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Abstract 

The work-hardening curve of sheet metals under large plastic strains can be extracted from the 

Plane Strain Compression Test (PSCT) using an analytical method that relies on several 

simplifying assumptions and correction factors (friction, boundary conditions, lateral 

spreading, tool geometry, yield criterion, anisotropy). This study rigorously assesses each of 

these correction factors using finite element simulations. Synthetic materials with predefined 

hardening laws are used to enable direct comparison between the reference curves and those 

extracted from simulated PSCTs. Dedicated simulation setups were developed to isolate the 

effect of each factor through progressive 2D and 3D configurations. The results show that the 

analytical method is generally valid when appropriate corrections are applied, with improved 

accuracy observed when using rounded tools with small radii under low-friction conditions. 

Recommendations for the selection of correction factors are provided to enhance the reliability 

of flow curves obtained through this method. 
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1. Introduction 

 

The tensile test is commonly used to characterize the hardening behavior of sheet metals at 

room temperature, but the range of usable strains is limited to the uniform elongation. For high 

strength materials, this became a significant limitation [1]. In particular, finite element 

simulations of forming operations require hardening models capable of handling strains well 

beyond the uniform elongation. Uncontrolled extrapolation of tensile test data to higher strains 

can significantly affect predictions like springback or formability [2].  

As a result, various alternative experimental methods were proposed to characterize sheet 

metals at larger strains. The hydraulic bulge test [3-11] is widely used since its standardization 

[12]. Other techniques, such as the stacked compression test [4-14], the simple shear test [15-

20], the in-plane torsion test [21-29], and the plane strain compression test (PSCT) [30-34], 

allow access to higher strains due to their significantly lower stress triaxiality. Although not 

standardized, both academia and industry are using these experimental methods. Another 

approach involves conducting tensile tests on samples pre-strained through rolling, drawing, 

extrusion or other compressive processes [35-43]. The recently proposed Continuous Bending 

under Tension (CBT) test [41-46] was also used as a pre-straining method by Poulin et al. [47]. 

Hybrid experimental-numerical approaches have been developed to exploit the post-uniform 

elongation part of the tensile test [48-54]. Additionally, the in-plane bending test has been 

recently proposed to reach strains beyond uniform elongation in sheet metals [55-57]. Recent 

reviews and applications related to large strain hardening modeling and characterization can be 

found in [58-68]. A fundamentally different route involves physically-based crystal plasticity 

simulations of the material response up to relatively large strains, relying on texture 

measurements [69-74]. 

Originally, large strain characterization of sheet metals was motivated by the study of 

deformation mechanisms. However, with the development of finite element simulations of 

plastic deformation, the demand for accurate descriptions of material hardening at large strains 

has increased, with increasing expectations on accuracy. This necessitates a rigorous 

verification of the various assumptions inherent to the analytical approaches used to extract the 

material’s flow curve from experimental tests [75], [76].  

The plane strain compression test (PSCT), which is the focus of this study, presents several 

advantages: the testing setup involves a universal tension-compression machine with a 

dedicated die set, samples sizes are small, and postprocessing is analytical [39-41], [77-79]. 

This analytical flow curve extraction method was originally developed for hot rolling 

applications [32], [80], [81]. It was later applied to room-temperature sheet metal 

characterization by Becker et al. [82], who used rounded dies to delay fracture. Chermette et 

al. [83] refined this method by combining PSCT and uniaxial tensile test results, following the 

approach of [12]. 

The PSCT test configuration is illustrated in Fig. 1, along with the main notations. A rectangular 

sample of breadth 𝑏0 and thickness ℎ0 is compressed between two dies of width 𝑤0. The die 

edges can be either sharp or rounded, with radius 𝑟. In the latter case, the contact width between 
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the dies and the sample evolves during the test. Typically, the axial force and displacement of 

the dies are recorded during the test.  

 

 

Fig. 1. Schematic representation of the plane strain compression test (PSCT) and notations: a) 

beginning of the test; b) end of the test; c) detail of the die edge for both sharp and rounded 

dies.  

