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To enhance the lightweight design and structural safety of electric buses, this study focused on optimizing the chassis stress-
bearing beam structure for frontal impacts and applying honeycomb sandwich materials to the bus body structure, particularly
for improving rollover crashworthiness. High-speed tensile and compression tests were performed to characterize the dynamic
mechanical behavior of key materials, and the resulting data were used to develop high-fidelity material models. These models
significantly improved the accuracy and reliability of the simulations. The optimized structural design was validated through
physical testing, confirming compliance with both frontal and rollover safety standards. Compared to conventional steel or
aluminum body structures, the use of honeycomb sandwich materials resulted in a weight reduction of approximately 500 kg.
Notably, the honeycomb sandwich structure played a critical role in maintaining structural stability and occupant survival
space during rollover events. This study demonstrates the effectiveness of honeycomb sandwich materials in achieving
lightweight and crashworthy designs for electric bus.
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1. Introduction

Automobile safety and lightweight design are two critical
indicators in the process of automotive development and
design, with structural crashworthiness being a vital core
component of automotive safety [1, 2].

In the European Union (EU), approximately 30,000 bus
or coach passengers are injured each year. To enhance pas-
senger safety, the EU introduced the ECE R66 regulations
in 1995 and updated them in 2005, mandating rollover test-
ing during bus manufacturing. According to ECE R66, the
structural integrity of the bus body must satistfy deformation
strength certification, and a defined passenger survival space
must remain uncompromised after the test [3-5]. Similarly,
China issued the national standard GB JT/T 1369-2020 in

2021, titled “Passenger Protection in Frontal Collisions of
Passenger Vehicles,” which focuses on evaluating and
improving the frontal crash safety performance of buses.
This regulation outlines technical requirements and testing
methods to ensure the protection of drivers and passengers
in the frontal area during collision events [6, 7].
Accordingly, the design and development of bus safety
systems must conform to both EU and Chinese regulatory
frameworks to ensure full compliance. In parallel, extensive
research has demonstrated a strong correlation between
vehicle lightweighting and energy consumption. Light-
weighting is recognized as a key strategy for improving the
energy efficiency and driving range of both electric and
internal combustion engine vehicles. It involves minimizing
vehicle mass while maintaining structural integrity and
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occupant safety. Studies indicate that a 10% reduction in
vehicle weight can reduce fuel consumption in conventional
vehicles by approximately 6% to 8% [8, 9], while in electric
vehicles, the same reduction can increase driving range by
5% to 8% [10, 11].

According to the Corporate Average Fuel Economy
(CAFE) standards, all Original Equipment Manufacturers
(OEMs) must meet fuel efficiency targets based on the aver-
age weight of their vehicle fleets, making lightweight design a
key priority in automotive engineering [12]. Current light-
weighting strategies include the use of high-strength light-
weight alloys [13-15], porous materials [16-18],
substitution of metal components with plastics [19-23],
and structural optimization [24-27]. Among these, the
development and application of advanced materials and pro-
cessing technologies-particularly the integration of high-
strength magnesium-aluminum alloys in chassis system-
have shown greater impact on improving fuel economy
and crash safety than structural redesign alone. For example,
the 2015 Tesla model employed a fully aluminum alloy body
and chassis, incorporating laser welding and friction stir
welding, which achieved a 15% weight reduction while
maintaining effective energy absorption in frontal colli-
sions [28].

This study, guided by the Chinese national standard GB
JTT 1369-2020 for frontal occupant protection and the
European rollover regulation ECE-R66, presents a compre-
hensive investigation into the crash performance of the bus
chassis and honeycomb sandwich material body structures.
In frontal collisions, the optimization of the chassis longitu-
dinal beam-serving as the primary force transmission path-
significantly improved energy absorption and enhanced
occupant safety. In rollover collisions, the honeycomb sand-
wich body structure demonstrated excellent structural stabil-
ity and energy absorption capacity, effectively preserving the
survival space. By replacing traditional steel or aluminum
body materials with honeycomb sandwich composites, the
bus body weight was reduced by approximately 500kg,
equivalent to a 7% reduction in overall vehicle weight, with-
out compromising structural integrity. This research intro-
duces a novel methodology that integrates structural
optimization, lightweight materials, and advanced simula-
tion and testing, offering a valuable reference for the devel-
opment of crashworthy and energy-efficient electric buses.

