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Abstract

This research study investigates the use of composite materials to reduce the weight
of heavy industrial vehicle chassis. A new Carbon Fibre Reinforced Polymer (CFRP)
crossmember was developed to replicate the mechanical performance of the traditional
steel component while achieving substantial weight reduction. A multi-step approach was
adopted: analytical and finite-element analyses were performed on single crossmembers
to assess bending and torsional stiffness. The CFRP design achieved increases of 6.8% in
torsional stiffness and 5.0% in bending stiffness, with a 68.1% weight reduction. After
confirming stiffness equivalence, full chassis simulations were carried out to evaluate
global performance. The steel model reproduced experimental results with a relative
error of 1.13%, while the CFRP configuration enhanced overall torsional stiffness by 7.8%.
Extending these results to all crossmembers, the initial cost increase of the CFRP solution
could be recovered within about 2 years for the diesel scenario and 3.5 years for the electric
one. Environmental benefits were also quantified, with annual CO2 reductions of 708.4 kg
and 298.6 kg, and cost savings of up to 463.3 EUR/year and 299.8 EUR/year, respectively.

Keywords: vehicle chassis; composite materials; lightweight; finite-element analysis; weight
reduction; heavy commercial vehicle; experimental validation; chassis torsional stiffness

1. Introduction
The transportation of goods has always played a crucial role in the economy. In the

cited sector, considering the EU, road transport is the second most adopted weight transport,
with 25.3% of goods moved through this method [1]. In Italy, the percentage share of road
freight transport relative to the total inland freight transport stood at approximately 88% in
2023 [2]. Regarding the emissions, in Italy the transport sector was responsible for 25.2% of
the total national greenhouse gases (GHGs) emissions in 2019, 92.6% of which were caused
by road transport [3]. Being a non-avoidable cost, and considering also that the shortage of
fossil fuel is increasing rapidly, there is an increasing demand for greater efficiency in this
area. One of the several strategies adopted to reduce the costs of road transport is the so-
called lightweight design (LWD) [4]. On individual vehicle components of industrial vehicle
used for goods transport, this process can be implemented through different methods:
for example modifying the geometry of the component [5] or both the geometry and its
production process [6], the application of the topology optimization method [7], or the
substitution of traditional materials with other unconventional materials [8,9]. LWD can
be applied to each component of heavy vehicles, such as the front underrun protective
device [10], the axle [11], or even the carriage [12]. Some of the author’s previous articles
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also apply the LWD in different fields: for example, considering hoisting machines, jib
cranes, and overhead cranes have been studied with the aim of reaching a weight reduction
through the adoption of composite materials and prestressing techniques [13,14]. Among
all the components of an industrial vehicle, the chassis constitutes an important share
of the vehicle mass. Here, the weight reduction process has already been implemented
in the literature through the adoption of different materials: Ufuk et al. [15] designed a
heavy-duty chassis using unidirectional fibre composite material, one in CFRP and another
one in glass fibre reinforced polymer (GFRP), and compared the two new solutions with
the traditional one, observing mainly the weight savings. Here, through the adoption of
the finite-element methodology, the fatigue aspect has been analysed, obtaining a weight
reduction of up to 50%. Siraj et al. [16] also did a comparative analysis between three dump
truck chassis made in different materials: one in mild steel and two in composite materials
(even here, the materials adopted are CFRP and GFRP). Basing each simulation on the
condition of the truck being stationary, they analysed three load conditions: bending load
case, torsion load scenario, and the combination of these two conditions. It was found that
the weight of the chassis is reduced by 4.8 times for carbon epoxy and 3 times for glass epoxy,
compared to the mild steel solution. Agarwal et al. [17] proposed an optimized heavy-duty
truck chassis, substituting the conventional steel with a potential metal matrix composite
lightweight Graphite Al GA 7–230 Metal Matrix Composite material. Through FEM, a
structural optimization has been conducted using an optimal space-filling design scheme,
obtaining a mass reduction of 70% compared to the traditional solution. Svensson et al. [18]
analysed how the welding process can contribute to the weight reduction of heavy vehicle
chassis. Observing two cases, one in high-strength steels and another in cast aluminium,
the research paper highlighted the benefits and the issues of the application of the welding
process, adopting these materials instead of traditional steel. In all these research articles,
the results obtained are not always validated by experimental analysis, and the main focus
is always on the structural behaviour of the component, without considering the economic
aspect of the innovative solution. With this in mind, the authors want to implement a
design approach aimed at the adoption of composite materials in a heavy industrial vehicle
chassis, highlighting the importance of experimental analysis to check the results obtained
and observe that the LWD can lead to considerable economic savings. The rest of this
research study is organized as follows: Section 2 describes the analysed component and
how the LWD is implemented here. Section 3 shows the optimization process and the
theoretical background of this design approach, while Section 4 shows the results obtained
from the numerical simulations. Section 5 then discusses the results of the innovative
configuration, with a focus on the economic aspects of the component. Finally, Section 6
provides a summary and critique of the results.