 

Inverse methods based on finite element (FE) simulations have been proposed to identify the 

parameters of a chosen hardening law [78], [84-87]. However, most authors use the analytical 

method to extract the flow curve from force-displacement data, without any assumption on the 

form of the hardening law [32]. This analytical approach relies on several simplifying 

assumptions, following the spirit of the slab method, leading to a number of correction terms 

that aim to compensate for the effects of friction (𝐶𝑓𝑟), boundary conditions (𝐶𝐵𝐶), lateral 

spreading (𝐶𝑏), effective tool width (𝐶𝑤), yield surface shape (𝐶𝑌𝑆), and anisotropy (𝐶𝑎𝑛). These 

lead to the following expressions of the yield stress 𝜎𝑦 and the corresponding effective strain 

𝜀𝑒:  

 

 𝜎𝑦 =
|𝐹|

𝑤0𝑏0

1

𝐶𝑏

1

𝐶𝑓𝑟+𝐶𝐵𝐶
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𝐶𝑤
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 𝜀𝑒 = |𝑙𝑛
ℎ
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| 𝐶𝑌𝑆𝐶𝑎𝑛 , (2) 

 

where 𝐹 is the axial force acting on the upper die.  
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Expressions for the correction factors are well documented in the literature:  

 

 𝐶𝑓𝑟 = {

ℎ

𝜇𝑎
(e𝜇

𝑤

ℎ − 1) with Coulomb friction law

1 +𝑚̅
𝑤

4ℎ
with Tresca friction law    

 , (3) 

 

 𝐶𝐵𝐶 = {
0 for the free surface condition
ℎ

4𝑤
for the edge shear condition

 , (4) 
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  , (6) 

 

 𝐶𝑌𝑆 = {

2

√3
for the von Mises yield surface

1 for the Tresca yield surface       
 . (7) 

 

The anisotropy correction factor 𝐶𝑎𝑛 is computed according to [12]. For detailed explanations, 

the reader is referred to [83], who recently applied this procedure to a large number of sheet 

steels at room temperature. Their results, along with others in the literature, support PSCT as a 

credible alternative for determining flow curves of sheet metals at large strains (see Fig. 2). The 

edge shear condition has only been derived in the literature in the framework of Tresca’s yield 

surface [88]; accordingly, condition (4) was derived in this work for von Mises plasticity, with 

the derivation provided in the Appendix. 

The objective of this paper is to rigorously verify these correction terms, independently 

whenever possible, to validate the analytical flow curve extraction method. To the best of the 

authors’ knowledge, such a study has not yet been conducted. Several of the correction terms 

have several variants, inconsistently used across the literature, as illustrated in Eqs. (3)-(7). 

Notably, flow curves extracted from the PSCT are reported to display relatively steeper 

hardening slopes at large strains compared to other tests [89]. Although the use of rounded tools 

increases the strain range achievable before fracture and yields seemingly accurate results [83], 

the acceptable or recommended range of die radii has not been investigated. This study aims to 

clarify these issues.  
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The remainder of the paper is structured as follows. The research methodology is presented in 

Section 2. Results are summarized in Section 3 and further discussed in Section 4. Conclusions 

are drawn in the final section.  

 

 

 

 

Fig. 2. Example of experimental validation of PSCT-based flow curves against bulge test 

experiments [83]. 

 

 

2. Investigation method 

 

To independently isolate the influence of each correction factor introduced in Eq. (1), FE 

simulation of the PSCT was adopted as the primary investigation tool in this study. The material 

was modeled using von Mises plasticity with isotropic power-law hardening. Simulations were 

carried out using the Forge NxT 4.0 software. Particular care was taken to ensure numerical 

convergence and control of discretization errors.  

The main output from the simulation was the evolution of the die force as a function of die 

stroke, mimicking the data collected in a physical PSCT experiment. The analytical flow curve 

extraction procedure detailed in [83] and based on Eqs. (1)-(7) was applied to this simulated 

force-displacement curve. The outcome of this procedure was a set of stress-strain pairs 

representing the derived flow curve, which was then compared against the known flow curve 

used as input in the simulation. This methodology is schematically illustrated in Fig. 3.  
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Fig. 3. Methodology flowchart for the numerical validation of correction terms in PSCT 

analysis. 

 

 

A major advantage of this numerical validation approach is the availability of a perfectly known 

reference flow curve, whereas in experimental validation, the reference flow curve must itself 

be derived from an alternative experiment – often subject to its own assumptions and 

limitations. A second advantage lies in the ability to independently assess the influence of each 

correction term, which is hardly achievable in experiments. To this end, several simulation 

configurations were designed to isolate the effects of the various parameters influencing the 

flow curve extraction procedure, as shown in Fig. 4. Initial simulations were conducted in two 

dimensions to eliminate the influence of specimen breadth variation and to remain consistent 

with the plane-strain assumption underlying the analytical PSCT models. These simulations 

enabled investigation of the effects of the yield surface shape, friction, and edge shear, – both 

individually and in combination. The impact of die misalignment was also studied in 2D. 

