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Abstract

The recent drive towards carbon-neutral transportation has led the automotive industry towards the devel-
opment of fuel cell electic vehicles (FCEV). A crucial part of these systems is the hydrogen storage solution.
This is often a Type IV composite pressure vessel (CPV), where gaseous hydrogen is compressed to 70 MPa
according to automotive specifications. CPVs are among the most sophisticated composite structures and
a thorough understanding is yet to be achieved. Carbon fiber reinforced polymer (CFRP)is usually selected
for these vessels, as it ensures high mechanical performance at low weight. CFRP is however expensive, and
minimizing its usage is fundamental to lower the costs of the tank system.

This research aims to contribute to the understanding of CPVs by developing an analysis strategy which
captures the mechanical response of the vessels during pressurization in a robust and time-efficient manner.
The study is performed in collaboration with cellcentric GmbH, where a unique experimental setup for pres-
surization and burst testing allows to validate the numerical results. The techniques used to gather this data
include stripe light projection and digital image correlation (DIC).

The study initially simulates the implications of the manufacturing proccess on the geometry and mate-
rial composition of CPVs. An analytical adjustment to the vessel architecture replicates the effects of com-
paction during filament winding. Furthermore, modifications to the predicted vessel contour ensure that the
complex dome geometry is represented realistically. The adjusted vessel specifications are then used to set
up a finite element (FE) model in the Abaqus software. The model generation is fully automated, allowing
the analysis of a variety of configurations. Several numerical adjustments are implemented to minimize the
computational expenses of the simulation and maximize its accuracy. The model size is reduced drastically
by decreasing the angle of revolution by which the laminate contour is rotated to generate the part. For all the
results presented in the document, this is set to 5 degrees. The axial and through-thickness discretization is
adjustable according to the desired resolution. In this report, the vessel is discretized axially in 242 points. A
per-ply-group discretization is chosen to capture most through-thickness effects at low computational time.

Within the Abaqus environment, two models are developed. The first one uses a solid element formula-
tion. This element type is inhereted from previous studies, granting a direct comparison with the pre-existing
benchmark. The second one uses a continuum shell element formulation, which allows to simulate effi-
ciently material degradation due to damage according to Hashin Rotem failure criterion. The performance
of the two frameworks is evaluated for three vessel configurations with regards to three main parameters.
Firstly, the predicted outer strains at 105 MPa internal pressure are compared to the experimental data. Then,
the burst pressure is estimated from the stress-state extracted from Abaqus at the same pressure level. In this
case, the Puck and the maximum stress failure criteria are applied to extrapolate linearly the burst pressure
based on a first ply failure approach. This considers tensile fiber fracture as only possible failure mode. Again,
experimental data is used to check the validity of the method. Finally, the computational time is assessed.

This approach leads to a twofold modelling strategy, that can be tuned according to the needs of the
user. The solid element model provides reasonably accurate results at very low computational times (lower
than 5 minutes for all investigated cases) and it is useful in preliminary design phases. The continuum shell
element model leads to much more accurate results and insights on the failure sequence. However, it comes
at higher computational costs (between 30 and 80 minutes for the investigated cases). This framework is
best implemented within detailed design phases. In both cases, the accuracy and computational efficiency
of the model exceeds greatly that of the pre-existing benchmark. Both modelling strategies are able to predict
the trends in deformational behavior of the CPV closely. For the three vessel configurations in analysis, the
discrepancy between the simulation results and the experimental data does not exceed 8% for both outer
tangential and meridional strains. Failure is also predicted realistically, both in the dome and in the cylinder.
The discrepancy in this case is lower than 10% for all configurations. One of the most remarkable achievement
of the research is the successful prediction of dome burst, anticipated with an accuracy of 99%. Dome burst
is rarely investigated due to the high complexity of the geometry and the material composition of the region.

In future research the model may be applied to a wider set of laminate configurations and vessel geome-
tries to further scrutinize its validity for different scenarios. Particular emphasis should be put towards the
dome laminate architecture as the varying layer orientations, layer thicknesses and material properties com-
plicate an accurate numerical reproduction of this region.
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1
Introduction

Climate change is a reality that requires immediate action. The quick response of the industry to this emer-
gency is fundamental to limit the damage of human action on the environment and reduce global emissions.
This growing awareness has manifested itsself in an expanding social movement demanding for meaningful
effort for a sustainable future. Industrial parties must react promptly to remain competitive on the market.

The automotive industry has gradually started to explore several options in terms of vehicle propulsion,
with the purpose to eventually embrace the transition towards carbon-neutral means of transportation. This
does not only pose an interesting alternative to partly solve the issue of climate change, but also a convenient
solution to avoid the extreme fluctuations of oil prices. In this context, most original equipment manufac-
turers (OEMs) are investing on the hybridization and electrification of vehicle fleets. Battery electric vehicles
(BEVs) have therefore become a largely implemented alternative to regular internal combustion engine (ICE)
vehicles. In general, an electric powertrain has the benefit of achieving high torque through a highly efficient
conversion of chemical energy into electrical energy, making the performance of BEVs virtually competitive
with that of the widely used ICEs.

Nevertheless, BEVs have several limitations: firstly, the substantial weight of commercial batteries, neces-
sary to achieve the relatively long ranges that the automotive industry requires. The average energy density of
currently available battery packs does not exceed 0.15 kWh/kg, translating to a required battery weight of 650
kg to achieve a range of 500 km on a 180Wh/km power consumption. Therefore, batteries of large power ca-
pacity are rather unrealistic. Furthermore, commercial batteries typically have slow recharging times which
limit the applicability of BEVs to short-distance travel. To give an example, a discharged 75kWh Tesla Model
S from 2019 would require 21 to 27 hours to charge to full capacity, using a commercial 3.6 kW plug [1].
Although, the charging time can be reduced significantly to approximately 30 minutes when a Tesla fast-
charging socket is used, the slow charging capabilities of commercial batteries has led the automotive indus-
try to favor the implementation of BEVs only for private transportation, rather than commercial movement
of goods.

The impact of the trucking industry on the climate should however not be underestimated. To put things
in perspective, according to a statistic released by the Environmental Protection Agency (EPA) in 2018, the
medium- and heavy- duty trucks constitute only 1% of the traffic on American highways, and yet they con-
tribute to more than 23% of the greenhouse gas emission that the transportation sector is responsible for [2].
The applicability of BEVs only to limited ranges has important implications for the trucking industry, where
BEVs are intuitively only a valid alternative to ICE vehicles for short-distance travels. As consequence, a dif-
ferent long-range solution must be found to limit the large impact of the trucking industry on the climate.
A valid alternative to partly mitigate this issue is offered by hybrid vehicles that combine batteries to ICEs.
Hybrid vehicles benefit from the advantages of ICEs over long distances, without giving up the convenience
of electric drivetrains on short ranges. Nevertheless, the efficacy of hybrid vehicles on the reduction of emis-
sions is intuitively only marginal.

A more interesting solution is offered by fuel cell electric vehicles (FCEVs), mainly thanks to their high
gravimetric energy density and their faster refueling possibility. As introduced by Ehsani et al. [3], the fuel
cell technology relies on an electrical powertrain fed by the output of the electromechanical process which
occurs in a galvanic cell. Hydrogen, which serves as fuel, is provided to the anodic side of the cell, causing the

1
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release of free electrons. This creates a potential difference within the system, which generates a voltage and
therefore an electric flow similar to that of a chemical battery.

Within the fuel cell system, hydrogen can be stored in liquid or gaseous form. In the first case, storage
is attained under cryogenic conditions, due the low volumetric energy density of hydrogen at room tem-
perature. A more commonly used solution implies the storage of compressed gaseous hydrogen, achieved
similarly as for the already well-established compressed natural gas (CNG). In this context, pressurizing hy-
drogen is necessary due to its low density at atmospheric pressure and temperature, approaching 0.09 g/L. In
fact, as approximtely 1 kg of fuel is needed every 100 km of range for regular passenger cars, the introduced
hydrogen needs to be highly pressurized to store an adequate amount of fuel and therefore achieve signifi-
cant ranges. This becomes even more relevant for trucks, for which the fuel consumption ranges between 8
and 10 kg every 100 km.

High levels of pressurization, however, constitute a challenge for the design of the fuel cell system. Com-
pressed hydrogen is explosive, and a robust tank is needed to withstand the high loads imposed by the in-
ternal pressure and guarantee the maximum safety of the vehicle. The purpose of this work is therefore to
investigate this complex loading condition and contribute to the understanding of pressure vessels, to en-
sure high reliability at minimum cost. With the aim to provide an overview of the research framework and its
scope, a summary of the evolution of pressure vessels in the automotive industry is presented in the next sec-
tion. This is followed by a description of the manufacturing method suitable for their production. Finally, a
brief summary of the structure of this thesis is provided to allow the reader to familiarize with the document.

1.1. Composite Pressure Vessels in the Automotive Industry
Within the automotive sector, pressure vessels must comply with a series of requirements. Firstly, given the
proximity of the tank to the passengers and the strict laws that regulate the automotive industry, pressure
vessels shall ensure maximum safety. To this purpose, it is important that they are completely airtight, as hy-
drogen is notoriously flammable [4] and any leak could potentially endanger the passengers. Secondly, they
shall provide the necessary structural soundness to withstand the high internal pressure loads, without caus-
ing massive weight increase to the vehicle. This would inherently lead to a higher fuel consumption. Thirdly,
they shall allow for maximum storage volume, as intuitively the higher the capacity of the tank system, the
longer the achievable range of the vehicle. Finally, they shall be cheap, such that FCEVs remain competitive
on the market and can be deemed convenient as compared to their ICE counterpart.

The geometry and material of the tank are determined based on these requirements. The structure of
the pressure vessels developed within the automotive industry typically includes a cylindrical section con-
fined by two close-to-spherical end-caps, as shown in the example in Figure 1.1. This geometry is chosen as a
space-efficient extension of the fully-spherical alternative, convenient from a loading perspective as it guar-
antees the sole development of membrane loads [5]. At the same time, it allows for an increase in volumetric
capacity, thanks to the elongated cylindrical main body.

The shape of the end-caps is selected according to the application of the vessel, the materials used and
the geometry of the central structure. Theoretically, their shape can range from flat end-caps to hemispher-
ical domes. The former causes high stress concentrations and bending moments at the cylinder edge. On
the other hand, the latter is particularly inconvenient in terms of space efficiency, as it occupies a rather sig-
nificant volume with respect to the internal capacity that it offers. Therefore, an ellipsoidal shape is usually
preferred as compromise between the formerly explained solutions [5, 6]. This option features a much more
gradual change in geometry compared to the flat end-caps, while ensuring higher storage volume compared
to the hemispherical domes.

Depending on the maturity of development, the purpose of the application and the structural require-
ments of the storage solution, different vessel types have been explored in the automotive sector [8, 9]:

• Type I : Consist of a fully metallic pressure vessel;

• Type II : Consist of a metallic pressure vessel locally reinforced by composite material in the cylindrical
section;

• Type III: Consist of a composite laminate structure wound around a metallic gas-sealing liner;

• Type IV: Consist of a composite laminate structure wound around a polymeric gas-sealing liner;

• Type V: Consist of a composite pressure vessel without liner.
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Figure 1.1: Overview of pressure vessel sections, from [7].

A graphical representation of the listed pressure vessel types is presented in Figure 1.2 [10]. Despite be-
ing designed for similar loading conditions, the pressure vessel types progressively decrease in mass while
increasing in percentage use of composite material and structural complexity.

Figure 1.2: Overview of vessel types according to their structural design, from [11].

Type I and Type II pressure vessels have been implemented in the transportation industry prior to the
advent of FCEVs as feasible solution for the storage of Compressed Natural Gas (CNG). CNG offers a valid
alternative to regular combustion engines thanks to lower emissions and up to 50% lower operating costs [9].
As gaseous hydrogen, CNG is stored at high pressures, requiring an infrastructure similar to that of FCEVs.
Therefore, when FCEVs were first introduced, the option of implementing the same system was logically in-
vestigated. At later development stages, the designs of Type III and Type IV pressure vessels has been further
refined for hydrogen storage and are now the most mature level of technology in mobile applications. These
types of vessels include an appropriate gas-sealing liner which sets the general vessel shape and prevents
leakage of gaseous material [9]. A composite reinforcement is then used to guarantee the structural robust-
ness of the tank system. Type V pressure vessels are currently only used for aerospace applications due to
their excessive costs often unreachable within the automotive sector.

During pressurization, the vessel structure expands, generating significant tensile stresses. These domi-
nate the loading on the vessel and determine its mechanical response. In this context, the choice of carbon
fiber reinforced polymer (CFRP) as reinforcement finds its reasoning, as its tensile strength to weight ratio
exceeds of about ten times that of steel. However, raw carbon fiber is expensive, making the cost of CPVs par-
ticularly elevated. In fact, the material cost makes up for 60 to 80% of the total vessel costs depending on the
production volume [12], mainly due to the specific pre-processing procedures required to manufacture raw
CFRP. It is therefore clear that minimizing its use would lead to a cost-efficient hydrogen storage solution.

Within automotive regulations, the performance of CPVs is assessed in terms of burst pressure, or in other
words the maximum pressure reached before the laminate structure fails, causing hydrogen dispersion. Ac-
cording to the Global Technical Regulation GTR13 [13], a composite pressure vessel can be certified only
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when its burst pressure exceeds the critical value of R ·poper ati ng . Here, R is the required ratio between mini-
mum burst pressure and nominal woking pressure, typically ranging between 2.25 and 3.5 depending on the
vessel type, and poper ati ng is the nominal working pressure, conventionally set at 70 MPa. In addition, CPVs
are subjected to impact testing to prove the vessel resistance to perforation. It should be noted that for every
configuration, at least 3 samples must be tested to prove the safety of the design.

Among other tests, each manufactured CPV also has to endure end-of-line pressurization testing. This is
meant to prove its capabilities during regular operation, as it requires the vessel to hold a pressure 1.4 times
higher than the nominal working pressure for 30 s [14].

Typically, the burst pressure requirement dictates the main design parameters, as the high internal pres-
sure loading immediately prior to burst causes critical stress states within the vessel laminate structure [15].
Therefore, most structural optimization studies are based on achieving the required burst pressure while us-
ing the lowest amount of material. For this purpose, appropriate understanding of the structural response is
absoutely necessary to achieve structural soundness at minimum cost.

1.2. Manufacturing of Composite Pressure Vessels
Given their convenient axisymmetric geometry, CPVs are usually manufactured by means of filament wind-
ing. To properly understand the mechnical response of the vessel, this manufacturing process must be care-
fully analysed, as it affects the architecture of the composite laminate significantly. Filament winding has
been used for the manufacturing of fiber reinforced structures since the second half of the 20th century for
multiple reasons. First of all, it allows for the application of continuous fiber filaments on curved surfaces.
Continuous fibers are the strongest type of reinforcement when loaded longitudinally, and can be oriented to
match and carry the loading state of the structure [16]. Furthermore, filament winding can be largely auto-
mated, allowing for low labour costs and high reproducibility [17]. In the next sections, the filament winding
procedure and its effects on the final vessel architecture are described in detail.

1.2.1. Introduction to Filament Winding
In filament winding, narrow tows of composite material under tension are passed through an eyelet and
deposited on a polymeric liner. The process can be performed by means of a portal machine or with the aid
of a robotic system. The first features a rotating and translating eyelet moving alongside the rotating liner. The
second, on the other hand, consists of a rotating eyelet and a translating and rotating liner. In other words,
the difference between the two methods resides in the translating movement, which is performed by the
eyelet in the first case and by the liner in the second. In any case, the rotation of the eyelet allows to tune the
orientation of the fibers on the mandrel and distribute their strength and stiffness as needed. The movement
of the mandrel ensures full fiber coverage over its outer surface [17]. Different filament winding machines
may allow rotations around two, three or six axis, progressively increasing the flexibility of the process.

Another way of differentiating between the winding processes is based on the stage of impregnation of the
fiber component. In dry winding the fibers are impregnated prior to the winding process, and bought from
the material manufacturer in the form of ready-to-use prepreg spools. On the other hand, in wet winding,
tows of dry fibers are passed through a resin bath directly prior to winding. This is schematically depicted
in Figure 1.3, which features an original portal axis machine. Within industrial settings, wet winding is often
preferred, as it relies on generally cheaper raw materials which do not require the high-quality processing
necessary to make prepreg rolls. Wet winding has also the advantage of not involving any specific infrastruc-
ture for the storage of the raw material, inherently lowering the overall manufacturing costs of CPVs. The dry
fibers for wet winding can conveniently be stored at room temperature without issue, and the resin system
does not begin its hardening curing process as long as the components remain unmixed. In dry winding, on
the other hand, the raw material must be kept below freezing temperature to avoid premature curing of the
resin system. Despite this enormous advantage, wet winding has several disadvantages. First of all, the man-
ufacturing process must be performed at a fast pace, as the impregnation of the fiber in the matrix becomes
progressively more ineffective as the viscosity of the polymer increases with curing time. Alternatively, wind-
ing must be performed in subsequent steps by mixing only limited amounts of resin components at the time,
allowing only a portion of the raw material to start curing. A second disadvantage of wet winding is the high
level of maintenance required for the instrumentation. In fact, the stickiness of the thermoset resin still in its
liquid phase requires frequent cleaning of the manufacturing tools, increasing the labour costs of in-series
production [18]. Another important difference between wet and dry winding is the possibility to achieve
high accuracy in the placement of plies at different locations. As in wet winding the matrix must be liquid
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enough for impregnation, its tackiness is partly compromised, making it difficult for the impregnated fibers
to stick to the underlying surface in the desired location and orientation. As consequence, the fiber tows in
wet winding tend to slip and accurate fiber placement cannot be guaranteed. In this context, dry winding
is a much better alternative as the uncured resin of pre-impregnated composite materials is designed to be
sticky enough to allow good adhesion with the surface underneath. Therefore, an adequate level of control
over the location and orientation of the fibers can be achieved by programming the movement of the winding
machine appropriately [10]. Similarly, controlling the fiber volume content and ensuring its maximization is
more easily achievable in dry winding. The spools provided from the material manufacturers are designed
and processed in such way to maximize the ratio of fiber-to-matrix volume, with the intention to guarantee
maximum material performance without compromising the important load-transfer purpose of the matrix.
For these reasons, dry winding is often preferred for research purposes where high precision is needed. This
leads to better prediction of the material architecture both in terms of fiber orientation and in terms of fiber
volume content.

Figure 1.3: Schematic representation of a wet winding process on a portal axis machine, from [16].

The translational and rotational motion of the winding robots for dry winding gives origin to two layer
types, presented in Figure 1.4. Helical layers define a balanced [±α] interwoven laminate as the filament is
deposited from pole to pole. Circumferential layers, on the other hand, are wound nearly perpendicularly to
the longitudinal axis of the vessel in its cylindrical section. Here, the stability of the fibers is not affected by
the high slip potential caused by curvature of the liner. The cylindrical region of the vessel experiences high
tangential stresses, therefore benefiting from the presence of the fiber reinforcement at high angles of orien-
tation [19]. On the contrary, helical layers are used to reinforce the vessel axially and tangentially according
to their orientation, which refers to their angle of inclination in the cylinder with respect to the longitudinal
axis of the vessel. This tends to be constant in cylinder, but it increases in the dome regions, where the tows
approach the turnaround point. According to their orientation, helical plies can be classified into two layer
types. Low angle helical plies, with orientation typically ranging between 0 and 20 degrees in the cylinder,
are used to reinforce the vessel longitudinally and have small polar openings, reaching the interface between
liner and boss at the boss neck. High angle helicals, on the other hand, have orientation usually ranging be-
tween 20 and 80 degrees and despite providing less axial reinforment, play an important role in the tangential
reinforcement of the dome regions. High angle helical plies have larger polar openings, and therefore do not
reach the neck of the boss.

100 200 300 500 5850
Length [mm]

0-85 85400
Radius [mm]

Helical

Circumferential

Figure 1.4: Representation of helical and circumferential fiber orientations, adapted from [10].

Once the laminate is wound, the vessel is cured in an oven or by means of radiating heaters according to
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the curying cycle specified by the prepreg manufacturer. Despite its advantages in reducing porosity while in-
creasing fiber volume fraction, vacuum bag curing is usually avoided because of its related high costs. Adding
layers of consumables to the lamination process requires a significant amout of disposable material and a
labour-intense effort, which is not realistic for mass production. Similarly, autoclave curing is not necessary
for filament wound pressure vessels, as the required fiber volume content and compaction can be achieved
by applying an appropriate tension force on the fibers during winding. This way, it is possible to avoid drastic
increases in manufacturing costs and time [20].

The performance of filament wound pressure vessels is influenced by a series of parameters which come
as direct consequences of the manufacturing process. Amongst others, the geometry of the vessel and the
material composition of its laminate structure are highly influenced by the winding procedure, and have an
impact on the stiffness and load distribution of the vessel. For this reason, in the next sections, the most
important aspects are analyzed separately.

1.2.2. Filament Path Definition and Thickness Accumulation
The adequate definition of filament paths is one of the most important aspects of CPV manufacturing, as it
defines the complex geometrical shape of the dome end-caps. Here, local changes in fiber orientation are
necessary to achieve full mandrel coverage and to provide the mandrel with the needed reinforcement to
withstand the internal pressure loads. As mentioned, the deposition of circumferential plies is unsuitable for
the curved dome shape, and therefore only helical layers are wound in this region. As helical plies approach
their turnaround point at different locations along the dome profile, their orientation increases progressively
to approximately 90 degrees. This leads to a change in stiffness, resulting from the deviation from the nom-
inal ply orientation measured in the cylinder. Furthermore, a drastic increase in local thickness at the polar
openings is caused by the multiple passes that are necessary to achieve full vessel coverage in the cylinder
[21].

Quantifying the rate of change in ply orientation in the dome regions is complicated. In general, each
helical ply follows either a geodesic or a non-geodesic path to reach its turnaround point. The former is
described as the shortest trajectory between the end of the cylinder and the polar opening, and it is often
assumed for CPV analysis to simplify all calculations. However, considering only geodesic paths limits the
design space of CPVs. The vessel can in fact benefit from the implementation of non-geodesic paths, as these
allow a more uniform distribution of stresses across the dome surface [22]. Whereas earlier studies mainly
focussed on geodesic paths for dome design purposes, more recent analysis have focussed on non-geodesic
path definitions [22–24]. In both cases, the proper depiction of the vessel geometry has shown to be crucial
for an accurate simulation of the vessel behavior. For this reason, the effects of filament path definition on
the thickness accumulation at the turnaround points have been investigated in numerous papers [21, 22, 25].

In general, predicting the complex geometry around the turnaround points is a difficult challenge to
tackle, as the thickness accumulation is often highly irregular. An example of thickness profile prediction
is formulted by Leh et al. [21] and presented in Figure 1.5. The figure shows a comparison between the mea-
sured dome thickness and its simulated counterpart based on the estimated path definition. The left figure
serves as benchmark, whereas the right figure includes a fixed non-zero thickness at the polar opening.

Figure 1.5: Coupling of non-geodesic fiber path and roving thickness estimation at the dome, from [21]. The figure on the left serves as
reference. The figure on the right shows the contour of each ply when a non-zero thickness constraint at the turnaround point is applied.
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An approach to deal with the complex problem of thickness prediction is proposed by Liang et al. [25],
whose method is based on the definition of filament path on a curved surface formulated by Zu et al. [22]:

dα

d z
=λ ·

[
sin(α)tan(α)

r
− f ′′

1+ r ′2 cos(α)

]
− r ′tan(α)

r
(1.1)

Here, α is the angle between the winding direction and the meridional path, λ defines the coefficient of
slippage of the tow, z corresponds to the axial coordinate and r is the radial coordinate. This is obtained as a
function of the axial location z and the geometrical angle θ, as described in Figure 1.6.

Figure 1.6: Non-geodesic winding path, from [21] Figure 1.7: Stress state of a filament tow on an arbitrary convex surface, from [26]

The coefficient of slippage is defined by De Carvalho et al. [27] as the ratio between the transverse force
fs and the normal force fn on the filament:

λ= fs

fn
(1.2)

Figure 1.7 is provided with the aim to explain the origin of fs and fn as tangential and normal components
of the force fr , resulting from the fiber tension on the laminate surface.

Slippage is highly affected by the fiber tow trajectory, the viscosity of the resin system, the fiber tension
and the surface roughness. Wang et al. [26] elaborates that the winding type also plays an important role in
the determination of the fiber slippage coefficient, which can vary from 0.1 to 0.5 for wet and dry winding
respectively. In general, the path is stable and not susceptible to slippage if the transverse force is lower than
the static friction between the filament and the underlying surface. For geodesic paths, this transverse force
is null. As described by Liang et al. [25], in this case the condition posed by Clairaut´s equation is satisfied:

r si n(α) = constant → si n(α) = r0

r
(1.3)

where r is the vessel radius at the specific axial location and r0 is the radius at the turnaround point. The
winding angle between the filament winding direction and the longitudinal axis of the vessel is defined as
α. The method assumes that each filament crosses the equator and all concentric circles in the dome an
equal amount of times without doubling the path nor abruptly terminating. This assumption translates to
the following expression:

t (2πr )cos(α) = tc (2πrc )cos(αc ) = constant (1.4)

where t is the shell thickness and the subscript c denotes the location of transition between cylinder and
dome. Substitution of Equation 1.4 into Equation 1.3 leads to the following relation between the thickness at
any point of the dome and the cylinder thickness:

td

tc
=

√√√√ r 2
c − r 2

0

r 2 − r 2
0

(1.5)

The approach described by Liang et al. [25] is however not universal and does not apply to non-geodesic
path definitions. In the case of non-geodesic paths, the slippage coefficient λ is either negative or positive,
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indicating a shift in location of the turnaround point respectively towards the cylinder or towards the boss.
For this case, an alternative method is elaborated by Leh et al. [21], who estimate the dome thickness on the
basis of the spline function method elaborated by Wang et al. [26, 28]:

t (r ) = nR mR tp

π

[
arcos

( rtur n

r

)
−arcos

( rb

r

)]
for r2b ≤ r ≤ R (1.6)

t (r ) = A+Br +Cr 2 +Dr 3 for rtur n ≤ r ≤ r2b (1.7)

In the equations, rb and r2b are the polar openings at a distance of respectively one and two tow-width
distances from the turnaround point. Here, the polar opening is defined by rtur n . Coefficients A, B , C and D
are the coefficient defining the thickness profile in the dome, and are determined by the laminate thickness
at the turnaround point. Parameters nR and mR indicate the number of pseudo-plies and their count in the
cylindrical region of the vessel. It should be noted that a pseudo-ply is a group of two consecutive plies of
opposite orientation (+α/−α), whereas a layer is defined as a group of pseudo-plies in the same orientation.

The presented work shows relatively accurate results which relate closely with the products of the filament
winding process. This is further elaborated in the study of Nebe et al. [10], where the thickness is adjusted
manually to achieve a close correlation between experimental and numerical results.

Another iteration to the method is proposed by Zu et al. [29], who takes into consideration the influence
of the bandwidth and the number of tangential points at the dome to further improve the accuracy of the
thickness approximation. Specifically, according to the simulation presented by Zu et al. [29], choosing the
appropriate bandwith and number of tangential points at the tows is fundamental to minimize the amount
of material used in the design of the composite pressure vessel without compromising a smooth thickness
profile in the dome. Intuitively, as the roving bandwidth increases, the number of wound circuits to achieve
full mandrel coverage decreases. However, this does not necessarily correspond to an overall reduction of
material used, as effectively the length of rovings placed along the circumferential direction is highly affected
by this increase in bandwidth. Zu et al. [29] suggest on the contrary that an optimum design can be obtained
by minimizing the roving bandwidth.

