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Abstract: This paper discusses novel numerical techniques for studying the damage to automotive
safety components in carbon fiber reinforced polymer (CFRP) deployed in the automotive industry to
protect passengers, high voltage batteries and powertrains from rear impacts. The idea proposed in
the manuscript is to use Newmark’s methodology with the FEM for the numerical description of the
explicit dynamic model of the components facing the standard impactor, following the Euro NCAP
protocol. Using an explicit dynamic Radioss rear crash box, we have successfully demonstrated
normal behavior for CFRP materials, where the value of kinetic energy is close to the theoretical value.
Moreover, the simulation provides a behavior consistent with previous successful studies because
the maximum dynamic time is the same as the total damage (0.10 ms).
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1. Introduction

In recent years, safety has become an essential criterion in vehicle production, and
many manufacturers are required to be certified by international safety organizations. The
Euro NCAP is one such organization, offering optimal, up-to-date protocols for testing and
assessing vehicle safety [1]. Thus, in the vehicle safety field, researchers have developed a
variety of numerical approaches that provide efficient behavior models for crash absorption
components. The movement toward electric vehicles, however, requires more stringent
mathematical approaches to measuring failure for the different kinds of materials, each
of which has different fracture laws according to its individual properties [2]. Indeed, the
batteries of electric vehicles are massive elements; this has led architectural and layout
engineers to devise a solution that would allow these batteries to be positioned without
impacting the desired center of gravity. The optimal solution was positioning the battery
under the floor [3]; it became clear that, in rear impacts, if the floor is automatically
destroyed, the battery will be damaged. The role of the rear crash box will be to absorb rear
impacts, and this component must be less massive for the purpose of energy conservation.

This article proposes efficient workflows and techniques that are designed to make
the simulation more detailed, illustrating the power of T7 and T11 contact [3] and inserting
the Chang failure criteria in the main numerical model script to enable fracture tracking on
composite shell elements [4].

Crash test results are also used by service engineers who work with automotive
companies to establish the improvement of components with respect to safety regulations.
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Given the importance of numerical testing based on the Euro NCAP protocol in reducing
the cost of physical impact tests and predicting the behavior of the vehicle during the
numerical prototyping phase, the question arises, How do numerical results become more
efficient and realistic?

Because of the adaptability of Newmark’s method with the Finite Element Method for
solving PDEs for mechanical case studies and the performance crash modeling of Radioss
Altair, the importance of its adopted approach has grown significantly in recent years.
This methodology provides a model construction [5] that is highly effective for properly
representing shell and solid properties presented in models under simulation. Moreover,
the components’ inputs improve the simulation so that it is more realistic, with important
parametrization, such as Ishell, thickness and the template of connectivity (PSE, Bolting,
Screwing). Radioss is also very powerful in describing tied contact, T7, and T11.

Similar to the physical sensors of the Euro NCAP, mass distribution and impactors [6],
the Radioss approach contains numerical representation and instrumentation, where
Lc_points measure displacement, GEB represents the forces” measurement in the expected
sections, and accelerations to calculi decelerations of structures are based on the mobility
of local frames. In addition, recent advancements in the literature [7-9] have led to the
simulation of vehicle crashes.

As per papers [10-12], authors have demonstrated that CFRP materials have been
highly effective in absorbing crash energy in objects to protect the body in case of an
accident. The switch to BEV vehicles requires, on the one hand, a reduction in the mass
transported and, on the other hand, protection of the HV battery against frontal, rear and
lateral impact due to the sensitivity of its electronic components, which are susceptible to
damage and breakdown.

Several failure criteria have been developed to model the behavior of composites,
each with its own strengths and limitations. Among these, the Hashin, Gurson and Chang
failure criteria are commonly used to assess the damage and failure of CFRP laminates. The
Hashin failure criterion is particularly known for its ability to model matrix cracking and
fiber breakage through a combination of strength and damage mechanics, but it primarily
focuses on tensile loading and may not capture all modes of damage under complex stress
states [13]. The Gurson model, originally developed for metal plasticity, has been adapted
for composites and is capable of modeling void growth and ductile damage, making
it effective for situations involving plastic deformation and multiaxial stress; however,
its application to CFRP requires the careful calibration of material parameters [14,15].
The Chang failure criteria, grounded on an energy-based approach, offers a simple but
effective method to predict failure in composites under tensile, compressive and shear
stresses. While the Chang criteria are widely used due to their relatively straightforward
implementation, the model often fails to account for progressive damage or the interaction
between multiple failure modes [16].

