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Onboard hydrogen storage systems play a pivotal role in hydrogen fuel cell vehicles, and their structural integrity
is directly linked to vehicle safety. Owing to their high sensitivity to vibrations, these systems are susceptible to
resonance and fatigue under complex and dynamic road conditions, potentially resulting in structural failure and
safety risks. While prior studies have primarily focused on strength validation under standard road scenarios,
there remains a lack of comprehensive investigation into the multi-dimensional vibration-induced failure
mechanisms across various vehicle types in real-world environments. In this study, we examine the onboard
hydrogen storage systems of both commercial and passenger vehicles through modal analysis to determine
resonance frequencies, integrated with real-world road spectrum data and random vibration theory. Simulations
were conducted under twelve representative road conditions. The results reveal that critical stress concentration
zones appear under road conditions 6 and 4 for commercial and passenger vehicles, respectively, with maximum
equivalent stresses reaching 134.77 MPa and 344.45 MPa. Furthermore, structural deformations and fractures
were observed in the cylinder saddles and brackets, leading to loosening, collapse, and potential cylinder
detachment. Resonance and high-frequency vibrations were identified as the primary causes of these failures.
This work provides valuable insights into the failure modes and mechanisms of hydrogen storage systems under
complex vibration environments, offering theoretical guidance and empirical data for their structural optimi-
zation and safety design.

1. Introduction components. A failure could lead to serious consequences, potentially

jeopardizing both vehicle safety and user life [1,2].

As the global energy structure transforms and sustainable develop-
ment advances, hydrogen energy has gained widespread attention as a
clean and environmentally friendly energy source. To enable the wide-
spread application of hydrogen energy, hydrogen storage technology
has become a critical component. Among various methods, high-
pressure gaseous hydrogen storage is widely used in the transportation
sector due to its technological maturity and advantages such as fast
hydrogen filling and release. Especially in hydrogen fuel cell vehicles,
the technology has become the mainstream choice for onboard
hydrogen storage systems. However, the onboard hydrogen storage
system, a core component of hydrogen fuel cell vehicles, plays a crucial
role in storing and supplying hydrogen, as well as supporting key

Therefore, the design, optimization, and failure prevention of on-
board hydrogen storage systems have been important research areas in
both academia and engineering. Currently, research on hydrogen stor-
age systems has made certain progress, particularly in areas such as
hydrogen fueling-induced temperature rise and component failures.
Yan-Lei Liu, Liang Wang, M. Cristina Galassi et al. [3-5] studied the
temperature rise distribution, refueling rate, initial pressure, and the
effect of hydrogen precooling during the rapid hydrogen charging pro-
cess of hydrogen storage tanks. They concluded that the refueling rate
and pressure have a significant impact on temperature rise, and that
precooling technology can effectively reduce temperature rise, ensuring
safe refueling. Research on hydrogen refueling temperature rise
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indicates that factors such as refueling rate, pressure, hydrogen pre-
cooling, and materials have a significant impact on the temperature rise
of hydrogen storage tanks. Optimizing refueling strategies and pre-
cooling technologies can effectively control temperature rise, improving
refueling efficiency and safety. Wei Zhou, Yikai Zhang et al. [6,7] con-
ducted a study on the failure analysis and optimization design of
hydrogen storage containers. They concluded that design factors
significantly affect the container strength, durability, and fatigue life,
and that optimized design can improve the container safety. Research on
structural failure indicates that the fatigue failure of composite
hydrogen tanks is influenced by factors such as temperature loading,
porosity, and design considerations. Optimizing the design, improving
stress distribution during the refueling process can significantly enhance
the tank durability and safety. Additionally, different design parameters
have a critical impact on the tank fatigue life and burst pressure.
However, there is relatively little research on the overall vibration
failure of onboard hydrogen storage systems, which hinders further
structural optimization of the storage system and the development of
appropriate failure prevention measures.