The downside of this approach is that it leads to an increased number of passes in the cylindrical section
and therefore an increase in fibers overlap in the dome area. As shown in Figure 1.8, the overlap tends to
increase for increasing number of circuits or, in other words, for decreasing roving bandwidth. This inherently
leads to a thicker profile at the domes.

A second parameter influencing the thickness build-up at the dome is the number of tangential points
around the boss. As this number increases, the number of wound circuits necessary to achieve full mandrel
coverage decreases. This leads to an overall thinner profile at the poles, inherently resulting in a more uniform
thickness distribution.

In conclusion, predicting the thickness build-up at the poles is extremely complicated, as this is influ-
enced by several design variables and manufacturing parameters, which are often difficult to reproduce si-
multaneously. Nevertheless, a realistic geometrical depiction of the vessel is of high importance as this influ-
ences greatly the accuracy of the simulation and inherently the theoretical understanding of the mechanical
behavior of the pressure vessel.

1.2.3. Effects of Fiber Tension
Tension can be imposed on the fiber during manufacturing by controlling the torque of the motors connected
to the the CFRP spools [30]. This parameters has a twofold impact on the laminate architecture. First of all,
tension is directly related to the roving friction. In general, the higher the tension on the fibers, the higher
the normal load imposed on the surface and the higher the friction between the composite material and the
underlying structure. High friction gives the opportunity to tune the filament path and therefore allowing
more extreme non-geodesic path without encountering fiber slippage.

The second important role of fiber tension is to consolidate the undelying laminate therefore increasing
its fiber volume content [30]. When a ply is wound at high fiber tension, the layers underneath are pressed
together. This favors better adhesion between the plies and forces the air voids to escape the laminate, overall
improving its quality. On the contrary, low fiber tension generally translates into low consolidation levels,
reasonably leading to a higher void content. Therefore, high fiber tension is generally favorable. However, this
brings along several limitations. A high fiber tension may lead to an excessive resin squeeze out, translating
to inadequate inter-ply bonding and dry spots across the laminate [16]. The risk of this phenomenon is the
inappropriate transfer of loads between the fibers, which work collaboratively thanks to the efficient shear
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Figure 1.8: Non geodesic patterns for different roving bandwidths: (a) thin bandwidth - (b) wide bandwidth, from [29]

load transfer allowed by the resin. Finally, high fiber tension may potentially lead to undesirable mandrel
deformation, which is typically difficult to predict, complicated to quantify and often results in an overall
decrease of the tank capacity. For this reason, tension must be finely tuned during manufacturing. Typically,
low fiber tension is chosen for the deposition of circumferential plies in the cylinder, where the high level
of compaction is guaranteed by the high angle of orientation of the plies. Here, high tension would lead to
inappropriate mandrel deformaton, which in fact shows low stiffness in the radial direction. On the other
hand, helical plies are usually wound at high fiber tension to guarantee an appropriate level of compaction
in the dome regions. In this case, the high fiber tension does not compromise the mandrel shape as long as
its axial component is remains withstandable by the axial stiffness of the liner polymer. In any case, the liner
is usually pressurized from the inside during winding, to limit any variation of the mandrel shape.

Inherently to higher compaction, the tension force on the fiber tows also has a direct correlation with
the thickness of the final product. As the normal component of the force fn increases and the laminate is
compacted, its thickness decreases. According to Mertiny et al. [30], the overall laminate thickness in the
cylinder can be calculated as:

ttot = t1 + t2 + ...+ tn (1.8)

where tn is the thickness of a single composite layer, calculated as:

tn = ntow WtowC

v f ρ f π(r + t1 + t2 + ...+ tn−1)cos(α)
(1.9)

Here, ntow is the number of tows, Wtow is the tows weight, C is the number of winding circuits to achieve
full mandrel coverage, ρ f is the fiber density, α is the winding angle and v f is the fibre volume fraction. As
fiber tension increases and fiber volume increases, the thickness tends to reduce.

Fiber tension is also important to control the mechanical properties of the laminate. The results of the
analysis carried out by Mertiny et al. [30] on a filament wound tubular laminate with stacking sequence
[±603]T show that the stress states on the laminate and the associated failure stage are related to fiber tension.
However, increasing fiber tension does not lead to a unequivocal improvement in mechanical properties: it is
beneficial in case of fiber-dominated loading, whereas a slight decrease in failure strength is recorded in case
of matrix-dominated loading.

Estimating the effects of compaction and how it develops through the laminate is rather difficul. Different
plies experience different levels of compaction, and predicting the decrease in thickness at different through-
thickness locations is complicated. A thickness correction algorithm is developed for this purpose by Kang
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et al. [31]. This model describes a strategy to determine the stress state of CPVs as result of the winding and
curing processes. The first ones are mainly caused by the tension load applied on the fibers, whereas the sec-
ond ones are attributed to the thermal stresses and the shrinkage associated to them. The model developed
by Kang et al. [31] has been applied within the scope of the Fuel Cell Development department at cellcentric
GmbH throughout previous investigations, to estimate the impact of fiber tension on the model. However,
this analysis did not include the estimation of the stress state induced on the laminate during curing, as this
requires detailed material information which is indeed difficult to retrieve.

The model developed by Kang et al. [31] relies on the following fundamental assumptions:

• plane stress conditions apply to the laminate, meaning that all non-zero stress components act in one
plane only;

• the rule of mixture provides a reasonable estimation of the composite modulus;

• the internal liner material is isotropic and shows linear elastic deformational behavior;

• layers are modelled in a discrete manner, meaning that the stress in each individual ply is a conse-
quence of the superposition of the surrounding plies.

Figure 1.9: Cylinder discretization and load schematic according to the model proposed by Kang et al. [31]

Figure 1.9 show a cross-section of the cylindrical region of the vessel during winding, where the relation
between the internal pressure loading and the tension force becomes apparent. Throughout the approach,
the authors first estimate the stress state of the mandrel according to thick cylinder theory. Then, the stresses
on the laminate itselft are computed according to the linear constitutive equation below:[

εr

εθ

]
=

[
1

Er

−νθ
Eθ

νr
Er

1
Eθ

][
σr

σθ

]
(1.10)

In Equation 1.10, Er and Eθ correspond to the radial and tangential elastic moduli, νr and νθ are the
Poisson’s ratios in radial and tangential directions, whereas σr and σθ are the radial and tangential stresses.

In this case, the mechanical equilibrium of the system is defined as:

dσr

dr
+ σr −σθ

r
= 0 (1.11)

The combination of Equation 1.10 and Equation 1.11 leads to the following expression, describing the
radial deformation of the system:

ur = c1rβ+ c2r−β (1.12)
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Here, c1 and c2 are constants which depend on the boundary conditions of the system, and β is calcu-

lated as
√

Eθ

Er
. From Equation 1.10, Equation 1.11 and Equation 1.12, the stress in the laminate cylinder are

computed as:

σr = c1S1rβ−1 − c2S2r−β−1

σθ = c1S3rβ−1 − c2S4r−β−1
(1.13)

Here, the S coefficients are shape functions defined as:

S1 = β+νθ

1−νrνθ
Er

S2 = β−νθ

1−νrνθ
Er

S3 = β+νr

1−νrνθ
Er

S3 = β−νr

1−νrνθ
Er

(1.14)

The combination of boundary conditions holding for the cylindrical region of CPVs is represented by the
equations Equation 1.15. These are then applied to derive c1 and c2 as shown in equation Equation 1.16.

σr = K ·ur , r = b

σr =−P, r = r j
(1.15)

c1 =− H2(r j /b)2β

H1S2 +H2S1(r j /b)2β
(

1

rβ−1
j

)P,

c2 =
H1rβ+1

j

H1S2 +H2S1(r j /b)2β
P

(1.16)

Here, H1 = K b−S1 and H2 = K b+S2. From this, fully worked-out expressions for the radial and tangential
stresses in the laminate cylinder are derived by applying the principle of superposition, by which the stress
in the ith layer of the composite is calculated as the sum of the stresses introduced by the winding of all
layers underneath. As the thickness of all plies is relatively small, this summation can be expressed as a
continuous integral. The resuts for radial and tangential stresses respectively are presented in Equation 1.17
and Equation 1.18. Here, h is the ply thickness and f (ri ) is the fiber tension during winding.

σw t
r (x) =− 1

h
[(H1S2 −H2S1(x)2β)(x)−β−1

∫ m

x

ζβF (ζ)

H1S2 +H2S1ζ2β
,dζ] (1.17)

σw t
θ (x) = 1

h
[ f (x)+ (H1S4 −H2S3(x)2β)(x)−β−1

∫ m

x

ζβ f (ζ)

H1S2 +H2S1ζ2β
,dζ] (1.18)

Although the model is principally designed for composite cylinders, it has been applied in previous in-
vestigations within cellcentric GmbH to estimate the effect of fiber tension to the entire vessel [32]. With this
purpose, the CPV is discretized into a series of cylinders of varying radii along its length and the radial stresses
are calculated for each one of these cylinders. The radial stresses are then converted to strains to estimate the
thickness reduction deriving from compaction during winding.

1.3. Research Focus and Thesis Structure
The use of CPVs in automotive is well established. However, full understanding of their complicated lam-
inated structure is yet to be achieved, especially in light of the design variables introduced during manu-
facturing. Further research is therefore necessary to ensure a minimization of the CFRP material applied to
reinforce the vessel. Such minimization would allow to reduce the costs of CPVs without compromizing their
structural robustness.



1.3. Research Focus and Thesis Structure 12

In this context, the objective of this research is to contribute to the design of hydrogen storage systems for
the automotive industry by developing a reliable and comprehensive analysis strategy of as-manufactured
composite pressure vessels. Specifically, the research focusses on the realization of a sound numerical tool,
capable of realistically reproducing the mechanical response of CPVs during pressurization in a fast and ac-
curate manner. The tool is then applied on several configurations of CPVs for which an extensive library of
experimental data is available. Its applicability to different vessel configurations and failure types is then
evaluated.

The thesis presents firstly a thorough explanation of the analysis strategies which can currently be found
in literature, including the simulation tools that have been developed within the Fuel Cell Development De-
partment at cellcentric GmbH. Effectively, these set the state-of-the-art prior to this research. This overview,
provided in Chapter 2, highlights the knowledge gaps currently existing in the understanding of CPVs, and
allows to define to the research questions and objectives. The numerical modelling strategy worked out
throughout the project is elaborated in Chapter 3, which expands on its advantages and limitations in terms of
accuracy and computational time. In Chapter 4, several adjustments to the vessel model are presented, which
involve the geometrical definition of the filament wound vessel and its material composition. In this context,
the propagation of damage through the laminate is also addressed, and the numerical solution adopted to
simulate the mechanical reponse of the structure to failure is described in detail. The results of the simula-
tion strategy for different configurations are presented in Chapter 5, which includes the analysis of a series
of CPVs which differ in terms of layup and failure type. The performance of the developed numerical tool
is then reflected upond and discussed in Chapter 6. Finally, the research work is summarized in Chapter 7,
where clear answers to the research questions are provided and the general outcome of the investigation is
concluded.



2
Research Framework

As introduced in Chapter 1, this research focuses on the simulation of the deformational behavior of compos-
ite pressure vessels during operation, and on the relative prediction of the burst event. Specifically, the focus
lays on the development of a tool which can accurately depict the laminate response in the different design-
critical areas of the vessel and can efficiently be used for design purposes. With this in mind, it is important
to analyze the framework that defines the need for such research. As CPVs are not new to the automotive
industry, a library of analysis strategies have been developed by different parties and is available in literature.
These have been used as baseline for this work and provide fundamental insights on the stress-state of dif-
ferent design-critical areas of the vessel. An overview of the most relevant ones is presented in Section 2.1,
where special attention is given to the applicability of each strategy to several design problems. In fact, as not
only accuracy is of interest but also computational time, different strategies are typically suited for different
applications.

Despite providing reasonable results, many of these works lack a thorough experimental validation. Con-
veniently, a vast database of experimental results collected during burst experiments is available at cellcentric
GmbH, facilitating the implementation of a robust validation method. The experimental techniques and all
instrumentation used to perform the burst experiments are presented in Section 2.2.

The theoretical background and the experimental setup available offer the possibility to dive deep into
the development of a verifiable modelling tool which can be used for the analysis of the response of different
vessel types. This does not only allow to shed light on the CPV response to pressurization, but it also to test
the applicability of the developed simulation method on distinctive failure behaviors. For this purpose, a set
of vessel configurations is defined and presented in Section 2.3.

Once the theoretical and experimental frameworks of the research are clear, finally the research objectives
are formulated. In Section 2.4 all research questions are reported, alongside an indication on the location in
the document where the investigation is tackled.

2.1. Analysis Strategies for CPVs
The modelling of CPVs is a complicated task which has been addressed in many scientific contexts by the
developing different analytical and numerical strategies of increasing level of complexity. The theoretical
background surrounding CPVs is rather rich. Relatively simple analytical models focus on the more rudi-
mental netting theory for the analysis of vessel cylinders [33? ]. More elaborated strategies apply classical
lamination theory (CLT) to account for the contribution of the matrix to the mechanical properties of the
laminate [25, 34, 35]. Accurate numerical analysis simulate through-thickness effects and track progressive
damage through the laminate [36–39]. Before diving into a detailed overview of the most relevant studies, it
is fundamental to introduce the loading state of pressure vessels, which is best described by considering the
isotropic cylindrical tank presented in Figure 2.1.

In the cylinder, the predominatly radial expansion imposed by the internal pressure causes high tangen-
tial loading, which can be computed as [41]:

N
′′
θ = pR

t
(2.1)
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Figure 2.1: Isotropic cylindrical pressure vessel with elliptical head, from [40].
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Figure 2.2: Resultant loading on laminated plate.

Here, superscript
′′

indicates cylinder conditions, as opposed to superscript
′

which corresponds to dome
conditions.

In the dome region, on the other hand, the change in geometry causes the loading components of the
internal pressure to change. For a hemispherical dome, for example, the meridional and tangential loading
becomes equal to [41]:

N
′
θ = N

′
s =

pR

2t
(2.2)

According to Balicevic et al. [40], the difference in internal forces between cylinder and dome is particu-
larly important as it causes internal moments which eventually result in a difference in radial displacements
between the two regions. In this work, where thin walled conditions are assumed for an isotropic vessel with
elliptical end-caps, the axial force N

′
s and the circular normal force N

′
θ

in the dome wall are defined according
to membrane theory:

N
′
s =

pR

2

(
1+γ

1+γsin2θ

)
(2.3)

N
′
θ =

(
1−γsin2θ

)
N (0)′

s (2.4)

An overview of all geometrical parameters and the loading on the structure is provided in Figure 2.1.
The membrane load components computed by means of Equation 2.3 and Equation 2.4 are compressive

in the dome, and tensile in the cylinder, leading to a difference in radial displacement which can be computed
as:

u(0)′′
r −u(0)′

r = pR2

2Eh
(1+γ) (2.5)

From Equation 2.3 it is clear that the meridian force is continuous across the transition region and varies
uninterrupted from cylinder to dome. However, the membrane component to the circular load is discontin-
uous at the boundary. As here the displacement of the two regions of the laminate should remain the same,
additional loading occurs in the walls of the vessl. Different design strategies can be adopted to balance this
effect. Balicevic et al. [40] conclude that stresses at the transition region can be significantly influenced by
controlling the dome convexity and its wall thickness.

Composite pressure vessels differ from isotropic pressure vessels because they have the advantage of al-
lowing local tailoring of the mechanical properties by arranging the composite plies in the direction of needed
strength and stiffness. However, the anisotropy of the laminate, the heterogeneity of the material properties
and the doubly-curved geometry introduce an extensive set of complexities in the analysis of the CPV. In the
following paragraphs, different analytical and numerical strategies are described alongside their applicability
and limitations.

2.1.1. Analytical Models
One of the most commonly used analytical approaches for the preliminary analysis of CPVs is netting theory,
mainly applied because of its simplicity [42]. The fundamental assumption of netting theory is that all loads
are carried by the fibers in tension, whereas the contribution of the resin to the structural performance of the
laminate is null. In this sense, burst due to fiber fracture is the only admissible failure mode. Furthermore, all
walls are considered to act as membranes and therefore do not carry any bending or out-of-plane shear loads
[43].
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Despite their conservative context, the analytical results of netting theory are usually accepted in the
context of CPVs, especially for the study of the cylindrical region. Here the complexity of the laminate is
not different from that of a planar laminate for which the reference system is converted from Cartesian to
cylindrical [23, 33, 44].

Netting theory is found in literature also for the preliminary study of the dome. Amongst the earliest
examples of dome analysis by means of netting theory is the one presented by Fukunaga and Uemura [33].
Here, the vessel contour is approximated by a multiple cubic spline definition, and the dome strength is
calculated by assuming a geodesic filament path. This approach leads to an isotensoid solution, which allows
for a quick estimation of the laminate thickness and the associated material usage. Specifically, two distinct
approaches are followed by the authors to obtain the optimal dome shape: the first one is based on failure
criteria, whereas the second one is based on performance factor. An initial calculation of meridional and
circumferential loads on the vessel is carried out as [33]:

Ns =σtr cos(α2)

Nθ =σtr sin(α2) (2.6)

Nsθ = 0

where Ns and Nθ are the loads in the meridional and circumferential directions, tR is the ply thickness and
α is the ply orientation angle. Then, the optimal dome shape is derived with respect to several failure criteria,
amongst which Tsai-Hill results in the best dome geometry. A second optimized dome shape is derived by
maximizing the performance factor, defined as function of the storage volume and the CPV weight [33].

An iteration to the approach elaborated by Fukunaga and Uemura is proposed by Zu et al.[23], who in-
clude the possibility of a non-geodesic path description.

Effectively, the results of netting theory are not able to provide the most accurate picture of the thick-
walled composite pressure vessel as they do not consider out-of-plane loading. In addition, the model is
limited by the neglection of the contribution of the matrix, which however plays an important role in the
determination of the mechanical properties of the laminate [34]. For this reason, classical lamination theory
(CLT) is often preferred [25, 34, 35], as it offered a refined analysis which considers both the contribution of
the matrix and more complicated loading cases, such as bending.

CLT is an analytical method for the analysis of laminated thin shells [45]. According to the definition
of Parnas et al.[46], it is applicable to CPVs only when the ratio of outer to inner radius is smaller than 1.1,
guaranteeing the thin-walled conditions that the theory relies on.

CLT ows its success to the high level of accuracy that it can provide at low computational expenses. When
applying CLT to CPVs, the curved surface of the vessel is typically discretized in smaller flat plates in a state
of plane stress [34].

According to CLT, the resultant forces and moments in the laminate are related to the strains according to
the following relation [47]: {

N
M

}
=

{
A B
B D

}{
ε0

κ

}
(2.7)

Here, N and M are respectively the force and moment vectors per unit length, as presented in Figure 2.2.
ε0 and κ represent the midplane strain and the curvature strain. Finally, A, B and D are respectively the ex-
tensional stiffness matrix (expressed in N /m), the coupling stiffness matrix (expressed in N ) and the bending
stiffness matrix (expressed in N m).

CLT as been used for in the context of CPVs for several studies on layup optimization. Unlike netting
theory, CLT is better able to represent material orthotropy of the structure. Madhavi et al. [35] show clearly
the advantages of CLT over netting theory by using the first one for a preliminary design of the laminate
thickness, and the second one to study matrix crack failure across the vessel. A similar proof is elaborated by
Hojjati et al. [34], who perform a thorough investigation on the influence of the matrix on the determination
of an accurate representation of the dome response to pressurization. Fukunaga et al. [48] take CLT a step
further by analyzing the stress-state of cylindrical laminates with different stacking sequences to obtain a
relation between layer orientation and deformational behaviour of the laminate. Similarly, Chauduri et al.
[45] investigate an axisymmetrical thin cylindrical laminate subjected to internal pressure loading by means
of CLT to observe the effects of a varying stacking sequence on the responce of the cylinder boundaries.

CLT is usually not suitable for the analysis of CPVs for compressed hydrogen storage. In this case, the
high operative pressures require the reinforcement of a thick laminate, which inherently introduces in the
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structure the development of through-the-thickness stress gradients. A more applicable solution for this case
is 3D elasticity. In this context, Xia et al. [49] highlight the dependency of the laminate response on the
laminate thickness, as effectively the average meridional and tangential stresses computed by means of thin-
wall assumptions are not realistic. An extension of the work of Xia et al. [49] which includes asymmetric
laminates is proposed by Zu et al. [50], for which the bending and twisting responses cannot be neglected. Zu
et al. [50] shows how the tangential and axial stresses vary within the cylinder wall thickness, and assess how
the in-plane twisting caused by the unbalance in the laminate decreases for increasing laminate thickness.

Despite producing realistic preliminary results, all analytical solutions developed so far have the limita-
tion of providing limited insights on the structural response of the dome region of the vessel. For this reasons,
most recent strategies involve more elaborate finite element (FE) methods, which are able to combine the
complexity of the CPV geometry to the thick-walled effects that arise in the laminate.

2.1.2. Numerical Models
Finite element models have several advantages. Firstly, they allow to tune the material properties of the differ-
ent regions of the vessel indipendently and they accurately reproduce the interface between adjacent areas.
Furthermore, finite element analysis (FEA) grants the possibility to simulate the progression of damage by
consecutively degrading the material properties until final failure. Finally, they overcome the limitation of
analytical models which consider the body in analysis as free in space. FEA, in this sense, offers a valid and
often more accurate basis for simulation purposes.

In the context of CPVs, Seide et al. [51] uses FEA on a study on the effects of different boundary condi-
tions on a thick laminate, discretized by using quadratic triangular finite elements. The authors here apply
a layer-wise constant shear-angle theory (LCTS) to obtain a more accurate prediction of the distribution of
the in-plane displacements and stresses through the laminate thickness and extends the investigation to the
dome, as opposed to the analytical similar study presented by Chauduri et al. [45] which remains limited to
cylindrical region.

The advantage of FEA simulations is also elaborated by Son and Chan [52], who compare two distinct
methods. The first one utilizes a thin shell approach across the entire vessel length, obtaining realistic stress
estimations in the cylinder. However, it underestimates the laminate stress-state in the dome and in the
cylinder-dome transition region due to the unreasonable local thickness prediction of the model. The sec-
ond approach includes a full ply-based FE modelling technique, based on a plausible thickness approxima-
tion which takes into account the irregularities which derive from the winding procedure. The result of the
second approach is definitely more realistic. This work clearly shows the inadequacy of shell models in the
representation of stress-states in the dome region of the vessel, caused by the neglection of through-thickness
stress gradients and the thin-wall assumption. These are unrealistic in the dome region, where the material
accumulation during winding causes the laminate leads to a thick laminate.

In the context of composite domes, Leh et al. [15, 21, 53] propose a comprehensive methodology to de-
scribe both geodesic and non-geodesic paths to develop an optimization tool for design purposes. For ex-
ample, in [53], the authors describes the differences between a solid model definition and a simpler axisym-
metric approximation. Both methods include the implementation of the Hashin-Rottem failure criterion to
estimate the propagation of failure through the laminate. The results are then correlated to those collected
throughout experiments as for validation purposes. Both simulation strategies showed a general agreement
to the testing results, although an underestimation of the burst pressure was recorded. This discrepancy is
likely caused by imprecisions in the definition of the material properties, by an inadequate thickness approx-
imation and by the absence of plasticity in the boss response, proved by Berro et al. to be significant [54]. In
general however, despite being more computationally expensive, the solid model does not seem to provide
relevant improvements to the axisymmetric solution.

Another example of damage propagation analysis in CPV is presented in two works by Wang et al. [36, 37].
The first one uses a continuum damage mechanics (CDM) model based on Hashin failure criterion [36]. This
accounts for intralaminar damage and delaminations, as cohesive elements are nested between the laminate
and the liner, and between the different plies. In the second one, the loading on the structure is modelled
by means of a macro-mechanical model, whereas micro-mechanics is used to address damage progression.
The results are subsequently scaled up by correlating the respective stress levels in each model. This work has
shown remarkable results in the prediction of failure in the cylindrical region of the vessel, but it is limited in
the full depiction of the dome behavior where the geometry is difficult to simulate and the material properties
appear heterogeneous [37].

FEA also allows to investigate the development of fracture through the laminate, as studied by Lin et al.



2.1. Analysis Strategies for CPVs 17

[39] by applying a user-defined field (USDFLD) subroutine in Abaqus which relies on Puck failure criterion to
degrade the elastic parameters of the composite material in case failure. This may occur in the form of fiber
tension failure, fiber compression failure, matrix tensile failure or compressive failure. The method relies on
cohesive elements of zero thickness between the plies to simulate interlaminar failure. As validation, acoustic
emission detection is applied to localize damage to some extent. This method allows a promising prediction
of burst pressure, which on average deviates from the experimental result of only 5.4%. However, once again,
the burst event occurs in the cylinder, therefore providing little information regarding the accuracy of the
model in the dome region.

Finally, a robust progressive damage approach is proposed by Magneville et al. [38], based on a detail
material characterization approach meant to quantify the laminate material properties in different areas of
the CPVs by means of computed tomography (CT) and microscopic inspection. The authors elaborate on an
axisymmetrical numerical model based on the multi-sequence layup proposed by Leh et al. [21]. Despite still
excluding delaminations, this is then improved by the implementation of CDM, which includes plasticity of
the boss and time delay caused by material viscosity.

2.1.3. Previous Research at cellcentric GmbH
Within the Fuel Cell Development department at cellcentric GmbH, Soriano developed a high fidelity numer-
ical model in Abaqus as part of his MSc thesis at the Technical University of Delft [55]. A schematization of
the model setup for a specific stacking sequence is presented in Figure 2.3.

Figure 2.3: Representation of the structured solid mesh used in by Soriano, including the definition of material properties and layer
types, from [55].

The resarch initially relies on a constitutively elastic analysis to simulate the deformational behavior of
CPVs and estimate the pressure stage of damage onset, evaluated as failure in the fiber constituent. The level
of complexity is then increased progressively by considering damage propagation through the laminate, and
the effects of heterogeneous material properties. The model is based on the CDM model proposed by Leone
et al. [56], used to reproduce cracks embedded within the continuum elements as cohesive surfaces. Material
degradation is included in the model by reducing the stiffness of the constituents as damage progresses. The
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results of the simulations are in agreement with the experimental data in case of cylinder failure, showing
discrepancies below the threshold of 5% both for the constitutively elastic solution (∼ 4.8%) and the solution
which includes damage progression (∼ 2.2%).

The simulation comes at the expense of high computational times, strongly affected by the complexity
of the problem and the extremely fine required mesh. Furthermore, some discrepancies between simulation
results and experimental data exist in the dome and cylinder-dome transition region, attributable to inaccu-
racies in the depiction of the vessel geometry and the tapering of circumferential plies.

In general, fast computation is a necesessity to meet the requirements of cost- and time-effective design
phases, which are a standard in the automotive industry. For this reason, Johman [32] presents an inves-
tigation in which the focus is shifted towards computationally inexpensive and robust models. The author
proposes an analysis strategy articulated in three steps. Firstly, the geometry of the vessel and the orienta-
tion of each ply is extracted from the winding software in use. Then, the geometry is corrected by adjusting
the thickness of each ply according to Kang compaction model [31], as explained in Chapter 1. Finally, the
generated vessel geometry is imported in a FE model developed in Abaqus, where quadratic solid elements
are implemented to account for through-thickness effects. In the work presented by Johman, the model is
then applied on the investigation of the laminate response according to a varying stacking sequence. In gen-
eral, the correlation with experimental data shows remarkable accordance in deformational behavior of the
cylinder, achieved through a faster method. In fact, the simulation can be run in approximately 30 minutes
by using a 4 cores setup. However, important discrepancies in strain response can still be found both in the
cylinder and in the dome region. These are attributable to the low resolution of the single though-thickness
partition, and the numerical inconsistencies at the ply ends which make the results at the dome scattered and
tedious to interprete. Finally, the model does not take into account the material heterogeneities introduced
by the manufacturing process, and the effect of damage propation on the material performance during pres-
surization. Overall, this results in discrepancies between the simulated and the experimental burst pressure.

