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Abstract A novel material testing concept is 
developed in order to provide tensile and compres-
sive properties within a single mechanical test. A 
new specimen geometry is designed for testing in a 
universal testing machine. Under tensile load, both 
a homogeneous tensile stress condition as well as a 
homogeneous compressive stress condition occur 
in the specimen. Measurements accompanying the 
experimental test with digital image correlation pro-
vide tensile and compressive Poisson’s ratio as well 
as tensile modulus. These properties are input param-
eters for subsequent finite element simulations. The 
compressive modulus is determined by iteratively 
adjusting finite element simulations in order to couple 
experimental and simulated results. For validating the 
concept, experimental tests are carried out on poly-
oxymethylene. While the tensile Poisson’s ratio of 
the new concept shows the best agreement with the 
reference value, the compressive modulus is approxi-
mately 15% higher. Further work should focus on 
an appropriate material model in order to reduce the 
deviation.

Keywords Polymers · Digital image correlation · 
Finite element simulation · Tension · Compression · 
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1 Introduction

Digital image correlation (DIC) is used as a technique 
to measure displacement and deformation of sur-
face areas. It has been applied in a variety of fields 
in the past. One of the main applications is detecting 
and monitoring cracks in different kinds of build-
ing materials. Besides detecting crack initiation (Lin 
and Labuz 2013; Navaratnam et  al. 2020; Liu et  al. 
2021) and investigating the fracture process zone 
(Miao et al. 2020; Moazzami et al. 2020; Skarżyński 
2020), the crack growth is of interest (Abanto-Bueno 
and Lambros 2002; Navaratnam et al. 2020). Mostly, 
building materials are tested in three-point or four-
point bending tests (Lin and Labuz 2013; Miao et al. 
2020; Navaratnam et al. 2020). DIC is also suited for 
high-temperature measurements (Bing et  al. 2009; 
Grant et al. 2009; Pan et al. 2020) up to 3000 °C (Pan 
et al. 2020) or vibration measurements (Helfrick et al. 
2011; Ngeljaratan and Moustafa 2020). Field applica-
tions range from vibration frequency measurement of 
footbridges (Ngeljaratan and Moustafa 2020) to land-
slide monitoring for tracking ground displacements 
(Mazzanti et  al. 2020). One of the most substantial 
features is the local strain measurement. It can sup-
port standard tensile tests, e.g. by providing local 
strain data in order to determine the true stress strain 
curve (Grytten et  al. 2009). Overall, DIC has been 
established as a reliable and highly precise technique 
for non-contact and local deformation measurement.
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Until today many researchers carry out mechani-
cal tests according to the test standards ASTM D638/
ISO 527 and ASTM D695/ISO 604 (e.g. Ali et  al. 
2022; Chaitat et  al. 2022; Kananathan et  al. 2022; 
Mutyala et  al. 2022; Rudawska and Frigione 2022). 
Consequently, they need to perform separate tests to 
determine tensile and compressive properties. Some 
researchers attempt to receive tensile and compressive 
properties within a single test. Mujika et  al. (2006) 
performed bending tests with strain gauges attached 
to the tensile and compressive side of the specimen. 
By using the ratio of measured tensile and compres-
sive strain and an analytical approach, they derived 
tensile and compressive moduli. Kim et  al. (2011) 
used the bending modulus of structural lumber to pre-
dict its tensile and compressive moduli by performing 
a regression analysis. Røhl et al. (1991) investigated 
the tensile and compressive behaviour of cancellous, 
human bones and received both tensile and compres-
sive moduli from the same specimen by consecutive 
loading under tension and compression.