2. Methodology for Bus Design

By incorporating honeycomb sandwich materials and utiliz-
ing advanced manufacturing techniques in the construction
of bus bodies, a substantial reduction in overall vehicle
weight can be achieved. Specifically, the application of sand-
wich structures yields a weight savings of approximately
10 kg per square meter compared to conventional steel mate-
rials. Provided that the structural performance of the honey-
comb sandwich panels satisfies the safety requirements
stipulated in both the European Regulation ECE-R66 and
the Chinese Standard GB JT/T 1369-2020, significant light-
weighting of the bus can be realized without compromising
crashworthiness. This study employs a combination of finite
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element simulation and experimental validation to guide the
lightweight design process, as outlined in the flowchart pre-
sented in Figure 1.

First, the dynamic mechanical properties of the sheet
and foam materials were characterized through high-speed
tensile testing. Subsequently, tests were performed on the
sandwich core material, and a corresponding hardening
model was developed based on the experimental data. For
mechanical performance analysis, appropriate material
models from the DYNA software library were selected. To
accurately represent structural failure under multi-axial
stress conditions typical of collisions, the GISSMO failure
model was employed. A full-vehicle finite element model,
including the restraint system, was then established to eval-
uate crash performance. Based on an analysis of the force
transmission paths, optimization strategies were proposed,
and their effectiveness was validated through physical
testing.

3. High-Speed Testing of Honeycomb
Sandwich Material

High-speed tensile testing is an experimental method
employed to study the mechanical properties of materials.
It is commonly used to assess characteristics such as
strength, ductility, and fracture behavior. This experiment
involves subjecting standardized material specimens to rapid
tensile loading to simulate sudden loading or impact loads
that may be encountered in real-world applications [29].
To ensure experimental repeatability and support the accu-
racy of numerical modeling, the materials and geometric
parameters of each component in the honeycomb sandwich
structure were clearly defined. The sandwich specimens con-
sisted of two outer face sheets made of 1.0-mm-thick glass
fiber reinforced epoxy composite laminates and a 20-mm-
thick hexagonal aramid paper honeycomb core. The honey-
comb structure had a cell diameter of 6.4 mm, wall thickness
of 0.1 mm, and an overall density of approximately 30 kg/m".
The cells were filled with closed-cell polyurethane foam with
a density of 60kg/m’ to enhance the compressive resistance
of the core.

From the honeycomb sandwich material of the bus body,
specimens were cut for tensile and compressive testing. As
shown in Figure 2, the test specimen of the honeycomb
sandwich material consists of two outer layers of rigid mate-
rial connected by a honeycomb structure in the middle, filled
with foam material to resemble a super-enhanced spring
structure.

The compression specimens measured
50 mm x 50 mm x 50 mm, as shown in Figure 2. All speci-
mens were precisely cut using CNC waterjet machining to
ensure dimensional accuracy and material integrity.

The tensile specimens were designed in a dog-bone
shape with a gauge length of 20mm and a width of 5mm,
as the Figure 3. The high strain rate tensile tests were per-
formed in accordance with the China national standard
GB/T 30069.2-2016, High Strain Rate Tensile Test of Metal-
lic Materials-Part 2: Hydraulic Servo-Type and Other
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FiGure 1: Flowchart of methodology.
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FiGure 2: Compression specimen of sandwich material.

Testing Systems, which specifies the procedures and equip-
ment requirements for such dynamic testing.

Specimens for both tension and compression tests were
meticulously extracted from the bus body’s honeycomb

20 mm
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FIGURE 3: Tensile specimen of sandwich material.

