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A B S T R A C T  A R T I C L E  H I S T O R Y 

 

In prefabricated support and hanger, the study of corner strength in cold-formed thin-walled steel (CFTWS) is crucial. 

Corners are prone to stress concentration, increasing local buckling and connection failure risks. This study analyzes the 

stress in the corner parts and derives the yield strength using the linear hardening model and the Von-Mises yield criterion. 

Based on the Prandtl-Reuss flow rule and strain superposition principle in plastic mechanics, a theoretical analysis of 

corner material hardening during the cold-bending process is conducted. Experiments and ABAQUS simulations are 

carried out to prove the effectiveness of the theoretical model. The findings reveal that the cold bending effect is relatively 

significant. The yield strength of the corner parts is about 79-86 MPa higher than that of the flat parts, which is equivalent 

to an increase of 23% to 25%. Due to the relatively low degree of anisotropy and smaller thickness measurement errors in 

thicker CFTWS, the theoretical formula has higher calculation accuracy for steel plates with greater thickness. In addition, 

in the same batch of steel produced by the same cold bending process, the yield strength of CFTWS slightly decreases 

with the increase of thickness. 
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1.  Introduction 

 

As prefabricated construction is advancing and popularizing swiftly on a 

global scale, the construction industry is undergoing a technological revolution 

aimed at improving construction efficiency, reducing costs, and minimizing 

environmental impact. The core advantage of prefabricated construction lies in 

its modular and factory-based production characteristics, which not only 

accelerate construction progress but also help achieve standardization of 

building quality and performance [1-4]. In prefabricated support and hanger, 

examining the corner strength of CFTWS is vital. Corners are susceptible to 

stress concentration, heightening the risk of local buckling and connection 

failures. Studying this aspect aids in comprehending stress distribution, thereby 

facilitating optimized structural design and augmenting load-bearing capacity 

and stability. 

Fig. 1 shows common prefabricated support and hanger used in subway 

and housing construction. CFTWS, with its ability to achieve complex 

cross-sectional shapes during processing, perfectly fits the customized needs of 

prefabricated support and suspension systems. The lightweight, high-strength, 

and good processing performance of this material make it an ideal choice for 

prefabricated support and hanger [5-7], meeting the modern construction 

requirements for rapid construction and high load-bearing capacity. However, 

to further enhance its performance in practical applications, in-depth research 

on the plastic strengthening of CFTWS is particularly necessary.

 

 

Fig. 1 CFTWS in prefabricated support and hanger 

 

While cold bending is taking place, the steel endures plastic deformation, 

which leads to changes in the material's crystal lattice structure, thereby 

requiring greater stress to continue plastic deformation under subsequent 

loading. This effect is referred to as strain hardening or plastic strengthening, 

which increases the material's yield strength. In CFTWS, research on plastic 

strengthening involves the material's yield criteria and plastic stress-strain 

relationships [8-10]. This paper aims to explore the research on plastic 

strengthening in this field, discussing it from three aspects: theoretical research, 

numerical simulation, and experimental research, to highlight its key role in 

static design and application. 

Up to now, some studies on plastic strengthening and residual stress 

during the cold bending of metals have mainly focused on carbon steel sections 

[11-13] and stainless steel sections [14-16], with some representative work 

among them. Wang et al. [17] studied the link between cold deformation and 

mechanical parameters of 316L austenitic stainless steel. Their work found that 

cold working somewhat raises the material's yield stress but doesn't 

significantly affect the reduction factor. Byun et al. [18] studied the true strain 

hardening and plastic instability characteristics of steel at different test 

temperatures. The strength decreased with increasing temperature in both 

annealed and cold-worked states, while plasticity reached a peak below room 

temperature. In high-temperature conditions, work-hardened samples failed via 

instantaneous necking once their yield stress surpassed the plastic instability 

stress. Ghosh et al. [19] explored how plastic deformation from cold rolling or 

surface processing affects the chloride - induced stress corrosion cracking 

susceptibility of 304L austenitic stainless steel at ambient temperature. Test 

materials underwent solution annealing, cold rolling, and surface processing to 

create varying material strain and stress levels. The results showed that cracks 

in the cold-worked samples propagated along slip lines and cracked earlier 

than the solution-annealed samples. Kim et al. [20] compared steel's 

deformation mechanisms and mechanical properties at different temperatures. 

