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Abstract
The influence of the minimum dynamic load on the mechanical fatigue properties of ethylene propylene diene
rubber is investigated. Force controlled fatigue experiments with two different positive ratios of minimum
and maximum tensile loads are compared with results based on fully relaxing loading conditions. These
tests are conducted under exclusion of other factors influencing durability (e.g. specimen temperature,
deformation rate) with an axisymmetric dumbbell specimen. In order to quantify the fatigue influence of
the crack initiation on the dumbbell’s parting line, fully relaxing dumbbell tests are compared with fully
relaxing tests using a shear specimen with internal crack initiation. A minor durability reducing effect
resulting from the crack initiations at the dumbbell’s parting line can be measured. Various end-of-life
predictors are applied on the experimental database. The recently often as promising end-of-life predictor
discussed dissipated energy density shows disappointing properties compared to a standard predictor like
elastic energy density.
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1. Introduction
The importance of quick and accurate end-of-life prediction is still evident. One established way of
estimating fatigue life where only the end-of-life is of interest, is a procedure developed by August Wöhler
[1]. In that procedure, a mechanical parameter (the fatigue criterion) is required that unites the major
causes for the end-of-life of test pieces and components to obtain an accurate end-of-life prediction.
The challenge in developing such a criterion is the large number of factors influencing durability (for a
summary see Mars [2]). An even larger number of criteria can be found in the literature. An overview of
approaches for predicting the fatigue life of rubber is given by Mars [3]. A criterion able to account for all
the known factors influencing end-of-life of rubber is, by the knowledge of the authors, not yet discovered.
Recently the dissipated energy density has drawn the attention of researchers with its promising prediction
results for varying types of loading, elastomers and compound compositions as discussed in the following
section. In this study the ability of the dissipated energy density as an end-of-life predictor for a non-relaxing
loaded synthetic polymer is compared with standard end-of-life predictors.
2. State of the Art - R-Ratio focused
In general, the effect of minimum load on the fatigue behavior of rubber like materials has been extensively investigated. Taking a closer look, one ascertains that the majority of these investigations were carried
out on natural rubber based compounds. The first known study of natural rubber under non-relaxing cyclic
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loading have been done by Cadwell [4]. Since than, many more studies followed on the life extending effect
of the minimum load for natural rubber and to its, with that effect connected, ability of forming crystals
under high tension (e.g. [5, 6, 7, 8, 9, 10, 11]). Only little attention has been dedicated to the effect of
minimum load on the fatigue behavior on rubbery materials that are not able to form a significant amount
of crystals under high tension. The to the authors only known studies to these non-crystallizing elastomers
exposed to non-relaxing cyclic loadings are published by Abraham et al. [12] for ethylene propylene diene
rubber (EPDM) and Poisson [13] for polychloroprene rubber (CR). Whereby Poisson mentions a possible
strain induced crystallization of the investigations of CR as an explanation for the observed behaviors. The
specimen temperature, deformation rate and specimen storage played a minor part in the investigations of
Abraham.
Poisson applies the locally evaluated dissipated energy with success on a variation of non-proportional multiaxial loadings. Moreover, the dissipated energy shows promising predictions in the few existing publications
[14, 15, 16, 17, 18]. Marco even demonstrates the ability of the dissipated energy to predict the correct
end-of-life for varying filler content and type [19].

3. Experiments
Material. The EPDM mixture, see Table 1, is prepared on a 1.5 liter mixer and admixed with the crosslinking
agent and catalysts at the roller. The samples are compression molded at 160◦ C for 28 min.
Ingredients

EPDM

Phr

100

Carbon black
N-347
50

Zinc
oxid
4

Oil
40

Stearic
acid
2

Sulphur

TBBS

TBzTD

0.7

1

3.5

Table 1: Recipe of the investigated EPDM mixture

Specimen. The specimen to investigate the fatigue behavior of the non-crystallizing EPDM is the axisymmetric dumbbell specimen shown in Figure 1. The analysis of the crack origin reveals that approximately
half of the cracks initiate at the mold partition line (see Figure 3). The mold partition line is not an inhomogeneity which is not considered as a material specific property compared to inhomogeneities originating
from filler particles. To obtain an estimate of the influence of the partition line based crack initiations a
shear specimen shown in Figure 2 is used as a reference. Due to the shape of the shear specimen’s metal
insert the cracks initiate in the inner volume. The specimens are tested on a hydraulic MTS 831 Elastomer
Test System.