Pic.4-2 in tensile Pic.4-3 after
test tensile test

Pic.4-1 before
tensile test

FIGURE 4: Comparison before and after the tensile test.

sandwich material, then used the German Zwick high-
speed dynamic tensile testing machine to conduct test.

During the tensile test, the strain rate of the entire vehi-
cle structure typically ranges from 1 to 100/s. Dynamic ten-
sile tests were conducted on specimens in accordance with
the test standards. Tensile experiments were conducted at
three distinct strain rates: 1/s, 10/s, and 100/s; all effective
experiments were repeated three times to confirm the con-
sistency of the results. Images capturing the specimen both
pre- and post-tensile testing are presented Figure 4.

Figure 5 shows the force-displacement curves of tensile
tests obtained from samples tested at different strain rates.
From the experimental results, it can be observed that at a
strain rate of 1/s, the material’s peak force is 4200N, and
the fracture displacement is 1.75mm. As the loading speed
increases, the fracture displacement tends to increase, while
the peak force remains relatively unchanged. It is necessary
to consider the effect of strain rate on the failure parameters
in the material card. In addition, three repeated tests were
conducted at each strain rate. The statistical results show
that at 1/s, the peak force averages about 4150 N with a scat-
ter band of 4100-4200 N, a coefficients of variation (COV)
of 1.2%, and a knock-down factor (KDF) of 0.98; the fracture
displacement averages 1.65mm, ranging from 1.60 to
1.70 mm, with a COV of 3.0% and a KDF of 0.95. At 10/s,
the peak force averages about 3900 N with a scatter band
of 3800-4000 N, a COV of 2.6%, and a KDF of 0.96; the frac-
ture displacement averages 1.72 mm, ranging from 1.60 to
1.80 mm, with a COV of 5.8% and a KDF of 0.91. At 100/
s, the peak force averages about 3970 N with a scatter band
of 3900-4000 N, a COV of 1.4%, and a KDF of 0.98; the frac-
ture displacement averages 2.73 mm, ranging from 2.40 to
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F1GURE 5: The stress—strain curve in tensile tests.

3.00 mm, with a COV of 11.0% and a KDF of 0.82. Overall,
the scatter of peak force is very small (COV generally < 3%),
confirming the reliability of the strength results, while the
fracture displacement exhibits greater variability at higher
strain rates. The KDF calculated based on the lower-bound
approach (0.82-0.98) have been adopted for material card
calibration to ensure conservative and safe simulations.
Upon completion of the tensile test, the tensile strength
performance parameters and the corresponding stress-

strain curve will be derived. Subsequently, a compressive test
was conducted on the sandwich material sample. Experi-
ments were carried out at three distinct strain rates: 1/s,
10/s, and 100/s, all effective experiments were repeated three
times to confirm the consistency of the results. Images cap-
turing the sample both pre(left) and post-compression are
presented Figure 6.

The compressive curves, derived from samples subjected
to varying strain rates, are illustrated in Figure 7. From the
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FiGUre 6: Comparison before and after compressive test.

experimental curve, it can be observed that as the compres-
sion displacement increases, the force curve initially exhibits
a small peak, after which the force starts to decrease. As the
displacement continues to increase gradually, the material
undergoes progressive compression, and its resistance to
deformation increases. In particular, the peak force mea-
sured at approximately 40% compression clearly increases
with strain rate: about 14,000N at 1/s, 15,000N at 10/s,
and 24,000 N at 100/s. The scatter bands of three repeated
tests remain narrow, with COV generally below 3%, con-
firming the stability and reliability of the compressive
strength results. Nevertheless, more pronounced fluctua-
tions are observed in the plateau regions at higher strain
rates. Based on the lower-bound statistical approach, the
KDF were determined to be approximately 0.95-0.97, and
these values have been adopted in the material card calibra-
tion to ensure conservative and safe finite element
simulations.

