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Abstract 

The automotive industry is placing a high priority on the design and optimization 
of articulated vehicles to minimize the risk of potential accidents or failures. Before 
mass production, field testing is a crucial step in the development process, requiring 
extensive dynamic tests to provide a secure design. However, these tests can be both 
expensive and time-consuming. This study presents the design process of a small-scale 
low-bed semi-trailer chassis, manufactured to simulate the structural response of an 
actual semi-trailer. The aim was to identify weak points through analysis under bend-
ing conditions and then optimize the thickness and width of the various cross-sections 
to increase strength while minimizing costs. After manufacturing and welding based 
on the optimized design, the equivalent chassis was subjected to two load cases for 
experimental testing. The test results confirmed the accuracy of the finite element 
analysis, with a deviation of 7.75 to 10.24% in stress levels compared to the numerical 
results. Overall, this study demonstrates an effective approach to optimize the design 
of low-bed semi-trailers for improved safety and cost-effectiveness.

Keywords: Finite element, Design optimization, Semi-trailer, Chassis prototyping, 
Experimental testing, Vehicle structure

Introduction
Vehicle prototype testing, particularly of semi-trailers, is a crucial step in the develop-
ment process. Following the design phase, thorough testing is imperative to ensure the 
vehicle’s performance, durability, and road safety. According to a study published by the 
World Health Organization (WHO), the number of worldwide deaths due to road acci-
dents was between 1.25 and 1.35 million per year in 2018, of which heavy vehicles had 
a main contribution of such accidents [1]. Several researches were conducted to study 
the safety and stability of heavy vehicles while other were established to investigate the 
relationship between the drivers’ behavior and roadway crashes [2–6]. It was concluded 
that the contribution between drivers’ behavior and vehicle’s weight, length, and speed 
attributed to higher probabilities of road accidents. To guarantee the proper design for 
a safe vehicles, various methodologies have been developed for testing individual com-
ponents and parts, including vibration analysis, fatigue analysis, and noise analysis. 
Currently, both small and large structures are tested to determine vehicle’s life under 
operational loads.
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The latest computational methods provide a highly efficient way to design heavy vehi-
cles through finite element analysis (FEA). The FEA simulates vehicle structures in dif-
ferent loading scenarios. This helps the designer to efficiently study different design 
variations in order to find the design that is both lightweight and sufficiently reliable 
during the expected service life of the vehicle [7, 8]. However, design objectives such as 
weight and reliability are typically conflicting in nature; therefore, structural design opti-
mization is required to find a feasible design that satisfies all objectives [9–11]. In gen-
eral, design optimization achieves a balanced trade-off between one or more objectives 
simultaneously under given circumstances by searching the design space [12–15]. How-
ever, it is important to validate the optimum design from FEA with experimental verifi-
cation tests using real-life simulations, as underestimating applied loads on the chassis 
can result in catastrophic failures.

Road tests, which involve testing tractors and semi-trailers over an extended period of 
time to estimate their fatigue life, are frequently performed. However, these tests can be 
time-consuming and costly, taking several months and requiring especially skilled driv-
ers, as well as incurring expenses for maintenance, fuel, and possible repairs. As a result, 
most newly designed semi-trailers undergo only rigidity and resistance tests, which are 
sufficient to validate the design based on numerical analysis.

Malon et al. [16] conducted an analysis and optimization study of a three-axle semi-
trailer developed by Zaragoza University. A special-purpose fatigue test bench was 
developed specifically for this purpose. The test bench was capable of providing maxi-
mum torsion to the vehicle without sliding, with the shortest possible cycle duration, 
which was limited by the hydraulic actuators’ maximum displacements and speeds. 
The optimization process resulted in an innovative fatigue testing profile for semi-trail-
ers, leading to a remarkable reduction in testing duration from years to just 3 months 
and a significant decrease in total testing costs compared to traditional circuit testing 
techniques.

Baadkar et  al. [17] performed a failure analysis on a self-loading container carrier 
semi-trailer. The semi-trailer was first modeled using CAD software and subjected to 
a static FEA to determine potential crack locations during various service conditions. 
The model was then validated through experimental measurements using strain gauges 
and geometrical validation using ANSYS element shape-checking. A fatigue analysis 
was also conducted to determine the possibility of failure in low-strength areas under 
a selected loading condition. The findings led to the development of a new improved 
design to prevent future failures at the identified crack locations.

