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Abstract: The aim of this research is to define a design approach for implementing com-
posite materials in a component of an industrial vehicle, having weight reduction as the
primary goal. Through the schematisation of the problem and analytical analysis, the
definition of a new geometry, a material and production process, and numerical simula-
tions and experimental studies to test the new solution, an optimization process of the
chosen geometry is proposed. After the definition of the process, an applicative example
is presented, analysing a front underrun protection device in two different solutions: one
made of glass-fibre-reinforced polymer and the other of carbon-fibre-reinforced polymer.
An economic comparison has also been conducted between the new configurations and
the traditional steel version, showing a weight reduction of approximately 55% for the
carbon-fibre-reinforced polymer solution and around 18% for the glass-fibre-reinforced
polymer solution. These weight reductions are achievable through a reinvestment that can
be amortized in less than five years, thanks to fuel consumption savings.

Keywords: composite materials; lightweight; finite element analysis; weight reduction;
industrial vehicles components; modal analysis; buckling analysis; optimisation

1. Introduction

The mechanical design process is an essential component of engineering that entails a
methodical approach to developing efficient and effective solutions for many applications.
As technology advances, the tools currently accessible in the market substantially contribute
to the reduction in costs and time spent on research. To ensure their reliability and identify
potential issues, it is essential to validate these virtual models through physical testing.
Mechanical testing yields critical data that validate simulation accuracy and allow designers
to enhance their models, resulting in more resilient and efficient outputs. As a result of
the advancements in design and testing methodologies in the last decades, innovative
materials have emerged as viable alternatives to traditional ones. Nowadays, the adoption
of fibre-reinforced polymer (FRP) composite structures instead of traditional metallic
components in structural design offers several advantages, including reduced fuel or
oil consumption, emission reductions, and improved performance, due to their lower
mass and the low energy costs involved in their production process [1]. In the literature,
the study of lightweight machine parts has been applied not only to transport vehicles but
also to earth-moving machinery [2,3], hoist equipment [4,5], automotive applications [6,7],
and even aviation [8-10].

The optimization process for lightweight components has already been extensively

studied in the literature. Saeedi et al. [11] defined general procedures for design-
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ing and analyzing fibre-reinforced polymer parts for railroad vehicles, particularly for
car bodies, bogies, wheelsets, and other structural components such as rail sleepers.
Dragatogiannis et al. [12] analysed a deck reinforcement on a composite yacht for crane in-
stallation, proposing a methodology flowchart for the structural analysis. Rahman et al. [13],
while studying ship structures made from composite materials, presented a process to eval-
uate the engineering properties of multidirectional laminates. Gardie et al. [14] investigated
the use of composite materials in car wheels, highlighting their advantages compared to
aluminium. Ciampaglia et al. [15] developed an innovative method to design a suspension
for automotive applications.

Some of the author’s previous articles also discuss the optimization process in
lightweight design. For example, a new concept for the design of a tank for a firefighting
vehicle was defined, considering the use of plastic material and a new geometry to accom-
modate the boundary conditions imposed by the component [16]. Additionally, lightweight
design using composite materials has already been applied to a reconnaissance rover [17]
and an industrial vehicle transmission [18], where comparisons of different materials were
made to study weight reduction.

These studies propose a design approach aimed at reducing structural weight—the
main advantage of the composite materials used—but they lack experimental tests to
validate the finite element model or perform an economic evaluation.

This research is presented from this perspective, aiming to suggest a design approach
that can be applied to structural components of an industrial vehicle, supported by ap-
plicative examples validated through experimental tests. Furthermore, the variety of the
outputs can be demonstrated using identical numerical models with differing inputs, such
as geometry or material utilized.

The rest of the paper is organized as follows: Section 2 describes the optimization
process and the theoretical background of this design approach,in order to show the proce-
dure that the authors want to propose, while Section 3 implements this design approach
on an industrial vehicle component—a front underrun protection device. After being
described, this component is shown in three different configurations: the traditional steel
version, which is the one currently in use, one in GFRP and another in CFRP. Section4 then
discusses the results of the three configurations, with a focus on the economic aspects of
the component. Finally, Section 5 provides a brief summary and critique of the results.

2. Materials and Methods
2.1. Theoretical Background of the Design Approach

The design approach, aimed at reducing the weight of a component through the
use of composite materials, can be summarized by the flowchart shown in Figure 1. Af-
ter schematizing the problem, which depends on the boundary conditions, the geometry
must be defined. This geometry is correlated with the manufacturing process of the studied
component and the material selection. The stresses can then be determined through ana-
lytical, numerical, or experimental analysis, taking into account specific conditions. As an
example of such specific conditions, in the automotive sector, the component experiences
external vibrations, necessitating modal analysis to prevent resonance effects; additionally,
buckling analysis is essential to ensure that the component not only endures the applied
loads but also remains stable under certain conditions. Once a solution that satisfies all
boundary conditions is found, the geometry optimization process begins. This is an itera-
tive process that continues until the new geometry meets the required conditions. These
boundary conditions typically depend on the purpose of the component being analysed or
the applicable standards.
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Figure 1. Design approach flowchart.

2.2. Methods and Criteria Adopted

The case study must be analysed with respect to its boundary conditions and different
configurations. Through the balance of momentum and angular momentum, the support
reactions can be evaluated to determine the force distribution diagrams, which include
tensile forces, bending moments, shear forces, and torques. Using these diagrams, the most
stressed positions can be identified. After defining the geometry, the stress in the ma-
terial can be analysed using De Saint Venant’s theory, Bredt’s formula, and Jourasky’s
formula [19]. The stress profiles can be described using Equation (1):

0’—5' U’()_& . T —%~ T—TS*
Vl_A/ fy_] yl Mt_ZQS’ f_]nns

(1)

where ¢y, is the normal stress imposed by force F on the section area A, o¢(y) is the stress
due to the bending moment at a distance y from the section’s centreline, My is the bending
moment, [, is the moment of inertia with respect to the centreline, Ty, is the stress from the
torque, M; is the torque, () is the mean area of the section, s is the profile thickness, 1; is the
shear stress, T represents the shear forces, and S* is the static moment of the section. This
step identifies the worst-case scenario for the component, though a preliminary geometry
must be established first based on material selection and production methods.

