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Abstract. This study focuses on calibrating the linear Drucker-Prager yield criterion for polypropylene under multiaxial
loading conditions, using the Arcana fixture to achieve a wide range of triaxiality states. The Drucker-Prager criterion has
been adapted for polymers, composites, and metals due to its ability to reflect the influence of hydrostatic pressure on yield
stress. This study employs the Arcana fixture, which allows for testing flat plate samples under various angles, thereby sim-
ulating different stress states from pure shear to biaxial tension. Additionally, uniaxial compression tests were conducted to
extend the range of triaxiality. The material used in this study is Sabic 83MF10, a polypropylene polymer. Samples were
prepared by injection moulding and cut to specific dimensions. Tests were performed using a universal testing machine with
the Arcana fixture, and the results were analysed to determine the yield strength, pressure, and triaxiality for each sample.
The results showed a linear relationship between von Mises stress and hydrostatic pressure, with a friction angle () of
20.65° and material cohesion (d) of 27.81. The numerical simulations in Abaqus confirmed the validity of the Drucker-
Prager model, accurately reflecting the moment of yielding for the tested samples.
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1. Introduction Effective process of designing and validating com-
The introduction of polymeric materials to the market, ponents made of polymers in industries requires the
specifically polypropylene in 1951 [1], represented a  usage of simulation, including the Finite Element
pivotal advancement in the field of materials science ~ Method [8]. To make this possible, it is necessary to
and engineering. These polymers have since become  accurately represent the behaviour of plastics under
integral across a diverse array of industrial applica-  the different loading regimes and to reflect them in
tions, such as automotive, medical, construction, elec-  the numerical material model [9-11]. In addition to
tronics and consumer goods [2—4]. The preference for  the commonly known nonlinear behaviour of ther-
polymeric materials, particularly polypropylene, is  moplastics, the influence of strain rate, temperature,
based on their outstanding mechanical properties, in-  stress state and loading type [12—15], the critical
trinsic resistance to ageing, capability to maintain di- phenomena is the influence of the hydrostatic pres-
mensional stability throughout their lifecycle, superior ~ sure on the yield stress, plastic flow and the destruc-
resistance to crack initiation or propagation, and their  tion criterion [16—18]. Studies conducted in the past
suitability for high-volume manufacturing processes  have clearly demonstrated the occurrence of differ-
such as extrusion and injection moulding [5-7]. ent elastoplastic properties for loads of different
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characteristics resulting from tests ranging from
compression, through shear, to tension [19-22].
One of the widely used constitutive models capable
of reproducing plastic behaviour is the linear
Drucker-Prager criterion, which makes the transition
of the material to the plastic range, i.e. the value of
the yield stress, dependent on the value of the hydro-
static pressure. Thanks to this, it is possible to distin-
guish the behaviour of polymers under different load
conditions, including the fact that for most thermo-
plastics, the yield strength for compression is higher
than for tension [23-26]. The method originally came
from soil research, but it has found wide application
for plastics, composites and metals [27-30].

This article focuses on the usage of the Arcana fix-
ture, which is widely used when the only possible
form of material samples are flat plates with a de-
fined thickness [31-36]. Most mentioned papers fo-
cused on the metal parts, for which it’s feasible to
produce the undercuts from both sides (for the ten-
sion tests) or on the 3D printed polymers, for which
it’s possible to produce axisymmetric samples (for
the compression tests). It is necessary to properly
cut the plates to obtain a multiaxial state of tension
using an appropriate fillet radius at the necking
point. An additional verification is a uniaxial com-
pression test, which extends criteria to the compres-
sion state. The obtained material model is finally
tested in the Abaqus numerical software to confirm
the compliance of the obtained parameters for the
Drucker-Prager model and the numerical simulations
carried out using it with the real behaviour of poly-
propylene samples.

2. Material behavior

The stress tensor (ojj) according to the matrix form
from Equation (1), can be explained using the hy-
drostatic (mean) stress tensor (o), which is respon-
sible for the volumetric change and the deviatoric
stress tensor (sjj), which cause the body shape devi-
ation:

0=
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(1)
where the Kronecker Delta function is defined by
Equation (2):
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The dilatation state defined by the pressure (p) could
be drawn using the first invariant of the stress tensor
(Iy) (Equation (3)):

p=—0, Z—%trace(o'ij) =
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Equivalent stress called von Mises (g) is defined by
second invariant of deviator state (J;) (Equation (4)
and (5)):

q= Geq = 3‘]2 (4)
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Thee thirst invariant of deviator state (J3) needed to
explain the Drucker-Prager criterion could by de-
fined by Equations (6) and (7):

r=Jy = det(sy) (6)
det(s;) = 0,,0,,0,+ T, T, T
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The linear Drucker—Prager criterion commonly used
for polymers can be represented in the meridian
plane by the yield surface using the deviatoric stress
factor (#) as a function of the hydrostatic pressure (p)
as in the Figure 1, where the parameters defining its
location are the friction angle (B) and the material
cohesion (d) according to the Equation (8):

t=d+tanf3 (3)

der!