Several approaches have been made where a com-
bination of a full-field measurement technique like 
DIC and additional FE simulations is used to deter-
mine material parameters. The strains measured in the 
experiment are coupled to the simulated strain field 
of FE simulations. The material parameters are itera-
tively updated until the simulated and experimental 
results match. This procedure is called finite element 
model updating method (Avril et  al. 2008). Doing 
so, Lecompte et al. (2007) carried out biaxial tensile 
tests on cruciform specimen of glass fibre reinforced 
epoxy in order to get the in-plane orthotropic material 
parameters. Pottier et al. (2011) used thin aluminium 
sheets similar to standard tensile test specimens with 
and without a hole as well as sheets with an occur-
ring shear stress to gain anisotropic elastic–plastic 
material parameters. A similar approach is followed 
by Molimard et  al. (2005) who performed an open-
hole tensile test on composite materials in order to get 
the four in-plane orthotropic material parameters. He 
et  al. (2016) gained tensile and compressive moduli 
among other parameters with a short-beam shear test 
on a fibre reinforced composite.

Following a similar approach this work aims 
to develop a novel mechanical testing concept for 
a combined characterisation of Young’s modu-
lus and Poisson’s ratio for both, tension and com-
pression stress states. Therefore, a new specimen 

geometry is designed that is tested in a universal 
testing machine. Furthermore, a finite element 
model updating method is developed and imple-
mented to receive the four constitutive parameters.

Instead of performing two separate standard tests 
according to ISO 527 and ISO 604, the new con-
cept enables the characterisation of elastic tensile 
and compressive properties in a single test. Fur-
thermore, the new concept provides a more robust 
determination of the compressive properties since 
the typical, non-uniform compressive load at the 
beginning of the standard compressive test does 
not occur. Therefore, a time-consuming review and 
post-processing of the results is avoided. Over-
all, this approach can save time and resources in 
fields of activity like component design or material 
development.

2  Materials and methods

2.1  Materials

For the validation of the new testing concept, experi-
mental tests have been performed on the thermoplas-
tic polymer poly (oxy methylene) (POM). The copol-
ymer Hostaform® C 9021 from the manufacturer 
Celanese has been provided in the form of granulate. 
It is characterised as a material with a low moisture 
absorption as well as a good chemical resistance 
and it does not contain any fillers. The raw material 
was injection moulded into plates with a length of 
150 mm, a width of 100 mm and a thickness of 3 mm. 
Afterwards, the required test specimens were milled 
out of the plates. Milling out of plates was chosen as 
the manufacturing process because in this case there 
is no need for acquiring new tools during the devel-
opment process and it provides the possibility of 
flexibly adjusting or optimising the specimen geom-
etry. Before testing, the specimens had been condi-
tioned at a temperature of (23 ± 2)  °C and a relative 
humidity of (50 ± 10)  % for at least 16  h according 
to ISO 29988-2. Conditioning the specimens is done 
in order to reduce environmental influences during 
testing and for a better comparability of the testing 
results. After conditioning the tests were immediately 
carried out in a room without climate control and a 
temperature close to 23 °C.
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2.2  Specimen types

Three types of specimens for mechanical tests were 
designed. First, there is a combined tensile compres-
sive test specimen for the new testing concept that has 
a unique design, see Fig. 1 (bottom). Next, there are 
tensile and compressive test specimens for the vali-
dation of the new testing concept. The shape of the 
tensile test specimen is similar to the type 1A accord-
ing to ISO 527-2 but with a total length of 100 mm, 
a shoulder length of 20 mm and a parallel length of 
37.5 mm, see Fig. 1 (top). The compressive test speci-
men is cut out of the injection moulded plates perpen-
dicular to the melt flow direction and has a length of 
20 mm, a width of 10 mm and a thickness of 3 mm.

2.3  Tensile and compressive tests

The quasi-static mechanical tests were carried out 
with a ZwickRoell Universal Testing Machine 

AllroundLine Z100, see Fig.  2. The load cell used 
is the Xforce HP 10 kN. The crosshead speed dif-
fers depending on the specimen type. The tests were 
performed without preloading.

Wedge screw grips (type 8306) were used for the 
tensile tests where the closing force is adjusted via 
a handwheel. In order to establish a uniform clos-
ing force a torque of 20 Nm has been applied with a 
torque wrench. Circular compression platens with a 
diameter of 136 mm were used for the compressive 
tests. The platens were adjusted plane-parallel prior 
testing.