At this stage of the design process, buckling analysis must also be considered. Buckling
refers to lateral deformations in structural elements subjected to compressive forces. In steel
structures, where thinness is common, buckling is especially significant. According to
elastic stability theory, Equation (2) defines P, the critical load at which a perfectly elastic
component begins to exhibit non-axial deformations:

m?E]

="

2)
where E is the Young’s modulus of the material, | is the section’s minimum moment of
inertia, and Ly is the length of free vertical displacement, which depends on the beam’s
constraints. Usually, this value is the product of the beam’s length [ and a correction factor
u. Figure 2 shows this value for different constraints.
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Figure 2. Different configurations and their values of y.

Equation (2) assumes the load is perfectly applied at the section’s centre. However,
in reality, this is not always achievable. Additionally, accidental material inhomogeneity,
such as pre-deformed fibres, may result in a beam that is not perfectly straight. These
are known as second-order effects [20], and to account for them, the criteria in (3) must
be verified:

Pg Meq pa
+ <1 where 0=
Pcr,m M, (1 — 9) Pcr,m

3)

where P, is the axial failure force under a primary bending moment, P, ;, is the buckling
load at failure without a primary bending moment, M, is the equivalent bending moment
along with the axial force, and M, is the ultimate bending moment at failure without an
axial force. To define P, ,;, Equation (4) must be used:

A
erm = where x = ———F—— <1 (4)

where A is the cross-sectional area, f, is the material’s yield strength, ), is the material
safety factor, and yx is the reduction coefficient accounting for buckling. The factors ¢ and
the dimensionless slenderness A are defined in Equation (5):

Y cr

where « represents the effect of imperfections, with values of 0.13, 0.21, 0.34, 0.49, and 0.76

for curves ay, a, b, ¢, and d (European buckling design curves) respectively [20,21]. For the
other terms in Equation (3), Equation (6) provides the method for evaluating them:

_ SyWoi
YMm1

M, ; Meg = Cpy - [Mp| where Cp = 0.6 —0.4(My/Mp) < 0.4 (6)
where M4 and Mp are the moments at the ends of the beam, and their ratio is negative for
single-curvature bending and positive for double-curvature bending. The coefficient W),
represents the plastic resistance modulus of the section, as defined in Equations (7) and (8).

I 4r
Wpl,ellipticul =2 (7'[1’5) . <2 + 37_[> (7)
bh? h 2
Wpl,rectangulur = T - (b — 2f) (E — t) 8)

All the variables to evaluate the plastic resistance modulus of the section are the
dimensions of the section itself. To understand them, Figure 3 shows the dimensions for a
hollow rectangular section and for a hollow elliptical section.
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Figure 3. Dimensions of the used sections. (a) Dimensions of the hollow rectangular section. (b) Di-
mensions of the hollow elliptical section.

Given that the essence of this design methodology involves the utilization of composite
materials, plate buckling [22] must be considered. Beginning with classical plate theory
and incorporating laminated composite theory, a composite plate is examined, with its
dimensions and coordinate system delineated in Figure 4:

A
z

Y

Figure 4. Coordinate systems and dimensions of the composite plate.

The critical load for a slender composite plate subjected to uniaxial compression Ny in
the x-direction is articulated as delineated in Equation (9):

2772 D3
Nyor = 2V D1D, (1 + \/ﬁ> )
where Ny, is the critical buckling load per unit length (N/m) and b is the plate width.
D, Dy and D3 are dependent on the components of the bending stiffness matrix and are
obtained through Equation (10):

D1 =Di1; Dy =Da; D3 = Dip+2Des; (10)
For a composite laminate, each value of the bending stiffness matrix can be determined
through Equation (11):
18
Dij=3 Y (Qipk(zi —z_q) (11)
k=1

where Q;; is the transformed reduced stiffness coefficient for each k-layer (see Equation (21)),
2y is the coordinate of the upper surface of layer k and zj_ is the coordinate of the lower
surface of the k-layer.
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2.3. Choice of the Materials

Together with defining the geometry, the materials must also be selected. Most
structural components in industrial vehicles are made of steel, an isotropic material with
higher mechanical properties than other metals. This study aims to implement composite
materials instead of metals due to their advantages in weight reduction. The choice of
material depends on several factors: the availability of suppliers, the production process,
the material’s performance in the studied scenario, and its cost compared to other options.
A preliminary selection can be done thanks to Ashby’s diagrams [23], where the stiffness-
density ratio helps to decide on a substitute for the material already implemented in the
current solution but choosing in order to lighten the component.

To evaluate the mechanical properties of these materials, it is necessary to know the
mechanical properties of both the fibre and the matrix, which are usually provided by sup-
pliers. Assuming the fibres are aligned along the main longitudinal direction, Equations (12)
and (13)—derived from the micromechanics theory of orthotropic plates [24]—can be used:

p =0V + omVim; vi2(=v13) = VeV + v Vin; Ey = EfVi+ EnVi;  (12)

EfE E
~ _ frm X — ) _
Ey(~ E3) = VaE; + VfEm’XT =0pVi Yo =0me[l+ (Vi—/Vp)(1— E’: )] (13)
vo B _ Enm B b
C = Ome[l+ (Vf A /Vf) (1 7Ef )] Yr= U'mth (1 Vf ); (14)

To determine the longitudinal compressive strength X, the failure mode must be
analysed. Naik and Kumar [25] evaluated the different analytical models to predict the
longitudinal compressive strength and compared their predictions to experimental results.
They identified that both Xu-Reifsnider [26] and Budiansky [27] models predict the com-
pressive strength quite accurately when the parameter representative of the actual material
system is ascertained properly. The first model predicted the compressive strength based on
the analysis of microbuckling of a representative volume element using a beam on an elastic
foundation model. The effect of matrix slippage and the fibre-matrix bond condition was
included by two factors, namely, ¢ and . The final expression in terms of the constituent
properties and micro-geometrical parameters is given by Equation (15):

TNy sinm¢
(1-vp) (2(1+vm)J S5 +1—g—2ﬂ) (15)

VEE +1=Ve) 1+ Vpvg + vn(1 = Vy))

where ¢ is the empirical factor representing matrix slippage, 7 is the empirical factor
representing fibre matrix bond and ¢ is the radius of fibre.

