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ABSTRACT 

Standard tensile tests are commonly used to determine mechanical properties of metallic materials, 

such as yield strength ad tensile strength as well as ductility. In general, these standard tensile tests 

are able to provide basic mechanical properties of steel materials, commonly referred as engineering 

stress-strain curves. These curves are considered to be effective for linear elastic and post yielding 

deformations up to mobilization of tensile strengths, and they are widely adopted in structural design 

and analysis of steel structures. However, for detailed investigations into structural behaviour of steel 

structures in large deformations beyond onset of necking, cross-sectional changes in the steel 

materials often become very large. Hence, an improved stress-strain curve, commonly known as a 

true stress-strain curve, with proper adjustment according to large longitudinal deformations should 

be adopted in advanced finite element models. 

In order to develop full range true stress-strain curves of various steel materials for large 

deformations, a research project is conducted to perform an integrated experimental and numerical 

study. Standard tensile tests on two S275 steel coupons and two S690 steel coupons are carried out, 

and advanced optical measurements using a digital imaging correlation technique are adopted to 

measure deformation fields of these coupons with a high precision during the entire deformation 

ranges. After data analyses using three different transformation rules, namely, i) Power Law Method, 

ii) Linear Law Method, and iii) Instantaneous Area Method, three different true stress-strain curves

for each of S275 and S690 steel materials are derived. These curves are then incorporated into 

advanced finite element models to simulate large deformations of these steel coupons observed in the 

tensile tests. Improvements to the true stress-strain curves derived from Instantaneous Area Method 

are made through successive corrections according to measured and predicted deformation 

characteristics of the steel coupons.  Consequently, the proposed true stress-strain curves determined 

with Instantaneous Area Method are shown to be highly acceptable for numerical analyses of steel 

structures undergoing large plastic deformations up to fracture.  Expressions of the proposed full 

range true stress-strain curves for S275 and S690 steel materials are also provided. 

https://dx.doi.org/10.1016/j.engstruct.2019.04.057 This is the Pre-Published Version.
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1. INTRODUCTION 

In general, high strength S690 steel materials are manufactured with the process of quenching and 

tempering (Q&T) so that their microstructures are very different to those of S275 and S355 steel 

materials in achieving increased strengths at an expense of ductility. Hence, the stress-strain curves 

of the S690 steel materials are quite different from those of the S275 and the S355 steel materials. 

Tensile tests are commonly used to determine mechanical properties of metallic materials, such as 

yield strengths, tensile strengths and ductility. In order to allow for effective comparison on test 

results, specific details of the standard tensile tests have been formulated, and these include i) shapes 

and sizes of steel coupons, ii) straining rates, iii) methods of measurements, and iv) data analysis, etc.  

Both ASTM E8/E8M-13 [1] and EN ISO 6892-1 [2] provide full descriptions on testing methods and 

procedures in conducting tensile tests on metallic materials under ambient temperature, and they are 

able to determine basic mechanical properties of steel materials, commonly referred as engineering 

stress-strain (e - e) curves.  

 

Owing to different delivery conditions, steel materials are found to have different engineering stress-

strain (e - e) curves [5] (Willms 2009). As shown in Figure 1, the following three models have been 

widely adopted for numerical modelling of steel structures [6, 7] (Dasilva and Coelho 2001, Shi et al 

2012): 

i) an elastro-perfectly plastic model;  

ii) an elastro-plastic bi-linear model; and  

iii) an elastro-plastic tri-linear model.  

 

In general, these simplified models are good for numerical simulation of steel structures undergoing 

deformations up to a strain at about 5%. However, for detailed investigations into structural behaviour 

of steel structures undergoing large deformations beyond on-set of necking, cross-sectional changes 

in the steel materials often become very large. Hence, an improved stress-strain curve, commonly 

known as a true stress-strain (t - t) curve, with proper adjustment for occurrence of necking, should 

be adopted in advanced finite element modelling of steel structures undergoing large deformations. 
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1.1. Prediction of true stress-strain curves 

Accurate true stress-strain (t - t) curves are essential for effective numerical investigations into 

structural behaviour of steel structures undergoing large deformations, typically found in structures 

under extreme loadings, structural members exhibiting inelastic behaviour and significant strain 

hardening at joints, and modelling of bolted connections. Over the past twenty years, many 

researchers in material mechanics and structural engineering developed various empirical 

transformation methods to derive the true stress-strain curves based on measured engineering stress-

strain curves. Currently, the true stress-strain curves of the steel materials are determined using either 

analytical methods or semi-empirical methods [8, 9] as there is a lack of accurately measured data of 

true stresses and strains of the steel coupons during standard tensile tests. The most widely adopted 

transformation method to give a true stress-strain (t - t) curve from an engineering stress-strain (e 

- e) curve is shown as follows:  

 Model TSS: Integration method 

This is an analytical method [10] (Bridgeman 1952) derived from integrating strains of a 

deformed steel coupon, and it is assumed that the volume of the steel material remains constant 

throughout the entire deformation history. The corresponding true stress-strain curve is given 

by: 

  t  =  ln ( 1 + e )           (1)  

  t  =  e ( 1 + e )           (2)  

 where 

  e  is the engineering strain,  

  t  is the true strain, 

  e  is the engineering stress, and 

  t  is the true stress. 

