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The kind of mild steel, the Bauschinger effect because of 

strain reversal and strain ageing are indicated to affect 

significantly the tangent modulus of elasticity. Stub column 

specimens made from a material that has been pre-stretched 

in tension have a significantly lower tangent modulus of 

elasticity than those specimens made from as-received 

material; the reduction is caused by the Bauschinger effect 

and a resulting reduction in tangent modulus and yield 

strength. The reduction happens despite increases in 

material yield strength due to strain ageing after application 

of the tensile stretching. This paper has shown great 

reductions of tangent modulus of elasticity when specimens 

are made from material pre-stretched in tension compared 

with as-received specimens. Strain ageing has a great 

influence in minimizing the tangent modulus of elasticity 

reductions resulting from prior tensile prestretching. The 

initial tensile pre-strain of stress-relief-annealed specimens 

does not affect the tangent modulus of elasticity. No 

reduction was observed in the tangent modulus of elasticity 

of specimens prestrained in tension and stress-relief-

annealed. The FE analysis according to the ABAQUS code 

was applied to simulate the stress-strain curves. The 

numerical and the experimental curves were reasonably 

similar to each other. 
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1. Introduction  

Curved steel hollow section has the 

complementary qualities of aesthetic 

appearance and the sound structural 

efficiency evident by the streamlined profile 

and the possession of different major and 

minor geometric properties, respectively. 

Tubular components have recently been 

utilized as structural supports in a wide 

variety of structures, such as the glass facade 

supporting members in Terminal 4 of Barajas 

Airport in Madrid, the glass roof supporting 

components in International Finance Center 
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in Hong Kong, the society bridge in Braemar, 

the office building in an airside business park 

in Ireland and Honda central sculpture in 

Goodwood [1-6]. Moreover, they have been 

employed by the gas and oil industries for 

fluid transfer and well repair [7-10]. 

Nowadays, the main struggle that structural 

engineers are dealing with are not only 

limited to structural behavior but also closely 

pertained to the architectural perspective 

[11]. The use of steel hollow sections as 

structural components in civil engineering 

applications is gradually growing as a result 

of increasing awareness amongst architects 

and engineers about their availability, their 

addition to the tubular product standard EN 

10210 [12] and the release of industry design 

guidance [13], according to recent studies 

[14-23, 38]. As you know, during the 

production process of raw metal material to 

achieve some basic properties of material, the 

factory might change the thermal treatment, 

chemistry and mechanical process.  

Throughout the fabrication of metal 

components, the materials experienced some 

additional processes in comparison to those 

employed in the fabrication of the parent 

materials. These processes increase certain 

material properties, however, decrease other 

properties. For instance, the process of cold 

work increases the yield stress of steel 

although the annealing decreases the yield 

stress but increase the ductility of steel which 

was under the cold working process [24, 25]. 

In service, such steel components can be 

overloaded and then yielding, under quasi-

static loading. If stress reversal occurs thus 

the properties of material of the component 

might be altered; rarely these changes may be 

useful. Sometimes, material suppliers change 

the member properties by more cold work; 

For instance, the tensile strength is usually 

enhanced. It should be noted that engineers 

commonly believe that the tensile yielding 

strength is one of the most important 

properties of material. Under force reversal 

from tension into the compression force 

range, the properties of material of 

component may change noticeably, and 

allowance must be considered. Under 

dynamic cyclic force reversal, the material 

properties could change more significantly 

than that under static loading, and the 

structural behavior might be altered 

significantly. For both dynamic and static 

conditions, any changes in property of 

material is crucial and can affect the tangent 

modulus of elasticity, ET. The tangent 

modulus ET is related to the specimen 

ultimate load carrying capacity of calculation 

once repeated loading is conducted during 

inelastic range. In those conditions, the 

stress-strain diagram is recorded, despite the 

discontinuous curve for as-received and 

annealed mild steel [26]. The concept of 

tangent modulus thus affects considerably the 

buckling analysis under these conditions 

[27]. 

This study aims to examine the influence of 

various material properties on ET values of 

mild steel specimens. The specimens were 

cut from Electric Resistance Welded (ERW) 

tubes. The square tubes are fabricated using 

cold straightening the flat strip from coils. 

The flat strip moves through some devices 

called roll formers and their edges are 

welded. With more straightening in order to 

remove the distortion emanating from the 

process of welding, residual stress are 

generated as a result of inelastic deformation. 