2. Description of the Component
In this research work, a chassis for heavy commercial vehicles (HCV) was analysed.

Its structure is basically a flat “ladder-like” frame composed of two longitudinal elements
(side members) connected by several transversal beams (crossmembers). The traditional
assembly of the truck analysed can be observed in Figure 1: the main parameter to dis-
tinguish different configurations is the distance between the centres of the front and the
rear wheels, the so-called wheelbase. The reason for having the same assembly with dif-
ferent dimensions is based on the need for the buyer of the heavy industrial vehicle: a
short-wheelbase chassis offers better manoeuvrability but lacks stability, compared with
a long-wheelbase chassis. About the traditional configuration chosen for the comparison
with the innovative solution, it has a wheelbase value of equal to 3690 mm (considered as
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a short-wheelbase chassis) with both front and rear air suspensions and is designed for
18-tonne vehicles.

Figure 1. 3D draw of the chassis for a heavy industrial vehicle. The points depicted by the letter
A represents the position where the front wheel axle is compared to the chassis, while the points
represented by the letter B define the positions of the rear wheel axle compared to the chassis.

Regarding the innovative solutions, the idea is to design a new type of crossmember
in composite material, keeping the same sidemembers and reaching a similar behaviour to
the traditional chassis in terms of torsional stiffness.

3. Materials and Methods
3.1. Theoretical Background of the Design Approach

The design approach, aimed at reducing the weight of a component through the
use of composite materials, is already explained by one of the authors’ previous research
article [19]. Here, focusing on a chassis frame, the schematization of the problem begins
with the loads to which the component is subjected, here defined:

• weight of the body, passengers, and cargo loads;
• vertical and twisting load owing to uneven road surfaces;
• lateral forces caused by the road camber, side wind, and steering of the vehicle;
• inertial forces caused by sudden acceleration or braking and sharp turns.

To withstand all these forces, the design of the chassis must have adequate torsional
and bending stiffness. To achieve this similarity in stiffness, when a torque or bending
moment is applied, a similar rotation or deformation has to be obtained. During the design
phase, as a first approximation, the main boundary conditions to be fulfilled are the ones
described in Equation (1):

Gsteel · Jsteel ≈ Gcomp · Jcomp ; Esteel · Isteel ≈ Ecomp · Icomp (1)

where for the torsional stiffness, Gsteel is the shear modulus of steel, which is the mate-
rial of the traditional configuration, and Jsteel is the polar moment of inertia of the steel
beam. Regarding the composite material, Gcomp is the so-called Gxy, while Jcomp is the
polar moment of inertia of the composite crossmember. For the bending stiffness, Esteel is
the Young’s modulus of the steel, while Isteel is the area inertia moment of the steel beam.
Regarding the composite material, Ecomp is the so-called Ex, while Icomp is the area inertia
moment of the composite crossmember. Gxy and Ex are derived by the composite laminate
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theory, described after, in Section 3.3. Since the study of the whole chassis stiffness could
increase the computational cost of the simulation, here the idea is to study the bending
and torsional stiffness of the singular crossmember (a similar approach was already de-
fined in the literature [20]). Once the crossmembers obtained have similar torsional and
bending stiffness, the entire current chassis frame can be studied from both numerical and
experimental perspectives, focusing on stiffness characteristics. Finally, after validating the
numerical model of the chassis frame, the complete chassis with the proposed composite
solution is simulated, and the results are compared with those of the current steel design.

3.2. Methods and Criteria Adopted

Since the initial case study of the crossmembers can be represented by beams, beam
theory must be observed.

By analysing moments and angular momentum, it is possible to evaluate the support
reactions and find the force distribution diagrams, which encompass tensile forces, bending
moments, shear forces, and torques. The diagrams facilitate the identification of the most
stressed positions. Upon defining the geometry, the material’s stress can be analysed using
De Saint Venant’s theory, Bredt’s formula, and Jourasky’s formula [21]. The stress profiles
are delineated by Equation (2):

σn =
F
A

; σf (y) =
M f

I
· y ; τMt =

Mt

2Ωs
; τt =

TS∗

Jnns
(2)

where σn is the normal stress imposed by force F on the section area A, σf (y) is the stress
due to the bending moment at a distance y from the section’s centreline, M f is the bending
moment, I is the moment of inertia with respect to the centreline, τMt is the stress from
the torque, Mt is the applied torque to the section, Ω is the mean area of the section, s is
the profile thickness, τt is the shear stress, T represents the shear force, and S∗ is the static
moment of the section.

In this research, the crossmembers’ torsional and bending stiffness can also be related
to the beam’s theory: to analyse this aspect of these components, each crossmember was
studied as a cantilever beam with an applied torque/load at the opposite end with respect
to the constraint, as shown in Figure 2.