Napierala et al. [18] presented a verification process for a new lightweight semi-trailer 
structure design featuring bent sheet metal profiles as transverse beams in the curtain 
frame. A CAD model was developed to study the stress analysis under applied loads. A 
prototype of the semi-trailer was then manufactured and tested, with two vertical dis-
placement sensors placed directly under the vertical applied load and six strain gauges 
equipped on the middle crossbar. The experiment produced results that were consistent 
with the numerical analysis, with similar levels of stress and deflection.

Deulgaonkar et  al. [19] provided an analytical and numerical analysis for an off-road 
chassis-mounted platform. The loading pattern, the platform configurations, and the 
mounting locations were studied at first. The shear force, section modulus, and bending 
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moment for each structural member were estimated based on the loading conditions. Also, 
FEA was carried out for static, gradient, braking, and vertical acceleration cases using shell 
elements under the same loading and boundary conditions. Then, a scaled prototype with 
dimensions of 1500 × 1000 mm. was manufactured for establishing experimental tests in 
the laboratory. That prototype satisfied all the design requirements and configurations of 
the full-scale platform. Also, it has the same design, positions, orientations, constraints, 
and dimensions of the several cross-members as the full-scale platform. Finally, static and 
gradient analyses of the platform were conducted for both the full-scale and the reduced-
scale prototype. Experimental measurements for the high-stress areas were established for 
design verification. A close correlation of stresses between the experimental and the FE 
results were achieved for static and gradient loading conditions. The strain values in the 
chassis rear portion were lower than those in the front and the mid portions despite the 
rear overhung. Consequently, an efficient load transfer from the rear portion to the front 
and the mid portions was achieved. That load transfer improved the stability of the vehicle 
on curvy roads.

Akhtar et  al. [20] developed a new strategy for improving the FE modeling of bonded 
flooring structures. These structural improvements were attained by studying the effect of 
performing shape optimization, using various structural profiles, materials, and plywood 
panels. Scaled-down models with the different structural profiles of the original semi-trailer 
were manufactured for experimental testing. These tests aimed to study the effect of alter-
ing the design, the used material, and the cross-section shape on the chassis weight and 
strength. The different zones of the semi-trailer were tested for floor strength and stiffness 
by studying the scaled-down models using ISO 1496-1 (1990). Then, several experiments 
were performed to validate the simulations of the UPM Plywood. Also, a comparative study 
was established based on the experiment and FE results to estimate the critical parameters 
of the model. The new design provided a weight reduction of 5.28% while changing the 
shape of the cross-members besides the weight reduction contribution of the longitudinal 
beams. During the forklift wheel load test, a weight reduction of 3.82% and a 2.88% incre-
ment of the model stiffness were achieved for the preliminary design of the flooring struc-
ture. On the other hand, a reduction of 9.47% in the deformation of the original semi-trailer 
with plywood compared to the chassis-only model without plywood during the freight load 
case.

There are many solutions for transporting goods, but road transportation is regarded as 
the backbone facility of commerce and transportation all over the world. Complying with 
the height and length restrictions, versatility, and adaptability are the main reasons behind 
the massive spread of semi-trailers for heavy cargo transportation. However, the design 
of heavy vehicles for transportation especially by semi-trailers faces great challenges with 
safety and stability concerns. Lightweight, durable, and reliable semi-trailers with mini-
mal costs have the main elements of success in competitive markets. Recently, an intensive 
demand for testing the safety and durability of semi-trailers due to the rapid increase in 
accidents related to heavy vehicles.
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Methods and materials
The authors of this study aimed to conduct the design optimization for a small-scale 
chassis of a low-bed semi-trailer. The original semi-trailer was designed based on fully 
loaded pure bending conditions [21]. A small-scale equivalent chassis was developed 
to simulate the structural response of the original semi-trailer and validate the results 
of the FEA. It was modeled using SOLIDWORKS 2020, while the static FEA was per-
formed using ANSYS Workbench 2020.

