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The initiation and progression of damage in
composite overwrapped pressure vessels
subjected to contact loads

Ruben AJ Weerts12, Olivier Cousigné2, Klaas Kunze2,
Marc GD Geers1 and Joris JC Remmers1

Abstract
In order to investigate the residual strength of composite overwrapped pressure vessels subjected to impact loads, an
extensive experimental study has been performed. The vessels are loaded up to different mechanical work levels (quasi-
static) or with various impact energies (dynamic). After loading, the emerged damage in the pressure vessel is examined
using computed tomography scans. The tests of vessels up to various energies enable us to visualize the initiation and
progressive growth of damage. The overall influence of the damage is subsequently quantified by means of a burst pressure
test. Accordingly, the reduction of burst pressure can be used to evaluate the global severity of the observed damage in the
computed tomography scan. From the experiments, it is concluded that the first failure mechanisms, that is, delaminations,
do not cause a meaningful reduction of the burst pressure. Shear bands, on the other hand, which are formed thereafter, do
induce a significant decrease of the residual strength.
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Introduction

Recent studies show the potential of hydrogen technology
in terms of decarbonizing our future energy supply. Staffell
et al.1 concluded that technologies such as hydrogen boilers,
fuel cell CHPs, and hydrogen powered heat pumps could
support future heat generation. They stated that only small
adaptations to the existing natural gas network are required.
Hydrogen could also be used to store excess electrical
energy. As the energy delivered from wind and solar energy
is not constant over time, energy needs to be stored to
balance the energy supply. It is possible to convert this
electrical energy in hydrogen to store it.2,3 The stored hy-
drogen can be transformed back into electrical energy when
required. Alternatively, it could also be used to power fuel
cell electric vehicles (FCEVs). In these vehicles, stored
hydrogen is converted into electricity for their propulsion.
Studies show that the total greenhouse gas emissions are in
many cases lower for these FCEVs than for diesel or even
battery electric vehicles (BEVs) when the complete lifetime
of the vehicle is considered.4,5 Moreover, the required in-
vestment to build the infrastructure is comparable or even
less for FCEVs than for BEVs.6

As the volumetric energy density of hydrogen at ambient
conditions is low, efficient storage of hydrogen is a key
topic. Barthelemy et al.7 compared various technologies to

store hydrogen, concluding that cryogenic and compressed
storage are the most mature technologies. Cryogenic storage
is a method in which liquid hydrogen is stored in an in-
sulated vessel at approximately �250°C. This technique is
often used for delivery of hydrogen, but due to loss by
evaporation, it is unsuitable where longtime storage is re-
quired, as in vehicles.7 Instead, for FCEVs, it is more
common to store the hydrogen under high pressure (up to
700 bar) in, for example, composite overwrapped pressure
vessels (COPVs). The composite overwrap is used to
withstand the internal pressure. As it can be subjected to
various load cases that may cause barely visible damage, for
example, falling during handling, the influence of the ini-
tiated complex damage on the residual lifetime needs to be
well understood.7,8

Different inspection methods have been proposed to
assess the condition of a pressure vessel while it is still in
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service. Choi et al.9 used aluminum-coating optical fibers to
detect impacts on composite pressure vessels. In this study,
a fiber was placed along the surface of a vessel, and the
pressure vessel was subjected to multiple impacts. The
impact locations could be exactly determined using the
measured Brillouin frequency along the fiber. Small impact
traces could be detected, which did not cause critical
structural degradation.9 Saeter et al.10 proposed an in-
spection method in which optical fibers are embedded in the
composite overwrap as a network of distributed strain
sensors. The fibers were used to measure strains in several
thicknesses of the composite layup and could also be used to
detect damage after impact by analyzing the backscattered
light. Liao et al.11 used acoustic emission to recognize
failure during hydraulic testing. A relation was found be-
tween the emitted sound and the corresponding failure
event. Using this result, the initiation and growth of failure
close to bursting was studied. Such techniques could be
used in periodical inspections of COPVs to identify un-
noticed damages.