 

This method is widely adopted because of its simplicity, and measurements on the original 

geometry as well as both the applied force and the tensile strains of the steel coupon are readily 

achieved. It should be noted that formulation of this method assumes a uniform deformation 

throughout the gauge length of the steel coupon. Hence, this method is readily applicable to 

predict deformations in the steel coupon up to on-set of necking, i.e. occurrence of highly 

localized deformations within the gauge length of the steel coupon, leading to mobilization of 

the tensile strength of the steel material. 

 



PAprC18 

4 

 

In order to extend the stress-strain curves to cover deformations after onset of necking of the steel 

material, the following two widely adopted transformation methods are described:  

 Model TSS-1: Power law method 

This method [10, 11] (Bridgman, 1952; Zhang and Li, 1994) adopts a high order empirical 

expression to define true stress, t , in term of engineering strain, e , after onset of necking of 

the steel material. It may be considered as an extension to Model TSS Integration method [10] 

as follows: 

  t  =  K t
N           (3) 

where  

  N  is equal to the true strain, t,u , corresponding to the tensile strength,  

  K  =  t,u /  

  t,u  is the true strain at the onset of necking, and 

  t,u  is the true tensile strength. 

 Model TSS-2: Linear law method 

This method [8, 10] adopts the following empirical correction expression: 

  t  =    a + b t           (4) 

where  

  a  =  t,u (1 -t,u), and  

  b  =   t,u   

Both Equations (3) and (4) are considered as extrapolation methods used to predict the true stress-

strain curve beyond onset of necking, i.e. after mobilization of the tensile strength of the steel material.  

It should be noted that application of the proposed stress-strain curves in structural analyses of steel 

members or sections up to fracture is allowed though accuracy is somehow uncertain because of a 

lack of test data. 

1.2. Objectives and scope of work 

In order to promote effective use of high strength S690 steel materials in construction, a 

comprehensive research programme into structural performance of high strength S690 steel sections 

was undertaken by the authors since 2011. Extensive experimental and numerical investigations into 

structural behaviour of high strength S690 welded H-sections and I-sections were conducted, and 

supplementary design rules in accordance with EN 1993-1-1 were developed for a) section 

classifications, b) both stocky and slender columns under i) compression, and ii) combined 

compression and bending, and c) both partially restrained and unrestrained beams undergoing lateral 

torsional buckling. Large deformations in these high strength S690 steel materials were often 

encountered. 
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This paper presents an integrated experimental and numerical investigation to formulate full range 

true stress-strain (t - t) curves of both S275 and S690 steel materials.  The investigation consists 

of the following tasks: 

a) To conduct standard tensile tests on coupons of both the steel materials with rectangular cross-

sections, and precision measurements are made to obtain instantaneous dimensions of the steel 

coupons during testing. 

 

b) To derive true stress-strain (t - t) curves for both the steel materials through the use of various 

transformation methods. 

 

c) To establish advanced finite element models to simulate standard tensile tests, and to predict 

load-extension (N - )p curves of those tests conducted in item a) above. 

 

d) To modify true stress-strain (t - t) curves for both the steel materials based on high precision 

measurements in order to improve accuracy of the predicted load-extension (N - ) curves of 

those tests conducted in item a) above. 

 

A total of four standard tensile tests were carried out, and deformation fields over the gauge lengths 

were measured continuously with the use of a digital imaging correlation technique during the entire 

deformation history. Advanced finite element models with material and geometrical non-linearity 

using various true stress-strain curves were established and calibrated carefully against test results. 

The areas of interest in this investigation include:  

 deformation characteristics of the steel coupons beyond onset of necking, but up to fracture; 

 instantaneous dimensions at the critical cross-section with a minimum cross-sectional area; and 

 non-uniform stress and strain distributions across critical cross-sections of the steel coupons. 

 

It should be noted that through this integrated experimental and numerical investigation, a mechanism 

to derive corrected true stress-strain curves based on measured instantaneous dimensions for accurate 

prediction of both the S275 and the S690 steel materials at large deformations up to fracture is 

achieved. 

 

2. EXPERIMENTAL INVESTIGATION 

A total of four standard tensile tests were carried out according to BS EN ISO 6892-1 (2009) [2] to 

determine basic mechanical properties of the S275 and the S690 steel materials, and Table 1 

summarizes details of the test programme. Figure 2 illustrates typical geometry of the steel coupons, 

and it should be noted that coupons with a rectangular cross-section of 10 x 6 mm are adopted in all 

these four tests. Typical test setup is shown in Figure 3. In addition to the use of a pair of strain gauges 
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in each steel coupon, an optical precision measurement system using the digital imaging correlation 

technique is also employed to measure strain fields within the gauge lengths of the steel coupons 

throughout the entire deformation history. It should be noted that strain gauges of Model YFLA5 and 

adhesive of Model CN-Y of Tokyo Sokki Kenkyujo are adopted, and this allows reliable and accurate 

measurements of strains up to 20% to be made. Moreover, forces are carefully applied through a 

displacement control to the coupons so that the straining rates are sufficiently small to avoid any 

dynamic effect. 