Completing high-speed dynamic tensile testing on hon-
eycomb sandwich materials and obtaining material perfor-
mance parameters for both tension and compression are of
significant importance for the subsequent benchmarking
work of finite element simulation models.

4. Simulation Benchmarking of Honeycomb
Sandwich Materials

With the development and increasing competitiveness in the
automotive industry, the development cycles of automotive
products are gradually shortening. Hence, CAE simulation
technology is becoming increasingly crucial. For the accu-
racy of simulation analysis, precise material data is one of
the important influencing factors [30]. The real stress—strain
curve used in simulation analysis is typically obtained from
tensile tests. According to current testing methods, the ten-
sile curve can be divided into the elastic stage (I), uniform
plastic deformation stage (II), diffuse necking stage (III),
and local necking stage (IV) [31], as illustrated in Figure 8.

4.1. Material Process in Finite Element Method. Due to the
calculation of engineering stress, which involves dividing
the applied load by the initial cross-sectional area, as the test
progresses and reaches the necking stage, the local cross-
sectional area of the specimen rapidly decreases, leading to
a drop in the applied load. This is reflected on the curve as
a decrease in engineering stress. The relationship between

engineering stress and engineering strain during the necking
stage cannot accurately characterize the material’s hardening
behavior. Therefore, when processing data for simulation
analysis, the extracted data corresponds to the true stress-
true strain of the uniform plastic deformation stage [32].

atrue = aeng (1 + seng) (1)

=In(1+e,,) (2)

8[1‘146

where o, and ¢, represent the stress and strain

g
obtained from the aforementioned tensile test, respectively.

After the engineering stress and strain are processed, as
shown in Figure 9, the real stress and strain are obtained,
and the next step is to harden the material.

First, calculate the true stress—strain curve from the engi-
neering stress—strain curve. Then, identify the yield point
and remove the elastic section. In the LS-DYNA material
card, the elastic section is calculated using the elastic modu-
lus. After removing the elastic section, the descending part of
the true stress-strain curve at yield is extended using the
Swift-Hockett-Sherby (SHS) model, which is shown in
Figure 10.

After the material curve undergoes hardening treatment,
the next step involves conducting material damage and fail-
ure analysis.

4.2. Material Damage Failure Treatment and Integration.
Conventional failure models are unable to simulate the
material instability process. Damage calculation is often lin-
early cumulative, and the relationship between failure strain
and stress triaxiality is monotonic. In contrast, the GISSMO
failure model can simulate the material instability process.
The damage calculation is nonlinear with exponential accu-
mulation, and the relationship between failure strain and
stress triaxiality can be non-monotonic [33]. It is a more
realistic failure model.

This study considers the impact of material failure on
simulation analysis. LS-DYNA provides a material damage
failure criterion based on GISSMO [34], expressed by the
following formula:

p(1) A¢, (3)

Within the given formula, AD denotes the increment of
damage variable; Ae, denotes the equivalent plastic strain
increment; n is the nonlinear cumulative damage index;
and ¢;(7) is the material fracture equivalent plastic strain

related to the stress triaxiality, the value of which is obtained
through experiments.

Beyond delineating the fracture behavior of materials
under varying stress states, the GISSMO model also
accounts for material instability during ductile fracture.
The material’s softening behavior is characterized by the
variable F, expressed as follows:
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FIGURE 7: The stress—strain curve in compressive tests.

n 11
AF= Eqrit (1) i n>Asp @

where F is the stability variable; AF is the stability vari-
able increment; and €_,;, () is the material critical equivalent

plastic strain related to stress triaxiality, the value of which is
obtained through parameter tuning by comparing simula-
tion results with experimental data. Upon the unit’s F value
reaching 1, the stress begins to decrease. The formula for cal-
culating the decreased stress is as follows.
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where o * is the post-softening stress; o is the pre-
softening stress; D, is the critical value of the variable D
when F =1; and m serves as the attenuation coefficient.

