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This study focuses on the rubber structure behaviour assessment under dynamic loading using numerical methods. Dynamic simulations of the TNT explosion under the tiresuspension system were performed using the explicit LS-Dyna code using Arbitrary LagrangianEulerian formulation with Jones Wilkins Lee (JWL) equation deﬁning the explosive material.
During analyses two diﬀerent constitutive materials were used: Mooney-Rivlin without ratedependency and Ogden rubberlike material (MAT 181 Simpliﬁed Rubber) which includes strain
rate eﬀects. Consequently, tire rubber material behaviour was investigated and compared for
two simulated cases.
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1. Introduction
Due to its mechanical characteristics, including ability to reversible deformation under the loading of mechanical forces, rubber is very popular in various
forms in many industries. One of these branches is the automotive industry,
where materials and rubber-based composites are often used to produce tires
with high strength and durability. Moreover, elastomeric structures because of
their low modulus and high damping characteristics are used to absorb energy in
dynamic loadings (impulse or impacts) as isolations bearings, shocks absorbers,
etc. All above shows that an accurate assessment of their mechanical properties
in various operational conditions have much importance in engineering applications. After material development there is a need to conduct experiments to
determine the material properties and to validate a speciﬁc model of rubber.
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Therefore, the dynamic behaviour of the elastomeric material at high and low
strain rates have to be examined.
Mechanical properties of rubber in static experimental tests were eﬀectively
determined and understood [1, 2] and the behaviour under high-strain rates
loading recently becomes more thoroughly investigated with both compression
and tension characteristics taking into consideration. Based on literature review
it can be noticed that majority of authors determined compression behaviour of
elastomers using modiﬁed versions of Split Hopkinson Pressure Bar device [3–6]
or using ﬁnite element method simulating various types of dynamic loading [7–9].
Several authors published results of the dynamic tensile tests, which were
performed on the high speed extension device based on a Charpy impact tester
[3, 10, 11], using the freely expanding ring technique [12, 13] or using the catapult apparatus [3]. Generally, rubber-like materials behaviour was assessed in
strain rates between 200 s−1 (catapult apparatus) through 435 s−1 (Charpy
impact tester) up to 13800 s−1 (expanding ring). Based on above it can be
concluded that mechanical behaviour of major elastomeric structures mainly
depends on large strains, high strain rate (above 10 s−1 ) and nonlinear viscoelastic response.
Furthermore, it should be pointed out that in presented results failure strain
increases with strain rate and also the maximum stresses rises with strain rates
but at some point stress-strain curves become almost invariant to rate. This
phenomenon is presented in Fig. 1a, which shows an inﬂuence of strain rate on
the yielding process of the steel material and in Fig. 1b illustrating the comparison stress-strain characteristics of rubber-like materials in diﬀerent strain
rates.
a)

b)

Fig. 1. a) Inﬂuence of strain rate on the yielding process of steel material [14] and b) comparison
of stress/strain curves for rubber-like materials [3].
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The authors of this paper decided to carry out numerical computations of
an explosion under the terrain vehicle tire with suspension system. The main
objective was to examine a dynamic behaviour of the tire with blast pressure
propagation velocity taking into account, which together with other factors like
strain rates, gas products characteristics, high reaction rate and exothermic
eﬀects have the biggest inﬂuence on how the detonation proceeds and what
destruction it has [15, 16].
2. Analyses conditions
An object of investigations of presented researches is the suspension system
with the tire. The major suspension system parts are: motor-car body, longitudinal, spring, axle, axle bush, hub, drum brake, steel rim and wheel. Geometries
of the wheel and other suspension elements were achieved thanks to the reverse
engineering technology [17, 18] (Fig. 2).

Fig. 2. Suspension system model, 1) Tire, 2) Drum brake, 3) Rim, 4) Axle bush,
5) Axle, 6) Spring, 7) Longitudinal and other hidden elements.