Both models developed by Soriano [55] and Johman [32] serve as input to this research project, which
aims to find a proper combination of fast computational time without compromising the accurate depiction
of the laminate response.

2.2. Experimental Setup at cellcentric GmbH
Experimental validation is a crucial point not only to retrieve physical insights on the vessel response to pres-
surization, but also to assess the accuracy of the developed simulation tool. However, the experimental char-
acterization of CPVs for hydrogen storage is typically complicated by the high pressures that the vessel is
subjected to during operations. In addition, according to current regulations, the vessel is certifiable when
able to withstand its operative pressure of 70 MPa multiplied by a safety factor, further increasing the required
burst pressure to achieve experimentally to have an accurate representation of the vessel response. Due to
these extreme conditions, the reinfocement on the mandrel is rather thick and the composition of the or-
thotropic CFRP material complicated. Conducting the project in collaboration with cellcentric GmbH offers
the great opportunity to have access to a large database of testing results, collected over the years for the test-
ing of large-scale and small-scale composite pressure vessels of different configurations. In this section, the
facilities that allow the collection of such data are described in detail. It should be noted that the author con-
tributed to part of the experimental set prior the beginning of this research project, whereas the remaining
data was collected within the Fuel Cell Development department throughout previous investigations.

The facilities at cellcentric GmbH include an advanced towpreg filament winding robot and a one-of-a-
kind test bench which allows to acquire various experimental data on the deformational and burst behavior
of CPVs. The main manufacturing instrumentation consists of the 6-axis KUKA KR-500 machine presented
in Figure 2.4, which allows dry winding of towpreg material around polymeric liners of different sizes. The
mandrel is kept in place at the extremities of the robotic arm by pneumatic holders. These allow the rotation
around its longitudinal axis to facilitate appropriate fiber placement. Furthermore, built-in pressure valves
permit the pressurization of the liner during winding, to balance the stresses imposed by fiber tension on
the surface. Directly in front of the winding machine is a column structure accomodating the eyelet, which
rotates to ensure the deposition of fibers in the correct orientation. The eyelet contains the set of rollers
presented in Figure 2.5, used to avoid overlapping between the fiber tows. The fiber filaments are fed to the
eyelet from a creel which can accomodate 10 towpreg spools at the time. During winding, fiber tension is
adjusted by regulating the torque on small electric motors installed in the creel. The creel is not refrigerated,
meaning that the spools are set in place only shortly before the start of the winding process. On the contrary,
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Figure 2.4: KUKA KR-500 robot for filament winding
at cellcentric GmbH.

Figure 2.5: Overview of rollers installed on the filament winding
eyelet.

they are kept in a freezer for storage purposes. Once the vessel is fully wound, it is placed inside an oven for
curing. The curing cycle depends on the material specification provided by the resin suppliers. In this case,
it includes a dwell phase of 8 hours at 110°C. During curing, the vessel rotates around its longitudinal axis to
allow even hardening of all sides.

The manufactured vessels are then tested until burst in the unique burst chamber schematically pre-
sented in Figure 2.6. Inside the burst chamber, the bottom boss of the CPV is clamped to a fixed bearing and
connected to a water pump which allows pressurization until 200 MPa. The top boss is clamped to a floating
bearing which displaces vertically during pressurization, allowing the vessel to expand axially. 9 systems of
camera pairs and a projector are installed in the walls of the burst chamber at different heights. These are
used for two experimental techniques: firstly, stripe light projection, a contour scanning technique which re-
lies on capturing the reflection of black and white light patterns projected on the vessel surface. Specifically,
in stripe light projection the distance from the CPV outer surface to the cameras is computed by means of
triangulation, creating a virtual points cloud which represents the three-dimensional vessel geometry. This
is used throughout the project to compare the predicted vessel geometry to the shape of the filament wound
CPV.

Floating bearing

Locating bearing

Sound pressure sensor

Protection cabin

Pressure vessel

Damper

Porthole

Hydraulic joint

incl. camera systems

Figure 2.6: Schematic representation of burst chamber and testing instrumentation at cellcentric GmbH, adapted from [57].

More importantly, the camera systems are used for the collection of full-field strain measurements by
means of digital image correlation (DIC). In DIC, the displacement of unique facets on the vessel surface
is tracked by taking subsequent pictures of the CPV during pressurization at a frame-rate of one image per
second. As the field of view of different camera systems overlap each other, the collected strain measurements
are continuous along the surface both in the axial and in the tangential direction of the vessel. Typically, the
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recording continues until burst to capture the strain response at every stage of pressurization.
Additionally, the burst chamber is provided of a set of 120 microphones distributed around its walls to

record the acoustic emissions of the pressurized vessel. Thanks to a mathematical array, this technology
allows to spacially localize damage as it initiates during pressurization. Despite enriching the capabilities
of the testing facility, the correlation with acoustic emission data is not the focus of this research and it is
therefore not further discussed in this document. However, it should be noted that for every discussed vessel
configuration acoustic data has been collected and can therefore be used for further investigations.

2.3. Overview of Layups in Analysis
An adequate amount of circumferential plies is usually would around the cylindrical section of the mandrel
to withstand the high in-plane stresses that develop tangentially due to the radial pressure loading. On the
other hand, a sufficient amount of helical plies is required to reinforce the dome end-caps of the vessel, to
compact the laminate, and to provide the necessary axial support to the entire structure. Inevitably, vessels
composed by different layups are bound to behave differently during pressurization, and often experience
different failure modes. In addition, previous research have found that not only the number of plies compos-
ing the laminate determines its structural response, but also their through-thickness order [57].

Vessel ID
and weight Failure Type

Description of Layup
(From outer- to inner-most ply)

BL

1 low angle helical ply (α = 20 deg)
27 circumferential plies (α = 88 deg)
4 high angle helical plies (α = 45 deg, α = 60 deg)
10 low angle helical plies (α = 20 deg)

Cylinder 
failure at 
163 MPa

BC

10 low angle helical plies (α = 20 deg)
4 high angle helical plies (α = 60 deg, α = 45 deg )
27 circumferential plies (α = 88 deg)
1 low angle helical ply (α = 20 deg)

Cylinder 
failure at 
189 MPa

W2B

1 high angle helical ply (α = 45 deg)
20 circumferential plies (α = 88 deg )
2 high angle helical plies (α = 60 deg, α = 45 deg)
7 low angle helical plies (α = 20 deg)

Dome 
failure at
127 MPa

4.16 kg

4.29 kg

2.80 kg

Figure 2.7: Overview of layups in analysis and respective failure types.

The performance of an analysis strategy can be assessed based on its applicability, or in other words, its
capability of reproducing closely the behavior of different vessel configurations. For this reason, it is decided
to focus the research on a series of vessels which differ from each other not only in terms of layup and stacking
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sequence, but also in terms of observed behavior upon burst. Specifically, the configurations schematically
described in Figure 2.7 are selected. Here, low angle helical plies are presented in blue, high angle helical plies
are drawn in green and circumferential plies are shown in red. The respective ply orientations are presented
in the description of the layup, whereas a picture of the burst behavior is illustrated alongside the respective
burst pressure.

One of the advantages of focussing on these configurations is that several samples of each vessel type
haves been tested in the context of the Fuel Cell Development department at cellcentric GmbH in the test-
bench described in the previous section. These sets of experiments provide an extensive database on their
deformational behavior, and an indication of their experienced failure mode and location.

Vessel types BL and BC are chosen as they have been widely used in previous investigations, providing a le-
gitimate benchmark for comparison. Johman [32] applied the modelling technique presented in Section 2.1.3
to these vessel configurations to study the behavior of the CPV laminate in the cylinder-dome transition re-
gion, and to simulate cylinder burst. Effectively, this research project comes as continuation of his work in
the same industrial context. Therefore, it is useful to apply the newly-developed analysis strategy to the same
set of vessels, with the purpose to more clearly assess its potential to improve the current benchmark. The
peculiarity of the set of vessels presented in Figure 2.7, however, resides in the selection of the W2B vessel
configuration. This layup allows to assessment of the model performance in the prediction of dome failure.
Contrarily to cylinder failure, assessing dome burst remains a widely unexplored task that this investigation
intends to shed light on.

2.4. Research Questions and Objectives
As presented throughout this chapter, the analysis of composite pressure vessels is not new to the automo-
tive industry and to the world of academia. A large collection of research works on filament wound pressure
vessels is available in literature, and a variety of models has been developed for the most diverse set of appli-
cations.

However, previous research frameworks have only been able to partly tackle all the different aspects which
influence the laminate response during pressurization. Most studies compromise between achieving an ac-
curate estimation of burst, or a precise prediction of the deformational behavior. This is caused by several
reasons. Firstly, the complexity of the structural problem makes the detailed implementation of multiple
effects tedious. Secondly, proper validation strategies are often difficult to develop. Expesive testing equip-
ments are needed to reach the high operational pressure stages while simultaneously collecting relevant data
on the vessel’s deformational behavior. The result is often an uncomplete analysis, that does not allow to gain
full understanding of the structural response.

The automotive industry is characterized by fast development times, meaning that quick results are needed
in the design phase. In this tight time-frame, the vessel structure is often overdesigned to overcome the scarce
understanding of the laminate response. This effect is particularly clear in the dome region of CPVs, where
the material heterogeneities, the doubly curved geometry and the fastly changing ply orientation makes the
region difficult to simulate, the computational times particularly high and the results tedious to interprete.
For these reason, failure in this region cannot reliably be predicted. To avoid premature burst, domes are of-
ten over-reinforced, effectively increasing the overall costs of the tank system unnecessarily. In this context,
a research gap becomes apparent as only limited work has been done on the development of a methdology
useful for industrial purposes, which limits the computational expenses of the design process while ensuring
reasonable accuracy of results for the prediction of burst in different design-critical areas of the vessel.

The main objective of the thesis work lays therefore in the construction of a computationally efficient,
highly automated and robust numerical tool for the appropriate analysis of the structure of filament wound
CPVs during pressurinzation. This shall be validated experimentally both in terms of deformational behavior
and in terms of prediction of burst event. With this purpose, the main research question is formulated as:

How accurately can numerical models simulate the deformational behavior of CPVs and how can these be
used to predict the burst event both in the cylinder and in the dome region of the vessel?

To answer this research question, a series of subquestions is defined:

• How can existing simulation frameworks be extended to achieve low computational cost and high ac-
curacy of results in the depiction of the structural behaviour of CPVs? - Several approaches to answer
this question are elaborated in Chapter 3 and Chapter 4, whereas the outcome of such strategies are
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presented in Chapter 5.

• Which parameters influence the simulated laminate response and how can these be adjusted to achieve a
realistic prediction of the deformational behavior and burst of CPVs? - This question is mainly answered
in Chapter 4, where the sensitivity of the simulation to the variation in the material and geometrical
definition of the vessel is addressed.

• Based on the correlation between the observed vessel performance and the numerically simulated re-
sponse, how accurately can burst pressure and failure location be predicted? - Chapter 5 addresses this
question thoroughly by correlating experimental and simulation results to evaluate the performance of
the developed simulation tools to predict burst in different regions of the vessel.

• How can the developed tool be applied for design purposes, to simulate the deformational behavior and
burst of CPVs? - Again, the data to answer this question is presented in Chapter 5, whereas a detailed
discussion is provided in Chapter 6.

The document is organized to answer this set of questions chronologically. In Chapter 3, the model con-
struction is described alongside with an explanation of the numerical approaches to guarantee its stability
and efficiency. In Chapter 4, a method for the adjustment of the vessel geometrical and material composition
is proposed to account for the effects of manufacturing. In Chapter 5, the model is directly applied to the BL,
BC and W2B vessel configurations to assess its applicability and robustness. The evaluation of the method is
discussed in Chapter 6, where its potentials and limitations are outlined in detail. Finally, the conclusions of
this study are described in Chapter 7, where the research questions are answered explicitely.



3
Computationally Efficient Modelling of

CPVs

The simulation software Abaqus is chosen for the development of the numerical model. This is a FEA mod-
elling software widely available both in academia and often used for industrial applications. Abaqus uses the
open-source coding language Python, allowing the implementation of parametrized scripts for the model
generation and processing. As introduced, the primary objective of this study is to develop a numerical tool
for the analysis of composite pressure vessels, that can be applied for design purposes. In this framework, the
developed analysis strategy must satisfy three main requirements:

1. It shall provide adequate accordance with the actual vessel behavior, as observed during pressurization
and burst experiments;

2. It shall allow for fast computational time;

3. It shall be applicable to a wide range of vessel designs, which may not only differ from each other in
terms of geometry and composition, but may also exhibit different deformational response and failure
behavior when pressurized.

A separate discussion is necessary for each one of these three aspects.

Accuracy
The required level of accuracy of a simulation framework varies according to the application. In detailed de-
velopment phases, a high level of accuracy is often necessary to gain full understanding of the structure. For
this purpose, earlier studies have focused on very detailed investigations that allowed to shed light on the
laminate structure at microscopic level. However, this comes at high computational costs that realistically
cannot be invested in an industrial context. When quick design decisions are needed, it is important to set a
limit on the required level of accuracy, with the aim to obtain realistic results without excessively compromis-
ing on the computational efficiency of the model. This is only possible when the level of understanding of the
CPV is high enough to reason and mitigate the discrepancies. A way to assess the acceptable level of accuracy
relies on the comparison of the simulation results to the observed vessel response during pressurization. In
this sense, it is assumed that the experimental data collected in the laboratory environment is representative
of the vessel behavior during operation, despite in reality the former can be compromised by the limitation
of the test setup itself. In any case, the smaller the discrepancy between the simulated response and the ex-
perimental results, the more accurate the numerical tool is said to be. To make the comparison reliable, the
real-life vessel must be represented as closely as possible. Therefore, the effects of the manufacturing process
and the time-dependent consequences of the pressure loading should be modelled appropriately.

Computational Efficiency
The time efficiency of numerical simulations is a key aspect, as extremely detailed and yet too slow mod-
elling tools are often discarded in the fast-paced automotive industry. Intuitively, the larger the model size,
the longer the computational time. Therefore, the research and development (R&D) phase ususally relies

23
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on simplified models of reduced size, with the purpose to keep computational time at its minimum. Great
effort must be spent to ensure that the model is scaled appropriately, such that the results obtained on a
reduced-size vessel are representative of the actual CPV in operation. Furthermore, determining an accept-
able simulation time requires an initial reference. To assess the computational efficiency of the developed
modelling tool, its solving time is compared to that of the state-of-the art simulation strategies. In this sense,
an evaluation in terms of time-saving is performed.

Robustness
The laminate structure, the vessel size, and even its geometry are likely to vary depending on the requirements
of vehicle. For this reason, it is convenient to develop a model that is easily adaptable to different designs. In
principle, it is not plausible to test the capability of the simulation strategy to any possible configuration, and
it is also unrealistic to have the ambition to generate a model which can be adapted to any mandrel shape.
On the other hand, significant effort is made to fully parametrize the model generation, solving and postpro-
cessing of all data. This way the model can be applied to a great variety of vessel configurations, which may
vary from each other in terms of size, layup, winding parameters and material composition. This does not
only allow to automate and speed up the vast majority of the process, but also to test its capability to predict
different failure types. In this case, the model is applied to the configurations presented in Chapter 2 to assess
its robustness and its applicability to different designs.

Different strategies are applied throughout the research to guarantee the fulfillment of these three re-
quirements. These span from numerical insights to physical adjustments to the vessel geometry and material
definition. The first ones are explored in detail in this chapter of the document, whereas the second ones are
described in Chapter 4.

3.1. Model Specifications
Within the Abaqus environment, it is possible to choose different modelling specifications to represent the
vessel. Compared to previous numerical models as, for example, the one developed by Soriano [55], the pur-
pose of this study is not to focus on the details of CPVs to an extreme degree of accuracy, but rather to generate
fast results which represent realistically the laminate response without the need of manual modifications. For
this purpose, two modelling strategies are investigated. The first one, based on solid elements, is built as an
iteration to the work performed by Johman [32]. Specifically, several adjustments to the vessel geometry and
material composition are implemented to better represent the laminate response. The second one, on the
other hand, uses continuum shell elements to push the predictive ability of the model even further, to take
into account the effects of damage propagation through the material without excessively compromising on
the computational efficiency of the simulation.

In the following paragraphs, a brief description of both simulation strategies is provided as mean of famil-
iarization with the assumptions that the different element formulations rely on. In both cases, the simulation
is run in Abaqus/Standard, and the internal pressure is modelled as quasi-static load on the inner walls of the
mandrel and of the boss. The geometrical specification of the vessel contour and the material composition
of the laminate is kept constant for both simulations strategies.

Solid Model
The implementation of solid elements to represent the through-thickness effects of pressurization is first
inspired by the work performed by Soriano and Nebe et al. [10, 55]. A similar modelling technique is also ap-
plied in the research of Johman [32], where the level of through-thickness accuracy is conveniently traded in
return of higher computational efficiency. As the purpose of this study is to keep reducing the computational
time of the simulation while, at the same time, sheding light on some effects which improve its predictive
abilities, the same element type is implemented. Specifically, the solid model relies on C3D20R elements, a
quadratic formulation of the C3D8R element with three-dimentional translational degrees of freedom. This
element type is able to capture the translation of each node in the three-dimentional space and translate it
to a stress-state. It should however be noted that this formulation does not account for rotational degrees of
freedom, meaning that the model tends to overestimate the bending stiffness of the structure. The quadratic
formulation is chosen to improve the through-thickness refinement of the mathematical integration. Finally,
the last letter R of the element name stands for reduced integration, selected to limit the detrimental effect of
the propagation of hourglass deformation modes.
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Continuum Shell Model
The choice of developing a second model which relies on continuum shell elements is founded on the ob-
jective to quantify the impact of material degradation due to damage progression during pressurization. In
principle, this could also be implemented within a solid model. However, this would require the develop-
ment of a user-defined (UMAT) subroutine for the definition of the material composition of the vessel which
is beyond the purpose of this research. Not only UMAT subroutines are very complicated to develop, but their
implementation on three-dimensional solid models typically leads to extensive computational times, which
are not useful for the purpose of this study.

An accurate depiction of the effects of damage through the material thickness, on the other hand, can be
achieved for shell elements by implementing a material degradation subroutine in-built in Abaqus. Subse-
quently, continuum shells are chosen over conventional shells as they are able to discretize a three-dimensional
body similarly to solid elements, allowing to use the same pre-processing steps as for the solid model. There-
fore, the generation of the solid of revolution presented in Section 3.2 and the definition of a per-cell compos-
ite layup which accounts for layer thickness specifications are the same for both element types. This makes
the modelling strategy easily adjustable to different numerical formulations according to the desired appli-
cation.

The selected element type in this case is the so-called SC8R, a quadrilatelar continuum shell formulation.
As for the solid model, reduced integration is used to limit hourglass deformations, which in this case can
also be controlled manually by tuning the membrane and the bending hourglass stiffnesses.

As three-dimensional continuum solid elements, continuum shells only have translational degrees of
freedom. On the other hand, their kinematic and constitutive behavior looks like that of conventional shell
elements, without however accounting for rotational degrees of freedom. The disadvantage of using contin-
uum shell elements as compared to solid elements is the neglection of the stresses in the radial direction of
the vessel.

3.2. Model Size Determination
The computational time of a simulation is highly affected by the model size and the overall number of ele-
ments. However, reducing the amount of elements without reducing the model size inevitably leads to high
element dimensions. This solution is unfeasible, as it reduces the number of integration points distributed
over the geometry, therefore limiting the resolution of the numerical approach. The price of this strategy is
therefore often linked to low accuracy of results.

For this reason, previous researches usually propose a reduction of the entire model size, without varying
the element size. This way, high accuracy of results can still be achieved by keeping a high resolution. At
the same time, the computational time of the simulation remains low, as effectively only a limited amount of
elements is included. In pursuing this strategy, it is important to ensure that the small-scale model represents
closely its large-scale counterpart, or, in other words, that the simulation is representative of and scalable to
what actually happens in the CPV during pressurization. Numerical simulations offer the potential to impose
certain conditions on the virtual structure such that this requirement is fulfilled. For the case of CPVs, a
solution is elaborated in the next paragraphs and subsequently evaluated to assess its effectiveness in the
reduction of the computational time.

3.2.1. Setup for Model Size Reduction
In most works, CPV models are built on the 90 degrees revolution of the vessel contour, as shown in Fig-
ure 3.1(a). In this case, the model is build in a carthesian coordinate system and the vessel size is reduced to
1/8th of its original geometry, significantly decreasing the amount of elements in the mesh. This particular
solution has been widely implemented in the context of the Fuel Cell Development department at cellcentric
GmbH, and it is therefore used as reference for comparison [32, 55]. In this case, the model size reduction is
possible by imposing symmetrical boundary conditions along the outer cross-sections of the vessel, parallel
to the principal x-, y- and z-axis of the carthesian coordinate system. This is illustrated in Figure 3.1(a). The
symmetrical boundary conditions constrain translational and rotational degrees of freedom in the direction
where the material is removed.

A better alternative to achieve fast computational time consists in imposing a smaller angle of revolution
for the generation of the vessel in Abaqus. Potentially, the angle of revolution can assume any arbitrary value,
keeping in mind that the smaller the chosen revolve angle, the faster the computational time of the simula-
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tion. An example for a revolution angle of 30 degrees is displayed in Figure 3.1(b).

(b) Reduced model size with a revolution angle of 30 degrees. Symmetrical boundary conditions applied in 
cylindrical coordinate system 

(a) Original model size with a revolution angle of 90 degrees. Symmetrical boundary conditions applied in 
the global carthesian coordinate system 

Figure 3.1: Graphical representation of the model with reduced size (b) as compared to the most widely used 1/8th vessel solution (a).

3.2.2. Method for the Adjustment of the Model Geometry
To generate the solids of revolution presented in Figure 3.1, two main inputs must be fed into Abaqus. The
first one consists of the coordinates of the laminate profile, from which the solid geometry is created. This is
done in a fully-parametrized manner, meaning that potentially any vessel shape can be analyzed, provided
that the loading on the structure is adjusted accordingly. The laminate contour does not only depend on the
number of plies included in layup, but also on the stacking sequence. In fact, this controls the compaction of
the laminate and therefore its thickness, as further explained in Chapter 4.

The second required input is a set of coordinates describing the boss transversal cross-section. This struc-
tural element corresponds to the metallic base of the liner, which connects the tank to the other components
of the vehicle or, alternatively, to the testing setup. The shape of the boss may vary according to the applica-
tion. For this reason its generation is also fully parametrized. This guarantees the robustness of the process
and its applicability to different configurations. However, it should be noted that large modifications of boss
shapes have not been tested as throughout this research the boss geometry is kept constant, and consistent
with that attached to the liners used for the experimental sets.

Both the vessel and the boss profiles are sketched in the xz-plane. The contours are then revolved around
the longitudinal axis of the vessel (which corresponds to the x-axis in the global coordinate system) according
to the user-defined revolution angle. Once the solid parts are created, tie connections are established between
the composite material and the metallic boss.

Conveniently, boundary and loading conditions are defined in a cylindrical coordinate system which does
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not require the planes of symmetry of the vessel to be aligned to the principal x-, y- and z- axis. In the estab-
lished coordinate system, the origin corresponds to the origin of the global carthesian coordinate system, the
radial direction corresponds to the original y- and z-axis, the tangential direction is chosen in the direction of
the revolution angle and the longitudinal direction is aligned with the global x-axis. Also in this case, symme-
try conditions are applied. Here, these are defined in the cylindrical coordinate system. They constrain the
tangential and longitudinal displacement to simulate the effect of the missing geometry and ensure that the
model size reduction does not compromise the validity of the results.

3.2.3. Relevance of the Model Size Reduction Approach
Two main aspects are considered for the assessment of this size-reduction procedure:

1. The results of the simulations should not be affected by the reduced number of elements that the model
is now composed of.

2. The re-modification should yield to a decrease in computational time.

An investigation which involves different solids of revolution is performed to verify the first objective.
Specifically, six versions of the same vessel configuration are modelled, which only differ from each other in
terms of revolution angle. The results of these six simulations in regards to outer strains and per-ply stresses
are then compared. For sake of conciseness, Figure 3.2 only reports the outer strains as a function of the axial
coordinate along the mandrel profile, depicted in grey in the plot. The figure shows clearly that by perfoming
the adjustments described above, reducing the revolution angle has negligible impact on the results of the
simulation. In fact, the strain curves of the different simulations overlap perfectly, confirming that the results
are not affected by the vessel size reduction and by the change in coordinate system. The similarity in the
results is also seen in the comparison of per-ply stresses.
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Figure 3.2: Outer tangential (left) and meridional (right) strains obtained through the revolution of the BL vessel configuration according
to a selection of 7 revolution angles, and direct comparison with the 90 degree revolution benchmark

For completeness, the results are also compared to those of the original modelling strategy in the carthe-
sian coordinate system, marked as benchmark in Figure 3.2. Again, the comparison shows limited differences
in the estimation of the deformational behavior. These discrepancies are mainly attributed to the slight dif-
ferences in boss geometry, which is now generated directly from a finite set of coordinates in Abaqus. This
causes a partial decrease of the refinement with respect to the original part generated by the CAD software
Siemens NX.

With the purpose to assess the model size reduction, the computational times of each simulation are
compared. An overview is provided in Table 3.1 and Figure 3.2 for the BL vessel type. As the investigation is
not dependent on the stacking sequence, similar results are gathered for the BC and W2B configurations. In
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Revolution angle
[deg]

CPU Time
[Min]

Wallclock Time
[min]

1 5.01 3.10
5 7.49 3.53

15 17.61 5.92
20 21.23 6.38
30 25.70 7.78
90 76.95 21.15

Table 3.1: Overview of computational times for several
configurations which differ from each other in terms
of angle of revolution. All data refers to the BL vessel
configuration.
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Table 3.2: Computational time for geometries with increasing revolution
angles, and respective time reduction with respect to the 1/8th vessel
benchmark. All data refers to the BL vessel configuration.

Table 3.1, the CPU time corresponds to the comprehensive computational time that the simulation needs in
order to complete a run, whereas the wallclock time corresponds to the runnig time of the simulation with
the available processing setup. In this case, the parallelization of 4 cores working simultaneously reduces
the running time of the simulation of 85%. The wallclock time is used throughout this thesis as measuring
standard, as the same PC and set of cores is used for every simulation.

Although potentially any revolution angle can be selected, drastic reductions of the revolution angle below
5 degrees are unadvised. Important fluctuations of results are found in proximity of the boundaries, which
makes it necessary to extract the results at adequate distance from these locations. For clarity, an example is
provided in Figure 3.3(a). Figure 3.3(b) shows how the path for data extraction should be chosen to avoid the
significant scatter caused by the boundary effects. It should be noted that the choice of showing shear stresses
as well as the selected ply in the figure are arbitrary, as all results appear to be affected by the described
boundary effects.

