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Consideration of the Frictional Force on the Crack Surface
and Its Implications for Durability of Tires
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In order to find out a physical quantity which controls the fatigue life of a structure and to

predict the fatigue life of tires, a finite element simulation methodology to use the cracking

energy density (CED) and the virtual crack closure technique (VCCT) was proposed and

applied to three different tires of a similar size. CED was calculated to predict the location of

a crack initiation, and VCCT was used to obtain the strain energy release rate (SERR) at the

tip of an initiated crack. Finite element simulations showed that SERR oscillated in the cir-

cumferential direction with its minimum occurring just before the contact zone and its maximum

occurring just after the center of the contact zone, and SERR was affected significantly by the

frictional force acting on the crack surface. In addition, a durability test was conducted to

measure the fatigue life of the three tires. The comparison of SERR values with the test data

revealed that the fatigue life increased as the amplitude of SERR decreased or as the R-ratio of

SERR increased.

Key Words : Tire Durability, Cracking Energy Density, Virtual Crack Closure Technique,

Strain Energy Release Rate

1. Introduction

The durability of tires has become one of the
most important automotive safety issues since the
tire failures of Ford Explorer causing injuries
and fatalities (NHTSA, 2001). Thus, when a tire
is developed, its durability is to be carefully eval-
uated by conducting several different types of
tests. However, durability test data depend on test
methods, and sometimes they scatter widely even
under the same test conditions. Thus, research on
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simulation methodologies to evaluate the dura-
bility of a tire or to find out a physical quantity
causing a fatigue failure has been conducted (Grosh,
1987 ; Ebbott, 1996 ; Wei, 1999 ; Yan, 2002 ; Feng,
2004). A crack usually initiates around the belt
edge in a tire, and it would grow and cause a cat-
astrophic failure ultimately as a tire is used for a
long time (NHTSA, 2001). In order to develop a
simulation methodology for tire durability eval-
uation, it is necessary not only to develop a tech-
nique to computationally represent a crack initia-
tion or growth but also to find out a controlling
physical quantity (or controlling physical quan-
tities) in the fatigue failure process. Physical quan-
tities such as the strain energy density (SED), the
effective stress, the first invariant of the Cauchy-
Green deformation tensor, the maximum princi-
pal nominal strain were evaluated, and SED se-
emed to be a controlling physical quantity (Roberts,
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1977 ; Ro, 1989 ; DeEskinaze, 1990 ; Choi, 2005) .

However, some test data showed that uniaxial
tension specimens and biaxial tension specimens
with the same SED resulted in different fatigue
life (Roberts, 1977 ; Roach, 1982), implying that
SED is not a controlling physical quantity in a
fatigue failure. Thus, it was proposed to consider
only the strain energy stored with respect to a fea-
sible crack plane because only the strain energy
stored with respect to a crack plane rather than
the whole strain energy would be released if a
crack initiated on the plane (Mars, 2001). In other
words, in a structure subjected to loading there
exists a plane at a location where CED has its
maximum, and it is most likely for a crack to ini-
tiate at the location along the plane. Once a crack
initiates, it usually grows under continuous load-
ing. Fatigue life usually depends on the growth
rate of a crack, which is usually represented by
the Paris law to use the amplitude of a physical
quantity such as SERR. VCCT has been used to
obtain the value of SERR for an existing crack
(Rybicki, 1977 ; Shivakumar, 1988 ; Liebowitz,
1989), and it is also used in this paper.

In order to apply the simulation methodology
for the fatigue failure analysis of tires, finite ele-
ment (FE) models of three different tires of a
similar size were created. Then, the location and
plane for which CED had its maximum was de-
termined, and a crack was created at the location
on the plane. Finally, VCCT was applied to cal-
culate SERR at the tip of the crack, and SERR
was obtained with the tire being rotated by some
degrees in order to find out the SERR as function
of the rotation angle. In addition, a durability test
was conducted for the three tires. The comparison
of SERR as function of the rotation angle and the
durability test data revealed that the fatigue life of
the three tires increased as the amplitude of SERR
decreased or the R-ratio of SERR increased.