Therefore, to further advance the research on vibration failure of
onboard hydrogen storage systems, this paper is based on the research
findings related to mechanical system failure and focuses on vibration
failure analysis to examine the vibration response under different system
conditions. Based on a literature review, it was found that significant
progress has been made in the research related to system vibration
failure, vibration assessment, vibration analysis, and vibration control.
Liu et al. [8] studied the high-frequency vibration fatigue issues of
subway vehicle bumpers through field tests and numerical simulations.
Wu et al. [9] used numerical simulations to analyze the high-frequency
vibration fatigue of antenna beams. Lee et al. [10] assessed the safety of
hydrogen storage containers by combining numerical models with fa-
tigue analysis. All concluded that structural optimization could signifi-
cantly improve reliability. Lei et al. [11] established a new method for
vibration damage assessment from the perspectives of signal modulation
using amplitude-phase modulation. Kinoshita et al. [12] developed a
similar approach from the energy perspective by establishing a basic
energy equation. Manouchehrynia et al. [13] employed
frequency-domain analysis, and Chen et al. [14] combined experimental
and finite element methods, both focusing on specific components to
develop high-precision life assessment models. Wang et al. [15] con-
ducted vibration studies of bridges induced by vehicle deceleration
using coupled vibration analysis and proposed an efficient modeling
method to reduce computational costs. Zhang et al. [16] used finite
element methods for random vibration modeling of magnetic levitation
vehicle systems, analyzing vibration characteristics under different
operating conditions. You et al. [17] used the pseudo-excitation method
to study axle box uncoupling vibration fatigue, validating the effec-
tiveness of the synthesized power spectral density (PSD) spectrum.
Wang et al. [18] and Aathif Akmal et al. [19] respectively studied the
vibration damping of slender beam systems and the damping charac-
teristics of engine mounting materials, finding that vibration damping
efficiency can be significantly improved by optimizing system design
parameters or selecting suitable materials.

Currently, significant progress has been made in vibration-related
research on mechanical system vibration fatigue, vibration character-
istics, and their impact on structural stability. Appropriate optimization
designs and vibration reduction measures have been proposed for ap-
plications in different fields. However, most studies focus on the failure
evaluation of a single vibration type or specific components. Research
on vibration failure of onboard hydrogen storage systems primarily
concentrates on explaining failure phenomena and verifying structural
strength under normal road conditions. There is a lack of analysis on the
vibration failure modes and mechanisms of onboard hydrogen storage
systems under complex road conditions, based on real vehicles and in
multiple dimensions, across different vehicle types.

Therefore, this study conducted real-world road spectrum
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acquisition experiments to capture multi-dimensional acceleration sig-
nals across 12 distinct road conditions, enabling stochastic vibration
simulations of hydrogen storage systems under various operational
scenarios. Based on the 3¢ theory, the stress and strain values of the
system were calculated, and corresponding failure modes were analyzed
to reveal the underlying failure mechanisms. The results indicate that
the stress concentration points of the hydrogen storage systems in
commercial and passenger vehicles occur at road conditions 6 and 4,
with maximum equivalent stresses of 134.77 MPa and 344.45 MPa,
respectively. Additionally, the cylinder saddle and bracket were prone to
deformation and fracture, resulting in loosened connections, structural
collapse, and hydrogen cylinder detachment. Resonance and high-
frequency vibrations were identified as the primary causes of failure.
This research establishes a theoretical foundation for the safety design
and failure prevention of hydrogen-powered vehicles, with significant
implications for their commercial deployment and public safety
assurance.

2. Method
2.1. Modal analysis theory

Modal analysis can reveal the dynamic characteristics of the system,
such as natural frequencies, vibration patterns, and damping ratios,
which form the foundation of random vibration analysis. Among these
parameters, natural frequencies correspond to the specific frequencies at
which a linear n-degree-of-freedom system exhibits free vibration, while
mode shapes represent the characteristic displacement patterns associ-
ated with each natural frequency. The acquisition of natural frequencies
and mode shapes provides a foundational basis for assessing resonance
phenomena within the system.

This technique enables the decoupling of complex multi-degree-of-
freedom systems into simplified single-degree-of-freedom systems,
significantly streamlining the calculation process. Additionally, it not
only helps identify dominant modes and clarify the primary response
characteristics of the systems, but also provides essential data support
for PSD calculations [20] and resonance risk assessment, laying the
groundwork for failure mechanism research. Therefore, performing
modal analysis before conducting random vibration analysis can
simplify the research process, improve computational efficiency, and
facilitate the analysis and interpretation of random vibration problems
[21,22].