The Poisson’s ratios of all specimens were meas-
ured by DIC. Due to manufacturing tolerances of 
the compressive test specimen the stress strain dia-
gram starts with a sag which cannot be attributed 
to a material phenomenon. Therefore, the meas-
urement results were post-processed using Python. 
In order to receive a degressive stress strain curve 
the largest incline is detected and the sag prior this 

Fig. 1  Tensile test speci-
men (top) and combined 
tensile compressive test 
specimen (bottom)

Fig. 2  DIC measure-
ment setup for tensile tests 
equipped with a combined 
tensile compressive test 
specimen
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point is replaced by a straight line with this very 
incline.

2.4  Digital image correlation

GOM Aramis Adjustable SRX was used as the device 
for DIC. Two cameras were installed for three-dimen-
sional deformation measurement with 12 MP cameras 
and lenses of type Titaner B 75 mm each. The cam-
era angle was set to 25°. The measuring volume had 
a height of 85 mm, a width of 65 mm and a depth of 
45  mm with a measuring distance of 427  mm. The 
specimen surfaces were sprayed with a water-based 
paint spray for a uniform white primer coat prior test-
ing. After priming, the speckle pattern was applied 
with a graphite paint spray. The chosen facet size is 
19 to 19 pixels with a facet step of 16 pixels. The 
measuring frequency and shutter time were adjusted 
for each specimen type. The measured values of the 
universal testing machine, load and movement, were 
transmitted to the DIC software (Aramis Professional 
2020) during testing in order to get synchronised data 
for the evaluation.

2.5  FE simulation

FE simulations were carried out on the combined ten-
sile compressive test specimen using Abaqus as the 
solver. A linear elastic material model with Young’s 
modulus and Poisson’s ratio was implemented. The 
element type used is C3D20.

3  Results and discussion

3.1  Testing concept

The objective of the new testing concept is to gain 
tensile and compressive properties by a specimen that 
is tested in a universal testing machine. The desired 
properties are Young’s modulus as well as Poisson’s 
ratio for tension and compression. For this purpose, a 
unique specimen geometry is developed which can be 
seen in Fig. 3.

When clamping the specimen into the testing 
machine and applying a tensile force three areas with 
a homogeneous stress condition will occur: two areas 
with a tensile stress at the top and the bottom (‘T1’ 
and ‘T2’) as well as one area with a compressive 

stress in the beam at the centre of the specimen (‘C’). 
Two tensile areas are defined and used because of 
the dependence of the material behaviour on the flow 
path of the melt which coincides with the y-axis. The 
homogeneous compression is induced due to stretch-
ing the bars of the diamond-shaped middle part.

The test is done with a crosshead speed of 1 mm/min.  
From the test, tensile modulus ( ET ) and Poisson’s 
ratio ( �T and �C ) of tension and compression both can 
be obtained using Eqs. 1, 2, 3

Fig. 3  Design of the combined tensile compressive test speci-
men in which homogeneous tensile stress conditions (T1, T2) 
and a homogeneous compressive stress condition (C) occur 
after loading along the y-axis
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The tensile and compressive strains of all three 
areas ( �T

x
 , �T

y
 , �C

x
 and �C

y
 ) are measured separately 

using local DIC data. The tensile stress ( �T
y
 ) of both 

tensile areas results from the applied force divided by 
the respective cross section. All of the three param-
eters are calculated in a strain range between 0.05% 
and 0.25% according to ISO 527-1 using linear 
regression.

Using the measurement data from the universal 
testing machine and the DIC system only, the com-
pressive modulus cannot be derived. Additional 
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information about the stress condition in the compres-
sive area is needed. For determining the compres-
sive modulus, subsequent FE simulations are carried 
out. Due to the three symmetry planes of the speci-
men perpendicular to each spatial coordinate, a CAD 
model with an eighth of the volume of the specimen 
is realised which is shown in Fig. 4.