Figure 1: The axis-symmetric dumbbell specimen. The specimen is shown half attached in its fixture (left)
and as a schematic sketch (right).
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Figure 2: The shear specimen with typical crack initiations (highlighted in red) in the volume of the sliced
specimen after one-sided cyclic shear load.

Shear tests

Dumbbell tests

Test protocol. All tests are load controlled. The ratio between minimum load and maximum load, the Rratio, is varied for the dumbbell specimen. The later comparison of the fully-relaxing dumbbell tests with the
shear tests serves as a measure for the influence of the mold partition line. These two tests can be compared
since no measurable difference in durability can be found between the uniaxial and simple shear deformation
mode (proven in [20]). Investigating a factor influencing fatigue it should be in general considered that it
is necessary to reduce the effect of the other known influencing parameters as much as possible. Using this
approach, the factor of interest can be isolated and analyzed. Therefore, the specimen surface temperature
during cyclic loading is kept close to room temperature by using forced convection (see Table 2). The core
temperature is measured to be maximal ∆T = 8◦ C warmer compared to the specimen’s surface temperature.
In order to eliminate a possible influence of the deformation rate the frequency is adjusted for each load level,
based on the deformation rate at the specimen’s hotspot (see Table 2). The hotspot is defined as the point
of highest deformation in a load cycle and is determined with a Finite Element Simulation. Furthermore, for
the complete test campaign all specimens are vulcanized from one batch and were tested within one month.
The samples were stored at an ambient temperature of around 8◦ C to exclude aging and at the same time
possible effects from defrosting.
The test protocol results in four Wöhler curves.
Load [N]
130 ± 130
110 ± 110
90 ± 90
230 ± 130
210 ± 110
190 ± 90
330 ± 130
310 ± 110
290 ± 90

Frequency [Hz]
1.5
2.0
2.7
1.7
2.0
2.4
3.2
4.2
4.4

550 ± 550

1.5

500 ± 500

1.7

450 ± 450

1.9

R-ratio
0.0

≈ 0.3

≈ 0.5

Surface temperature [◦ C]
27
26
26
27
26
25
23
23
23
24

0.0

23
23

Table 2: Test protocol with dynamic loads, corresponding frequency and R-ratio.
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330 ± 130

Load level [N]

310 ± 110
290 ± 90
230 ± 130
210 ± 110
190 ± 90
130 ± 130
110 ± 110
90 ± 90

103

104

105

106

End-of-life [Cycles]
Figure 3: Cause for the crack initiation vs. end-of-life of the dumbbell specimen. Crack initiations at the
mold partition line are symbolized with a pentagon D and crack initiations at a particle are
symbolized with a triangle N.

Test data evaluation. Before making any statements about the behavior of the EPDM based material with
increasing R-ratio, the test data are evaluated. The overall validity of the Wöhler curve database is verified
by evaluating the global influence of the dumbbell specimen’s position in the mold, the shear specimen’s
position in the test fixture, the positions and origins of the crack initiations on the end-of-life.
No correlation can be found between the cycles until end-of-life and the position in the mold for the dumbbell
specimen (see Figure 4). The evaluated positions are chosen cause to the possible lower temperatures in the
outer area of the mold compared to its center. Such a study is not required for the shear specimen since the
corresponding mold has only one cavity.
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330 ± 130

Load level [N]

310 ± 110
290 ± 90
230 ± 130
210 ± 110
190 ± 90
130 ± 130
110 ± 110
90 ± 90

103

104

105

106

End-of-life [Cycles]
Figure 4: Position of the dumbbell specimen in the vulcanisation mold vs. End-of-life.