Cold straightening procedure of the coil to 

form a square section result in the steel being 

strained into the inelastic range; strain ageing 

will occur depending on the temperature. 

With regard to the welding process, strain 

ageing occurs right after welding, as the 
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temperature of the steel increases 

dramatically. But, additional inelastic 

straining develops in the last step of 

straightening operation, and it results in more 

strain ageing. As the square tube lengths 

leave the mill, the strain ageing process may 

be complete. An increase in the yield point 

may result due to ageing, considering the 

mild steel type, offsetting the effects of the 

residual stresses. For example, in comparison 

to full-killed steel, semi-killed steel is more 

vulnerable to strain ageing [24, 25]. The 

residual stresses may be anticipated to reduce 

the tangent modulus, ET, as the member is 

under loading, however, the influences of 

strain ageing will offset this reduction to 

some extent. The test results studied herein 

are stub column compressive tests on the 

square tubes. The square tube was initially 

prestrained in tension after manufacture. The 

prestraining into the inelastic range was 

selected to be 0.81% or any other inelastic 

prestrain values. This raised the question as 

to whether prerstraining should be permitted 

or not, regardless of the amount of tensile 

plastic prestraining. The precision is required 

if the subsequent reduction in the tangent 

modulus in compression occurs after such 

prestraining. The tangent modulus of 

elasticity in compression has been affected, 

then by the following parameters: (1) strain 

reversal and the Bauschinger effect (2) 

amount of inelastic prestrain in tension and 

(3) strain ageing. Determine the modulus of 

elasticity using the compressive tests is not 

easy to obtain with a high accuracy, however 

compressive tests on stub columns give 

beneficial data and information about the 

influence of above-mentioned parameters in 

the inelastic range. The earlier study of strut 

compressive tests showed that the above-

mentioned parameters affect the performance 

of the struts. 

Afshan et al. [28] presented suitable models 

to predict the strength increase in cold-

formed structural members due to the 

manufacturing process. Gardner et al. [29] 

provided basic material properties strain-

stress curves for rectangular, square and 

circular hollow specimens stainless steel. 

They modified the Ramberg-Osgood method. 

They provided a relationship between cross-

sectional deformation and cross-sectional 

slenderness capacity. An experimental study 

of cold-formed and hot-rolled rectangular 

hollow sections was carried out and the 

results were compared to each other by 

Gardner et al. [30]. They showed that 

increases in ultimate and yield strength 

beyond those quoted in the respective mill 

certificate were observed in the corner 

regions of the cold-formed sections. These 

are because of the cold-working of the 

rectangular hollow sections during 

production. Hu et al. [31] determined the 

behaviour of thick-wall cold-rolled steel 

sections with rectangular and square hollow 

cross-sections. Cold forming process effects 

on material properties were studied. The 

average design strength determined using the 

average design yield stress of the full section 

was the same as the predicted based upon 

material properties that resulted from the 

normal flat coupon tests. Rossi and Degee 

[32] reported that the process of cold-forming 

enhanced the material properties of the steel 

by strain hardening and consequently 

increased the yield and ultimate strength 

compared to nominal material properties. 

Using the virgin sheet material properties, the 

mechanical properties of cold-formed 

stainless steel profiles were determined after 

the cold working process of fabrication by a 

new formula. Daboon et al. [33] studied an 

experimental study between unstiffened and 

stiffened stainless steel tubular stub columns 
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under compression. They resulted that the 

design relationships specified in ASCE and 

European standards overestimate the column 

strengths of rectangular and square hollow 

sections built by welding and cold-forming. 

Young and Lui [34] carried out tests on high 

strength cold-formed stainless steel members 

under compression. It has resulted that the 

predicted design strengths by the code of 

practice were conservative.  Xiao and Zhao 

[35] discussed the circular tube's capacity of 

very high strength under compressive load. 

The tensile yield strength, modulus of 

elasticity and ultimate tensile strength were 

determined. It was found that the local 

buckling limits in most design codes of 

practice are conservative when applied to 

Very High Strength tubed (VHS). Jandera 

and Machacek [26] studied the effect of 

residual stresses induced in stainless steel. 

