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Abstract: The rising incidence of explosive threats, such as landmines and IEDs, has resulted in difficulties in maintaining
safety and reliability of military vehicles. Among various structural parts, the tyre is the weakest link due to its direct contact with
the surface and transfer of shock wave energy into the whole vehicle system. This paper is devoted to the detailed finite element
analysis of rubber tyres filled with additive materials with an ability to absorb energy. Material modelling approaches that take
into account hyper elasticity and viscoelasticity of rubber by implementing Mooney-Rivlin and Yeoh models are used. The
numerical computations were carried out in LS-DYNA software by introducing explosion load using CONWEP and Arbitrary
Lagrangian-Eulerian algorithms. Furthermore, the paper analyses the effect of additives like carbon black, carbon nanotubes
and natural fibres on energy dissipation and peak stresses generated during explosions. The study shows that introduction of
nano-scale additive materials increases energy.
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1. INTRODUCTION
The use of mines and improvised explosive devices (IED) has become one of the prominent forms of attacks in modern warfare,
particularly against military/paramilitary vehicles in insurgency-prone territories like certain parts of India. The underbelly of such
vehicles has become increasingly susceptible to explosions, with the tires forming the initial point of contact and the medium
through which the shock wave enters the vehicle. This is evident from the Gadchiroli attack in 2019 and the Sukma attack in 2018,
where despite advancements in armored vehicle construction, tire damage posed a significant problem.
The primary motivation behind this study is the improvement of blast resistance and longevity of tires. It involves the addition of
novel additives in order to increase the energy dissipation capacity of the rubber compound, thereby reducing the shock transmission
rate, slowing down crack propagation, and increasing recovery ability post-deformation. However, conducting live tests on the
impact of blast waves is expensive, risky, and challenging to carry out. Thus, finite element analysis (FEA) becomes an
indispensable method to replicate blast waves and assess the performance of the new tires.
The tires used for military vehicles are extremely prone to blast damage from mines and IEDs, especially where there is insurgency
activity by Naxalites-Maoists. Tire blasts are usually responsible for the immediate failure of the tire, leading to decreased mobility
and endangerment to the people. Regular tires are not intended to bear high-strain rate blasts; therefore, they have limited capacity
under such severe conditions.
Additionally, there is very little known about the behavior of tire materials under high-stress-rate blasts. Therefore, this project seeks
to enhance the performance of tire through finite element analysis. The simulation will help in designing better tire that can absorb
energy during blast and prevent blast damage.

1. METHODOLOGY

A. Finite Element Modelling

The current research work follows the methodology of sequential finite element analysis to study the blast response of a regular tyre
as well as to analyze the enhancement due to the use of the CNT layer in the tyre design. In the first phase, a regular tyre model was
chosen from the LS-DYNA library which can be referred to as the benchmark of a regular pneumatic tyre. This model consists of all
necessary structural parts like tread, sidewall, carcass plies, belt, bead regions, etc. Such types of models are commonly used to
simulate impact and dynamic analysis of tyres. Instead of creating new geometry, the existing tyre models and materials available in
the library were employed to represent an accurate model without going into complicated modeling process. For that reason, hyper
elastic material was used to model the rubber parts whereas elasticity-plasticity was taken into account for modelling the steel belts.
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Fig - 1 Model with Labels

The next step entailed the application of blast loads through the CONWEP (Conventional Weapon Effects) model available in LS-
DYNA. The CONWEP model is an empirical blast pressure formulation that relies on the TNT equivalence, mass of the charge, and
standoff distance to determine the pressure. The CONWEP model was chosen for the first analysis because of its ease of use and the
ability to generate pressure-time profiles quickly. Blast loading was done at a particular standoff distance from the tyre to reflect
real-world scenarios of explosion. The response of the conventional tyre to the load was analyzed in terms of deformation, stress
distribution, and failure modes.

Modification of the tyre model took place in the third step. Here, the modification involved introducing a reinforcement layer of
carbon nanotubes inside the rubber matrix. In particular, the CNT layer was introduced in the composite layer of the rubber tyre in
key locations where stresses occur at the highest magnitude due to blast loading. The mechanical properties of the CNT layer were
determined from its stiffness, tensile strength, and anisotropic nature. Suitable material models were employed for simulating the
effect of interactions between the CNT layer and the rubber matrix.