A crash poses an additional safety concern as it leads to
a sudden reduction of residual strength. Blanc-Vannet et
al.12 conducted impacts on the cylindrical area of pressure
vessels. Burst tests were conducted after impacting a vessel
to establish a relationship between the incident energy and
the residual burst pressure. In a different study, Blanc-
Vannet13 summarized a large series of impacts on 200
pressure vessels with a wide range of thicknesses (5–
30 mm) and impact energies (6–11,000 J). Furthermore,
a comparison of the effect of impact on unpressurized and
pressurized pressure vessels was made. For unpressurized
cylinders, a global deformation pattern which remains
permanent after unloading was found. On the other hand, for
pressurized cylinders, damage is located right under the
impact location. It was concluded that empty cylinders
absorb a larger fraction of incident energy than cylinders
with an internal pressure of 700 bar (80% versus 60%). For
both empty and pressurized cylinders, the burst pressure
starts to decrease after passing a certain threshold impact
energy. Blanc-Vannet13 found a relationship to determine
this threshold energy for pressure vessels with different
initial burst pressures and different inner radii.

Garcia et al.14 tested both unpressurized and pressurized
(<300 bar) vessels under hypervelocity impact conditions.
Various projectile masses, velocities, and diameters were
used. In addition, different impact locations and angles were
considered. The damage ranged from penetration of the
carbon fiber reinforced polymer (CFRP) without perforating
the metallic liner up to full perforation of the wall (CFRP
and liner). The COPVs that passed testing (i.e., no burst) did
so while incurring full perforation of the 2.5-mm thick
CFRP overwrap.14 Demir et al.15 studied the effects of
repeated impacts and of different temperatures during im-
pact on the residual burst pressure of pressure vessels after
the impact. The considered vessels had a CFRP thickness of

4 mm, and impact energies were ranging from 10 to 30 J. It
was shown that the residual burst pressure of vessels ex-
posed to repetitive impact loads is lower than pressure
vessels which were only exposed to single impact loads. To
study the effect of temperature, impact tests were conducted
on vessels that were filled with water at a temperature of
either 25 or 70°C. A subsequent burst pressure test showed
that impacts at an increased temperature resulted in a larger
reduction of the residual burst pressure. Perillo et al.16

conducted impacts on glass fiber reinforced pressure ves-
sels and considered impacts of small impactors with a di-
ameter of 16 mm. The induced energy ranged from 20 up to
100 J. The observed failure mechanisms consisted of matrix
cracking, delaminations, and fiber failure.16

Although various studies exist reporting impacts on
COPVs, the relation between external loading, the initiation
and growth of failure, and their influence on the residual
strength of the vessel has not been identified. In order to
investigate this relation, the present study considers various
unpressurized COPVs that are subjected to quasi-static and
dynamic contact loads. The vessels are loaded up to various
deformations or using different impact energies in order to
study the progression of damage. By investigating both
quasi-static and dynamic cases, the role of inertia effects and
stress waves can be identified. In addition, the combined
quasi-static and dynamic response information is useful for
the future development of numerical models analyzing the
impact behavior. Finally, the vessels are examined by means
of computed tomography (CT) images to identify the lo-
cation and amount of induced damage. After this in-
vestigation, the vessels are subjected to a burst test in order
to determine their residual burst strength. The reduction in
burst pressure is correlated to the original impact energies
and the observed damage in the CT images.

Experimental methodology

Closed, unpressurized pressure vessels are tested under
either quasi-static or dynamic (impact) contact loads. After
the contact load, the damage in the pressure vessel is as-
sessed using a CT scan. The structural influence of the
observed damage is then quantified using a burst pressure
test. In this section, the analyzed pressure vessels and the
applied methodology for each of these steps are presented.

Tested pressure vessel

A commercial type IV pressure vessel with typical auto-
motive dimensions and specifications is considered. The
vessel with an inner volume of 36 L was manufactured by
Hexagon Purus and is used in the literature for impact tests
more often, see for example.12 The nominal working
pressure of the engineering vessel is according to state-of-
the-art technology (700 bar). The burst pressure of an
undamaged vessel is at least 1575 bar (taken into account
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a safety factor of 2.25), which is a requirement of regulation
(EC) No. 79/2009. The length, diameter, and wall thickness
are approximately 1000 mm, 350 mm, and 25 mm, re-
spectively. The vessel consists of approximately 100 plies,
each with a thickness of 0.25 mm. These plies compose
a multidirectional layup, which consists of orientations
between 20° and 90°, with 0° being the axial direction of the
pressure vessel. The composite material consists of carbon
fibers embedded in an epoxy resin matrix. The pressure
vessel has similar material properties as the one presented
in.17