p

Figure 1. Yield surface and flow direction for linear Drucker-
Prager model.
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where the deviatoric stress factor (7) could be defined
by Equation (9):

_L 1 ’
pebopil] o
using the ratio of the yield stress for triaxial tension
and compression (K), which could be described on
the deviatoric plane in Figure 2. Based on the re-
search on polypropylene [22] and due to the limited
scope of possible tests on the Arcana fixture, a K fac-
tor of 1 was assumed. Due to this = ¢ on Figure 1.
The plastic flow direction (deP!) for polymer could
be defined in Equation (10) by the dilatation angle
(V) using the Poison ratio (v) [37, 38]:

_ . —1|30=2v)
Y = tan 20TV (10)
In Equation(8):

» tangent of the friction angle (B) represents the sen-
sitivity for the hydrostatic pressure (p),

 the material cohesion (d) reflects the isotropic
hardening, which could be defined by Equa-
tion (11) using uniaxial tension (oy), compression
(o) or shear (1) yield stress:

d= (%"'%taﬂ B)Gt = (1 —%tan B)GC =

ﬁ( (11)
2

=i+ k)
The Drucker-Prager yield surface in the reverse prin-
cipal axes is a cone around the hydrostatic axis with
a circular cross-section for the K factor equal to 1,
as in Figure 3.

To clearly determine the loading state of the materi-
al, the triaxiality (n) parameter (Equation (12))
should be used, the basic values of which are given
in Table 1.

Figure 2. Yield surfaces for different ratios of the yield stress
for triaxial tension and compression (K) on the de-
viatoric plane.
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Figure 3. Yield surfaces in the reverse principal axes for the
linear Drucker-Prager criterion.

Table 1. Example of the triaxiality values for different stress

states.

Stress state Triaxiality (n)
Triaxial tension 0
Biaxial tension 23
Uniaxial tension 13
Shear 0
Uniaxial compression -13
Biaxial compression 23
Triaxial compression —©0

n="1 (12)

3. Material, samples and experimental
techniques
The following tests were performed for the thermo-
plastic Sabic 83MF 10 material, universal polypropy-
lene polymer provided by the Saudi Basic Industries
Corporation (SABIC) and the basic parameters of
which are presented in Table 2. The dilatation angle
was calculated based on Equation (2).
Due to the fact that despite the lack of reinforcing
inclusions in the material, such as fibres, noticeable
anisotropy of properties is possible [41, 42], it was
decided to cut samples from the plate far away from
the injection points. This allowed us to obtain a quasi-
random arrangement of molecules.
The tension and shear samples subjected to the analy-
sis on a Zwick-type universal testing machine with
the Arcana fixture were obtained in the form of flat
plates received in the injection moulding process,
with a thickness of 2.2 mm. The samples were

Table 2. Material data set for Sabic 83MF10.

Parameter Value
Density 905 kg/m*
Young modulus 1200 MPa
Poisson ratio 0.4
Dilatation angle 12.1°
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Figure 4. Sample scheme for tension and shear tests on ar-
cana fixture.

machine cut with the radius of 1.5 mm and the di-
mensions described on Figure 4.

The sample for the uniaxial compression tests is a
single cylinder with a diameter of 3 mm cut from the
previously mentioned plates.

To achieve wide range of the triaxiality () and ac-
cording to it different load type in stated between ten-
sion and shear, the Arcana fixture was used (Figure 5).
This type of holder allows to stretch samples at an-
gles from 0 to 90°. It consists of a pair of holders that
secure it to the testing machine, two semicircular
discs with holes that allow for mounting at 7.5° and
holders that grip the tested sample directly. The en-
tire structure is made of aluminium alloy 7075 (For-
tal), ensuring high rigidity of the structure.

All tests on the Arcana fixture were performed with
the constant head travel speed of 1 mm/s which al-
lows to achieve strain rate (€) between 0.06 and
0.11/s during the tests. Due to the selected machine
speed, it was possible to avoid, on the one hand, the
influence of material hardening at the high strain
rates described, e.g. by the Cowper-Symonds model

[39, 40] and, on the other hand, the effect of the poly-
mer relaxation [43, 44].