As mentioned before, material model with rate dependency (Ogden rubberlike material) and without rate eﬀect taking into consideration (Mooney-Rivlin)
were used in numerical analyses and results for both cases were compared. Material parameters for Mooney-Rivlin were estimated from one of the curves (for
a quasi-static loading), which were used in Ogden rubberlike material also. Thus,
in order to consider rate dependency in Ogden rubberlike material the load curve
deﬁning stress-strain characteristic of the material was replaced by the table with
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a number of load curves deﬁning the material response at the diﬀerent strain
rate (Fig. 3) [7]. Each material was implemented into the tire rubber major
elements like tread and sidewall.

Fig. 3. Force versus actual change in gauge length for diﬀerent strain rates [7].

Also, similar to the actual tire, steel cords were arranged inside radially and
circumferentially [20–22]. A detailed description of the tire modelling can be
found in the previous authors literature [17, 18]. FE model of the tire (without
tread) is presented in Fig. 4.

Fig. 4. FE tire model components (1. Tread, 2. Inner fabric, 3. Carcass, 4. Sidewall,
5a. Circumferential cords, 5b. Radial cords, 6. Bead core with cords) [17, 18].
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In presented researches previously developed suspension system with the
tire was subjected to a dynamic loading, more precisely, to pressure wave generated from the TNT explosion. Dynamic simulations were performed using the
explicit LS-Dyna code using Arbitrary Lagrangian-Eulerian formulation with
Jones Wilkins Lee (JWL) equation deﬁning the explosive material [23]. Suspension system presented in Fig. 2 was modiﬁed by adding a simpliﬁed motor-car
body, which simulated reﬂection eﬀects of the pressure wave [17, 18]. All steellike components were modeled using steel material with parameters taken from
literature [19]. Due to the symmetric geometry of the vehicle (suspension system) only one wheel was taken into account (Fig. 5).

Fig. 5. Suspension system with ALE blast modeling.

Tire pressure was simulated using airbag model with Green function closed
volume integration [23].Tire destruction eﬀect caused by the explosion was simulated using the failure criterion based on the eﬀective strain failure variable.
As stated before, in simulations authors used TNT charge with the total mass
of 6.34 kg according to NATO STANAG 4569 standard. Charges were located
0.3 m under the wheel and displaced by 0.3 m towards the end of axle. Consequently, results from both analyses were compared with two described earlier
constitutive tire rubber models taking into consideration.
3. Explosion process description
In presented investigations for explosion simulation the Arbitrary LagrangianEulerian formulation was used, where it was necessary to deﬁne an Eulerian air
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domain, in which the explosive pressure wave propagates. Additionally, on the
outer walls of it a non-reﬂecting option was applied, which considers the ﬂow of
the pressure outside the domain. The air is considered as simple ideal gas with
linear polynomial equation of state [23]:
(3.1)

p = (C4 + C5 µ) E,

where µ = ρ/ρ0 : ρ is density, ρ0 is initial density; C4 and C5 are polynomial
equation coeﬃcients, E is internal energy.
The ALE procedure consists of two major steps: the classical Lagrangian
step and the advection Eulerian step. The advection step is carried out with the
assumption that nodes displacements are very small in comparison to characteristics of elements surrounding these nodes, e.g. dimensions. Moreover, in this
procedure a constant topology of mesh is provided.
The governing equations for the ﬂuid domain (Euler domain) describe the
conservation of mass, momentum and energy [23]:
d
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where ρ is ﬂuid mass density; p is pressure; g is acceleration of gravity; e is total
∼

speciﬁc energy. The quantities M , Q and E are total mass, total momentum
and total energy, respectively, of a control volume V (t), bounded by a surface S,
which moves in the ﬂuid (gas-air) with arbitrary velocity w
∼ which may be zero
in Eulearian coordinates or ∼
v in Lagrangian coordinates. The vector n
∼ is the
outwards normal to the surface S.
In both cases it was necessary to implement the detonation process of the
high explosive material into the model using so called “explosive burn” material
model. In this approach the energy of high explosive (HE) material is assumed
to be suddenly released inside the front of detonation wave. Detonation process
requires to model the movement of the products of detonation (PD) after they
reach subsequent speciﬁc locations by the detonation wave (DW) front. Applied
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explosive burn model was modelled with the JonesWilkinsLee (JWL) equation
of state with the following form [23]:
(3.5)