Experimental setup

The quasi-static and dynamic contact tests were conducted
at the Institute of Lightweight Engineering and Polymer
Technology, Technical University of Dresden. The cylin-
drical section of a closed, unpressurized tank was loaded by
an indenter up to a defined displacement (quasi-static) or
with a specific impact energy (dynamic). A cubic shaped
indenter with contact area dimensions of 100 × 100 mmwas
used as it represents the typical shape and size of neigh-
boring components that may impact a pressure vessel during
a crash. The contact area edges were rounded with a radius
of 5 mm to prevent local cutting of the COPV. The pressure
vessels were mounted on support blocks to prevent the
COPV from moving during loading. In all conducted tests,
the loading caused damage initiating at the indenter/
impactor location.

More specifically, the quasi-static tests were executed
using a servo-hydraulic universal testing machine. Figure 1
shows an illustration of the experimental setup. The indenter
was attached to a base plate, which was placed on a load
cell. The load cell measured the force that was exerted on the
indenter and hence the pressure vessel. The COPV, mounted
above the indenter, was connected to the top plate through
the V-shaped support blocks. Initially, the COPV was kept
in place using span tapes, which were attached to the top
plate (not shown in the figure). As these span tapes were
only loosely secured, their influence is expected to be small.
The quasi-static loading was applied bymoving the load cell
upward at a slow rate of less than 5 mm/min. The dis-
placement was measured through the machine crosshead
displacement. Inaccuracies due to machine stiffness are
expected to be small, due to the high axial stiffness of the
4-column construction of the machine.

A drop tower was used to conduct the dynamic impact
tests on unpressurized pressure vessels. This setup is shown
in Figure 2. The indenter was attached to a carriage which
was guided by two or four columns, depending on the
impact mass. If required, the impact mass of the sled was
increased by adding weights, which were attached to the
carriage. The impact velocity was between 3 and 8 m/s for
the conducted tests. A system was in place to catch the
carriage upon rebound, preventing it from impacting the

COPV multiple times. The COPV was mounted underneath
the indenter, resting on the V-shaped supports which were
placed on the base plate. Span tapes were used to avoid
bouncing of the COPV (not depicted in illustration). Twelve
load cells were positioned underneath the base plate to
measure the transmitted force during the test. This setup of
multiple load cells was used to avoid too high a compliance
of the force measurement device. The tests were recorded
using a high-speed camera to determine the impactor po-
sition using digital image correlation. The high frame rate of
over 5 kHz required a high light intensity, which was
achieved using multiple high-power lights. To prevent re-
flection off the CFRP layers, a matt coating was applied on
the surface of the pressure vessel.

CT images

Each of the pressure vessels was studied using CT after
being impacted. These scans were performed at the In-
stitute of Lightweight Engineering and Polymer Tech-
nology, Technical University of Dresden. The used setup

Figure 1. Experimental setup for quasi-static contact loading.
The indenter and base plate move toward the specimen. The used
span tapes to hold the composite overwrapped pressure vessels
to the top plate are not depicted.

Figure 2. Experimental setup for dynamic contact loading. The
used span tapes to hold the composite overwrapped pressure
vessels on the base plate are not depicted.
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can accommodate the entire pressure vessel without
having to section it in smaller samples. The latter is
a limitation for most CT scanners but was not acceptable
for this project as it would disable a subsequent burst
pressure test. The impact location was marked before
scanning, since identification of the location is difficult if
only minor damage is inflicted. First, a coarse scan was
conducted in order to determine the size of the damaged
region. The area and resolution of the subsequent detailed
scan were set to limit the scan time to approximately 4 h.
The resolution ranged between 80 and 160 μm, which is
smaller than the ply thickness, which is about 250 μm.

Burst tests

To quantify the reduction of the strength due to the imposed
damage, each pressure vessel was subjected to a so-called
burst test. These burst tests were performed hydraulically
using a pressure ramp of 3 bar/min up to 20 bar and 120 bar/
min thereafter up to burst, that is, the moment at which the
vessel wall can no longer withstand the internal pressure.

Results and discussion

The quasi-static contact tests are discussed as a benchmark
first. The acquired force, displacement, and energy are
normalized throughout this section for confidentiality rea-
sons. The normalization is uniform: the largest force, dis-
placement, and energy of the vessel with the largest
deformation (QS-5) are set to 1.0, and the results for the
other samples are scaled accordingly, see Table 1. The
dynamic contact tests are discussed afterward for com-
parison with the quasi-static loading. The time of impact of
vessel Dyn-3(I) is used for the normalization of time. The
occurring damage is subsequently studied using the CT
scans, followed by the burst tests.