Assuming the structural stiffness of the onboard hydrogen storage
system is constant and unaffected by external forces [23,24], the dy-
namic differential equation of the system is:

[M]{x} + [Cl{x} + [K]{x} =0 ¢

where [M] is the mass matrix, [C] is the damping matrix, [K] is the stiff-
ness matrix.

According to previous research, Tsai, T-Y et al. [25] omitted damping
in their analysis of the response spectrum of single-degree-of-freedom
systems. Liang, W et al. [26] similarly disregarded damping when
evaluating the dynamic response of oscillators to underwater shock
waves.

Based on the established analysis methods commonly found in the
literature, the system is analyzed by using a damping-free model. The
calculation process is simplified without affecting the analysis of the
results, leading to the following simplified differential equation:

[M]{x} + [K){x} =0 ©)]

The structural displacement can be decomposed into the super-
position of simple harmonic motions, so the displacement array can be
expressed as:

{x} ={A}sin(wt + ¢) 3)
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where {x} is the non-zero amplitude array, o is the angular frequency,
and ¢ is the initial phase angle.
Substituting Equation (3) into Equation (2) yields:

(K] - w?[M]){A} = {0} @

Based on the principles of linear algebra, if the array {A} is not
entirely zero, the determinant within the brackets on the left side must
equal zero. This allows us to solve the eigenvalues and their corre-
sponding eigenvectors.

2.2. Random vibration analysis theory

The frequency response function (FRF) [27] is the key to describing
the dynamic characteristics of a system in the frequency domain, which
reflects the intrinsic properties of the system and is related to the mass,
stiffness, and damping of the system. This function can characterize the
amplitude amplification or attenuation of the system output to the input
at different frequencies and the change of phase. More significantly, FRF
analysis facilitates analysis of resonance frequencies, dynamic response
characteristics, and vibrational behavior. As a vital tool in random vi-
bration analysis, it provides an indispensable theoretical foundation for
investigating the dynamic performance of onboard hydrogen storage
systems and guiding structural design optimization [28,29].

This work simulates random vibration under constant ambient
temperature conditions. As indicated by de Miguel N et al. [30], when
the hydrogen storage tank is continuously discharged to approximately
20 % state of charge (SOC), the temperature of the vehicle’s hydrogen
storage system will be at least 20 °C lower than the ambient temperature
upon arrival at the refueling station. A temperature span of this
magnitude is considered insufficient to significantly affect the material
properties or stress distribution of system components. Therefore, the
influence of temperature variations during normal operation of the on-
board hydrogen storage system is disregarded in this analysis.

In practical engineering, to describe the amplitude and frequency of
the response, the frequency response function is typically expressed in
complex form, as shown in the following equation:

H(w)=A(w) — iB(w) )

Where the amplitude of the frequency response function equals the ratio
of the output amplitude to the input amplitude of the system, and the
ratio of the imaginary part to the real part of the frequency response
function equals the tangent of the phase angle, as shown in Equations (6)
and (7):

|H(w)| = /A? + B2 = 2 6)

in

Where a,y is the single-degree-of-freedom output and a;, is the single-
degree-of-freedom input.
Im[H(w)] B

Re[H(w) A~ @07 7

When a single power spectral density value is input into the system, the
system output S,y(@) is as shown in Equation (8) [31,32]:

Sout(®) = |H(®)[*Sin(w) ®)

Where S, is the power spectral density response, S;; is the power
spectral density input, and the value comes from the input PSD.

In random vibration simulations accounting for inherent un-
certainties, the average response of the system is taken as the simulation
result, i.e, it is used to analyze the response result of the system by
calculating its root mean square (RMS) value. The RMS is the time-
averaged square response which can be used to quantify the energy
magnitude of a random vibration, describing the degree of concentra-
tion of the mean value of its random variable. As demonstrated in
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Equation (9), elevated RMS values correspond to increased energy input
to the system, manifesting as enhanced vibrational frequencies and
amplitude characteristics.

