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The aim of this study is concentrated on the experimental investigation of crack initiation during dynamic wear process and its
correlation with fatigue crack growth of reinforced rubber materials. The analyzed rubber compounds suitable for applications
such as treads for truck tires were based on natural rubber (NR) and polybutadiene rubber (BR). The dynamic wear behavior has
been studied using an own developed testing equipment based on gravimetric determination of mass loss of test specimen. Fatigue
crack growth (FCG) analysis was performed under pulse loading in accordance with real dynamic loading conditions of rolling tires
using the Tear Analyser (TA). We show the crack initiation process during dynamic wear with respect to different impact energies
and correlate the liability of crack initiation with FCG data at given tearing energy as a function of the rubber compositions. We
demonstrate the higher crack initiation resistance of rubber blends with increased content of BR, while a predominant influence of
NR improves the resistance against crack propagation especially at higher strain levels due to strain induced crystallization.

1. Introduction

Reinforced rubber materials are found in many applications,
such as conveyor belts, hoses, seals, and certainly tires. We
focused our study on rubber materials which are suitable for
tire tread applications to show the importance of experimen-
tal characterization based on dynamicwear for improving the
service life time of tires.

In practice, rubber parts like tire treads are cyclically
loaded and exposed to the dynamic impact caused by the
roughness of the road surface at the region of the tire
footprint. In Figure 1 the loading process on tire treads is
shown schematically. The dynamic load causes deformations
of the affected zone, which are applied in milliseconds.
Succeeding, the deformations relax until the next contact
(impact from specific asperity, revolution of tire, etc.) occurs.

Due to the viscoelastic behavior of rubber materials the
deformation energy is not completely reversible but contains
a dissipative part, meaning the acting deformations lead to
regions of energy dissipations, which are significantly high
in the smallest contact area (see Figure 1). Thus, affecting tire
tread depends on the roughness and the asperity of the of road
surface, whereas hard terrain represents the highest asperity
in the practice. The tread of truck tires used in a hard terrain
is exposed to the most critical state, because of the heavy
load which is commonly applied. Therefore we concentrated
our experimental characterization on rubber material used
for tread of truck tires. Usually, typical rubber compounds
for treads of truck tires are based on NR/BR-blends (NR =
natural rubber/BR = butadiene rubber) filled with carbon
black or silica [1].
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Figure 1: Visualization of tire tread loading and failure process.

The failure behavior of tire treads is caused particularly
by crack initiation and its continuous propagation. Millions
of fatigue cycles lead to substantial wear of the tread, which
could expire in catastrophic failure. Visualization of real
loading conditions and the principle of dynamic wear process
are shown in Figure 1 with the example of a tire tread.

In general, highly dynamic conditions lead to wear
induced by fatigue and abrasion, due to frictional sliding,
which have effects on the degradation of the mechanical
performance of the global rubber network characterized, for
example, by a cyclic breakdown of polymer-filler-network
clusters. Furthermore the wear process leads to crack ini-
tiation and its propagation [2]. The fracture process starts
due to microcrack initiation, whereby the reason for its
mechanical initiation is a foreign object (specific asperity
of the road surface, stones, etc.), which has a considerable
higher E-modulus in comparison with the rubber surface.
Commonly, dynamical impacts on the tire tread occur in
the normal direction to the tire tread surface and simul-
taneously influence the stress at the contact zone where
frictional sliding between rubber and road surface occurs [3].
Accruing microcracks can be initiated in the impact or in
the sliding phase, whereby both cases are characterized by
unreproducible high dynamic changes of stress and energy
dissipation in the rubber bulk between strained and relaxed
conditions.

Table 1: List of used rubber blends.

Rubber type Rubber blends
A B C

Natural rubber (NR) 85 phr 80 phr 75 phr
Butadiene rubber (BR) 15 phr 20 phr 25 phr

2. Materials and Experimental Details

Three distinct rubber compounds based on NR and BR
were filled with 55 phr of standard carbon black N220. The
rubber compounds differ in the NR/BR-ratio (see Table 1).
Additional typical curatives were added as well as a sulfur-
accelerator-system. The rubber compounds were prepared
by Mitas a.s. (Czech Republic). Rheometric properties were
determined referring to DIN 53 529. Vulcanization of the
samples was performed in a heat press at 160∘C and 10MPa
according to the determined rheometric properties.

The determined testing parameters for characterization
of wear behaviour of applied tire tread rubber materials refer
to known loading conditions occurring during operation of
tires. In Figure 2 and in Table 2 constructional details of a
typical truck tire (315/70 R 22.5) and typical deformation
values at static load are illustrated and summarized. With
respect to the loading conditions occurring in practice
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Table 2: Constructional details and real operation conditions of a typical truck tire (315/70 R 22.5) [4].

Constructional details and real operation conditions
𝐷 [mm] 𝑟 [mm] ℎ [mm] 𝑤 [mm] Deflection∗ [mm] Deflection∗∗ [%] Driving speed [km/h] Frequency [Hz]
1014 468 220.5 315 39 17.7 10–100 0.9–8.7
∗Deflection: 𝑓 = (𝐷/2 − 𝑟).
∗∗Deflection: 𝑓󸀠 = (𝑓/ℎ).