The second model unified the Rosen (based on microbuckling of the fibres) and Argon
formula (based on the principle that the component of interlaminar shear stress due to
the presence of misalignment produces kinking) for an elastic ideally plastic composite.
The expression as given by Budiansky is defined by Equation (16):

Gm
1=V +¢/7y)

X¢ = (16)
where ¢ is the initial fibre misalignment angle in unidirectional composites and 7, is the
matrix yield strain.

The shear strength S and critical load are difficult to determine using formulas due
to multiple uncertainty factors and the different behaviour of the matrix and fibre before
failure [28,29]. Typically, this value is provided by the composite material supplier or can
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be evaluated through experimental tests such as single-fibre fragmentation testing, short
beam shear, or the Iosipescu shear test [30].

Once the geometry of the component and the percentage of each type of ply are
suggested, classical composite theory for two-dimensional laminates [24] can be applied
for an initial analysis. By introducing a reference system with the first two axes on the
lamina and neglecting the deformation €3 (which is orthogonal to the lamina plane),
the deformations of a specially orthotropic lamina can be evaluated using Equations (17)
and (18). The S;; components of the compliance matrix S are calculated from the lamina’s
elastic constants:

€1 S11 S12 O o]
€| =152 Sn 0||m|; (17)
712 0 0 Sef |T12
1 1 V12 V21 1
Si=—w; Su=—=; Spn=——"=—"=; Se¢6= = 18
n=gi S»=gi S E, £, 5%~ o, (18)

To calculate stresses from deformations, the stiffness matrix Q (the inverse of the
compliance matrix) must be used. These formulations can be applied to laminas with fibres
reinforced along the primary axis. However, if there is a relative angle 6, the rotation matrix
T must be used, where ¢ = cosf and s = sin 6, as described in Equation (19):

o1 Qu Qi 0 €1 2 2 2sc
| =1Qr Qr 0 ||e T=1s* ¢ -—2s (19)
T12 0 0 Qes| [7112 —sc sc c*—¢?

To adapt the compliance matrix S and the stiffness matrix Q to the new direction,
the following Equation (20) must be applied:

[5] = [T)"[S][T] Q] = [T]"[QIIT] (20)

Furthermore, the expression for calculating stresses in a generic lamina becomes the
one described in Equation (21):

Ox Q:n Q:12 Q:16 €x
oy | = Q2 Q2 Q|| ¢y (21)
Ty Qe Q26 Q6| |Txy

To obtain a first approximation of the deformation values, the extensional stiffness
matrix A must first be derived. By setting the total number of laminas N and the composite
thickness #, a coordinate system can be defined (as shown in Figure 5), and then A can be
evaluated using Equation (22):

N
Ajj = Y (Qij)r(zk — 2zk-1) (22)

k=1
where i represents the rows of the matrix, j the columns, and k the number of layers.
Additionally, a local reference system has been defined to evaluate stresses. Using the
deformation values, obtained analytically by multiplying the inverse of the A-matrix with
the stress matrix (calculated using Equation (1) and the laminate thickness), it is possible to
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use Equation (23) to calculate the local stresses along each lamina’s directions within the
entire laminate:

€y 4|97 Ox €x 01 Ox
ey | = h [A] 0 — oy | = [Q] €y — o | = {T} oy (23)
Yxy T Txy | Yxy T2 Txy
4 4 1
Z0 ‘21 2
h v y t L2 3 Middle surface
*Z Zk-1 t 1 1t
K 3hk ZK=IN-1 § N
v N v

Figure 5. Coordinate system for the position of laminates.

By relating the local reference system to the lamina’s system, and considering the
maximum bending stress and maximum shear stress (obtained from the component’s
geometry and boundary conditions), it is possible to apply the Tsai-Hill criterion, described
in Equation (24), or the maximum stress criterion, described in Equation (25), based on the
material resistance values.

2 2 2
o oy 0y T 1
FI=L -2+ 2+2 ; FOS=—— (24)
X2 x2 x2S VFI
Xe<o <Xr; Ye<o<Yr; ‘T12‘<5 (25)

where Xj represents Xt if oy > 0 or X¢ if oy < 0, while X, represents Yt if 0 > 0 or Y if
03 < 0. To determine if the ply will theoretically fail, the factor of safety (FOS) must be less
than 1.

Finally, to increase resistance to weathering or sunlight, a protective film described by
Komartin et al. [31] or Zhang et al. [32] should be applied to the surface of the component.

2.4. Optimization of the Geometry

After deciding on the material and verifying the boundary conditions, the geometry
of the section must be chosen. Since weight reduction is the main goal of the research, it
is preferable to select a hollow section rather than a solid one. Furthermore, the shape
of the vehicle components also depends on the production process, which is related to
the material. When working with composite materials, optimizing the geometry and
designing the material itself must be done simultaneously, thanks to the flexibility in
choosing different fibre orientations.

The idea is to develop objective functions that need to be minimized or maximized,
depending on the goal of the design. These functions could represent the mass of the
component or its cost. The variables in the function are the parameters describing the
geometry, such as the main dimensions and thickness. The process must adhere to a system
of constraints, which are typically imposed by standards or safety factor requirements for
the section under analysis.

To illustrate this concept, Figure 6 shows an example: with the weight of the com-
ponent as the objective function (dependent on its thickness), the goal is to minimize it
without exceeding the current configuration’s weight and ensuring a safety factor greater
than 1. Another constraint is related to the production process, meaning the thickness must
be an integer. In this scenario, the optimized solution has a thickness of 6 mm.
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This is a simple example; in practice, objective functions, parameters, and constraints
can be much more complex.