ω
ωe dE
d
ω
p=A 1−
= ,
exp(−R1 ρ) + B 1 −
exp(−R2 ρ) +
R1 ρ
R2 ρ
ρ dt
dt

where ρ = ρhe /ρ is density of products of detonation; e = ρhe e is speciﬁc internal
energy of PD; ρhe refers to density of HE; p represents pressure of PD; A, B,
R1 , R2 , ω are empirical constants determined for the speciﬁc type of HE
Table 1. TNT parameters for the JWL equation of state [19, 24].
Material

ρ [kg/m3 ]

A [Pa]

B [Pa]

R1 [–]

R2 [–]

ω [–]

TNT

1630

3.712e+11

3.231e+9

4.150

0.900

0.3

4. Rubber constitutive models
Two chosen constitutive materials laws which are available in LS-Dyna package were investigated: Mooney-Rivlin material model, which doesn’t include
strain rates and Ogden rubberlike with rate-dependency option. Both are within
a large group of materials which behave diﬀerently during loading (Fig. 6) and
their constitutive relationship between stress and strain is formulated by nonlinear elasticity theory, called hyperelasticity [25–27].

Fig. 6. Stress-strain curve for (non-linear) hyperelastic material [25].

A hyperelastic material is path independent and allows calculating the second
Piola-Kirchhoﬀ stress tensor [23, 26, 27]:
(4.1)

S=2

∂W
,
∂C
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where W = W (C) – is a derivative of the energy functional, C = FT F – is a
right Cauchy-Green strain tensor (F = Grad x).
In LS-Dyna two families of hyperelastic materials can be found. The ﬁrst one
is based on energy functional expressed in the invariants of the right CauchyGreen tensor [23, 26, 27]:
⌢

(4.2)

W = W (I1 , I2 , I3 ) ,

where
I1 = 1 : C = tr C,

I2 =


1 2
I1 − C : C ,
2

I3 = det C.

Then, the derivative yields is given by [23, 26, 27]:
(4.3)

S=2

∂W
∂W
∂W
1+2
(I1 1 − C) + 2
I3 C−1 .
∂I1
∂I2
∂I3

The Cauchy stress σ can now be obtained by σ = J −1 FSFT , where J = det F
is the relative volume.
The second family of hyperelastic materials is formulated in terms of principle stretch ratios. Thus, all expression should be rewritten in terms of principal
stretches λi . After decomposition F = RU, R is an orthogonal matrix RT R = I,
U is a positive deﬁnite symmetric matrix U2 = C ≡ FT F, the invariants are
given by:
(4.4)

I1 = λ21 + λ22 + λ23 ,

I2 = λ21 λ22 + λ22 λ23 + λ21 λ23 ,

I3 = λ21 λ22 λ23 = J 2

and the Cauchy stress σ and the principal engineering stress τ can be obtained
from [23, 26, 27]:
(4.5)

σi =

1 ∂W
∂W
⇒ λj λk σ i = τ i =
.
λj λk ∂λi
∂λi

One of the most popular rubber constitutive model which is also used in presented investigations is the Mooney-Rivlin model [19, 20, 25–27]. Mathematical
description of this model includes the elementary function of strain energy W ,
which is an elementary strain tensor function:


1
(4.6)
W = A(I1 − 3) + B(I2 − 3) + C 2 − 1 + D(I3 − 1)2 ,
I3
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where A (C10 ) and B (C01 ) are material parameters. The last two expressions
with the parameters C and D are hydrostatic terms given by [23, 26, 27]:
(4.7)

C = 0.5A + B,

(4.8)

D=

A(5ν − 2) + B(11ν − 5)
,
2(1 − 2ν)

where ν is Poisson’s ratio.
The second material model used in computations is MAT Simpliﬁed Rubber,
which is based on the Ogden law [7, 9, 23, 28, 29]:
(4.9)
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where αj are non-integer, J = λ1 λ2 λ3 and λ∗i = λi J −1/3 , K is a material
parameter that controls the size enclosed by the failure surface.
In this material Ogden functional is internally determined from the uniaxial
engineering stress-strain curve by deﬁning a tabulated of the principal stretch
ratio as follows [7, 9, 23, 28, 29]:


n
3
X
X
1
1
J −1
µp λ∗αp ⇒ σi = f (λi ) −
(4.10)
f (λ) =
f (λj ) + K
.
J
3
J
p=1
j=1