This paper is organized into five sections to systematically convey the article’s main
concept. The initial section focuses on introducing the central idea and providing an
overview of the content that follows.

The purpose of the second section is to introduce the mathematical formulation of
dynamic explicit modeling. It provides a brief introduction about the dynamic governing
equation and provides governing equations for the crash.

The third section mathematically outlines the specific study scenario, incorporating
Finite Element Analysis (FEA) and Newmark’s method, which is notable for its complemen-
tary rules, allowing the energy balance to be visualized from the onset of crushing through
the fracture phase, clearly revealing how the LAW 25 corrects behavior to make it more
compatible with the material’s stress—strain curve [17,18]. The primary system of equations
for deformation is formulated to depict stress progression from brittle damage. The fourth
section presents the numerical simulation of the model, beginning with the input data
regarding the geometric and material properties of the impacted section, subjected to a
standard rigid wall weighing 1100 kg traveling at 60 km/h. The authors preprocessed
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this data for the study, and this section is followed by a comparison of the results and
a discussion.

The conclusion of this article summarizes the findings, highlighting the effectiveness
of the Chang mathematical failure approach for CFRP materials, and it also details some
limitations in using these criteria.

Compared to dynamic explicit modeling with the FEM and Newmark’s PDEs res-
olution method without introducing these criteria, this paper shows that this mode of
failure makes the simulation process more realistic as well as more practical for industrial
applications.

2. Theoretical Approach
2.1. Crash Governing Equation

During a structural crash, an energetic exchange occurs between the collision systems,
which causes an energy balance due to the absorption of kinetic energy, and also the loss
of interatomic binding energy due to the rupture produced. In this context, the following
equation, inspired by article [19], describes dynamic explicit models using the “virtual
power” principle as

JJJ tour"1o {F}+div(§) ~p7] a0 =0 O

a0;; 0 dou;
i,j€{1,23}: Hf‘s gt ax; [5“1 oji] + ach[‘S”f 0ji] — %Uji iQ=0 (2

Using Gauss’ theorem:

ﬂ f aa Su;077)dQ) = stu n; oj; dT 3)

Finally:
ffj aéul 0ji — pou;[F; — ;]dQ) — fj ou; tdl' = 0 @)

where

- {F} denotes volume forces;
- o denotes the stress matrix;
- p denotes the density of mass;

. .
- v is the vector of acceleration;
- {6u}" denotes virtual displacements;
- {1} = [7]{n} denotes the vector of stress on the boundary surface.

2.2. Strain Formulation

In structural analysis, it is crucial to distinguish between two types of deformation in
order to model structures undergoing crashes more accurately.

The small strain assumes that the deformations are infinitesimal (i.e., small distur-
bances of the structure), and this assumption simplifies the mathematical formulation and
its function in the case of linear materials.

The large strain is best adapted for extreme load conditions, such as bending, tensile
force, and compression, which is critical not only for describing the crash but also for
predicting significant failures.

Consequently, while small deformation models may suffice for minor impacts, large
deformation models are essential for realistic and reliable crash simulations.
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2.3. Strain Tensor

The gradient of displacement tensor H can be decomposed into two parts, one of
which is deviatory symmetrical £ and the other rotated antisymmetric w:

H=%+@ (5)
with 5
— — = _1/9u; Uuj
e=iH+H) _ JEi=20Gg+a) ©
— = =T 1/ 9u; ou;
w=3H-H) wij = 3 (5 — 52)

The gradient deformation tensor is written as a function of H as follows:

= 1[/= =T\ 1=T—
E:(H—l—H )+H H @)
2 2
then
1 (0ou; | du; 1 9u; ou;
E”_2<ax]-+axi 20w, ax; ®)

