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ABSTRACT 

The application of hydrogen-based fuel cell vehicles in transportation offers a great alternative to 
address the urgent threats of environmental pollution and climate change. Nevertheless, the challenges 
are multiple when comparing the applicable design requirements for compressed hydrogen tanks with 
the ones associated with a typical gasoline container. Composite pressure vessels are currently the 
automotive industry’s answer to the technological issues raised. This work consists in an investigation 
of the effects of uncertainties typically associated with material properties on the structural performance 
of filament-wound pressure vessels subjected to internal hydrostatic pressure. A probabilistic 
methodology to evaluate the burst behavior of type IV composite pressure vessels was developed, taking 
into account the effect of uncertainties in mechanical properties described in the lamina level. The 
analytical modeling approach reflected the assumptions usually made for preliminary design stages of 
such components and used Monte Carlo simulations for probabilistic assessment. An uncertainty 
analysis was first performed, quantitatively describing the possible outputs given the prescribed 
variation of the inputs. Later, a sensitivity analysis was conducted, determining which input parameters 
among the material properties contributed the most in the output variability. 
 
1 INTRODUCTION 

The worldwide quest for a global energy transition has elected hydrogen fuel cell (FC) technology 
as a viable, green, clean, emissions-free option to traditional internal combustion processes [1]. Motors 
powered by electricity have since assumed a pivotal role, with hydrogen-powered vehicles 
complementing battery electric alternatives in order to achieve a deep decarbonization of the 
transportation sector, which alone is responsible for the largest share of greenhouse gas emissions. 

Light duty vehicles using compressed hydrogen have learned from the successful global growth of 
natural gas vehicles, and the first generation of FC vehicles has experienced commercial deployment in 
recent years, under the leadership of Honda, Toyota and Hyundai. Latterly, the focus of hydrogen fuel 
cell has been shifting from light duty compact cars to heavy-duty applications [2]. The gravimetric 
energy density of hydrogen makes it a great candidate for medium/larger vehicles operating longer trips, 
such as trucks and buses, for which battery size would become impractical. In addition, it allows 
refueling infrastructure challenges to be faced by concentrating stations. 

Regardless of the vehicle weight class, the feasibility of hydrogen-based fuel cell vehicles 
particularly relies on the development of safe, lightweight and cost-competitive solutions for hydrogen 
on-board storage. The most prominent and costly component of the hydrogen storage system of a FC 
vehicle is the hydrogen tank and its fabrication processes may be challenged to ramp up fast enough for 
a large-scale market adoption [3]. The storage system of fuel cell vehicles requires a specialized pressure 
vessel, significantly different in function, size, and construction from a typical gasoline container. The 
automobile industry has adopted a Type IV pressure vessel configuration, which is composed of a thin 
polymer liner fully overwrapped with carbon fibers wound layers. 

Reliability analyses are vital to quantify and evaluate structural safety. The most common application 
of probabilistic structural design revolves around the typical stress-strength reliability approach, where 
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distributions of applied stress are compared to distributions of the strength resistance offered by the 
structure [4]. Fig. 1 represents the uncertain nature of both applied stresses and strength by probabilistic 
density functions. Failure occurs when the applied stress on a structure exceeds its strength, what would 
be represented by the interception of the two curves. 

 

 
 

Figure 1: Stress-Strength analysis for reliability: Graphical representation of failure concept. 
 
When dealing with composite materials, its mechanical behavior reflects the variability associated 

with their intricated structure and complex manufacturing processes. In the context of structural design, 
uncertainties can manifest from the variability in constituent properties, fiber distribution, part geometry, 
loading conditions, and also from manufacturing-related features [5]. During the design stage of 
composite structures, the influence of multiple design parameters on the product needs to be critically 
evaluated to achieve the desirable objective. There is thus a need to incorporate uncertainties effect so 
that structural performance can be assessed from a probabilistic perspective. 

This work addresses an investigation of the effects of material uncertainties on the structural 
performance of filament-wound pressure vessels subjected to internal hydrostatic pressure. A 
probabilistic methodology to evaluate the burst pressure of type IV composite pressure vessels (COPV) 
was developed and validated, taking into account the effect of uncertainties in material properties. The 
modeling approach was focused on reflecting the initial assumptions usually made for preliminary 
design stages of composite pressure vessels, which employ lower levels of detail regarding material and 
structural definitions. As a result, a framework was built to probabilistically assess the design of a 
COPV, by means of both uncertainty and sensitivity analysis. 
 
