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Compression test is frequently used to define material behaviour. However, this test may be
depending on different effects, for example friction, specimen inertia or local stress triaxiality.
For this reason, a new design is proposed to analyse the previous effects and to try to
minimize it on quantities measured as macroscopic stress and strain. To have a comp-
lete understanding, numerical simulations have been performed using finite element method
(Abaqus/Standard and Abaqus/Explicit). It allows one to define the macroscopic behaviour
and to have an access to the local values not accessible during experiments for a better
understanding of the experimental measurements.
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1. Introduction

The shape and dimensions of the specimen used during experiments have an important effect
on experimental measurements in both static and dynamic loadings. In general, to define the
behaviour of a material σ(ε, ε̇, T ), different tests are frequently used: compression, tension, shear,
biaxial compression. In this paper, static and dynamic compression tests are considered. This
kind of experiments is used to define the behaviour of materials at low and high strain rates and
to verify the symmetry of the yield surface comparing to tension, but it induces some problems
as it will be discussed in details in this paper. One of the main problems is related to the friction
effect between the specimen and the plateau or the split Hopkinson pressure bars (SHPB). This
phenomenon is related to the quality of contact and state (lubricated or dry) and it is defined
using the friction coefficient value µ. This effect is crucial since it may induce an overstress state
as discussed in details in (Jankowiak et al., 2011). Some other quantities are also disturbing the
measurements under dynamic loading and using SHPB. These are local inertia of the specimen,
puncture of the bars (Safa and Gary, 2010; Małachowski et al., 2014), elastic wave dispersion
and shape of the contact zone projectile end – input bar. As observed in (Jankowiak et al., 2011),
the stress state is changing when the friction coefficient increases on the contact side. Therefore,
an uniaxial compression state cannot be assumed. In the dynamical state, as it was discussed in
some papers (Jankowiak et al., 2011; Iwamoto and Yokoyama, 2012; Kii et al., 2014), the ratio
length L – diameter D must be in a certain range of values to avoid some problems described
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previously. This ratio is defined using the parameter s = L/D. In this work, several values of s
have been used, see Fig. 1.

Fig. 1. Force versus displacement for quasi-static compression using standard specimen SPi

Deformation of the specimen in compression depends on the friction process, Fig. 1. The
results reported in this paper are for a constant diameter D = 4mm and different initial length L
to vary the ratio s. Therefore, the following configurations have been used: SP1 (s = 0.25) with
a length of 1mm and SP4 (s = 2.0) with a length of 8mm. The intermediate specimens SP2
and SP3 have, respectively, a length of 2mm and 4mm. It corresponds to a value of s equal
to 0.5 and 1.0. The results (force versus displacement curve) for a friction coefficient varying
from 0.0 to 0.2 are presented in Fig. 1. In general and following some recommendations, the
ratio s equal to 0.5 is frequently used during dynamic tests to avoid some of the problems
discussed previously. However, for this ratio, the friction effect is visible (comparing the curves
SP2-fric 0.0 and SP2-fric 0.2), see Fig. 1. In the previous picture, Fig. 1, it is observed that the
friction coefficient is acting strongly on the specimen having the shortest active length (SP1).
In this paper, modified specimens SPiM, Fig. 2, are used to measure during experiments the
intrinsic material behaviour. The SPiM results will be compared to the original ones to observe
if the friction effect may be reduced using a new design. To confirm it, some comparisons will be
reported in terms of the force-displacement curve changing the friction coefficient µ. The same
ratio s has been considered between SPi and SPiM.

Fig. 2. Modified specimen design SPiM for the compression test under quasi-static and
dynamic compression



Protocol to define material behaviour and failure strain level... 473

2. Geometric effect on the compression force measurement using SPiM specimen

The variation of the stress state defined by η has an effect on the measured force and, in the
same way, on the final macroscopic stress level σ estimated during experiments and simulations.
Another important parameter is related to the specimen shape ratio s which is inducing a
change of the stress triaxiality η, as it will be discussed in this paper. This variable is related
to the ratio of the hydrostatic stress p and to the Huber-Mises equivalent stress q. To reduce
this phenomenon, a new geometry design is proposed, Fig. 2. The specimens are named SPiM
with i = 1 to 4 corresponding, respectively, to an active part of 1mm, 2mm, 4mm and 8mm.
Based on it, the shape ratio s is calculated. It corresponds to the ratio of the initial length L
divided by the diameter of the active part of the specimen D. For the new geometry, the ratio
is respectively equal to 0.25, 0.5, 1.0 and 2.0. To analyze the geometric effect, the following
constitutive relation, Eq. (2.1), has been used in FE code. Therefore, just hardening has been
considered. The strain rate sensitivity as the temperature sensitivity is not taking into account

σ = A+BεnP (2.1)

Two material behaviours are assumed, see Table 1, allowing one to demonstrate that the
results are just related to geometry and not to material behaviour. Thus, this analysis and
geometry can be used with all materials assumed or studied.