RMS = /S(w)dw 9

0

Random vibration analysis is fundamentally grounded in the 3o
principle, requiring both input and output parameters to adhere to
specific probabilistic distributions, where external random excitations
and system responses conform to Gaussian normal distributions [33], as
illustrated in Fig. 1. The output responses (including displacement,
stress, and strain) exhibit statistically defined probability distributions:
68.3 % within +106, 95.4 % within +206, and 99.7 % within +3c ranges.
Therefore, since there is only a 0.3 % probability that the response result
exceeds the 3o range in practical applications, random vibration simu-
lations adopt the 3¢ value as the final computational result.

We employ the von Mises equivalent stress criterion, which is
theoretically well-suited for analyzing yield failure in mechanical
components. The criterion comprehensively considers the combined
effects of the three principal stresses, thereby overcoming the limitations
of traditional theories that rely on a single stress component. It provides
a reliable basis for predicting material yield behavior under complex
loading conditions and for determining whether a structure remains in a
safe state. In addition, the applicability of this criterion has also been
demonstrated in prior studies. For instance, Li et al. [34] applied it to
analyze fatigue failure in feedwater heating tubes, estimating damage
progression and remaining service life, while Abdullah et al. [35]
employed it to evaluate the initiation of fatigue cracks on the inner
surface of helical springs.

2.3. Finite element model

To study the response characteristics of commercial and passenger
vehicle onboard hydrogen storage systems under random vibration ex-
citations from different road conditions and to evaluate their safety in
complex scenarios, the study focuses on two representative configura-
tions: an 8-cylinder commercial vehicle onboard hydrogen storage sys-
tem and a 2-cylinder passenger vehicle onboard hydrogen storage
system. The 8-cylinder commercial vehicle onboard hydrogen storage
system contains components such as cylinder valves, pressure relief
valves, pipelines, and connectors. However, these parts increase
computational complexity and reduce efficiency. Therefore, they were
removed without significantly affecting the simulation results. The 2-
cylinder passenger vehicle onboard hydrogen storage system consists
of a front hydrogen cylinder system and a rear hydrogen cylinder sys-
tem. Since the structures of the front and rear systems are similar, we
selected the rear hydrogen cylinder system as the main analysis object.
The above simplification methods for the model help us reduce simu-
lation computation while ensuring the research results maintain high
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Fig. 1. Gaussian normal distribution curve.
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representativeness and practical significance. The simplified finite
element model [36] is presented in Fig. 2.

During random vibration analysis, the components of the onboard
hydrogen storage system are connected by bonded contacts. Therefore,
the system does not experience significant separation or deformation
between components under intense vibration loads. The materials and
physical properties of each component are listed as Table 1.

The data in Table 1 is taken from “Impact Vibration Analysis of
Hydrogen Supply Systems for Fuel Cell Vehicles and Research on
Framework Size Optimization [37].”

2.4. Simulation condition settings

In passenger vehicles, hydrogen storage cylinders are commonly
integrated and secured to the underbody structure via front and rear
mounting brackets, which incorporate cushion pads and bottle clamps.
In contrast, commercial vehicles employ a rigid fixation method
whereby the hydrogen cylinder assembly is directly mounted to the
chassis frame using support saddles and high-strength lashing straps.
Therefore, to accurately simulate an onboard hydrogen storage system
being immobilized in a vehicle, fixed constraints were applied to: (i) the
base plate of the commercial vehicle onboard hydrogen storage system
(indicated by the blue surface in Fig. 3(a)), and (ii) the interface between
the passenger vehicle onboard hydrogen storage system and vehicle
chassis (shown in blue in Fig. 3(b)). To simplify the random vibration
analysis process, the following assumptions were adopted for both
hydrogen storage systems.

(1) The material is linear elastic and has constant physical properties,
meaning its attributes do not change during the simulation
process.

(2) The overall stiffness, damping, and stiffness matrix of the struc-
ture are constant values.

(3) The applied acceleration power spectral density and fixed
constraint load do not vary with simulation.

(4) The damping force acting on the structure is much smaller than
the inertial force and elastic force.

(5) The random vibration simulation does not vary with time, and
the response is a stable random process.