From the GISSMO material constitutive model, after
conducting simulations and experiments for three-point
bending, shearing, and tensile tests on material specimens,
and aligning the results for benchmarking, stress—strain
curves for the inner and outer layers of the sandwich mate-
rial are obtained, as illustrated in the following Figures 11
and 12.

The obtained material curves are incorporated into the
material cards of LS-DYNA and integrated into the overall
vehicle finite element model, laying the groundwork for sub-
sequent simulation analysis and optimization.

5. Analysis and Optimization of Safety Crash
Performance of Sandwich Materials

5.1. Analysis of Frontal Collisions. The finite element model-
ing of the bus body was conducted using LS-DYNA, encom-
passing both the chassis and sandwich body structures to
assess crashworthiness under frontal and rollover impact
scenarios. The chassis frame, comprising longitudinal
beams, cross members, and energy-absorbing elements,
was discretized using shell and beam elements with appro-
priate mesh refinement in critical regions. The body struc-
ture was constructed using honeycomb sandwich panels,
consisting of composite face sheets and foam-filled or
paper-based core materials. Structural steel components
were modeled using MAT_024 (Piecewise Linear Plasticity),
with material parameters calibrated through high-speed ten-
sile testing. The composite face sheets were characterized
using MAT_187 (GISSMO), while the core was represented
by either MAT_026 (honeycomb) and MAT_083 (crushable
foam), based on results from dynamic compression tests. To
enhance computational efficiency without compromising

accuracy, small-scale features such as bolts and welds were
idealized using spot weld constraints and tied contacts, and
symmetry conditions were applied where appropriate. Sim-
plified restraint systems and a rigid ground plane were
employed to isolate structural response characteristics. This
modeling framework effectively captured both global defor-
mation patterns and localized material failure, with simula-
tion results demonstrating strong agreement with
experimental validation, thereby confirming the model’s
reliability for crash performance evaluation.

According to the Chinese National Standard “GB/T
1369-2020 Passenger Car Frontal Collision Occupant Pro-
tection,” the bus undergoes a 100% frontal collision with a
rigid wall at speeds of 30 to 32km/h. The Hybrid-III 50%
simulation dummy’s injury criteria for the head, neck, chest,
and thigh regions need to be satisfied. The finite element
simulation model information is presented in Table 1.

The bus undergoes a 100% frontal collision with a rigid
wall at a speed of 32 km/h, as illustrated in Figure 13.

5.2. Issues of FRB simulation. Analyzing the simulation
results of the frontal collision, the upper body is a side struc-
ture made of honeycomb sandwich material, which is rela-
tively stable during the collision. However, the lower body
deforms greatly, and there are major problems with the
structural design. The chassis structure of the bus is shown
in Figure 14.

The simulation animation results of the frontal collision
indicate significant deformation in the load-bearing struc-
tural beams of the chassis. This results in substantial com-
pression of the occupant cabin survival space, causing the
dummy’s injury values to exceed the GBJTT1369-2020 regu-
latory limits; optimization is therefore required, as shown in
Figures 15 and 16.

5.3. Optimization of FRB Simulation. The preliminary anal-
ysis reveals that the current energy absorption and force
transmission performance is inadequate. Therefore, subse-
quent optimization efforts will primarily focus on improv-
ing the structural design and material selection of the
lower body. The chassis structure of a bus plays a critical
role in determining the transmission and distribution of
collision energy during an impact event, which directly
influences both vehicle deformation and occupant injury
outcomes. Key factors include the architectural configura-
tion of the chassis, the mechanical properties of the selected
materials, and the design of the energy absorption path-
ways. An optimally engineered chassis structure can not
only enhance the capacity to absorb impact energy but also
facilitate the controlled transmission and dispersion of col-
lision forces, thereby mitigating the severity of occupant
injuries. The following outlines the main aspects of opti-
mizing the chassis structure of a bus, as illustrated in
Figure 17.