In this scenario, the evaluation of the rotation or the displacement can be easily
evaluated through Equation (3) [21]:

α =
Mtl
GJ

; δ =
Pl3

3EI
(3)

where for the torsional moment, α is the angle of twist (in radians), Mt is the applied torque
at the free end, l is the beam’s length, G is the shear modulus of the material, and J is the
polar moment of inertia of the cross-section. About the bending moment: δ is the bending
deflection at the beam’s free end; P is the applied load; E is the Young’s modulus; and I
is the moment of inertia with respect to the centreline. To analyse the torsional moment,
depending on the order of magnitude of the applied torque and the studied geometry,
it is suggested to also put another constraint at the free end. This procedure is usually
done to prevent potential bending actions due to the asymmetric geometry and the shear
stress on the beam. The constraint is needed to study only the applied torque, without the
influence of other actions. Through Equation (3), the meaning of stiffness can be found,
due to the relation between the applied load and the caused displacement. Considering
that the length of the beam is an unmodifiable parameter for this study, the factors that
influence the stiffness of the structure are the material, represented in the formula by G and
E, and the cross-section geometry, represented by J and I.
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(a)

(b) (c)

Figure 2. Schematization of the analysis for the torsional and bending stiffness of the crossmember:
constraints and loads. (a) Component analysed. (b) Schematization of the analysis for the torsional
stiffness. (c) Schematization of the analysis for the bending stiffness.

In addition to this, modal analyses are needed to evaluate the natural frequencies and
corresponding mode shapes of the structure. External excitation and internal power sources,
including engine vibration and road excitation, are the origins of frame resonance. The
road vibration frequency of automobiles ranges from 0 to 100 Hz [22], and the fundamental
vibration frequency of the vehicle body must exceed 20 Hz, as the primary road excitations
occur within this frequency range [10]. Equation (4) is provided to evaluate the engine
frequency of the vehicle:

f =
2nz
60τ

(4)

where τ is the number of engine strokes, z is the number of engine cylinders, and n is
the engine speed, defined in RPM. Since this research study focuses on heavy commercial
vehicles, it was assumed that the design of the truck utilizes a six-cylinder, four-stroke
diesel internal combustion engine.

An engine is used in this design of the truck, and for the calculation, a rated speed of
2500 RPM is chosen to be in a critical situation. After these considerations, it was evaluated
that the diesel engine vibrates at a frequency of 125 Hz.

3.3. Choice of the Materials

In addition to defining the geometry, the materials must also be chosen. The majority
of structural components in industrial vehicles are produced in steel, an isotropic material
exhibiting superior mechanical properties compared to other metals. This study is focused
on using composite materials instead of metals, thanks to their benefits in weight reduction.
The selection of material is dependent upon various factors: supplier availability, the
production methodology, the material’s performance in the analysed context, and its
cost relative to alternative options. A preliminary selection can be facilitated through
Ashby’s diagrams [23]: here, the stiffness-density ratio assists in selecting a replacement
for the material currently employed in the existing solution, with the aim of reducing the
component’s weight.
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To assess the mechanical properties of these materials, it is essential to identify the
mechanical properties of both the fibre and the matrix, usually given by manufacturers.
Assuming the fibres are oriented along the primary longitudinal axis, Equations (5) and (6)
derived from the micromechanics theory of orthotropic plates [24] can be used:

ρ = ρ f Vf + ρmVm; ν12(= ν13) = ν f Vf + νmVm; E1 = E f Vf + EmVm; (5)

E2(≈ E3) =
E f Em

VmE f + Vf Em
; XT = σf tVf ; YC = σmc[1 + (Vf −

√
Vf )(1 −

Em

E f
)] (6)

YC = σmc[1 + (Vf −
√

Vf )(1 −
Em

E f
)] YT = σmt

E2

Em
(1 − V

1
3
f ); (7)

To determine the longitudinal compressive strength XC, 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 ξ and η. The final expression in terms of the constituent
properties and micro-geometrical parameters is given by Equation (8):

X′
C = Gm

(
Vf +

Em

E f
(1 − Vf )

)(
2(1 + νm)

√√√√ π
√

π η r f

3 Em
E f

(Vf
Em
E f

+ 1 − Vf )(1 + Vf ν f + νm(1 − Vf ))
+ 1 − ξ − sinπξ

2π

)
(8)

where ξ is the empirical factor representing matrix slippage, η is the empirical factor
representing fibre matrix bond and r f 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 (9):

X′′
C =

Gm

(1 − Vf )(1 + ϕ̄/γy)
(9)

where ϕ̄ is the initial fibre misalignment angle in unidirectional composites and γy 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
be evaluated through experimental tests such as single-fibre fragmentation testing, short
beam shear, or the Iosipescu shear test [30].