The 293 K tensile curve showed a smooth elastic-plastic transition with 

continuous work hardening. In contrast, the 123 K curve exhibited yield point 

extension, strain softening, followed by sudden strain hardening and fracture. 

As early as 1997, Macdonald et al. [21] used standard hardness testing 
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methods to determine the local yield strength at the cold-formed corners. 

Compared with the design specification methods, using hardness measurement 

to estimate material strength achieved the main goal of collecting detailed 

mapping of the distribution of yield stress increases due to cold working. It 

was also pointed out that the yield values from hardness testing can be used to 

conservatively estimate the increase in yield stress of cold-formed sections. 

In the past decade or so, cold bending technology has increasingly gained 

attention due to its unique advantages, stimulating the research enthusiasm of 

many scholars who have turned their research focus to the field of CFTWS. 

With the popularization and maturation of cold bending processes, its potential 

for application in the fields of construction and engineering has gradually been 

explored, attracting in-depth academic exploration of its performance and 

applications. Ungureanu et al. [22] based on some of the latest surveys and 

collected literature data, took inventory and classified local plastic mechanisms, 

providing the ultimate load-bearing capacity of some of the most commonly 

used cold-bent steel structure sections. Yao et al. [23] developed a 

finite-element-based method to predict residual stress and equivalent strain 

distribution in cold-bent steel hollow profiles. This method effectively 

simulates these distributions, which are hard to measure in labs. Later, 

simplified models for residual stress and equivalent strain in cold-bent steel 

elliptical hollow sections were proposed [24]. These models aid in defining 

component initial states for nonlinear finite element analysis, helping future 

research assess cold-working effects on component behavior. Luo et al. [25] 

examined how material strength, plate thickness, sampling position, and 

heating temperature affect the post - fire mechanical properties of CFTWS. 

Their study found that exposure to 800°C could reduce yield strength by 40%. 

However, cold-worked strain hardening can still increase yield strength by 

20%. Kim et al. [26] investigated the mechanical properties of cold-bent and 

heat-treated pipe elbows by conducting tensile tests on simulated samples. The 

study found that despite heat treatment to eliminate residual stress, the strength 

of cold-worked material is higher than that of the parent material, while 

plasticity is lower. The increase in strength and the decrease in plasticity are 

proportional to the strain level applied during the cold working process. 

Korsun et al. [27] noted the mechanical properties' non - uniform section - 

wide distribution in the profile, as hardening in the bending corners and 

adjacent areas boosts metal strength. Analysis of thin steel plate samples with 

and without hardening effects showed that the maximum stress in 

non-hardened samples was more than 30% higher than that in hardened 

samples, and the maximum displacement in the hardened state was more than 

triple. Gao et al. [28] performed finite-element parametric analyses using 

manually calculated residual stress and plastic strain, probing cold bending's 

impact on steel columns' response. Compared to cases ignoring cold-bending 

effects, models with isotropic hardening raise the apparent yield stress and 

column load-bearing capacity.  

However, most existing studies on CFTWS focus on the overall 

performance and processing of the material. These studies lack an in-depth 

analysis of the plastic strengthening characteristics of the corners, which limits 

the full utilization of the potential of CFTWS in prefabricated support and 

hanger. The corners, as key areas for connection and load-bearing in support 

and hanger, are crucial for improving the stability and load-bearing capacity. 

Research on the plastic strengthening of CFTWS for prefabricated support and 

hanger is of significant theoretical and practical importance in the field of 

statics. This will not only provide theoretical support for the design of 

prefabricated support and hanger but also promote the performance 

optimization and innovative design of CFTWS in a wider range of engineering 

applications, thus providing new perspectives and solutions for the application 

of CFTWS in the field of prefabricated construction. 