(a) inconsistencies due to boundary effects (b) selected path for data extraction 

Front 
view

Isometric 
view

Isometric 
view

Detail:
boundary

effects

Figure 3.3: Numerical inconsistencies in proximity of the edges of the vessel geometry, due to boundary effects

3.3. Partitioning Methods
Throughout this study, a partitioning strategy is developed to tune the number of axial and through-thickness
elements according to the application of the model. When, for example, high level of accuracy is required to
analyze per-ply effects, a high number of partitions can be implemented to increase the number of elements
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through-the-thickness. This increases the amount of nodes at which the constitutive equations are solved
and improves the associated model resolution. On the other hand, when fast computation is preferred and
generally realistic results are acceptable, the number of elements can easily be decreased.

3.3.1. Through-Thickness Partitioning
To facilitate the partitioning procedure, the user input is required before modelling to establish the number
of through-thickness elements. This number corresponds also to the number of solids of revolution which
will be generated in Abaqus, or in other words, to the number of sub-laminates that the vessel is discretized
into.

Each ply is then associated to a specific sub-laminate according to the stacking sequence. The coordinates
of the inner and outer contours of each sub-laminate are derived directly from the raw geometry prediction
provided by the winding software Composicad. These sets of coordinates are subsequently input into Abaqus
to sketch the sub-laminate profile on the xz-plane. The profile is then revolved according to the selected rev-
olution angle as explained in Section 3.2. This procedure originates as many solids of revolution in Abaqus
as many through-thickness elements the user has requested to have. In this sense, each solid of revolution
consists of only one element through-the-thickness. The separate sub-laminates are then joined together by
means of tie constraints. A graphical explanation is provided in Figure 3.4, where a per-ply-group discretiza-
tion is chosen for the BL configuration. In this case, each element only contains layers of the same type (i.e.
circumferentials, low and high angle helicals).

BL

1 low angle helical ply 
27 circumferential plies
4 high angle helical plies 
10 low angle helical plies

Figure 3.4: Through-thickness partitioning method to obtain a per-ply-group discretization for the BL vessel configuration.

3.3.2. Axial Partitioning
The axial partitioning of the model is determined within the Composicad environment. In this context, fun-
damental information regarding the thickness of each ply and its angle orientation is extracted at every dis-
cretization point along the longitudinal direction of the vessel. Intuitively, the higher the amount of dis-
cretization points along the contour, the more accurate the ply geometrical information.

For convenience, the same discretization points are then used in Abaqus to partition the model axially
into different cells. The layup is assigned to each specific cell according to the ply information originated
in Composicad. For mesh refinement purposes, seeds are then virtually placed at different intervals in each
cells to guarantee an adequate level of resolution to each design-critical area of the vessel.

Within this study, it is decided to use 242 discretization points along the longitudinal axis of the vessel,
which translates to 121 for the halved vessel modeled in Abaqus. The distribution of discretization points
along the meridional direction of the liner is displayed in Figure 3.5 (a). This is not homogeneous as the re-
quired level of resolution is different for each area of the vessel. In the cylinder, the close-to-even ply thickness
and the constant ply orientation allow for a coarser partition. Here, increasing the number of discretization
points would only lead to heavier output files from Composicad and slower processing times in Abaqus with-
out providing any extra information on the ply architecture. In the cylinder-dome transition region, on the
other hand, a finer discretization is needed to keep track of the tapering of circumferential layers and the
turnaround location of the high angle helical plies. In this region, ending plies experience a drastic change
in thickness which increases at the turnaround point to then suddently decrease to zero. Intuitively, different
plies reach their turnaround point at different locations, meaning that a macroscopic tapering is also found
along the vessel contour. To capture these phenomena, the density of discretization points in this region is
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drastically increased, such that the information extracted from Composicad is able to represent this gradual
thickness variation smoothly.

Similarly, in the dome region, the approaching of low angle helical plies to their turnaround point causes
a gradual change in ply orientation from the nominal cylinder angle to approximately 90 degrees. The rate
of change in ply orientation is difficult to estimate but plays a substantial role in the stiffness distributon of
this complex region. For this reason, the information provided from Composicad is extremely valuable and
must be as accurate as possible. In general, a higher density of discretization points is beneficial in the dome
region.

(a) axial discretization which includes 141 points for the 
half-vessel.

(b) axial discretization with refined dome partition, which includes 
     180 points for the half-vessel.

Figure 3.5: Coarse (a) and fine (b) distribution of discretization points along the mandrel contour.

3.3.3. Evaluation of Partitioning Strategy
This twofold partitioning method allows to achieve a wide range of model resolutions. The through-thickness
partitioning strategy can be used to generate as many solids of revolution as many plies are in the laminate,
eventually achieving a per-ply dicretization. This is useful when high level of detail is required in the ex-
traction of through-thickness effects. For convenience, the model is setup such that each element can only
contain plies of the same type, meaning that the minimum number of through-thickness elements corre-
sponds to the number of ply-groups, as displayed in Figure 3.4. Manual adjustments must therefore be made
if a lower amount of solids of revolutions is preferred. Although this may be seen as a limitation, it effectively
does not compromise significantly the validity of the method as it is found that a per-ply-group discretization
leads to a valid combination of accuracy of results and computational efficiency. For this reason, most results
in this document are retrieved for this configuration, unless stated otherwise.

In terms of axial partitioning, different configurations have been tested with the purpose to refine the
Composicad output which describes the thickness and ply orientation along the vessel’s longitudinal axis.
Among others, the one presented in Figure 3.5 (b) shows an iteration of the previously described 121-cells
strategy. In this case, the number of discretization points in the cylinder-dome transition region and in the
dome are doubled. The implementation of this strategy has shown to bring little improvement to the simula-
tion results for the amount of computational effort necessary to process the data retrieved from the additional
discretization points. For this reason, this configuration is discarded. However, its potential may become in-
teresting if further adjustments to the vessel’s contour are made in proximity of the boss neck. In fact, the
finer discretization of the region could allow better tuning of the outer shape of the vessel.

3.4. Overview of Modelling Method
An overview of the entire modelling procedure is presented in Figure 3.6. The advantage of selecting either
solid or continuum shell elements for the numerical formulation of the simulation is that the pre- and post-
processing steps necessary for the model construction do not change.

Regardless of which element type is used in the Abaqus environment, the modelling strategy heavily re-
lies on the output from the winding software Composicad, which outputs a preliminary vessel geometry dis-
cretized along the meridional contour of the liner. This geometry, which includes a raw prediction of ply
thickness and ply orientation, is then corrected to take into account the effects of compaction during wind-
ing according to the model proposed by Kang [31]. In the context of the compaction model, the laminate
is partitioned through its thickness into sub-laminates. Each sub-laminate includes layers of the same type.
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Figure 3.6: Overview of modelling strategy and correlation with experimental data

Furthermore, the material properties are adjusted to depict the heterogeneities caused by the different levels
of compaction which every ply experiences.

The inner and outer contour of each sub-laminate and the material composition of each ply are then
imported in Abaqus to generate the solids of revolution according the selected revolve angle and the desired
through-thickness partitioning. Each solid is partitioned similarly along the length of the vessel to avoid
sudden changes in mesh resolution. The number of cells in the meridional direction of the vessel depends
on the level of discretization chosen in extracting the ply information from Composicad. A specific number
of seeds is then applied to each cell for mesh refinement purposes, to ensure that a high level of resolution is
found in design-critical areas.

For both element formulations, the model generation follows the same fully-automated steps. In fact,
the only difference resides in the selection of the element type. Depending on the application, the user may
select whether a solid or continuum shell formulation is preferred. As explained, the first one is fully able to
depict through-thickness effects and radial stresses in a fast-pace manner, whereas the second one enables
to obtain results that consider the effects of material degradation due to damage.

Again, the post-processing of the simulation data and the generation of the model output is fully auto-
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mated and similar for both modelling strategies. From this, the per-ply strains and stresses are computed not
only in the local fiber direction, but also in the global tangential and meridional directions. Burst is then es-
timated by applying specific failure criteria to the stress-state at 105 MPa internal pressure. This corresponds
to the highest pressure stage reached in the simulation.

Experimental data of different kinds are used throughout the whole modelling procedure to validate the
simulation strategy. Firstly, the simulated vessel contour generated by the compaction model is compared
to the contour scans obtained by means of stripe light projection. This ensures that the modelled geometry
matches the manufactured counterpart. Furthermore, experimental strains obtained by means of DIC are
used to evaluate the ability of the model to predict the deformational behavior of the vessel. Finally, data
on burst allows to compare the burst pressure estimation to the actual pressure level reached during the
experiments.



4
Geometry and Material Definition of CPVs

The numerical strategies described in Chapter 3 do not yet account for many of the variables introduced
in CPVs by the manufacturing process and by pressurization. For instance, the compaction applied during
filament winding leads to a reduction of thickness as compared to the nominal prediction of the winding
software. Furthermore, unexpected thickness accumulations occur at every ply drop-off location due to the
dwelling of the winding machine. Material heterogeneiteis also develop through the laminate due to the
different levels of compaction that every ply is subjected to. Finally, during pressurization the material is
expected to degrade due to local damage, effectively diminishing the load-carrying capabilities of the vessel.
These aspects influence the structure performance. Therefore, they must be taken into account to represent
the laminate closely, resulting in a valid correlation between the simulation and the experimental data.

With this purpose, the geometry and the material composition of the vessel are studied in this chapter.
Specifically, several approaches are developed to simulate the effects of filament winding on the laminate,
and to study how the propagation of damage affects the performance of CPVs.

4.1. Geometrical Definition of Vessel Thickness
As introduced in Chapter 2, the geometry of the vessel is highly dependent on the manufacturing process. In
this section, a series of adjustments is proposed to make sure that the simulated vessel geometry is represen-
tative of the filament wound CPV. These approaches rely on analytical strategies to mitigate the limitations
of the winding software Composicad in capturing the thickness build-up which results from filament wind-
ing. The outcome is then validated experimentally by comparing the adjusted vessel contour to the scanned
profile obtained by means of stripe light projection.

4.1.1. Desctiption of Input Geometry
The fundamental input to the modelling strategy comes from the winding software Composicad. By per-
foming a series of calculations which take into account the robot motion during winding, the software com-
putes two important pieces of information: first of all, the orientation of every ply at each axial discretization
point along the length of the mandrel. For circumferential plies, this is straightforward as it remains con-
stant throughout the entire surface over which the layer spans. Since circumferential plies are wound almost
perpendicularly to the longitudinal axis of the vessel, they cannot extend over the cylinder-dome transition
region, but are rather limited to the cylindrical part of the vessel. Here, the ply orientation remains con-
stant and equal to approximately 88 degrees. This prevents the development of the high slip potential in the
doubly curved region, as described in Chapter 1. On the other hand, the prediction of layer orientation is
much more complex for helical plies. In this case, the ply orientation is constant in the cylinder, as shown in
Figure 4.1(a). However, it changes rapidly in the dome where each ply approaches its turnaround point. As
shown in Figure 4.1(b), the ply here needs to be perpendicular to the longitudinal axis of the vessel to allow
for the necessary switch in winding direction. Estimating the rate of change in ply orientation is a rather con-
voluted task which is hardly measurable experimentally. A conspicuous set of measurements would indeed
have to be recorded manually for each ply. This would come with all probability at low accuracy, due to the
difficulties in inspecting by hand a complex and doubly-curved surface. For this reason, the output of the
winding software is very important, as it provides the most realistic and easily attainable insight on the ori-

33
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entation of each layer in the dome. However, some inconsistencies are found for both ply types, which can
be adjusted by ensuring the following:

• All helical plies shall reach 90 degrees at the turnaround point. As shown in Figure 4.2(a), this is not
always predicted by the winding software, which tends to lose track and underestimate the ply orienta-
tion in the dome region.

• All circumferential plies shall have constant ply orientation, set for consistency at 88 degrees with re-
spect to the longitudinal axis of the vessel.

To guarantee these conditions, the orientation of each ply as function of the axial coordinate is adjusted
as displayed in Figure 4.2(b) for the BL case. Similar adjustments are done for all configurations in analysis.

x
α 

x

(a) Nominal and constant angle of orientation of a helical ply in 
the cylindrical region 

(b) Variable angle of orientation of a helical ply in the dome region, 
reaching 90 degrees at the turnaround point

α 

Figure 4.1: Ply orientation of a helical ply in the cylindrical region and in the dome of the vessel.
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Figure 4.2: Overview of ply orientations as function of the axial location for the BL vessel configuration, as exported from Composicad
(left) and adjusted (right)

Another crucial output of the winding software is a first approximation of the layer thickness at every ax-
ial discretization point along the vessel length. Although important, the thickness approximation provided
by Composicad is not able to realistically depict the effects of compaction during manufacturing. These are
mainly determined by the tension load imposed on the fibers during winding and by the thermal stresses
which develop in the laminate during curing. Although the latter are beyond the scope of this investigation,
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the former are accounted for by applying the compaction model proposed by Kang et al. [31] as described in
Chapter 2. This model relies on the Composicad output because of two main reasons. Firstly, the thickness
reduction it leads to is computed relatively to the initial thickness prediction of the winding software. Sec-
ondly, the normal tension load applied on the laminate is calculated as a function of the tension load on the
fibers during winding and the orientation of each ply at every axial discretization point along the mandrel.
Specifically,

Fn = Ft · si n(α) (4.1)

where Ft represents the tension imposed on the fiber during winding, and α is the orientation of the
specific ply.

The raw thickness output from Composicad is represented graphically for the BL case in Figure 4.3(a).
This is far from realistic, especially in proximity of the ply-ends of circumferential and high angle helical plies.
A first adjustment is proposed by Johman [32], who applies a layer re-arrangement procedure to generate the
adjusted contour presented in Figure 4.3(b). His correction model is particularly relevant for the adjusmtent
of circumferential plies, for which the contour at the ply-ends is corrected to obtain a realistic tapering in
proximity of the cylinder-dome transition region.
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Figure 4.3: Overview of ply thickness as function of the axial location for the BL vessel configuration, as exported from Composicad (left)
and as adjusted by Johman (right) [32]

When looking at the thickness accumulation in the dome of high and low angle helical plies as predicted
by Composicad and displayed in Figure 4.3, one can notice that as each ply reaches its turnaround point,
the thickness increases drastically and, in some cases, shows inconsistencies. Composicad is not able to
estimate the thickness accumulation at the polar opening, probably due to the near-to-perpendicular layer
orientation. This is mitigated by means of fitting functions that force the geometry contour to follow a certain
curve to match the as-manufactured vessel contour. Although this approach leads to reasonable results for
the adjustment of low angle helical plies, it appears to cause several numerical instabilities at the turnaround
locations of high angle helical plies. For this reason, an alternative method is proposed in this study.

4.1.2. Layer Re-Arrangement at Turnaround Points
As seen in Chapter 2, helical plies can be classified based on the orientation of their fibers in the cylindrical
region of the vessel.

High angle helical plies typically extend only marginally into the dome, and reach their turnaround point
right after the cylinder-dome transition region. This is due to the high ply orientations, translating into a large
radii at which turnoaround is possible at reasonable slippage.

The turnaround locations of high angle helical layers are important for the stress-strain distribution in
the cylinder-dome transition region of CPVs. Once circumferential layers taper off at the cylinder end, high
angle helical layers provide tangential reinforcment to ensure a gradual change in stiffness from cylinder to
dome. Without these layers, the low angle helical plies would be exposed to high tangential stresses after



4.1. Geometrical Definition of Vessel Thickness 36

the circumferential ply drop locations. This would result in excessive local deformations, due to the high
compliance of low angle helical layers in the tangential direction.

Given the importance of high angle helical plies in this region, it is fundamental to ensure a proper rep-
resentation of their thickness profile. With this purpose, a mathematical approach is followed to adjust the
predicted contour introduced in Figure 4.3.

The method relies on the main assumption that the amount of material estimated by the adjustment of
Johman [32] is realistic. Graphically, this is represented by the area underneath the curve of the thickness
profile of each ply as function of the axial location along the vessel length. Mathematically, this is computed
as the definite integral of the thickness function, spanning from the origin (in this case the mid-point of the
vessel length) until the turnaround point:

m =
∫ turnaround

0
t ·d x

Detail: bandwidth
overlap (4 tows)

Figure 4.4: Bandwidth overlap at the turnaround location of circum-
ferential plies.

Here, m represents the total cross-sectional area
of material used. It is effectively a measure of its
volume, as the fiber bandwith remains constant re-
gardless of the thickness accumulation. Further-
more, t represents the ply thickness and x the length
along the longitudinal axis of the vessel.

Following this assumption, a second consider-
ation is made regarding the unrealistic spike-like
thickness prediction of Johman [32]. Although a
thickness increase at the turnaround point is rea-
sonable due to the dwell required to change the
winding direction, it is unreasonable to assume that
the thickness will reach its peak in a point-like man-
ner. Due to the nature of the filament winding pro-
cess and the geometry of the eyelet presented in Fig-
ure 2.5, several fiber tows are deposited simultane-
ously in the form of a fiber band. This suggests that
a wider portion of surface will approach a similar
thickness level at the turnaround point, as presented
in Figure 4.4.
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Figure 4.5: Overview of ply thickness as function of the axial location for the BL vessel configuration, as ajdusted by Johman [32] (a) and
adjusted (b).

A parabolic function is therefore fitted at the ply end of each high angle helical plie. This guarantees that
the amount of material remains unchanged, and it defines a smooth vessel contour in the region. A graphical
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representation of the parabolic fitting for the BL cases is presented in Figure 4.5, where it is directly compared
to the initial estimation of Johman [32]. A similar approach is followed for all other vessel configurations.

The adjustment of low angle helical layers requires different considerations. The thickness approximation
provided by Composicad becomes completely unrealistic as each ply approaches the pole, as presented in
Figure 4.6(a) for the BL case. Therefore, an entirely new approximation is required. In the area of the dome
adjacent to the boss neck, a remarkable increase in thickness is expected due to several aspects:

• The decreasing vessel diameter results in the deposition of more material. Here, an increase in thick-
ness is necessary to reach a balance of volume across the length of the vessel.

• As the vessel is cured, the resin that squeezes out of the laminate in the dome region tends to slip along
the curved surface towards the boss neck.

• As for high angle helical plies, the dwell which allows the eylet of the winding machine to rotate and
invert the winding direction causes a local thickness increase.

To allow for these effects, the thickness profile of low angle helical plies is adjusted by fitting a sixth-
degree polynomial function to the innermost low angle helical ply. This is forced to reach the boss neck by
following the fitting function from the location where the profile predicted by Composicad begins to deviate.
The plies above follow a similar trend: the thickness of each ply is calculated according to the sixth-degree
fitting function and subsequently added to the contour of the laminate underneath. A comparison between
the original contour predicted by Composicad and the result of this adjustment is presented in Figure 4.6 for
the BL case.
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Figure 4.6: Comparison between vessel contour estimated from Composicad (a), and adjusted (b).

4.1.3. Comparison with Measured Vessel Contour
To evaluate the accuracy of the thickness adjustment procedure, the corrected vessel profile is compared to
that measured experimentally by means of stripe light projection. For completeness, the results of this cor-
relation are presented respectively for the BL, BC and W2B cases in Figure 4.7, Figure 4.8 and Figure 4.9. The
relative tables report the difference in total laminate thickness between the simulated and the experimental
results in different areas.

In case of BL, good accordance is achieved in the cylindrical region of the vessel, where the Kang com-
paction model [31] plays the most relevant role for the determination of the laminate thickness. In fact, ac-
cording to Equation 4.1, the higher the ply orientation the higher the tension load on the laminate. Therefore,
even if a higher tension load is applied to helical plies during winding, the highest compaction is caused by
the circumferential plies in the cylinder.

High accuracy of results is also found in the cylinder-dome transition region, proving the validity of the
layer-rearrangement of high angle helical plies.

In proximity of the boss neck, on the other hand, realistic results are yet to be achieved as the measured
thickness profile appears to be thicker for most tested cases. A possible explanation for the larger thickness
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Region
ID

Discrepancy
[%]

I 2.83
II 2.62
III 2.25
IV 21.11

Table 4.1: Overview of the deviation between pre-
dicted and measured vessel contour for the BL config-
uration.
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Figure 4.7: Graphical comparison between adjusted and experimental
vessel profile for the BL case.

Region
ID

Discrepancy
[%]

I 0.90
II 0.04
III 0.10
IV 36.65

Table 4.2: Overview of the deviation between pre-
dicted and measured vessel contour for the BC con-
figuration
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Figure 4.8: Graphical comparison between adjusted and experimental
vessel profile for the BC vessel configuration.

Region
ID

Discrepancy
[%]

I 1.42
II 1.89
III 1.54
IV 4.07

Table 4.3: Overview of the deviation between pre-
dicted and measured vessel contour for the W2B con-
figuration
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Figure 4.9: Graphical comparison between adjusted and experimental
vessel profile for the W2B vessel configuration.
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profile in this region is the accumulation of resin in this area. While this leads to a significant thickness dis-
crepancy, its impact is deemed as minor in simulations, as the accumulated resin only partly contributes to
the mechanical response of the CPV. Nonetheless, further investigations are necessary to verify this hypothe-
sis. Overall similar accuracies are achieved for the BC and W2B configurations. The amount of material close
to the boss neck appears to be underestimated in all cases.

4.1.4. Evaluation of Vessel Geometry Adjustments
The fitting model implemented for the adjustment of the thickness profile of the vessel accurately depict its
as-manufactured geometry, although different areas of the vessels are better represented than others. In this
case, the largest correction is made to the ply-ends of high angle helical plies.

The approach described in this document allows to smoothen the vessel contour by implementing a grad-
ual parabolic fit under the assumption that the material accumulation predicted by Johman [32] is realistic.
This makes the stiffness increase along the vessel length much less sudden, effectively reducing the numerical
inconsistencies found in the FE environment. Overall, the adjustment of high angle helicals is representative
of reality, although a few limitations should be noted. Firstly, it is an engineering solution to a physical prob-
lem. In reality, the parabolic fitting of the thickness curve is not verified and there exists no certainty that it
corresponds closely to the actual build-up that helical plies experience during manufacturing. Furthermore,
as explained in the previous section, the ply-ends of low angle helicals is still roughly represented and needs
to be refined by means of microscopic insights.

4.2. Material Properties Definition

Liner

Laminate

Increasing 

porosity

BC

Figure 4.10: CT scan showig the material heterogeneiteis caused by
compaction in a BC vessel configuration.

Compaction does not only affect the geometry
of the vessel, but also its material composition.
The different levels of consolidation experienced
by each ply during winding generate a gradient in
porosity through the laminate thickness. Poros-
ity represents the density of air voids trapped in
the resin constituent of the composite. These re-
duce the surface contact between matrix and fibers,
therefore reducing the load-transfer capabilities of
the resin. When the laminate is compacted, the air
voids are partly removed, decreasing the porosity lo-
cally and increasing the fiber volume fraction. This
phenomenon results in an enhancement of material
properties, as better adhesion is ensured between
the fiber and the matrix constituents.

In filament wound CPVs, each ply experiences a
different level of compaction based on to aspects:

• Its own orientation- the higher the fiber orientation as measured from the longitudinal axis of the ves-
sel, the higher the level of compaction.

• The compaction inferred by the 3 plies directly above it.

Therefore, porosity varies through the thickness, leading to a variable fiber volume content. This effect is
presented in Figure 4.10, which shows the CT scan of the cross-section of a BC vessel following curing. The
plies located on the inside of the laminate experience low porosity, thanks to the high compaction imposed
by the stack of circumferential plies above. On the other hand, a higher density of air voids is found in the
outer plies, meaning that the laminate here is more porous. The outer plies are compacted less, due to the
low orientation of helical layers and the absence of an overlaying compacting layup. This gradient in porosity
results in varying material properties which vary through the laminate thickness.

This chapter presents in detail the method followed for the adjustment of the material properties, to
take into account these through-thickness heterogeneiteis. First, the purpose of the adjustment is presented
alongside the assumptions that it relies on. This is followed by a thorough explanation of the mathematical
procedure and its validation process. Finally, the validity of the model is assessed and its assumptions re-
viewed.
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4.2.1. Effect of Compaction on the Definition of Material Properties
The geometrical adjustments presented in Section 4.1 result in an accurate depiction of the vessel contour,
which takes into account the impact of compaction on the vessel geometry. However, an important limi-
tation is worth mentioning: reducing the laminate thickness without accounting for a change in material
properties leads to a drastic decrease of the load-carrying capabilities of the laminate. In fact, the thickness
reduction translates to the removal of composite material in the FE model, as schematically shown in Fig-
ure 4.11. In reality, the opposite happens. When compacting the laminate, its fiber volume fraction increases
as its porosity decreases. As mentioned, a scarse density of air voids through the laminate favors adhesion be-
tween matrix and fibers, enhancing the mechanical properties of the material. Therefore, when accounting
for compaction, it is necessary to adjust the mechanical properties accordingly, as otherwise the compaction
model would lead to an underestimation of the laminate stiffness caused by the thickness reduction. For sim-
plicity, in Figure 4.11 the load-carrying material is displayed in blue, without differentiating between fibers
and matrix.

Thickness reduction due to filament winding

(a) Non-compacted laminate (b) Compacted laminate 
according to the geometry 

correction model 

(c) Actual compacted 
laminate   

Composite material - high fiber volume fraction 

Air voids 

Composite material - low fiber volume fraction 

Figure 4.11: Schematic graphical depiction of (a) non-compacted laminate thickness and composition, (b) thickness reduction and
material composition as assumed by the geometry correction model and (c) actual thickness reduction and material composition

To mitigate this effect, an engineering procedure for the adjustment of material properties is developed.
This relies on the assumptions listed below:

1. The amount of composite material deposited on the mandrel as estimated by the winding software
Composicad is realistic - In all tested cases, the estimated vessel weight matches the measured weight
of the manufactured vessel. Therefore, it is assumed that the Composicad estimate is representative of
reality also for non-tested cases.

2. All material deposited on the mandrel during winding will remain on the mandrel after curing -
The curing process does not involve the addition of any consumable which would cause squeez-out or
absorbe the excess resin on the surface. Furthermore, no spilling of resin is detected in the oven for any
of the tested cases. Therefore, it is reasonable to assume that the material deposited on the mandrel
does not decrease during curing. In reality, it is possible that the fluid resin material would relocate
during the curing process, especially since the vessel rotates with respect to its longitudinal axis when
placed in the oven. This has the potential to cause irregularities in the material distribution, which are
however discarded for sake of simplicity.

3. Classical lamination theory (CLT) applies to the laminate - The approach is based on CLT, meaning
that each ply is considered to be homogeneous in properties and in state of plane-stress. Furthermore,
the deformation of the laminate can be described by means of the Kichhoff-Love approximation for
extension and bending of thin plates [58].

4. In-plane stresses constitute the most relevant loading case for composite pressure vessels - As ex-
plained in Chapter 1, CPVs are mainly subjected to radial loading, which cause the laminate to expand
tangentally. This causes high in-plane stresses, which exceed significantly the out-of-plane meridional
bending stresses at the cylinder-dome transition region, and the through-thickness shear and radial
stresses.
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4.2.2. Engineering Approach for the Adjustment of Per-Ply Properties
The main steps of the methodology followed for the adjustment of material properties are summarized in
Figure 4.12.

Original properties
Step 2

compute off-axis 
stiffness matrix of 

each ply 

Step 1

compute on-axis 
stiffness matrix with 

the original 

properties  

derive extensional 
stiffness matrix for 

each ply, as computed 
by Composicad 

Step 3

Step 6

obtain on-axis stiffness 
matrix and respective 
material properties   

match
(A  )           

= 
(A  )            

ij   Composicad

ij   Compacted

Step 4

calculate off-axis 
stiffness matrix for 

each compacted ply   

Step 5
Adjusted properties

Figure 4.12: Flowchart describing the material adjustment procedure.