Upon determining the component’s geometry and the proportion of each ply type,
classical composite theory for two-dimensional laminates [24] can be used for preliminary
analysis. By establishing a reference system with the initial two axes aligned with the lamina
and disregarding the deformation ϵ3 (which is perpendicular to the lamina plane), the defor-
mations of a specifically orthotropic lamina can be assessed using Formulas (10) and (11).
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The components Sij of the compliance matrix S are derived from the elastic constants of
the lamina:  ϵ1

ϵ2

γ12

 =

S11 S12 0
S12 S22 0
0 0 S66


 σ1

σ2

τ12

; (10)

S11 =
1

E1
; S22 =

1
E2

; S12 = −ν12

E1
= −ν21

E2
; S66 =

1
G12

(11)

To derive stresses from deformations, the stiffness matrix Q (the inverse of the com-
pliance matrix) must be utilized. These formulations are applicable to laminas with fibers
reinforced along the principal axis. Nevertheless, if a relative angle θ exists, the rota-
tion matrix T must be employed, where c = cos θ and s = sin θ, as delineated in the
Equation (12): σ1

σ2

τ12

 =

Q11 Q12 0
Q12 Q22 0

0 0 Q66


 ϵ1

ϵ2

γ12

 T =

 c2 s2 2sc
s2 c2 −2sc
−sc sc c2 − s2

 (12)

To adapt the compliance matrix S and the stiffness matrix Q to the new direction, the
following Equation (13) must be adopted:

[S̄] = [T]T [S][T] [Q̄] = [T]T [Q][T] (13)

Moreover, Equation (14) shows the expression for evaluating stresses in a generic lamina: σx

σy

τxy

 =

Q̄11 Q̄12 Q̄16

Q̄12 Q̄22 Q̄26

Q̄16 Q̄26 Q̄66


 ϵx

ϵy

γxy

 (14)

Now, to obtain a first approximation of the deformation values, the extensional stiff-
ness matrix A must first be derived. By setting the total number of laminas N and the
composite thickness h, a coordinate system can be defined (as shown in Figure 3), and then
A can be evaluated using Equation (15):

Aij =
N

∑
k=1

(Q̄ij)k(zk − zk−1) (15)

where i represents the rows of the matrix, j the columns, and k the number of layers.
Through this matrix, it is possible to evaluate the membrane stiffness constants: these con-
stants are needed as a first approximation to compare the stiffness of the steel configuration
with the one in composite material. In particular, the constants needed for the torsional
and the bending stiffness are the ones described in Equation (16):

Ex =
A11

h
; Gxy =

A66

h
(16)

where h is the thickness of the composite laminate, A11 is the A-matrix component repre-
senting the axial stiffness of the laminate along the first direction, while A66 is the A-matrix
component representing the in-plane shear stiffness. Additionally, a local reference system
has been defined to evaluate stresses. Using the deformation values, obtained analyti-
cally by multiplying the inverse of the A-matrix with the stress matrix (calculated using



J. Compos. Sci. 2025, 9, 611 8 of 22

Equation (2) and the laminate thickness), it is possible to use Equation (17) to calculate the
local stresses along each lamina’s directions within the entire laminate: ϵx

ϵy

γxy

 = h
[

A
]−1

σf

0
τt

 →

 σx

σy

τxy

 =
[

Q̄
] ϵx

ϵy

γxy

 →

 σ1

σ2

τ12

 =
[

T
] σx

σy

τxy

 (17)

Figure 3. Coordinate system for the position of laminates.

By relating the local reference system to the lamina’s system, and considering the maxi-
mum bending stress and maximum shear stress, the Tsai–Hill criterion can be implemented,
described in Equation (18), or the maximum stress criterion, described in Equation (19),
based on the material resistance values.

FI =
σ2

1
X2

1
− σ1σ2

X2
1

+
σ2

2
X2

2
+

τ2
12

S2 ; FOS =
1√
FI

(18)

XC < σ1 < XT ; YC < σ2 < YT ; | τ12 |< S (19)

where X1 represents XT if σ1 > 0 or XC if σ1 < 0, while X2 represents YT if σ2 > 0 or YC if
σ2 < 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.

3.4. Experimental Setup and Procedure

To validate the numerical simulations and the new composite solution, a comparison
between the numerical model and experimental tests was carried out. The torsion test
represents the main test to evaluate the strength and the stiffness of the HCV chassis. The
experimental tests were conducted using a custom test bench with the following structure
visible in Figure 4:

Figure 4. Test bench for an HCV chassis frame.
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• Front Support: the front side of the chassis frame was constrained to the test bench
at the front suspension mounting points as shown in Figure 5. This configuration
permitted the frame the rotation, enabling load application at this side. The front
suspension was replaced by a rigid element that can tilt.