The material property and behavior of 

members under compressive load are 

discussed. The cross-section of the member 

was a square hollow section as well. The 

effect of residual stress on the stress-strain 

curves regarding initial modulus of elasticity 

and non-linearity was discussed by 

comparison of stress-relief-annealed and as-

received materials. It was shown that the 

effect of residual stresses may increase load-

carrying capacity. In this paper, to study the 

material effect on tangent modulus of steel 

square hollow section, experiments of the 

thin-walled square hollow section stub 

columns fabricated by mild steel were carried 

out. Finite element analysis based on 

ABAQUS code was applied to study and 

predict the stress-strain curves of the stub 

column tests. 

2. Testing program 

The employed material was anticipated to be 

influenced by the strain ageing process, being 

rimmed steel. From this material a 63.5 mm 

width × 2.6 mm square hollow section tube 

was used for testing. Being in the as-received 

condition the ERW square hollow tube could 

be fully aged with respect to the plastic 

strains. The next plastic straining, included in 

the testing by tensile pre-strain (0.81%), 

would initiate further strain ageing. 

Specimens could be aged at ambient 

temperature, but in this research full ageing 

was accelerated by placing the specimens in 

an oven for 2 hours at 100 (
0
C) after 

prestraining. Tensile tests was conducted on 

as-received samples cut from the hollow steel 

tubes resulted in yielding stress (0.2% offset) 

equal to 332 MPa, and ultimate tensile 

strength of 381MPa. The value of ultimate 

stress divided by yield stress was 1.14. Thus, 

the strength increase as a result of strain 

hardening of steel was trivial. The length of 

test specimens were equal to 275 mm. The 

specimens were short enough to prevent any 

possibility of overall instability influencing 

results (length 3 times the diameter) [36]. The 

ends of the stub columns were carefully 

squared and ground before testing. One end 

of the stub column specimens was fixed and 

the other end was under compressive load by 

a displacement method. A stub column 

specimen was placed into a testing machine 

and the compressive load was directly 

applied to the stub column specimen. The 

strain rate was kept constant at 0.005 mm/sec 

for all the tests. A pair of linear variable 

displacement transducers (LVDT) was used 

to measure the axial shortening deformation 

between the two ends. Table 1 presents a 

summary of these test specimens. As 

indicated in Table 1, and in order to see the 

real behavior of each specimen, the number 

of three specimens manufactured for each 

case and all those specimens were subjected 

to their loading conditions. 
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Table 1. Specimen Treatments. 

Test Type and Spec. No. 

(C-compression, T-tension) 
State of Square Tube 

Heat 

Treatment 
Strain Ageing No. of Tests 

T (T1, T2, and T3) As-Received Nil Nil 3 

C1 (C11, C12, and C13) As-Received Nil Nil 3 

C2 (C21, C22, and C23) As-Received SRA
a
 Nil 3 

C3 (C31, C32, and C33) 0.81%
b
 SRA

a
 Nil 3 

C4 (C41, C42, and C43) 0.81%
b
 Nil Full

c
 3 

C5 (C51, C52, and C53) 0.81%
b
 Nil Nil 3 

a  SRA Stress-Relief-Annealed (30 minutes at 620 oC). 

b tensile prestrain value in percent before stated heat treatment. 

c two hours at 100 oC. 

2.1. Test Results 

In all tests of the stub columns a same 

testing machine was utilized in a 

displacement controlled condition. The 

loading rate of deformation was constant at 

0.005 mm/sec for the stub column tests 

(Fig.1.). Some references were necessary by 

which the different behavior of tested stub 

column, due to the various parameters and 

effects, can be examined. Therefore, tests on 

stress-relief annealed (SRA) and as-received 

square tube were carried out. The 

temperature of stress-relief-annealing for the 

specimens was 620 (
o
C) for 30 minutes. This 

process was used to relieve the residual 

stresses induced during the manufacturing 

process of square hollow section. Fig.2 

illustrates a typical test result on the as-

received square tube under tension and Fig.3 

indicates a test result on as-received square 

tube under compression. 

 
Fig. 1. Stub Column Test Setup. 
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Fig. 2. Tensile Stress-Strain Curve for As-Received Square Tube (T3). 

 
Fig. 3. Compressive Stress-Strain Curve for As-Received Square Tube (C11). 