 

2.1 Test results 

All these four standard tensile tests have been conducted successfully, and Figure 4 plots all the load-

extension (N - ) curves of the four tests onto the same graph for direct comparison. It is evident that 

for each steel material, the two load-extension (N - ) curves agree with each other very well 

throughout their entire deformation history. Table 2 summarizes key results of the standard tensile 

tests, and hence, the basic mechanical properties of both the S275 and the S690 steel materials. The 

corresponding engineering stress-strain (e - e) curves of the S275 and the S690 steel coupons based 

on the deformations within the overall gauge lengths are presented in Figure 5.  It should be noted 

that these curves are determined with the following: 

i) strain gauges up to engineering strains at about 20% and 8% for the S275 and the S690 steel 

materials respectively, and 

ii) the digital imaging correlation technique up to fracture at engineering strains of about 45% and 

14% for the S275 and the S690 steel materials respectively. 

In general, the values of engineering strains measured with the strain gauges are found to follow 

closely to those measured with the digital imaging correlation technique. 

 

2.2 Instantaneous deformations and dimensions of the steel coupons 

Deformations and measured strain fields recorded using the digital imaging correlation technique at 

specific deformation stages of the standard tensile tests during the entire deformation history are 

illustrated in Figures 6 and 7 for the S275 and the S690 steel materials respectively. It is apparent that 

the strain fields at low stresses are fairly uniform along the gauge lengths of the steel coupons. 

However, once necking occurs, highly localized surface strains occur in the close vicinity of the cross-

section undergoing necking, i.e. the critical cross-section with a minimum cross-sectional area. It 
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should be noted that the maximum true strains t at the critical cross-sections are found to be 147% 

and 89% in the S275 and the S690 steel coupons respectively.  

Based on the measured instantaneous dimensions of the critical cross-sections of the S275 and the 

S690 steel coupons, their instantaneous cross-sectional areas, Ai, under the corresponding engineering 

strain, e, are plotted in Figure 8a). In order to compare this necking phenomena of the two steel 

coupons, two parameters are introduced as follows: 

 Normalized ratio of instantaneous area, 𝜑𝐴𝑖 = 
𝐴𝑖

𝐴0
⁄ ;        

 Normalized ratio of engineering strain, 𝜑𝜀 = 
𝜀𝑖
𝜀𝑢⁄          

where 𝐴𝑖 is the instantaneous cross-sectional area; 

  𝐴0 is the initial cross-sectional area; 

  𝜀𝑖 is the instantaneous engineering strain; 

  𝜀𝑢 is the engineering strain corresponding to the point of tensile strength. 

Figure 8b plots variations of the normalized ratio of instantaneous area, 𝜑𝐴𝑖, against the normalized 

ratio of engineering strain 𝜑𝜀. It should be noted that 𝜑𝐴𝑖 is equal to 1.0 at the initial state at which 

𝜑𝜀 is equal to zero. When 𝜑𝜀 is equal to 1.0, the normalized instantaneous areas, 𝜑𝐴𝑖 are reduced 

to 0.92 and 0.80 for the S275 and the S690 steel materials respectively. It is interesting to note 

that fracture takes place when the value of 𝜑𝜀 reachs about 2.2 while the corresponding value of 

𝜑𝐴𝑖 is close to 0.4 for both steel materials. Typical failure modes of these steel coupons after fracture 

are shown in Figure 9, and all the steel coupons are found to fail in tension with fracture initiated 

from their cores, and then with significant shearing in the surrounding materials.   

 

2.3 Measured and predicted true stress-strain curves 

Owing to the use of the digital imaging correlation technique, instantaneous dimensions of the critical 

cross-sections of the steel coupons are continuously measured throughout the entire deformation 

history. Hence, it is considered to be appropriate to propose a new transformation method, namely, 

Model TSS-3: Instantaneous area method, which is able to provide a full-range true stress-strain (t 

- t)m curve based on measured instantaneous dimensions of the steel coupons.  Hence, the 

transformation method is given as follows: 

 Model TSS-3: Instantaneous area method 

Based on the assumption of constant volume in the steel coupons under large deformations, 

both the true stress, t , and the true strain, t , after on-set of necking, are given as follows: 
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  t  =  ln ( Ao / Ai )              (7)  

  t  =  Ni / Ai             (8)  

 where  

  Ao  is the original cross-sectional area ; 

  Ai  is the measured instantaneous cross-sectional area ; 

  Ni  is the applied force corresponding to Ai ; 

   is a correction factor due to a non-uniform strain distribution within the cross  

  section of the steel coupon ; and 

   is a correction factor due to a non-uniform stress distribution within the cross  

  section of the steel coupon. 

 

It should be noted that the values of both and  may be taken as 1.0 initially, and they will be 

refined after comparison with measured data through iterations. Refer to Section 3.4 for further details 

of these two correction factors. 