25

20

15

weight [kg]

0 5 10 15 20
Thickness [mm)]

—+~New solution — Safety criterion — Actual solution weight

Figure 6. Example optimization chart: here the thickness of a hollow section has been optimized,
with the weight reduction as the main goal. Two boundary constraints are shown, one defined by the
safety criterion and one defined by the previous solution.

The algorithm adopted and, most of all, the variables in this process depend on the
needs of the user. In the literature, an extended review [33] about the implementation of an
optimization algorithm for laminated composites is presented: the algorithms suggested
are the meta-heuristic ones (such as Genetic Algorithm, Simulated Annealing algorithm,
Particle Swarm Optimization, Ant Colony Optimization, Firefly Algorithm), which are
more popular due to their efficiency and stability. It was also described that stacking
sequence and geometry are considered the key design variables in optimization problems,
and in most of the articles, the main goals were the following:

*  Minimizing the weight;
¢  Maximizing the mechanical properties;
¢ Minimizing the cost of the component.

As an example, in the following scenarios, an objective function that can be taken
is the minimization of the weight (which is correlated here to the minimization of the
costs), and the Tsai—-Hill criterion and maximum displacement can be chosen as constraints.
The variables in this research work should be the geometry of the component and the
stacking sequence.

3. Implementation of the Design Approach: The Front Underrun
Protection Device

3.1. Description of the Component

The front underrun protection device (FUPD) is a component installed on heavy
industrial vehicles designed to limit the damage caused to cars in the event of a collision.
In the case of a collision between a heavy vehicle and a car, there is a risk that the car
may become wedged beneath the heavy vehicle. To prevent this, the underrun protection
device was introduced in the position shown in Figure 7. This component was chosen as
an applicative example, but the lightweight process of the FUPD is part of a larger project
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that aims to reach a weight reduction for each component of an industrial vehicle—some of
which have already been completed by the authors [18,34].

FUPD

Figure 7. On the left, a 3D view of the studied device; on the right, the location of the FUPD on the
industrial vehicle.

The FUPD design needs to meet some requirements to ensure its functionality:

*  Be compliant with the United Nations Economic Commission for Europe (UN/ECE)
standard n.93 [35];

¢ Exhibit natural frequencies higher than the characteristic internal and external excita-
tion frequencies of the vehicle;

*  Prevent buckling of the structure.

This study focuses on the Eurocargo 120EL category of Iveco® vehicles, which have
a maximum weight of 120,000 N, approximately 12,000 kg. UN/ECE standard n.93 [35]
outlines the methodology to homologate the analysed component. Three loading conditions
are defined: P1, P2, and P3. Forces P1 and P3 must be equal to half the weight of the vehicle
at its maximum load, while force P2 must be equal to the entire weight of the vehicle. For a
vehicle weighing 12 tons, P1 = P3 = 60 kN and P2 = 120 kN. These forces should be applied
longitudinally to the chassis, following the positions illustrated in Figure 8, with an almost
static application velocity as defined by the standards.

The loads are applied through a plate positioned between the piston rod and the FUPD
surface, with the central point of the plate aligning with the positions described for the
loads. The success of the homologation test is determined by ensuring that the maximum
displacement of the FUPD is less than 400 mm from the outermost surface of the bumper.
Plastic deformation of the component is allowed, but it must not exceed the maximum
deflection outlined in the regulations. For composite materials, known for their brittleness,
only elastic deformation is acceptable. Any other type of deformation would result in the
component being deemed broken and ineligible for homologation.

— =
400
. |
2 = =
o Pl ﬂPQ P3 E P2 Pl
o 420 420
gl g &
S 200 865 865
GROUND

Figure 8. Geometry and location of the three different loads P1, P2 and P3 [mm].
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Figure 9 shows where the force is applied. The dimensions are Ly = 865 mm, b = 400
mm (so a = 465 mm), and F = 60 kN. Using momentum and angular momentum balance,
the support reactions are evaluated through the system of equations in (26).

va+v,—F=0

(26)
vp-2b+F-a=0

Based on these data, we calculate v, = 98.875 kN and v;, = —34.875 kN.

Pi

P |
A : |:> i

Figure 9. Sketch of the component treated as a beam.

Next, force distribution diagrams are determined. Considering that the device must
be no more than 400 mm from the ground and that the beam is 100 mm high, the centreline
of the bar is 450 mm from the ground. The load is applied 445 mm from the ground [35],
resulting in a torque moment with a 5 mm lever. The torque M; = 300 Nm.

The force distribution diagrams are shown in Figure 10, indicating that the most
critical section is where the support reaction v, is applied. The bending moment is
My =27,900 Nm, with T; = v, and T, = F.

5

T

T i

= T
Ti

A

Figure 10. Force distribution diagrams of the analysed component.

The P1 load [35] was analysed as the most critical of the three loading conditions
described in the European Standard due to the highest bending moment on the supports.
Specifically, M¢(Py) = 27,900 Nm, M;(P,) = 0 Nm, and Mf(P5) = 24,000 Nm. P2 is more
critical for the brackets linked to the chassis, where the constraint reaction v, would be
120 kN instead of 98 kIN.

These loads are then used to analyse the structural integrity of the FUPD.
In addition to this, a modal analysis is needed to evaluate the natural frequencies and
corresponding mode shapes of the structure. Indeed, external excitation and internal power
sources, such as engine vibration excitation and road excitation, are the sources of frame
resonance. Road vibration frequency of cars is in the range of 0-100 Hz [36] and the vehicle
body’s first order vibration frequency needs to be higher than 20 Hz, considering the most
important road excitations are within this frequency [37]. Equation (27) can be used to
determine the excitation frequency of diesel engines, according to pertinent research:

_ 2nz

f= %0r (27)

where 7 is the number of engine strokes, z is the number of engine cylinders, and n is
the engine speed, defined in RPM. A six-cylinder, four-stroke diesel internal combustion
engine is used in this design of the truck, and for the calculation, a rated speed of 2500 RPM
is chosen in order to be in a critical situation. After these considerations, when moving,
the diesel engine vibrates at a frequency of 125 Hz.