3. Results and discussions
3.1. Modal analysis

Modal analysis [38] serves as an essential prerequisite for random
vibration analysis, identifying structural natural frequencies, vibration
patterns, and damping characteristics that provide critical parameters
for dynamic response analysis. This analysis can effectively avoid the
resonance matching between the intrinsic frequency of the onboard
hydrogen storage system and the excitation frequency of the road sur-
face, thereby mitigating potential structural damage. Furthermore,
modal analysis simplifies multi-degree-of-freedom systems while

(@)
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Table 1
Material parameters of onboard hydrogen storage system components.
component material Modulus of Poisson Density
elasticity ratio Kg/m®
GPa
Hydrogen Aluminum inner liner 210 0.3 1970
storage + carbon drill
bottle dimension
frame 6063Aluminum 69 0.33 2700
saddle Aluminum Alloy 70 0.33 2720
bandage stainless steel 193 0.3 7750
pin roll 45 Steel 200 0.3 7850
bolt and nut 35 Steel 195 0.3 7850

improving computational accuracy, enabling easier acquisition of
resonance frequencies and corresponding stresses and deformations for
both passenger and commercial vehicle systems - key references for
failure risk assessment [39]. The 12-order modal analysis results for
these systems are presented in Tables 2 and 3. A resonance frequency bar
graph is plotted for ease of observation and analysis, as shown in Fig. 4.

Analysis of Fig. 4 reveals significantly higher resonance frequencies
in the passenger vehicle onboard hydrogen storage systems compared to
the commercial vehicle onboard hydrogen storage systems, with both
systems exhibiting frequency escalation proportional to modal order.
Tabulated data (Tables 2 and 3) demonstrate substantially greater
deformation magnitudes and displacement ranges in the passenger
vehicle system. However, under high-frequency vibrational loading,
these displacements exceed the stiffness threshold of the material,
inducing potential structural compromise. When the system frequency
reaches a higher resonance frequency, the deformation and strain of the
system will increase significantly, exceeding the allowable deformation
range of the material, which may lead to irrecoverable large deforma-
tion of the system, and ultimately cause damage and failure of the
structure.

3.2. Signal acquisition and processing

3.2.1. Acceleration spectrum signal acquisition

This study focuses on analyzing the vibration characteristics of
vehicle-mounted hydrogen storage systems under 12 representative
road conditions. The research scope deliberately excludes the influence
of vibration load duration on system behavior. In acquiring road profile
signals, the primary objective is to assess the effects of different road-
induced vibration loads on the system response, rather than the tem-
poral length of loading.

For a given road condition, the vibration spectrum remains consis-
tent regardless of the signal acquisition duration. Therefore, the acqui-
sition time is selected solely to ensure that the data collected is sufficient
to produce statistically meaningful results.

The road spectrum acquisition was conducted using TestLink soft-
ware to capture triaxial vibration signals under 12 representative road
conditions (including twist roads, bumpy roads, gravel roads A/B/C,
cobblestone roads A/B, washboard roads A/B/C, short-wave, and long-

(b)

Fig. 2. Simplified finite element model of onboard hydrogen storage system:(a) Commercial vehicle onboard hydrogen storage system, (b) Passenger vehicle

onboard hydrogen storage system.
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Fig. 3. Fixed constraint application surface of the onboard hydrogen storage system: (a) Commercial vehicle onboard hydrogen storage system, (b) Passenger

vehicle onboard hydrogen storage system.

Table 2
Mode analysis results of onboard hydrogen storage system of passenger vehicles.

Modal order of Frequency Maximum shape Equivalent elastic
passenger cars (Hz) variable (mm) strain
1 19.996 5.0482 4.2552 x 1073
2 26.905 6.4776 1.2247 x 1072
3 31.843 5.8039 1.251 x 1072
4 44.635 7.8238 1.3325 x 1072
5 45.28 6.4173 2.3313 x 1072
6 64.962 8.3222 3.2663 x 1072
7 70.546 25.348 2.6954 x 1072
8 73.964 24.132 2.4165 x 1072
9 84.841 28.854 3.4051 x 1072
10 88.558 31.57 4.3451 x 1072
11 109.55 154.65 0.13523
12 142.65 219.81 0.18542
Table 3

Mode analysis results of onboard hydrogen storage system for commercial
vehicles.