The influence of stress-relief annealing (30 

minutes at 620˚C), resulted in the 

compressive test curves shown in Fig.4 for 

0.81% SRA (initially 0.81%prestrained in 

tension and then stress-relief-annealed) and 

as-received SRA. No effect can be seen on 

the stress-strain curves due to initial tensile 

prestrain for stress-relief-annealed 

specimens.  
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Fig. 4. Compressive Stress-Strain Curves for As-Received SRA and 0.81% SRA. 

 
Fig. 5. Compressive Stress-Strain Curves for As-Received, As-Received SRA and 0.81% SRA. 
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SRA curves (Fig.5.), the yield plateau of the 
SRA stub column tests was well defined, 
indicating that residual stresses of the square 
section existed. The process of stress-relief-
annealing reduced the yield stress of 

specimens, although the stub column 
specimens were free of residual stresses 
created during the manufacturing. Fig.6 
indicates the compressive test results on 
specimens subject to 0.81% of prestrain in 
tension with ageing together with no ageing 
treatment. Ageing treatment was 

0

50

100

150

200

250

300

350

400

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016

𝜎(𝑀P𝑎) 

𝜀 

0.81% Prestrained in Tension and Stress Relief Annealed 

0

50

100

150

200

250

300

350

400

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016

𝜎(𝑀P𝑎) 

𝜀 

As - Received Stress Relief Annealed (C21) 

0.81% Prestrained in Tension and Stress Relief Annealed (C31) 

As - Received (C11) 

As - Received Stress Relief Annealed 

 



8 S.M.R. Mortazavi et al./ Journal of Rehabilitation in Civil Engineering 11-2 (2023) 01-17 

accomplished by placing the specimens in an 
oven for two hours at 100

o
C after 

prestraining in tension by 0.81%. The 
influence of full ageing versus no ageing for 
a prestrain of 0.81% is obvious in Fig.6. The 
compressive stress-strain curves of 
specimens are illustrated in Fig.7 for as 
received specimen, 0.81% prestrained in 
tension without an ageing specimen and 
0.81% prestrained and fully aged specimen. 

It can be seen in Figs.6 and 7, the 
Bauschinger effect (the reduction of modulus 
of elasticity and yield stress) is more critical 
for specimens with no ageing treatment after 
prestraining in tension. It must be mentioned 
that in the testing program for each test 
category, there were three specimens which 
after investigating their results, had similar 
behavior observed. 

 
Fig. 6. Compressive Stress Strain Curves for 0.81% No Ageing and 0.81% Full Ageing.  

 
Fig. 7. Compressive Stress Strain Curves for As-Received, 0.81% No Ageing and 0.81% Full Ageing. 
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3. Numerical Model 

3.1. Finite element analysis 

The finite element program ABAQUS 

version 6.13 [37] was used in the present 

work to create a finite element model for 

specimens. The shell elements were four-

node shells with reduced integration (S4R) to 

model the stub column specimens. Mesh 

convergence studies were managed to 

optimize finite element mesh that provides 

relatively accurate results with low 

computational time. The Poisson’s ratio was 

taken 0.3 for steel.  

In the numerical models, one end of the 

specimens was fixed and the other end of the 

specimens were under compression load 

using a displacement method. To obtain the 

whole load-displacement curves with the 

descending parts, an incremental iteration 

method was used. A specimen was placed 

into a testing machine and the compressive 

load was applied to the specimen. In the 

finite element model, the load has been 

applied in ten steps that the top surface has 

been brought down 0.289575 mm in each 

level. The top and bottom surfaces of the stub 

column specimens have been fixed; namely, 

no degrees of freedom except for the vertical 

displacement at both ends. To simulate the 

stress-strain curves of the stub column 

specimens, both geometric and material non-

linearities were included in the numerical 

models. The stress-strain curves (material 

properties) were modelled by the multi-linear 

isotropic hardening model. Fig.8 shows the 

stress distribution of as-received stub column 

specimens under compressive load and the 

stress contour (Von Mises yield criteria) also 

illustrates the failure modes of the as-

received specimen through the finite element 

model. The deformed shape of the as-

received stub column under compressive load 

is presented in Fig.9. The comparison of the 

typical stress-strain curves between 

experimental results and finite element 

analysis on stub column specimens under 

compressive load are shown in Figs.10-14. 

The numerical results can accurately predict 

the experimental results. The comparison also 

indicated that the finite element model was 

reliable in the prediction of the stress-strain 

behavior of the stub column specimens and 

also showed its capability to simulate the 

behavior of the stress-strain curves of the 

stub columns with good accuracy. 
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Fig.8. Stress Contour of As-Received Specimen. 