2.4. Small Strain Formulation
In the case of a small strain, the norm of the tensor gradient of displacement is

negligible, ﬁH << 1, so that

1 9u; du;j o
S 0= thestrain is linear
2 dx j axi
The formulation of small deformations relies on values derived from the initial config-
uration. This can be determined either at the beginning of the simulation or at the point
when the small deformations begin. The strain rate is represented by

. 0P
& = <8x1> Bi1 )
1/ =0
with

@, as the interpolating shape functions;
¢, 1 as the components of velocity at node I.
Thus, an arbitrary strain in x direction is formulated as:

. Ax
Exx = foxAt = 70 (10)

where x refers to the length of the part in x direction.
Thus, the stress is formulated based on the strain rate and the law of provided material,
by relation integral of the internal force vector:

; 0P, )
i :Hj‘fij<axj>todﬂezem /i=123 (11)

where f denotes the internal vector force in the element I occupied by the volume
etem .
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2.5. Large Strain Formulation

The large strain formulation is used with explicit time integration by calculating the
derivative’s shape function for each cycle, where the special brick derivative’s function is

written as
odr | 1 (0P
<ax]> = [F(t)] (E)r) (12)

where [F(t)] is the Jacobian matrix.
As in the case of small displacement, stress is formulated by the relation integral of

the internal force vector: .
; I
il;lt = 0jj (ax> Qetem (13)
1

The true stress time integration is expressed by

dO',‘]‘
dt

U'l'j(t +t) = O'i]'(f) + dt (14)
so that the strain rate from special velocity derivatives is as follows:

vy oV
ax]' ax,-

deij _ 1

at 2

(15)

Ay
where Vi; = Zu;;.

2.6. Finite Element Formulation for Crash Analysis

Finite Element Analysis is an integral numerical methodology frequently used in
product life cycle development, specifically at the validation phase in objects to numerically
simulate the behavior of mechanical systems after the design; it is also used for making
efficient solutions based on post-processing results. Many researchers and companies
that specialize in this versatile field have developed several numerical protocols to make
simulations more realistic, and they have also created software that optimizes modeling
organizations and sub-systems management.

The theoretical concept is to use the Lagrange basis function for interpolating displace-
ment, temperature, and other physical state functions.

Forces generally have two kinds of distribution: internal and external forces, where
the internal fl.il"t represents the stress in the body and is expressed by Cauchy stress:

int Hj o (aaf]’) hle) (16)

Introducing a virtual displacement du;; and applying the principle of virtual power,
the formula is given by

. . aq)l
(SP”” = (5ul-l fi?t = jf (5ul-l 0’]'1' (ax])dﬂ (17)

The external forces present the multiplication of weight and the acceleration. Similar
to the internal virtual power, the external force is expressed by

0Pt = uy £t = [ duy @1 p FdQ + [[ oy @, 7 dr (18)

In numerical simulation, it is essential to transform and update the coordinates, en-
abling the geometric and physical properties to be calculated with great precision. In this
field, the Jacobian matrix | plays the role of mapping between real-space coordinates and
intrinsic coordinates, describing the rate of change of the linear transformation application
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so that it is bijective between physical space and parameter space, playing the role of chang-
ing variables for calculating integrals. The following integral describes how the Jacobian
matrix helps to solve integrals with facility and flexibility so as to be programmable:

[ F1d = [ £)171d0° = [ £(2)1elda (19)
Q 0o A

where

- |J| denotes the determinant of the transformation between the current and the initial
configuration;

- QY denotes the intrinsic configuration;

- (O denotes the physical configuration;

- |Jg| denotes the determinant of the transformation between the current configuration
and the domain in the intrinsic coordinate system.