A two-dimensional beam element was utilized for modelling the chassis under the 
applied loads. Also, all joining methods and connections between the chassis beams 
were considered as welded as the original chassis of the semi-trailer. That idealization 
and simplification of the chassis case study were established to reduce the computational 
time and cost without occurrence of numerical errors while still accurately simulating 
the response of the original chassis.

The base material of the equivalent chassis was structural steel St. 37-2, while the base 
material of the original chassis is structural steel St. 52-3. The structural steel St. 37-2 is 
a commercial material with good machinability and weldability. It is commonly used for 
structural applications as it is widely available in the market in large quantities. It has a 
high strength-to-weight ratio with a yield strength of an untreated St. 37-2 sheets up to 
235 MPa. [22]. But conducting structural steel St. 52-3 as a base material of the equiva-
lent chassis may cause a noticeable increment in the total expenses despite its higher 
yield strength. Also, structural steel St. 52-3 and St. 37-2 approximately have the same 
Poisson’s ratio, modulus of elasticity, and elongation to break. Thus, the structural steel 
St. 37-2 can be utilized for manufacturing the equivalent chassis of the semi-trailer.

The dimensions and thicknesses of the main longitudinal members and cross-mem-
bers were optimized to reduce production costs and manufacture a lightweight yet 
strong chassis. The optimized chassis was manufactured and assembled, and static 
experimental measurements were conducted to validate the FE results then the results 
and observations were discussed. The equivalent chassis design life flowchart is illus-
trated in Fig. 1.

Design of the equivalent chassis

Semi-trailers are designed to transport heavy cargos over long distances and have the 
capability to navigate rough terrain and off-road conditions. Their robust and durable 
design is achieved through advanced computational methods and tools, which provide 
accurate predictions of the chassis response under both static and dynamic loads. An 
equivalent structure was manufactured and tested under predefined loads to validate 
these predictions.

The equivalent chassis is designed to mimic the geometry of the original semi-trailer 
chassis. The main dimensions of the equivalent chassis are similar to those of the origi-
nal chassis, with an overall length and width that have been scaled by a factor of 1:6 as 
illustrated in Fig. 2.

Many attempts were conducted to evaluate the appropriate scaling factor of the equiv-
alent chassis based on the trial and error method. On the one hand, a small-sized chas-
sis may cause many problems in the assembling and welding process due to the small 
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Fig. 1 The flowchart of the equivalent chassis design life cycle

Fig. 2 The main dimensions of the equivalent chassis in [mm]
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thicknesses of the used material sheets. On the other hand, a full-scaled equivalent 
structure is costly, heavy needs bulky payloads for testing, and requires special equip-
ment for assembling and welding due to the large thicknesses of the utilized material 
sheets. That utilized scaling factor 1:6 guarantees the production of lightweight chassis 
with minimal costs using the available materials and sheet thicknesses.

The equivalent chassis has the same configuration as the original low-bed semi-trailer, 
including similar cross-section shapes I-beam and box section for the main longitudinal 
beams and cross members, respectively. The configuration of the equivalent chassis is 
illustrated in Figs. 3 and 4, and Table 2.

FEA of the equivalent chassis

The equivalent chassis of the semi-trailer was subjected to a single payload of 600 kg, 
which was divided between the front and rear supports. The front load was considered 
1.5 times the rear load, the front support was loaded with 360 kg, and the rear support 
was loaded with 240  kg. The equivalent chassis was also subjected to the same fixa-
tion conditions as the original chassis, with a hinged front kingpin support and roller 
supports at the rear as illustrated in Fig.  5. The total weight of the equivalent chassis 
is 77.93  kg based on the selected material and the geometry of the initial design. The 
distributed loads acting on the supporting beams of the equivalent chassis can be calcu-
lated as follows:

Generally, the selection of the appropriate element size for a FE simulation has a direct 
effect on the solution’s accuracy, computational time, and costs. The fine-meshed analy-
sis provides a high-accuracy solution, but the main drawbacks of fine meshing are that 
it is time-consuming for analysis and added expenses due to the computational costs. 
Exceeding the number of elements more than specific values considerably consumes 
extra computational costs and time without affecting the solution accuracy.