The input is the geometry and material definition of the non-compacted laminate. This is compacted
by means of Kang’s model [31] to simulate the thickness reduction caused by fiber tension during winding.
For the compacted laminate, the on-axis stiffness matrix is calculated from the original material properties
provided by the material manufacturer as follows:

Q12 =


E1

1−ν12ν21

ν12E2
1−ν12ν21

0
ν21E1

1−ν12ν21

E2
1−ν12ν21

0
0 0 G12

 (4.2)

Here, E1 corresponds to the longitudinal modulus of elasticity of the material in tension, E2 to its transverse
modulus of elasticity and G12 to its shear modulus. ν12 and ν21 correspond to the Poisson’s ratios respec-
tively in the longitudinal and tranverse directions of the fibers. The on-aixs stiffness matrix Q12 describes the
stiffness of each ply in an orthotropic coordinate system where the 1-axis is aligned with the orientation of
the ply’s own fibers. A graphical representation is provided in Figure 4.13(a). This is then converted to the
global xy-coordinate system where, in the case of composite pressure vessels, the x-axis is aligned with the
longitudinal axis of the vessel, as presented in Figure 4.13(b).

3

2

1

z

y

x

(a) on-axis coordinate system (b) global coordinate system 

fiber directon

Figure 4.13: Schematic representation of on-axis and global coordinate systems.

A transformation is performed to rotate the stiffness matrix Q12 to the global coordinate system:

Qx y = T −1 ·Q12 ·T (4.3)
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where,

T =
 cos2(α) si n2(α) 2si n(α)cos(α)

si n2(α) cos2(α) −2si n(α)cos(α)
−si n(α)cos(α) si n(α)cos(α) −si n2(α)cos2(α)

 (4.4)

Here, angle α corresponds to the orientation of the ply measured in the cylinder with respect to the global
x-axis. Once the off-axis stiffness matrix Qx y of each ply is known, the element of the extensional stiffness
matrix A, those of the extension-bending coupling stiffnes matrix B and those of the flexural stiffness matrix
D can be calculated according to CLLT as:

Ai j =Σn
0 Q i j

x yk
tk

B i j =Σn
0 Q i j

x yk
t 2

k (4.5)

D i j =Σn
0 Q i j

x yk
t 3

k

where t is the ply thickness, n is the total number of plies and k is the inde of the ply in analysis. i and j
refer to the row and column entry of the specific matrix.

The compacted stiffness matrix Qx y,compacted can only be adjusted according to one of the relations in
Equation 4.5. In this case, the laminate is mainly subjected to the in-plane stresses inferred by the radial
loading stretching the layers. Therefore, mainly the elements of the A matrix are relevant. Furthermore,
selecting the B or the D matrix would lead to an overestimation of the material properties, as the thickness
terms in Equation 4.5 are respectively squared and cubed. For this reason, the A matrix of each ply in its
non-compacted state is matched to the A matrix of the same ply in the compacted state as follows:

Ak,or i g i nal = Ak,compacted →Q i j
x yk,or i g i nal

tk,or i g i nal =Q i j
x yk,compacted

tk,compacted (4.6)

For each ply, as the thickness reduces due to compaction and the elements of the A matrix are kept constant,
the elements of the Qx y matrix of the compacted laminate must increase for Equation 4.5 to apply. The
elements of the updated stiffness matrix Qx y are therefore computed as follows:

Q i j
x yk,compacted

= Ak,or i g i nal

tk,compacted
(4.7)

The procedure is performed separately for each ply, as each ply has its own specific thickness and it is
compacted to a different extent. This material adjustment attributes the highest increase in material proper-
ties to the most compacted plies, and viceversa, as the stiffness matrix Qx y and the compacted ply thickness
t are inversely propotional according to Equation 4.5 . The off-axis matrix Qx y of the ply is then rotated back
to its own on-axis coordinate system. This is done by means of the same transformation matrix T , presented
in Equation 4.4:

Q12 = T ·Qx y ·T −1 (4.8)

As seen in Equation 4.2, the on-axis stiffness matrix Q12 is composed in each term of a combination of
material properties, featuring the stiffness in the principal loading directions and the associated Poisson’s
ratios. Therefore, these can be back-calculated by solving a system of equations which associates each entry
of the calculated Q21 stiffness matrix to the material properties.

The results are presented for the BL, BC and W2B configurations in Figure 4.14. For each case, the thick-
ness reduction of each ply in the cylinder is presented on the left hand-side, wherease the corresponding
increase in longitudinal elastic modulus is presented on the right hand-side. The three ply types are dis-
played in different colors. Finally the distance of each ply from the liner is presented on the horizontal axis of
the plot, where the origin corresponds to the innermost ply.

In the case of BL, the group of circumferentials plies is placed on top of the stack of helical plies, towards
the outside of the laminate. This causes high compaction in the cylinder, resulting in a drastic reduction
of the laminate thickness. As presented in Section 4.1, the level of compaction of each ply depends on two
aspects: its own orientation and the orientation of the 3 plies directly above.

Because of the first, circumferential plies experience a higher level of compaction, and therefore a more
drastic thickness reduction. This is due to Equation 4.1, which suggest that a high fiber orientation translates
to a higher normal force on the laminate.
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Figure 4.14: Results of cylinder compaction and of the material adjustment procedure in terms of (a) per-ply thickness reduction, and
(b) per-ply increase in longitudinal modulus in the cylindrical section of the vessel.

The second indicates that the level of compaction is most significant for the innermost circumferential
ply, as the 3 plies directly above are also heavily compacting due to their high orientation. The innermost
circumferential ply therefore experiences the most relevant increase in stiffness. Similarly, the increase in
material properties becomes negligible for the outermost ply of the laminate. Another implication of the sec-
ond consideration is the relatively low increase in material properties experienced by innermost low angle
helical plies, despite their position at the bottom of the laminate. Intuitively, one could expect these plies to
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be highly compacted as more plies are wound subsequently on the vessel. However, this is not the case. The
innermost low angle helical ply of the BL configuration, for example, experiences low compaction due to its
low fiber orientation, and due to the fact that the three plies directly above it are wound at low fiber orienta-
tions as well. Therefore, only the low angle helical plies right below the stack of circumferentials experience
a significant increase in material properties, as these are affected by the compaction inferred by the high ori-
entation of the plies directly above. The same considerations are valid for the W2B case, as effectively the two
configurations have similar stacking sequences.

In the BC case, the situation is reversed. The innermost low angle helical ply is subjected to the high level
of compaction inferred by the adjacent circumferential plies. In this case, the increase in material longitudinal
modulus experienced by the high angle helical plies is also substantially lower, as these do not experience the
influence of the compacting circumferential plies.

Although only the longitudinal modulus is shown in Figure 4.14 for the sake of conciseness, the transverse
longitudinal modulus and the shear longitudinal modulus are also calculated accordingly and show similar
behaviors. The choice of only displaying E1 is reasoned by the high impact that this property has on the
deformational behavior of the vessel, which is in fact mainly subjected to in-plane stresses.

Increasing the material stiffness translates into a decrease of laminate strains experienced at the same
loading level. This improves the load-carrying capabilities of the laminate and increases the stresses that the
structure is able to carry. However, if the material strength is not adjusted properly, the procedure leads to a
premature burst prediction, as the strength of the material would not be high enough to take on the increased
stresses that the high stiffness attracts. For this reason, the strength of each ply is adjusted according to its rel-
ative increase in stiffness. For instance, if a specific ply experiences a stiffness increase of 15%, it is assumed
that it will also experience a strength increase of the same relative amount.

4.2.3. Validation Approach
The described engineering approach is difficult to validate experimentally. First of all, assessing the level of

compaction caused by the deposition of each ply would make the manufacturing process extremely long. CT
scans and microscopy only partially mitigate this issue, as they allow to study the porosity of the laminate
through-the-thickness. However, translating this porosity into the appropriate material properties remains
tedious. In any case, a validation procedure is performed, which compares the calculated material properties
of each ply to the results of an experimental set. These experiments are meant to test the material properties
of laminates with different levels of compaction, whose fiber volume content spans between 50% and 65%.
Although the method for the adjustment of the material properties leads to even higher fiber volume frac-
tions, these are difficult to achieve experimentally. Therefore, only the results for fiber volume contents in
this range can be validated.

The experimental set was performed in the same research group for a different investigation on compos-
ite pressure vessels, with the purpose to estimate the laminate material properties on meso-scale, under the
assumption of homogeneous orthotropic material properties. To ensure good accordance between the spec-
imens and the CPV, all samples were manufactured by means of filament winding. This way, it was possible
to represent the consolidation induced by stacking sequence and fiber tension realistically. The specimens
used for testing were manufactured according to ISO 527-4:1997 [59] for the determination of longitudinal
and transverse characteristics, and according to ISO 14129:1997 [60] for shear properties. Unidirectional
specimens were selected to represent circumferential layers as both are not intertwined. ±45 helical layer
were wound to investigate shear properties and to study the interwoven state. In total, the set consisted of 15
specimens for test type.

Different mandrels and tools were used to manufacture the unidirectional and the ± 45 degrees flat spec-
imens. Unidirectional test plates were wound on a tailored metallic tool presented in Figure 4.15(a). This did
not only set the specimen dimensions, but it also permitted the fitting of the side case that enforced layer
consolidation. On the other hand, ± 45 degrees specimens necessitated of a longer tool, presented in Fig-
ure 4.15(b). This allowed to account for the variation in ply orientation in proximity of the turnaround points.
The central parts of the specimens, away from the poles, were then cut to size and placed onto the same tool
used for the unidirectional plates. This enforced the same level of consolidation during curing. Different
levels of porosity were achieved by placing metallic shims between the case and composite material. The
purpose of the shims was to increase the effective laminate thickness, to vary its consolidation level and fiber
volume content.

A summary of the achieved levels of fiber volume fraction and porosity for all specimens is presented in
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(a) Manufacturing setup for unidirectional specimen  (b) Manufacturing setup for helical specimen  

Figure 4.15: Overview of winding procedure for (a) unidirectional and (b) ±45 specimen in their respective tailored metal mandrels

Table 4.4: Overview of fiber volume fractiona and porosity of the each specimen.

Stack Fiber-Volume n f Fiber-Fraction [%] Porosity [%]
Low 5 56.55±0.50 7.46±0.82

[0]9 Medium 5 59.57±0.7 1.55±0.66
High 5 62.24±0.36 0.36±0.04
Low 5 56.77±0.64 6.81±0.31

[90]9 Medium 5 60.02±0.36 2.60±0.43
High 5 62.94±0.57 1.07±0.53
Low 5 55.01±5.23 5.65±1.93

[±45]5 Medium 5 60.17±3.07 3.65±1.26
High 5 62.90±1.31 1.31±0.72

Table 4.4. These were obtained by means of acid digestion tests, after which the specimens were tested in the
respective loading direction. Figure 4.16 shows the modulus of elasticity and the strength as function of the
fiber volume content, as gathered from longitudinal tensile testing. Error bars are added to depict the scatter
of the measured porosities. The elastic modulus is calculated by means of linear regression of the stress-strain
curve points between 0.05% and 0.25% strain, assuming linear elastic behavior of the material. Interpolation
functions are then fitted through the datapoints. In the case of longitudinal tensile testing, the interpolation
function is linear for the elastic modulus and quadratic for the strength. This suggests that an increasing fiber
volume fraction has a greater impact on the strength of the material, rather than its stiffness. The upwards
trend of both material properties can be partly attributed to the decrease in cross-sectional area for the highly
compacted specimens. This translates in higher stiffness and strength for the same applied load. A second as-
pect to play an important role in the stiffness and load-carrying capabilities of the laminate is porosity, which
directly affects the compliance of the resin. High porosity compromises the ability of the matrix to efficiently
transfer the loads between the different fiber bundles, therefore lowering the load-carrying capability of the
laminate. Therefore, low porosity and sufficient amount of resin permits an efficient redistribution of loads
and leads to a gradual failure. However, if the amount of resin is not sufficient, the load-transfer between
the fiber bundles is compromised. This is a plausible cause for the non-linear behavior of the strength curve
described by the specimens tested longitudinally.

The results for transverse tensile testing are presented in Figure 4.17. In this case, a purely linear behavior
is assumed for both stiffness and strength, meaning that the cross-section of the specimen and the properties
are directly proportional. The loaod-carrying capability of the laminate is directly affected by the quality of
the matrix and of the fibers. In terms of stiffness, low fiber volume content suggests the presence of air voids
in the matrix which reduce the effective laminate cross-section capable of withstanding the tranverse loads.
Strength is also mainly affected by the resin quality. Cracks tend to initiate in proximity of imperfections
where the micromechanical load path is forced to deviate. This increases the stress concentration locally
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Figure 4.16: Elastic modulus and strength versus fiber volume content, as calculated by means of the material properties adjustment and
as extracted from longitudinal tensile testing. A fitting function is used to fit the experimental data to extract material properties from
the trend.

until failure. Therefore, the lower the fiber volume content, the higher the porosity. High porosity results in
low failure strength.

Finally, the results of shear testing are presented in Figure 4.18, where the stiffness is calculated assuming
an elastic response in the range between 0.2% and 0.6% strain. In this case, the estimation of porosity shows a
significant scatter due to the varying material confinement imposed by the shims on the specimens. Stiffness
is again highly affected by the amount of air voids, as matrix compliance is increased by the large amount of
pores in the interwoven microstructure. On the other hand, strength is influenced by the constraints of the
outer plies that induce premature failure on the inner plies.

The comparison between the experimental results and the adjusted material properties shows accor-
dance for all considered loading cases when the fiber volume fraction ranges between 50% and 65%. This
corresponds to the range of fiber volume fraction of the tested specimens. For higher fiber volume fractions,
however, no validation data is available as there is a limit to the level of compaction achievable experimen-
tally. Levels of fiber volume fraction above 65% are difficult to reach. The ranges of high fiber volume fraction
for which no validation is possible are shaded in grey in the figures. In this regard, the comparison is only
vailid in the lower range of fiber volume fractions, and the fitted functions passed through the data are only
representative in this window. In conclusion, the validation process presented in this section proves that the
adjustment of material properties leads to resonable results. In the range of fiber volume fraction where ex-
perimental results are available, the data matches rather closely the analytical results. For higher fiber volume
fractions, however, experimental data cannot be fitted by means of monotonically increasing functions, and
therefore a plausible correlation between the calculated and experimental results cannot be established.

4.2.4. Evaluation of the Procedure for the Correction of Material Properties
The procedure presented for the adjustment of material properties is an interesting tool that allows to better
model the stiffness and strength of the laminate at different levels throughout the thickness. Without the
appropriate adjustment of material properties, correcting the geometry of the vessel loses a large part of
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Figure 4.17: Elastic modulus and strength versus fiber volume content, as calculated by means of the material properties adjustment
and as extracted from transverse tensile testing. A fitting function is used to fit the experimental data to extract material properties from
the trend.

its purpose. What varies with the compaction model is not only the contour of the laminate, but also its
overall stiffness, as this is directly affected by the reduction in thickness. The method presented in this section
mitigates this limitation in an appropriate manner, as it provides an increase in material properties based on
the main assumption that the total amount of load-carrying material does not vary when the compaction
acts on the structure. This asssumption seems to be reasonable, as it matches closely the material properties
obtained experimentally at least for low-to-medium fiber volume contents.

Despite its clear achievements, the proposed strategy has some limitations:

• It is an engineering solution, and as such it has no physical meaning. Stiffness and strength are affected
by the laminate quality and the presence of voids. However, modelling these aspects simultaneously is
extremely complicated, and an engineering solution is a valuable option which has a similar impact on
the simulations as that of compaction on the CPV.

• It is not easily veriafiable by means of experimental techniques. The procedure is based on the thick-
ness reduction of each ply during winding, which is however microscopic and therfore difficult to mea-
sure. Furthermore, these measurements should be taken subsequently after the winding of each ply to
evaluate the influence of every layer on the compaction level of the underlying ones. This would require
to interrupt the winding process often, potentially compromising the quality of the uncured material.
CT scans and microscopy offer valuable alternatives, which however rely on expensive machines.

• Material properties are calculated only based on the level of compaction in the cylindrical section of
the vessel. This is the most-compacted region as it corresponds to where the circumferential plies are
placed. Furthermore, in this area the ply orientation is uniform, leading to constant material properties
across the length of the entire cylinder. On the other hand, in the dome the level of compaction is rather
low, as only helical plies are used to reinforce the liner. Here the material properties remain similar to
the ones provided by the material manufacturer and assumed in previous investigations [32, 55]. In
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Figure 4.18: Elastic modulus and strength versus fiber volume content , as calculated by means of the material properties adjustment
and as extracted from in-plane shear tensile testing. A mathematical function is used to fit the experimental data to extract material
properties from the trend.

fact, the ply thickness here does not vary significantly. Furthermore, in the dome the ply orientation
varies as the ply approaches the boss, reaching 90 degrees at the turnaround point. This makes the
adjustment of material properties in the dome much more computationally expensive than for the
cylinder case, as these must be caculated at every discretization point along the vessel contour. This
would lead to material properties that not only vary per ply, but also per axial location. Adjusting the
material properties in the dome as well as in the cylinder is potentially doable, and has in fact been
done during the investigation to assess its benefits. However, in the dome the material properties vary
only slightly at every point, making the computational expense not justifiable. It is therefore decided to
proceed by adjusting the material properties only in the cylinder, where the impact is greater due to the
high compaction imposed by the circumferential plies. This leads to a slight overestimation of material
properties in the dome, which should be accounted for the in the evaluation of the results. In any case,
the option to adjust the material properties per ply and per axial location in the dome can easily be
implemented in the model, as the script has already been parametrized for this function.

To further adress the robustness of the method, the possibility to change the assumptions for the analysis
of the dome are considered. Specifically, it is investigated whether it is true that in-plane loading is truly the
most relevant loading case in this region. Here bending effects which develop in the cylinder-dome transi-
tion region and shear stresses also partly contribute to the laminate stress-state. In other words, one could
argue that in this region the extensional stiffness matrix A may not be as important as the flexural stiffness
matrix D, which could then be matched to that of non-compacted case to adjust the material properties. An
investigation on the effects of this hypothesis is performed for sake of completeness.

As presented in Equation 4.5, the elements of the A-matrix are proportional to the the ply thickness. On
the other hand, the elements of the D-matrix are proportional to the cube of the ply thickness. This differ-
ence has an important implication: in the cylinder, the material properties would be unreasonably high if the
D-matrix would be considered instead of the A-matrix in Equation 4.6. Furthermore, the assumption would
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not be representative of reality as undoubtly the most critical loading is found in the tangential direction for
circumferential plies. In the dome, the thickness reduction is so small that the difference in results barely
depends on the stiffness matrix. This makes the two approaches virtually equivalent in the dome region,
whereas the advantages of adjusting the A matrix are clear in the cylinder. In conclusion, the approach based
on the A-matrix is preferred as highly representative in the cylinder, and just-as-acceptable in the dome. It
should however be noted that the adjusted material properties are slightly underestimated in the dome, due
to the role played by flexural stresses on the laminate performance.

4.3. Propagation of Damage
The definiton of material properties described in the previous section gives a realistic first representation of
the heterogeniteis already present in the laminate prior to pressurization. However, an iterative anaysis is
necessary to evaluate how the material degrades when loaded. With this purpose, a damage propagation
analysis is implemented in the modelling strategy. The subroutine evaluates damage according to the Hashin
Rotem failure criterion, following the mathematical formulations explained in detail in Section 4.3.1. The
implementation in Abaqus follows the steps presented in Section 4.3.2.

The purpose of this method is to quantify the impact of damage on the deformational behavior of pres-
surized CPVs and the associated prediction of burst. Previous investigations have shown the potential of
remarkably detailed damage progression subroutines in improving the simulation results, and to obtain a
close estimation of burst [55]. However, these come at very high computational costs, especially due to the
fine discretization that the formulation require. In fact, the analysis includes a per-ply discretization for a
three-dimensional solid element model.

As the method developed in this study focusses on fast analysis, a more efficient approach is imple-
mented. This is based on the progressive degradation of the material properties associated to continuum
shell elements. With this approach, failure in each ply is analyzed individually. Two limitations should how-
ever be mentioned. First of all, as opposed as its solid counterpart, it does not take into account for the
radial stresses through the laminate thickness, as continuum shell elements utilize a two-dimensional tensor
formulation. Secondly, as multiple plies are included in a single element, the degradation of the material
properties of each ply influence the overall damage variable of the entire element. In turn, the element may
reach failure before its individual plies fail. A finer through-thickness partitioning has the potential to lead to
more accurate results, as effectively the failure of each element would be better representative of the failure
of all of the plies in its layup. For this reason, a sensitivity analysis is performed and presented in Appendix A.
The outcome of this procedure shows that refining the model discretization only leads to a very slight im-
provement, proving that plies of the same type tend to experience similar levels of damage. To limit the com-
putational time of the simulation, it is therefore decided to continue with the original partitioning strategy
which includes one through-thickness element per ply-group.

4.3.1. Mathematical Description of Hashin Rotem Faiure Criterion
The mathematical formulation of the damage progression subroutine relies on two phases: damage initia-
tion and damage evolution. Damage initiation refers to the onset of material degradation and it is evaluated
in Abaqus by applying Hashin Rotem theory [61]. This criterion considers four damage mechanisms: fiber
tension, matrix tension, fiber compression and matrix compression. For each one of these phenomena, a
failure index is calculated to evaluate whether damage has initiated:
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Failure is triggered in one of the four damage mechanisms when the respective failure index F is equal to
or exceeds 1. In the equations, subscripts T and C denote tension and compression respectively, X refers to
longitudinal strength values, Y to transverse strength values and S to shear strength values. Factor f repre-
sents the contribution of the shear stress to the fiber tensile initiation criterion, which in this case is set to 0
to be consistent with the Hashin and Rotem formulation [61]. Finally, σ11, σ22 and τ12 are the components of
the effective stress tensor σ implemented to evaluate damage according to the formulation:

σ= Mσt (4.13)

where σt coresponds to the true stress and M stands for the artifical damage operator which is iteratively
re-computed once damage has initiated for at least one of the four modes to model damage evolution. M is
computed as:

M =


1

(1−d f ) 0 0

0 1
1−dm

0

0 0 1
1−ds

 (4.14)

Variables d f , dm and ds are used to represent fibers, matrix and shear internal damage. These are derived
directly from the damage variables d t

f , d t
m , d c

f and d c
m as follows:
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(4.15)
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(4.16)

ds = 1− (1−d t
f )(1−d c

f )(1−d t
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m) (4.17)

Here, the specific damage variable d for a particular mode is given by the expression:

d =
δ
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eq (δeq −δ0

e q)

δ
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eq (δ f

eq −δ0
e q)

(4.18)

where δ0
eq is the initial equivalent displacement at which the inition criterion for the specific failure mode

is met, and δ
f
eq is the displacement at which the material is completely failed for the same mode.

This relation is presented in Figure 4.19(a). Once damage is initiated, the material properties are degraded
such that the equivalent stress that the laminate can carry follows the trend shown in Figure 4.19(b). This is
valid for each one of the four damage mechanisms. The positive slopes prior to damage corresponds to the
elastic behavior of the material. The model is only realistic for materials that show elastic-brittle behavior,
as no plasticity is involved in the mathematical formulation. The negative slope which follows damage is
computed by the evolution of the damage variable of the mode in analysis, according to the equations below:
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Fiber compression (σ11 < 0)
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Matrix tension (σ22 ≥ 0)
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Matrix compression (σ22 < 0)
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Figure 4.19: Mathematical formulation of Hashin Rotten failure criterion: on the left side, the damage variable as a function of the
equivalent displacement. On the right side, the linear relation before and after damage between equivalent stress and equivalent dis-
placement.

In these expression, Lc is the characteristic element length. This corresponds to the entire element side
length due to the linear formulation applied to continuum shell elements. Lc is calculated as the square root
of the element planar surface. The symbol 〈〉 denotes the Macaulay operator which attributes for any n ∈ R
the following expression:

〈n〉 = (n +|n|)
2

4.3.2. Implementation of Damage Propagation in Abaqus
In order to successfully implement damage progression in the simulation, a series of additional material
properties must be assigned to the model. These describe the energy released due to fracture in the different
failure modes. As this is not easily attainable from the material provider, the required information is retrieved
from the study performed by Abir et al. [62]. The authors develop a model to simulate the progressive effects
of damage as it propagates through a flat laminate after impact. This study has been chosen over others as the
material utilized is a general T700-epoxy resin CFRP composite, similar to the one used at cellcentric GmbH
for all experimental sets. The material properties presented in Table 4.5 are therefore selected.

Table 4.5: Overview of fracture energy properties used to simulate damage propagation through the material, from [62]

Longitudinal tensile
fracture energy

[N/mm]

Longitudinal compressive
fracture energy

[N/mm]

Transverse tensile
fracture energy

[N/mm]

Transverse compressive
fracture energy

[N/mm]
133 40 0.5 1.6

In Abaqus/Standard, an element is deleted once the damage variable for all failure mode reaches a pre-
selected value dmax . By default, this is set to 1.0, but can be adjusted according to the user input. When
lower than 1.0, the removal of the ineffective element is forced earlier. When higher, the element is allowed
to degrade further, and remain in the model even after complete failure. If the Abaqus default parameter is
not adjusted, when the elements are removed from the model their nodes still remain in the geometry even
though effectively they are not attached to any element. However, if the internal pressure loading is applied
directly on these nodes, the model fails to converge.

To prevent this effect, it is decided to maintain 1.0 as maximum damage variable dmax , but to hinder
element removal. This function forces each element to remain in the model even after failure. This way, once
all damage variables d reach the maximum value for each failure mode, the stiffness matrix of the element
remains constant, as opposed to being removed from the model all at once. In other words, the material
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degradation stops and the affected nodes remain attached to a phisical element.
This strategy also offers a solution to a second issue encountered in the implementation of the damage

progression analysis. As the solution progresses, the nodes of the failed elements which are removed from the
model after damage may undergo nonphysical displacements due to the extrapolation scheme implemented
in Abaqus/Standard. Avoiding element removal partly allows to prevent this issue. Further tuning of the
elements stiffness is also possible to inhibit unrealistic element deformations.



5
Results and Assessment of Model

Performance

Once the geometry and material composition of the CPV are adjusted, an internal pressure loading of 105
MPa is applied on the inner walls of the vessel and on the boss. This pressure level coresponds to the required
operational pressure of 70 MPa multiplied by a margin of 1.5, and it is widely applied for simulation purposes
at cellcenric GmbH.

The ultimate objective is to predict with high level of accuracy the deformational behavior and the burst
pressure of the different vessel configurations. With this purpose, strains, stresses and failure data at 105 MPa
internal pressure is extracted from the model and post-processed in Python. Here, the results are compared
to the experimental data. Correlation is then evaluated in terms of four main parameters:

• Outer strains - these are a measurement of the deformation of the vessel during pressurization. Exper-
imental results are measured during testing by means of DIC, and then decoupled into tangential and
meridional strains by means of rotational transformations. Similarly, outer strains are obtained from
Abaqus in the global coordinate system, and then rotated appropriately in the tangential and merid-
ional directions.

• Per-ply stresses - these are exported directly from Abaqus in the ply-specific coordinate system. Three
components are retrieved for each ply: S1 sresses define the stresses in the fiber’s longitudinal direction,
S2 stresses the transverse stresses, and S12 stresses the shear stresses. Stresses are not measured directly
from experiments. However, they are used directly for the prediction of the burst pressure, and can
therefore be linked to the next parameter in this list.