In addition, the Jacobian matrix is described as

axk
Jexi = 55 (20)

2.7. Hourglass and Technical Solutions

The hourglass mode describes elements with zero strain energy, with this phenomenon
coming from the distortion of those elements, where there is no stress applied on the nodes.
Researchers have distinguished 12 different modes of break, dispatched by four for each
of the three coordinate systems; the following figures contain the mode of distortion of
elements in translation, describing two modes of shell hourglass, namely modes 7, 8 and
12, referring to the Radioss Altair standard nomination (see Figures 1-8):

12 s

_____

Figure 2. Translation behavior mode 3-4.
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Figure 7. Translation behavior mode 11.
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Figure 8. Translation behavior mode 12.

In addition to the translational modes, the 4-node shell features 12 rotational modes:
four modes for out-of-plane rotations (1 through 4), two deformation modes (5 and 6), two
modes that combine rigid body and deformation (7 and 8), and four hourglass modes (9
through 12) (see Figures 9-16). The following figures show the rotational modes of defor-

mation:
P T ~Q
V4
\ /
\ 1 /
) \
s N
~ ~ PR

——

Figure 9. Rotational behavior mode 1.

-
/’ \
‘\
\ \
1 3 1
/ /
7N /
L AR )
\\_/

Figure 11. Rotational behavior mode 3.
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Figure 12. Rotational behavior mode 4.

Figure 14. Rotational behavior mode 7-8.

\~/

Figure 15. Rotational behavior mode 9-10.

Figure 16. Rotational behavior mode 11-12.
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Three hourglass correction methods are available in Radioss, where plasticity is con-
sidered in computing the anti-hourglass forces. The method recommended by [20] and
utilized in this work is one of these. Hourglassing is not a concern when using multiple
elements (at least four through the thickness) in a 3D element configuration. Each element
captures either compressive or tensile axial strains, but not both, ensuring the accurate
measurement of axial strains while the thickness and shear strains remain at zero. This
approach is both inexpensive and effective.

2.8. Dynamic Explicit Modeling and Newmark’s Method

Practically speaking, in FEA, there are two methods of dynamic equilibrium gov-
erning equations: the direct integration method and the superposition’s mode. The two
techniques are closely related, and the selection between the two depends on the numerical
effectiveness.

Direct integration involves directly integrating the equations of motion using a step-
by-step numerical procedure. In this approach, the equations are not transformed into
another basis. The formulation of the dynamic equilibrium equation at discrete moments
incorporates the influence of inertial and damping forces. It is assumed that displacements,
velocities and accelerations vary at each time interval At. Since a step-by-step procedure is
used to obtain the solution, the various non-linearities of the system, such as geometric,
material, contact and large deformation non-linearities, are naturally taken into account,
even if the resolution at each step remains linear.

In general, the mode superposition method involves converting the equilibrium
equation into ordinary displacement modes. An eigenvalue problem is solved. The free
vibration mode shapes of the finite element assembly are called eigenvectors, and the global
response is obtained by superimposing the response of each eigenvector. Since the method
is based on the superposition rule, the linear response of the dynamically loaded structure
as generally developed is considered, even if the resolution at each stage remains linear.

One of the most common one-step integration methods used in dynamic explicit
modelling is called Newmark’s methodology, where the state of the system is computed at
a given time t;1 = t; + h using Taylor’s formula:

S

fltizr+h) = F(t) + hf'(8) + %zf" (t) + %ff“)(ti) b B F R @)

with b 1
"tit1
Ro(h) = [ fV @)t + b= T (22)
t !
The preceding formula allows the computation of displacements and velocities of the

system at time #;;:

. . tiy1
Ui = U; +/t u(t)dr (23)

. tita ;
ujp1 = uj + hu; +/t : (tiy1 —T) u(t)de (24)

The approximation consists of computing the integrals for acceleration by numerical
quadrature:
tiy1 . .
/t u(t)dt = (1 — y)hi; + yhitj 1 + 1y (25)

i

tiva . 1 . . .
/tv (tiz1 — 1) ii(V)dT = (5 — B)h*it; + BhPiliy + 7 (26)