The study of the position and origin of the crack initiation reveals no general influence on the end-of-life
of these parameters. As expected, a significant larger amount of cracks initiate close to the radius for the
dumbbell specimen. The area of maximal deformation, the hotspot, is close to that area.
Tests are considered as invalid if cracks initiate at the fixture (dumbbell specimen) or resulting from failure
of the bonding system (shear specimen). Invalid data points are removed from the database.
330 ± 130

Load level [N]

310 ± 110

600 ± 600

290 ± 90
230 ± 130
210 ± 110

550 ± 550

190 ± 90
130 ± 130
110 ± 110

500 ± 500

90 ± 90

103

104

105

106

104

End-of-life [Cycles]

105

106

End-of-life [Cycles]

Figure 5: Position of crack initiation vs. end-of-life. Markers colored in gray symbolize crack initiations
caused by the clamping of the sample or caused by a fail of the bonding system. The ordinate
shows the load level in Newton [N].

For the remaining data points the medians are calculated. To be able to compare the shear tests with
the dumbbell tests, the medians of the shear tests are additionally shifted based on the sudden death testing
6

principal (e.g. [21]). It means, that the complete test is stopped if one of two in parallel tested specimen
has failed. In general, a specimen is considered as failed if the dynamic stiffness drop cannot anymore be
associated with the material specific viscoelastic stiffness drop. Crack lengths of 2 mm to 5 mm can be
found at the end-of-life for the used specimens, based on that approach. The approach is motivated by the
work of Ostoja Kuczynksi et al. [22]. The calculations of the means and the consideration of the sudden
death testing for shear specimen are based on the Weibull distribution [23].
4. Simulation
The criteria from Table 3 are chosen to be investigated as possible end-of-life predictors. Next to
frequently applied criteria such as the maximum principal stress, strain and the elastic energy density the
dissipated energy density is deployed, too.
Max(Criterion) ∆Criterion
ε1
∆ε1
σ1
∆σ1
Energies
Ψel.T ensor
Ψd.T ensor
Ψd.M axRD

Description
maximum principal nominal strain
maximum principal Cauchy Stress
elastic energy density, tensor based
dissipated energy density, tensor based
dissipated energy density, calculated from the
maximal loaded representative direction

Table 3: Overview over the chosen criteria.

Max(Criterion)

Criterion

∆Criterion

The schematic sketch shown in Figure 6 visualizes the difference between max(Criterion) and ∆Criterion
from Table 3.

t
Figure 6: Explaination of Max(Criterion) and ∆Criterion.

Finite element analysis based on sophisticated material models are necessary, to be able to determine
the chosen criteria at the hotspots of the specimens. The for the applied loadings optimized finite element
meshes are shown in Figure 7. The used material model is the Model of Rubber Phenomenology (MORPH)
which is able to describe the non-linear behavior, softening, moderate permanent set and hysteresis of a filled
rubber material under large deformations [24]. This complex material model is implemented via the concept
of the representative directions [25] and allows therefore the evaluation of single representative directions.
The criterion Ψd.M axRD uses only the stress-strain data from the maximal loaded direction.

7

rigid body
µ = 0.35

Figure 7: FE-Models of the Dumbbell and Shear specimen.

The determination of the MORPH material parameters uses the dumbbell finite element model from
Figure 7 and directly the fatigue test’s force-displacement data. The experimental force-displacement data
are extracted at the half end-of-life, because for the majority of the specimen’s lifetime it is loaded under these
conditions. Based on the determined parameters, a very precise match of the numerical and experimental
data can be observed in Figure 8. The numerical data in Figure 8 show the 10th loading cycle. This
shown force-displacement characteristic is therefore stress softening independent. The shear specimen is
not included in the procedure of parameter identification. Even so, the match between the numerical and
experimental force-displacement data has the same accuracy level as shown in Figure 8 for the dumbbell
specimen.
500

FEA Data
90N ± 90N
110N ± 110N
130N ± 130N
190N ± 90N
210N ± 110N
230N ± 130N
290N ± 90N
310N ± 110N
330N ± 130N

Force [N]

400
300
200
100
0
0

20
40
60
Displacement [mm]

80

Figure 8: Experimental force-displacement-data superimposed with the FEA data.