The layout of this paper is presented as follows: Section 2 provides a 

theoretical analysis of cold bending process, focusing on the elastoplastic 

constitutive relationship. In Section 3, we conduct an examination of the stress 

distribution at the corners of CFTWS sections and develop a formula for 

calculating the yield strength at these corners using the Von-Mises yield 

criterion. Section 4 conducts tensile tests on two types of CFTWS, including 

the corner parts and flat plate parts, comparing the experimentally measured 

yield strength with theoretical values. Section 5 combines the constitutive 

relationships obtained from the experiments with ABAQUS software for 

analysis, comparing the obtained failure modes with the experiments. Finally, 

some conclusions are summarized in Section 6. 

 

2.  Theoretical analysis of cold bending process 

 

Forming thin-walled steel sections via cold bending mainly involves 

elastic-plastic deformation of the steel plates. As a numerical computational 

method for analyzing the elastic and plastic deformations of materials under 

external forces, the elastoplastic finite element method serves as a theoretical 

tool for analyzing the cold bending forming process. Unlike elastic 

deformation, the plastic deformation during the cold bending process is 

irreversible, and the superposition principle no longer applies. In the plastic 

development zone, when the stress exceeds the yield limit, irreversible changes 

begin to occur within the material's microstructure, complicating the 

stress-strain relationship, which no longer conforms to Hooke's law. During 

plastic deformation, the stress-strain relationship of the material depends not 

only on the current stress and strain states but is also significantly influenced 

by the loading history. This means that even at the same stress level, different 

loading paths and histories can lead to different strain responses. 

According to plasticity theory, the stress-strain tensor can be split into 

spherical and deviatoric parts. The spherical tensor represents the average 

effect of the stress tensor, that is, the hydrostatic pressure, which is related to 

volume changes in the material and does not cause shape changes. Yield 

criteria are usually defined based on the deviatoric tensor to determine whether 

the material has entered the plastic state. 

For isotropic materials, the internal structure is uniform and identical in all 

directions. Therefore, the yield behavior of such materials is not affected by the 

orientation of the coordinate axes; that is, no matter the direction of the stress, 

as long as the stress magnitude and combination are the same, the material's 

response will be the same. In this case, the yield function of the material can be 

represented by three principal stresses（σ1 ≥ σ2  ≥ σ3）, as the principal stresses 

represent the maximum, intermediate, and minimum stresses in three 

orthogonal directions. Thus, the yield function 

 

1 2 3( , , ) 0f    =                                               (1) 

 

As shown in Fig. 2, since the yield curve under the Von-Mises condition is 

the circumcircle of the Tresca hexagon, the yield function can be derived as 

follows 

 

( ) ( ) ( )
2 2 2 2

1 2 2 3 3 1

1
+ + =

2
k      − − −

 
                         (2) 

 

Where, k is a constant associated with the base material. It can be determined 

through a simple tension test, as the yield criterion is applicable to various 

stress states. During simple tension, we have 

 

s  k =                                                        (3) 

 

Where, σs represents the yield stress of the base material. 

 

 

Fig. 2 The connection between Von-Mises criterion and Tresca criterion 

 

According to the calculation formula for stress intensity, it has the 

following relationship with the octahedral shear stress: 

 

oct

3 2
 =

2
 

                                                  

(4) 

 

Where, τoct represents the octahedral shear stress, and its calculation formula is: 
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1
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3
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According to the Von-Mises condition [29], when the stress intensity 

reaches a certain value, the material begins to enter the plastic state. 

 

 = k                                                        (6) 

 

Combining Eqs. (3) and (6), we can obtain 

 

s =  
                                                      (7) 

 

The Von-Mises yield criterion indicates that when the equivalent stress 

equals the tensile yield limit, the material starts to plastically deform. Between 

the elastic and plastic zones of the material, as well as between the loading and 

unloading zones, there exists a transition zone (neutral zone). Within this zone, 

the material exhibits both elastic and plastic characteristics. To ensure the 

continuity of stress and strain in the neutral zone, the plastic relationship 

should automatically revert to the elastic relationship within the neutral zone. 

Incremental theory can guarantee this continuity, but total theory cannot. 

However, under conditions of small deformations and simple loading, the two 

theories are consistent, meaning that the total relationship can be derived from 

the incremental relationship. For cold bending forming, there is a neutral zone 

that needs to ensure its continuity, and since nonlinear finite elements mainly 

use plastic incremental theory, it is reasonable to use incremental theory in the 

cold bending forming process. 