Mode order of frequency Displacement Equivalent
commercial vehicles (Hz) deformation amount elastic strain
(mm)

1 17.548 2.2802 4.8887 x 1073
2 18.284 1.9877 4.1901 x 1073
3 22.092 3.2391 2.2997 x 1073
4 42.668 2.2947 1.5717 x 1072
5 43.989 2.3262 1.7631 x 102
6 46.334 2.84 1.0051 x 1072
7 54.90 2.5429 1.3719 x 1072
8 56.343 2.9231 1.0524 x 102
9 59.439 3.6553 1.4097 x 1072
10 62.504 2.9141 1.2533 x 1072
11 64.457 3.2956 3.3186 x 1072
12 70.785 4.1649 2.0488 x 1072

wave roads), as illustrated in Fig. 5. The twelve road conditions selected
cover a broad spectrum of scenarios that a vehicle may encounter during
actual driving, while also encompassing the typical frequency range
(0-100 Hz) that influences vehicle dynamic performance. This fre-
quency band aligns with the range used by Zhang et al. [40] in their
study on ride comfort and energy dissipation in vehicle suspension
systems under non-stationary random road excitation.

According to previous research, Manouchehrynia R et al. [41]
captured experimentally measured random road load strain data at a
500 Hz sampling rate over 60 s under three distinct road conditions, and
proposed recommendations for determining fatigue life characteristics
under such random strain conditions. Wang A et al. [42] performed
finite element-based fatigue life predictions for rubber suspension
bushings using load pulses extracted from a 232 s segment of the load
spectrum. The road load data in this study were acquired over durations
of 526 s for commercial vehicles and 738 s for passenger vehicles. These
acquisition periods are deemed representative and universally appli-
cable for the intended analytical purposes.

When plotting, we took the vertical axis O scale as the horizontal

160
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[_] Commercial vehicle onboard hydrogen storage system
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Fig. 4. Resonance frequency of modal analysis of onboard hydrogen stor-
age system.
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reference axis, then the farther away from the axis can indicate that the
signal response is more sensitive, the larger the acceleration signal
value. Comparative analysis reveals significantly stronger vibrational
responses in passenger vehicles versus commercial vehicles (Fig. 5).

3.2.2. PSD signal conversion

The collected acceleration time-domain signals were processed
through denoising, filtering, and detrending operations in MATLAB.
Fourier transformation [43] was subsequently applied to convert the
processed signals into power spectral density representations. However,
since the power spectral density in the high-frequency band is close to 0,
the PSD signals were intercepted within 100 Hz and 50 Hz for com-
mercial vehicles and passenger cars, respectively (Fig. 6). These triax-
ially (X, Y, Z) acquired power spectral density signals from twelve road
conditions served as vibrational excitation inputs for the random vi-
bration analysis of the onboard hydrogen storage system.

The RMS value serves as an effective indicator of signal energy
magnitude, enabling both preliminary assessment of vibration impact
levels across various road conditions and evaluation of system safety and
stability. The average signal power is quantified by calculating the RMS
value, which can be obtained by performing a root-mean-square oper-
ation on the power spectral density that describes the energy distribu-
tion of the signal in the frequency domain during a random process.
Fig. 7 presents a comparative visualization of these computed RMS
values, illustrating triaxial (X, Y, Z) vibrational energy characteristics for
both commercial and passenger vehicles under diverse road conditions.

Comparative analysis of the RMS values in Fig. 7(a) and (b) reveals
significantly higher vibrational energy levels in the onboard hydrogen
storage system of the passenger vehicle compared to that of the com-
mercial vehicle system under identical road conditions. This observed
disparity leads to three key conclusions.
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(1) Under identical road conditions, passenger vehicles exhibit
significantly greater vibrational response amplitudes compared
to commercial vehicles. The structural design differences be-
tween vehicle types - with passenger vehicles prioritizing light-
weight construction for comfort versus commercial vehicles
employing heavier designs for load capacity - correlate with this
observed dynamic behavior.