2. Physical Quantities for the
Crack Initiation and Growth

2.1 Cracking energy density
SED has been regarded as a controlling physi-
cal quantity in the fatigue failure and used in many
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fatigue failure analyses (Beatty, 1964 ; Ro, 1989 ;
DeEskinaze, 1990). For a rubber bushing, SED
turned out to be a better predictor for fatigue life
than the effective stress, the first invariant of the
Cauchy-Green deformation tensor or the maxi-
mum principal nominal strain (Choi, 2005). How-
ever, some experimental results showed that nat-
ural rubber specimens under equibiaxial tension
resulted in about four times longer fatigue life than
those under uniaxial tension even though they
had the same SED (Roberts, 1977 ; Roach, 1982).
This means that the amount of energy released
due to crack initiation or growth depends on load-
ing conditions, and SED may not be a control-
ling physical quantity in a fatigue failure of a
structure especially under combined loading con-
ditions. Thus, it is necessary to calculate the strain
energy released due to crack initiation or growth
rather than the strain energy stored in a structure
(Mars, 2001) . In other words, the plane and loca-
tion of a crack should be taken into account in
the calculation of the released strain energy.
CED is only a part of SED to be released as a
crack initiates or grows, and it depends on the crack
plane as well as the crack location. Note that
CED can be defined not only for an actual crack
plane but also for a (virtual) plane where a crack
is likely to occur. In Fig. 1, a stress vector, a strain
increment vector and a normal vector of a crack
plane are shown. The stress vector (or the strain
increment vector) can be readily obtained from
a linear transformation of the normal vector by
the stress tensor (or the strain increment tensor).
Then, the CED increment can be calculated from

Fig. 1 Stress vector, strain increment vector and the
normal vector of a crack
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the dot product between the stress vector and the
strain increment vector as shown in Eq. (1), and
CED can be obtained by integrating the CED in-
crement during a loading history as shown in Eq.
(2) (Mars, 2001).

AW =7"g de i=GdE (1)
W= /0 Gdg (2)

Here, ¢ is the stress tensor, de is the strain in-
crement tensor, ¢ is the stress vector, d€ is the
strain increment vector, and # is the normal vec-
tor. It is noteworthy that it is likely for a crack
to initiate or grow along the plane at a location
where CED has its maximum (Mars, 2001).
SED and CED were calculated for a uniaxial
tension specimen and for an equibiaxial tension
specimen used for the fatigue tests (Roberts, 1977 ;
Roach, 1982), and they are shown in Fig. 2. Note
that CED for an equibiaxial tension specimen is a
half of that for a uniaxial tension specimen even
though SED is the same. Thus, CED seems to be
in a better correlation than SED with the fatigue
test data which showed that the fatigue life of equi-
biaxial tension specimens was about four times
longer than that of uniaxial tension specimens.

2.2 Strain energy release rate and virtual
crack close technique

When a crack grows in a structure, the strain

energy stored in the structure decreases. The strain

energy decreased during crack growth per unit
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Fig. 2 SED and CED of a specimen under uniaxial
tension or equibiaxial tension

area of new crack surface is the strain energy
release rate (SERR), which is an indicator how
strongly a crack tends to grow. It was proposed
that the strain energy released during crack growth
was the same as the energy required to close the
crack growth (Irwin, 1957), and this technique,
called the virtual crack closure technique (VCCT),
has been used in many derivations for SERR
(Rybicki, 1977 ; Shivakumar, 1988 ; Liebowitz,
1989).

In Fig. 3, a schematic diagram for crack growth
and virtual crack closure is shown. Suppose that
a crack grows by Aga, the node at the crack tip
splits into two nodes f and g, the force at the
crack tip before the crack growth is ﬁ, and the
relative displacement between the two nodes is
A#. Using VCCT, SERR denoted by G can be
approximately calculated by Eq. (3) using the com-
ponents of F and A, which is easily applicable
in FE simulations (Rybicki, 1977).

G:ﬁ[FxAux'f'FyAuy‘f'FzAuz] (3)

Note that the force ﬁ in Eq. (3) is assumed to
linearly decrease to 0 during the crack growth,
and Aa should be small enough.

In order to evaluate the validity of VCCT, an
FE model was created using plane strain elements
for a single edge cracked specimen shown in Fig.
4. SERR was obtained for the specimen under the
Mode I plane strain conditions by using VCCT,
and then it was compared with that obtained from
the J-integral or the theoretical solutions. It is
well known that the J-integral is valid for a
linear or nonlinear elastic material under the plane

L]

(a) (b) (c)
Fig. 3 Schematic diagram of the virtual crack
closure technique
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strain conditions (Rice, 1968). In addition, the
theoretical solution for the stress intensity fac-
tor for the tensile specimen is given as Eq. (4),
and SERR can be obtained from Eq. (5) with the
assumption of the specimen being in the plane
strain state.