2 METHODOLOGY 

2.1 Case study and general guidelines 

This work utilized a case study from the current literature, focused on the design of filament wound 
COPV of type IV. Alam et al. [6] have performed finite element analysis and burst testing of a carbon 
fiber/epoxy pressure vessel. The geometry of the pressure vessel in question can be seen in Fig. 2. The 
analyzed COPV had a layup sequence of [-13°/+13°/+88°/-13°/+13°] and ply individual thicknesses of 
thelical = 0,8382 mm and thoop = 0,2286 mm. 
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Figure 2: (a) COPV geometry; (b - c) Photographs of failed specimens [6]. 
 
The first task consisted in performing a deterministic stress analysis for the COPV using the input 

from [6] to demonstrate the accuracy of the developed tool. ELamX2 [7], an open-source Java-written 
composite calculator developed by the Institute of Aerospace Engineering from the Technische 
Universität Dresden, was used in this calibration stage, by comparing local stresses values. The results 
showed a good agreement, with a very low discrepancy. The second task encompassed the probabilistic 
structural assessment of the COPV, taking into account the variation in material mechanical properties 
at lamina level, which were treated as random variables and statistically described. 

The computational tool was built using a Microsoft® Excel® spreadsheet, with macro codes written 
in VBA in order to automate the repeated calculations involved in probabilistic analysis. Excel® Data 
Analysis ToolPack was used in data post-processing. 

 
2.2 Strength analysis 

The composite pressure vessel was analyzed under static condition, considering simplified linear 
elastic behavior. The structural load was considered to be carried totally by the composite layers, with 
the plastic liner sharing no load. Failure investigations approximated the burst pressure with First Ply 
Failure (FPF) condition. Stress-strain relations were obtained by employing Classical Laminate Theory 
formulations. 

The vessel was considered thin-walled and only its cylindrical section was analyzed, an assumption 
backed by the fact that the dome section manufactured by filament winding usually exhibits fiber 
accumulation. No localized bending correction was here considered, so that the model displays a purely 
membrane biaxial tensile stress state. The observation of failed specimens from the case study indicated 
that the COPV in question has failed in the cylindrical section, as in accordance with the adopted 
assumption. 

The employed material system consisted in towpreg carbon fibers (T800S-10E-24 K) / epoxy resin 
TCR UF3323 and its mechanical properties are statistically described in Table 1, following normal 
distributions. The mean values are the ones encountered in Reference [1]. In the absence of a stochastic 
experimental material characterization, standard deviation values (in terms of percentage of the mean 
values) were taken in accordance with the probabilistic study from Li et al. [8], that was originally based 
on information from Composite Materials Handbook Series [9].  
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Parameter Mean Standard 
deviation 

Longitudinal modulus - 𝐸𝐸1 [GPa] 176.8 8.0 
Transverse modulus - 𝐸𝐸2 [GPa] 10.336 0.519 
Poisson's ratio in direction - 𝜈𝜈12 [-] 0.3300 0.0208 
In-plane shear modulus - 𝐺𝐺12 [GPa] 4.895 0.296 
Longitudinal tensile strength - 𝑋𝑋𝑇𝑇 [MPa] 3364.8 112.0 
Longitudinal compressive strength - 𝑋𝑋𝐶𝐶  [MPa] 1723.75 137.9 
Transverse tensile strength -𝑌𝑌𝑇𝑇 [MPa] 96.53 3.99 
Transverse compressive strength - 𝑌𝑌𝐶𝐶 [MPa] 289.59 16.11 
In-plane shear strength - 𝑆𝑆12 [MPa] 96.53 0.59 

 
Table 1: Stiffness and strength mechanical properties for carbon fiber composite (T800/epoxy) [1,8]. 