The universal testing machine used in the experi-
ments was a Zwick Z100 equipped with a 500 N
Zwick Xforce HP load cell, enabling simultaneous
measurement of force and head travel. Due to the
differences of several orders of magnitude in the
Young’s modulus for the metal elements included in
the measuring system compared to the material from
which the sample is made, it was not necessary to
take into account the deformability of the remaining
components. For each variant (Arcana tests and
compression), three tests were performed, and two
extreme cases (max and min values) in terms of yield
strength were rejected from further evaluation due
to numerical artefacts occurring in some measure-
ments and limited material availability.

4. Experimental data processing and results
The linear Drucker-Prager criterion was chosen for
further calibration due to the impossibility of obtain-
ing the results for triaxial tension on flat samples
with undercut. Figure 6 shows the results of tension
(and shear) tests on the Arcana fixture and the result
of the compression test of a cylindrical sample.
The following tests were performed to determine the
yield strength, which, according to ISO 527-1, de-
fines yielding as the first deviation in the true stress-
strain curve from pure elastic response due to the lack
of a distinct yield strength. Force (F) and displace-
ment (disp) were measured using the Zwick embed-
ded cross-head sensor. The values of triaxiality (1)),
pressure (p) and equivalent von Mises stress (q) were
determined from FEM simulations representing the

Figure 5. Arcana fixture for universal testing machine in different angle position.
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Figure 6. Force vs. head travel for Zwick from the Arcana
or compression tests with the yield points.

behaviour of the samples based on the calibration of
the material curve with the load case as an average
value for all of the elements included in cross-sec-
tion in the critical most strained surface (the place
with the lowest thickness). All results needed for fur-
ther evaluation are described below in Table 3.

The larger the angle on the Arcana fixture, the lower
the yield strength seems to be. This does not reflect
the actual parameters due to the complex stress state,
which is different for each sample. The decreasing
apparent stiffness of the sample with the increasing
angle results from the transition from pure tension
to pure shear, where instead of the Young’s modulus
(E), the basic parameter defining elasticity is the
Kirchhoff’s (G) modulus, which calculated accord-
ing to Equation (13) is 2.8 times lower:

E

G= 2(1+v)

(13)
All the results mentioned in Table 3 were described
as a linear function of Drucker-Prager yield criteria
in Figure 7. The regression line was obtained using
a solver, which has the objective function with scope
to minimise the R? error value.

Table 3. Material data set for Sabic 83MF10.

Yield strength,| Pressure, | Triaxiality,
Sample q P n
[MPa] [MPa] -]
No | —Arcana— 0° 22.24 —13.57 0.61
No 2 — Arcana — 15° 23.12 -12.03 0.52
No 3 — Arcana—30° 23.29 -10.24 0.44
No 4 — Arcana —45° 24.64 -8.01 0.33
No 5 — Arcana — 60° 26.72 -5.72 0.21
No 6 —Arcana —75° 26.96 -3.54 0.13
No 7 — Arcana — 90° 28.21 -0.39 0.01
No 8 — compression 31.83 12.41 -0.39
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Yield strength, q [MPa]

Pressure, p [MPa]

Figure 7. Linear Drucker-Prager yield von Mises stress as a
function of pressure.

Table 4. Drucker-Prager linear model for Polypropylene
Sabic 83MF10.

Parameter Value
B 20.65°
d 27.81

As can be seen in the above graph, the results ob-
tained for the Arcana fixture correspond to the values
from pure shear (n = 0) to biaxial tension (n = 2/3),
which was possible thanks to the proposed undercuts
on flat samples. The disc compressed on the strength
machine obtained a result slightly lower (n < -1/3)
than for uniaxial compression due to its relatively
small thickness and the friction occurring in the test
between the upper and lower external surfaces of the
sample and the contact linings of the testing ma-
chine. The final values for the linear Drucker-Prager
criteria are described in Table 4.

All points achieved an average R? error value of
0.35, which suggests a very good fit to the linear re-
lationship. An extension of the proposed linear cri-
terion can be the tension cut-off, which determines
the limiting value of the tensile pressure (p), beyond
which the plastic deformation occurs, regardless of
the value of von Mises stress (¢) [45].

5. Material model validation using FEM
simulation

In order to confirm the correct validation of the
Drucker-Prager model, the simulations were per-
formed on the previously tested samples and the
calculation results in Abaqus were compared to the
values obtained on the strength test bench. The im-
plicit simulations were used using the Abaqus Stan-
dard solver. The discretised models used in the sim-
ulations (shown in Figure §) for the Arcana and
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Figure 8. Numerical models overview for Arcana tension and compression tests.

compression have respectively 16263 C3D10, the
10-node quadratic tetrahedron elements with char-
acteristic size of 0.5 mm in the critical space and
2200 C3D20, 20-node quadratic hexahedral ele-
ments with 0.2 mm for the whole geometry.