P 2tan% a
KI:B/W o i [O.752+2.02<W> W
2W
. 7a \®
+O.37<1—smw> }
_ K
C=E-» 5

Here, P/B is the load per unit thickness, W is
the width, g is the crack length, and v is the Pois-
son’s ratio. Note that a fine mesh with 2"-order

2 singu-

quadrilateral elements satisfying the 7~
larity around the crack tip was used for the J-in-
tegral, but a comparatively coarse mesh with 15-
order quadrilateral elements was used for VCCT.
In Table 1, SERR’s obtained from the theoret-
ical solutions, the J-integral and VCCT are shown.
Since the three solutions are close to one another,
it can be said that VCCT results in a reasonable
amount of SERR at least for a crack under Mode
I, and it is easier to use than the J-integral be-
cause the number of elements used was smaller

and only 1%

-order quadrilateral elements were
used. It is also noteworthy that unlike J-integral
VCCT is applicable not only to a crack in plane
strain or plane stress conditions but also to a

crack under 3-dimensional loading conditions.

f 1=

F/B W P/B

|

Fig. 4 A single edge cracked specimen

Table 1 SERR for a plane strain specimen under
Mode I obtained from theoretical solutions,
J-integral and VCCT

VCCT
234.32

Theoretical
233.60

J-integral
230.73

G [N/m]

2.3 Strain energy release rate for a crack

with a frictional force

When a crack is subjected to compression, a
frictional force should be taken into account in
the calculation of SERR because it causes some
energy loss. In order to analyze the effect of fric-
tion on the stress field and SERR for the crack,
a plane strain specimen with a crack shown in
Fig. 5 was simulated both with no friction and
with the coefficient of friction of 0.5. Only a half
model with the symmetric plane at the left was
created with displacement boundary conditions
of -2mm on the top surface and of 1 mm on
the right upper side surface. Due to Poisson’s ef-
fect, the lower right side surface deformed to the
right more than 1 mm, and the displacement bound-
ary condition on the right upper side surface ac-
tually prevented the upper half from deforming
freely.

The contour plots of the effective stress around
the crack tip were obtained from the simulations,
and they are shown for the case of no friction
and for the case of friction in Fig. 6(a) and (b),
respectively. The effective stress around the crack
was clearly lower for the case of friction than for
the case of no friction. SERR’s were also calcu-
lated by using the J-integral and VCCT for the
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Fig. 5 A crack in a plane strain specimen under
compression
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Fig. 6 Contour plot of the effective stress (a) no
friction (b) friction

Table 2 SERR for a plane strain specimen under
compression obtained from J-integral and

VCCT
no friction friction
J-integral [N/m] 128.04 41.96
VCCT [N/m] 128.28 41.52

FE model, and they are shown in Table 2. Note
that SERR for the case of friction was about a
third of that for the case of no friction. Therefore,
it can be said from the contour plots and SERR
that friction prevents a crack from growing. Note
also that SERR’s obtained from VCCT were very
close to those from the J-integral both for the
case of no friction and for the case of friction.

3. Application to Tires

3.1 Location and plane for crack initiation

A crack usually occurs around the belt edge in
a tire. As a tire rotates, the crack is subjected to
cyclic loading of compression, tension and shear,
and it grows circumferentially and laterally, causing
a catastrophic failure ultimately. In this study the
durability of three different tires of a similar size,
named Tire A, B, and C, was evaluated using CED
and VCCT (Kim, 2005). In order to determine a
feasible location of crack initiation, CED needed
to be calculated all over the tires. Note that CED
depends on the location and the angle, and the
plane for which the maximum CED occurs can
be regarded as the plane for crack initiation or
growth. The plane where the maximum CED oc-
curred in Tire A, as an example, is shown in Fig.
7, and the maximum CED value and the angle

Fig. 7 Location of the maximum CED in Tire A

Table 3 Location and angle of the maximum CED

Tire A | Tire B | Tire C
Crack angle [deg] 94 95 94
CED [N/m?] 159535 | 293000 | 229000

of the plane are shown for all the three tires in
Table 3. In all the three tires the maximum CED
occurred just inside the edge of belt #3 and its
plane was almost parallel to the belt. It is note-
worthy that the location and the plane for the
maximum CED are compatible with observations
for crack initiation sites (NHTSA, 2001).

3.2 Strain energy release rate calculation
using virtual crack closure technique

It has been believed for a long time that crack
growth is related to SERR. In order to calculate
SERR for a crack by using VCCT, it is not nec-
essary to have fine mesh all over the tire. Rather,
it is more efficient to conduct a global-local anal-
ysis (Ebbott, 1996). A coarse mesh was used first
for the entire tire, and then a fine mesh was used
only for the elements around the crack, the dis-
placement field obtained from the first simulation
being imposed on the boundary of the fine mesh.
The coarse mesh and the fine mesh used for Tire
A, as an example, are shown in Fig. 8. In the fine
mesh an initiated crack was made on the plane
at the location determined in Sec. 3.1, and the
initial crack size was assumed to be 12.5 mm wide
(laterally) and 35 mm long (circumferentially).