 
Maximum Stress was taken as failure criteria, taking the Margin of Safety as zero. Equations (1) - (3) 

express failure condition in the form of subcriteria. This option makes it possible to also account for 
failure mode, by comparing three distinguished possibilities: Longitudinal failure (Eq. 1), Transverse 
failure (Eq. 2), and Shear failure (Eq. 3). Since the structure in question is an internally pressurized 
vessel, the deformation mode will imply in an expansion movement, that will be accompanied only by 
a resulting tension stress field. So, the evaluated Maximum Stress equations will refer only to tensile 
failure (σ1> 0 and σ2> 0). 

 

𝜎𝜎1 = � 𝑋𝑋
𝑇𝑇 , when 𝜎𝜎1 > 0   

−𝑋𝑋𝐶𝐶 , when 𝜎𝜎1 < 0 
, 

(1) 

𝜎𝜎2 = � 𝑌𝑌
𝑇𝑇 , when 𝜎𝜎2 > 0   

−𝑌𝑌𝐶𝐶 , when 𝜎𝜎2 < 0 
 

(2) 

|𝜏𝜏12| = 𝑆𝑆 (3) 
 

2.3 Probabilistic evaluation 

The probabilistic structural assessment was performed by means of a Monte Carlo simulation with 
simple random sampling, so that its repeated calculations generated the database for probabilistic 
response. Uncertainty propagation was first performed, determining the impact of input uncertainties on 
the outcome of the model. Following Hwang et al. [10], 1000 simulations were performed. 

Sensitivity analyses were later conducted in order to identify the key material properties of concern. 
Initially, a correlation analysis using Pearson’s coefficients was made (Eq. 4), measuring the association 
between each input considered separately and the output. These dimensionless indexes ranging from       
-1.0 to +1.0 reflect the extent of a linear relationship between two data sets. 

 
𝑟𝑟𝑥𝑥𝑥𝑥 = ∑ (𝑥𝑥𝑖𝑖−�̅�𝑥)(𝑥𝑥𝑖𝑖−𝑥𝑥�)𝑛𝑛

𝑖𝑖=1

�∑ (𝑥𝑥𝑖𝑖−�̅�𝑥)2𝑛𝑛
𝑖𝑖=1 �∑ (𝑥𝑥𝑖𝑖−𝑥𝑥�)2𝑛𝑛

𝑖𝑖=1

, (4) 

 
The level of correlation between two data sets can be classified in terms of the absolute values from 

Pearson’s coefficients [11]: i) 0.00 – 0.19: very weak correlation; (ii) 0.20 – 0.39: weak correlation; 
(iii) 0.40 – 0.59: moderate correlation; (iv) 0.60 – 0.79: strong correlation; (v) 0.80 – 1.00: very strong. 

Finally, a one-factor-at-a-time investigation was conducted, aiming to describe how perturbations 
near an input space influences the output. In this local sensitivity analysis, all other factors were held 
constant when one is varied. Once the input random material properties present different degrees of 
variability, the local sensitivity analysis ranged from the 5th percentile to the 95th percentile. 
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3 RESULTS AND DISCUSSION 

Fig. 3 presents the histogram of the estimated burst pressure, describing the uncertainty quantification 
of the outcome. It includes a normal distribution curve with the mean and standard deviation calculated 
from a curve fitting of the generated database. The obtained outcome presents a medium value of 
𝜇𝜇 = 9.695 MPa and standard deviation of 𝜎𝜎 = 0.5300 MPa (5.5%). Alam et al. [6] have predicted a burst 
pressure value of 15.64 MPa for the vessel configuration in question, while the mean burst pressure 
values experimentally obtained from three specimens was 16.09 MPa. Both values surpass the maximum 
values from this work’s probabilistic analysis by relatively far. This can be attributed to different 
hypotheses considered in the analysis procedure. Alam et al. [6] have used detailed finite element 
simulations of half quarter tank, including dome section. Nonlinear geometry was considered as well as 
a nonlinear material description, taking into account progressive damage modeling. This finding shows 
how important is to consider the effect of progressive damage evolution in burst pressure simulations. 
Fig. 4 shows the cumulative density function (CDF) of the failure condition. 

 

 
Figure 3: Probabilistic failure response of a COPV to material uncertainty – Histogram of estimated 

burst pressure. 
 

