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Abstract. Finite elements simulation benefit from a considerable decrease in the associated 

expenses with an optimal design of components. Numerical models are an efficient tool for 

performance evaluation, monitoring of structures, damage detection, prediction of service life, 

and identification of optimal maintenance methods. The success of these numerical predictions 

is dependent on the quality of the constitutive model adopted for material. When assessing the 

ultimate resistance of components as fracture as a failure mode, the use of cumulative damage 

models is required to provide reliable results. 

Keywords: S460, material model, finite elements, damage 

INTRODUCTION 

 Finite element simulation of mechanical processes plays a crucial role in engineering. From the 

economic point of view, finite elements simulation benefit from a considerable decrease in the associated 

expenses with an optimal design of components. Numerical models are an efficient tool for performance 

evaluation, monitoring of structures, damage detection, prediction of service life, and identification of 

optimal maintenance methods. Numerical tools are useful to achieve increased understanding of the 

physical mechanisms controlling the strength, the ductility and the failure mode of threaded assemblies 

[1].  The advance of current numerical modelling tools and methods determines the need for numerical 

models to meet the requirements related to the accuracy and reliability of the results [2].  

 The use of simple design and evaluation procedures is not capable of capturing at a full scale the 

performance of many structures [3].  

  The success of these numerical predictions is dependent on the quality of the constitutive model 

adopted, including the identification of the material parameters. Thus, numerical simulations require 

knowledge of the material behavior. Therefore, the constitutive equations implemented in the numerical 

model must be able to reproduce the material behavior. 

 Properties such as ultimate strength, inelastic behavior and response, and load distribution 

characteristics are difficult to predict using conventional models [4]. When assessing the ultimate 

resistance of components as fracture as a failure mode, the use of cumulative damage models is 

prescribed [5] [6] [7].  

 To predict these behaviors, the use of extensive analytical methods or experimental trials are 

required, which in many cases are not sufficient, economical or expedient, thus as a result, the potential 

of numerical simulation to predict the performance of most structures increased. 

 The paper details the experimental and numerical procedures performed for the determination of the 

mechanical properties of S460 material [8]. The input data for the material model is determined from 

the experimental inputs.  
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EXPERIMENTAL WORK 

Sample preparation 

 The dimensions of the sheet-type specimen, according to ASTM E8/E8M - Standard Test Method 

for Tension Testing of Metallic Materials [9], are shown in Figure 1. 

 

Figure 1. Specimen (ASTM E8/E8M) 

 Several samples were cut from the blank sheets using a laser. The rolling direction of the blank was 

not provided. Information relating to the cutting method used is not available.  

 Therefore, the samples were positioned on the blank sheet according to the pattern [10] presented in 

Figure 2a. 

  
a) b) 

Figure 2. Cutting pattern for the specimen: a) cutting pattern; b) specimens 

 The samples were subsequently numbered according to the orientation (Figure 2b). For further 

reference, direction one indicates horizontal, direction two indicates vertical, and direction three 

indicates 45° oriented [11]. 

 On each specimen, the calibrated region (gauge) and the clamping ends were constructed.  

Testing Equipment  

 The tests were performed on a Universal Testing Machine (electromechanical type) of Class 0.5. 

 The configuration of the testing method is presented in Figure 4. 

  

a) b) 

Figure 3. Universal Testing Machine: a) general view; b) mechanical extensometer 
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 The machine (Figure 4a) is fitted with a 50 𝑘𝑁 load cell and can develop a speed of 0.001 to 500 

𝑚𝑚/𝑚𝑖𝑛. 

 A mechanical extensometer (Figure 4b) was mounted on each specimen to get an accurate reading 

of the displacement. 

 The measurements were performed using the predefined loading procedure provided by the 

software tool. 

EXPERIMENTAL RESULTS 

 The results obtained from the experimental test are presented in Figure 1. 

Direction Specimen 𝑹𝒑 [𝑴𝑷𝒂] 𝑹𝒎[𝑴𝑷𝒂] 

 

1 

1 466 539 

2 466 535 

3 471 540 

2 

1 467 528 

2 469 528 

3 469 530 

3 

1 481 547 

2 482 546 

3 480 545 

Reference values: 

 𝑹𝒑 > 𝟒𝟔𝟎 𝑴𝑷𝒂  

𝑹𝒑 ∈ [𝟓𝟒𝟎 … 𝟕𝟐𝟎] 𝑴𝑷𝒂 

Figure 4. 𝑅𝑚vs. 𝑅𝑝- all samples 

 Stress strain data for each batch are presented in Figure 5. 