The optimization of the bus chassis structure is crucial
for enhancing collision force transmission and occupant
protection. The chassis serves as the foundational load-
bearing framework, and its design plays a decisive role in
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guiding and distributing impact forces during a collision. A
well-engineered chassis (as shown in Figure 18) must exhibit
sufficient stiffness to limit excessive deformation, thereby
maintaining the integrity of the passenger compartment
and preventing intrusions that could lead to severe or fatal
injuries.

Inadequate structural rigidity in the lower body may
result in uncontrolled deformation and force concentra-
tions that compromise occupant safety. To mitigate this,
the transmission path of collision forces must be deliber-
ately designed to redirect energy toward structurally rein-
forced components-such as the front longitudinal beams,
door sill reinforcements, and cross members—thereby
avoiding direct impact on the occupant space. In this study,
the force transmission capability of the bus chassis was
improved by integrating additional structural elements into
the lower body. These components work synergistically to
disperse and redirect collision forces toward the rear struc-
ture, enhancing energy dissipation and reducing localized
stress concentrations; the results are shown in Figures 19
and 20.

The baseline bus simulation model exhibited a maxi-
mum crush depth of 396 mm. Following structural optimiza-
tion, the deformation was substantially reduced to
142.6 mm, significantly improving the driver’s survival
space. A comparative analysis of the dummy injury metrics
before and after optimization is presented in Table 2.

From Table 2, it can be observed that in the baseline sim-
ulation model, there is a slight collision between the dum-
my’s head and the steering wheel, resulting in a higher
head injury criterion (HIC) and increased risk. After optimi-
zation, the HIC for the dummy’s head is reduced to 263 by
100ms, indicating minimal deformation in the survival
space structure of the occupant cabin after the collision.

The distance between the dummy and the steering wheel is
increased, leading to a significant improvement in safety.

5.4. Analysis of Rollover Collision. The core optimization
strategy for bus rollover performance, as defined by ECE
Regulation R66, emphasizes enhancing the structural integ-
rity and crashworthiness of the vehicle during rollover
events. This approach is fundamentally guided by two criti-
cal objectives: the preservation of occupant survival space
and the enhancement of energy absorption capacity through
the application of honeycomb sandwich materials.

Firstly, maintaining sufficient survival space is critical in
minimizing the risk of fatal injuries during a rollover. As
illustrated in Figure 21, the structural design must ensure
that the deformation of the vehicle body does not intrude
into the designated survival zone, particularly in the driver
and main passenger areas. Preserving this space is essential
for preventing direct contact between collapsing structures
and occupants, thereby significantly reducing the severity
of injuries.

Secondly, sandwich composite materials were integrated
into the upper body structures (highlighted in pink in
Figure 22) to enhance energy absorption efficiency.

These materials, typically composed of high-strength
outer face sheets and a lightweight foam or honeycomb core,
exhibit superior deformation behavior and energy dissipa-
tion performance compared to conventional structural
materials. As illustrated in Figure 23, the sandwich structure
functions analogously to a large spring, compressing pro-
gressively under load and effectively absorbing and distribut-
ing the impact energy. This spring-like behavior plays a
crucial role in mitigating peak forces during rollover events,
thereby enhancing the structural resilience and overall safety
performance of the bus.

Under rollover loads, the core material undergoes pro-
gressive compression and shear, while the outer skins pro-
vide structural stiffness and limit excessive deflection. This
combination enables effective distribution and attenuation
of impact forces, helping to prevent sudden structural col-
lapse and enhancing the bus’s ability to maintain structural
integrity during rollover scenarios. The use of sandwich
structures also contributes to vehicle lightweighting while
meeting safety requirements, making them a key element
in the structural optimization process.
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FIGURE 12: Stress—strain curve of outer structure.

TABLE 1: Bus simulation model.