Subsequently, rounded dies with different radii were simulated. To investigate the influence of 

specimen breadth increase and perform full-factor validation, 3D simulations were carried out 

as well.  
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Fig. 4. Simulated PSCT configurations for correction term validation: a) reference 

configuration; b) reduced length configuration; c) misalignment configuration; d) 3D 

configuration. Configurations (a) and (d) were used with both sharp and rounded dies. e) 

Construction of rounded dies; sharp die geometry shown in dotted lines for reference. 

 

 

 

The geometric parameters used in all simulations are summarized in Table 1 (see also Fig. 1). 

For the rounded die configurations, the initial die-sample contact width was maintained 

constant (equal to 𝑤0), as shown in Fig. 4e.  

Von Mises plasticity was used with a Swift-type hardening law of the form 

 

 𝜎𝑦 = 𝑘(𝜀0 + 𝜀𝑒)
𝑛 , (8) 

 

where 𝜎𝑦 is the flow stress, 𝜀𝑒 is the equivalent strain, and 𝑘, 𝑛, 𝜀0 are material constants. A 

combined Coulomb-Tresca friction model was employed, as described in [90]. Three synthetic 

material datasets and several friction conditions were tested; all parameters are provided in 

Table 2, and the corresponding flow curves are shown in Fig. 5. The three materials were 

selected to have identical yield stress but varying hardening rates in both low and high strain 

regimes, enabling verification of the generality of the conclusions drawn. Material A was used 

for most simulations, while the three materials were used in the final verification stage.  

Mesh convergence was verified for each configuration. A uniform mesh size of 0.025 mm was 

selected for 2D simulations and 0.1 mm for 3D simulations due to the significantly higher 

computational cost. In regions near the die-sample interface, the mesh was locally refined to 

0.02 mm to capture contact effects accurately, since the contact surface area directly impacts 
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the calculated force. The numerical volume variation due to remeshing was monitored remained 

inferior to 0.9% across all simulations.  

The complete simulation matrix is summarized in Table 3. This progressive approach enabled 

isolated validation of each term Eq. (1), culminating in a global verification integrating all 

factors. 

 

 

Table 1. Dimensions of the sample and dies used in the investigation, according to Figure 1. 

 

Dimension ℎ0 𝑏0 𝑤0 𝑟 

Value [mm] 2 25 5 0; 0.25; 0.5; 1; 1.5 

 

 

 

 

 

Table 2. Material and friction model parameters used in the simulations. 

 

Swift hardening law, Eq (8) 

Material A B C 

𝑘 [MPa] 950 950 650 

𝑛 0.2 0.1 0.2 

𝜀0 0.013 0.00013 0.085 

Friction law, combined Tresca (𝑚̅) and Coulomb (𝜇), Eq (3) 

Friction level high medium low frictionless 

𝑚̅ 0.4 0.1 0.05 0 

𝜇 0.2 0.05 0.02 0 
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Fig. 5. Flow curves of synthetic materials A, B and C (see Table 2). 

 

 

 

Table 3. Summary of simulations. For geometrical characteristics of the simulation 

configurations a…d refer to Fig. 4; configurations a…c are 2D while configuration d is 3D. 

 

Confi-

guration 

Edge 

radius 
material friction 

Required corrections 

𝐶𝑌𝑆 𝐶𝐵𝐶 𝐶𝑓𝑟 𝐶𝑏 𝐶𝑤 𝐶𝑎𝑛 

b - A - ×      

a - A - × ×     

a - A low, med, high × × ×    

d - A low × × × ×   

a 
0.25, 0.5, 

1, 1.5 
A low × × ×  ×  

d 0.5 A,B,C low × × × × × × 
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3. Results 

The core results of the investigation consist of flow curves extracted from FE simulations 

carried out under various configurations and combinations of material and friction parameters. 

These extracted curves were systematically compared to the reference flow curve. The analysis 

is organized as follows: Section 3.1 presents results obtained with sharp dies, which are the 

most commonly used in the literature. Section 3.2 addresses the case of rounded dies. Finally, 

Section 3.3 combines all correction terms for the three synthetic materials.  