Table 3: Determined testing constraints with respect to real loading
conditions.

Testing conditions
Frequency
[Hz]

Deformation
amplitude [%]

Pulse
width [ms]

Deformation
speed [mm/s]

1 13–30 100 39–90

Dr
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w

Figure 2: Constructional details of a typical truck tire under static
load [4].

(Table 2) the testing constraints of wear tests were defined as
shown in Table 3.

3. Dynamic Wear Analysis

In 1982 Beatty and Miksch [5] both developed laboratory
equipment and established a measuring methodology for the
characterization of abrasion in accordance with the practical
use of rubber products with respect to the dynamic loading
conditions. This research publication was the bases for the
design of new testing equipment by Manas et al. [6] firstly
enabling the variation of testing parameters. This procedure
is based on a simulation of impacted rolling test specimens
and Beatty andMiksch termed this dynamic wear process the
Chip and Cut (CC) effect.

CC experiments were carried out using an own developed
prototype of a CC analyzer (schematically shown in Figure 3)
based on the measuring principle of Beatty and Miksch [5].
The force 𝐹

𝐿
is induced by a static load with variable weight.

Amultiphasemotor leads the actuating arm (1) to swing from
the bottom to the upper position and reverse. Due to the
driving of themultiphasemotor the oscillating arm (2) is held
in the upper position at the defined given time.Thus a loading
condition according to the real tire rolling could firstly be
simulated. The oscillating arm (2) with the ceramic cutting
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Figure 3: Principle of theChip and Cut Tester; (1) actuating arm and
multiphase motor, (2) oscillating arm, (3) ceramic cutting tool, and
(4) test specimen.

tool (3) (type: TNGN 220616, made by CORUN, Serbia)
falls due to free fall and impacts the revolving rubber test
specimen (4).

The cutting process is carried out in the range of millisec-
onds. The process is repeated in a defined frequency on the
basis of real loading conditions. The total impact energy
(𝐸impact) consists of a summation of the components in
normal (𝐸normal) and tangential (𝐸tangential) direction:

𝐸impact = 𝐸normal + 𝐸tangential. (1)

In this study, cylindrical test specimens with radius 27.5mm
and thickness 13.0mm were analyzed over a time period
of 24 h. The loading condition is defined on the basis of
pulse width 100ms, frequency 1Hz, and a variation of
rotation speed 𝑛

𝑟
between 17 and 31 rev⋅min−1. Mainly, the

value of rotation speed influences the energy component
in tangential direction. The range of rotation speed was
calculated considering the assumption deformation speeds at
the rubber surface at CC and FCG have to be equal or rather
the time required for the deflection of typical values of tire
treads in practice has to be equal. The unique normal load
(𝐹
𝐿
= 14.5N) was applied directly on the shifting arm using

weights. The distance ℎ
0
was set at 20.0mm.

The test specimens were weighed before and after the
CC experiment. During the experiment particles have been
released from the rubber test specimens, which need to be
cleaned by brushing.

4. Fatigue Crack Growth Analysis

FCG measurements were carried out using a Tear Analyser
(CoesfeldMaterialtest GmbH&Co. KG) under applied pulse
loading with respect to real tire loading conditions (see
Figure 1). The frequency for the pulse loading was set at 1 Hz
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and pulse width at 100ms. The strain amplitude was varied
between 13% and 30% which is a typical range for tire tread
deflection during operation (see Table 3). The analysis was
performed at 23∘C temperature and a humidity of 50%. In this
study standard pure shear test specimens with the geometry
ratio 𝐿

0
(length)/𝑄 (width) = 1 : 8 were used [7]. Two double

notched and one unnotched pure shear test specimens were
analyzed simultaneously. Each of the notched pure shear test
specimens were notched by a length of 𝑎

0
= 25mm on

both sides using the definition of minimal notch length 𝑎
0 min

depending on geometry ratio 𝐿
0
/𝑄 [7].

Characterization of crack propagation in reinforced rub-
bermaterials is based on a global energy balance in which the
tearing energy was introduced by Rivlin and Thomas [8] as
the energy required for the creation of a unit area of new crack
surface. Considering the special case of crack propagation in a
pure shear test specimenwithout crack deflection, the tearing
energy 𝑇 can be calculated with

𝑇 = 𝑤 ⋅ 𝐿
0
, (2)

where 𝑤 is the strain-energy density, which is determined
from measurement of the tensile stress-strain curve of the
unnotched test specimen, and 𝐿

0
is the length of test

specimen in the unstrained state.
The crack growth rate per cycle 𝑑𝑎/𝑑𝑛 is a function of

the tearing energy 𝑇. Paris and Erdogan [9] described this
relationship with the law of force:

𝑑𝑎

𝑑𝑛
= 𝐵 ⋅ 𝑇

𝑚

, (3)

where 𝑎 is the crack length, 𝑛 is the number of cycles, and
𝐵 and 𝑚 are material dependent parameters (e.g., Gent et al.
[10]).