 

Through the use of the instantaneous dimensions of the steel coupons, the measured true stress-strain 

(t - t)m curves of the S275 and the S690 steel materials together with those predicted true stress-

strain (t - t)p curves derived with the transformation methods of Models TSS-1, TSS-2 and TSS-3 

are plotted onto the same graph in Figure 10 for direct comparison. It is shown that  

 for the S275 steel materials, the predicted true stress-strain (t - t)p curves derived from Models 

TSS-2 and TSS-3 are very close to the measured true stress-strain (t - t)m curve, when compared 

with that derived from Model TSS-1; 

 However, the predicted true stress-strain (t - t)p curves derived from Models TSS-1 and TSS-3 

for the S690 steel materials are close to the measured true stress-strain (t - t)m curve, when 

compared with derived from Model TSS-2. 

Therefore, it is shown that only the transformation method of Model TSS-3 for true stress-strain (t 

- t)p curves are likely to be able to provide good results, when compared with the measured true 

stress-strain (t - t)m curves for both the S275 and the S690 steel materials. Improvements to the 

transformation method of Model TSS-3 will be presented in the following sections. 

 

3. NUMERICAL INVESTIGATION 

In order to simulate load-extension (N - δ) curves of the S275 and the S690 steel coupons in the 

standard tensile tests, advanced finite element models using ABAQUS 6.13 (2013) [12] with material 

and geometrical non-linearity have been established. An eight-noded solid element with reduced 

integration, namely, a continuum element C3D8R, is adopted, and typical mesh of the finite element 
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models is shown in Figure 11.  Local mesh refinement is provided at the mid-lengths of the finite 

element models in order to improve numerical accuracy of the models as these elements will be 

extensively sketched with significant lateral contraction after necking.  

 

3.1 Modelling damage 

In order to simulate fracture failure in the models at large deformations, a damage model is introduced 

into the material model of these elements in which a damage type of “Ductile fracture of metals” is 

adopted for simulation of a tensile fracture failure which incorporates a mechanism of void nucleation, 

coalescence, and growth. Hence, the following components of the material model are defined as 

shown in Figure 12: 

i) Damage initiation: Point P 

ii) Complete degradation: Point Q 

iii) Damage evolution: Path PQ 

iv) Degradation of elasticity 

It should be noted that a post damage initiation material behaviour should be defined in a “Damage 

Evolution” module, which describes the rate of degradation of the Young’s modulus of the steel 

materials after damage initiation.  The expression for a damaged stress, 𝜎𝑑 , is based on the 

following scalar damage approach: 

    𝜎𝑑 = (1 − 𝐷) 𝜎̅          (9) 

where 𝐷  is a damage variable ranging from 0 to 1; and 

  𝜎 is the stress without any damage in the steel material. 

Moreover, a linear softening approach is adopted for damage evolution modelling using an effective 

plastic strain, 𝜀𝑡,𝑓1 − 𝜀𝑡,𝑓, at 0.02. A graphical presentation of this damage evolution modelling is 

shown in Figure 12. 

 

3.2 Convergence study 

It is essential to demonstrate numerical convergence of the finite element models, and hence, a total 

of three meshes with different element sizes are established, namely Meshes M1, M2 and M3. The 

programme of convergence study is summarized in Table 3. Material and geometrical non-linear 

analyses of all these models have been completed successfully while the key results are presented in 

Table 3 for easy comparison. It is shown in Figure 13 that these three finite element models with 

different meshes are able to predict the load-extension (N - δ)p curves of the steel coupon satisfactorily, 

and Mesh M2 is able to achieve a high numerical accuracy with an optimal computing time.  Hence, 
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Mesh M2 is adopted for subsequent numerical analyses. The deformed shape of Mesh M2 at various 

deformation stages, namely, “Stage I - initiate state”, “Stage Y – onset of yielding”, “Stage N - onset 

of necking”, and “Stage F - fracture initiation”, are illustrated in Figure 14. 

 

3.3 Numerical results 

Figure 15 plots the load-extension (N - δ)p curves of the finite element models of the standard tensile 

tests incorporating the predicted true stress-strain (t - t)p curves of Models TSS-1 and TSS-2 for 

both the S275 and the S690 steel materials.  It is evident that  

i) the predicted load-extension (N - δ)p curves derived from these two finite elements models 

deviate significantly from the measured (N - δ)m curves of both steel materials after utilization 

of the maximum resistances of the steel coupons; 

ii) the predicted load-extension (N - δ)p curves derived from Model TSS-2 is close to the measured 

(N - δ)m curves for the S275 steel coupon, and 

iii) the predicted load-extension (N - δ)p curves derived from Model TSS-1 is close to the measured 

(N - δ)m curves for the S690 steel coupon. 