J. Compos. Sci. 2025, 9, 168

12 of 25

Three different configurations of the analysed component were studied: the traditional
steel 5460Q design, a glass-fibre-reinforced polymer (GFRP) option, and a carbon-fibre-
reinforced polymer (CFRP) alternative.

3.2. Traditional Solution

The properties of the traditional steel configuration, also defined as S460Q according
to UNI EN 10027-1, are shown in Table 1. This material was adopted both for the FUPD
and for the supports, which were welded to each other.

Table 1. Mechanical properties of S460Q.

Ultimate Tensile Strength
R,, [MPa]

Yield Strength  Young’'s Modulus Density = Poisson’s Coefficient
Rypo.2 [MPa] E [MPal p [kgm®l v

620

460 210,000 7860 0.29

Figure 11 shows the geometry of the traditional component design. In this solution,
the stress af(ymux) = 498 MPa, assuming [, = 2.801 x 10® mm?, which is the moment
of inertia related to the section where M £ is maximum. The action of the reinforcement
bracket is added to that of the bar, resulting in 7)s, = 5.15 MPa and 7; = 231.74 MPa.

1922
800 |
A
e 10 6 A-A
| N~
S T ==
:
[ ~O 4
> X4l 100
g A, .60
i AN
i o <
200|

Figure 11. Current solution [mm].

The tensile stress in the critical section is higher than the yield stress of the material
but lower than the ultimate tensile strength (620 MPa), making this value acceptable as
a preliminary estimate. To study displacements, equations of the elastic line [19,38] were
applied. Solving the system reveals a maximum displacement of 16.83 mm, well within
the target range, where the maximum allowable displacement is 81 mm, considering the
imposed standards and the vehicle’s geometry.

3.3. GFRP Innovative Solution

Figure 12 shows the GFRP geometry for the initial study, where the cross-section is
a square profile with a 6.5 mm thickness. The reason behind the choice of this material
was mainly for the availability of the supplier but also factors such as the mechanical
properties of the material and its cost related to the feasibility of high production volumes
influenced the decision. Regarding the material of the supports, steel S460Q was adopted
in this initial configuration. This configuration was used to compare numerical results
from FEM analyses with experimental tests. Concerning the material of the supports, steel
5460Q was adopted in this initial configuration. Given that the material and production
process are typically chosen together to accommodate high production volumes (estimated
at 6000 units per year), pultrusion [39] was selected as the manufacturing process, adopting
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the unidirectional fibre as the architecture of the material structure. An isophthalic polyester
resin was chosen as the matrix, being a common choice with this production process [40].
The minimal mechanical properties of this material, given directly by the supplier and
according to UNI EN 13706-3, are shown in Table 2: presuming the material demonstrates
brittle behaviour, the stress—strain response was considered linear-elastic, defined by the
chosen modulus of elasticity. Failure was characterised as occurring upon reaching the
tensile strength, in accordance with the literature [41,42]. The same logic was applied to
the CFRP solution.
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1922
Figure 12. First GFRP assembly developed [mm].
Table 2. Mechanical properties of GFRP.

Mechanical Property Symbol Value UOF
Bending elasticity modulus Ef 29 GPa
Longitudinal tensile elasticity modulus E 29 GPa
Transversal tensile elasticity modulus E, 7 GPa
Shear elasticity modulus G2 3 GPa
Longitudinal tensile strength XT 240 MPa
Transversal tensile strength Yr 50 MPa
Longitudinal bending strength (5% 240 MPa
Transversal bending strength oy 100 MPa
Density 0 1.92 kg/dm?3
Glass fibre percentage vy 58 %

Simulations of this configuration were run in Solidworks®, using a solid mesh based
on curvature with 265,786 nodes and 135,015 quadratic tetrahedral elements. The final
mesh resulted from an h-refinement procedure that concentrated on the FUPD and its
supports. It was defined using a chassis with a coarser mesh to conserve computational
time and resources. A static analysis was conducted to confirm the numerical model prior
to investigating additional properties of the examined component, including resonance
frequencies, and subsequently discovered buckling modes. Regarding the connections of
the chassis components, bonded interactions were utilised, as the chassis is not the focus
of this research paper. Conversely, bolt connections were employed for the connections
between the FUPD, brackets, and other components to accurately simulate the actual con-
nections among these parts, except for the plate where the force is applied, where a bonded
interaction is chosen to avoid a possible rigid motion of the body. The mechanical proper-
ties of the composite material were implemented by the software through the definition
of a local reference system and the material’s orthotropic behaviour. The local reference
system is chosen based on the mechanical properties of the material, so the X-axis was the
longitudinal axis along the FUPD, while the Y-axis was the transversal axis on the surface
of the beam. The Z-axis defines the dimension of the thickness of the FUPD. Regarding the
orthotropic behaviour, the mechanical properties of Table 2 were added in the definition of
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the material. This numerical test showed that the most stressed area of the FUPD is the rear
surface, specifically the inferior edge, as illustrated in Figure 13.

von Mises (N/mm#42 (MPa)) URES (mm)
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Figure 13. Results of the GFRP first solution at the load application end: on the left is the Von Mises
stress, while on the right is the total displacement. It is clear that the component has reached the
failure point in some areas.

The most critical stress is the shear stress, which, combined with the longitudinal
compressive stress near the side of the support close to the applied load, leads to component
failure. The numerical test also identified other highly stressed areas near the bores where
the supports are linked to the bar, exceeding the tensile strength of the GFRP material.

To verify the numerical computations, an experimental test was conducted using the
100 x 100 profile with a 6.5 mm thickness. A system was developed to represent a real
vehicle, where the chassis was attached to simulate a fixed support 735 mm behind the front
edge, as shown on the left of Figure 14. The FUPD was mounted 400 mm from the ground,
matching the conditions of the numerical analysis. On the right of Figure 14, a hydraulic
cylinder was used to apply the load, pushing on a plate aligned with the concentrated load.
This force is applied directly to the beam and not its supports. The plate was linked to the
cylinder via a hinge, allowing it to follow the component’s deformation.