 

3.1. Validation of PSCT correction terms for sharp tools 

 

The simplest PSCT configuration corresponds to a short specimen length, smaller than the die 

width, with frictionless contact conditions in a 2D plane strain simulation. Under such 

conditions, the geometry remained rectangular, and both strain and stress fields remain 

homogeneous even at large die strokes. The only parameter influencing the resulting die force 

is thus the material’s constitutive law.  

Fig. 6 shows the flow curves extracted using both the von Mises and Tresca yield surfaces – 

Eq. (7). As expected, the von Mises-based extraction matches the input flow curve precisely, 

while the Tresca-based extraction overestimates the flow stress by a factor of 2/√3, expressing 

the ratio between the necessary yield pressure in plane strain for the two yield criteria. Although 

this result is anticipated due to the use of von Mises plasticity in the simulations themselves, it 

highlights the significant discrepancies that may arise between different isotropic yield criteria 

under certain loading conditions, particularly shear and plane strain compression.  

In the context of isotropic BCC metals such as steel, von Mises plasticity is generally 

appropriate. However, it is noteworthy that flow curves derived using the Tresca yield surface 

have still demonstrated good accuracy in the literature, as seen in Fig. 2. This apparent paradox 

can be attributed to the anisotropy correction factor 𝐶𝑎𝑛,  which also compensates for potential 

mismatches in the assumed isotropic yield surface. Their average correction factor of 1.14 is 

very close to 2/√3, supporting this interpretation. To distinguish these two influences, two 

separate correction terms are used in Eq. (1): 𝐶𝑌𝑆, which accounts for the adopted isotropic 

yield surface, and 𝐶𝑎𝑛, which corrects for material anisotropy. Throughout this work, the von 

Mises yield surface was adopted, and thus 𝐶𝑌𝑆 = 2/√3. 

The 2D reference configuration was used, in frictionless conditions, to examine the impact of 

boundary conditions adopted at the edge 𝜕Ω of the computational domain Ω, as defined in the 

slab analysis of the PSCT (see Fig. 7). Most authors adopt a free surface condition, but Becker 

et al. [82] and later Chermette et al. [83] proposed incorporating an additional shear strain 

component due to the geometric variation at the die edge. This leads to a shear correction term 

𝐶𝑠ℎ, which complements the traditional friction correction term, as shown in Eqs. (1) and (3).  

The frictionless 2D reference configuration is well-suited to isolate the effect of this boundary 

condition. Fig. 8a shows that both hypotheses – free surface and additional shear strain – result 
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in slight deviations from the reference flow curve. The free surface assumption leads to an 

overestimation of the initial hardening slope, leading to a relatively higher flow curve, while 

the shear correction produces the opposite effect. These trends diminish and eventually reverse 

with increasing strain, causing the flow curves to intersect around a strain of 0.7-0.8 for Material 

A. For this material-geometry combination, both hypotheses offer comparable accuracy, with a 

slight advantage for the shear correction: the maximum errors were 5% without shear correction 

and 4% with it, remaining nearly constant up to strains of 0.1-0.15 before decreasing similarly.  

 

 

 

Fig. 6. Flow curves extracted from the 2D, frictionless, short-length configuration, using von 

Mises and Tresca yield surfaces, compared to the reference flow curve. 

 

 

 

 

 

Fig. 7. Schematic representation of the PSCT slab analysis domain and its boundaries of 

concern. The gray area denotes the material volume considered in the calculation. Dotted lines 

indicate neglected zones. 

 

die

die
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Fig. 8. Flow curves extracted for 2D and 3D PSCT configurations with sharp tools: (a) 

Validation of the shear correction term using the frictionless 2D reference configuration; (b)-

(c) Validation of the breadth correction term in the 3D configuration in low friction condition, 

without and with shear correction, (d)-(f) verification of the friction correction term for low, 

medium, and high friction conditions.  

 

 

Friction effects were then included in the 2D reference configuration. Correction terms for both 

Coulomb or Tresca friction models were applied. Fig. 8d-f presents the corresponding results 

under low, medium, and high friction conditions, which represent a range of typical lubrication 

scenarios. Since the friction coefficients were known in the simulation, they were also used for 

the correction terms. Although one could devise a combined Coulomb-Tresca correction term, 

this would be of limited value for real experiments, where friction models and coefficients are 
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generally unknown or uncertain. Prior studies (e.g., [91]) have shown that Tresca and Coulomb-

Tresca corrections yield very similar results. Hence, only the standard Coulomb and Tresca 

friction corrections were evaluated here. Note that we designate here the parameters of both 

friction models as “coefficients”, in the mathematical sense of the term, although in the 

literature the term “friction factor” is often preferred for the Tresca friction model. 