 
Figure 4: Probabilistic failure response of a COPV to material uncertainty – CDF of estimatedburst 

pressure. 
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Tab. 2 summarizes Pearson’s correlation coefficients relating the estimated burst pressure with 

material uncertainty, presented in a descending order. Between all the material properties treated as 
uncertainties, 𝑌𝑌𝑇𝑇 , 𝐸𝐸2  and 𝐸𝐸1  are the ones associated with strong, moderate, and weak correlations, 
respectively. All other uncertainty parameters have shown very weak correlation properties. The highest 
absolute values of correlation coefficient indicate what parameters have a significant effect on the 
performance of the COPV. Therefore, designers should be paid more attention to them, and its variability 
should be well controlled.  

Given the sign of Pearson’s correlation coefficients, an increase in 𝑌𝑌𝑇𝑇 or 𝐸𝐸1 would be accompanied 
by a resulting increase in burst pressure. On the other hand, an increase in 𝐸𝐸2 will generate a decrease 
in resulting outcome. Such findings can be corroborated by the graphs presented in Fig. 5. 

 

Parameter Correlation 
coefficient 

𝐸𝐸2 -0.4909 
𝑌𝑌𝐶𝐶 -0.0589 
𝑋𝑋𝐶𝐶  -0.0540 
𝑆𝑆12 -0.0447 
𝑋𝑋𝑇𝑇 -0.0263 
𝜈𝜈12 +0.0290 
𝐺𝐺12 +0.0291 
𝐸𝐸1 +0.3883 
𝑌𝑌𝑇𝑇 +0.7485 

 
Table 2: Correlation coefficients relating the estimated burst pressure with material uncertainty. 
 

 
Figure 5: Distribution of estimated burst pressure with respect to: (a) Longitudinal modulus; 

(b) Transverse modulus; (c) Transverse tensile strength. 
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Fig. 6 collects the results from the one-factor-at-a-time analysis. The results were gathered in the 
form of a tornado plot, been displaced around the deterministic value of burst pressure. The input 
properties with negligible effect in the output variation were not presented in the graph. Once again, it 
reinforced 𝑌𝑌𝑇𝑇  as the input parameter that dominates the output response of the COPV in question. Its 
variation along the prescribed statistical range will reflect in a wider fluctuation of burst pressure. 

 

 
Figure 6: Sensitivity of burst pressure to random input material properties 

 
Fig. 7 shows the stress-strength interference plots that can be derived from the three subcriteria that 

compose the Maximum Stress failure criterion. It can be seen that failure in the COPV in question was 
governed by transverse tensile failure, a response that can be attributed to a very low transverse stress 
allowable (circa 35 times lower than the longitudinal tensile value). This agrees with the deterministic 
simulations performed in eLamX2 for the prescribed layup. Once that the Margin of Safety was fixed 
as zero for this investigation, it was expected that strength and stress curves would superimpose, as 
observed in Fig 1. 

 

 
(a) 

Figure 7: Stress-strength interference on local orientation: (a) Longitudinal normal stress-strength; 
(b) Transverse normal stress-strength; (c) In-plane shear stress-strength. 
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(b) 

 
(c) 

Figure 7: Stress-strength interference on local orientation: (a) Longitudinal normal stress-strength; (b) 
Transverse normal stress-strength; (c) In-plane shear stress-strength (Continued). 

 
4 CONCLUSIONS 

This work conducted a probabilistic investigation of strength analysis of a composite pressure vessel. 
The simplified analytical methodology proposed herein was able to describe the effect of uncertainties 
related to material properties on the predicted structural performance from the standpoint of uncertainty 
propagation and sensibility analysis. The allowable burst pressure of the vessel in question was shown 
to be most sensitive to transverse tensile strength, transverse modulus and longitudinal modulus, while 
other material properties on the lamina level showed little effect. This is valid for the current case study 
and may vary with changes in vessel geometry (such as layup, thickness, etc.), failure criteria, among 
others. 

Studies like this allow a better understanding of the limitations of current deterministic preliminary 
design strategies and are particularly useful for anticipating variation in material properties. Probabilistic 
structural evaluations can then provide additional information about reliability and risks, while 
achieving less conservative results than the ones obtained by deterministic guidelines.  
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