• Burst pressure - this is easily retrived from testing, as it corresponds to the pressure level at which the
vessel fails and the measured pressurization level drops. The predicted burst pressure is not extracted
directly from Abaqus, but it is calculaleted from the stress-state at the highest simulated pressure stage.
Details regarding the burst pressure calculation are presented in Section 5.1.2.

• Burst location - the location of failure is highly dependent on the vessel layup and stacking sequence.
In laboratory settings, assessing where the vessel fails is arguably simple. Although after burst the vessel
is reduced to powder, usually remainders of specific parts of the structure provide insights on the loca-
tion of failure. An overview on the burst location for the BL, BC and W2B configurations is provided in
Figure 5.1. Predicting the failure location numerically, on the other hand, poses some challenges. Sim-
ilarly to the burst pressure, the location of failure is estimated from the stress-state at 105 MPa internal
pressure. Cylinder failure is in general easier to predict, as in this region the loading on the structure
is uniform, the geometry rather simple and the material composition predicable. Dome burst, on the
other hand, is tedious to simulate due to the doubly-curved geometry and the heterogeneous material
composition of the laminate.

Finally, the computational time of the simulation is evaluated and compared to that of previous simula-
tion tools to assess its efficiency.
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5.1. Performance of the Solid Model

Cylinder burst 
at 189 MPa

BC

Cylinder burst 
at 163 MPa

BL

Dome burst
at 127 MPa

W2B

Figure 5.1: Overview of burst pressure and location for the BL,
BC and W2B vessel configurations.

The numerical approaches presented in Chapter 3 and
the physical adjustments to the model explained in
Chapter 4 lead to a significant improvement of the
state-of-the art simulation tools for the prediction of
the deformational behavior of CPVs. As the solid model
is built directly on the inheritance of the one devel-
oped by Johman [32], a direct comparison can be made
in terms of accuracy in the depiction of deformations,
prediction of stresses, estimation of burst, and compu-
tational time. This comparison allows to address the
relevance of all adjustment strategies one by one.

Once the advantages of the developed solid model
over its predecessor are assessed, its predictive ability
is tested on different vessel configurations to study its
robustness. Specifically, vessels which experience dif-
ferent failure types are investigated with a twofold pur-
pose: first, to check to which extent the solid model is
able to predict the deformational behavior of the tank
according to its layup; second, to observe whether pat-
terns can be found to estimate the burst pressure and
location of different vessel configurations.

5.1.1. Prediction of Deformational Behavior
The performance of the solid element model is initially tested on the deformational behavior of the vessel
during pressurization. In this section, the results for the three vessels configurations listed in Chapter 3 are
presented. Outer strains in the tangential and meridional directions are computed by means of geometrical
rotations from the longitudinal, transverse and shear strains extracted from Abaqus.

These are presented in Figure 5.2, which shows the computed tangential and meridional strains as com-
pared to the pre-existing simulation benchmark for the BL, BC and W2B vessel configurations. All strain
curves are also compared to the experimental results. An overview of the discrepancies between the mod-
elling strategies and the average experimental data is presented in Table 5.1.

Table 5.1: Overview of cylinder strains at 105 MPa and respective discrepancy with experimental data.

Outer tangential strains
in cylinder (at 105 MPa)

Outer meridional strains
in cylinder (at 105 MPa)

Absolute strain
[%]

Discrepancy wrt experiment
[%]

Absolute strain
[%]

Discrepancy wrt experiment
[%]

BL
Benchmark 1.08 13.6 0.45 28.6
Solid model 0.89 6.3 0.40 23.7

BC
Benchmark 1.01 20.2 0.40 27.3
Solid model 0.80 4.8 0.46 16.3

W2B
Benchmark 1.52 16.9 0.68 20.0
Solid model 1.23 5.3 0.69 18.8

For all three cases, the solid model is noticeably more accurate than the existing benchmark in the de-
piction of outer tangential strains in the cylindrical region of the vessel. Here, the adjustment of material
properties leads to the most drastic increase in laminate stiffness, due to the presence of the highly com-
pacting circumferential plies. Although both the pre-existing benchmark and the new solid model include a
thickness approximation based on Kang’s definition of compaction [31], the benchmark does not include an
adjustment of material properties. This translates in an underestimation of the laminate stiffness, which can
be compared to an effective removal of load-carrying material. In fact, the thickness of each ply is reduced
but the associated material properties are not adjusted. The adjustmenf of material properties proposed in
Chapter 4 mitigates this heavy assumption, and it constitues the most relevant difference between the two
modelling approaches. The increase in laminate stiffness translates into a substancial decrease of tangential
strains, which now approach the experimental data much more closely for all three configurations. The effect
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Figure 5.2: Overview of tangential and meridional strains for the BL, BC and W2B configurations as extracted from the solid model results
in comparison to the previous benchmark simulation and to the experimental data. All results are extracted at 105MPa.

is more relevant in the BL and W2B configurations. In these cases, the placement of the highly-compacting
circumferential plies on the outside of the laminate results in better compaction and a more significant de-
crease in thickness. In turn, the stiffness properties are enhanced to a greater extent.

In the dome region, the effect is less drastic. Here, the laminate is not as compacted due to the absence
of circumferential plies. Furthermore, the extent of the thickness reduction of the laminate is directy related
to the normal component of the fiber tension load, computed as shown in Equation 4.1. In the dome re-
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gion, the mandrel can only be reinforced by low angle helical plies as the high orientation of circumferential
plies may easily lead to slippage. The low angle of orientation of the local reinforcement, according to Equa-
tion 4.1, leads to a low normal load on the laminate, which therefore translates into a limited compaction.
The combination of these two effects leads to a less-noticeable increase of material properties.

The difference in meridional strains between the previous benchmark and the developed solid model is
less significant. Meridional strains are mainly controlled by the axial reinforcement provided by low angle
helical plies. As shown in Figure 4.14, the increase in material properties for low angle helical plies is only
marginal compared to circumferential plies, which explains why the meridional strains remain approximately
unchanged. An exception is the BC case, for which the meridional strain curves differ significantly. The reason
of this phenomenon is found in the mutual interaction between tangential and meridional stresses triggered
by the drastic decrease in tangential strains.

In the dome region, a slight improvement of the numerical stability of the response is to be attributed to
the smoother vessel contour. This is represented more reastically by the new solid model, which takes into
consideration the thickness accumulation due to dwelling at the turnaround point of high angle helical plies.
This is particularly appreciable for the BC case.

Despite the improvement, some differences between simulation and experimental results are still notice-
able in both outer tangential and meridional strains. A plausible reason of these discrepancies is that the solid
model does take into account the development of damage through the material in any way. In other words,
the material properties do not experience any degradation, and remain constant after every load increment.
This is a limitation as effectively, when the laminate takes on the increasing pressure load, the composite is
damaged. This compromises its quality, resulting in a degradation of both the matrix and the fiber compo-
nents. The load-carrying capabilities of the structure are therefore expected to decrease. As proved by the
research of Soriano [55], this has a significant impact on the behavior of the outer strain curve. Each layup
seems however to be affected by this phenomenon to a different extent.

As the pressure loading is transferred through the material from the innermost- to the outermost-ply,
stresses develop through the thickness of the laminate, varying according to the through-thickness location
of the ply. The per-ply stresses computed numerically are shown for every vessel configuration in Figure 5.3.
For all cases, the most critical stress-state is caused by the high tangential stresses which develop in the cylin-
der. These are mainly carried by the circumferential plies, in which the fiber component is almost perfectly
aligned to the stress direction, i.e. perpendicular to the longitudinal axis of the vessel. The stress gradient of
tangential stresses is such that inner plies experience the highest loading, which then decreases towards the
outermost ply. In this sense, the innermost circumferential ply is responsible for withstanding the highest
tangential stresses.

The effect of damage is expected to be particularly relevant for the BL and the W2B configurations, where
the stack of circumferential plies is located on the outside of the laminate. For these vessels, the high tangen-
tial stresses are transferred through the entire stack of low angle helical plies before they finally encounter a
ply-type suitable to withstand them. In this process, the inner helical plies are heavily loaded, and damage is
likely to degrade their load-carrying potential. For this reason, it is acceptable that the outer strains predicted
for the BL and the W2B configurations show a more relevant deviation with respect to the experimental curve.

For the BC configuration, on the other hand, the stack of circumferential plies is located on the inside of
the laminate, therefore allowing the circumferential plies to take on the high tangential stresses where they
are highest. This way, only a limited portion of tangential loading reaches the outer helical plies. In turn,
these helical plies are expected to experience less damage. The neglection of material degradation due to
damage is therefore less relevant for the BC case. In ther words, it is reasonable that the simulated tangential
deformation in the cylinder is closer to the experimental results for the BC vessel configuration rather than
the BL and W2B. Effectively, including damage analysis in the investigation of the BC laminate would only
marginally change the outcome, as the BC laminate is less prone to material degradation.

5.1.2. Considerations on Stresses and Estimation of Burst
The stress-state of the laminate at 105 MPa internl pressure presented in Figure 5.3 is used to predict the
pressure level at which burst will occur.

For all vessel configurations, the highest stresses are found in the stack of circumferential plies in the fiber
direction (S1). These stresses derive from the radial loading imposed on the structure, which translates in high
tangential stresses in the laminate. The tangential stresses are promptly carried by the circumferential plies,
for which the fiber component is conveniently aligned to almost perpendicularly to the longitudinal axis of
the vessel. As these are highest on the inside of the laminate, the innermost ply in the stack of circumferentials
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Figure 5.3: Overview of S1, S2 and S12 stresses for the BL, BC and W2B configurations respectively.

is the most heavily loaded. The S1 stresses then decrease towards the outside, reaching the lowest magnitude
in the outermost ply. The stress gradient depends on three main aspects:

1. The through-thickness position of each specific ply.

2. The material properties of each specific ply.

3. The orientation of each specific ply.

For previous modelling techniques which did not involve any adjustment of material properties, the
strength and stiffness of each ply were kept constant. This means that the stress gradient through the stack
of circumferential plies was only dictated by the through-thickness location of each specific ply and its ori-
entation. This resulted in a limited differetiation of stresses through the ply-group. Graphically, this means
that the cylinder stresses of the innermost and outermost circumferential plies were closer to each other. The
effect is less drastic for helical plies as, once again, the material properties are only barely increased by com-
paction. This is conveniently shown in Figure 5.4, where a comparison between S1, S2 and S12 stresses for
the non-compacted and the compacted laminate is presented for the BL configuration. A similar behavior is
experienced by the BC and W2B vessel types.

A second effect of the adjustment of material properties on the stress-state of the laminate is the magni-
tude of the highest S1 stress. Figure 5.4 shows that, as the stiffness of each ply increases, the maximum stress
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Figure 5.4: Comparison of S1 stresses for the BL vessel configuration with and without heterogeneous material properties, at 105MPa.

that it can carry also increases. In this sense, higher material properties attract higher stresses, eventually
leading to a better vessel performance.

The opposite effect is found for S2 stresses, where the stress gradient through the stack of circumferential
plies decreases. The effect is reasoned by the required balance of shear stresses: as the fiber component is
now able to carry significantly higher stresses, the matrix is less heavily loaded. This effect is less noticeable
in the stack of helical plies where the material properties are similar for all layers.

As circumferential plies are loaded in the tangential direction aligned to their fiber direction, the S12 shear
stresses are close to null in this ply-group. In fact, S12 stresses are mainly carried by helical plies. Shear
stresses are symmetric as the winding of helical plies leads to an even interwoven [±α] laminate. S12 stresses
are not significantly affected by the adjustment of material properties, as it was mentioned that helical plies
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are only marginally affected. As for the matrix-dominated S2 stresses, the slight decrease in their magni-
tude recorded for the solid model is mainly due to the fact that now the fiber component is more efficient in
carrying longitudinal stresses, decreasing the loading on the matrix.

From the combination of stresses at 105MPa, different methods can be used to estimate the burst pres-
sure. In this context, burst is estimated in terms of first ply failure, meaning that the entire laminate is as-
sumed to fail once one of its plies is damaged. This approximation has some limitations. In reality, as one ply
fails, the stresses are re-distributed such that the surrounding plies are temporarily able to carry them. Even-
tually, this leads to a faster degradation of these surrounding plies, which will temselves fail subsequently
until the last ply has finally collapsed. The effect is especially true when failure is associated to compression
or shear. When tensile failure is experienced on a UD laminate, on the other hand, all plies are similarly
loaded and laminate failure is expected to occur right after first ply failure. Therefore, the stack of circumfer-
ential plies is expected to fail almost simultaneusly. Load re-distribution will only occur for a very short time,
until all plies fail due to the high tangential stresses.

Several criteria can be used to evaluate whether a ply has failed, which describe in more or less detail the
failure modes that the laminate can experience. In this research, Puck failure criterion is implemented, which
theoretically estimates failure based on four failure modes. These are respectively fiber failure, and inter-fiber
failure in mode A (transverse tension), mode B (shear) or mode C (transverse compression). In this study, only
the most relevant loading case is considered, i.e. fiber tensile failure.

According to Puck failure criterion, a specific ply experiences fiber tensile failure when the following is
valid:

FF F = 1

S t

[
σ1 −

(
ν12 −ν12mσ, f

E11

E11, f

)
(σ22 +σ12)

]
≥ 1 (5.1)

Here, S t is the tensional strength of the fibers. In general, the expression is also valid for compressive
fiber failure, meaning that S t can potentially be substituted by the compressive strength of the material Sc .
However, the fiber constituent of CPVs is not expected to experience compression, thus only tensile failure
is considered. σi represent the components of the stress tensor, νi are the components of the Poisson’s ratio
in the respective directions, and mσ, f is a material specific factor, often set to 1.3 for CFRP. According to
Equation 5.1, the ply fails when its failure factor reaches 1.

To estimate burst, the failure factor FF F is calculated from the stress-state obtained from simulation at
105 MPa for each ply and at every axial location along the vessel length. The failure envelope is then plotted
to observe which areas of the vessel are most critical, and where fiber failure is expected to occur first. The
maximum failure index is then extrapolated from the failure envelope, and the respective burst pressure is
computes linearly as follows:

burst pressure = 105MPa

FF F,max
(5.2)

The failure envelopes at 105 MPa for the BL, BC and W2B cases are shown in Figure 5.5, alongside the
predicted burst computed by means of Equation 5.2. Here, the dotted line represents the failure index at 105
MPa which would lead to failure at the pressure stage at which burst was recorded experimentally. Again, this
failure index is computed linearly from Equation 5.2. For convenience, an overview of the burst prediction
for each vessel configuration is provided in Table 5.3.

The maximum failure index presented in Figure 5.5 for the BL configuration is rather different than the
experimental result. Linear extrapolation leads to a predicted burst pressure of 196 MPa, whereas burst is
recorded at 163 MPa during experiment. Similarly as for the strain prediction, this is partly attributable to the
neglection of damage in the simulation strategy. This is significant especially for the BL and W2B configura-
tions, where the stack of circumferential plies is located on the outside of the laminate. During pressurization,
damage developes through the structure, reducing the load-carrying capabilities of the material and leading
to an earier burst event. In this sense, final failure in reaity is expected to occur at lower pressure stages than
the simulation may predict.

For the BC case, this effect is less relevant. Here, the stack of circumferential plies is located on the inside of
the laminate, preventing the helical plies from being heavily loaded and from experiencing relevant damage.
In this case, the circumferentials are fully able to carry the tangental stresses before these reach the outer
helical plies, which therefore remain undamaged until high pressure stages. For this reason, neglecting the
effects of material degradation does not have a significant impact on the burst estimation of the BC vessel
type. However, it should be noticed that according to the failure envelope plotted for the BC configuration in
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at 105MPa computed by means of the developed solid model
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Figure 5.5, first failure seems to happen in the dome region, where in fact the highest failure index is found
in the innermost low angle helical ply. When looking at the per-ply failure indices on the right hand side of
the figure, however, one can see that this peak is reached only by a single helical ply. This suggests that failure
can be attributed to a local damage which would not lead to burst. In reality, when one ply fails, the stresses
are temporarily re-distributed amongst the surrounding plies, until these reach failure as well. Figure 5.5
shows that the stack of outer helical plies experience low failure indices, meaning that they would be able to
compensate for the damaged innermost ply and delay dome failure. On the other hand, the high faiure index
reached in the cylinder is approached by all circumferential plies, suggesting that all plies fail subsequently
right after first ply failure. Therefore, the prediciton of burst pressure for the BC configuration is computed in
the cylinder.

The W2B vessel configuration behaves similarly to the BL layup in the cylinder. Here, the prediction of
failure is influenced by the neglection of damage. The high tangential stresses caused by the radial loading
are expected to cause fiber fracture in the inner helical plies. For this reason, the burst pressure is overesti-
mated in the cylinder. However, a peak in fiber fracture index is found in the dome, matching the dome burst
experienced during testing. Contrarily to the BC case, in the W2B configuration the high peak in the dome
is not approached only by a single ply, but rather by the entire stack of inner helical plies. This suggests that
failure would not be localized to a single layer, but rather diffused. In turn, load re-distribution after first ply
failure would not be sufficient to withstand the high local stresses, eventually leading to burst. For this rea-
son, the dome failure predicted by the solid model seems to be realistic, partly proving the predictive ability
of the modelling strategy.

In general, the solid model is able to give a reasonable estimation of outer tangential and meridional
strains, and to provide a reliable indication on the failure location. In fact, for all the considered configura-
tions failure is predicted in the location where it was actually recorded during testing. The BL and BC vessels
are expected to fail in the cylinder, whereas dome failure is expected to cause final burst for the W2B case. De-
spite its potential, the solid model is not yet able to estimate the final burst pressure accurately for all vessel
types. In this context, the continuum shell model is expected to provide further insights. Damage progres-
sion analysis is implemented in its solution, partly mitigating the limitations of the solid model. On the other
hand, a few differences exist in the numerical formulation of the two modelling strategies, which eventually
lead to some fundamental differences. In the next section, these differences are firstly analyzed in detail, with
the purpose to familiarize with the effects of the assumptions that the two modelling strategies rely on. Once
these foundations are established, the advantages of considering degradation due to damage in the analysis
are studied.

5.2. Performance of the Continuum Shell Model
The continuum shell model allows for a relatively simple implementation of the Hashin Rotem failure crite-
rion to account for damage progression through the material. The material properties of each element are
degraded iteratively as the failure initiation factor defined in Section 4.3.1 is reached. Before studying the
results of such implementation, it is important to give a close look to the results of the constituvely elastic
analysis and underline all existing differences between the continuum shell model and the solid model. This
way a robust foundation of knowledge is built to understand whether the inclusion of such damage progres-
sion analysis gives any advantage to the existing simulation strategy.

5.2.1. Prediction of Deformational Behavior
The evaluation of the model performance, once again, begins with the assessment of outer strains. These are
presented for the BL, BC and W2B cases in Figure 5.6. Here, the results of the solid model are displayed in light
blue, whereas the results of the continuum shell model are presented in green. Finally, in pink are the results
of the continuum shell model when the damage propagation is implented in the solution. An overview is also
presented in Table 5.2.

Firstly, the contitutively elastic responses of the solid model and of the continuum shell model are com-
pared. For all vessel configurations, outer meridional strains are slightly higher for the continuum shell
formulation. The reason of this trend can be explained by the different element types. The radial loading
caused by pressurization creates compressive radial stresses in the matrix component of the laminate which,
in turn, experiences compressive through-thickness strains. Due to the Poisson’s effect, the radial compres-
sive stresses squeeze the matrix component in the transverse in-plane direction, therefore increasing the
in-plane transverse strains. In turn, this leads to an alleviation of stresses and strains in the longitudinal
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fiber direction. The solid element formulation is fully able to capture the compressive radial stresses through
the laminate thickness thanks to several integration points placed across the thickness of each element. On
the other hand, continuum shell elements cannot account for this normal stress component, therefore not
including the contribution of radial compressive stresses to the in-plane loading state. For this reason, the
constitutively elastic strain responses of the two models show some discrepancies.

For tangential strains, the behavior is slightly different. Tangential strains are mainly dominated by the
load-carrying action of circumferential plies. For the BL and BC cases, the ratio between the amount of cir-
cumferential plies and the amount of helical plies is rather high, meaning that the effect of compressive radial
loading on the matrix in helical plies is only marginal. For this reason, the tangential strains are very similar
for the solid and the continuum shell model. For the W2B case, on the other hand, the ratio between cir-
cumferential and helical plies decreases, meaning that the influence of matrix compression and the relative
transverse stress associated to it has a more significant impact on the determination of tangential strains. For
this reason, it is observed in Figure 5.6 that the tangential strains obtained from the solid model do not match
the ones obtained from the continuum shell model.

Table 5.2: Overview of outer cylinder strains for the BL, BC and W2B vessel configurations, computed by means of the solid model
(without damage) and the continuum shell model (with and without damage).

Outer tangential strains
in cylinder (at 105 MPa)

Outer meridional strains
in cylinder (at 105 MPa)

Absolute strain
[%]

Discrepancy wrt experiment
[%]

Absolute strain
[%]

Discrepancy wrt experiment
[%]

BL

Solid
(w/o damage)

0.89 6.3 0.48 23.7

Continuum shell
(w/o damage)

0.89 6.3 0.50 20.6

Continuum shell
(w/ damage)

0.93 2.1 0.58 7.9

BC

Solid
(w/o damage)

0.80 4.8 0.46 16.3

Continuum shell
(w/o damage)

0.82 2.4 0.48 12.7

Continuum shell
(w/ damage)

0.85 1.2 0.51 7.2

W2B

Solid
(w/o damage)

1.23 5.3 0.71 16.2

Continuum shell
(w/o damage)

1.17 10.0 0.73 14.1

Continuum shell
(w/ damage)

1.20 7.7 0.80 4.7

When material degradation is taken into accunt, the results improve significantly. This holds for all config-
urations, although it is more relevant for the BL vessel. The outer strains in this case match the experimental
results extremely closely. In the cylindrical region of the vessel, both outer tangential and meridional strains
increase, leading to a discrepancy with respect to the experimental data of 2.1% and 7.9% respectively. This
improvement is caused by the decrease in stiffness experience by the damaged elements, which leads to an
overall increase in strains. A similar effect is visible for the W2B case, for which the discrepancy of merid-
ional strains with the experimental data decreases to 4.7%. The improvement is less drastic for tangential
strains, where the discrepancy with the experimental data is 7.7% due to the neglection of radial compressive
stresses, particularly relevant for the W2B vessel. In the case of BC, tangential strains show almost full accor-
dance with the experimental data, as the discrepancy is now limited to 1.2%. Meridional strains also correlate
rather closely, limiting the discrepancy to 7.2%. It is important to notice that, as expected, the impact of dam-
age on the results is less significant for the BC case than for the BL case. Again, this is reasoned by the location
of the stack of circumferential plies with respect to the helical plies.
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Figure 5.6: Overview of outer tangential and meridional strains at 105MPa for the BL, BC and W2B configurations, as computed by the
solid model (without damage) and the continuum shell model (with and without damage).
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Figure 5.7: Comparison of S1, S2 and S3 per-ply stresses for the BL configuration as computed by the solid model (without damage) and
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5.2.2. Considerations on Stresses and Estimation of Burst
A similar comparison is done in terms of stresses, presented in Figure 5.7 for the BL vessel configuration, in
Figure 5.7 for the BC, and in Figure 5.9 for the W2B. All vessel configurations show similar trends.

Again, the differences between the constitutively elastic response of the solid model and of the continuum
shell model are tackled first. S1 longitudinal stresses are slightly higher for the continuum shell model, both
in circumferential and in helical plies. Furthermore, the stress gradient through the stack of circumferential
plies is reduced, meaning that the innermost and outermost circumferential plies experience a more similar
stress-state in the continuum shell model. This is attributed to impossibility to capture the compressive
radial stress component with continuum shell elements, which also affects the in-plane stress levels. The
compressive radial stresses are location-dependent and affect the stress-state of each ply differently: on the
inside, the radial compressive stress matches the internal pressure; on the outside, they equal zero. For this
reason, a larger spread in tangential stresses in the innermost and outermost S1 stresses exists for the solid
model, where the ply-dependent effect of radial compression is taken into account. For the continuum shell
model, on the other hand, the spread is less significant as no difference in radial stresses exists between the
inner and outer plies, as these are actually null. A similar consideration is valid for the helical plies, although
here the impact is less relavant as the material properties of low angle helical properties are close-to-constant,
already causing the spread of stresses between inner and outer plies to be only marginal.
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Figure 5.8: Comparison of S1, S2 and S3 per-ply stresses for the BC configuration as computed by the solid model (without damage) and
the continuum shell model (with and without damage)

In terms of transverse stresses, the solid and the continuum shell models show different behaviors. Trans-
verse stresses are matrix-dominated, meaning that the impact of the neglection of compressive radial stresses
in this case will be significant. Interesting to notice is the transverse loading on the stack on low angle heli-
cal plies. When compressive radial loading are included, i.e. in the solid model, the transverse stress of the
innermost helical plies decrease. Radial stresses are in fact higher on the inside of the laminate, where they
alleviate the in-plane stressses the most. When compressive radial stresses are not included, this alleviation
of in-plane stresses is lost. This is the case in the continuum shell model. Shear stresses are also affected by
this effect, and appear slightly higher in magnitude for the continuum shell model.

Different considerations should be made for the case when material degradation is taken into account.
In terms of longitudinal S1 stresses, a similar trend is found as for the constitutively elastic analysis. This
suggests that at the selected pressure stage of 105 MPa the fiber constituent is not yet damaged, and therefore
still fully able to withstand the loads. This theory is confirmed when looking at the failure inidices for tensile
fiber failure plotted for the three vessel types in Figure 5.11, Figure 5.12 and Figure 5.13. Here, it is clear that
all failure indices for fiber failure are still well below 1, meaning that no damage initiation nor degradation
has yet occurred in the fiber component at 105 MPa internal pressure.
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Figure 5.9: Comparison of S1, S2 and S3 per-ply stresses for the W2B configuration as computed by the solid model (without damage)
and the continuum shell model (with and without damage)

Transverse stresses, on the other hand, decrease of a full order of magnitude when damage propagation
is taken into account. As shown in Figure 5.11, Figure 5.12 and Figure 5.13, matrix failure occurs at very early
pressure stages for all vessel types, meaning that at 105 MPa the matrix is fully degraded and uncapable of
withstanding any load. This has important repercussions also on the S12 shear stress component, which
is carried by both the fibers and matrix components. When the material is degraded according to the se-
lected damage progression subroutine, matrix failure is fully accounted for. This means that the laminate
is far less capable to carry shear stresses, as now only the fiber component is still undamaged. The drastic
decrease in transverse and shear stresses also explains the slight increase in S1 longitudinal stresses in the
fiber component, which now have to take on the other in-plane stresses that the matrix is no longer able to
carry. An investigation to prove this statement is presented in Appendix B, where the stress-states at 5 MPa
are computed for the solid model (where damage analysis is not included) and for the continuum shell model
(without and with damage analysis). The investigation shows that at low pressure levels the transverse load-
ing on the matrix is similar for the modelling strategies, suggesting that indeed the reduction of transverse
stresses at higher pressure stages is due to the degradation of material properties induced by damage.