While conducting the two-dimensional beam element was for simulating the equiv-
alent chassis, the meshing size has not a noticeable response on the simulation results 

WC = 360∗9.81
610 = 5.7895 N ./mm WD = 240∗9.81

610 = 3.8597 N ./mm

Fig. 3 Three-dimensional modelling of the equivalent structure considering the different cross-sections
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Fig. 4 The various cross-sections of the equivalent chassis (in accordance with Fig. 3)

Table 1 A comparison between the FE results of the chassis using different element sizes

50 mm element size 0.5 mm element size

Number of nodes 534 node 45066 node

Number of elements 258 element 22524 element

Computational time 11 s 6.5 min.

Maximum combined stress 81.492 Mpa 81.824 Mpa

Fig. 5 The loads and boundary conditions acting on the equivalent structure
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as illustrated in Table  1. The maximum combined stress that was generated on the 
chassis was 81.492 Mpa when conducting an element size of 50 mm with a simulation 
duration of 11 s. While it was 81.824 Mpa, acting on the exact location for a simula-
tion duration of 6.5 min when using a 0.5 mm element size that was 100 times smaller 
than the original element size. The error between the maximum combined stresses of 
these two simulation cases was about 0.4%. While the usage of 50 mm element size 
was about 35.2 times computationally faster for simulating the chassis than the usage 
of 0.5  mm element size while using seventh generation laptop. Thus, a 50-mm ele-
ment size was conducted for simulation and optimization of the equivalent chassis to 
reduce the computational time and the total costs.

Due to the vertical loading conditions, the chassis deformation can be described 
as a deflection of the chassis structure. The structural responses due to the loading 
conditions are illustrated as shown in Figs.  6, 7, and 8. The FE results showed that 
the maximum bending moment on the chassis is 8.9529 × 10^5 N.mm located in the 
main longitudinal beam at the place of its connection with the front loading support. 
Thus, a maximum combined stress of 81.492 MPa was generated at the same position. 
While the maximum deformation of the chassis is 5.025 mm which occurred in the 
middle of the chassis exactly at the connection between the middle cross-member 
and the main longitudinal beam. These findings provide valuable information about 

Fig. 6 The total bending moment of the equivalent structure

Fig. 7 The total deformation of the equivalent structure
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the structural performance of the equivalent chassis and can be used to evaluate its 
suitability for carrying heavy payloads.

For the original chassis of the semi-trailer, the maximum combined stress is 106.5 MPa 
due to the vertical loading conditions as illustrated in Fig. 9 [21]. This similarity of the stress 
patterns between the equivalent and original semi-trailers demonstrates that the equivalent 
semi-trailer accurately represents the stress and deformation behaviors of the original semi-
trailer. It provides a reliable tool for evaluating and analyzing the structural performance of 
the original semi-trailer under various loading conditions before starting the manufacturing 
process of the original chassis. This approach considerably reduces computational time and 
cost. Additionally, it offers a faster evaluation of the original semi-trailer response under 
various loading conditions, thereby enhancing the efficiency of the design process.

Structural optimization and sensitivity of the equivalent chassis

Optimization of the equivalent chassis

The design optimization of the equivalent chassis is a crucial step before the manu-
facturing process to minimize the total chassis weight while ensuring that the gener-
ated stresses remain within safe levels. Due to the budget constraints of the chassis 

Fig. 8 The maximum combined stresses of the equivalent structure

Fig. 9 The maximum combined stresses of the original chassis
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prototype, two different optimization techniques were equipped to achieve the solu-
tion of the optimization problem: Adaptive Single-Objective Optimization (ASO) 
and Response Surface Optimization (RSO) [23]. Because of the non-linearity of the 
optimization problem and the diversity and size of the search space, it is difficult to 
ensure deterministic optimality of the solution method. We considered two differ-
ent well-known optimization methods to double check and ensure the optimality of 
yielded solution. The optimal solution of each method may not be identical due to the 
main differences in the concepts of each algorithm. If there is a convergence between 
the two solutions of each optimization method, high reliability of the optimization 
objective can be accomplished.