As expected, the test showed that the FUPD failed, as represented in the load-
displacement diagram in Figure 15, accompanied by images of the failed area.

The graph shows that failure occurred at F = 28.11 kN with a displacement of 35.74 mm,
the final value on the red line near the theoretical straight line. Afterwards, the load
increased due to the steel reinforcement, followed by a collapse of the force curve. However,
Figure 15 reveals that the failure was not caused by axial stress from the bending moment
but by shear stress on the rear surface of the beam, near the steel reinforcement.

The Tsai-Hill criterion was applied to determine the factor of safety (FOS) for the
composite material. Using the FOS from the numerical analysis, the failure load was
evaluated and compared to the load reached in the experimental test.

Steel plate

Figure 14. Photos of the experimental test area. (a) Setup for the experimental test on the studied
component. (b) Zoom of the cylinder used to apply the loads.
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Figure 15. On the (left), a zoom on the failed area of the FUPD (circled in red), and on the (right),
the diagram of load versus displacement from the experimental test.

Table 3 shows the minimal difference between the numerical and experimental results,
which is less than 5%. The FOS from the numerical computation was taken at the critical
edge of the component (Figure 15), while the experimental FOS was obtained by dividing
the actual load by the rated load.

Table 3. Comparison between the FEM model and the experimental data.

FOS Rated Load [daN]  Actual Load [daN] Deviation [%]
FEM values 0.446 6000 2676.44 —4.79%
Experimental test values 0.449 6000 2811.16 ref.

Given the strong correlation between the numerical and experimental values, a GFRP
model of the FUPD was developed that can withstand the stress imposed by European
regulations. The geometry of the new solution is shown in Figure 16.

The new solution has a similar geometry to the previous one, but the FUPD thick-
ness was increased to 9 mm, and the reinforcement bracket was modified as shown in
the drawing. The new configuration, particularly the “C” profile replacing the original
“L” profile, was chosen to reduce shear stresses on the rear surface of the FUPD, as previ-
ously explained.

The reinforcement brackets were made from aluminium 7075-T6 [43], selected for its
lighter density and mechanical properties comparable to steel, as shown in Table 4:
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Figure 16. Final GFRP assembly developed [mm].
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Table 4. Mechanical properties of Al 7075-Té.
Ultimate Tensile Strength  Yield Strength Young's Module Density Poisson’s Coefficient
R, [MPa] Rpo.2 [MPa] E [MPa] p [kg/dm3] v
570 505 72,000 2.81 0.33

The results confirm that the FUPD withstands the applied load: the Von Mises stress
is lower than the ultimate strength of the GFRP, and the displacement is within the limit
imposed by the standard, as shown in Figure 17.

von Mises (N/mmA2 (MPa))

240

- 216

[ 120

48
24
0

Figure 17. Final GFRP assembly stress: the Von Mises stress is shown at the top, and the total
displacement of the FUPD is shown at the bottom.

Due to the higher stress on the brackets exceeding the yield stress of the material,
a non-linear analysis was performed. To reduce computational costs, the fitting radii of
the brackets were not considered in this analysis, but this simplification did not affect the
most stressed areas. The simulation was set as a non-linear, static analysis with iterations
based on the Newton-Raphson technique, through displacement control, due to the almost
plateau of the aluminium after the yield point. As shown in Figure 18a, the FEM analysis
results demonstrate that the tensile stresses on the bracket are lower than the ultimate
strength of the material. In Figure 18b, the stress—strain curve of the 7075-T6 aluminium
alloy adopted for the non-linear analysis is presented.

As explained previously, modal analyses were performed: Figure 19 shows that the
first natural frequency of the structure is far from the highest excitation that the FUPD
is subjected to.

vonh Mises (N/mm~2 (MPa)) 600
600 500
- 540
_ 480 = 400
420 2 300
_ 360 E 200
[ 300 n
| 240 8 100
180 ﬁ 0
120
l 60 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
0.000119 Strain [_]
Fase grafica: 13>
(a) (b)

Figure 18. Non-linear FEM analysis on the innovative aluminium bracket. (a) Von Mises stress results
from the non-linear analysis of the bracket. (b) Stress—strain curve of 7075-T6 aluminium alloy at
quasi-static strain rate.
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(a) (b)

Figure 19. Modal analysis of the GFRP solution. (a) First resonance mode of the GFRP solution: the
resonance frequency here is 158 Hz. (b) Second resonance mode of the GFRP solution: the resonance

frequency here is 181 Hz.

Global and local buckling were also studied. Figure 20a shows the first global buckling
mode of the GFRP solution, with a safety factor of 9.09, while Figure 20b shows the first
local buckling mode, with a safety factor of 7.21.

e S

@) (b)

Figure 20. Buckling analysis of the GFRP solution. (a) First global buckling mode of the GFRP
solution. (b) First local buckling mode of the GFRP solution.

3.4. CFRP Innovative Solution

The last solution studied was designed using carbon-fibre-reinforced polymer (CFRP).
The selection of this material was the result of a compromise between the highest mechan-
ical properties as possible while maintaining an affordable increment on the costs of the
component. For this material, the FUPD was manufactured using a process called filament
winding [39], adopting the unidirectional fibre as the architecture of the material structure.
With this production method, a different geometry was applied, as shown in Figure 21.
The new geometry features the innovative elliptical profile where the cross-section is not
constant, but the overall length remains the same as the GFRP profile. The decision to alter
the section at the points of support was primarily made to increase resistance in those areas.

193]180200

Figure 21. CFRP assembly developed [mm].

Furthermore, the connection between the FUPD and the supports was modified,
utilizing a support structure that can adapt to the new geometry and is made of the same
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material, as described in Table 4. In this configuration, the supports were designed to
position the FUPD 5 mm lower, which avoids the torque moment described in Section 2.1.
In the previous solution, this adjustment was not possible due to the similarity of the
existing supports, but with the new design of the component, it became feasible. It should
be noted that the experimental testing performed on the GFRP solution facilitated the
development of a numerical model that closely approximates reality. Upon establishing the
model’s reliability, it was deployed for various geometries and materials.