   
Averaged values: 

𝑅𝑝,𝑎 = 467 𝑀𝑃𝑎 

𝑅𝑚,𝑎 = 538 𝑀𝑃𝑎 

Averaged values: 

𝑅𝑝,𝑎 = 468 𝑀𝑃𝑎 

𝑅𝑚,𝑎 = 529 𝑀𝑃𝑎 

Averaged values: 

𝑅𝑝,𝑎 = 481 𝑀𝑃𝑎 

𝑅𝑚,𝑎 = 546 𝑀𝑃𝑎 

a) b) d) 

Figure 5. Stress–strain curves: a) direction one; b) direction two; c) direction three 

 Results listed in Table 1 and displayed in Figure 5 reveal that the specimens in direction three 

present a slightly increased value for the yield stress (+4.5%) and the maximum stress (+3.2%). 

However, the differences do not justify the identification of a priority direction for workpiece 

extraction from the blank. 
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True stress-strain 

 The data listed in Section 4 refers to the measurement. To develop a correct material model for 

analytical and numerical analyses, true stress and strain data are required [12] [13]. 

 Equation 1 provides engineering to true stress and strain. 

𝜀𝑡 = log(1 + 𝜀𝑒)

𝜎𝑡 = 𝜎𝑒 ∙ (1 + 𝜀𝑒)
 (1) 

𝜀𝑒 and 𝜎𝑒 are the recorded data; 

𝜀𝑡 and 𝜎𝑡 are the corrected data; 

 The strain is measured by the extensometer considering the change in length of the gauge (𝐿 − 𝐿0) 

over the initial length of the gauge (𝐿0) 

𝜀𝑒 =
𝐿 − 𝐿0

𝐿0
 (2) 

 The stress is measured from the force (𝐹) recorded by the load cell divided by the area of the cross 

– section (𝐴0).  

𝜎𝑒 =
𝐹

𝐴0
 (3) 

 The datasets are limited to the interval [0 … 𝜀𝑚], where 𝜀𝑚 is the strain corresponding to the 

maximum stress (𝑅𝑚). 

   
Averaged values: 

𝜀𝑚,𝑎 = 0.15  

𝜎𝑚,𝑎 = 627 𝑀𝑃𝑎 

Averaged values: 

𝜀𝑚,𝑎 = 0.15 

𝜎𝑚,𝑎 = 615 𝑀𝑃𝑎 

Averaged values: 

𝜀𝑚,𝑎 = 0.14 𝑀𝑃𝑎 

𝜎𝑚,𝑎 = 625 𝑀𝑃𝑎 

a) b) c) 

Figure 6. True stress–strain curves: a) direction one; b) direction two; c) direction three 

NUMERICAL VALIDATION 

 Results obtained for the true stress – strain curves are used to define the material card for the 

numerical simulation. 

 Material *MAT_PIECEWISE_LINEAR_PLASTICITY is implemented for the numerical simulation 

[14] [15]. 

 A numerical model of a specimen according to dimensions presented in Figure 1 was developed. 

Figure 7 presents the configuration of the model. 
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Figure 7. Numerical model 

 The middle section is the deformable section of the specimen. The material associated with this 

section is *MAT_PIECEWISE_LINEAR_PLASTICITY. 

 The left section defines the fixed end of the specimen. The right section is the mobile end of the 

specimen associated with the mobile part of the testing machine. The material associated with these 

sections is *MAT_RIGID. Several nodes on the cross-section are defined to measure the reaction force 

(Figure 8). 

 

Figure 8. Nodes for force measurement 

 A pair of nodes define the extensometer for strain measurement (Figure 9). 

 

Figure 9. Nodes for strain measurement 

 The numerical model is solved using the implicit solver with the parameters used for the common 

applications. 

 Numerical vs. experimental data are presented in Figure 10. 

  

Figure 10. Numerical vs. experimental data 
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 Results presented in Figure 10 show a very good agreement of the numerical results with the 

experimental data. 

 The softening behavior of the material under a tensile load is a consequence of a void development 

in the part and a change in the cross-section and this requires correction in the stress-strain curve in 

order to obtain reliable input data for numerical analysis. The difference between the updated stress and 

the true calculated stress is compensated by using a damage parameter. In Ls-Dyna, the mechanism 

for failure is based on the use of the *MAT_ADD_DAMAGE_GISSMO card. The GISSMO model – 

generalized incremental stress-state dependent damage model – [16,17] [18] is  based on the use of 

triaxiality measure where the triaxiality is the measure of the ratio of the hydrostatic mean stress (𝜎ℎ) 

to the equivalent von Mises stress (�̅�), and provides a solution to define the loading states [19] [20]. 