ASO is an efficient optimization method that was conducted to achieve the opti-
mal design of the equivalent structure by exploring the design space using a mini-
mal number of design points. The failed design points can be considered as inequality 
constraints that make it fault-tolerant. It is a direct optimization method that con-
ducts the automatic intelligent refinement by assessing the sensitivities and responses 
of each design parameter using thickness and size optimization to achieve the global 
optimal solution of the optimization problem [24]. Besides, it is an adaptive gradient-
based algorithm that evaluates the best solution by using a combination of the mixed-
integer sequential quadratic programming, the optimal space-filling, the design of 
experiments, and the kriging response surface. Moreover, it can efficiently work with 
both continuous and manufacturable design variables.

On the other hand, the response surface optimization by ANSYS Workbench can 
be conducted to accomplish the optimization objective using different mathematical 
algorithms to fit experimental design points. Various response surface methods can 
be equipped for solving the optimization problem, such as kriging response surface, 
standard second-order response surface, non-parametric regression response surface, 
etc. It was established using a genetic aggregation which conducts a genetic algorithm 
for solving the different types of the generated response surfaces in parallel. Thus, the 
genetic aggregation model is more reliable than the classical response surface model 
as it considers both the accuracy and stability of the response surface at the design 
point [25].

The optimization problem was formulated based on nine design variables to find five 
candidate design points that meet the optimization objective. The optimization objec-
tive aimed to minimize the total weight of the equivalent chassis while limiting the 
maximum combined stress up to 67.14 MPa for achieving about 3.5 safety factor. The 
optimization results of each optimization method showed that the same candidate point 
was obtained by both methods. Also, it was noticed that the direct optimization method 
employed more design points and took longer time than the response surface method. 
The general form for the optimization problem can be described as follows:

The function f (x) describes the total weight function of the semi-trailer, and g(x) 
is the maximum combined stress σB

e  inequality constraint. That stress was subjected 

Minimize : f (x) = M =
n
e=1 ρe Ae(x) Le(x)

Subjectto : g(x) ≤ 67.14 MPa.
and : xl ≤ x ≤ xu
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to the eth beam element for bending, and x is the design variables vector. The design 
space of the optimization parameters was described by a side constraint with xu and 
xl as mentioned in Table 2. The vector containing the design variables is as follows:

The ANSYS results after performing optimization for the equivalent chassis are 
described below:

• The total chassis weight = 65.789 kg.  
• The maximum deformation of the chassis = 3.68 mm.  
• The maximum bending moment of the chassis = 8.9364 × 105 N.mm.  
• The maximum combined stress of the chassis = 66.27 MPa.  

The optimization solution successfully achieved a 15.6% elimination of the total chas-
sis mass. Also, a 26.75% reduction of the maximum deformation and an 18.7% reduction 
of the maximum combined stress were accomplished.

Sensitivity of the equivalent chassis

The sensitivity analysis is usually performed to estimate the objectives change due to the 
variables change during an optimization problem. For a large number of design param-
eters, sensitivity analysis aims to figure out the most effective parameters of the design 
to reduce the computational cost and time of the optimization process. Usually, the sen-
sitivity analysis can be evaluated after building the response surface of an optimization 
problem. It is a built-in tool in ANSYS Workbench that is accompanied by the optimiza-
tion solution of the FE solution. In this study, local sensitivity was acquired to achieve 
the norm of the partial derivatives for the adopted objective concerning the selected 
parameters.

Generally, sensitivity analysis can be defined as the derivative of a performance meas-
ure concerning the design parameters [26]. Currently, there are four main methodologies 
for obtaining the derivatives of structural performance for specific parameters: discrete 
derivatives, computational or automatic differentiation, overall finite differences, and 
continuum derivatives. The small differences between those methods directly affect the 

x = [I1W I1H I1T I2H I3W Box1W Box1T Box2W Box2T]
T

Table 2 The initial, final, and upper to the lower limits of the design parameters

Parameter name Upper to lower limit Step Initial Final

1 I1W(mm.) 45:60 5 45 45

2 I1H(mm.) 60:80 10 60 70

3 I1T(mm.) 4:6 1 4 4

4 I2H(mm.) 60:80 10 60 60

5 I3W(mm.) 45:60 5 60 45

6 Box1W(mm.) 60:70 5 70 60

7 Box1T(mm.) 5:6 1 6 5

8 Box2W(mm.) 60:70 5 70 60

9 Box2T(mm.) 5:6 1 6 5
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shape and meshing sensitivities due to the discretization process of numerical analysis. 
For a ‘‘black box’’ software, without the availability of accessing the source code, imple-
mentation of the discrete or continuum derivatives mainly depends on the possibility of 
adding user-defined subroutines and accessing the program’s database.