 

3.4 Non-uniform stress and strain distributions within critical cross-sections 

It should be noted that the strain measured with the use of the digital image correlation (DIC) 

technique are surface strains of the steel coupons, and they are the lowest strains across the critical 

cross-sections. It is possible to examine the internal “stress and strain” conditions using the finite 

element models. Figures 16 and 17 illustrate the stress and strain distributions within the critical cross-

sections at various deformation states for both the S275 and the S690 steel coupons.  It is shown that 

a) the stresses are evenly distributed within the critical cross-section from the initial state to the 

yield state, i.e. Stages I and Y, as well as up to mobilization of the tensile strength, i.e. Stage N; 

b) at large deformations after onset of necking i.e. Stages NF1, NF2, NF3 and F, both the stresses 

and the strains become uneven within the critical cross-sections, and hence, the stresses over the 

cores of the cross-sections are always larger than those towards both edges of the cross-sections; 

c) for the S275 steel coupons, the maximum stress at the centre of the critical cross-sections is 

found to be 2,392 N/mm2 at Stage F while the stress at the edges of the critical cross-sections is 

found to be merely 2,008 N/mm2, and hence, the ratio of these two values is 1.19; 
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d) for the S690 steel coupons, the maximum stress at the centre of the critical cross-section is found 

to be 1,387 N/mm2 at Stage F while the stress at the edges of the critical cross-sections is found 

to be merely 969 N/mm2, and hence, the ratio of these two values is 1.43. 

A close examination into the data analyses of the tensile tests reveals that such effect of non-

uniformity has not been considered during determination of the measured engineering as well as the 

measured true stresses and strains. This leads to a systematic under-estimation to the true stresses of 

the steel materials determined at the critical cross-sections after onset of necking.  Key results of the 

finite element modelling of the S275 and the S690 steel coupons are summarized in Tables 4 and 5 

respectively.  

 

3.4.1 Correction factors for non-uniform stress and strain distributions 

In order to quantify variations of both the stress and the strain distributions across the critical cross-

sections at various strain levels, two parameters, namely a stress correction factor,  , and a strain 

correction factor, ,are introduced, which are defined as follows: 



   
𝜎𝑣𝑚,𝑚𝑎𝑥

𝜎𝑎𝑣
             (10) 

   
𝜀𝑡𝑝,𝑚𝑎𝑥

𝜀𝑎𝑣
             (11) 

 𝜎𝑣𝑚,𝑚𝑎𝑥 = 
1

√2
[(𝜎𝑥 − 𝜎𝑦)

2
+ (𝜎𝑦 − 𝜎𝑧)

2
+ (𝜎𝑧 − 𝜎𝑥)

2 + 6(𝜏𝑥𝑦
2 + 𝜏𝑦𝑧

2 + 𝜏𝑧𝑥
2)]

1
2⁄

  (12) 

 where 𝜎𝑣𝑚,𝑚𝑎𝑥  is the maximum von Mises stress of the critical cross-section; 

   𝜀𝑡𝑝,𝑚𝑎𝑥  is the maximum principal true strain of the critical cross-section; 

   𝜎𝑎𝑣   is the average tensile stress within the critical cross-section; and 

   𝜀𝑎𝑣   is the average tensile strain within the critical cross-section; 

 

Figure 18 presents variations of the values of both  and  at various true strains after onset of 

necking, and it should be noted that 

a) before on-set of necking, the values of  and  are found to range narrowly from 0.998 to 

1.003 and from 0.992 to 1.004 respectively for the S275 steel coupons; 

b) similarly, before on-set of necking, the values of  and  are found to range narrowly from 

0.996 to 0.998 and from 0.987 to 1.000 respectively for the S690 steel coupons; 

c)  after onset of necking, the value of  is found to decrease from 0.998 at Stage N to 0.723 at 

Stage F for the S275 steel coupons, and from 0.996 at Stage N to 0.815 at Stage F for the S690 

steel coupons; 
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d)  however, the value of  is found to increase from 0.992 at Stage N to 1.050 at Stage F for 

the S275 steel coupons, and from 0.987 at Stage N to 1.250 at Stage F for the S690 steel 

coupons. 

 Consequently, it is essential to allow for these effects of non-uniformity in both the predicted 

stresses and strains within the critical cross-sections during generation of the measured true stress-

strain curves.  Hence, incorporation of these correction factors  and  to Equations (7) and (8) of 

Model TSS3 Instantaneous area method in generating the true stress-strain (t - t) curves using 

measured instantaneous dimensions is essential for improved predictability of the model.  It should 

be noted that this corrected true stress-strain curve is referring to the actual stress-strain state of the 

core point of the critical cross section of the test coupon, rather than the averaged stress-strain state 

of the critical cross section of the test coupon. 

 

3.4.2   Iterations for corrected full-range true stress-strain curves  

 In order to obtain a corrected full range true stress-strain (t - t) curve using Model TSS3 – 

Instantaneous area method, iterations are needed during determination of the values of correction 

factors  and : 

 The measured true stress-strain (t - t) curves of the steel materials are obtained initially using 

Model TSS3 Instantaneous area method, i.e. with Equations (7) and (8), and both the values of 

factors  and  are assigned to be equal to 1.0.  These curves are then incorporated into the 

finite element models to predict the entire load-extension curves of the tensile tests. 

 Upon successful analyses of the finite element models, by examining both the stress and the strain 

distributions at the critical cross-sections of the coupons, the first estimates of correction factors 

 and  are obtained.  These values are then adopted into Equations (7) and (8) again to derive 

corrected true stress-strain (t - t) curves which are then incorporated into the finite element 

models for the second attempt in predicting the load-extension curves. 