Figure 5.11, Figure 5.12 and Figure 5.13 are particularly useful for determining which components experi-
ence failure and when. In this sense, they show some insights on the failure sequence of the different layups.
As mentioned, matrix failure occurs far earlier than fiber tension. For all configurations, the failure index for
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matrix tensile failure approaches 0.4 on the inside of the cylinder already at 5 MPa internal pressure, and it
exceeds 1 at 55 MPa in multipe locations. Insights from microscopy confirm this and show how interfiber
fracture develops through the laminate due to matrix tension. An example is presented in Figure 5.10 for a
configuration similar to the BL and W2B vessels. The figure shows how the crack propagates uninterrupted
between the fibers and through the stack of circumferential plies. The crack is interrupted only when it meets
a different reinforcement, i.e. at the interface with the helical plies.

Microscopic view

Helical plies

Circumferential plies

Figure 5.10: Matrix crack propagation through the stack of circumferential plies, due to matrix tensile loading.

The failure index for fiber tensile failure, on the other hand, does not reach 1 in the simulation, and only
approaches 0.4 at 105 MPa internal pressure. This suggests that fiber tensile failure occurs at much higher
pressure stages. The development of fiber tensile failure depends on the laminate stacking sequence. In
case of BL and W2B, the highest fiber failure indices are found in the innermost circumferential ply, as this is
heavily loaded in tension due to the high tangential stresses. The stack of helicals underneath, however, are
not immune to this critical loading condition. For both cases, at 105 MPa the failure indices rise, suggesting
that damage has initiated to degrade the material properties. It should be noted that the sequence is slower
in the BL case, as the laminate is thicker and more capable of reinforcing the liner. In case of W2B, the failure
indices raise more rapidly. This is confirmed during experiment, as burst is reached at the relatively low
pressure level of 126.8 MPa. For this vessel configration, high failure indices are also found in the dome,
suggesting that the simulation provides promising results for the prediction of dome burst.

In case of BC, the fiber tensile failure index increases first in the inner low angle helical ply, as this expe-
riences the highest loading and it is not supported by any additional reinforcement in the same orientation.
In order to withstand this extreme loading condition, stresses are transferred to the stack of circumferential
plies, which are able to provide the required tangential reinforcement. However, this load-transfer mecha-
nism causes the matrix in the inner ply to be loaded heavily, causing early failure on the inside of the laminate.
Once the load is transferred to the circumferential plies, the matrix, typically much weaker than the fibers,
is again loaded in tension, leading to high matrix tensile failure indices. Failure then continues to progress
outwards, toward the outermost circumferential plies. It should also be noted that in the BC vessel a location
of high stress concentration is also found in the inner plies in the cylinder-dome transition region. This is
arguably caused by the lack of tangential stiffness on the inside of the laminate, after the circumferential ply
drop-off location.

From the stress-state observed in Figure 5.7, Figure 5.8 and Figure 5.9, the procedure presented in Sec-
tion 5.1.2 is followed to estimate burst pressure. Also in this case, a first ply failure assumption is made,
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Figure 5.11: Damage sequence for the BL vessel configuration when the Hashin Rotem failure criterion is used to evaluate fiber damage
due to tension (left) and matrix tension due to tension (right).
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Figure 5.12: Damage sequence for the BC vessel configuration when the Hashin Rotem failure criterion is used to evaluate fiber damage
due to tension (left) and matrix tension due to tension (right).
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Figure 5.13: Damage sequence for the W2B vessel configuration when the Hashin Rotem failure criterion is used to evaluate fiber damage
due to tension (left) and matrix tension due to tension (right).
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meaning that the entire laminate is assumed to fail when the first ply fails. In this sense, similarly to what was
done for the solid model, the effect of damage after 105 MPa is neglected.

For the constituvely elastic analysis performed by the solid and by the continuum shell models, this as-
sumption translates to the computation of results that do not consider material degradation in any way, nei-
ther before nor after the simulated internal pressure level of 105 MPa. On the other hand, for the results of the
continuum shell model which consider material degradation by means of Hashin failure criterion, this ap-
proach translates to an inclusion of matrix degradation until 105 MPa, and a neglection of fiber degradation
until first ply failure, when the entire laminate is assumed to fail at once. This strategy is only valid because
it is observed that effectively no fiber damage occurs before 105 MPa, as no failure index exceeds 1 at this
pressure stage. This confirms that first ply failure does not occur earlier than 105 MPa, and therefore fiber
degradation has not yet started. Furthermore, at this pressure stage, the entire matrix component has already
failed, meaning that indeed no subsequent matrix degradation would occur at pressure stages higher than
105 MPa. It should be kept in mind that this is not fully representative of reality. During experiments, as the
fracture density in the matrix would keep increasing after 105 MPa, and interlaminar cracks would eventually
lead to delaminations. This effect is neglected in the simulation.

In this case, not only the Puck failure criterion is used to estimate the pressure level at which burst will oc-
curs, but also a simple maximum stress failure criterion. This is done to mitigate the fundamental difference
between the solid model and the continuum shell model, by which radial compressive stresses are neglected
in the continuum shell model. As seen in Equation 5.1, the failure index fF F which describes tensile fiber
failure according to Puck failure criterion depends on σ3, which describes the radial compressive stress. As
these are neglected in the continuum shell element formulation, it is decided to apply both failure criteria to
quantify the impact of this neglection in the estimation of burst pressure.

The maximum stress failure criterion only relies on in-plane stresses and expresses the failure index fF F

for fiber fracture in tension as:

σ1

S t ≥ 1 (5.3)

This method allows to check the difference in predicted burst for the solid and continuum shell model
only based on the respective stress-state, rather than on the formulation of a selected failure criterions.

As previously explained, the failure indices at the highest simulated pressure stage of 105 MPa are calcu-
lated for each ply at each axial location. Then the failure enevelope at 105 MPa is plotted to visually grasp an
indication of the location where burst is expected to occur. Finally, the pressure stage at which the maximum
failure index is expected to reach 1 is computed linearly.

The results for the burst estimation of the BL, BC and W2B configurations are computed by means of Puck
failure criterion and maximum stress failure criterion. These are presented in Figure 5.14. The figure shows
that the general trend does not change for the two stress failure criteria. In all cases the solid model leads to
an overestimation of the estimated burst pressure. As mentioned, this is mainly due to the neglection of any
effect of damage, meaning that the material properties do not experience any degradation until failure. The
constitutively elastic analysis involving continuum shell elements model provides a similar result, although
slightly different when the maximum stress failure criterion is applied. In fact, the continuum shell model
results in higher S1 stresses, impacting the result of Equation 5.3. The inclusion of σ3 stresses in the formu-
ation of Puck failure indices, on the other hand, mitigates this discrepancy and alligns the results of the two
modelling techniques.

From Figure 5.14, the level of accordance between the simulation and the experimenal results increases
significantly when including the effects of material degradation due to damage in the determination of the
stresses. An overview of all predicted burst pressures is again provided in Table 5.3. The accordance of results
is particularly striking for the W2B cases, where damage is predicted in the dome and with a discrepancy in
pressure level of only 1.2%. This discrepancy may be caused by many factors, such as imprecisions in the
geometrical depiction of the dome, inaccuracies in the definition of the ply angle variations in the dome, or
measurement errors in the experimental setup. Furthermore, it should be noted that only a limited amount of
vessels is tested for each configuration. For the W2B case, the sample size is 4, therefore still allowing margin
for deviations which could be mitigated by perfoming more tests on the same vessel type.

Including the effects of damage in the simulation helps obtaining a closer estimation for the BL layup
as well. Also in this case, the failure location matches the one observed experimentally, i.e. the cylinder. A
discrepancy of 10.4% is however still found in the prediction of burst pressure. Despite this being a significant
improvement with respect to the previous modelling strategies, this discrepancy may mainly be attributed to
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the neglection of the propagation of damage through the fiber component, once fiber fracture is initiated.
In fact, the BL configuration is composed of a thick stack of circumferential plies located on the outside of
the laminate, meaning that the high tangential stresses travel through the stack of helical plies underneath
before reaching the ply type which is able to withstand their high magnitude. Throughout this process, the
helical plies on the inside of the laminate are expected to experience significant damage, which effectively
alter the load-carrying capabilities of the laminate. Neglecting this effect may therefore have a significant
impact on the result. Potentially, the same impact could be expected in the W2B case, as the layups are
similar in macroscopic architecture. However, this effect is only relevant for cylinder failure. In the W2B case,
the lack of reinforcement in the dome region makes this region critical before this damage-related issue is
experienced in the cylinder.

In the case of BC, the burst pressure is predicted very accurately. The discrepancy in burst pressure for
cylinder failure is limited to 0.3%. However, the plots presented in Figure 5.14 are more tedious to interprete.
Due to the high local stress concentrations found at the cylinder-dome transition region in the innermost ply,
a peak in failure index is found at the end of the cylinder, suggesting that failure first occurs at this location.
Assessing whether this is really the case is complicated. During burst testing the vessel is found to experience
cylinder burst, but establishing whether this really occurred in the cylinder-dome transition region remains
difficult. As the laminate is in fact reduced to powder after the explosion, the hypothesis cannot be confirmed
nor discarded. On the other hand, it is found that the peak is only reached by the innermost low angle helical
ply, suggesting that this local failure would more likely lead to ply failure, rather than burst. With all proba-
bilities, immediately after the first ply failure of the innermost helical ply, the stack of circumferential would
reach the critical failure index of 1. Due to the diffused high failure indiced, this would lead all circumfer-
ential plies to fail simultaneously, more likely resulting in burst. The per-ply failure indices supporting the
hypothesis of a local ply failure in the innermost helical ply are found in Appendix C. In any case, as it is not
possible to determine with certainty the location of failure, the prediction reported in Table 5.3 includes in
parenthesis the burst pressure reached in the cylinder-dome transition region.

Table 5.3: Comparison between measured burst pressure and predicted burst pressure, obtained from the results of the solid and con-
tinuum shell models. The data in parenthesis for the BC configuration refers to the local failure in the cylinder-dome transition region
experienced by the innermost low angle helical ply (see Appendix C.

Puck
failure criterion

Maximum stress
failure criterion

Burst pressure
[MPa]

Discrepancy wrt experiment
[%]

Burst pressure
[MPa]

Discrepancy wrt experiment
[%]

BL

Solid
(w/o damage)

196.4 20.2 197.3 20.7

Continuum shell
(w/o damage)

195.9 19.9 193.0 18.1

Continuum shell
(w/ damage)

180.5 10.4 179.4 9.8

BC

Solid
(w/o damage)

193.0 2.1 193.3 2.3

Continuum shell
(w/o damage)

192.0 1.7 191.9 1.7

Continuum shell
(w/ damage)

189.3 (172.8) 0.3 (8.4) 189.3 (173.4) 0.3 (8.1)

W2B

Solid
(w/o damage)

113.0 11.0 113.0 11.0

Continuum shell
(w/o damage)

119.5 5.6 118.4 6.6

Continuum shell
(w/ damage)

125.2 1.2 125.3 1.2

For simplicity, all further discussions in this document refer to the burst estimation according to Puck
failure criterion.
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Figure 5.14: Failure envelopes according to Puck and Maximum Stess failure criterion for the BL and W2B configurations. Shown are the
results of the solid model (without damage) and the continuum shell model (with and without damage)
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5.3. Evaluation of Computational Time
Figure 5.15 shows an overview of the wallclock times for all the investigated configurations for the following
simulation strategies:

• The previous simulation benchmark. It consists of a solid model which does not consider any material
degradation as result of damage propagation;

• The solid model, which does not consider any material degradation as result of damage propagation;

• The contnuum shell model which does not consider any material degradation as result of damage prop-
agation;

• The contnuum shell model which considers material degradation as result of damage propagation.

In all cases, the same system of 4 core processors is used for the analysis. The comparison is done by keep-
ing both the angle of revolution of the geometry and the level of partition constant in all models. Specifically,
a revolution angle of 5 degrees is chosen; the through-thickness partitioning is done per-ply-group, leading
to 4 through-thickness elements in all models; the axial discretization is standardized to 121 cells along the
length of the half-vessel.

The developed simulation strategies lead to extreme improvements in terms of computational time, with
respect to the previus benchmark. As presented in Chapter 3, the time reduction is mainly achieved thank to
the reduction in model size. This is obtained by generating stacked solids of revolution which only span for a
limited revolve angle, in this case set to 5 degrees. In comparison, all previous simulation strategies developed
at cellcentric GmbH spanned an angle of 90 degrees, leading to much higher computational times.
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Figure 5.15: Overview of computational times of all deveoped modelling strategies for the investigated layups.
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When damage is not considered, the solid model and the continuum shell model lead to similar compu-
tational times. This is expected, as the thickness of the material is discretized similarly for the two element
formulations. The computational time is slightly lower for the W2B case. This is intuitive as the laminate is
thinner, therefore leading to a smaller model size.

When Hashin Rotem failure criterion is implemented in the solution to account for material degradation
due to damage, the computational time increases significantly. This is expected, given that now the material
performance is re-calculated at every iteration simulating the new degraded material properties.

For the BL and W2B configurations, the computational time now exceeds 30 minutes. In this case, the
W2B case is slightly more expensive as this configuration experiences more damage. This makes the stiffness
matrix less stable and full convergence more difficult to achieve. A separate consideration holds for the BC
case, for which the computational time almost doubles that of BL and W2B. In case of BC, convergence is
difficult to achieve arguably due to the direct application of the load on the highly degraded elements of the
innermost low angle helical plies. Figure 5.12 shows that this layer is highly damaged even at low pressure
stages. In some cases, this leads to excessive element distortion which may translate in convergence issues.
The stability of the model is also complicated by the sudden change in stiffness caused by the stack of circum-
ferential plies located right above. In turn, this combination of effects requires significant maual adjustment
to match the properties of the as-anufactured CPV. This leads to the high computational time presented in
Figure 5.12. Further discussions on how to address this issue are presented in Chapter 6.



6
Model Applicability for the Design of CPVs

CPVs are sophisticated and complex structures and their full understanding is yet to be achieved. Critically-
loaded areas are often over-designed to avoid unpredicted failure. This, however, results in high costs. Con-
tinuing to investigate CPVs is important, with the final objective to obtain an optimized layup. This shall fulfill
all structural requirements without a massive weight increase. Although this objective exceeds the scope of
this investigation, meaningful effort is done to expand the level of understanding of CPVs during pressuriza-
tion, and to provide a solid foundation for future research. The modelling framework is meant to be used
within industrial settings, to facilitate the development of CPVs by providing a realistic representation of the
laminate response at low computational time. This chapter is therefore intended as a manual, sheding light
on how to implement the developed modelling strategies for different design purposes.

The extensive database of experimental results available at cellcentric GmbH offers the unique opportu-
nity to test the simulation on multiple configurations and, to some extent, to assess its replicability. However,
the potential of the framework reaches further than the BL, BC and W2B vessels. The method is highly re-
producible, which allows to contribute to the development of CPVs actively. In fact, it can be re-applied to
different configurations to predict the CPV behaviour consistently. Thanks to this consistency, the simulation
tool is useful for design purposes, to analyze a variety of configuratons. Section 6.1 summarizes the different
potentials of the model.

The application of the numerical framework to different cases requires a critical evaluation of the pro-
posed adjustment strategies. The level of accuracy in the depiction of the geometry and material composition
of the investigated vessels proves that the adjustments are, to some degree, not layup-dependent and valid
for a variety of type IV tanks. However, it is found that these adjustments influence the CPV configurations to
different extents. This is discussed in Section 6.2.

The performance of the simulation tool is not only evaluated based on how accurately it can predict re-
ality. For it to be useful, it must also be fast. In fact, the automotive industry is characterized by short devel-
opment phases and quick design choices. The importance of minimizing the computational time is further
discussed in Section 6.3, where alternatives to reduce the simulation expenses are presented.

6.1. A Twofold Potential
This research has the purpose to improve the pre-existing simulation strategies by decreasing the compu-
tational costs and improving the accuracy of predicted outer strains and estimated burst pressure. Further-
more, it aims to anticipate failure both in the cylinder and in the dome regions. Within the automotive indus-
try, these aspects are crucial.

Limiting computational time is extremely important throughout preliminary design phases. At this time,
decisions must be taken quickly to evaluate the feasibility of a specific solution and to decide whether a
technology is worth further investigations.

Increasing accuracy, on the other hand, is fundamental at later stages throughout detailed design phases.
Usually, these include optimization studies to minimize material usage and costs. This can only be achieved
when a close prediction of the structural behavior is reached, to avoid over-designing. Eventually, a thorough
reproduction of the mechanical response of the CPV will also grant a reduction of the safety margins, again
scaling down the requirements on the structure.
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A. Quick analysis for reasonable results B. Detailed insights at higher expenses
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Figure 6.1: Schematic of results for the BL, BC and W2B configurations to show the twofold potential of the modelling strategy.

In this context, the developed modelling technique has a twofold potential. The user has the freedom to
choose which element formulation to utilize according to the specific design context. The choice is requested
before the model generation step and it requires minimum user input. The achievements of options are
presented graphically in Figure 6.1 for the BL, BC and W2B configurations. A brief description is provided
below:

• Option A - leads to reasonably accurate results at extremely low computational times. This numerical
approach improves the prediction of outer strains significantly when compared to the benchmark. For
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the BL case, for example, it reduces the discrepancy with the experimental results from 13.6% to 6.3%
for outer tangential strains, and from 28.6% to 23.7% for outer meridional strains. Burst pressure, in this
case, is predicted with an accuracy of 79.8%. The main advantage of this model is its low computational
expense. For this example, it runs in 5 minutes, thus 6 times faster than the benchmark. Both models
rely on a solid element formulation.

• Option B - leads to significantly improved results that are not only capable of predicting closely the
vessel behavior, but also provide insights regarding the initiation and evolution of interfiber failure. For
the BL case, the discrepancies with the experimental data further reduce to 2.1% for outer tangential
strains, and to 7.9% for outer meridional strains. Burst pressure is also estimated more closely, leading
to an accuracy of 89.6% for this configuration. These improved results, however, come at higher com-
putational costs: the simulation runs in 33 minutes for the BL example. Despite being slower than the
solid model, the computational time of the continuum shell model is comparable to that of the less-
accurate previous benchmark. For the latter, however, the effect of damage was not considered in any
way.

It should also be noted that this model is able to predict both cylinder and dome failure with remark-
able accuracy, depending on the vessel configuration. The lowest discrepancy is achieved for the BC
case, for which cylinder burst is predicted with a negligible error of 0.3% with respect to the experi-
mental result. One of the most important successes of the study is the high accuracy achieved in the
prediction of dome burst for the W2B configuration. In this case, the error in burst pressure is limited
to 1.2%. Dome burst is rarely predicted numerically, due to the complexity of the doubly-curved geom-
etry which is tedious to recreate. Its material composition is also highly unknown. For this reason, the
accomplishment of this prediction is promising, because it proves that dome burst can be tackled. A
tool which is able to predict dome burst has the potential to improve the understanding of this region
and allow to tune the amount of material accordingly, avoiding over-designing.

The two models can also be used in unison to verify each other. When applied on new configurations for
which experimental data is not avaiable, Option A can serve as quick confirmation of the trends in deforma-
tional behavior gathered by means of the more time-consuming Option B.

Figure 6.1 shows a schematic summary of the performance of the two modelling techniques. Of course,
when analyzing these outcomes, one should keep in mind that the experimental data also has limitations.
These are linked to the limited amount of tested vessels, and to the inaccuracies which may arise due to a
slighlty decalibrated test setup or due to manufacturing defects.

Although the figure is limited to the three configurations in analysis, the trend is expected to hold for a
much wider variety of vessels. Therefore, regardless of the vessel type, it is adviced to select either one of the
modelling techniques based on the required speed and accuracy of the specific application. If quick results
are needed, Option A is preferred. Option B is useful when high accuracy is required.

Finally, further tuning can be applied by refining the level of discretization of both models. As all pre-
processing steps are fully parametrized, the tool is already predisposed to allow such refinement. However, it
should be noted that the increasing the level of partitioning does not only lead to more accurate results, but
also to significantly higher computational times. This is investigated in detail in Appendix A.

6.2. Adjustment of Vessel Properties on Different Vessel Configurations
In Chapter 4, several strategies are proposed to ensure that the simulated laminate definition matches that
of the filament wound vessel. It is important to quantify the impact that these adjustments have on different
vessel configurations and in different areas of the vessels. This clarifies how they would affect a wider variety
of configurations.

The first adjustment is done to the geometry of the tank. Matching the simulated vessel shape to that of
the filament wound CPV is of crucial importance. This is directly related to the stiffness of the structure, it has
an impact on the load distribution and it regulates the formation of highly concentrated stresses.

The developed simulation tool utilizes two methods to adjust the geometrical definition of the vessel.
On one hand it modifies the thickness build-up of each ply at its turnaround point to smoothen the vessel
countour. On the other hand it applies Kang’s model [31] to account for the effects of compaction during
winding.

The first approach is of utmost important in the dome region, where helical plies reach their turnoaround
point and switch direction, generating a balanced laminate. The smoothening of the vessel contour does not
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only lead to an accurate prediction of the dome profile, but it also alleviates some numerical inconsistencies
found in this region. These are caused by the sudden increase in stiffness that the predicted peak-like thick-
ness accumulation leads to. Numerical models are in general not compatible to sudden stiffness changes
between subsequent elements. These give origin to unrealistic element deformations and important con-
vergence issues. The result is high computational times and unreasonable results. The application of such
adjustment method is beneficial for all three investigated layups, as for all the prediction of Composicad is
not capable of calculating the thickness build-up of helical plies at their turnaround location. In addition to
the thicker profile caused by the turnaround of low angle helical plies, the location around the boss neck may
also incude thick accumulations of resin which do not carry any load. These develop from the curing process,
when the vessel is rotated and resin tends to flow towards the boss. In turn, matching the simulated vessel
contour to the filament wound vessel may lead to an overestimation of the load-carrying material of this area.
In fact, the adjustment does not distinguish between the matrix and the fiber component. It is advised that
for vessel configurations composed of a high amount of helical plies, the estimation of the vessel contour at
the boss neck is revised.

The adjustment of the vessel geometry is crucial also in the cylindrical region of the vessel. Here, the pres-
ence of circumferential plies leads to high levels of compaction. In turn, this results in a drastic thickness re-
duction. The compaction model implemented in this research is capable to capture this phenomenon, which
depends on the orientation of each specific ply and on the stacking sequence. Therefore, this adjustment
method is ready to be consistently applied to potentially any vessel configuration. Compaction, however,
does not only affect the vessel geometry but also its material composition. When the laminate is compacted,
the air voids dispersed in the resin are squeezed out of the material. The removal of voids from the laminate
effectively improves the load-transfer capabilities of the matrix constituent, resulting in enhanced material
properties. When simulating this effect for a large batch of configurations, the following implications must
be taken into account:

• The level of compaction varies per plies, and therefore each ply will have a different thickness and
different material properties. This is inherently accounted for in the developed model.

• Different areas of the vessels are not compacted to the same extent. The stack of circumferential plies
in the cylinder guarantees high levels of compaction. These are missing in the dome region, leading
to a more porous laminate. The adjustment of material properties is based on the level of compaction
reached by each ply in the cylinder, meaning that the material properties of the laminate in the dome
region are slightly overestimated. This should be kept in mind when analyzing vessel configurations
that are critically loaded in the dome. In general, it is recommended to use this model in a conservative
manner in this region. In reality, dome burst may occur prematurely if a further adjustment of material
properties in the dome area is not performed.

• Vessel configurations with the same layup composition experience different levels of compaction de-
pending on the stacking sequence. For instance, this is the case of BL and BC. Due to the through-
thickness location of the stack of circumferential plies, the BL and BC laminates are compacted differ-
ently, resulting in different fiber volume contents and material properties. When considering a larger
set of vessel configurations, one should keep in mind that the evaluation of compaction and the respec-
tive adjustment of the laminate material composition must be done for every configuration separately.

The simulation tool adjusts the vessel geometry and its material composition in the pre-processing phase,
meaning that no additional computational time is added to the simulation. This is particularly convenient in
industrial settings, where a large batch of vessels data can be prepared and stored in compact .json files for
future simulations. These files include dictionaries that collect all the geometrical and material information
on the CPV prior pressurization in an organized fashion. This approach has been efficiently implemented
throughout this research and can be extended to include in the database a variety of configurations.

Once the model is generated in Abaqus and the internal pressure loading is applied, its material composi-
tion is updated iteratively as damage propagates, as explained in Chapter 4. The implementation of material
degradation due to damage is highly dependent on the vessel configuration.

As introduced in Chapter 5, stacking sequences where the circumferential plies are located on the inside
of the laminate are less affected by the implementation of damage. This is due to the strategic location of
the circumferential plies which are placed where the critical tangential stresses are highest. In turn, this
prevents the helical plies from being heavily damaged, resulting in a less-degraded material definition. This
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is for example the case of BC, for which the inclusion of material degradation due to damage is found to not
significantly improve the simulation results. The opposite holds for BL and W2B. In general, the inclusion of
material degradation in the simulation will have an impact on the prediction accuracy whenever damage is
largely developed. This typically occurs in two cases. Firstly, when large deformations occur. This may be the
case in the dome or at the cylinder-dome transition region, due to the local decrease of tangential stiffness.
Secondly, when loads need to be transferred from highly compliant layers to stiffer layers.

6.3. Minimizing Computational Time
The full potential of the developed model becomes apparent in relation to the low computational time it
achieves. As presented in Chapter 5, the reduction of the model volume and its efficient partitioning reduce
the computational time to up to 83% as compared to the previous benchmark which relies on the same solid
element formulation. The main difference between the two is the angle of revolution by which the laminate
contour is revolved. This equals 90 degrees for the benchmark model developed by Johman [32], as opposed
to 5 degrees for the new simulation strategy. Further reducing the angle of revolution is unadviced, as nu-
merical instabilities are found at the boundaries as shown in Chapter 3. The revolution angle of 5 degrees is
therefore chosen to consistently be able to extract the results along an uncontaminated path, which is confi-
dently far from the boundary.

In case higher computational efficiency is required, it is therefore adviced to change the model element
definition rather than reducing the angle of revolution any further. An attempt in this directions has been per-
formed throughout this investigation by substituting solid and continuum shell elements with axisymmetric
elements. In this case, the planar dimensions of the element reduce to zero, potentially decreasing the com-
putational time significantly. Despite its convenience, this strategy requires a completely different definition
of the vessel layup. As this implementation exceeds the scope of this study, it was decided not investigate
the different layup formulation further, but rather to describe the material properties of the vessel based on
those of the equivalent laminate. In this sense, for every axial location along the vessel length the equivalent
material properties are calculated and attributed to the respective element. Therefore, no layup was assigned
to the geometry. The result is an extremely fast model, which runs in less than 1 minute. The outer tangential
and meridional strains for the BC case are plotted in Figure 6.2, which also shows the experimental data. A
comparison of the computational time of the axisymmetric model and the solid model is included in the fig-
ure. The following limitations should however be noted. Firstly, the material definition of the axisymmetric
model is inaccurate, and it neglects the layered structure of the laminate. Furthermore, the axisymmetric
model at its current status is not able to capture any through-thickness effect, nor to account for material
degradation due to damage. In other words, the material definition of this model is rudimental and should
be further refined if higher computational efficiency is needed. Finally, it should be kept in mind that this
element type does not allow for a straight forward implementation of a damage progression subroutine.

When damage is included in the analysis, the most easily-implementable and computational efficient
strategy involves continuum shell elements. However, this leads to an increase of computational time, as
compared to the equivalent solid model which does not involve any damage analysis. As shown in Fig-
ure 5.15, distinct trends are observed for the analyzed configurations. As the damage variable of each element
increases and the equivalent stresses that the laminate can carry decrease, the computational time typically
rises. This is due to multiple reasons.