The results show that the Tresca friction correction consistently outperforms the Coulomb 

correction and should therefore be preferred. Moreover, applying a friction correction 

consistently improves the accuracy of the extracted flow curve. However, the correction 

becomes less accurate as the friction coefficient increases, which highlights the importance of 

using excellent lubrication conditions in practice. Consequently, all subsequent simulations in 

this work were conducted under low friction conditions with the Tresca correction factor, unless 

stated otherwise. Interestingly, when the shear correction was also applied (Fig. 8f) the breadth 

correction no longer improved the result. Nevertheless, in both cases, the breadth correction led 

to a much better estimation of the hardening rate evolution. By contrast, the benefit of the shear 

correction becomes less clear outside the 2D simulation framework. 

 

 

3.2. Validation of the effective tool width for rounded tools 

 

Flow curves extracted from 2D PSCT simulations with the reference configuration and rounded 

dies are shown in Fig. 9a. When the die radius is small, the extracted curves show relatively 

low deviations from the reference, but the error increases with larger die radii. This trend 

suggests that keeping the die radius small helps reduce inaccuracies in the flow curve while still 

reaping the mechanical benefits of rounded die edges. 

Additional insights are shown in Fig. 9b for a representative case with a die radius of 0.5 mm. 

Here, incorporating a variable effective tool width (ETW) successfully improves flow curve 

predictions at low strains, compared to results based on a constant tool width, which tended to 

overestimate the stress. This improvement, however, is subject to two limitations. First, as the 

die radius increases, the actual die-sample contact deviates more significantly from the assumed 

geometry, reducing the accuracy of the ETW estimation. Second, as strain approaches the range 

associated with uniform elongation, the extracted flow curve begins to show a reduced 

hardening slope relative to the reference. This trend also appeared in simulations using a 

constant tool width, indicating that the discrepancy is not exclusive to the ETW correction but 

likely inherent to the PSCT setup under these deformation conditions. 
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Fig. 9. Effect of rounded dies in 2D PSCT simulations (low friction, Tresca friction correction): 

a) stress-strain curves for various die radii; b) evolution of the effective tool width (ETW); c) 

flow curves extracted using a constant vs. variable ETW for a 0.5 mm die radius. 
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3.3. Combined effect of all corrections, including anisotropy correction 

 

After individually evaluating the main correction terms, the full flow curve extraction procedure 

was applied to the complete 3D PSCT configuration with rounded dies and low friction 

conditions – representing the realistic experimental setup. Both the breadth correction and the 

Tresca friction correction were included in all cases, and three synthetic material parameter sets 

were considered. The results, shown in Fig. 10a-c, demonstrate that for this particular 

configuration, neither the tool width correction nor the shear correction significantly improves 

the accuracy of the extracted flow curves. The predictions were already very close to the 

reference curve without these corrections (Fig. 10a).  

Finally, Fig. 10d-f display the flow curves obtained for materials A, B and C after applying the 

anisotropy correction. In all cases, the corrected flow curves intersect the reference curves at 

the true uniform elongation. At higher strain levels, the hardening slope tends to be slightly 

underpredicted when using a constant tool width, and slightly overpredicted when using a 

variable tool width. In both scenarios, however, the global accuracy is satisfactory. The shear 

correction, in contrast, results in a noticeable overestimation of the hardening slope, particularly 

at large strains, which degrades the quality of the flow curve extraction. This observation 

suggests that the shear correction may not be suitable in the context of 3D PSCT simulations 

with rounded tools. 
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Fig. 10. Extracted flow curves for materials A, B and C in the 3D configuration with rounded 

tools: a) with constant tool width, b) with evolving tool width, c) with evolving tool width and 

shear correction. Extracted flow curves after applying anisotropy correction: d) constant tool 

width, e) evolving tool width, and f) evolving tool width with shear correction. 
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4. Discussion 

The Tresca-based friction correction appeared as both significant and reliable. It is worth 

noting, however, that the friction correction assumes a constant friction coefficient through the 

test. In practice, due to the large contact pressures and significant sliding at the die-sample 

interface, lubrication conditions deteriorate during testing, leading to a likely increase in the 

effective friction coefficient. This variation is difficult to characterize experimentally. 