Figure 5. Front constraints of the HCV chassis frame.

• Rear Support: the rear side of the chassis frame was constrained to the test bench at
the rear suspension mounting points. The rear support was fixed to the longitudinal
beams of the chassis frame to prevent excessive stiffness increase while stabilizing
the structure under load. The rear suspension was represented by a structure that
can be seen in Figure 6, which mimics the air bellows of the first rear axle in the
HCV configuration.

Figure 6. Rear constraints of the HCV chassis frame.

All the connections between the chassis frame and the test bench consisted of
steel–rubber bushings so that the structure can replicate the real constraint condition.
The frame is constrained along the vertical direction (Z-axis in Figure 4) and along the
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direction perpendicular to the side members (X-axis in Figure 4) in the area where the rear
axle is attached. Translation along the side member direction (Y-axis in Figure 4) is left
free. The test is performed by applying a prescribed rotation in the area where the front
axle is attached. Here, the frame is allowed to rotate around the side member direction
(Y-axis in Figure 4). The torque resulting from the imposed rotation is measured using load
cells placed at the points where the side members are fixed, in the area of the rear axle
attachment. The characteristics of the sensor are:

• Linearity: ±0.25% full-scale output
• Repeatability: ±0.1% full-scale output
• Operating range: 10–10,000 N
• Operating temperature: −54 °C to +121 °C

Rotation measurements for rotation control are carried out using angular transducers
(RDVT sensors) with these characteristics:

• Linearity: ±0.25% full-scale output
• Repeatability: ±0.01% full-scale output
• Operating range: ±30o

• Operating temperature: −55 °C to +125 °C

The torsion test was performed by applying an angular displacement of ±5o around
the Y-axis at the front support. The following measurements were recorded:

• Torsional Deformation: measured as the rotation of the chassis frame’s side members.
Sensors were positioned along the length of the side members (Y-axis) to capture
this deformation;

• Torsional Stiffness: determined by the difference in rotation between the front axle
section (where the load was applied) and the rear axle section.

3.5. Numerical Simulations

The numerical simulations were performed using Ansys® 2025 R1 software to accu-
rately replicate the experimental test conditions. The computational model included the
complete HCV chassis frame to be tested along with the relevant supporting beams of the
test bench, as shown in Figure 7.

Figure 7. Chassis frame model with some test bench beams (shown in red).
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All frame components were modelled using S420MC steel (EN 10149-2 [33]), with
material properties detailed in Table 1.

After a convergence study, a solid mesh based on curvature was used, with
206,000 nodes and 435,000 total elements. The type of solid elements used is linear hexa-
hedral and quadratic tetrahedral elements, and varies by component. Since the purpose
of the research work is the chassis frame, in the FE simulation, a mesh refinement on the
chassis’ components was done, with an average size of 10 mm, while for the test bench
beams, the average size of the element was set to 60 mm. The chassis frame components
were connected using tied contacts, while the interface between the frame and test bench
was modelled with bushing elements to match the physical test configuration. The bush-
ing stiffness parameters, referenced to the coordinate system in Figure 7, are provided
in Table 2.

Table 1. Mechanical properties of S420MC.

Ultimate Tensile Strength Yield Strength Young’s Module Density Poisson’s Coefficient

Rm [MPa] Rp0.2 [MPa] E [MPa] ρ [kg/m3] ν
480 420 210,000 7860 0.29

Table 2. Bushing properties.

Kx [N/m] Ky [N/m] Kz [N/m] Kαx [Nm/rad] Kαy [Nm/rad] Kαz [Nm/rad]

48,500,000 32,000,000 48,500,000 30 160 30

A fixed constraint was imposed on the test bench beams at the rear section of the
chassis frame, while a 5° rotation about the X-axis was applied to the front crossmember
(orthogonal to the side members), as illustrated in Figure 8.

Figure 8. Boundary conditions defined in the model of the whole chassis: fixed constraints (in blue)
are applied in the middle of the rear test bench beams, where the rear wheel axle is supposed to be,
while the imposed rotation (in yellow) is applied to the front transversal test bench beam, where the
front wheel axle is designed to be placed.
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3.5.1. Crossmembers Simulation

Following the baseline analysis, the study focused on evaluating the replacement of
the first steel crossmember (looking at the front side of the chassis) with a CFRP composite
alternative. The component’s torsional and bending stiffness were investigated using a
model with identical material properties to the chassis frame.

After a convergence study, a curvature-based solid mesh was implemented, with
109,000 nodes and 31,000 total elements. The type of solid elements used is linear hexahedral
and quadratic tetrahedral elements, and varies by component. The crossmember connects
to two side members through lateral supports and includes two small reinforcing gussets for
enhanced stiffness. The interface with longitudinal side members was accurately modelled,
with a fixed constraint applied to one side and the loads applied on the opposite side at
the centre of the surface in contact with the side member, as defined by Figure 9. Two load
cases are analysed:

• For the bending stiffness: Fx = 1000 N.
• For the torsion stiffness: Mαy = 1000 Nm.