The carbon fibre chosen for this study is M50] [44], and the matrix is an epoxy resin
(the epoxy resin is commonly used with this production process [40]) SX10 [45], with their
mechanical properties detailed in Table 5. For the properties of the ply, see Table 6, evaluated
through the equations of Section 2.3.

Table 5. Property of the M50] carbon fibre and SX10 epoxy resin.

Carbon Fibre Epoxy Resin
Property Symbol  Value Symbol  Value
Density of 1880 kg/m’ Om 1200 kg/m?
Young’s modulus Ef 475 GPa En 3.3 GPa
Tensile strength Ot 4120 MPa Ot 65 MPa
Compressive strength Ot - Time 120 MPa
Poisson ratio 143 0.28 Vi 0.34

Table 6. Mechanical properties of CFRP.

Mechanical Property Symbol Value U.O.M.
Longitudinal tensile elasticity modulus E 286 GPa
Transversal tensile elasticity modulus E; 8.16 GPa
Shear elasticity modulus G2 3 GPa
Longitudinal tensile strength XT 2472 MPa
Transversal tensile strength YT 45 MPa
Longitudinal compression strength Xc 880 GPa
Transversal compression strength Yc 99.2 MPa
Shear strength S 59 MPa
Density [y 1608 [kg/m?3]
Poisson ratio V12 0.3
Carbon fibre percentage Vy 60 %

After testing various configurations, the analytical studies determined that the op-
timized solution, with the described geometry, has a thickness of 6 mm and consists of
20 layers (with each ply having a thickness of 0.3 mm). The Layer Stacking Sequence (LSS)
includes 35% of the plies oriented at 5°, 35% at —5°, 10% at 45°, 10% at —45°, and 10% at
90° made by filament winding as already done for a hydraulic cylinder [46]. This result
was achieved through an optimization process where the main constraint was the Tsai-Hill
criterion, and six variables were chosen: the thickness of the section and the percentage of
plies in five specific orientations (5°, —5°, 45°, —45°, 90°), selected based on the adopted
production process and to maximise strength in the main directions. The function to be
minimised was the weight; therefore, the minimum thickness was selected (as it is a vari-
able directly related to the weight). Once a solution was found, an FEM simulation was
performed to confirm the LSS and the previously determined thickness. Numerical analysis
shows that the studied device can withstand the application of force P1: as shown at the
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top of Figure 22, the maximum displacement is around 36 mm, which is below the limit

imposed by European regulations.

Figure 22. CFRP assembly results: at the (top), the Von Mises stress of the component is presented,
while at the (bottom), the total displacement is shown.

The study of this configuration was conducted using Solidworks® for 3D modelling
and Ansys® for simulations. A solid mesh was used, based on curvature, with 424,821 nodes
and 391,808 total elements. The type of solid elements used varied by component; for the
FUPD, linear hexahedral elements were used. The software incorporated the mechanical
properties of the composite material by establishing a local reference system and defining
the material’s orthotropic behaviour. The local reference system is selected according to the
material’s mechanical properties, designating the X-axis as the longitudinal axis along the
FUPD and the Y-axis as the transverse axis on the beam’s surface. The Z-axis delineates
the dimension of the FUPD’s thickness. Each element here represents a segment of the
ply, characterised by a finer mesh, which results in augmented computing time, while also
accounting for the interactions among each ply. The mechanical properties from Table 6
were incorporated into the specification of the material about its orthotropic behaviour. At
the bottom of the same figure, the Von Mises stress of the FUPD is displayed: the most
stressed area is at the closest support to the applied load. The stress is less than 410 MPa,
meaning the component remains within safe limits due to the material chosen.

A non-linear static analysis for the brackets was also performed under load P2. The re-
sults, shown in Figure 23a, indicate that the maximum Von Mises stress in the support is
around 550 MPa, which does not exceed the failure threshold.

In this design, the connection between the brackets and the FUPD is made using
an epoxy adhesive, as described by Konchakova et al. [47], instead of traditional bolts.
This decision was made to avoid excessive stress concentrations around the bolt holes.
Figure 23b shows a zoomed-in view of the Von Mises stress graph for the FUPD’s linked
area, revealing a stress peak near the holes. While the plies can withstand stress along the
fibre’s longitudinal direction, the FUPD could fail in that area because not all plies share
the same orientation. To verify this, it was found that the contact area between the tubular
section and the supports is around 10,000 mm?, and the P2 load is 120,000 N, as required
by European standards. The shear stress in this area is around 12 MPa, well below the
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(@)

stress limit for Konchakova’s adhesive epoxy, as well as the in-plane and interlaminar shear
strength of the composite material.
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Figure 23. Numerical analysis for the supports of the CFRP solution. (a) Nonlinear analysis results on
the bracket. (b) Von Mises stress of the FUPD solution in CFRP with bolt connections to the brackets.
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Modal analyses were also conducted: Figure 24 shows the first and second resonance
modes of the structure. With the same considerations of Section 3.3, it is clear that the
component does not reach the resonance, having different frequencies than the external
and internal excitations of the structure.

@) (b)

Figure 24. Modal analysis of the CFRP solution. (a) First resonance mode of the CFRP solution: the
resonance frequency here is 277 Hz. (b) Second resonance mode of the CFRP solution: the resonance
frequency here is 289 Hz.

For the buckling analysis, Figure 25a shows the first global buckling mode of the CFRP
solution, with a safety factor of 9.85, while Figure 25b shows the first local buckling mode,
with a safety factor of 10.82.
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Figure 25. Buckling analysis of the CFRP solution. (a) First global buckling mode of the CFRP
solution. (b) First local buckling mode of the CFRP solution.

4. Discussion of the Results

Using data from manufacturer datasheets and the FEM program’s 3D models, the mass
of the FUPD and the supports for each configuration were determined.