Table 1. Constants used to define mild steel ES and aluminum AA6060 assuming Eq. (2.1)

Mild steel ES Aluminium AA6060
(Jankowiak et al., 2011) (Beusink, 2011)

Young modulus E 200GPa 70GPa

Yield stress A 154MPa 70MPa

Strain hardening B 464MPa 302MPa

Strain hardening n 0.37 0.46

The behaviour is depicted in Fig. 3 for a larger yield stress and hardening of mild steel.

Fig. 3. Comparison of true stress – true strain curve for two different materials

To analyse how the geometry may act on the material behaviour definition using different
geometries, mild steel has been considered in the first part of numerical simulations, see Table 1
and Fig. 3. The results for all geometries and two values of the friction coefficient µ are reported
in Fig. 4.
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Fig. 4. Force versus displacement for quasi-static compression using the modified specimen SPiM
for mild steel

Using the same material behaviour and the same diameter D, it is observed that the material
behaviour is depending on the active length of the specimen. On the contrary, the friction
coefficient is not acting as it was observed in (Jankowiak et al., 2011). Based on the previous
results, it is observed that the ratio s is responsible for different behaviours in terms of force-
-displacement relationship. To analyse the local distribution of the stress triaxiality with plastic
deformation, numerical simulations have been used. Thus, it is observed that the stress triaxiality
is equal to −0.34 for s = 2.0 (SP4M) which corresponds to the compression value equal to −1/3,
Fig. 5. The results are reported for each geometry in the following picture, Fig. 5.

Fig. 5. Average stress triaxiality versus plastic strain for all modified specimens SPiM (static and
dynamic loadings using numerical simulations)

It can be seen that η is varying from −0.58 to −0.65 for SP1M and from −0.42 to −0.47 for
SP2M. For SP3M, the value is not depending on the plastic strain level and is equal to −0.36.
To estimate the local inertia due to the mass added to both sides of the standard specimen,
Fig. 2, numerical simulations have been done at a high velocity V0 = 10m/s. As the strain
rate sensitivity of the material is not considered, Eq. (2.1), the difference in terms of the force
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may be due to the mass inertia only. Based on numerical simulations, it is observed that the
masses added do not affect the results and, in the same way, do not affect the macroscopic stress
(triaxiality) and strain level, Fig. 5. In the following part of the text, the case corresponding
to high velocity coupled with the inertial effect is defined as dynamic, and the second case
corresponding to low velocity is named static.
In the following curves, Fig. 6, two cases are reported considering the geometry SP1 and SP4

(standard specimens) for different friction coefficients. It is observed for the shortest specimen
SP1 that the friction coefficient induces a strong increase of the stress triaxiality η. In the
range of plastic deformation considered, the value is varying from 0.6 to 1.5. For SP4, the stress
triaxiliaty is more stable and the value is close to the compression state with η = −1/3.

Fig. 6. Average stress triaxiality for standard specimens (SP1 and SP4) for friction
coefficients 0.0 and 0.2

3. Material behaviour definition and analysis

For the standard shape specimen SPi, the behaviour of the material in static and in dynamic
conditions can be obtained using the friction correction as discussed in details in (Jankowiak et
al., 2011; Zhong et al., 2015). The friction coefficients µ changes the process of plastic deforma-
tion and the stress state. Finally, the compressive test with friction coefficient µ > 0 does not
predict uniaxial behaviour, and the stress triaxiality η decreases to −1/3. Using the modified
geometry design SPiM, friction correction is not required. However, the state of the stress does
not correspond to uniaxial compression.
For SPi geometry and in order to correct the friction coefficient effect, the model proposed

by Klepaczko-Malinowski may be used as described in (Jankowiak et al., 2011; Klepaczko and
Malinowski, 1977). In a simplified approach and considering that the inertia and the second
derivative of the strain rate effect may be neglected, the correction is the following, Eq. (3.1).
Therefore, just the geometry effect is taken into account