Different algorithms can be derived based on the values of v and B: ¥ =0, = 0: pure
explicit algorithm. It is demonstrable that it is inherently unstable. If a critical time step
exists, an integration scheme is stable if a limited perturbation at a particular time does
not result in a growing modification at subsequent time steps for a value of the time step
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below, or equal to, this critical value. The central difference algorithm is y =1/2, = 0. Its
conditional stability can be demonstrated by the Fox-Goodwin algorithm: 7 =1/2, =1/2.
For acceleration that is linear, 4y =1/2, = 1/6. For mean acceleration, ¥y =1/2, p =1/4.
The maximally accurate method that is unconditionally stable is this integration scheme
(Figure 17):

— Before the
firs step

u, U, .

o,

- Computation of
internal forces

S = IB’G' avih, = !

c
Computation of acceleration
(S + fo)

m

v

Kinematic 4
constraint

Furst time
step

i, =

Time
h [ =05(h

n-1 + hn )
2

h
l

h

w7 e

1= ’n + h)u-l

v

Computation of
the displacements
w =u ,+h |u,

n+— n—— n+—
2 2

2

n+

o =u, +h
”+‘7

Figure 17. Numerical procedure flow chart.

3. CFRP Materials and Chang Criteria
3.1. CFRP Materials

As the name suggests, the constitutions of carbon fiber reinforced polymer are carbon
fibers enforcing polymer resin, where the polymer resin functions as the matrix that holds
the carbon fibers [21].

Referring to [21], “carbon fibers” are defined as fibers (Figure 18) that have a minimum
of 90% and a maximum of 100% carbon content. Polymeric precursor materials, including
polyacrylonitrile (PAN), cellulose, pitch, and polyvinyl chloride, can be used to create
the fibers. These precursors undergo a sequence of heating and tensioning treatments to
become carbon fibers. When viewed in a larger context, carbon fibers are tiny filaments
that are barely perceptible to the human eye, measuring between 5 and 10 um in diameter
(Figure 19). A carbon fiber’s size is likened to that of a human hair.
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Polymer resin \

Carbon fibers

Figure 18. Typical structure of carbon fiber reinforced polymer (CFRP).

Carbon Fiber ————3»

Figure 19. Carbon fiber compared with human hair.

CFRPs can be woven, with fibers oriented in multiple directions, or they can be aligned
in a single direction to create a unidirectional (UD) composite. These common composite
materials consist of one or more fiber plies, such as carbon, glass, Kevlar or aramid stacked
together with a resin matrix, such as epoxy, which acts as an adhesive and helps distribute
the loads among the fibers. To provide the laminate with varying strengths and stiffnesses
in different directions, layers with different material orientations are incorporated.

One type of composite material is CFRP, which possesses key attributes such as being
lightweight and having low density, high stiffness, high strength, and good environmental
properties. Having resistance to unauthorized access during crashes is vital. CFRPs are
typically woven, like fabric, with fibers bonded by a resin matrix. To enhance strength and
reduce brittleness, they consist of multiple layered fiber plies. Sometimes, a core material
such as foam, wood or honeycomb is added between the plies to improve the composite’s
strength-to-weight ratio, as seen in an I-beam where the core acts as the shear web and the
laminate skins form the flange. Additionally, the ratios of fiber and matrix materials can
vary based on processing techniques, significantly affecting the mechanical properties and
behaviors under load.

3.2. Stress and Strain Curves

Any material used in construction must be able to endure four primary direct loads.
Tension relies heavily on the following;:

- The tensile stiffness and strength of the reinforcement fibers are significantly higher
than those of the resin system by itself.

- The compression, adhesion and stiffness of the resin are essential, as the resin prevents
the fiber from buckling and preserves its straight columnar shape.
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- The shear is primarily managed by the resin, which disperses stresses throughout the
composite.

- Flexure results from the combination of shear, compression and tensile loads, with
the laminate experiencing shear in its middle portion, tension on its bottom face and
compression on its upper face.

The choice of the matrix and fibers used is critical to the composite’s overall perfor-
mance and properties (Figure 20). Along with their proportion and arrangement within
the composite, these elements define its qualities. The stiffness characteristics of the ply, or
lamina, are determined by the fiber fraction. A laminate consists of stacks of laminas, each
with fibers that are oriented differently.