 Upon another successful analyses of the finite element models, the second estimates of corrected 

factors  and  are then obtained after examining both the stress and the strain distributions at 

the critical cross-sections of the coupons. 

 The process repeats until the values of correction factors  and  become converged, i.e. the 

difference in the values of both  and  in two successive iterations is smaller than 0.01. 

It should be noted that, as summarized in Table 6, the values of correction factors  and  are 

converged to 0.72 and 0.91 respectively at Stage F after the fifth iteration for the S275 coupon. 
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Similarly, the values of correction factors  and  are converged to 0.78 and 1.20 respectively at 

Stage F after the fourth iteration for the S690 coupon, as summarized in Table 7.  Based on the 

converged correction factors  and , both the corrected true stress-strain curves for the S275 and 

the S690 steel materials have been successfully obtained, as shown in Figure 10. 

 

3.5 Modelling of standard tensile tests with various true stress-strain curves 

 All the true stress-strain (t - t) curves derived with Models TSS-1, TSS-2 and TSS-3 shown 

in Figure 10 are incorporated into the finite element models to predict load-extension (N - δ) curves 

of the steel coupons.  Material and geometrical non-linear analyses of all the finite element models 

have been completed successfully.   

 Figure 19 plots the predicted load-extension (N - δ)p curves of the three models with various 

true stress-strain (t - t) curves for both the S275 and the S690 steel coupons for direct comparison. 

It is shown that: 

a) all the three models are able to give close predictions to the measured data of both the S275 

and the S690 steel coupons up to onset of necking; 

b) for the S275 steel coupons, the predicted true stress-strain (t - t)p curves for both Models 

TSS-1 and TSS-2 tend to under-predict the resistances of the coupons after on-set of necking; 

c) for the S690 steel coupons, the predicted true stress-strain (t - t)p curves for both Models 

TSS-1 and TSS-2 tend to over-predict the resistances of the coupons after on-set of necking; 

d) for both the S275 and the S690 steel coupons, the measured true stress-strain (t - t)m curves 

for Model TSS-3 with both correction factors  and  are able to predict the entire load-

extension (N - δ)p curves of the steel coupons with a high level of accuracy throughout the 

entire deformation history up to fracture. 

 

Consequently, it is shown that Model TSS-3 Instantaneous area method is able to provide appropriate 

true stress-strain (t - t) curves for accurate prediction of the measured load-extension (N - δ)m curves 

of the standard tensile tests, and the use of both correction factors  and  is essential to achieve 

such a high accuracy.  It should also be highlighted that the failure mechanism initiated by a tensile 

fracture at the central core of the S690 steel coupon followed by a shear failure at the surrounding 

materials of the coupon has been successfully simulated in the finite element models, as shown in 

Figure 20. 

 



PAprC18 

14 

 

3.6 Proposed constitutive models for both S275 and S690 steel materials  

 Based on the corrected true stress-strain curves using Model TSS3 – Instantaneous Area 

Method, the constitutive models of both the S275 and the S690 steel materials are proposed as 

follows: 

 For S275 steels, 

   

 where 𝐸𝑠 = 210 kN/mm2 

    

 

 For S690 steels, 

   

 

4. CONCLUSIONS 

In order to promote effective use of high strength S690 steel in construction, a comprehensive 

research programme into structural performance of high strength S690 steel sections was undertaken 

by the authors over the past few years. It is considered to be essential to generate accurate true stress-

strain (t - t) curves of the S690 steel materials for accurate prediction of structural behaviour of 

𝜎𝑡(𝜖) 

𝜎𝑡 = 𝐸𝑠𝜀𝑡           for 𝜀𝑡 ≤ 𝜀𝑦  

𝜎𝑡 = 𝑓𝑦 × [1 + 6.85 × 10−3 ×  
𝜀𝑡

𝜀𝑦⁄ − 1 ]    for 𝜀𝑦 < 𝜀𝑡 ≤ 10𝜀𝑦 

𝜎𝑡 = 𝑓𝑦 ×  1.062 + 1.082     
𝜀𝑡

10𝜀𝑦
⁄ − 1 + 0.5 

0.2

− 0.87   for 10𝜀𝑦 < 𝜀𝑡 ≤ 180𝜀𝑦 

𝜎𝑡 = 𝑓𝑦 ×   0.925 × 10−3 ×
𝜀𝑡

𝜀𝑦⁄  
2
+ 2.84 × 10−3 ×

𝜀𝑡
𝜀𝑦⁄ + 1.5  for 180𝜀𝑦 < 𝜀𝑡 ≤ 1.8 

(13) 

𝜎𝑡(𝜀) 