Comparative analysis reveals superior vibration attenuation
characteristics in commercial vehicle hydrogen storage mounting
systems. The cab-mounted configuration of the commercial

(2)
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PSD curve of onboard hydrogen storage system: (a) passenger vehicles, (b) commercial vehicles.

vehicle demonstrates markedly higher vibration damping per-
formance relative to the chassis-suspended system of the pas-
senger vehicle.

Road surface excitations propagate more efficiently through
passenger vehicle systems. This effect coincides with the tire
configuration differences: commercial vehicles’ thick, high-load
tires versus passenger vehicles’ lightweight low-profile tires,
resulting in more direct vibration transmission to the hydrogen
storage system.
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As demonstrated by the above conclusions, both measures—instal-
ling the onboard hydrogen storage system in the driver’s compartment
and equipping the vehicle with thicker, high-load tires—can effectively
reduce vibration impacts from the road surface.

3.3. Vibration simulation and failure analysis

We analyzed the failure modes and characteristics of the system and
assessed the extent of failure to determine its safety by observing the
equivalent stress nephograms [44] of the onboard hydrogen storage
system under random vibration. The equivalent stress nephogram in
Fig. 8 reveals that the onboard hydrogen storage system of the com-
mercial vehicle bears higher stress in the X and Y directions at the front
and rear reinforcement brackets, the central bracket, and the fixed base
of the frame. In the Z direction, higher stress is mainly located at the
hydrogen cylinder saddle and the welded joints of the brackets. These
areas are frequently and predominantly subjected to complex multiaxial
loads, especially alternating stresses caused by vibration, and are prone
to failure behaviors such as fractures or wear-induced cracking. When
the system is in a frequent vibration environment, due to the stress
concentration at the welded joints, these parts are prone to fatigue
damage. In particular, if the connection between the hydrogen storage
cylinder saddle and the bracket is not well-designed or of insufficient
strength, then the dynamic loading may lead to loosening of the
connection or structural damage, which may ultimately lead to the
collapse of the system and affect the overall operation.

The equivalent stress distributions in the passenger vehicle onboard
hydrogen storage system under X- and Z-direction vibrational loading
are presented in Fig. 9(a) and (c). Stress maxima localize at two critical
regions: (i) vehicle chassis mounts and bracket connections at both ends
of the system, and (ii) cylinder saddle and strap to bracket connection.
These stress concentrations may induce structural compromise through
either support deformation or fracture initiation. Fig. 9(b) reveals the Y-
direction vibrational stress distribution, demonstrating significant stress
concentration at the cylindrical saddle seat which may lead to embrit-
tlement of the saddle material and large structural deformations. There
are two main reasons for the failure behavior described above: (i) the
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structural fragility inherent in the structure of the main load-bearing
components of the bracing system, exacerbated by the continuous
gravitational loading, and (ii) transverse vibration resulting in uneven
force distribution across the saddle and concentrated stresses in thin-
walled sections.

In summary, the structural integrity of the onboard hydrogen storage
system can be enhanced through three design modifications: (i)
increased thickness at stress concentration zones, (ii) reinforcement ribs
in fracture-prone regions, and (iii) vibration-damping interfaces at
saddle connections. These measures can enhance the buffering capacity
of the saddle against vibration-induced pressure from the hydrogen
storage cylinder, thereby reducing stress on the saddle and preventing
its failure. The proposed optimization strategy ensures that the system
has the potential to significantly improve vibration resistance while
maintaining structural stability under operating conditions.

To analyze the impact of different road conditions on system failure
severity, we summarized the maximum equivalent stresses and
maximum deformations experienced by various types of onboard
hydrogen storage systems under different acceleration power spectral
densities. Based on these data, we created a column-line composite chart
as shown in Fig. 10.

Fig. 10 shows that the maximum equivalent stress experienced by the
passenger car onboard hydrogen storage system exceeds that of the
commercial vehicle system. Under the Psd4 road condition, the pas-
senger car system experiences the highest equivalent stress across all
directions, with a total stress of 347.31 MPa. However, the maximum
deformation occurs under the Psd6 condition, measuring 4.1898 mm. In
contrast, the commercial vehicle system also experiences the highest
stress and deformation under the Psd6 condition, with an equivalent
stress of 134.77 MPa and a deformation of 6.2385 mm. Comparative
analysis reveals that the vibration spectrum of road condition 6 has the
most significant impact on the failure potential of the onboard hydrogen
storage system, making it more prone to failure under this condition.
Furthermore, the random vibration simulation results show a clear
correlation between equivalent stress and deformation: as the equiva-
lent stress increases, so does the deformation.