According to the Prandtl-Reuss flow rule, 

 

pd d ,  d 0ij ijS  = 

 
                                           (8) 

 

Where, dλ represents the proportionality factor, which is related to the position 

of the material point and the level of load, hence the equation above is a 

nonlinear relationship.

pd ij
denotes the increment of plastic strain, and

ijS

represents the deviatoric stress tensor, satisfying 

 

f=ij

ij

p
S






                                                     (9) 

 

Where, pf represents the loading function, and σij represents the stress 

components. 

According to the principle of superposition of strains, the total strain 

increment during the cold bending forming process is composed of the elastic 

strain increment and the plastic strain increment, that is: 

 

e pd  = d + dij ij ij  

                                             
 

(10) 

 

In elastoplastic deformation, the stress increment caused by the elastic 

strain increment obeys Hooke's law and can be expressed as 

 
ed de e

ij ijD =

                        
                         

(11) 
 

Where, De represents the elastic modulus matrix. 

Stress and strain satisfy the following expression: 

 

epd dij ijD =
                                                

(12) 

 

Where, Dep represents the elastoplastic matrix. And the following relationship 

holds: 

 

ep e p=D D D−                             
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(15) 

Where, Ω is a coefficient matrix related to plastic behavior, and K is a 

parameter associated with material hardening. 

 

3.  Corner yield stress 

 

To simplify the model and facilitate theoretical analysis, the following 

basic assumptions are introduced: 

(1) Plane strain assumption [30], meaning that the strain component 

perpendicular to the analysis plane is zero. 

(2) Linear hardening assumption [31], meaning that the post-yield 

behavior of the material is considered linear, i.e., after the yield point, the 

material's stress increases proportionally with strain until the ultimate strength 

is reached. 

(3) Incompressibility assumption [32] in plastic deformation. 

(4) Ignoring residual stress [33], time-dependent effects [34], and 

Bauschinger effects [35]. 

(5) The elastic strain is much smaller compared to the plastic strain and 

can be neglected. 

 

 

Fig. 3 Stress-strain curves of various parts of CFTWS sections 

 

CFTWS sections are divided into two parts: the corner part and the flat 

plate part, as shown in Fig. 3.  

Cold bending causes plastic deformation, leading to work hardening and 

higher material yield strength [36]. If shear stress is neglected [37-39], the 

stress analysis problem can be considered as an axisymmetric problem, as 

shown in Fig. 4.  

 

 

Fig. 4 Axisymmetric bending of the corner section 

 

In Fig. 4, a represents the distance from the inner surface of the cylinder to 

the center, b represents the distance from the outer surface of the cylinder to 

the center, r is the displacement in the radial direction, and θ is the tangential 

displacement. 

According to the Von-Mises criterion, the yield stress at each point in the 

corner is equal to the effective stress. Since shear stress in multiaxial stress 

states increases material deformation, thereby increasing effective stress, 

neglecting shear stress underestimates the actual stress state that the material 

withstands. Therefore, the calculated effective stress will be less than the actual 
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value, making the theoretical analysis conservative. 

 

θ r θ z z r

θ θ θ

- - -
= = =1

2

     

                                         (16)
 

 

Where, σθ,σr,σz represent the strains along the circumferential, radial, and 

axial axes, respectively, εθ is the strain in the circumferential direction. μ is the 

material's strength parameter, and the following equation is also valid.  

 

3
=

2
 

                                                   
 (17)

 

 

Where,   and  represent the effective stress and effective strain, respectively, 

and the following two relations hold true [40] 

 

2 2 2 2 2 2
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Substituting Eq. (16) into Eq. (18) yields: 
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In pure bending, there is no shear stress on the cross-section, and the plane 

section assumption can be used [41]. For any point on the corner part of the 

section, let the distance to the neutral axis be r, and r0 be the radius of 

curvature of the length-unchanged surface. Since strain is proportional to 

distance, this relationship can be described by the following function: 

 

θ

0r r e


=
                                                    (20)

 

 

Taking the element of the corner part for force analysis, the stress 

components in the cylindrical coordinate system are depicted in Fig. 5. 