90" o 0° +0

L X
7 l 7
t 0
[ 7/
| 7
[} yd
#{
Z
90” (7] 0° +0

Figure 20. Global coordinate system of the laminate.

Referring to [22], the following example shows that the stress—strain curves of CFRP
materials have a diagram that typically behaves almost linearly, followed by nonlinear
plastic behavior (Figure 21).

Stress (MPa)
-
8

300 4
200
100 4
0+
-100 T T T v v T T J
0 5 10 15 20 25 30 35
Strain (%)

Figure 21. CFRP material tensile stress—strain behavior.

3.3. Specific Energy Absorption

The energy that is absorbed is a key attribute for assessing crashworthiness. A crushing
event usually starts with a rapidly increasing force until it reaches the maximum, or peak,
compressive load. The desired post-peak performance, known as progressive crushing, is
marked by a relatively stable load that is generally lower than the peak load. The force-
versus-displacement graph generated during this process reflects this gradual crushing
behavior (Figure 22) [6].
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Peak Load
||ﬂ| Average
- 4 'Ve«\/\,‘\/-‘ap\-,ﬂ\m,l\ .Crush Load
k=] 'III \ /;
e F
§ [ G
f Sustained Crush Region

r
[

Displacement

Figure 22. Normal behavior of load versus displacement for CFRP impact.
The SEA is defined as the energy absorbed per crashed mass and is expressed as [15]

W | Fdé
EA= — =+—— 27
S pAS pAS @7)
where W denotes the mechanical work during crashing, F refers to the applied forces, p is
the density volume of mass, A refers to the area of the section studied and ¢ describes the
displacement.

3.4. Damage Initiation and Propagation

CFRP materials are generally characterized by brittle damage initiated without large
deformations because the plasticity is not taken into account when modelling the behavior
of those materials [23-26].

According to orthotropic material stress—strain behavior [27], the relation of the com-
pliance is defined as

o = He (28)
where
1 (1 — dl)El (1 — d])(l — dz)V21E2 0
H= 5 (1—dp)(1—dz)vaiEr (1—d2)E; 0 (29)
0 0 D (1 —dyGr2

where D=1 —(1 —dj)(1 — d2)v21v12; E1 and E; are the Young’s modulus in the principal
directions; Gy, is the shear modulus; v1; and v,; are Poisson’s ratios; d; and d, reflect the
principal state of damage; and d;, the damage parameter is linked to micro-cracking in the
matrix caused by in-plane shear deformation.

The damage variables, d;; and d;_, are associated with tensile and compressive fiber
failure, whereas the d; and d,_ damage parameters are associated with the transverse
direction cracking due to tensile and compressive load. The shear damage parameter, d5,
is influenced by longitudinal and transverse cracks, and it is defined as

< 0j
|oi
dp=1-(1-dy4)(1—-d;-)(1—dpos)(1—dp-) (31)

—0j >

> <
+di,
|oi

di = di}

(30)

3.5. Chang Failure Criteria

Many studies use the Chang criteria, with a matrix damage threshold that differs
noticeably from the Hashin criterion, to forecast the low-velocity impact of composite
materials. However, the impact of three failure criteria on the mechanical response and
damage distribution of composite laminates under a low-velocity impact has not been
thoroughly compared in the relevant research [28].
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Where direction one refers to the fiber direction, the failure criteria for fiber breakage
is written as follows:

- Tensile fiber mode: 071 > 0:

2 2
2 1 712
== = 2
7 (ﬁC) B(ﬁz) 32
- Compressive fiber mode: o1 < 0:
2
2 _ (%1
2= (o) )
- For matrix cracking, the failure criteria are as follows:

e Tensile matrix mode 0, > O:

2
2 — (922
m 0,2t

2
012
¥ <0' 12 ) G4
e  Compressive matrix mode 0, < 0:

2 022 z e2 2 022 012 2
= [ = < —1|= —= 35
K (2012) * (2012) o (‘Hz) )

- 016, 01! are fiber compressive/fiber tensile;

- o, o' are compressive and tensile loading in direction 2;

- 0Uqp is shear strength in composite ply plane;

- B is the shear scale factor, which can be determined experimentally.

where

This damage value, D, is expressed as
D = Max (ejzc, e?,ei,eﬁ)

where the element of structure is

e Non-failure,if 0 <D< 1;
e Failure,if D=1.