5. Simulations results
From the performed analyses the tire destruction and overall suspension
system elements deformation were obtained. The main aforementioned objective was to compare each material behaviour during TNT explosion. Firstly,
the internal energy of the tire was compared, which characteristic is presented
in Fig. 7. The comparison graph of stress versus strain for the selected ﬁnite
element (closest to the explosive charge) is presented in Fig. 8. Strain rates
characteristics for both type of explosives and both materials for the same ﬁnite
element of the tire are shown in Fig. 9.
It can be noticed, that for the same moment of time the tire destruction isn’t
identical for both material models. As expected the most devastated element
of the examined suspension system is the tire, which consumes most of the
explosive energy. In the Ogden rubberlike material case generated pressure wave
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Fig. 7. Tire internal energy graph for all simulated cases.

Fig. 8. Stress (equivalent) versus strain characteristics for all simulated cases
(for selected tire element).

caused more damage to vehicle chassis elements, which means that more internal
energy is absorbed by the tire what is clearly noticeable in Fig. 7. Obtained
maximum energy values for Ogden rubberlike are approximately twice time
bigger than for the Mooney-Rivlin material. Taking closer look at the stress
(equivalent)-strain curves presented in Fig. 8 it can be also seen that maximum
stress values for Ogden rubberlike are higher than for Mooney-Rivlin material
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Fig. 9. Strain rate comparison for all cases (for selected tire element).

(about three times), which ideally reﬂects the strengthening eﬀect presented in
Fig. 1a, which indicates the strain-rate dependency not only on the element
structure but also on its stresses. From the theoretical point of view it is known
that the amount of absorbed energy directly depends on the stress value [23],
which is very well presented in the following results for the chosen ﬁnite element.
For Ogden rubberlike material equivalent stresses are higher (Fig. 8).
As mentioned before, for simulating the tire destruction eﬀect the strain
erosion criterion was applied with failure strain value of 120%. This value was
obtained for both materials, however in Mooney-Rivlin material chosen element
was deleted at approximately 117% strain value.
From Fig. 9 it can be seen that strain rates are diﬀerent for both simulated
materials. In Mooney-Rivlin case obtained maximum strain rates value was approximately 3.8e+4 s1 , whereas for Ogden rubberlike it was about 2.0e+4 s1 ,
which seems to be reliable if we take into account the results presented by other
authors [3, 10–13]. This diﬀerence between rates for two materials indicates the
absence of rate dependency in Mooney-Rivlin material.
6. Conclusions
The authors of the presented paper made an attempt of simulating a rubber
structure, which in this case was the vehicle tire, under a dynamic blast wave
loading. Performed analyses have completely conﬁrmed destructive eﬀect of the
explosion under the vehicle chassis. As expected, the most devastated element
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of the examined suspension system is the tire, which consumes the most of
the detonation energy which results in its destruction. By implementing them
into the discrete model of the investigated object a high accuracy of numerical
solution is provided
Presented results shows, that by choosing the proper constitutive material
for the speciﬁc phenomenon a high accuracy and reliability of numerical solution is provided. From the above results the general conclusion is that for such
strongly dynamic phenomenon as blast explosion the material with rate dependency is necessity. In presented tests the authors used the strain-rate material
characteristics taken from literature. Therefore, in subsequent stages the Ogden
rubberlike material used in investigations will be more thoroughly tested with
the particular attention pointed on its possible adoption into the vehicle tire
model. Moreover, complex experimental tests of the rubber and rubber-cord
composite within various loading velocities are planned, which will determine
the strain rate eﬀect on the material structure behaviour with failure process
taking into account. Obtained rate dependency data will be then eventually used
in ﬁnal stages of carried out investigations.
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