5. Results and Discussion

In Figure 4 it is shown that the BR content has a significant
influence on the wear resistance of given rubber compounds.
Increasing BR content is the reason for a higher wear
resistance, represented by a lower mass loss. Higher amounts
of BR lead to higher mass loss rates (higher slopes) with
increasing revolution speed of test specimen. Grosch [11]
observed similar wear behavior of NR/BR-blends, whereas
he studied the steady state behaviors. The established higher
crack initiation resistance of BR against NR was demon-
strated in further works (e.g., [10, 12]) as well.

In Figure 5, the influence of the rubber composition
on the FCG rate under pulse loading conditions becomes
apparent. Partially, the FCG rate changes with given tearing
energy depending on the amount of BR in compounds.
Compounds with higher BR content (B, C) show a transition
point at 25% strain.At strain levels below this transition point,
crack growth rate resistance of the tread compounds with
higher BR content (B, C) increases (slight slopes). Above the
transition point the compound with predominant influence
of NR improves the resistance against crack propagation due
to strain induced crystallization in NR at large strains, while
higher BR contents in tread compounds lead to increasing
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Figure 4: Double logarithmic plot of mass loss as function of
revolutions.

−0.4 −0.3 −0.2 −0.1 0 0.1 0.2 0.3
−6.5

−6.0

−5.5

−5.0

−4.5

−4.0

−3.5

−3.0

C (NR/BR 75/25)
B (NR/BR 80/20)
A (NR/BR 85/15)

25% strain

Tearing energy log(T) (N/mm)

y = 4.8833x − 4.2906

y = 0.9076x − 4.8721

y = 14.565x
− 5.3531

y = 8.532x
− 4.8091

Cr
ac

k 
gr

ow
th

 ra
te

 lo
g(
d
a

/d
n

) (
m

m
/c

yc
le

s)

y = 1.5207x − 4.7993

Figure 5: FCG with variation of tearing energy.

FCG rates. A prior study [12] showed similar results concern-
ing the existence of a transition point in FCGrates forNR/BR-
compounds depending on strain level as well as BR content.

Generally, the measurement principles of both methods
are distinctly divergent. On the one hand the Tear Analyser,
as standard testing equipment for FCG data, provides data
describing the crack propagation behavior of rubber. In this
case the crack propagation of an already existing notch is
generated by certain strain amplitudes. The validity of FCG
data at real pulsed loading conditions has been proved in
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many publications to have a predictive value [7, 13, 14]. On
the other hand CC data are provided by a chipping and
cutting test system occupying an unnotched test specimen,
meaning apart from the singularity of the crack propagation
the crucial crack initiation process is investigated hereby as
well. Certainly, the crack initiation mechanism has to be
distinguished from the crack propagation process, but one
has to consider that CC data provide an overlay of crack
initiating and crack propagating rates. The crack initiation
process is characterized by unreproducible high dynamic
changes of stress and energy dissipation. Because of the
fact that the single crack initiation mechanisms can hardly
be separated, currently the evaluated CC data have only
qualitative validity. However, a correlation of crack initia-
tion mechanisms during dynamic wear processes and crack
growth behavior is identifiable considering the rubber type
of applied rubber compounds. Depending on the differences
in molecular structure between NR (C

5
H
8
) and BR (C

4
H
6
)

distinctions of mechanical properties become apparent. The
achieved results illustrate the higher crack initiation resis-
tance of BR with data of CC measurements and the higher
crack propagation resistance of NR due to the results of
FCG analysis. Thus, the correlation of determined data
supports the well-known contrasting trends of both material
properties regarding crack initiation and crack propagation
resistances [12]. Thereby the broad range of deformation
values contains different loading condition scenarios: lower
deformation values characterize loading conditions of tire
treads on surfaces with slight roughness (e.g., on road) and
higher deformation values describe the loading conditions at
surfaces with high asperity (e.g., pothole on roads; off road).
Conclusively, the investigations on the dynamic wear process
of truck tire treads provide valuable information about the
mechanical performance of the treads under simulation of
loading conditions nearby the reality occurring while driving
in hard terrain. Consequently the service life time of truck
tires can be improved considering the data of CC and FCG as
well.

6. Conclusion

In this work we investigated the influence of the rubber
base on the dynamic wear process of three different rubber
compounds typical for tire treads. The dynamic wear process
has been studied using an own developedChip and Cut Tester
and a standard Tear Analyser. The two testing methods are
suitable for investigations of the fracture process of rubber
materials under real loading conditions. The unconventional
CC test enables qualitative assumptions on the dynamic
wear process involving crack initiation and propagation
mechanisms, while the predictive value of FCG data is
proven. Similar trends regarding wear resistance have been
observed for bothmeasuring systems with respect to the used
materials.

The study gives a set of truck tread compound ratings
concerning dynamic wear resistance under loading condi-
tions nearby the reality. We demonstrated that the FCG
resistance as well as the crack initiation behavior depends
on the NR/BR-ratio. BR improves crack initiation resistance

of rubber products, while NR increases the FCG resistance
especially at high periodic loading conditions. Hence, the
strain level is an important criterion for the selection of tread
compounds concerning dynamic wear behavior in practice.
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