 

 

Fig. 5 Stress analysis of the corner element 

 

From the equilibrium differential equation of the element, we get: 

 

r θr
-

+ =0
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
                                              

(21)
 

 

Assuming that the pressure q is acting in the radial direction on the inner 

surface. According to the force boundary conditions: 

 

r

0,  
=

 - ,  

r b

q r a

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

=                                    
(22)

 

Taking the limit of uniform strain as 

 

10 5=2 -                                        (23)
 

 

Where, δ10 and δ5 represent the elongation ratios for gauge lengths of 10 times 

and 5 times the diameter, respectively. 

Although some studies focus on advanced analysis methods to delve into 

the nonlinear behavior of structures under complex loading conditions [42-44]. 

The linear hardening model is a theoretical model that describes the 

stress-strain relationship of a material during plastic deformation. In this model, 

the expression can be written as 

 

b s
0 s 0

(1 )
= +  =

ln(1 )

 
    

+  −

+ 
，

                                  
(24)

 

 

Where, σb is the tensile strength of the base metal flat section, which is the 

maximum stress that the material can withstand in a tensile experiment. α0 is 

the slope of the linear hardening model. 

The material in the corner section can be assessed for its yield strength 

under bending conditions using the Von-Mises yield criterion. The yield stress 

in the elastic region near the neutral surface does not increase due to bending. 

The yield stress distribution in the corner section is shown in Fig. 6. 

 

Fig. 6 Distribution of yield stress in the corner section 

 

The yield strength of the corner section of CFTWS is 
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Considering the continuity of the radial stress at r=r0, we have: 

 

0r ab=                                   (26)
 

 

When the thickness t0=0 of the elastic zone in Fig. 6 under bending, 

integrating Eq. (25) by parts yields: 

 

b s
c s

(1 )
= +

2 3 ln(1 )

t

a t
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 

+  −


+ + 
                       

(27)
 

 

4.  Experimental verification 

 

To assess the yield strength and tensile strength of CFTWS in the corner 

sections, this section conducted tensile tests on two types of CFTWS 

(41.3mm×41mm×2.0mm and 41.3mm×72mm×2.75mm), including the corner 

sections and flat plate sections. The corner and flat plate specimens were 

extracted from the steel profile by milling. Sampling was done according to the 

"Metallic materials-Method of test at room temperature" (GB/T228-2002) [45].  

All specimens were made from the same batch of Q345B grade hot-rolled 

steel plates that were cold-bent, and the double-limb combined specimens were 

made by combining single-limb specimens, so only the single-limb specimens 

were sampled. In the prefabricated support and hanger, the top view plan of the 

common perforated and non-perforated specimens are shown in Fig. 7. 

Specimens are sampled from CFTWS profiles without holes. Sampling 

positions were at the right-angle and flat plate sections, with the sampling 

positions and specimen numbers shown in Fig. 8. For specimens with gauge 

widths of 7.5mm, 10mm, and 15mm, wire cutting was used for processing as 
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shown in Fig. 9, three specimens were taken for testing at each position. 
 

 
(a) The top view plan of perforated components (mm) 

 

(b) The top view plan of a poreless component (mm) 

Fig. 7 The geometric dimensions of the single-limb specimen 

 

 

(a) 41.3mm×41mm×2.0mm                 (b) 41.3mm×72mm×2.75mm 

Fig. 8 Sampling positions and numbers for specimens of different cross-sections 

 

 
(a) 7.5 mm gauge length width 

 

(b) 10 mm gauge length width 
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(c) 15 mm gauge length width 

Fig. 9 Processing dimensions of different tensile specimens 

 

In Fig. 9, a0 is the original thickness, l0 is the original gauge length 

( 0 0=5.56l S ), S0 is the original cross-sectional area of the parallel length.  

Before the start of the experiment, dots are marked on the prepared 

specimen at intervals of 10mm. They will serve as references for measuring the 

length after fracture. Material property tests were conducted using a 30t 

microcomputer-controlled electro-hydraulic servo universal testing machine, 

some representative specimens used in the experiment are shown in Fig. 10.  

