	
S304-3

	
1.49

	
1.61 × 10−6

	
50.0

	
2.13 × 10−4

	
2.29 × 105




	
S304-4

	
2.28

	
2.09 × 10−5

	
50.0

	
2.59 × 10−4

	
2.00 × 105




	
S304-5

	
3.03

	
2.58 × 10−5

	
50.0

	
2.62 × 10−4

	
1.98 × 105




	
S304-6

	
0.30

	
1.82 × 10−5

	
50.0

	
2.86 × 10−4

	
1.85 × 105











 





Table 6. Similarity relationship of main physical parameters.






Table 6. Similarity relationship of main physical parameters.





	
Physical Properties

	
Physical Parameters

	
Symbols of Similarity Constant

	
Similarity




	
Q235

	
Q355

	
Q420






	
Geometric parameters

	
Length

	
     S   L     

	
1:20

	
1:20

	
1:20




	
Area

	
     S   A     

	
1:400

	
1:400

	
1:400




	
Displacement

	
     S   Z     

	
1:20

	
1:30

	
1:36




	
Material properties

	
Elastic modulus

	
     S   E     

	
1:1

	
1:1

	
1:1




	
Stress

	
     S   σ     

	
1:1

	
1:1.5

	
1:1.8




	
Poisson’s ratio

	
     S   u     

	
1:1

	
1:1

	
1:1




	
Mass density

	
     S   ρ     

	
20

	
20:1.5

	
20:1.8




	
Loading parameters

	
Concentrated force

	
     S   p     

	
1:400

	
1:600

	
1:720




	
Moment

	
     S   m m     

	
1:8000

	
1:12000

	
1:14400




	
Surface loading

	
     S   q     

	
1:1

	
1:1.5

	
1:1.8




	
Dynamic properties

	
Period

	
     S   T     

	
   1 :  20    

	
   1 :  30    

	
   1 :  36    




	
Frequency

	
     S   f     

	
    20  : 1   

	
    30  : 1   

	
    36  : 1   




	
Acceleration

	
     S   a     

	
1:1

	
1:1

	
1:1











 





Table 7. Design parameters of the prototype structure and the scale model.






Table 7. Design parameters of the prototype structure and the scale model.





	Model Type
	Prototype Structure
	Scale Model





	Span (m)
	20
	1



	Longitudinal length (m)
	20
	1



	Shell height (m)
	10
	0.5



	Grid division number
	10
	10



	Cross-section dimension
	P 180 × 10
	P 9 × 0.5










 





Table 8. Displacements of prototype structure and corresponding scaled model.






Table 8. Displacements of prototype structure and corresponding scaled model.





	Node No.
	Prototype Structure (mm)
	Scale Model (mm)
	After Considering the Similarity Relationship (mm)
	Standard Deviation (%)





	A (Q235)
	33.074
	1.616
	32.32
	2.280



	B (Q235)
	29.521
	1.451
	29.02
	1.697



	C (Q235)
	27.175
	1.342
	26.84
	1.233



	D (Q235)
	19.428
	0.959
	19.18
	1.277



	E (Q235)
	4.163
	0.204
	4.08
	1.994



	A (Q355)
	33.074
	1.007
	32.31
	2.310



	B (Q355)
	29.521
	0.967
	29.01
	1.731



	C (Q355)
	27.175
	0.849
	26.82
	1.306



	D (Q355)
	19.428
	0.639
	19.17
	1.328



	E (Q355)
	4.163
	0.136
	4.08
	1.994



	A (Q420)
	33.074
	0.899
	32.04
	3.126



	B (Q420)
	29.521
	0.807
	29.05
	1.595



	C (Q420)
	27.175
	0.746
	26.86
	1.159



	D (Q420)
	19.428
	0.533
	19.19
	1.225



	E (Q420)
	4.163
	0.113
	4.07
	2.234







Note: The letters A, B, C, D and E are the node numbers shown in Figure 4.













 





Table 9. Axial forces of prototype structure and corresponding scale model.






Table 9. Axial forces of prototype structure and corresponding scale model.





	Elem. No.
	Prototype Structure (kN)
	Scale Model (kN)
	After Considering Similarity Relationship (kN)
	Standard Deviation (%)





	1 (Q235)
	5.4
	0.0137
	5.48
	1.481



	2 (Q235)
	9.0
	0.0233
	9.32
	3.556



	3 (Q235)
	13.1
	0.0328
	13.12
	0.153



	4 (Q235)
	12.8
	0.0323
	12.92
	0.937



	5 (Q235)
	14.3
	0.0358
	14.32
	0.140



	1 (Q355)
	5.4
	0.0091
	5.46
	1.111



	2 (Q355)
	9.0
	0.0155
	9.30
	3.333



	3 (Q355)
	13.1
	0.0218
	13.08
	0.153



	4 (Q355)
	12.8
	0.0215
	12.90
	0.781