𝜂 =
𝜎ℎ

𝜎
 (4) 

where 𝜎ℎ is the mean stress or the hydrostatic pressure and �̅� is the equivalent or von Mises stress. 

These terms are defined in terms of the principal stresses (𝜎1, 𝜎2, 𝜎3), by: 

𝜎ℎ =
1

3
∙ (𝜎1 + 𝜎2 + 𝜎2) (5) 

and: 

𝜎 =
1

3
∙ √

(𝜎1 − 𝜎2)2 + (𝜎2 − 𝜎3)2 + (𝜎3 − 𝜎1)2

2
 (6) 

 The GISSMO model is based on the incremental formulation of the damage accumulation in the 

form of: 

∆𝐷 =
𝜀

𝜀𝑓(𝜂)
∙ 𝐷(1−1 DMGEXP⁄ ) ∙ ∆𝜀 (7) 

where 𝜀𝑓(𝜂) is the equivalent plastic strain to failure determined from the input curve (as a function of 

the triaxiality parameter), ∆𝜀 is the equivalent plastic strain increment, and DMGEXP is a specific 

parameter. Parameter DCRIT defines the minimum damage that must accumulate to couple the stress 

tensor with damage. 

𝜎 = �̅� ∙ [1 − (
𝐷 − 𝐷𝐶𝑅𝐼𝑇

1 − 𝐷𝐶𝑅𝐼𝑇
)

FADEXP

] (8) 

𝐷𝐶𝑅𝐼𝑇 is the critical damage when instability parameter 𝐹 = 1. 

 The instability parameter defines the initial state of the failure process. Once the critical value is 

reached, the structure is likely to fail under the prescribed load. 

𝐹 = (
𝜀

𝜀𝑐𝑟𝑖𝑡(𝜂)
)

DMGEXP

 (9) 

where 𝜀𝑐𝑟𝑖𝑡(𝜂) is the equivalent plastic strain to initiate the instability process. 

 The strain to failure 𝜀𝑓 is determined from experimental data. For this purpose, samples were 

prepared for DIC analysis and subsequently subjected to tensile loading (Figure 11). 

 Results reveal that a strain at failure (𝜀𝑓) at least 0.5 is reached. For this analysis only bone-shaped 

samples were used. Therefore, the triaxiality curve is defined to capture the effect for uniaxial loading. 

ε𝑓,𝜂=0.00 = 1.00 

ε𝑓,𝜂=0.33 = 0.50 

ε𝑓,𝜂=1.00 = 1.00 

(10) 
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Figure 11. Results from DIC analysis 

  Figure 12 presents the simulation result obtained using the material model with damage. 

 
a) 

 
b) 

 
c) 

Figure 12. Simulation results: a) instability parameter; b) damage parameter; c) stress 
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 The parameters DMGEXP and FADEXP are determined by an iterative process (Figure 13).  

   
𝐷𝑀𝐺𝐸𝑋𝑃 = 1.2 

𝐹𝐴𝐷𝐸𝑋𝑃 = 1.5 

𝐸𝐶𝑅𝐼𝑇 = 0.15 

𝐷𝑀𝐺𝐸𝑋𝑃 = 1.5 

𝐹𝐴𝐷𝐸𝑋𝑃 = 1.41 

𝐸𝐶𝑅𝐼𝑇 = 0.15 

𝐷𝑀𝐺𝐸𝑋𝑃 = 1.5 

𝐹𝐴𝐷𝐸𝑋𝑃 = 1.42 

𝐸𝐶𝑅𝐼𝑇 = 0.15 

Figure 13. Parameter calibration 

 Figure 14 presents the stress evolution in the necking section showing the global stress state, stress 

localization, pre-fracture and post-fracture.  

    

Figure 14. Stress evolution 

CONCLUSIONS 

 The paper addresses the process of identifying the mechanical properties of S460 steel. The 

engineering data, recorded from the tensile tests, are discussed to determine the relevance of the results. 

 Subsequently these data are converted to true stress-strain data which are relevant to the design 

process. 

 A material model is developed for numerical simulation. Thus, a virtual sample is tested in traction 

to determine the stress response. Results are in perfect agreement with experiments. 

 To extend the capability of material the damage model available for numerical simulation was 

implemented. The data acquisition process and the model calibration are briefly discussed. 

 The material complies with general prescriptions and the numerical model is reliable for simulations. 
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