Of course, in order to consider the frictional
force occurring on the crack surface under com-
pression in a tire, it was necessary to conduct a
test to determine the coefficient of friction at high
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2D Tire Model

Fig. 8 Coarse mesh and fine mesh used in the
global-local analysis
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Fig. 9 A friction test set-up

temperature as well as room temperature since
the temperature around the edge increases during
a durability test. As shown in Fig. 9, a couple of
rubber sheets were compressed by a dead weight
while they were heated by a heat blower. When
the temperature around the rubber sheets reached
357, 50°C or 70°C, the upper rubber sheet was pull-
ed by a spring scale and the force at the moment
when the upper rubber sheet started to move was
measured. The coefficient of friction was deter-
mined as the ratio of the pulling force to the weight
on the top, and it is shown for four different tem-
peratures in Fig. 10. The coefficient of friction
was proven to depend heavily on the temperature,
but it was chosen to be 1 for this study since the
average value of it was about I.

SERR was efficiently calculated by using VCCT
and Eq. (3). Note here that SERR is the strain
energy loss per unit area of new crack surface as
the new crack surface area approaches zero and it
may depend on the mesh size. Thus, in this study
the mesh sensitivity of SERR was also evaluated.
The initial mesh was reduced to a half in the se-
cond mesh, the second mesh was reduced to a half
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Fig. 10 Coefficient of friction as function of temper-
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Fig. 11 SERR for four different mesh sizes

in the third mesh, and finally the third mesh was
reduced to a half in the fourth mesh. Then, SERR
was calculated for all the four meshes, and their
SERR’s are shown in Fig. 11. Since SERR did
not change significantly from the second mesh, it
was determined to use the mesh size of about 2
mm used in the second mesh for the SERR calcu-
lation.

3.3 Amplitude and R-ratio of SERR, and
fatigue test data

As a tire rotates, a crack also rotates and con-
sequently SERR around a crack varies. It is easy
to believe but not true that SERR around a crack
has its maximum when the crack is at the bottom
(i.e., in the contact zone) and it has its minimum
when the crack is at the top. In order to figure out
the variation of SERR due to the tire rotation, a
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Fig. 12 SERR as function of the circumferential
angle for four different loadings

tire with a crack was rotated from the center of
the contact zone, and SERR was calculated. SERR
was calculated for all the three tires under four
different loadings of 50%, 100%, 150% or 200% of
the nominal load. As an example, SERR is shown
as function of the rotation (or circumferential)
angle for Tire A under four different loadings in
Fig. 12, where the angle is measured from the cen-
ter of the contact zone. It is clear in Fig. 12 that
SERR has its minimum just before the contact
zone and its maximum just after the center of the
contact zone. From the minimum and maximum
of SERR, the amplitude and R-ratio defined as
the ratio of the minimum to the maximum could
be calculated, and they are shown in Fig. 13(a)
and (b), respectively, for all the three tires. Ex-
cept the loading of 50%, the amplitude of SERR
was ranked in the following order for Tire A,
Tire B and Tire C. However, R-ratio was ranked
in the following order for Tire C, Tire B and Tire
A. It is well known that a natural rubber shows a
longer fatigue life when the R-ratio is higher for
the same maximum load or displacement (Lidley,
1974 ; Gent, 2001 ;
from the crystallization occurring at the crack

Legorju-jago, 2002). It stems

tip, which behaves as a barrier, preventing a crack
from growing through (Treloar, 1958 ; Lidley,
1974).

A durability test of which the load was 140% of
the nominal loading was conducted for all the
three tires, and the test data are shown in Table 4.
By comparing the amplitude and the R-ratio of
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Fig. 13 (a) Amplitude of SERR for four different
loadings (b) R-ratio of SERR for four
different loadings

Table 4 Durability test data
Tire A Tire B Tire C
Time [hr] 342 107 42

SERR with the test data, it can be noticed that the
smaller the amplitude of SERR is or the higher
the R-ratio of SERR is, the longer the fatigue life
is. Since the amplitude or the R-ratio of SERR
is at least qualitatively in a good correlation with
the fatigue test data, either one of them can be
regarded as a controlling physical quantity in a
fatigue failure process.

4. Conclusions

A simulation methodology using CED and
VCCT was proposed for a fatigue failure analysis
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in this paper, and the accuracy of this methodol-
ogy was evaluated by applying the methodology
to three different tires and comparing qualita-
tively the simulation results with the durability
test data. It was found that CED had its maxi-
mum just inside the edge of the third belt of all
the three tires. Thus, a crack was created at the
location in the FE models of the three tires, and
SERR was calculated by using VCCT. It is note-
worthy that SERR had its minimum just before
the contact zone and its maximum just after the
center of the contact zone. By comparing the am-
plitude and R-ratio of SERR with the durability
test data of the tires, it was found out that the
fatigue life of the three tires increased as the am-
plitude of SERR decreased or as the R-ratio of
SERR increased. Therefore, it can be said that the
methodology developed in this paper was suc-
cessfully applicable to tires, and the amplitude or
the R-ratio of SERR was at least qualitatively in
a good correlation with the durability test data.
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