Figure 9 shows the basic procedure of calculating the different types of energies from a hysteresis loop
in a stress-strain plot.
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σ

σ

σ

ε

ε

total energy

ε

dissipated energy

elastic energy

Figure 9: A principal sketch of the determination of the total, dissipated and elastic energy in a stress-strain
plot.

The implemented method uses the strain energy history over one load cycle. That strain energy density
originated from the full stress and strain tensor as defined in Equation 1:
Z
(1)
Ψ = σ : ∂ε
The local stress and strain tensors are derived by from Finite Element Simulations. They are evaluated at
every integration point. Therefore the strain energy density is a locally for every integration point calculated
quantity.
σ

ε

Ψ

Ψ

Ψ

Ψt1
Ψel2

Ψel1
Ψt2

Ψt3

Ψd

t
total energy

t
dissipated energy

t
elastic energy

Figure 10: The determination of the total, dissipated and elastic energy from the numerical data.

The terms of the sum of the total Ψti and elastic energy density Ψeli in the strain energy density history
are shown in Figure 10. The dissipated energy Ψd arises from the difference in strain energy density at the
start and end of a load cycle.
Figure 11 shows all Wöhler curves based on the maximum principal nominal strain. For the judgement of
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an end-of-life criterion the data points for each load level are replaced with their means. Only these means
are fitted by a power function as shown in Figure 11. The coefficient of determination R2 serves as a scalar
measure for the quality on the investigated criterion as an end-of-life predictor. Fitting only the mean values
enables theoretically an R2 = 1 for the optimum end-of-life predictor. The natural scattering in the number
of cycles to end-of-life is eliminated in the statement about the criterion’s quality. The 95% confidence limits
are given for each mean value.
3

Median with 95% confidence limits

ε1 [-]

Dumbbell R = 0
Dumbbell R ≈ 0,3
Dumbbell R ≈ 0,5
one-sided shear R = 0
Fit(medians)

R2 = 0, 46
0.3
103

104

105
106
End-of-life [Cycles]

107

Figure 11: Superposition of the Wöhler curves for ε1 with coefficient of determination based on the logarithmic medians only.

By using maximum principal nominal strain as a possible end-of-life predictor a strong reinforcement
effect regarding the end-of-life is visible (see Figure 12, left). The opposite is statable by using the peak to
peak strains ∆ε1 (see Figure 12, right).
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3

ε1 [-]

∆ε1 [-]

3

R2 = 0, 46

R2 = 0, 06

0.3

0.3
103

104
105
106
End-of-life [Cycles]

Median
Dumbbell R ≈ 0,5

107

103

104
105
106
End-of-life [Cycles]

Dumbbell R = 0
one-sided shear R = 0

107

Dumbbell R ≈ 0,3
Fit

Figure 12: Superposition of the Wöhler curves based on ε1 and ∆ε1 .

A quite similar reinforcing effect, compared to ε1 , can be found for the criterion of the maximum value
of the principal Cauchy stress σ1 in Figure 13. In contrast to the complete rearrangement of the Wöhler
curves when switching from ε1 to ∆ε1 , the order of the Wöhler curves stays untouched between σ1 and ∆σ1 .
16

σ1 [MPa]

∆σ1 [MPa]

16

R2 = 0, 40

R2 = 0, 57

1.6

1.6
10

3

4

5

6

10
10
10
End-of-life [Cycles]

Median
Dumbbell R ≈ 0,5

10

7

103

104
105
106
End-of-life [Cycles]

Dumbbell R = 0
one-sided shear R = 0

107

Dumbbell R ≈ 0,3
Fit

Figure 13: Superposition of the Wöhler curves based on σ1 and ∆σ1 .