 

 

Fig. 10 Specimens taken from different positions 

 

The tensile deformation of the specimen was measured using an 

extensometer with a gauge length of 50mm to determine the elastic modulus, 

as shown in Fig. 11. Further insights into the functional mechanisms of 

extensometers are available in reference [46].  

 

 

Fig. 11 Using an extensometer to measure tensile deformation 

 

Before material yielding, the loading speed was set at 1.0 mm/min to 

observe the material's elastic behavior and stress-strain relationship. After 

material yielding, the loading speed was appropriately increased to 2mm/min 

to observe the material's plastic flow and hardening behavior. The increase in 

loading speed was controlled within a range that does not cause dynamic 

effects (such as vibration or impact), as these effects could affect the accuracy 

of the experimental results. As shown in Fig. 12, after the specimen is broken, 

the length of the fully deformed region is measured using a vernier caliper to 

calculate the elongation of the specimen. 

 

 
Fig. 12 Measurement of steel elongation 

 

The dimensions a and b are measured using a radius gauge, and the 

average of a and b-t is calculated as the thickness a value of the specimen. 

Since the tensile yield strength of the steel profile is essentially equal to its 

compressive yield strength, if the verification formula is applicable to the 

tensile yield strength, then the formula is also applicable to the compressive 

yield strength. The parameters of the CFTWS are shown in Table 1. After three 

measurements, the data are averaged if all are valid. The comparison of the 

corner yield strength is shown in Table 2. 

 

Table 1  

Parameters of the CFTWS 

Thickness Parameter Symbol Value 

 

2.0mm 

The strain at a gauge length that is 5 times the 

diameter 
δ5 39.1% 

The strain at a gauge length that is 10 times the 

diameter 
δ10 32.6% 

The yield strength of the flat plate σs 348MPa 

 

2.75mm 

The strain at a gauge length that is 5 times the 

diameter 
δ5 36.2% 

The strain at a gauge length that is 10 times the 

diameter 
δ10 30.4% 

The yield strength of the flat plate σs 345MPa 

 

Table 2 

Comparison of theoretical and experimental yield strengths at the corner 

Thickness a/t Experimental value Eq.(27) Relative error 

2.0mm 1.81 448.0MPa 433.9MPa 3.25% 

2.75mm 1.65 428.2MPa 423.6MPa 1.10% 

 

Table 2 shows that the theoretical analysis aligns well with the 

experiments. The yield strength measured using specimens of two different 

thicknesses has an error range of less than 5%. Moreover, the theoretical 

calculation results obtained are slightly smaller than the experimental results, 

which is more conservative. Applying the theoretical formulas from this study 

in practical engineering can ensure a certain safety margin. 

It can be seen that the cold bending effect has a significant impact on the 

steel. The yield strength of the corner part is about 79-86 MPa higher than that 
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of the flat part. For the CFTWS used in the prefabricated support and hanger, 

the yield strength of the corner part can be increased by 23% to 25% compared 

to the flat part, which has good utilization value. The theoretical formulas have 

higher precision when the steel plate thickness is larger. On one hand, the 

degree of anisotropy of thick steel plates is relatively low [47], which can 

better meet the assumptions in the theoretical formulas, thereby making the 

theoretical calculation results closer to the experimental values. On the other 

hand, the error in measuring the value of for thick steel plates is smaller, which 

in turn improves the accuracy of the calculation results. 

In addition, it can be observed that in the same batch of steel produced by 

the same cold bending process, the yield strength of CFTWS sections slightly 

decreases with the increase of thickness, and thinner steel plates exhibit higher 

yield strength. This is because when the steel plate thickness is thinner, the 

degree of deformation the material undergoes during the cold bending process 

is greater, making it more prone to work hardening, which significantly 

increases the yield strength. When thin steel plates are bent, the stress 

distribution on their cross-section is more concentrated, and the deformation 

per unit area is greater, leading to more dislocations moving and accumulating 

in the crystal lattice, hindering further plastic deformation, and thereby 

significantly enhancing the material's strength. 