Therefore, in order to ensure the PSCT can be used for quantitative flow curve extraction at 

room temperature, maintaining optimal lubrication conditions is crucial to minimize frictional 

effects. 

Regarding the hardening slope, most configurations and material combinations did not show 

significant deviations from the reference curve. Nevertheless, some correction terms had a 

distinct impact. The hardening slope tended to be underpredicted when using the friction 

correction, the free surface hypothesis, or in the presence of a tool misalignment (see Fig. 11). 

It was overpredicted when applying the shear correction. The anisotropy correction was 

effective at compensating for several types of error—not limited to true material anisotropy—

but cannot simultaneously correct for both flow stress and hardening slope errors. 

The friction correction showed high accuracy under idealized, known conditions in the 

simulations, supporting the systematic use of the Tresca friction correction. However, in 

experimental setups, the friction coefficient is uncertain and evolves throughout the test due to 

plastic deformation and interface changes. This evolving friction is likely a key factor 

contributing to the increased hardening slope observed in experimental PSCT data at large 

strains.  

While the present investigation provides a detailed numerical validation of individual and 

combined correction terms, it is important to acknowledge certain limitations. First, the 

simulations were conducted under idealized conditions, with known and constant friction 

coefficients, perfect die alignment, and ideal isotropic material behavior. These assumptions 

were necessary to isolate and evaluate the influence of each correction term, but they do not 

fully capture the uncertainties and variability present in real experimental settings. In particular, 

the friction conditions in actual PSCT experiments are known to evolve during the test and may 

lead to stronger deviations in the extracted flow curve than those observed in this study. Second, 

although the numerical results are compared to analytical and literature-based references, no 

direct experimental validation was included. Future work should aim to confirm the conclusions 

using controlled experiments, especially to assess the real-world effectiveness of the proposed 

correction strategies. Finally, the combined application of multiple correction terms can 

sometimes lead to non-additive effects, depending on the specific test configuration. In certain 

cases, such as the simultaneous use of shear and tool width corrections in 3D simulations, the 

accuracy of the extracted flow curve was not improved and could even decrease.  

The PSCT analysis makes few assumptions about the material’s behavior. For anisotropic 

materials, the experimental confrontations from [83] – see also Figure 2 – showed excellent 

accuracy. However, it was implicitly assumed that the material obeys to the normality rule and 

does not exhibit tension-compression strength-differential effects or so-called anisotropic 
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hardening effects. It is noteworthy that for materials that do not verify these assumptions, the 

PSCT alone will not be sufficient to completely characterize the hardening response, and the 

application of the methodology to post-process the PSCT for such materials becomes 

questionable.  

 

 

 

 

 

Fig. 11. Flow curves extracted from 3D simulations material A under low friction conditions, 

for various levels of tool misalignment.  

 

5. Conclusions 

The plane strain compression test was investigated through finite element simulations, and the 

material’s flow curve was extracted using an analytical post-processing procedure. Several 

conclusions can be drawn regarding the accuracy and relevance of the correction terms 

involved, in view of their application to experimental PSCT analysis. 

The correction for breadth increase should always be applied, as well as the Tresca friction 

correction, both of which proved to be impactful and accurate. In contrast, the shear correction 

did not improve the results in realistic 3D configurations and can therefore be omitted in such 

cases. 
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For the use of rounded tools, the die radius should be kept below 0.5 mm to preserve the 

accuracy of the analytical flow curve extraction. Larger radii lead to a noticeable degradation 

in accuracy. Furthermore, the computation of the effective tool width did not lead to improved 

results in the 3D configurations and can therefore be discarded. 

Finally, the apparent hardening slope of the extracted flow curves was not significantly affected 

by the studied configurations and materials, except when applying the shear and tool width 

corrections. Therefore, the increase in the hardening slope observed experimentally at large 

strains is likely due to other factors not present in the simulation, such as evolving friction 

conditions during the test. 

 

  



20 

 

 

6. Appendix: Calculation of the shear correction using the von Mises 

yield criterion  

 

In the available literature [83, 88], the edge shear correction term was only calculated in the 

framework of the Tresca yield surface, which usually leads to simpler (linear) equations as 

compared to the von Mises yield criterion. Thus, in this work the shear correction term was 

analytically derived in the framework of von Mises plasticity.  

The boundary 𝜕Ω (see Fig. 7) is considered as a free edge in most analytical approaches. 