B. Material Modelling
The tyre is modelled as a complex structure comprising rubber sections, reinforcement layers, and cords within the structure, which
are all given appropriate material models existing in LS-DYNA.
For the rubber constituents in the tyre including the tread region and sidewalls, the material model used is a hyper elastic material
model given by MAT_027, which is referred to as Mooney-Rivlin Rubber. The choice of this material is based on the ability of the
model to account for the large deformation and non-linear elastic nature of the material. The strain energy density function is
provided in the form of constants, such as C10 and CO01, together with the bulk modulus constant.
The strain energy density function is defined as:
W=AU-3)+BUI—-3)+CUII"?2-1)+D(II — 1)?
Where C =054+ B

D= A(59-2)+B(119-5)

2(1-29)

9 = Poisson’s ratio

2(A+B) = Shear modulus of linear elasticity

I, 11, 111 = invariants of right Cauchy-Green Tensor C.
In order to incorporate the energy absorption behavior of rubber under high strain rates, a viscoelastic model is also used with
MAT _006. It uses Prony series terms to introduce damping behavior, thus allowing the modeling of hysterisis and energy loss due to
internal friction. Combination of both models ensures the modeling of both instantenous elasticity and time dependent damping.
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The reinforcement layers in tyres, like belts and carcass plies, can be modelled by the composite material formulations which use
MAT_054 (Enhanced Composite Damage) and MAT_058 (Laminated Composite Fabric). They help define the orthotropic nature of
the materials along with defining elastic, shear modulii and Poisson’s ratio. Fiber orientation for all layers can also be defined via
keyword input, thus simulating the actual reinforcement layers in the tire structure. The steel wires inside the tyre are modeled as
beams or cables made up of MAT_015 (Johnson—Cook Plasticity). This material model includes elastic-plastic properties and is
suitable for high-speed dynamic analysis due to its strain hardening and strain rate sensitivity. The input data required for this model
are yield strength, strain hardening, strain rate, and failure strain. For the modified tyre configuration, the carbon nanotube layer for
the modified tyre structure is modelled using the MAT_022-COMPOSITE_DAMAGE material type. MAT_022 treats the CNT
layer as a highly orthotropic composite material with directional mechanical characteristics. The stiffness and strength values in the
axial direction of the CNT layer are kept extremely high, while those in the transverse directions are much smaller, indicating the
nature of anisotropy in CNT reinforced materials. The advantage of using the MAT_054 material allows for modelling of the
progressive damage in terms of crack formation and progression to failure in the CNT layer.

Mass density (Kg/mm3) Young’s modulus (GPa) Poison ratio Shear modulus (GPa)
1.168e-06 0.001to 3 0.02-0.5 02-1

Table 1 - Properties of Carbon Nanotube

C. Contact Definition

The contact between the tyre and the ground surface is defined using CONTACT_AUTOMATIC_SURFACE_TO_SURFACE. This
contact formulation is widely used for general contact problems involving large deformation and nonlinear behavior. It
automatically detects contact between slave and master surfaces and applies a penalty-based method to prevent penetration. The
contact between the tyre bead and the rim is defined by the command CONTACT_TIED_SURFACE_TO_SURFACE. The above
form of contact definition ensures that there is no relative slip along the contacting surfaces. However, if individual meshes are
utilized, CONTACT_AUTOMATIC_GENERAL is utilized to enable the interaction between them, which includes either sliding or
separation. This will ensure that the interface behavior between the rubber and composite/steel parts is properly modeled.

The CNT layer is embedded within the rubber matrix. The CNT layer shares nodes with the surrounding rubber; perfect bonding is
assumed. However, CONSTRAINED_SOLID_IN_SOLID is used for defined contact.

D. Blast Loading

The blast loading was modeled through two techniques possible in LS-DYNA. They include CONWEP formulaic technique and the
Arbitrary Lagrangian-Eulerian (ALE) technique. Comparison of the two approaches is possible because one of them is based on
simplification while the other is a complicated process that simulates fluid structure interaction. In both cases, a 0.5 kg of TNT was
detonated at 0.4 standoff distance away from the tire. At the first step, blast loading was done by means of the CONWEP
(Conventional Weapons Effects) model. This model is based on the empirical equations obtained during experiments on blast
loading, and allows obtaining a pressure-time history for a structure in an easy way. This model in LS-DYNA can be done by the
use of the *LOAD_BLAST_ENHANCED card, which includes the TNT charge mass, the stand-off distance, and the burst types.
The main blast parameters that are calculated using CONWEP model include peak overpressure, impulse, and positive phase
duration, being the functions of the scaled distance. At the same time, the pressure is loaded to the tyre surface directly, and no other
environment elements were taken into account. The use of this model is effective for the preliminary analysis due to its
computational simplicity and relatively good accuracy.

Tyre (Michelin 235/55/R19 101H)

0.5 kg TNT at 0.4 Scale distance

Fig - 2 Blast loading (CONWEP method)
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To simulate a physically accurate blast model, the Arbitrary Lagrangian-Eulerian (ALE) formulation was used for the later part of
the study. As compared to the CONWEP method where the explosive device and the air are considered as one single entity and not
separately modeled, in the ALE approach, both the explosive device and the air as well as their interaction with the tyre are
explicitly modeled. In the ALE formulation, the explosive material is defined with the help of *MAT_HIGH_EXPLOSIVE_BURN
along with an equation of state such as JWL equation.