The tensile load is implemented as a constant 
movement of the shoulder by 0.5  mm, making a 
total movement of 1 mm due to the symmetry of the 
model. Two linear elastic material models are imple-
mented, one for the tensile behaviour and one for the 
compressive behaviour. The compressive properties 
are implemented in the compressive area marked 
green in Fig.  4a. For the remaining sections of the 
specimen only the tensile properties are attributed to 
the elements. The strain and stress data are evaluated 
in the area marked red for the tensile behaviour and in 
the area marked green for the compressive behaviour 
in Fig. 4b. The evaluated compressive area is smaller 
in order to exclude peak values in the transition area 
of the two material models. Finally, the compres-
sive modulus is the result of an optimisation loop 
with several FE simulations following the procedure 
shown in Fig. 5.

Fig. 4  CAD model of the 
combined tensile compres-
sive test specimen with the 
eighth volume for the FE 
analysis where a compres-
sive properties are attrib-
uted to the area marked 
green and tensile properties 
in the remaining specimen 
and b tensile stress and 
strain are evaluated in the 
area marked red with at 
the same time compressive 
stress and strain in the area 
marked green
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As mentioned above, the experiment using DIC 
provides both Poisson’s ratios ( �T and �C ) as well 
as the tensile modulus ( ET ). All three properties are 
fixed input parameters for the FE analysis. For the 
initial FE simulation, the compressive modulus ( EC ) 
is set equal to the tensile modulus. In the next step, 
the resulting strain rate in the compressive area of 
the simulation ( �̇�C,FEA ) is compared to the one of the 
experiment measured by DIC ( �̇�C,DIC ). If the strain 
rate of the simulation is lower, the compressive mod-
ulus will be reduced for the next run in order to gain a 
higher strain rate. Following this procedure, the com-
pressive modulus will be adjusted until both strain 
rates match each other within a defined accuracy for 
the modulus.

3.2  Specimen geometry optimisation

Relaxation and retardation are characteristic phenom-
ena of polymers. As a result, the material behaviour 
is particularly time-dependent. Accompanying, the 
resulting constitutive properties determined with the 
new testing concept depend on the state of stress and 
thereby the strain rate within the specimen. The state 
of stress is influenced by the geometric design of the 
specimen like the width of the compressive beam in 
the centre of the specimen ( w3 ). In order to receive 
comparable results for tensile and compressive prop-
erties, the specimen geometry is adjusted until the 
tensile and compressive stress levels are in a similar 
range. The variation parameters are shown in Fig. 6.

The geometry is optimised using FE simulations. 
A uniform, linear elastic material model is imple-
mented with a Young’s modulus of 2400 MPa and a 

Poisson’s ratio of 0.4. Prior to optimisation the angle 
� is set to 45°, the width w1 to 5.0 mm and the height 
h to 17.5 mm. Next to the ratio of the tensile and the 
compressive stress condition, the maximum stress 
as well as the standard deviation of the stress levels 
are reviewed in order to avoid negative outliers in the 
final design. The resulting dimensions for the radii 
are r1 = 7.5 mm, r2 = 3.0 mm, r3 = 12.5 mm and for 
the beam widths w2 = 4.5 mm, w3 = 3.0 mm. Table 1 
provides an overview of the parameters varied along 
with variation ranges resulting dimensions.

The optimisation was made for a uniform mate-
rial model over the entire specimen and therefore 
for an assumed equality between tensile and com-
pressive properties. Since tensile and compressive 

Fig. 5  Optimisation loop 
using FE simulations for 
gaining the compressive 
modulus with input param-
eters from the tensile test

Fig. 6  Variation parameter for the optimisation of the speci-
men geometry
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properties can differ from each other, the resulting 
stress ratio of the compressive area to the tensile 
area is verified depending on the value of the mod-
uli. The results are shown in Fig. 7.

A change of the moduli affects the tensile as well 
as the compressive stress condition both by a dif-
ferent magnitude. Hence, the stress conditions devi-
ate from the desired equality. Especially with a low 
compressive modulus a change in each modulus has 
a high effect on the stress ratio. The results show 
that the desired uniformity is not generally valid. 
Consequently, with increasing deviation the time-
dependent characteristic of the material has to be 
considered when comparing the moduli to each 
other. Furthermore, the result underlines the neces-
sity of subsequent FE simulations in the testing 
concept since the state of stress is not independent 
of the other material properties and therefore cannot 
be predicted analytically.