The global finite differences method is the most commonly used method for obtain-
ing derivatives due to its simplicity in implementing the sensitivities. It can be equipped 
entirely without access to the source code. While several software programs estimate 
the structural sensitivity using the discrete method which was implemented with the 
semi-analytical approximation as it requires very little programming effort and almost 
no element-dependent sensitivity routines. The main advantage of the analytical discrete 
derivatives is that it introduces no approximations, but the associated implementation 
efforts are tremendous.

In this study, the sensitivity analysis of the equivalent chassis aims to determine the 
output responses of the design with respect to changes of the various design parameters 
such as the thicknesses and widths of the chassis beams as illustrated in Fig.  10. The 
factors affecting the structural mass are flange thickness, width, and front cross-section 
height, while the factors affecting stress due to vertical loading conditions are flange 
thickness, front cross-section height, and flange width. The factors affecting structural 
deformation are front cross-section height, flange thickness, and width.

Production of the equivalent structure

The production of a vehicle chassis, including the equivalent low-bed semi-trailer, is a 
complex process that involves several manufacturing steps. The equivalent chassis con-
sists of two main longitudinal beams and several cross-member subassemblies. Each 
subassembly was manufactured and assembled separately using a welding process, as 
shown in Fig. 11.

The longitudinal beams were produced using a laser-cutting machine, then assembled 
using clamps and checked for flatness using a fixture before being welded. The I-shape 
cross-members were cut to size with a laser-cutting machine, assembled, and welded. 
The box-shaped cross-members were manufactured by cutting rectangular tubes to size 

Fig. 10 Sensitivity analysis of the equivalent chassis
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with a saw-cutting machine and machined with a milling machine before assembly. The 
chassis frame was assembled using the guiding edges technique, which assures the cor-
rect cross-member spacing. Finally, the entire chassis was welded using Metal Inert Gas 
welding (MIG welding) with a fixture, as shown in Fig. 12. The structure of the equiva-
lent chassis after the manufacturing process is illustrated in Fig. 13.

Static testing of the equivalent chassis

The equivalent chassis was tested under two static load cases to verify the numerical 
results. Each experimental setup was replicated three times an hour apart between each 
experiment to check the reliability of the strain gauge results. For the first load case, nor-
mal loads of 215 kg and 145 kg were uniformly distributed on the front and rear supports 
respectively. For the second load case, normal loads of 130 kg and 85 kg were uniformly 
distributed on the front and rear supports, respectively. The chassis weight was disre-
garded during the simulation as it had been calibrated during the leveling process.

As the experimental measurements were established for a pure bending static condi-
tion of the semi-trailer, the average values of the strain gauge readings can be assessed 
for verification of the FEA. Thus, four strain gauges were used to measure the gener-
ated strain on the chassis due to the loading conditions. Two of these strain gauges were 
placed under each support of the chassis as depicted in Fig. 14. The strain gauge readings 

Fig. 11 Assembling the main longitudinal beam by a fixture for welding

Fig. 12 The welding process of the I-shape cross-members with the chassis
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Fig. 13 The structure of the equivalent chassis after assembling, welding, and painting processes

Fig. 14 The experimental static testing of the chassis for the first load case
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were acquired using an EDX-10A data acquisition system with 16 active channels. It was 
equipped to measure the real generated strain on the equivalent chassis using only four 
channels at 50 KHz sampling frequency over a 10-s duration. Then, the average value of 
the measured strain was conducted for validation and verification of the FE results.

Results and discussion
Both the distributed loads acting on the supporting beams, maximum combined stress, 
maximum generated strains, and maximum deformation of the equivalent chassis were 
numerically calculated due to the vertical loading conditions for each load case, as illus-
trated in Table  3. For the first load case, vertically distributed loads of 3.4576  N/mm 
and 2.3319 N/mm were subjected to the front and rear support, respectively. Then, the 
maximum deformation of the chassis was 2.1 mm, with a maximum combined stress of 
37.94 MPa, and a maximum strain of 192 µm/m. The strain gauge readings for the first 
load case are shown in Fig. 15. Also, a comparison between the experimental measure-
ments and the numerical results for the first load case is illustrated in Table 4.