σmat = σmeas
(

1−
µ

3s

)

= σmeasC (3.1)

where σmat is the stress in the material and σmeas is the stress measured in the compression
test. Using numerical results, the geometrical variable C may be defined for all cases considered
SPi. The value vary from 0.733 to 0.967 considering, respectively, SP1 to SP4, Table 2. In this
analysis the friction coefficient is assumed to be equal to 0.2.
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Table 2. Definition of the variable C for all cases considered SPi, Eq. (3.1)

s C

SP1 0.25 0.733

SP2 0.5 0.867

SP3 1 0.933

SP4 2 0.967

The method of correction is working correctly for a material without or with reduced plastic
strain hardening like pure copper in (Jankowiak et al., 2011). The numerical results (stress-strain
curve) are presented for SP4 (the longest) and SP1 (the shortest) in Fig. 7. For a material with
strain hardening, the gap between the input model and the method proposed by Klepaczko-
-Malinowski does not allow one to correctly define the intrinsic behaviour of the material for
strain levels ε > 15. For larger plastic deformation levels, the stress state is more complex due
to the friction effect and the previous method based on the friction correction is not enough.
However, it is observed that the friction effect may be neglected for specimen SP4, see Figs. 7
and 8b.

Fig. 7. True stress – true strain curve for the standard specimen

If the specimen length decreases the stress state is changing as reported, Fig. 6. For the
specimen SP1, and assuming that the friction coefficient is equal to zero, the numerical results
in terms of behaviour are in agreement with the constitutive relation used as an input, Fig. 7. If
the friction coefficient increases, µ > 0, a correction is necessary (Jankowiak et al., 2011). Using
numerical calculations, two quantities are defined, the Huber-Mises σMises equivalent stress and
the longitudinal stress σyy corresponding to the axial loading direction. It has to be noticed
that during experiments, the longitudinal stress is the one corresponding to the stress imposed
to the specimen. The value of σyy is obtained dividing the force by the cross section of the
specimen. Using these two quantities, the parameter α may be defined. It consists in dividing
the longitudinal stress by the equivalent stress as α = σyy/σMises . The value is equal to 1 for
uniaxial compression. In other cases, α is varying with the level of plastic deformation as observed
for the stress triaxiality, Fig. 8a. To demonstrate this effect, the results for SP4 (the longest)
and SP1 (the shortest) are presented in Fig. 8b. If the stress measured during experiments is
divided by the α parameter, the material behaviour obtained from numerical simulations is in
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agreement with the constitutive relation used. This method is working correctly also for material
with plastic strain hardening.

Fig. 8. (a) Influence of the friction coefficient on the measured force and α for model SP1; (b) true
stress – true strain curve for the standard specimen SPi with stress correction for mild steel ES

Fig. 9. True stress versus true strain curve for modified specimens under quasi-static loading
using mild steel

The specimen modified SPiM has been used to eliminate the friction effect on the stress-strain
curve. As demonstrated before, the friction effect was not observed using SPiM, Fig. 4. The true
stress-true strain curve for SP4M with and without friction give the same results in agreement
with the constitutive relation used, Eq. (2.1), see Fig. 9. However, the triaxiality influence the
measured stress as observed for the standard specimen. Analysing the current results, it is
visible that these new modified specimens SPiM are much better in describing the failure strain
and failure criterion of the materials. However, using these modified short specimens to predict
material behaviour, the difficulty is to define the equivalent effective length Leff , different to
that reported in Fig. 2 and Fig. 10. To estimate it, numerical simulations have been carried out.
The proposed method is presented in this part for the shortest modified specimen SP1M. The
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final results are reported in Fig. 9 for specimen SP1M. In this specific case, the final average
strain in the active part of the specimen is equal to 0.19. However, if the final strain is calculated
from displacements based on the active length of the neck part (1mm), the final strain level will
be equal to 0.551. However, using Leff = 2.86mm, corresponding to the ratio of the strain level
described previously, the final strain is equal to 0.19 as the average value in the active part of
the specimen. This procedure allows one to correct the strain during the compression test using
the modified specimen.