𝜎𝑡 = 𝐸𝑠𝜀𝑡         for 𝜀𝑡 ≤ 𝜀𝑦  

𝜎𝑛𝑡 = 𝑓𝑦 × [1 + 3 × 10−3 ×  
𝜀𝑡

𝜀𝑦⁄ − 1 ]   for 𝜀𝑦 < 𝜀𝑡 ≤ 6𝜀𝑦 

𝜎𝑛𝑡 = 𝑓𝑦 ×  1.015 + 0.1 ×  1 − 0.01 ×  0.6  
𝜀𝑡

𝜀𝑦⁄ − 6 − 10 
2
    for 6𝜀𝑦 < 𝜀𝑡 ≤ 15𝜀𝑦  

𝜎𝑡 = 𝑓𝑦 ×  1.094 + 0.1 ×  
𝜀𝑡

𝜀𝑦⁄ −15

100
 

0.45

     for 15𝜀𝑦 < 𝜀𝑡 ≤ 130𝜀𝑦 

𝜎𝑡 = 𝑓𝑦 ×  1.2 − 0.09  
 
𝜀𝑡

𝜀𝑦⁄ − 130 
1.1

340
    for 130𝜀𝑦 < 𝜀𝑡 ≤ 1.2 

(14) 
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these steel structures undergoing large deformations up to fracture. This paper reports an integrated 

experimental and numerical investigation into standard tensile tests in which a mechanism to derive 

true stress-strain (t - t) curves based on measured instantaneous dimensions is achieved for accurate 

prediction of both the S275 and the S690 steel materials at large deformations up to fracture.  It is 

found that: 

 The two commonly adopted transformation methods, namely, Models TSS-1 Linear law method 

and TSS-2 Power law method, are unable to provide accurate full range true stress-strain (t - t)p 

curves for accurate prediction of the load-extension (N - δ)p curves of the standard tensile tests of 

both the S275 and the S690 steel materials. They are found to be ineffective because of their semi-

empirical formulation without calibration against test data. 

 Model TSS-3 Instantaneous area method is able to provide accurate true stress-strain (t - t) 

curves for prediction of the load-extension (N - δ)p curves of the standard tensile tests, and the 

use of both correction factors  and  is essential to achieve a high accuracy.  

 

Hence, the proposed investigation is demonstrated to be very effective in formulating expressions of 

the full range true stress-strain curves for both the S275 and the S690 steel materials up to fracture. 

It is essential to instantaneous dimensions of the steel coupons through the use of a digital imaging 

correlation technique for calibration of both the finite element models and the predicted true stress-

strain (t - t)p curves. The proposed true stress-strain (t - t)p curves derived from Model TSS-3 

Instantaneous area method are shown to be accurate for numerical analyses of steel structures 

undergoing large deformations up to fracture. Expressions of the proposed full range true stress-strain 

curves for S275 and S690 steel materials are also provided. 
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Figure 1: Typical simplified stress-strain curves of steel materials 

 

 

Figure 2: Geometry and dimensions of steel coupons 

 
Figure 3: Typical set-up of standard tensile tests with high precision measurement 
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Figure 4: Load-extension curves of S275 and S690 steel coupons 

 

 

Figure 5: Engineering stress-strain curves of S275 and S690 steel coupons 
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Figure 6: Typical variations of strain fields during the entire deformation history of  

a S275 steel coupon 
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Figure 7: Typical variations of strain fields during the entire deformation history of  

a S690 steel coupon 
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Figure 8: Variation of instantaneous area 

 

Figure 9: Typical failure mode of a S690 steel coupon 
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Figure 10: Engineering stress-strain curves vs true stress-strain curves 
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b)  S690 steel materials 
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Figure 11: Finite element models with various mesh refinement 
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Figure 12: Typical material constitutive behaviour for progressive damage  

 

Figure 13:  Predicted load-extension curves of various finite element meshes of a S275 steel 

coupon 

 
Figure 14: Deformed shape of Mesh M2 at various deformation stages 
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a) S275 steel material 

 

b) S690 steel material 

Figure 15:  Load-extension curves predicted by finite element models using conventional 

constitutive formulations 
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Figure 16:  Variations of stress and strain distributions across the critical cross-section at 

various strain levels of a S275 test coupon 
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Figure 17: Variation of stress and strain distributions across the critical cross-section at 

various strain level of a S690 test coupon   
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Figure 18: Correction factors at various true strains after plastic strains after necking 
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a) S275 coupon 

 

b) S690 coupon 

Figure 19:  Load-extension (N – )p curves predicted with various true stress strain (t – t) 

curves. 
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Figure 20:  Fractured cross-section of a Q690 tensile coupon 
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Table 1: Test programme of standard tensile tests 

Test 

specimen  

Steel 

grade  

bo x ho 

(mm) 

S275-A S275 10 x 6 

S275-B S275 10 x 6 

S690-A S690 10 x 6 

S690-B S690 10 x 6 

 

Table 2: Test results of standard tensile tests 

Test 

specimen  

Steel 

grade  

Nominal 

dimensions 

bo x ho 

Young’s 

Modulus, 

E 

Yield 

strength, 

fy 

Tensile 

strength, 

fu 

Strain at 

yielding, 

εy 

Strain at  

tensile 

strength,  

εu 

Strain at 

fracture, 

εL 

(mm x mm) (kN/mm2) (N/mm2) (N/mm2) (%) (%) (%) 

S275-A S275 10.0 x 6.00 215 340 528 0.17 20.28 44.42 

S275-B S275 10.0 x 6.00 214 342 531 0.17 20.13 44.28 

S690-A S690 10.0 x 6.00 202 746 780 0.39  6.83 14.51 

S690-B S690 10.0 x 6.00 206 749 787 0.40  5.32 14.37 

 