 

 

 

Fig.9. Deformed Shape of As-Received Specimen. 
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Fig.10. Comparison Between Tested and FE Model Stress-Strain Curves for As-Received Square Tube. 

 

 

 
Fig.11. Comparison Between Tested and FE Model Stress-Strain Curves for 0.81% Prestrained in Tension 

and SRA Square Tube. 
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Fig.12. Comparison Between Tested and FE Model Stress-Strain Curves for As-Received SRA Square 

Tube. 

 

 

 
Fig.13. Comparison Between Tested and FE Model Stress-Strain Curves for 0.81% Prestrained in Tension 

and No Ageing Square Tube. 

 

0

50

100

150

200

250

300

350

400

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016

𝜎(𝑀P𝑎) 

𝜀 

Test Result 

Fintite Element Result 

0

50

100

150

200

250

300

350

400

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016

𝜎(𝑀P𝑎) 

𝜀 

Test Result 

Finite Element Result 



 S.M.R. Mortazavi et al./ Journal of Rehabilitation in Civil Engineering 11-2 (2023) 01-17 13 

 
Fig.14. Comparison Between Tested and FE Model Stress-Strain Curves for 0.81% Prestrained in Tension 

and Fully Aged Square Tube. 
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Fig.15. Modulus of Elasticity ET vs Stress σ, As-Received SRA and 0.81% SRA. 

 

Fig.16. Modulus of Elasticity ET vs Stress σ, As-Received, 0.81% No Ageing and 0.81% Fully Age. 
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5. Conclusions 

To compare the stress-strain curve of the as-

received stress-relief-annealed (SRA), 

0.81% prestrained in tension and SRA stub 

column specimens, the very well-defined 

yield plateau of the SRA stub column tests 

showed that the residual stresses existed 

during the manufacturing process of the 

square hollow section. The stress-relief-

annealing process reduced the yield stress 

of stub columns. From the results obtained 

from this study, it was revealed that no 

significant variation in stress-strain curves 

for stress-relief-annealed is observed due to 

initial plastic prestraining in tension. Also, 

the modulus of elasticity (ET) of the stress-

relief-annealed (SRA) curve is almost the 

same as the 0.81% pre-strain in tension and 

stress-relief-annealed curve (0.81% SRA). 

The as-received curve had the highest value 

for ET, whereas the 0.81% prestrained in 

tension with no ageing curve had the lowest 

value. The 0.81% prestrained curve is quite 

well below that for the as-received with no 

prestraining curve. This outcome shows that 

the Bauschinger influence is remarkable 

regarding initial plastic tensile prestraining. 

Ageing has a noticable effect on the tangent 

modulus of elasticity. The 0.81% 

prestrained in tension and a fully aged 

diagram is quite above that for the 0.81% 

prestrained in tension without an ageing 

curve in the same range of stress. Finite 

element analysis using the ABAQUS was 

carried out to predict the stress-strain curves 

of the stub column specimens. Regarding 

the results presented, it can be concluded 

that, for the rimmed steel, with low strain 

hardening: 

 

1. The initial plastic tensile prestraining 

reduces the value of tangent modulus of 

elasticity ET. 

2. The effect on strain ageing is completely 

notable; full ageing increases the values 

of ET, for a given value of plastic tensile 

pre-strain. 

3. Engineers must understand the 

significance of knowing the history of 

the prior strain of existing material, as 

some of the material suppliers conduct 

extra tensile straining to improve the 

yielding point in tension; Hence, the 

modulus in compression could reduce 

significantly. 

4. For ultimate load capacity computation 

of struts, allowance should be made 

because of the reduced values for ET 

under force reversal.  

5. The initial tensile pre-strain of stress-

relief- annealed square hollow section 

has no effect on the modulus of 

elasticity.  

6. By comparing the numerical results with 

the experimental results of the stub 

columns, it was found that the numerical 

model could predict the experimental 

stress-strain curves with high accuracy. 

7. Modulus of elasticity is a very important 

parameter to design steel columns. The 

reduction in the modulus of elasticity 

results reduction in the load capacity of 

compression members. Regarding the 

work presented in the paper, the modulus 

of elasticity depends on the type of 

materials that may be used (as-received, 

prestrained with no aging, prestrained 

then fully aged, stress-relief-annealed). 
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