However, Ismar and Mahrenholtz [88] inferred that the geometry of the sample at this transition 

point, exhibiting a variation in thickness, could indicate that a local shear instantaneously occurs 

when the material crosses this boundary, as illustrated in Fig. 12. Since the demonstration was 

made assuming a Tresca plasticity criterion, the solution is derived here for a von Mises 

material.  

 

  

 

Fig. 12. Extended slab method analysis, considering an additional material shearing when 

crossing the boundary 𝜕Ω; a) schematic representation and b) infinitesimal volume element 

after crossing the boundary and notations used in the demonstration. 

 

 

A simple shear stress tensor is assumed at a material point crossing the border 

 

 𝝈 = [

0 𝜎𝑥𝑦 0

𝜎𝑥𝑦 0 0

0 0 0

], (9) 

 

die

die

(a) (b)
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and the dissipated energy per unit volume associated to this stress state writes 

 

 𝑑𝑊 = 2𝜎𝑥𝑦𝜀𝑥𝑦 = 𝜎𝑥𝑦𝛾𝑥𝑦. (10) 

 

A linear velocity field is assumed that allows to calculate the shear strains as 

 

 𝛾𝑥𝑦 =
𝑑𝑢

𝑑𝑥
= 𝑡𝑎𝑛( 𝛼) =

𝑣𝑦

𝑣𝑥
= 𝑡𝑎𝑛( 𝛼𝑐) ∙

2𝑦

ℎ
, (11) 

  

while the shear stress can be related to the equivalent stress  

 

 𝜎𝑥𝑦 =
𝜎
𝑣𝑀

√3
. (12) 

 

Finally, the dissipated energy per unit volume 

 

 𝑑𝑊 = 𝜎𝑥𝑦𝛾𝑥𝑦 =
𝜎
𝑣𝑀

√3
𝑡𝑎𝑛( 𝛼𝑐)

2𝑦

ℎ
 (13) 

 

can be integrated over the volume 𝑏 ⋅ ℎ ⋅ 𝑑𝑥 of the two 𝜕Ω boundaries (left and right): 

 

 𝑊 = 2∫ 𝑑𝑊 𝑏 𝑑𝑥 𝑑𝑦
ℎ

2

−
ℎ

2

= 4∫ 𝑑𝑊 𝑏 𝑑𝑥 𝑑𝑦
ℎ

2
0

=
8

√3

𝜎
𝑣𝑀

ℎ
𝑏 𝑡𝑎𝑛( 𝛼𝑐)𝑑𝑥 ∫ 𝑦 𝑑𝑦

ℎ

2
0

. (14) 

 

Finally, 

 

 𝑊 =
𝜎
𝑣𝑀

√3
𝑏ℎ 𝑡𝑎𝑛( 𝛼𝑐)𝑑𝑥. (15) 

 

This additional energy has to be provided by an increase of the 𝜎𝑦 stress component from the 

tool on the upper surface. The infinitesimal displacement of the tool 𝑑ℎ corresponding to the 

ejection of an infinitesimal slab of width 𝑑𝑥 through boundary 𝜕Ω can be determined by volume 

conservation: 
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 𝑑𝑉 =
𝑤

2
𝑏𝑑ℎ = ℎ𝑏𝑑𝑥  ⇒   𝑑ℎ =

2ℎ

𝑤
𝑑𝑥. (16) 

 

By equalizing the shear energy with the additional energy provided by the tool, 

 

 𝛥𝐹 𝑑ℎ = 𝛥𝜎𝑦 𝑏
𝑤

2
𝑑ℎ =  

𝑏ℎ𝜎
𝑣𝑀

√3
𝑡𝑎𝑛( 𝛼𝑐)𝑑𝑥, (17) 

 

the increase in axial stress can be calculated as 

 

 𝛥𝜎𝑦 =
𝜎
𝑣𝑀

√3
𝑡𝑎𝑛( 𝛼𝑐) =

𝜎
𝑣𝑀

√3

ℎ

2𝑤
 (18) 

 

which was used to define the edge shear correction term in Eqs. (1) and (4). It is noteworthy 

that this shear correction term is form-identical whether one uses the von Mises or the Tresca 

yield criterion, provided that the yield surface shape factor (𝐶𝑌𝑆) is updated accordingly. For 

the detailed calculation of 𝑡𝑎𝑛( 𝛼𝑐) the reader is referred to [83]. 
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