4. Numerical Simulation and Discussion

Many automotive manufacturers have endeavored to make calculations more efficient
and realistic because of the difference between the animations and the physical values. The
Johnson—Cook and GISSMO failures are examples that are frequently used in the case of
metallic material [29]. This study has developed a model combining the LAW 25 [30] and
the Chang failure criteria to correct the behavior of animations to be coherent with kinetic
physical parameters.

4.1. Geometry and the Material’s Input Data

In this study, a crash box made of CFRP material was used to compare two case studies
of an object to optimize the simulation of a crash using this kind of material.

The upper figure represents the studied geometry with QUAD mesh elements dedi-
cated for composite shell property respecting the Altair standard (Size: 5 mm x 5 mm), with
a symmetrical representation of the left and right crash box (Figures 23 and 24), connected
with a bar using the Radioss spring element implemented in ANSA CAE, as well as a T7
contact to avoid intersection after the load’s application (Figure 25).
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Figure 23. Crash box in CFRP material dimensions.

Figure 24. Crash box + transversal bar representation.

Figure 25. T7 contact between crash box (slaves in red color) and transversal bar (master in blue color).

Based on standard material databases, the following table describes the material used
for this study in an object to be used as a kind of brittle elastic CFRP material and to
illustrate the paper’s perspective in comparing the result of kinetic energy with [31] in case
of the application of Chang failure, without this failure model, and regarding different
behaviors (see Table 1).
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Table 1. CFRP material property used for the study (SAE J2630).

Material’s Property Values

Young’s modulus longitudinal direction 56,275 MPa
Young’s modulus transverse direction 54,868 MPa
Shear modulus 4211 MPa
Density 1.52 x 107% kg/mm?
Longitudinal compressive strength 570 MPa
Transverse compressive strength 355 MPa
Longitudinal tensile strength 917.38 MPa
Transverse tensile strength 775.38 MPa
Shear strength 132.5 MPa

4.2. Load Case Application and Numerical Result

A rigid wall with 1100 kg moving with a velocity of 60 km/h has been deployed
as an impactor to simulate the damage of the crash box in two cases of study with the
same geometry and the same CFRP material. The following figure shows the ANSA

representation of this load case (Figures 26 and 27):

Figure 26. Moving rigid wall impact.

S

Figure 27. Fixation of the crash box.

This paragraph focuses on the post-processing stage of the numerical model, simulated
using the Chang failure as well as without introducing it into the simulation, which is
aimed at comparing the structure’s behavior and the energy balance during the impact

(Figures 28-30).
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Figure 28. Damage at t = 0 (Chang failure).

Figure 29. Damage at t = 0.4 ms (Chang failure).

Figure 30. Damage at t = 10 ms (Chang failure).
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The absorbed energy has demonstrated a brittle behavior that performs well with the
mechanical characteristics of the CFRP materials. This is explained by a highly restricted
range of plasticity as well as the absorbed energy’s being very small compared to the kinetic
energy, which is a logical finding because brittle materials do not absorb this energy during
impact due to the inability of crystal planes to slip with these materials, as shown in the
following curves(Figures 31 and 32):

Abserbed energy in KJ
40

35| MAX(x=0.0104494, y=37.5402)

Energy (KJ)
»n »n w
= o =

-
o
T

-
=
T

——— Global: Internal Energy

o
T

Time(S)

Figure 31. SEA energy during crash.
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Figure 32. SEA energy and kinetic energy.

The superposition of two curves confirms that the time of breaking up is 0.10 s;
therefore, the pertinent question is, Where is the rest of this energy? The following curves
describe how the contact energy + kinetic energy rotational energy + SEA equals the global
energy of the crash test.

The gap between these curves is explained by the rotational behavior of the element
as well as the hourglass energy (Figures 33 and 34) [32].
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Energy(KJ)

Figure 33. Impact of the energy balance.

Added mass (Kg)

Figure 34. Added mass of crash simulation.