The analysis of vibration-induced failures in onboard hydrogen
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Fig. 8. Equivalent stress contours of random vibration for commercial vehicle onboard hydrogen storage system: (a) X-direction; (b) Y-direction; (c) Z-direction.
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Fig. 9. Equivalent stress contour of random vibration for passenger vehicle onboard hydrogen storage system: (a) X-direction; (b) Y-direction; (c) Z-direction.
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Fig. 10. Random vibration simulation results of onboard hydrogen storage systems: (a) commercial vehicle configuration, (b) passenger vehicle configuration. 'p’ in
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storage systems reveals two distinct failure mechanisms: “resonance
phenomenon [45]" and “vibration fatigue [46]".

The resonance phenomenon arises when the excitation frequency of
external vibration loads matches the natural frequency of the system.
Under these conditions, all contacting components experience addi-
tional dynamic stresses. As vibrations persist, these stresses gradually
enlarge inter-component clearances and disrupt contact pressure dis-
tribution. When pressure falls below critical thresholds, instantaneous
constraint loss occurs, potentially leading to sudden fracture failure.
This failure risk increases proportionally with both number and ampli-
tude of vibrations - higher frequency and greater vibration magnitude
significantly raise the probability of failure. Conversely, vibration fa-
tigue results from prolonged exposure to irregular vibrations. In this
process, cyclic stress loading gradually builds up stress concentration in
the system. When these concentrated stresses exceed the yield limit of
the material, fatigue cracks begin to form. Continued cyclic stresses then
propagate these cracks until they reach critical size, ultimately causing
structural failure at stress concentration areas. This mechanism exhibits
the characteristic progressive degradation pattern typical of fatigue
failures.

4. Conclusion

This study presents a comprehensive investigation into the failure
mechanisms of onboard hydrogen storage systems by collecting multi-
dimensional acceleration signals from 12 representative road condi-
tions through real-world vehicle testing. After signal processing and
transformation into vibration spectrum data, random vibration simula-
tions were performed on hydrogen storage systems. Modal analysis re-
sults, together with the RMS values of the power spectral density signals,
were utilized to evaluate system responses and identify failure modes
and characteristics. The key findings are summarized as follows.

(1) Under identical road conditions, passenger vehicle hydrogen
storage systems exhibit stronger vibrational responses compared
to those in commercial vehicles. This is primarily attributed to the
design priorities of passenger vehicles, which emphasize ride
comfort, resulting in higher vibration transmission. In contrast,

commercial vehicles employ more rigid structural layouts that
effectively dampen vibrational energy.

(2) Stress concentration regions were identified under specific road
conditions—condition 6 for commercial vehicles and condition 4
for passenger vehicles—where the systems experienced
maximum equivalent stresses of 134.77 MPa and 344.45 MPa,
respectively. Structural components such as the cylinder saddle
and support brackets were prone to deformation and fracture,
leading to connection loosening, structural collapse, and poten-
tial detachment of the hydrogen cylinders. Notably, road condi-
tion PSD6 was found to be particularly detrimental due to its
ability to simultaneously induce peak stress and deformation,
thereby amplifying the risk of compound structural failure.

(3) The primary failure mechanisms were identified as resonance and
vibration-induced fatigue. Resonance occurs when external
excitation frequencies align with the natural frequencies of the
system, generating excessive dynamic stresses that enlarge
clearances between components and ultimately lead to material
failure. In parallel, continuous exposure to high-frequency vi-
brations initiates fatigue processes, characterized by localized
stress concentration, crack initiation, and eventual propagation
to critical failure—particularly at bracket connections.

These findings offer valuable insights into the structural optimization
and failure prevention of onboard hydrogen storage systems, contrib-
uting to the design of safer hydrogen-powered vehicles.
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