Item Parameter data
LS-DYNA R13
GBJTT1369-2020
Frontal 100% overlap collision (FRB)

Collision speed 32Km/h
(length/width/height) 7589 x 2450 x 2737 (mm)
Mass 6668 (kg)
6,800,000
Hybrid IIT 50%

Solution software
Regulation

Analysis condition

Element number

Dummy

The certification process defined by the United Nations
Economic Commission for Europe (UN-ECE) Regulation
R66 outlines the safety testing requirements for evaluating

FiGUre 13: FRB simulation model.

the structural integrity of buses under side rollover condi-
tions. In this study, the relevant parameters were derived
through analytical formulas and subsequently applied in
the finite element software LS-DYNA to obtain simulation
results.
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FiGure 15: Chassis deformation at 120 ms.

In Figure 24, CG represents the center of gravity of the
bus, A is the distance from the rotation axis to the longitudi-
nal vertical center plane of the bus, B is the distance from the
center of gravity of the bus to the longitudinal vertical center
plane, hO is the initial height of the center of gravity of the
bus on the rollover platform, and hl is the height of the cen-
ter of gravity of the bus at the critical rollover point.

From the critical rollover position to the process of con-
tacting the ground, the center of gravity dropped by Ah =
970 mm. At the time of rollover, the angular velocity of the
flip platform and the bus remained constant at 5s, or

Journal of Engineering

FIGURE 16: Dummy dynamics at 120 ms.

Beam added

Fl Fl \ ’ lp
I pyp
l

FIGURE 17: Force distribution of the optimized chassis structure.

0.087 rad/s. According to the law of conservation of energy,
the kinetic energy plus the gravitational potential energy at
the critical rollover moment is equal to the kinetic energy
plus the gravitational potential energy at the time of contact-
ing the ground, that is,

Eg) + Ep) = Eg, + Ep, (6)
1 1.
E}wl +mgh, = E]w2 +mgh, (7)
1
E](ouz2 - w12) =mgAh (8)
2mgAh
j= =39 (9)

2_ .2
w"~w,
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FiGgure 18: Optimization of chassis structure.

FI1GURE 19: Optimized chassis deformation at 120 ms.

where Ey, is the kinetic energy at the critical rollover
moment, E;, is the potential energy at the critical rollover
moment, Ey, is the kinetic energy at the time of contact with
the ground, E,, is the potential energy at the time of contact
with the ground, J is the moment of inertia of the whole
vehicle, h; is the height of the center of gravity of the whole
vehicle from the ground at the critical rollover moment, and
h, is the height of the center of gravity of the whole vehicle
from the ground at the time of contact with the ground,
and w, is the angular velocity of the flip platform, which is
0.087 rad/s.

11

FiGUre 20: Dummy dynamics at 120 ms after optimization.

TABLE 2: Results before and after model optimization.

Hybrid-TIT 50%

GBJTT1369-  Original

Optimize

2020 model model
HIC <500 956 63
My <57 N-m 35 30
Acceleration
<30g 42 15
Fz < 10(KN) 3 2

|

T
N Bus floor
gl

1
Exo= 5 J w02
2E
j=—%0
W

FIGURE 21: Schematic diagram of driver survival space.

Set the value of any angle and import the model into LS-
DYNA for calculation. The value of initial kinetic energy Ej,
can be calculated in LS-DYNA, from

(10)
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F1GURE 22: Upper bus body structure of sandwich material.

-

FIGURE 23: Working principle of sandwich material.

Substituting J into Equation (11) yields the angular
velocity w,. Substitute the obtained angular acceleration
value w, into the loading keyword of LS-DYNA (*INI-
TIAL_VELOCITY_GENERATION) to obtain the following
simulation results. The finite element simulation model for
the side rollover scenario was computed up to 500 ms, cap-
turing the complete dynamic response of the structure. The
time-history animation results of the rollover process are
presented in Figure 25.

As illustrated in Figure 26, the deformation of the bus
driver’s cabin structure in the lateral (width) direction is
approximately 100 mm, while the rear body structure experi-
ences a deformation of about 95 mm—both well within the
regulatory limit of 250 mm. Despite these deformations,
the overall structural integrity of the bus body remains
intact, with minimal intrusion into the passenger compart-
ment. The occupant protection space is effectively preserved,
demonstrating that adequate survival space is maintained
throughout the rollover event.