For the second load case, vertically distributed loads of 2.0907 N/mm and 1.367 N/mm 
were subjected to the front and rear support, respectively. Then, The maximum defor-
mation of the chassis was 1.26 mm, with a maximum combined stress of 22.82 MPa, and 
a maximum strain of 115.4 µm/m. The strain gauge readings for the second load case 

Table 3 The numerical results of the chassis for the two load cases

First load case Second load case

Front support Rear support Front support Rear support

Normal load 215 kg. 145 kg. 130 kg. 85 kg.

Distributed load WC = 215∗9.81
610

  
= 3.4576 N/mm  

WD = 145∗9.81
610

= 2.3319 N/mm  
WC = 130∗9.81

610

= 2.0907 N/mm  
WD = 85∗9.81

610

= 1.367 N/mm  

Max. combined stress 37.94 Mpa 22.82 Mpa

Max. strain 192 µm/m 115.4 µm/m

Max. deformation 2.1 mm 1.26 mm

Fig. 15 The strain gauge readings for the first load case
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are shown in Fig. 16. A comparison between the experimental measurements and the 
numerical results for the second load case is illustrated in Table 5.

It was found that the error percentage between the experimental measurements and 
the FE results was from 7.75 to 9.84% for the first load case and from 7.96 to 10.24% for 
the second load case. The differences between the actual measurements and the numeri-
cal results may be due to the small differences in material properties, measurement devi-
ations, chassis and test rig leveling errors, possible defects in welding, manufacturing, 
and assembly errors.

The effectiveness and feasibility of this study are to conduct the design optimization 
for a small-scale equivalent chassis of a low-bed semi-trailer. Also, it adopted a vali-
dation of the numerical analysis with the experimental test results for that small-scale 
chassis of the semi-trailer and the availability of performing the numerical analysis for 
the equivalent chassis to estimate the behaviors of the original semi-trailer. Besides, 
the possibility of using the numerical simulation of the original chassis for evaluat-
ing the structural responses under various loading conditions such as torsion, emer-
gency braking, sudden acceleration, and high-speed cornering. This methodology 

Table 4 A comparison between the FE results and the experimental results for the first load case

Front left Front right Rear left Rear right

Average strain from experimental test 207.91 µm./m. 210.24 µm./m. 144.11 µm./m. 143.72 µm./m.

Average strain from the FEA. 191.8 µm./m. 191.9 µm./m. 159.4 µm./m. 159.4 µm./m.

Error percentage 7.75% 8.72% 9.59 % 9.84%

Fig. 16 The strain gauge readings for the second load case

Table 5 A comparison between the FE results and the experimental results for the second load case

Front left Front right Rear left Rear right

Average strain from experimental test 127.32 µm./m. 126.75 µm./m. 86.98 µm./m. 85 µm./m.

Average strain from the FEA. 115.4 µm./m. 115.1 µm./m. 94.5 µm./m. 94.7 µm./m.

Error percentage 9.37% 9.19% 7.96% 10.24%



Page 17 of 18Ibrahim et al. Journal of Engineering and Applied Science           (2023) 70:35  

not only enhances the design effectiveness by minimizing the computational time 
but also reduces the required total expenses before starting mass production of the 
semi-trailer.

Conclusions
In this study, the focus was on designing and testing a small-scale prototype of a low-bed 
semi-trailer chassis to improve its weight, strength, reliability, and market competitive-
ness. The design process involved using finite element analysis (FEA) to optimize the 
chassis and reduce manufacturing costs. The optimized small-scale prototype was then 
manufactured and assembled by welding. Finally, two load cases were applied to the 
chassis to verify the FEA results with experimental measurements. The results showed 
an error percentage of 7.75 to 10.24% between the numerical analysis and the experi-
mental results. These differences could be attributed to the small variations in material 
properties, weld properties, measurement deviations, possible weld defects, and man-
ufacturing and assembling errors. The study highlights the importance of testing and 
verifying prototypes in the automotive industry to ensure that the final product meets 
desired standards.
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