(a) (b) (c)

Figure 9. Crossmembers model of the traditional chassis frame with all the boundary conditions
shown. (a) Model of the crossmember analysed. (b) Fixed constraint applied to the crossmember.
(c) Boundary conditions imposed on the crossmember: the green area is where the forces or the torque
moment are applied, needed to evaluate the bending and the torsional stiffness of the component.

The applied loads refer to the reference system in Figure 7. These magnitudes guar-
antee an elastic deformation of the component. The bending stiffness was found to be
anisotropic, with higher values along the X-axis due to the reinforcing gussets. For conser-
vative analysis, only the X-axis loading case was considered to prevent potential decreases
in overall chassis torsional stiffness. Displacements were measured to calculate both bend-
ing and torsional stiffness values. The same study is then conducted on a crossmember
made of CFRP.

3.5.2. CFRP Crossmember Solution

The CFRP solution, shown in Figure 10, was optimized through iterative testing to
achieve optimal bending and torsional stiffness characteristics. The component production
process considered is filament winding [34], as the tubular design of the component is
suitable for this method. The design features:

• Tubular profile with 7 mm wall thickness.
• 28-layer laminate (each ply defined by 0.25 mm of thickness).
• Layer Stacking Sequence (LSS) including 15% of the plies oriented at 5°, 15% at −5°,

27.5% at 45°, 27.5% at −45° and 15% at 90°.
• M50J carbon fiber reinforcement [35] with SX10 epoxy matrix [36].
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The materials’ mechanical properties are described in Table 3 while the composite
material’s mechanical properties are described in Table 4.

Figure 10. Geometrical representation of the CFRP solution.

Table 3. Property of the M50J carbon fibre and SX10 epoxy resin.

Carbon Fibre Epoxy Resin

Property Symbol Value Symbol Value

Density ρ f 1880 kg/m3 ρm 1200 kg/m3

Young modulus E f 475 GPa Em 3.3 GPa

Tensile strength σf t 4120 MPa σmt 65 MPa

Compressive strength σf t - σmc 120 MPa

Poisson ratio ν f 0.28 νm 0.34

Table 4. Mechanical properties of CFRP.

Mechanical Property Symbol Value U.O.M.

Longitudinal tensile elasticity modulus E1 286 GPa
Transversal tensile elasticity modulus E2 8.16 GPa
Shear elasticity modulus G12 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 ρ 1608 kg/m3

Poisson ratio ν12 0.3
carbon fiber percentage Vf % 60 %

The assembly includes steel support interfaces S420MC bonded to the CFRP tube
using tied contacts to simulate adhesive joints. In this design, the connection between
the supports and the CFRP crossmember is intended to be made using a film adhesive,
as described by Ke et al. [37]. The shear stress in this area was numerically evaluated as
equal to 15.5 MPa, below the stress limit for Ke’s film adhesive, as well as the in-plane
and interlaminar shear strength of the composite material. After a convergence study, a
solid mesh based on curvature was used, with 857,000 nodes and 770,000 total elements.
The type of solid elements used is linear hexahedral and quadratic tetrahedral elements,
and varies by component. In particular, the composite laminate is modeled through linear
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hexahedral elements Hex8, divided for each lamina, and an average element size of 3.5 mm;
a similar mesh modeling concept is described by Chen et al. [38], with differences in the
type of element and dimensions. The same boundary conditions and loading scenarios
were applied as in the steel crossmember analysis.

4. Results
4.1. Simulation of the First Crossmember

The simulation models were prepared following the methodologies outlined in
Sections 3.5.1 and 3.5.2. In particular, to evaluate the crossmember’s rotation αy by the
numerical resulted reported, the Equation is described here:

αy = arcsen
(X

R

)
(20)

where X represents the displacement along the X-axis, and R is the hole radius of the
support, equal to 50 mm.

The displacements and rotations measured for the traditional steel and the CFRP
solutions are shown in Figures 11 and 12 present the measured displacements and rotations
for both traditional steel and CFRP solutions, while Table 5 summarizes the calculated
stiffness values. Off-axis displacements and rotations were negligible compared to the
primary loading direction.

Figure 11. Displacements in the two load cases studied for the S420MC solution.

Figure 12. Displacements in the two load cases studied for the CFRP solution.
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Table 5. Bending and the torsional stiffness of the traditional and CFRP crossmember.