Table 7 presents the weights of the FUPD in the three configurations studied. The per-
centage of weight reduction (W) and the percentage increase in cost (c) were evaluated as
described in Equation (28):

W, - W c —c
WReduction% = %lsteel -100 ; CIncrease% = “newsol _ Zsteel 100 (28)
stee,

Csteel

A clear reduction in weight can be seen when comparing the steel solution to the
composite material solutions: the glass fibre solution shows a 17.7% reduction in weight
compared to the steel solution, and the carbon fibre solution shows a 55.6% reduction.
However, the cost comparison reveals that the new FUPD and support designs require
a greater initial investment. The cost difference between the innovative solutions and
the traditional one is approximately EUR 17.68 for the GFRP solution and EUR 393.95
for the CFRP solution (after subtracting the cost of the traditional FUPD). Nevertheless,
considering the economic savings from reduced fuel consumption, the time required to
recover the initial investment is less than 5 years for the CFRP solution and less than 1 year
for the GFRP solution, as illustrated in Figure 26. The calculations assume a vehicle lifetime
of 11 years and an average mileage of 1.49 million kilometers [48], or 135,000 km per year.

Table 7. Costs and weights of the different solutions.

Steel S460Q Glass Fibre Reinforced Polymer Carbon Fibre Reinforced Polymer
Weight [kg] Cost [EUR] Weight [kg] Cost [EUR] Weight [kg] Cost [EUR]
Brackets 4.38 (5460Q) 14.76 4.59 (A17075-T6) 23.3 2.22 (A17075-T6) 10.71
FUPD 17.58 59.50 12.36 57.9 7.51 450.6
links - - 1.13 10.74 0.02 6.6
Total 21.96 74.26 18.08 91.94 9.75 467.91
Percentage change - - —17.7% +23.8% —55.6% +530.1%

An estimate of annual fuel consumption was made for both the traditional and op-
timized solutions, with a reduction of approximately 41.21 L/year for the CFRP solution
and 13.09 L/year for the GFRP solution, as shown in Table 8. Based on these results, it was
possible to estimate how fuel consumption reductions can impact both economic savings
and CO; emission reductions. This calculation was made using data on diesel engine
performance, as diesel is the most common fuel for industrial vehicles. The economic
savings were calculated based on the current fuel price of 2 EUR/L (the average price in
Italy during early 2024).
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Figure 26. Graphs of the amortization for the two innovative solutions.
Table 8. Evaluation of the economic savings and reduction in CO, emissions.

Property Value CFRP Value GFRP U.O.M.
Standard consumption [49] 0.21 0.21 L/km
Annual mileage [48] 135,000 135,000 km/year
Fuel consumption 28,350 28,350 L/year
Fuel consumption variation index for Internal Combustion Engine Vehicles 0.000025 0.000025 L/(km kg)
(ICEVs) [50]
Mass decrease with respect to the standard solution 12.21 3.88 kg
Optimized consumption 0.000305 0.000097 L/km
Fuel consumption (optimised semi-trailer) 28,308.79 28,336.91 L/year
Fuel consumption decrease (with respect to the standard solution) 41.21 13.09 L/year
CO;, emissions per kilogram of diesel [51] 3.17 3.17 kgco, /' kgdiesel
Density of diesel (at 15 °C) 820 820 kg/m?
CO; emissions per litre of diesel 2.60 2.60 kgco, /ldiesel
Reduction in CO; emissions (with respect to the standard solution) 107.12 34.04 kgco, /year
Current diesel price 2 2 EUR/L
Economic saving (with respect to the standard solution) 82.42 26.19 EUR/year

5. Conclusions

This research demonstrates a design approach for an industrial vehicle component us-

ing composite materials. The analysis began by studying the applied loads, optimizing the
geometry to distribute stresses along the component, analysing resonance modes, and con-
sidering types of instability. Once the materials were defined, the results were evaluated,
and the component’s geometry was optimized using specific algorithms. To consolidate
the procedure, two case studies—one with GFRP and one with CFRP—were presented,
focusing on the economic aspects of these optimized solutions. As shown in earlier sections,
this process is not a linear flowchart due to the many variables involved. The ability to
modify both the geometry and material configurations allows for alternative solutions,
verified for the scenario under study.

The solutions can be compared:

The GFRP configuration, when compared to the CFRP one, exhibits higher displace-
ment under load due to its lower stiffness;

However, the glass fibre solution requires a lower economic investment (+23.8%
compared to the original configuration) than the CFRP (+530.1%);

The carbon fibre solution offers instead greater long-term economic savings (equal
to 512.94 EUR) by the end of the vehicle’s useful life than the glass fibre one (equal
to EUR 270.41). This is achieved due to a weight reduction of 55% (compared to the
original configuration) for the CFRP solution, while a minor weight reduction of 18%
for the GFRP configuration was evaluated.
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Another important aspect to consider is the need for experimental tests to compare the
numerical results with real-world data. This methodological approach not only validates
the reliability of the outcomes but also highlights the commitment to empirical verification.

Regarding the comparison between this approach and alternative ones:

e This method is costlier than alternatives due to the necessity of experimental equip-
ment and prototypes;

* Nevertheless, it does not necessitate expensive optimization tools;

*  The selection is dependent upon the requirements of the end user: if optimization
is necessary for a singular component, the presented methodology may serve as a
viable solution, yielding more dependable outcomes. However, when this method is
consistently implemented, the cost of this design strategy is not justified.

The principal benefit of the findings presented in the paper is the flexibility of the
approach. The example analysed here is just one structural component of a transport vehicle,
but this process can be applied to other components, such as the chassis, rear underrun
protection device, or side underrun protection device. Moreover, the methodology can be
adapted to different truck models, making it suitable for further exploration and refinement
in future studies. These solutions present viable avenues for ongoing innovation within
transportation engineering.

Regarding the future developments, a study about the effectiveness of different algo-
rithms for the same component can help to choose the most suitable algorithm given the
variable and the constraints considered.
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GFRP  glass-fibre-reinforced polymer
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FEM finite element method
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