The finite element simulation was performed in a
way that was designed to reproduce the actual test
conditions as precisely as possible. For the samples
tested on the Arcana fixture, the model was com-
pletely fixed on the lower side in the locations indi-
cated as mounting place (35 mm from each end) in
Figure 4. On the other side, a displacement was im-
posed in the vertical direction using kinematic cou-
pling in Abaqus software. The Arcana fixture itself
was not included in the simulation due to the stiff-
ness of the entire structure made of aluminium that
was several orders of magnitude higher, due to this
to simulate each angle set-up in Arcana fixture tests
it was required to translate displacement direction
by dedicated angle according to vverticalaxis from
0 to 90°. For the disc compressed on both sides, the
contact surfaces were simulated with a friction
coefficient of 0.2, of which only one, the upper sur-
face, moves towards the lower fixed plane. In order
to follow the simulation progress above the yield
point, the yield curve shown in Figure 9 was deter-
mined using the numerical calibration from the sam-
ple no 1 (Arcana — 0°) test curve.

The hardening behaviour was determined to range
from 0 to 0.4 of the plastic strain and implemented
in the Abaqus numerical software in tabular form
with 17 points. Based on the above data, a compari-
son (in Figure 10) between the previous laboratory
results and the numerical simulation results was
made for all proposed samples.
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Figure 9. Hardening behaviour (plasticity curve) for numer-
ical calculation calibrated from sample no 1 (Ar-
cana — 0°).

As shown in the above graph, the simulation result
shows the moment of yielding with a satisfactory re-
sult. The moment of appearance of the first plasti-
cised finite elements and the transition of the entire
critical cross-section into the plastic range are clearly
visible. Due to the determination of the plasticity
curve used for simulation based on sample no. 1, the

350
300
250
Z 200 P Ee e ]
g 7oA = e =
S 150 — No.1—Arcana—- 0
L — No.2 — Arcana - 15°
— No.3 — Arcana - 30°
100 — No.4 — Arcana — 45°
— No.5 — Arcana - 60°
— No.6 — Arcana — 75°
50 — No.7 — Arcana - 90°
— No.8 — Compression

Simulation

00.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Head travel [mm]

Figure 10. Force vs. head travel comparison between labo-
ratory Zwick from Arcana or compression tests
and numerical simulation results.
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simulation course outside the elastic range is best
shown. For models with an angle of setting above
30°, the laboratory results are characterised by a less
clear moment of yielding compared to the simulation
results. This may result from the settings in the
Abaqus program, which do not take into account the
possibility of the small angular movements of the
samples at the place of attachment, which can occur
during tests on the Arcana fixture. For the com-
pressed sample, the moment of yielding is shown sat-
isfactorily in the numerical model. However, a com-
parison of the course in the plastic range shows
clearly that the yield curve differs significantly from
that obtained from the tensile sample. The anisotropic
nature of the elastic range is noticeable, which is
demonstrated by the fact that for Arcana fixture set-
tings close to 90° introducing a shear state in the sam-
ple, the Young Modulus (£) values are nearly 10%
lower than those originally used in the simulation.

6. Conclusions and areas for further
research
The comprehensive study of the Drucker-Prager pre-
sented in this article has shown a noticeable and sig-
nificant linear dependence of the yield strength on
the material state and, consequently, an unequivocal
effect of the pressure on the criterion under study.
The proposed approach using a specially manufac-
tured Arcana fixture with samples with the special
undercuts allows for the representation of the state
from pure shear to biaxial tension, which is not pos-
sible using standard samples. The supplementation
and extension of the studies to the scope of uniaxial
compression is a compression test performed on a
slender disc. The obtained results uniformly achieve
a linear character of variation.
All previously laboratory-tested samples were nu-
merically simulated, which allowed us to confirm the
ability of the Drucker-Prager criterion implemented
in the Abaqus program to properly reflect the mo-
ment of plasticisation of samples. Due to the demon-
strated variable course of the plasticisation curve for
different material loading states (Triaxiality), it seems
advisable to take this phenomenon into account in fu-
ture studies. At the moment, there are no ready-made
solutions. Due to the stiffening of the numerical
model of the sample mounting points in the fixture,
a small deviation occurred for the elastic range in
samples with a machine inclination angle >15°.

Further research should focus on the longer range of
triaxiality, above 2-axis stretching, and determine the
so-called tension cut-off, which defines the pressure
at which the material immediately plasticises. A cer-
tain simplification of this phenomenon may be an at-
tempt to calibrate the exponent or hyperbolic model,
which indirectly takes into account the mentioned
phenomenon. An additional benefit would be to con-
duct tests on an increased number of samples.
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