According to the rollover assessment criteria specified in
ECE Regulation R66, the simulation results indicate that the
bus structure successfully meets the rollover safety
requirements.

5.5. Experimental Validation of Frontal and Rollover
Collisions. After completing the material characterization,
simulation analysis, and structural optimization for the fron-
tal rigid barrier (FRB) impact scenario in accordance with
the GB standard, as well as the rollover scenario based on

Journal of Engineering

Rigid ground

FIGURE 24: Rollover collision diagram.

Time = 500.000366

F1GURE 25: Bus deformation at 500 ms.

ECE Regulation R66, the next phase involved experimental
validation. Physical crash tests were conducted to verify the
accuracy of the simulation results and confirm that the vehi-
cle meets the required safety performance under both frontal
and rollover conditions.

Following the fabrication of two prototype vehicles, full-
scale experiments were carried out in a controlled laboratory
environment, with the entire process documented through
photographs. Figure 27 shows the structural condition of
the sandwich-material bus body after the 100% frontal colli-
sion test.

Figure 28 presents the post-test condition of the bus
body structure after the rollover experiment. In both test
scenarios, the observed structural deformations were mini-
mal and demonstrated strong consistency with the predic-
tions from the optimized simulation models, thereby
confirming the validity and effectiveness of the proposed
lightweight design approach.

The application of honeycomb sandwich materials in the
vehicle body results in a weight reduction of approximately
500kg compared to traditional steel and aluminum struc-
tures. At the same time, these materials demonstrate excel-
lent crash safety performance. Moreover, the overall
manufacturing cost and market pricing remain comparable
to those of conventional steel and aluminum materials.
Given this combination of lightweight, safety, and economic
feasibility, honeycomb sandwich structures hold significant
potential for widespread adoption in the future automotive
market.
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F1GURE 26: Intrusion curve of frontal and rear.

FI1GURE 27: Sandwich body after FRB test.

FiGurk 28: Sandwich body after R66 test.

6. Conclusions

This study investigates the crashworthiness of the bus chas-
sis longitudinal beam structure and the bus body of honey-
comb sandwich materials. Based on the analysis and
experimental validation, the following conclusions were
drawn:

1.

High-speed dynamic tensile and compression testing
was conducted to obtain the engineering stress—strain
curves of the materials, which were subsequently con-
verted into true stress—strain curves. Based on the
material hardening behavior, the GISSMO damage
constitutive model was selected to accurately capture
failure characteristics. The resulting material parame-
ters were used to create precise material cards, which
were integrated into the LS-DYNA full-vehicle finite
element model for crashworthiness simulation. This
approach provides valuable technical support for the
research and development of bus body of sandwich
material.

. In the frontal crash scenario, as defined by the Chi-

nese national standard GB JTT 1369-2020, the crash-
worthiness of the bus was primarily enhanced
through optimization of the chassis load-bearing
beam, which serves as the main force transmission
path. In contrast, under the rollover condition gov-
erned by the European regulation ECE-R66, the sta-
bility and energy-absorbing performance of the
honeycomb sandwich bus body structure played a
decisive role. Finite element simulations and physical
tests confirmed that the optimized chassis and body
designs effectively maintained structural integrity,
preserved occupant survival space, and significantly
improved overall crash performance.

. This study proposes a novel methodology that com-

bines structural optimization, high-fidelity material
modeling, and experimental validation to advance
the design of lightweight and crashworthy electric
buses. By optimizing the chassis for frontal impacts
and employing honeycomb sandwich materials to
enhance rollover performance, the approach ensures
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regulatory compliance while achieving significant
weight reduction and improved energy efficiency.
The integrated framework offers a robust reference
for future developments in safe and sustainable elec-
tric bus design.
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