The investigation is also done in dependence on 
the Poisson’s ratio in Fig. 8.

Within the chosen variation range for the Poisson’s 
ratio, the stress ratio varies by 0.002 at maximum. 
Compared to the Young’s modulus the Poisson’s ratio 
has a very low effect on the resulting stress ratio. A 
deviation between the tensile and compressive prop-
erties in this case has no significant influence on the 
strain rate within the specimen.

An important input parameter for the FE simula-
tions is the actual geometry of the manufactured 
specimen. Since the geometry can differ from the 
defined nominal dimensions due to tolerances in mill-
ing, the influence of varying geometry parameters on 
the compressive modulus is studied. The results are 
shown in Fig. 9.

Within the chosen deviation range of ± 10% to the 
nominal dimension, the width of the compressive 
beam ( w3 ) in the centre of the specimen has the high-
est effect on the compressive modulus with a range of 
540 MPa. Followed by the width of the tensile beam 
( w1 ) with a range of 230  MPa. Since the resulting 
compressive modulus therefore depends on the exact 
dimensions of the specimen, they should be measured 
prior testing and considered for the subsequent FE 
simulations.

3.3  Experimental validation of the testing concept

For the validation of the new testing concept, five 
combined tensile compressive test specimens were 
manufactured and tested according to the defined 

Table 1  Variation parameter and the resulting dimensions 
from the optimisation of the specimen geometry

Variation 
parameter

Variation range (mm) Resulting 
dimension 
(mm)

r1 7.5, 10.0, 12.5 7.5
r2 2.5, 2.75, 3.0 3.0
r3 10.0, 11.25, 12.5 12.5
w2 4.5, 4.7, 4.9 4.5
w3 2.9, 3.0, 3.1 3.0

Fig. 7  Variation effect of tensile and compressive moduli on the stress ratio of compressive to tensile area
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testing concept. Figure  10 shows the DIC measure-
ment of the strain distribution including a histogram 
for strain values at the end of the evaluation time for 
one tested specimen.

The strain rates set for the single tensile and com-
pressive tests are adjusted to the strain rates measured 
on the combined tensile compressive test specimen. 
The average value of the strain rate is 0.635%/min for 

the tensile area and 0.667%/min for the compressive 
area. Again, five tensile and compressive tests were 
carried out. The test results according to the new test-
ing concept are compared to the references in Fig. 11.

The moduli determined with the new testing con-
cept are higher than the reference values. In particular, 
the average tensile modulus is 4.1% and the average 
compressive modulus is 15.1% higher. In contrary, 

Fig. 8  Variation effect of tensile and compressive Poisson’s ratio on the stress ratio of compressive to tensile area

Fig. 9  Effect of geometric parameter variation of the combined tensile compressive test specimen on the compressive modulus 
according to the new testing concept
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the measured Poisson’s ratios are lower than the refer-
ence values. The tensile Poisson’s ratio is 2.4% and 
the compressive Poisson’s ratio is 7.4% lower. The 
results provided by the new testing concept are more 

robust since they have a lower standard error of the 
mean for all gained parameters.

The results indicate a good agreement for the ten-
sile properties. The gap between the tensile moduli 

Fig. 10  DIC measurement of the strain distribution of a com-
bined tensile compressive test specimen including a histogram 
for a the both evaluated tensile areas in y-direction at the aver-
age tension of 0.25% (with a standard deviation of 0.02% in 

both areas) and b the evaluated compressive area in x-direction 
at the average compression of 0.25% (with a standard deviation 
of 0.019%) to receive tensile modulus and tensile and compres-
sive Poisson’s ratio

Fig. 11  Results of the experimental validation of the new testing concept; the error bars are calculated as the standard error of the 
mean
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can be explained by the testing temperature. Although 
the specimens were conditioned in a standard atmos-
phere according to ISO 29988-2 the tests could only 
be carried out in a non-climate-controlled room due 
to the location of the testing equipment needed. With 
an actual testing temperature of 24.4  °C, the tem-
perature was around 4.7  °C lower for the compara-
tive single tensile test which leads to a stiffer material 
behaviour. In addition to that, the small deviation in 
the tensile Poisson’s ratio is seen to result from typi-
cal material fluctuations.