X-axis lateral force Fx = 1000 N

Solution Displacement dx [m] Load [N] Stiffness Kx [N
m ] Variation [%]

Traditional 8.92 × 10−4 1000 1.12 × 106 -
CFRP 8.49 × 10−4 1000 1.18 × 106 +5%

Torque Mαy = 1000 Nm

Solution Rotation dαy [rad] Torque [Nm] Stiffness Kαy [Nm
rad ] Variation [%]

Traditional 3.47 × 10−2 1000 2.88 × 105 -
CFRP 3.24 × 10−2 1000 3.09 × 105 +6.8%

The optimized CFRP solution showed comparable mechanical behaviour to the
steel reference:

• +5% higher for bending stiffness.
• +6.8% higher for torsional stiffness.

Given the critical role of the chassis frame in vibration management, a modal analysis
was performed on the CFRP crossmember solution. The crossmember is fixed at both
ends, simulating the boundary conditions of the crossmembers within the complete chassis
frame, and no external load is applied. Figures 13 and 14 show the main bending mode
natural frequency and torsional mode natural frequency. All values significantly exceed
typical external excitation frequencies (0–20 Hz), confirming the design’s structural safety.
Compared to each other, the composite solution has even higher natural frequencies than
the steel configuration.

Figure 13. Bending and torsional mode natural frequencies for the S420MC solution.

Figure 14. Bending and torsional mode natural frequencies for the CFRP solution.
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4.2. Chassis Frame Results Comparison

The experimental tests were conducted following the procedure obtained in Section 3.4.
The relationship between chassis rotation and applied torque can be observed in Figure 15.

Following the experimental test, the results were compared against numerical simula-
tions of both the traditional steel chassis configuration and the modified chassis incorporat-
ing the CFRP solution described in Section 3.5.2.

Figure 15. Experimental results: graph of the applied torque moment related to the rotation.

As described in Section 3.5, an imposed rotation of 5° about the X-axis to the front
crossmember oriented orthogonally to the side members was applied. The simulated
reaction torque was compared with the applied torque found from the experimental tests.
The percentage relative error Er% is described in Equation (21):

Er% =
|Mt,num − Mt,exp|

Mt,exp
· 100 = 1.13% (21)

where Mt,num is the torque moment evaluated by the numerical simulations, while Mt,exp

is the torque moment measured during the experimental results. The comparative analysis
revealed strong agreement between the traditional chassis simulation and experimental
results, with only 1.13% deviation in torsional stiffness. Regarding the comparison between
the traditional and the innovative configuration, the torsional stiffness difference in per-
centage ∆Sti f f % between the traditional steel configuration and the innovative composite
solution can be described by Equation (22):

∆Sti f f % =
|Mt,acc − Mt,comp|

Mt,acc
· 100 = 7.66% (22)

where Mt,acc is the torque moment evaluated by the numerical simulations of the steel
configuration, while Mt,comp is the torque moment evaluated by the numerical simulations
of the composite solution. The CFRP-modified configuration showed an increase of 7.76%
in torsional stiffness compared to the baseline steel implementation. To summarize these
results, Table 6 is shown below.
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Table 6. Numerical and experimental results comparison applying a 5° rotation of the chassis frame.

Results Type Chassis Type Torque Mαx [Nm] Torsional Stiffness Kαx [Nm
rad ] Relative Error

Experimental Traditional 2400 27,502 -
Numerical Traditional 2427 27,811 1.13%
Numerical CFRP solution 2613 29,943 7.66%

The CFRP-modified configuration showed an increase of 7.76% in torsional stiffness
compared to the baseline steel implementation.

5. Discussion
Using data from manufacturer datasheets and the FEM program’s 3D models, the

mass of the chassis for each configuration was determined.
Table 7 presents the weights of the crossmember in the configurations studied. The

percentage of weight reduction (W) and the percentage increase in cost (c) were evaluated
as described in Equation (23):

WReduction% =
WCFRP − Wsteel

Wsteel
· 100 ; cIncrease% =

cCFRP − csteel
csteel

· 100 (23)

Table 7. Costs and weight of the different solutions.

Steel S420MC Carbon Fibre
Reinforced Polymer

Weight [kg] Cost [€] Weight [kg] Cost [€]

crossmember 19.23 65 3.55 212.95

links - - 2.59 8.75

Total 19.23 65 6.14 221.70

Percentage change - - −68.08% +241.14%

A clear reduction in weight can be seen when comparing the steel solution to the
composite material solutions: the carbon fibre solution shows a 68.08% reduction. However,
the cost comparison reveals that the CFRP solution requires a higher initial investment
(+241.14% of cost increase). If this approach is applied for each crossmember of the
chassis, maintaining the same percentage of weight reduction and cost increase, the cost
difference between the innovative solution and the traditional one is approximately 966.66€,
considering a total weight of all the steel crossmembers equal to 118.6 kg and their cost equal
to 400.87€. However, considering the economic savings from reduced fuel consumption,
the time required to recover the initial investment is slightly more than 3 years for the CFRP
solution, as illustrated in Figure 16. The calculations consider a vehicle lifetime of 11 years
and an average mileage of 1.49 million kilometres [39], or 135,000 km per year.