The air domain is modeled using *MAT_NULL and an equation of state to model its behavior as a compressible gas. In the case of
the ALE approach, the tyre structure is considered as a Lagrangian body while the air and explosive domains are modeled using
Eulerian meshes. The interaction between them is achieved using fluid-structure interaction.

p [kg/m?] D [m/s] Pci[MPa] A [MPa] R1 R2 w E [MPa] B [MPa]

1.63e3 6.93e3 21000 371200 4.15 0.95 0.3 7000 3231
Table: 2 Parameters of TNT and JWL state equation

p [kg/m3] C4 C5
1.293 0.4 0.4
Table: 3 Parameters of Air and linear polynomial state equation

<4——— Air Domain (ALE)

Tyre (Michelin 235/55/R19 101H)

0.5 kg TNT at 0.4 Scale distance

Fig- 3 Blast loading (ALE method)

1. RESULT AND DISCUSSION

The outcomes generated by the computational study have offered a thorough insight into the dynamic response of vehicle tyres
subjected to intense loading. The computation was conducted using the CONWEP (enhanced blast) procedure for a typical tyre
model and the ALE scheme for a carbon nanotube (CNT)-strengthened tyre model. The comparison in terms of pressure-time
response, deformation pattern, and damage behavior demonstrates the profound impact of both modeling technique and material
alteration on the performance of the system.

The pressure vs. time graphs reveals that both models incorporate the necessary features of blast loading, including a high peak
pressure followed by a sudden drop and the presence of a negative phase. Nevertheless, the conventional tyre model based on
CONWERP has oscillating pressure peaks and a strong negative phase (see fig - 5), which implies an uneven distribution of loading
and greater pressure fluctuations inside the structure. On the other hand, the CNT tyre model using ALE has a smoother pressure
graph with a sharp peak and no pressure oscillations (see fig — 7), which suggests better dampening effect and real-world fluid-
structure interaction.
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Oms 0.5ms Ims
Fig- 4 Tire Deformation (Blast Enhance)
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Fig - 5 Peak Overpressure (Blast Enhance)

These findings are also confirmed by the deformation results. For instance, the conventional tyre experiences very high local
deformation when subjected to blast loading, especially at the sidewall portion. Due to the rapid introduction of peak stress into the
model, there is significant structural instability and structural distortions leading to premature failure of the structure. This confirms
the limited ability of the material to redistribute the applied stresses.

Oms 0.5ms Ims
Fig - 6 Tire Deformation (ALE method)
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Fig - 7 Peak Overpressure (ALE)

In contrast, the CNT-enhanced tyre subjected to blast loading using the ALE analysis method performs relatively better structurally.
There is a more gradual deformation pattern in the model, and there is an overall reduction in localized deformation can be seen in
fig - 6. This is because the use of the carbon nanotube layer has made the tyre stiffer and more capable of absorbing the applied
stresses. While there have been positive developments in material reinforcement, the analysis clearly shows in fig - 6 that CNT
reinforcement cannot fully prevent failure when exposed to blasts. The high overpressure created during the blast process is higher
than the strength of the material itself, which causes deformations and ultimately causes it to fail. While the failure of the standard
tyre happens suddenly and is localized, the failure of the CNT tyre happens progressively and is distributed.

A. Discussion of Results
The results provide clear insights into the blast response of conventional and CNT-reinforced tyres using CONWEP and ALE
approaches. Both models capture the characteristic blast pressure profile; however, the CONWEP model exhibits significant
oscillations and a strong negative phase, indicating uneven load distribution. In contrast, the ALE-based CNT tyre shows a smoother
pressure response with reduced oscillations, reflecting improved fluid—structure interaction and damping behavior. Deformation
analysis further reveals severe localized damage in the conventional tyre, particularly at the sidewall, leading to early failure. The
CNT-reinforced tyre demonstrates more gradual and distributed deformation due to enhanced stiffness and energy absorption.
Despite these improvements, complete resistance to blast loading is not achieved, as the high overpressure exceeds material limits.
Overall, CNT reinforcement and ALE modeling significantly improve performance, but further advancements are required for
effective blast-resistant tyre design.

V. CONCLUSION
The current research employs numerical analysis for examining the effect of blast load on the behavior of tyres using LS-DYNA
with CONWEP and ALE formulations for a TNT charge weighing 0.5 kg and placed at 0.35 m standoff distance. The response of
the pressure-time history indicates a typical trend in relation to the blast load; however, the CONWEP formulation leads to localized
loading with maximum deformation whereas the ALE formulation considers the fluid-structure interaction by distributing the
pressure effect. The conventional tyre fails due to extreme localized deformation caused by high strain rate. On the other hand, the
CNT-based tyre provides an improved result through the reduction of the deformation and stress concentration, resulting in delayed
failure because of energy dissipation. It must be noted that complete blast resistance is not possible since the stress values exceed
those of the material's strength properties.
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