Firstly, the iterative calculation of the stiffness matrix requires time. To give an example, the W2B vessel
is less stiff than the BL case and it experiences failure at an earlier pressure level. Therefore, at the simu-
lated internal pressure of 105 MPa, its laminate is more damaged. The stiffness matrix requires re-calculation
starting from early in the integration, effectively resulting in higher computational times. For this reason, the
W2B configuration takes longer to converge, despite having a smaller volume than the BL configuration. In
general, vessels that experience higher level of damage tend to take longer to converge.

A second source of convergence issues is the instability of the updated stiffness matrix and the respective
unrealistic element deformation. For example, the struggle to converge becomes extreme for BC configura-
tion, for which the computational time more than doubles that of BL. In the case of BC, the innermost low
angle helical ply experiences high levels of damage due to the thin reinforcement it provides internally. This
thin solid is also placed in proximity to a region of sudden increse in stiffness: the interface with the stack
of circumferential plies. This results in numerical instabilities that cause significant element deformations.
A finer partitioning helps to mitigate this issue, as it smoothens the stiffness gradient through the thickness.
Alternatively, extensive manual tuning of the element stiffness are needed to prevent excessive element de-
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Figure 6.2: Overview of the computational time and strain response of the axisymmetrical model.

formations.
In general, it can be concluded that to cosely predict the true behavior of CPVs to account for the effects

of damage, a variable amount of manual adjustments is required for each vessel. The higher the amount of
adjustments, the higher the computational time. To apply the model efficiently, it is therefore recommended
to avoid the implementation of material degradation due to damage if the laminate is subjected to sudden
changes in stiffness between its elements.

The stacking sequence already provides some insights on whether the inclusion of the damage progres-
sion subroutine is useful. The presence of a stack of circumferential plies on the inside of the laminate (as it is
for example for the BC configuration) suggests that damage does not impact the vessel behavior substancially
in the cylinder. The circumferential plies are capable of carrying the high tangential stresses before they reach
and damage the stack of helical plies. In other words, the cylinder of the BC configuration is meant to experi-
ence less damage as the tangential reinforcement is placed exactly where needed. When this is the case, the
inclusion of damage in the analysis is less effective, as it leads to a significant increase in computational time
without necessarily improving the results. It should however be noted that, in case of large deformations,
the impact of damage is more relevant. For instance, this may occur for similar configurations in which the
circumferential tapering is steeper, or in which the dome has a weaker reinforcement.

Finally, when the innermost plies are not indicated to carry the critical loading, as for the BL and W2B
cases, the implementation of a damage progression subroutine is highly recommended. This affects the ma-
terial defintion of the vessel significantly, therefore making the increase in computational time worthy. For
these reasons, regardless of the design phase that one is tackling, it is fundamental to firstly analyze the vessel
qualitatively to make sure that the selected modelling strategy is appropriate for the application.



7
Conclusions and Outlook

7.1. Summary
The gradual shift towards carbon-neutral means of transport has led the automotive industry to the devel-
opment of fuel cell electric vehicles (FCEV) as alternative to internal combustion engines (ICEs). A crucial
element of every fuel cell system is the hydrogen storage structure which most often consists of a Type IV
composite pressure vessel (CPV). CPVs are not new to the automotive industry and are technologically ready
for use. However, the carbon fiber reinforced polymer CFRP material used for these tanks is costly and its
reduction would be highly beneficial for the economic viability of the system. The challenge is how to reduce
material usage without compromising the structural integrity and safety of the vessel. Good understanding
of the structural behavior of CPVs is necessary to achieve this purpose.

This report presents the development of a robust and computationally efficient numerical model for the
analysis of CPVs. The objective of the tool is to obtain an accurate prediction of the structural response of
CPVs to internal pressurization, and to lower the time required for the analysis of these complex compo-
nents. The applicability of the simulation strategy is assessed on three vessel configurations, with the pur-
pose to evaluate its systematic prediction of the deformational behavior of CPVs and its ability to forecast the
appropriate burst pressure and location.

7.1.1. Numerical Framework
The developed numerical framework relies on the rudimental laminate architecture generated by the winding
software Composicad. This provides a preliminary estimation of the vessel geometry based on the motion of
the winding robot. This estimation however requires several adjustments to match the shape of the manufac-
tured CPV. The laminate contour is firstly modified to account for the thickness accumulation of helical plies
at their turnaround point and to smoothen the dome profile. An analytical model is then applied to account
for the effects of compaction during winding. Following the example of previous studies, the thickness de-
crease caused by compaction is estimated according to the model proposed by Kang et al. [31]. Compaction
does not only affect the laminate geometry, but also its material properties. As each ply experiences a dif-
ferent level of compaction based on its orientation and its position through the thickness, the consolidation
level varies. The porosity gradient leads to heterogeneous material properties. An engineering solution which
relies on the assumptions of classical lamination theory (CLT) is developed to adjust the material properties
of each ply and compensate for the reduced stiffness caused by the thickness reduction.

Once the geometry and material composition are adjusted to match the filament wound CPV, the lami-
nate information is used to recreate the vessel in the Abaqus software. The model generation is fully parametrized,
allowing the analysis of various vessel configurations. A method to reduce the model size is developed to en-
sure fast computation. Adequate level of accuracy is achieved by partitioning the vessel geometry along its
longitudinal axis and through the thickness.

Within the Abaqus environment, two models are developed. The first one is based on solid elements
and it provides reasonably accurate results at low compuational expenses. Furthermore, it allows to directly
compare the model performace to that of the previous benchmark. The second one, more sophisticated,
is built on continuum shell elements. This accounts for material degradation due to damage propagation
according to Hashin Rotem failure criterion. However, it comes at higher computational costs.

82
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According to the specific application, the user may initiate either one of the finite element (FE) meth-
ods. In any case, both element formulations require similar pre- and post- processing steps, meaning that
regardless of the selected modelling strategy, the model generation and the data extraction do not require
any manual adjustment.

The numerical framework is tested on three vessel configurations. The BL and the BC configurations have
the same layup composition but differ from each other in terms of stacking sequence. They are selected to
assess the capability of the model to predict cylinder failure. The addition of the W2B configuration to the set
represents one of the greatest challenges of the research. This configuration has experienced dome burst in
experimental settings. Dome burst is difficult to predict, due to the doubly curved geometry and the material
heterogeneity of the region which make the simulation particularly tedious. Testing the numerical model on
the W2B vessel thus allows to assess to which extent this is able to predict this complex failure behavior.

7.1.2. Results and Applicability
Both modelling techniques provide interesting insights on the mechanical response of CPVs. The solid model
runs in less than 5 minutes for all the investigated configurations, reducing the computational time with
respect to the equivalent previous benchmark of more than 83%. It also provides reasonably accurate results
in the depitction of the deformational behavior, especially when the circumferential plies are located on the
inside on the laminate as for the BC configuration. In this case, they are able to carry the critical tangential
stresses where they are highest, i.e. in proximity of the liner. This leads to close accordance of outer strains
to the experimental data gathered by means of digital image correlation (DIC). Discrepancies are limited to
4.8% for outer tangential strain and 16.3% for outer meridional strains. Cylinder burst is estimated with an
accuracy of 97.9%.

When the circumferential plies are located on the outside of the laminate, however, the innermost heli-
cal plies are damaged by the heavy tangential loading. This is the case of the BL and W2B configurations.
The insights provided by the continuum shell model here are more useful, as it accounts for the progressive
degradation of material. In both cases, significant strain accordance is found in the tangential and in the
meridional direction: the maximum discrepancy with experimental data is limited to 7.9%. Furthermore,
cylinder burst is predicted with 89.6% accuracy for the BL configuration. For the W2B vessel, remarkable ac-
curacy is found in the estimation of dome burst, predicted with an accuracy of 98.8%. Despite being more
computational expensive than the solid model, the continuum shell model is deemed as fast as its solving
time is comparable to that of the previous benchmark, which did not involve any damage analysis.

For this reason, both modelling approaches are useful and fulfil a twofold purpose. The automotive indus-
try is characterized by short development phases. In this context, the solid model may provide for quick and
reasonably accurate results to take fast decision in a preliminary design setting. On the other hand, the con-
tinuum shell model is useful in detailed design phases, where computational efficiency can be partly traded
for more precise behavioral predictions and insights on the failure of the matrix and fiber components.

7.2. Conclusions
The research questions formulated initially are briefly answered below, in view of the achievements and the
limitations of the study.

1. How can existing simulation frameworks be extended to achieve low computational cost and high accu-
racy of results in the depiction of the structural behaviour of CPVs?

Previous numerical studies mainly focused on either very precise simulations of the vessel response, or
on computational efficiency. The former came at high computational costs; the latter often led to inaccurate
results. To mitigate both limitation, this study combines a series of analytical and numerical adjustments.

High accuracy is achieved by adjusting the vessel geometry and material composition analytically. This
is meant to simulate the architecture of the filament wound CPV realistically. When these modifications are
applied to the model, the prediction of the deformational behavior improves significantly as compared to
previous frameworks. Discrepancies between the predicted and experimental outer tangential strains, for
example, decrease from 13.6% to 6.3% for the BL configuration. The accuracy of the prediction increases
even further when material degradation due to damage is included in the numerical analysis. For the same
example, the discrepancy in outer tangential strains for the BL case further decreases to 2.1%, matching the
experimental data remarkably. Similar trends are also found for the other investigated configurations.



7.2. Conclusions 84

Another numerical adjustment to increase the accuracy of the model is the refinement of the mesh, specif-
ically increasing the through-thickness discretization. However, the impact of this adjustment is found to be
rather limited. This suggests that the standard per-ply-group discretization implemented in the model al-
ready includes a sufficient number of integration points. Therefore, avoiding finer meshes is preferred to
limit the computational expenses of the model.

High computational efficiency is achieved by reducing the model size drastically as compared to previous
frameworks. In doing so, a series of modifications to the geometrical parameters and boundary conditions are
implemented in Abaqus, which allow to reduce the amount of elements in the simulation without reducing its
resolution. For instance, reducing the angle of revolution to 5 degrees leads to a reduction of computational
time up to 83% with respect to the benchmark, which is based on a 90 degrees revolution.

Additionaly, the full-parametrization and the automation of all pre- and post-processing steps speeds up
the model generation and the data extraction significantly. This makes the modelling strategy interesting for
further investigations.

2. Which parameters influence the simulated laminate response and how can these be adjusted to achieve
a realistic prediction of the deformational behavior and burst of CPVs?

Accounting for manufacturing effects is fundamental to simulate the behavior of CPVs during pressur-
ization. Capturing the mechanical response of the vessel is only achievable through an accurate depiction of
its geometry and material properties. In this sense, it is important that the properties of the simulated vessel
match those of the manufactured CPV.

The cylindrical region is highly affected by the effects of compaction, which are neglected by the geomet-
rical estimation provided by Composicad. Compaction influences both the geometry of the cylinder and its
material properties. From a mere geometrical perspective, accounting for the reduced cylinder thickness al-
lows to better capture the deformational behaviour of the vessel. However, the most substantial improvement
is achieved when the material properties are adjusted per ply to account for the variable level of consolida-
tion through the thickness. Not accounting for this effect leads to a drastic underestimation of the laminate
stiffness, which leads to inaccuracies in the prediction of outer strains. Adjusting the strength properties
accordingly is then necessary to prevent a premature burst estimation due to the higher stress levels.

The thickness reduction is less relevant in the dome region, where the compacting effect of the circum-
ferential layers is not present. Here, another parameter is crucial. That is the thickness accumulation at the
turnaround point of helical plies. This is particularly important for high angle helical plies, which contribute
to the tangential stiffness of the dome region. Representing this thickness accumulation closely does not only
allow to match the manufactured vessel shape, but also to avoid numerical instabilities in the prediction of
outer strains. These instabilities mainly arise from the sudden and subsequent peaks in thickness estimated
by Composicad, which translate into unrealistic local stiffnesses. Evaluating the relevance of the thickness
accumulation of low angle helical plies is less intuitive, as the experimental data in this area becomes scat-
tered and difficult to interpret. In any case, the depiction of the dome geometry requires further studies as
multiple manufacturing effects are not taken into account in this investigation.

Another decisive aspect is the propagation of damage through the laminate. When the structure experi-
ences damage, its load-carrying capabilities decrease. Although the relevance of this effect depends on the
vessel configuration, an appropriate approximation of how damage initiates and evolves in the composite
results into a more accurate depiction of the laminate behavior during pressurization. Furthermore, it sheds
light on the failure sequence, facilitating the proper interpretation of the numerical results.

3. Based on the correlation between the observed vessel performance and the numerically simulated re-
sponse, how accurately can burst pressure and failure location be predicted?

The developed framework is able to predict burst both in the cylinder and in the dome. The prediction
of cylinder failure is tested on the BL and BC configurations, which differ from each other only for stacking
sequence. It is observed that the level of accuracy in the prediction of burst pressure depends on this dif-
ference. In fact, the model is able to estimate the burst pressure with an outstanding precision of 99.7% for
the BC configuration. However, the accuracy is limited to 89.6% for the BL case. Although the framework
includes some important adjustments of the material composition of the structure, it seems to not be fully
able to reproduce all the effects that arise through the laminate during pressurization. As mentioned, the BL
configuration is highly subjected to damage. This may lead to delaminations and other failure phenomena
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which are not accounted for in the simulation.
The prediction of dome burst is tested on the W2B vessel configuration. The model provides a very accu-

rate estimation of burst pressure, which deviates from the experimental result of only 1.2%. Furthermore, the
failure location is predicted precisely, as first ply failure occurs in the dome region. The result is very promis-
ing as it proves that dome burst can be predicted to some extent, offering the possibility to minimize the use
of material in this area. However, the model should be tested on a larger set of vessel configurations to prove
its predictive ability. In addition, further insights on the dome material composition may lead to a further
improvement of the prediction of dome burst. Specifically, the estimation of ply orientations in this area is
still rudimental, as well as the adjustment of the vessel contour in proximity of the boss neck.

4. How can the developed tool be applied for design purposes, to simulate the deformational behavior and
burst of CPVs?

The model has a twofold potential. The solid element formulation allows to obtain reasonably accurate
results at low computational costs. This is convenient within the automotive industry, where quick yet metic-
ulous design decisions are needed at early stages of the development phase.

Despite providing a realistic depition of the deformational behavior of the filament wound CPV, the solid
model is not capable of reproducing the evolution of material properties during pressurization. Including
such effects requires high computational time, especially for three-dimentional solid elements. The contin-
uum shell element formulation provides a solution to this issue. In fact, the evaluation of material degrada-
tion due to damage is much more efficient for this element type. In this sense, the continuum shell model is
complementary to the solid model, as it leads to very accurate results at relatively low computational costs.
The second potential of the model becomes therefore apparent in the context of detailed design investiga-
tions, where more precise predictions are needed.

The convenience of the simulation tool also arises from its high replicability, definitely useful in design
applications. This replicability is guaranteed by the full parametrization of the method, which allows to an-
alyze different vessel configurations. Its ability to predict different failure types is an advantage, because it
proves that the model can be widely applied regardless of the observed CPV behavior. Nevertheless, this
statement requires further investigation, as effectively only a few configurations have been tested. In any
case, the developed framework provides a solid basis for the analysis, which has the potential to lead to a
significant reduction of composite mass especially in the dome region. Due to the complex geometry and
material composition of this area, dome burst is difficult to predict and usually avoided at all costs. In turn,
the vessel is often overdesigned, resulting in excessive material weight and high costs. Once the ability of the
model to predict dome burst is proven, this may lead to a drastic reduction in local reinforcement, as the ade-
quate amount of material required in the area would be more clear. For this reason, the developed modelling
framework has a great potential for the optimization of CPV structures.

7.3. Recommendations for Future Research
The research presented in this document constitutes the conclusion of the work on CPVs done over the last
few years first at Daimler AG and then at cellcentric GmbH. During this endeavor, the understanding of CPVs
has deepened remarkably through several projects, spanning in content and application. Although the work
of the research group is concluded, the work on CPVs most definitely is not. Therefore, a series of recommen-
dations for future studies is provided.

Inisghts on Dome Definition
The dome is the least intuitive area of the vessel. Firstly, it is advised to perform more testing on vessel con-
figurations that experience dome burst, to prove whether the tool is consistent in the prediction of this failure
type. Despite the significant effort done throughout this study to capture some of the effects that lead to dome
burst, this area of the vessel is still tedious to analyse. It is recommended to look more closely into the manu-
facturing effects that influence its geometry and material composition to achieve a thorough understanding
of the dome. A more detail investigation on the ply orientations is needed to track how helical plies approach
90 degrees at their turnaround point. This would allow to better approximate the stiffness of this region. Fur-
thermore, the thickness accumulation of low angle helical plies should be represented more accurately by
taking into accont the filament path and the respective diameter at the polar opening. The impact of these
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parameters on the performance of the vessel is still largely not understood. Moreover, current adjustments of
the local contour are based on experimental data, to match the simulated laminate to the profile obtained by
means of stripe light projection. Trends relating the manufacturing variables to the vessel geometry should
be found to guarantee a proper representation of the dome of CPVs consistently. Insights on these variables
can potentially lead to a better understanding of the region, resulting in important reductions of material
usage and costs.

Estimation of Material Properties
The analytical adjustment of material properties performed in this study shows that the material definition
of the laminate is crucial in the determination of its mechanical response. The method, however, is an engi-
neering approach. In future research a different adjustment methodology should be investigated, based on
a physical reasoning. Furthermore, the adjustment should be extended to achieve a better representation of
the material composition in the dome region. Here, the inaccuracy of the estimated ply orientations leads to
uncertainties on the achieved level of compaction. Furthermore, a thorough experimental investigation on
the porosity through the thickness in different areas of the vessel would shed light on the true composition of
the laminate. Finally, the implementation of material degradation due to damage requires additional infor-
mation on the energy released due to fracture, and on the composite resistance to damage propagation, i.e.
the fracture toughness of its components. This data is taken from literature for the purpose of this investiga-
tion. It is therefore advised to conduct an experimental research to obtain more accurate properties, and to
study how these affect the mechanical response of the CPV after damage initiation.

Details on the Failure Behavior
The numerical framework accounts for longitudinal and compressive failure of both the matrix and the fiber
component. However, it neglects any effect such as bridging between fibers and delaminations, which may
lead to higher compliance. Such effects can be accounted for by refining the analysis to a per-ply discretiza-
tion and including cohesive elements between the different layers. Although on the one hand implementing
these features would likely increase the computational expenses of the simulation, it would also capture ad-
ditional failure mechanisms which are not limited to the investigated failure modes.

Numerical Robustness in Damage Analysis
Convergence issues are experienced when the effects of material degradation due to damage are included in
the analysis. These are mainly caused by the large deformation encountered by some elements when these
three conditions apply simultaneously: these elements are highly damaged; the load is applied directly on
the nodes of these elements; these elements are placed in proximity of sudden change in stiffness. In turn,
this results in high computational time. It is advised to perform a sensitivity analysis on the impact of pre-
venting the large element deformations on the model stability. Furthermore, a mesh refinement study should
be carried out to study the effects of a more gradual through-thickness stress gradient.

Reduction of Computational Time
One of the greatest achievements of the developed method is its computational efficiency. In fact, the model
is built is such way to achieve an optimal combination between high accuracy and low computational time.
Additional time reductions may be achieved with a thorough understanding of the numerical effects that
cause instabilities during the analysis of damage propagation. Further investigations may be able to reduce
the computational costs of the simulation even further by considering different numerical element formula-
tions. A first attempt in this direction is made by generating the rudimental axisymmetric model presented
in Section 6.3, although a deeper investigation is needed.

Development of an Optimized Layup
The numerical framework is so far limited to pre-selected vessel configurations. The user input is in fact
required to generate the initial geometry of the CPV in Composicad. Ideally, a procedure which optimizes
the vessel layup would be highly useful for the development of efficient CPVs. A valid approach would be
to first caculate the structural requirements in terms of stiffness and strength along the vessel length. Then,
to develop an analytical model to define an optimum layup which satisfies these structural requirements at
each location. Finally, the optimized vessel would have to be translated into a winding sequence suitable for
manufacturing. The model described in this document can then be used for verification, and to check the
effects that tuning some of the manufacturing variables has on the optimized structure.
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Appendix: Mesh Refinement Study

The simulaton of damage propagation presented in Chapter 4 improves the prediction of the deformational
behavior and the estimation of burst. However, its performance is dependent on the resolution of the model.
For this reason, a mesh refinement study is performed to investigate the influence of a finer discretization on
the results.

The BL vessel configuration is chosen for this investigation as it is the one that benefits the most from
the inclusion of the damage progression analysis. Three configurations are chosen, which differ from each
other in terms of through-thickness discretization. The number of elements through the group of low angle
helical plies increases progressively to improve the resolution of both the cylindrical and the dome region of
the vessel simultaneously. In any case, each solid of revolution only includes one ply type, to avoid sudden
changes in stiffness within the same element:

• Original partition: it consists of a per-ply-group partition. This is the configuration analyzed so far
in the report. It consists of 4 solids of revolution, one for each ply-group. This results in 4 elements
through the thickness in the cylindrical region of the vessel, 2 reaching the boss neck.

• Partition A: it includes a double partition of low angle helical plies. In this case, the innermost group
of low angle helical plies is split into 2 solids of revolution to increase the number of through-thickness
elements in the cylindrical region to 5, and in the dome to 3.

• Partition B: it comprises a fine partition of low angle helical plies. The innermost group of low angle
helical plies is split into 5 solids of revolution to increase the number of through-thickness elements in
the cylindrical region to 8, and in the dome to 4.

The results of the three models are compared in terms of precision in the prediction of outer strains at 105
MPa internal pressure, accuracy in the estimation of burst pressure and computational efficiency.

The outer strain results are displayed in Figure A.1(a). The stress-state at 105 MPa is then used to predict
the burst pressure, also shown in Figure A.1(a). In this case, Puck failure criterion is implemented according to
a first ply failure approach, which assumes fiber tensile failure as cause of burst. The comparison in estimated
burst pressure is presented in Table A.1.

Table A.1: Overview of predicted burst pressure for the three partitioning methods

Predicted burst pressure
Pressure

[MPa]
Discrepancy wrt experiment

[%]
Original partition 180.5 10.4
Partition A 178.4 9.4
Partition B 176.9 8.6

Finally, a comparison in computational time is necessary to evaluate whether increasing the through-
thickness partition of the geometry is beneficial, or, in other words, if the increased accuracy justifies the
computational costs. The results are graphically depicted in Figure A.1(b).
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In conclusion, increasing the through-thickness partition is beneficial as it reduces the discrepancy be-
tween simulation and experimental results. However, this comes at high computational costs, unjustifiable
for this application. The per-ply-group discretization offers a reasonable compromise: it runs at relatively
low computational time, and it leads to good accordance with the experimental data.



B
Appendix: Investigation on
Matrix-Dominated Stresses

The hypothesis that at 105 MPa internal pressure the matrix has completely failed is presented in Chapter 5
as the reason for the decreased transverse and shear stresses obtained from the damage progression analy-
sis. To verify whether this is truly the case, the stresses at lower pressure stages are investigated. If indeed
the decrease in matrix-dominated stresses is due to the inclusion of damage, when the laminate is almost
fully undamaged the stress-state should be similar for the constitutive elastic analysis and for the model that
includes material degradation.

Figure B.1 shows the stress-state at 5 MPa resulting respectively from the solid model (which does not
include any material degradation) and from the continuum shell model (without and with material degra-
dation). Apart from the pressure levels and the magnitudes of the predicted ply stresses, Figure B.1 differes
from Figure 5.7 because of the trend followed by the transverse and shear stresses. At low pressure levels, the
matrix is fully able to carry these stresses. These have have similar trends for the two continuum shells mod-
els in Figure B.1. The differences with respect to the solid model are to attributed to the different formulation
of solid and continuum shell elements described in Chapter 5. At high pressure level, on the other hand, the
load-carrying capabilities of the matrix are compromised by the widely diffused tensile matrix failure. This
reduces all matrix-dominated stresses in Figure 5.7, as the matrix is not able to withstand any loading.

In conclusion, the hypothesis is confirmed: at early stages of pressurization the two continuum shell
models are equivalent, as both the matrix and the fiber constituents are able to the stresses which develop
through the laminate. As the pressure increases, matrix tensile failure occurs and spreads widely. This de-
creases the load-carrying capabilities of the matrix, effectively decreasing the transverse and shear stresses
that the laminate can withstand. For all investigated configurations, the matrix has almost fully failed in ten-
sion at already 55 MPa internal pressure, as shown in Chapter 5. Fiber failure, on the other hand, occurs later.
Therefore, at 105 MPa the fiber contituent is still fully able to withstand the high longitudinal stresses. These
actually increase, to mitigate the lack of reinforcement provided from the failed matrix.
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C
Appendix: Investigation on Per-ply Failure

Indices and Considerations on Burst

The prediction of burst requires further interpretation. For this reason, the failure envelope obtained with
the continuum shell model which considers material degradation is plotted again for the BL, BC and W2B
configurations in Figure C.1, alongside with the per-ply failure indices according to Puck failure criterion for
longitudinal tensile failure. Separate considerations are formulated for the three cases. These are similar to
the ones presented in Chapter 5 for the solid model, although this time the achieved level of accuracy allows
to dive more deeply into the results.

For the BL case, failure is predicted unambiguosly in the cylinder, as here the entire stack of circumfer-
ential reaches the highest failure index. The prediction of burst pressure shows a discrepancy of 10.4% with
respect to the experimental results, which can attributed to several effects. Arguably the most relevant one
is the high impact that damage has on the stack of inner helical plies, already explained in detail in chapter
Chapter 5. In fact, after 105 MPa the degradation of material properties is not continued neglecting all inter-
and intralaminar effects which may arise once the matrix has failed. As the approach followed for the calcu-
lation of the burst pressure only considered tensile fiber failure, these phenomena are completely excluded
from the simulation.

The BC vessel, on the other hand, is less damaged. Here, the stack of circumferential plies is able to
withstand the high tangential loads where they are highest. This allows to predict the burst pressure more
accurately. However, the model does not give a clear interpretation of the burst location. A high peak in
failure indices is found in the cylinder-dome transition region, suggesting that this would be the location of
burst. Verifying experimentally whether this is the case is tedious, as burst occurs suddently pulverizing the
vessel. In any case, the per-ply failure indices provide interesting insights on the laminate behavior and allow
to formulate some hypothesis. The high peak in failure index found in the cylinder-dome transition region
is caused by the high loading of the single innermost low angle helical plies. Local failure of this thin layer,
however, is unlikely to lead to the sudden burst observed experimentally. As the remaining low angle helicals
plies in the layup experience low levels of failure, they would probably be able to carry the loads that the failed
ply cannot withstand. In this sense, load re-distribution would delay failure in this region at least for a short
period of time, until the remaining low angle helical plies reach the critical failure index. Meanwhile, the stack
of circumferential plies in the cylinder is also approaching failure due to the heavy tangential loading. It is
likely that soon after the local failure of the innermost low angle helical ply in the cylinder-dome transition
region, this group would reach the critical failure index. As the entire stack of circumferential plies is loaded
similarly and shows almost equal failure indices, it would probably fail all at once, leading to a sudden burst
in the central section of the cylinder. Although plausible, this hypothesis lacks however an experimental
validation.

Finally, burst is undoubtely predicted in the dome region for the W2B vessel, as a high peak which matches
almost perfectly the experimental data is found in this region. As opposed to the BC configuration, this peak
is approached by all the inner helical plies, reinforcing the hypothesis of dome burst. In this case, when the
innermost low angle helical ply reaches the critical failure index, the surrounding plies are already very close
to failure and are not able to carry the re-distributed stresses. This would most likely lead to the dome burst
observed experimentally.
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