The implementation of the CFRP solution is then analysed, considering a diesel and
electric application. Table 8 shows an estimate of annual fuel consumption made for both
the traditional and optimized solutions (diesel HCV), with a reduction of approximately
272.5 L/year for the CFRP solution. For the electric HCV, a reduction of approximately
893.9 kWh/year is achieved for the CFRP solution.
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(a) (b)

Figure 16. Graphs of the amortization for the two innovative solutions. (a) Chart of savings consider-
ing a diesel engine. (b) Chart of savings considering an electric engine.

Table 8. Evaluation of the economical savings and reduction of CO2 emissions.

Property
Value
CFRP

(Diesel)

Value
CFRP

(Electric)
U.O.M.

Standard consumption [40,41] 0.4367 1.54 L/km–kWh/km
Annual mileage [39] 135,000 135,000 km/year
Fuel—Energy consumption 58,954.5 207,900 L/year–kWh/year

Fuel—Energy consumption variation index for Internal
Combustion Engine Vehicles (ICEVs) [42]—Electric
Vehicles (EVs) [43]

0.000025 0.000082 L/(km kg)–kWh/(km kg)

Mass decrease with respect to the standard solution 80.75 80.75 kg
Optimized consumption 0.0020 0.0066 L/km–kWh/km
Fuel—Energy consumption (optimized chassis) 58,682 207,006.1 L/year–kWh/year

Fuel—Energy consumption decrease (with respect to the
standard solution)

272.5 893.9 L/year–kWh/year

CO2 emissions per kilogram of diesel [44] 3.17 - kgCO2 /kgdiesel
Density of diesel (at 15 °C) 820 - kg/m3

CO2 emissions per liter of diesel/CO2 emissions per
kWh [45]

2.60 0.334 kgCO2 /Ldiesel–kgCO2 /kWh

Reduction of CO2 emissions (with respect to the
standard solution)

708.4 298.6 kgCO2 /year

Current diesel price/Current electric energy price [46,47] 1.7 0.335 €/L–€/kWh
Economic saving (with respect to the standard solution) 463.28 299.80 €/year

Based on these results, it was possible to estimate how fuel consumption reductions
can impact both economic savings and CO2 emission reductions. This calculation was
made using data on diesel engine performance for a diesel HCV, as diesel is the most
common fuel for industrial vehicles. The economic savings were calculated based on the
current fuel price of €1.7/L (the average price in Italy during 2024). For the electric HCV,
the analysis is performed considering CO2 emission reductions per kWh with respect to an
electric HCV with the standard chassis. The economic savings were calculated based on
the current electric energy price of 0.335 EUR/kWh (the average price in Italy during 2025).
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6. Conclusions
The primary goal of this study was to explore the feasibility of using composite

materials, specifically CFRP, to reduce the weight of crossmembers in heavy industrial
vehicle chassis and, at the same time, maintain comparable mechanical performance to
steel solutions. The following approach was adopted:

A structured design method was applied to ensure the torsional and bending stiffness
equivalence between steel and CFRP crossmembers.

Single crossmember simulations were conducted to reduce computational costs and
eliminate the need to model the entire chassis during the optimization phase.

Experimental tests on the traditional steel chassis validated the numerical FEM model
and allowed a reliable prediction of the behaviour of the CFRP solution.

The CFRP crossmember was subsequently incorporated into the comprehensive chas-
sis FEM model to assess its overall impact on torsional stiffness and to facilitate comparison
with experimental findings.

The main results of the research can be summarized as follows:

• Reduction of computational cost: Focusing on the single crossmember allowed a
significant decrease in simulation time and resources compared to a full chassis
analysis during the design stage.

• Weight savings: The CFRP crossmember achieved a 68.08% reduction in weight
compared to the traditional steel solution.

• Stiffness performance: The CFRP solution demonstrated a +5% increase in bending
stiffness and a +6.8% increase in torsional stiffness over steel.

• Economic benefits: Although the initial cost increased by 241.14%, the solution is
economically viable with a payback time of approximately 3 years, considering fuel
savings during vehicle operation.

• Validation with experimental data: Numerical FEM results showed excellent agree-
ment with experimental tests on the steel chassis and confirmed the robustness of the
simulation approach.

• Environmental impact: For both diesel and electric HCVs, the CFRP solution led to
important reductions in CO2 emissions and operating expenses.

Future developments will focus on extending this lightweight design methodology
to other structural components of industrial vehicles and heavy-duty machinery, such as
cranes and earth-moving equipment, with the goal of further improvements in weight
reduction, fuel efficiency, and environmental sustainability. Moreover, the contacts between
CFRP and metallic materials will be further investigated to provide a comprehensive
understanding of this mechanical issue.
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