In contrast, the compressive properties reveal a 
larger gap. Most prominent, the reference value for the 
compressive Poisson’s ratio is larger than 0.5 which 
indicates an increase in volume. In addition, the com-
pressive modulus reveals a different trend in compari-
son to the tensile modulus. Since the reference value 
is about 90% of the tensile modulus and thus within 
the expected range, the new testing concept leads to 
a higher compressive stiffness of the material. One 
important cause for the deviation of both compressive 
parameters is the non-uniform compressive load on 
the reference specimen during testing. As mentioned, 
due to manufacturing tolerances of the specimen and 
the resulting sag in the stress strain diagram the meas-
urement results needed to be post-processed. There-
fore, the resulting parameters depend on the selected 
post-processing method. Furthermore, the specimens 
differ in their dimensions. While the compressive test 
specimen is 20 × 10 × 3  mm3, the compressive area 
in the combined tensile compressive test specimen is 
12 × 6 × 3  mm3. Regarding the compressive Poisson’s 
ratio only, the test setup solely enables the measure-
ment of one transverse strain. In future work, an addi-
tional measurement of the second transverse strain 
could provide information about possible differences 
between both transverse strains for a better evaluation 
of the Poisson’s ratio.

Another substantial impact on the resulting com-
pressive modulus of the new testing concept is given 
by the material model chosen for the FE simulation. 
The specimen has been partitioned into two sections 
with separated tensile and compressive properties. 
Figure 12 presents the actual stress conditions of the 
specimen.

In the diamond-shaped area around the compres-
sive partition, a superimposed stress condition occurs 
with biaxial tension, compression and shearing. How-
ever, the FE calculations in this area are only based 

on the tensile properties, which inevitably leads to a 
deviation from the calculated stress strain condition 
to the real material behaviour. This results in an error 
in the boundary conditions for the compressive area.

Unfortunately, Abaqus does not provide the pos-
sibility of implementing a linear elastic, asymmet-
ric tensile and compressive material model. Conse-
quently, the concept so far is just an approximation. 
For enhancing the testing concept, a user-defined 
material model needs to be developed and imple-
mented, e.g. using UMAT.

The first step in extending the concept could there-
fore be programming the linear elastic, asymmetric 
tensile and compressive material model and imple-
menting it for the entire body. This would also elimi-
nate the necessity of partitioning the specimen into 
sections with different material properties. A subse-
quent validation of the enhanced concept will show 
whether the extension is sufficient. Otherwise, a fur-
ther extension to include the shear modulus into the 
material model for the FE analysis would be neces-
sary. This second enhancement is accompanied by the 
necessity of measuring the shear strain by DIC and 
implementing it as an additional loop in the optimisa-
tion algorithm. A benefit of the latter extension would 
be the possibility of obtaining the shear modulus as a 
further material parameter.

4  Conclusion

A new testing concept for the determination of 
Young’s modulus and Poisson’s ratio of tension and 
compression both in a single test was developed. 
Therefore, a new specimen geometry was designed 
where a homogeneous tensile stress as well as com-
pressive stress condition occur in the same sam-
ple when tested in a universal testing machine. The 
experimental test accompanied by DIC provides the 
Poisson’s ratios for tension and compression and 
the tensile modulus. For the determination of the 
compressive modulus, subsequent FE simulations 
are performed. The modulus is iteratively adjusted 
according to an optimisation algorithm programmed 
with Python in order to couple the simulated with the 
experimental compressive strain rate.

The testing concept is applied using the semi-
crystalline thermoplastic polymer POM for valida-
tion purposes. Separate tensile and compressive 
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tests were performed to generate reference values 
for the four desired parameters. All values deter-
mined by this new method show good agreement 
with values measured in standard experiments at 
the same strain rate. However, the compressive 
modulus resulting from the new testing concept is 
approximately 15% higher than its reference value. 
The cause is mainly seen in the symmetric material 
model implemented for the FE simulation. There-
fore, future work should start with the focus on 
deriving a material model with a full tension–com-
pression asymmetry.
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