Plotting the peak to peak strains ∆ε1 over its corresponding mean strains reveals the, already in Figure
12 right visible, significant decrease of bearable number of cycles until failure (see Figure 14, left). Isodurability lines connect points with equal durabilities.
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Opposed to this, an increasing lifetime with increasing mean stress becomes obvious by the positive slope
of the iso-durability curves in the ∆σ1 over mean stress diagram (see Figure 14, right).
0.8

6
15.300

0.6

Stress amplitude [MPa]

Strain amplitude [-]

16.000

9.800
130.000
33.500

0.4

728.000

157.000

15.300
37.000

0.2

103.000

4

37.000

9.800

33.500

103.000

16.000

2

157.000

130.000

728.000

0

0
0

0.5

1
1.5
2
Strain mean [-]
Data points

2.5

0

3

Iso-durability 15.000

2

4
6
Stress mean [MPa]

8

10

Iso-durability 130.000

Figure 14: Haigh-diagram based on the maximum principal nominal strains and maximum principal
Cauchy stress.

When applying the elastic strain energy density the Wöhler curves are shifted close to each other,
correlating to the results of Abraham [12]. The coefficient of determination confirms that visual impression.
2

Ψel [MPa]

Median
Dumbbell R = 0
Dumbbell R ≈ 0,3
Dumbbell R ≈ 0,5
one-sided shear R = 0
Fit

R2 = 0, 85
0.2
103

104

105

106

107

End-of-life [Cycles]
Figure 15: Superposition of the Wöhler curves based on Ψel .

The dissipated energy shows unsatisfactory results for both versions as indicated by R2 (see Figure 16).
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0.03

Ψd.T ensor [MPa]

Ψd.M axRD [MPa]

0.3

R2 = 0, 25

R2 = 0, 53

0.03

0.003
103

104
105
106
End-of-life [Cycles]

Median
Dumbbell R ≈ 0,5

107

103

104
105
106
End-of-life [Cycles]

Dumbbell R = 0
one-sided shear R = 0

107

Dumbbell R ≈ 0,3
Fit

Figure 16: Superposition of the Wöhler curves based on Ψd.T ensor and Ψd.M axRD .

5. Discussion
Summing up the results of the investigated criteria, the elastic strain energy density Ψel shows the best
level of Wöhler curve superposition, so the best quality as an end-of-life predictor for the used loadings and
material (see Figure 17).
1

Strain based
Stress based
Energy based

R2 [−]

0.8
0.6
0.4
0.2
D
R
ax

en

Ψ

d.

M

T
d.

Ψ

Ψ

el

.T

en

so

so

r

r

1

σ
∆

1

σ

ε1
∆

ε1

0

Figure 17: Coefficient of determinations based on the complete Wöhler curve database.

It is conceivable to implement the information from Figure 14, left and right, in ∆ε1 and ∆σ1 , respectively. The remaining disadvantage would be that different strain states stay unconsidered in these, on
maximum principal values based, criteria. The strain state has a significant influence on the fatigue behavior of elastomers [26].
Both versions of the fatigue criterion dissipated energy density show unsuitable properties for the R-ratio
variation in combination with the non-crystallizing EPDM rubber. That combination of loadings and material might be a limit for the otherwise promising quality of that criterion in the known literature.
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The fully-relaxing simple shear tests serve as reference for the fully-relaxing dumbbell tests. Since the different strain states of these two specimen do not influence the fatigue. The comparison of them provides
information about the influence of the crack initiation at the dumbbells parting line on the fatigue. The
one-sided shear tests tend to an increased lifetime (see all Wöhler curve plots in the previous section). That
shift is assumed to be caused by the crack initiations at the dumbbells parting line.
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