Fig. 10. Definition of the length and effective length used to calulate the strain level

The second step is to correct the stress level using the correction factor α = σyy/σMises . The
triaxiality is not strongly changing for this kind of specimen and it is the same for α. In this
case, the average value of α during compression is 1.22. To correct the stress measured during
experiments or computed by FE code (Małachowski et al., 2014; Dunand and Mohr, 2010), it is
necessary to divide the macroscopic stress measured or calculated by 1.22 to estimate the intrinsic
material behaviour. The same procedure should be done for other cases. The correction factors
for stress should be every time calculated using an inverse method coupling experiments with
numerical simulations. To demonstrate that the correction is directly related to the geometry
and not to the material tested, numerical simulations have been performed for two materials.
It is observed that the correction is related to the applied geometry and not to the material,
Fig. 11. The conclusion is the same for SP1M and SP4M. Moreover, it is observed, Fig. 11, that
the friction effect does not change the stress triaxiality using SP4M and is not dependent on the

Fig. 11. Comparison of compression results (stress triaxiality versus plastic strain); (a) SP1M
and (b) SP4M
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material used. Therefore, SP4M may be used to define the material behaviour with the stress
triaxiality state corresponding to compression.
Finally, the strain and stress are corrected using Eqs. (3.2)4 and (3.2)2, respectively.

εmat = κSPiM εmeas σmat = λSPiMσmeas (3.2)

where λSPiM and κSPiM are the geometric coefficients allowing one to define the intrinsic beha-
viour of the material σ(ε). The first coefficient is related to 1/α and the second one to L/Leff .
Depending on the geometry SPiM, to obtain the material behaviour, the following corrections
are necessary, Table 3.

Table 3. Geometric coefficients for material behaviour definition using SPiM coupled to
Eqs. (3.2)

Geometry design, length λSPiM κSPiM Leff

SP1M L = 1mm 0.82 0.35 2.86

SP2M L = 2mm 0.92 0.58 3.45

SP3M L = 4mm 0.98 0.78 5.13

SP4M L = 8mm 1 1 8

In addition to material behaviour characterization and for some materials with a reduced
ductility, the failure strain εf level may be estimated depending on the stress triaxiality, Eq. (3.3).
The presented results demonstrate that the use of the specimens with modified shape SPiM in
compression tests gives promising results and allows one to eliminate the friction effect, which
increases the measured stress as observed during experiments

εf = f(η) (3.3)

Fig. 12. Failure criterion definition – failure plastic strain as a function of the stress triaxiality η

This kind of approach was previously proposed in shear by Rittel et al. (2002). The specimen
was used to estimate, after some corrections, the material behaviour and the failure strain level
as well. The values of the failure strain level for the new specimens SPiM are reported Fig. 12.
The value of triaxiality η is varying from −0.7 to −0.36. A general example is shown in Fig. 12
and demonstrates how the stress triaxiality changes with plastic deformation mainly for SP1M
and SP2M. Using SP3M or SP4M, the value is relatively constant and close to the compression
state. An other advantage of having different values of η is the ability precisely define constants
of some failure criteria (Bao and Wierzbicki, 2004; Wierzbicki et al., 2005; Rusinek et al., 2007;
Dunand and Mohr, 2011), see for example the Johnson-Cook model, Fig. 12.



480 T. Jankowiak et al.

Now, coupling the new design SPiM with the specimen proposed by Rittel et al. (2002),
the failure strain level εf may be defined for the stress triaxiality η varying between
−0.66 ¬ η ¬ −0.33 depending on the shear angle inclination. It is also possible to perform,
in an easy way, a tensile test to reach a value of η = 0.33.

4. Conclusions

From the numerical results, it can be seen that using the new design of the compression specimen
does not allow one to define the material behaviour without the friction effect only, but also
enables estimation of the failure strain level depending on the stress triaxiality. The tests may
be complementary to other tests such as tension, shear or biaxial compression (Frąś et al., 2014;
Field et al., 2001; Davies and Hunter, 1963; Baranowski et al., 2014).

Thus, comparing all results and basing on the systematic analysis, it is clear that the best
solution in terms of the material behaviour is to use the geometry modified SP4M, Fig. 2.

Moreover, it is demonstrated that the parameters calculated to estimate the material beha-
viour are not dependent on the material used but only on the geometry of SPiM.
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