Table 3: Convergence study on various finite element meshes 

Model Mesh 

size 

 

 

(mm x mm x mm) 

Total 

number of 

elements 

Maximum 

applied 

force 

NE,R 

(kN) 

Corresponding 

extension 

under NE,R, 

 

 (mm) 

Elongation 

at fracture 

εL 

 

(%) 

Computing 

time 

 

 

(minutes) 

Mesh M1 0.5 x 0.5 x 0.5 1680 14.93 5.99 46.6 34 

Mesh M2 0.3 x 0.3 x 0.3 9180 14.92 6.00 42.9 133 

Mesh M3 0.2 x 0.2 x 0.2 26250 14.92 6.00 42.5 523 
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Table 4:  Stress correction factors of the finite element models of the standard tensile test for 

S275 steel coupons 

Point  Description 

H 

 

(mm) 

B 

 

(mm) 

Area 

 

(mm2) 

Applied 

force, 

N 

(kN) 

True stress, t 

(N/mm2) 

 

Stress 

correction 

factor, 

 

  
 

True Strain, t  

(%) 

 

Strain 

correction 

factor, 

 

  
 

Max.  

vm,max 

Average

av 

Principal 

p 

Average

av 

Y Yield 9.98 6.00 59.88 20.5 343.7 342.4 1.003 0.17 0.17 1.000 

N Necking 9.07 5.40 49.02 31.5 640.2 642.3 0.997 19.3 19.4 0.995 

NF1 
Large 

deformation 

- - 39.69 31.3 780.7 789.4 0.989 41.8 40.8 1.025 

NF2 - - 26.62 29.6 1078.8 1110.4 0.972 83.4 80.7 1.035 

NF3 - - 18.36 27.6 1403.5 1501.0 0.935 120.5 117.8 1.023 

 F Fracture - - 8.55 22.3 1892.2 2610.2 0.724 176.1 193.5 0.910 

 

Table 5:  Stress correction factors of the finite element models of the standard tensile test for 

S690 steel coupons 

Point  Description 

H 

 

(mm) 

B 

 

(mm) 

Area 

 

(mm2) 

Applied 

force, 

N 

(kN) 

True stress, t 

(N/mm2) 

 

Stress 

correction 

factor, 

 

  
 

True Strain, t  

(%) 

 

Strain 

correction 

factor, 

 

  
 

Max.  

vm,max 

Average

av 

Principal 

p 

Average

av 

Y Yield 9.99 5.98 59.29 44.8 751.8 754.8 0.996 0.37 0.37 1.000 

N Necking 9.84 5.78 55.40 47.1 846.3 849.5 0.996 7.31 7.40 0.989 

NF1 
Large 

deformation 

- - 49.20 45.0 881.9 915.4 0.963 21.83 19.29 1.132 

NF2 - - 42.70 41.6 894.5 973.8 0.919 40.44 33.46 1.209 

NF3   32.68 34.7 866.5 1063.0 0.815 79.85 63.88 1.250 

F Fracture - - 27.00 30.0 871.9 1112.8 0.784 120.71 100.59 1.200 
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Table 6:  Correction factors in various iterations for modelling of S275 steel coupons 

 

  1st Iteration 2nd Iteration 3rd Iteration 4th Iteration 5th Iteration 

Point  Description           

Y Yield 1.003 1.000 1.003 1.000 1.003 1.000 1.003 1.000 1.003 1.000 

N Necking 1.000 0.998 0.999 0.997 0.998 0.996 0.997 0.995 0.997 0.995 

NF1 
Large 

deformation 

0.998 1.004 0.993 1.021 0.991 1.03 0.989 1.025 0.989 1.025 

NF2 0.989 1.004 0.987 1.024 0.972 1.04 0.972 1.035 0.972 1.035 

NF3 0.964 1.042 0.966 1.022 0.942 1.02 

 

0.935 1.023 

 

0.935 1.023 

 F Fracture 0.891 1.021 0.852 0.971 0.743 0.920 0.725 0.911 0.724 0.910 

*Note: -  is the stress correction factor as defined in Section 3.4. 

  -  is the stress correction factor as defined in Section 3.4. 

 

Table 7:  Correction factors in various iterations for modelling of S690 steel coupons 

 

  1st Iteration 2nd Iteration 3rd Iteration 4th Iteration 

Point  Description         

Y Yield 0.999 1.000 0.997 1.000 0.996 1.000 0.996 1.000 

N Necking 0.999 0.998 0.997 0.992 0.996 0.989 0.996 0.989 

NF1 Between 

Necking and 

Fracture 

0.982 1.076 0.971 1.115 0.963 1.132 0.963 1.132 

NF2 0.943 1.173 0.930 1.201 0.919 1.209 0.919 1.209 

NF3 0.822 1.231 0.818 1.235 0.816 1.248 0.815 1.250 

F Fracture 0.802 1.220 0.793 1.209 0.785 1.202 0.784 1.200 

*Note: -  is the stress correction factor as defined in Section 3.4. 

  -  is the stress correction factor as defined in Section 3.4. 

 