(Figures 35-38).
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One of the most reliable methodologies for verifying the numerical stability of the
simulation is to use the added mass calculation [33,34]. The following figure illustrates the

proposed methodology, with an added mass of 2.96 g:

Using the same input data as preprocessing without introducing the Chang criteria,
the following figures show how the crash box will be damaged with large deformation and
high internal energy, which explains the significant advantages that this technique affords

Figure 35. Damage at t = 0 without Chang criteria.



Mathematics 2024, 12, 3673

21 of 24

Figure 36. Damage at t = 4 ms without Chang criteria.

Figure 37. Damage at t = 8 ms without Chang criteria.

Figure 38. Damage at t = 12 ms without Chang criteria.

The results of the kinetic energy, the SEA, and the added mass obtained from the
numerical simulation underscore the robustness of this study and bolster the hypotheses
put forth in this paper, demonstrating the efficiency of the Chang failure criteria. By
comparing the results with the Hashin criterion’s behavior [35], the authors confidently
assert the conformity and reliability of their findings. However, within this confirmation
lies a crucial and pressing question: Which criteria ultimately demonstrate superiority in
simulating CFRP material crash damage: the Chang criteria or the Hashin criterion?

5. Conclusions

The main purpose of this paper was to carefully investigate and compare the perfor-
mance of the Chang failure criteria with the simple FEM in optimizing the simulation of
CFRP materials to become a more realistic factor in order to train engineers to simulate the
vehicle components of CFRP materials.
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It is essential to recognize the dominant trend in numerical simulations of fracture
formation, which primarily concerns orthotropic materials. This requires starting with the
creation of governing equations for the dynamics before taking Newmark’s method as the
most adaptive for explicit dynamic calculation [36].

Through this research, the authors have been able to combine the LAW 25 for CRA-
SURSV [37] composite shell element and the Chang failure criteria using a powerful
preprocessor, including the Radioss Altair library known as ANSA CAE, and the numerical
result was post-processed with META. The Chang failure criteria is considered one of the
best for CFRP materials in crash calculations for several reasons [38—40]:

e  Matrix damage modeling: Focuses on matrix damage mechanisms in composite
materials, which is important because matrix failure can have a large influence on how
CFRP materials generally perform when impacted.

e  All-inclusive method: The Chang criteria consider many loading scenarios and failure
modes, such as compressive and tensile stresses. This makes it possible to predict
failure in different impact scenarios with greater accuracy.

e  Material specificity: As the criteria are designed specifically for composite materials,
they are more applicable than broader failure theories, which may not be able to
explain the particular behavior of CFRP in crash scenarios.

e Predictive accuracy: Research has indicated that applying the Chang criteria can
improve correlations between experimental data and findings, resulting in more
reliable estimates of structural integrity and crash data.

e  Progressive failure analysis is a crucial tool for understanding how damage develops
in composite materials during collisions.

e  The Chang criteria offer valuable information about the energy absorption and overall
crashworthiness of a material.

While the Chang failure criteria represent a useful tool for predicting composite failure
under simple loading conditions, especially in terms of tensile, compressive and shear
failure, the method has some key limitations when applied to more complex situations.
These limitations include its inability to model progressive damage, account for multiaxial
stress states or incorporate environmental and fatigue effects. Therefore, when using these
criteria, it is important to recognize these boundaries and consider complementary methods
(such as progressive damage models or Finite Element Analysis) to more accurately predict
composite failure in real-world applications.

The main query raised in our paper was as follows: Why do we continue to use
the FEM without these criteria in industrial applications? Moreover, why do we not use
aerodynamic conditions in crash engineering with the development of technical solutions
to added mass problems using the methodologies described in [20,41]?

Regarding the perspective of this work, we aim in the near future to explore the
Isogeometric Analysis (IGA) method to perform 3D calculations and demonstrate its
capability to produce better results than the traditional Finite Element Method (FEM).
Additionally, we will investigate the optimization methods already used in our teams to
mitigate crash simulation in the object to minimize the computation time and simplify the
model’s construction and management [42-45].
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