 
5.  Numerical simulation 

 

Taking the tensile specimen corresponding to position 2-1 as an example, 

the geometric model shown in Fig. 9 (a) is established using the ABAQUS 

software. In the "Property" module, the material properties of Q345 CFTWS 

are defined, including the elastic modulus (210 GPa), Poisson's ratio (0.3), etc. 

The plastic parameters are inputted based on the curve shown in Fig. 13, which 

is obtained from the experiment.  

In the "Mesh" module, the solid element type is selected to mesh the 

model, and the approximate global size is set to 0.5. This size is chosen based 

on experience from similar simulations. It's fine enough to capture key 

structural behavior details without excessive computational cost. The 0.5mm 

mesh balances computational efficiency and result accuracy. No significant 

changes in key response variables are observed with further refinement, 

indicating satisfactory convergence for this study. After the meshing of the 

specimen is completed, it is shown in Fig. 14. The hexahedral mesh quality is 

good, with regular element shapes, no obvious distortion, and the Jacobian 

value is close to 1.  

In the "Step" module, the options "Large deformation" and "Nonlinear 

geometry" are selected to simulate the yielding behavior of the material. In the 

"Interaction" module, two reference points are established at the centroid 

positions of the cross-sections at both ends of the specimen, and the sections 

are coupled with the reference points through the coupling command. In the 

"Load" module's "Boundary Condition Manager" tab, a fixed constraint is 

applied to one end of the specimen to simulate the fixture's clamping. A 

displacement is applied to the reference point at the other end to simulate the 

stretching process in the tensile experiment, until the specimen fails and the 

process stops. The job is submitted in the Job module, and after the calculation 

is completed, the stress distribution and the development of the plastic zone of 

the specimen are viewed. 

 

Fig. 13 The stress-strain curve of the steel at position 2-1 

 

Fig. 14 The meshing of the specimen 

 

 

Fig. 15 Comparison between ABAQUS simulation and experiment at position 2-1 
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The numerical simulation in Fig. 15 shows the stress data during corner 

material failure aligns with Fig. 13, especially for maximum tensile stress, 

indirectly proving the theory's feasibility. Additionally, the failure state of the 

specimen obtained through ABAQUS calculation is basically consistent with 

the experimental failure state. The high degree of coincidence between the two 

validates the correctness and effectiveness of the research findings in this 

study.  

In line with the previous research approach, position 2.75-1 was selected 

for validation. The comparison results are shown in Fig. 16. After changing the 

thickness of the CFTWS, the failure mode experiments and ABAQUS 

simulations still show high consistency. This addition further validates the 

accuracy of the theoretical model across different locations, demonstrating the 

robustness of this study.

 

 

Fig. 16 Comparison between ABAQUS simulation and experiment at position 2.75-1 

 

6.  Conclusions 

 

This paper derives the yield strength calculation formula for the corner 

parts of CFTWS used in prefabricated support and hanger by employing a 

linear strengthening model. The stress analysis is conducted and the 

corresponding mechanical model is established based on the idea that the yield 

stress at each point of the corner part is equal to the effective stress at that 

point during the cold forming process. The validity of the theory is verified by 

experimental data and finite element results. The key findings are as follows: 

(1) The theoretical formula in this study has a clear physical meaning and 

good calculation accuracy. Compared with the experimental results, the 

calculation error of the yield strength for the corner parts is within 5%. 

(2) The CFTWS is significantly affected by the cold forming effect. The 

yield strength of the corner parts is about 23% to 25% higher than that of the 

flat parts, which has good utilization value. 

(3) Due to the influence of theoretical assumptions and actual thickness 

measurement, the theoretical formula of this study has higher calculation 

accuracy when the steel plate thickness is larger. 

(4) Under the same conditions, the yield strength of thin steel plates is 

more sensitive to the cold forming process. Because the deformation per unit 

area is greater during bending, more dislocations move and accumulate in the 

lattice, making it easier for the yield strength to increase. 

The next step of the research will employ the power-law strengthening 

model to study the yield strength of the cross-section, taking into account the 

influence of initial imperfections. A yield strength modification coefficient 

considering the cold forming strengthening effect will be proposed, and it is 

suggested that relevant content be added to the specifications to expand the 

scope of application of the theory. 
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