Quasi-static tests

The quasi-static tests are performed using the experimental
setup previously presented. Five pressure vessels are con-
sidered, which are tested at different maximum displace-
ments, see Table 2. The maximum applied displacement of
vessel QS-5 is used to normalize all other displacements.

Figure 3 shows the measured force–displacement curve
for pressure vessel QS-1, which is subjected to the smallest
displacement. Initial loading is almost linear up to the first
significant nonlinearity, which is referred to as first failure
and indicated by point A. Subsequent loading continues at
an almost constant force up to B, after which the sample was
unloaded. Initially, the unloading stiffness is close to the
initial loading stiffness. At a normalized force of approx-
imately 0.25, the stiffness considerably reduces up to the
unloaded state (C). Some permanent deformation can be
recognized after unloading. Note that the loads are nor-
malized by the maximum reaction force measured for vessel
QS-5.

The mechanical work as a function of displacement is
calculated by piecewise integration of the force–
displacement curve and shown in Figure 4. The three
points introduced in the force–displacement curve are in-
dicated in this diagram. The work at A is the amount of
energy that can be absorbed before first failure occurs. The
maximum mechanical work is shown at B. Point C reflects
the amount of dissipated energy, which is approximately
55% of the maximum mechanical work. Hence, approxi-
mately 45% of the mechanical work was stored elastically.
In the case of a crash, we are mainly interested in the amount
of incident energy that a pressure vessel can withstand
instead of the energy that can be dissipated. Therefore, the
remainder of this study focuses on the maximum work.

The force–displacement curves for the five tested
pressure vessels (QS1–QS5) are shown in Figure 5. The
unloading path of the curves is not shown for clarity pur-
poses but follows similar trends as the unloading path of
QS-1 in Figure 3. Comparison of the different curves
demonstrates that the quasi-static test is highly reproducible.
After the plateau, the force increases at a consistent slope for
all samples. Sample QS-5 shows two force drops at de-
formation levels that exceed those used in the other samples.

To facilitate the comparison of the curves, the key
characteristics are summarized in Table 2. The maximum

Table 2. Overview of the quasi-static tests.

Sample Applied norm. displacement [-] Max. norm. mechanical work [-] Norm. force at first failure [-]

QS-1 0.06 0.024 0.41
QS-2 0.12 0.063 0.46
QS-3 0.2 0.13 0.50
QS-4 0.27 0.18 0.48
QS-5 1.0 1.0 0.52

Table 1. Normalization of data.

Physical quantity Normalized by

Displacement QS-5
Force QS-5
Energy QS-5
Time Dyn-3(I)
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work directly scales with the applied displacement, al-
though the relationship is not linear. Since the force in-
creases as the displacement does, additional displacement
leads to increasingly more energy absorption per unit of
displacement. For the force at first failure, a spread of
approximately 20% can be recognized between the mini-
mum and maximum value.

Dynamic tests

The dynamic tests are performed at six incident energy
levels, referred to as Dyn-1 to Dyn-6, see Table 3.

To validate the repeatability of the testing procedure,
energy level Dyn-3 is tested three times: Dyn-3(I), Dyn-
3(II), and Dyn-3(III). Figure 6 shows the measured force–
time curves, which are clearly oscillating for each of the
three samples. Yet, within the limits of what can be ach-
ieved, the tests are sufficiently reproducible as the main
characteristics match; for example, the peak forces and the
frequency of the oscillations. The time is normalized using
the duration of the impact from sample Dyn-3(I), as can be
read from Table 1.

The conversion of the force–time curves into force–
displacement curves requires the combination of meas-
urements from the load cells and the camera to obtain the
force and displacement, which are shown in Figure 7. The
same normalization is used as in the quasi-static study.
Thus, the maximum force and displacement for vessel QS-5
are set to 1.0, and the dynamic results are scaled accord-
ingly, see Table 1. Zero displacement is defined as the time
at which the velocity of the impactor is first considerably
reduced.1 The unloading paths of the curves are not depicted
to improve clarity. The measured force does not increase
until a normalized displacement of about 0.03 is reached.
There is a time delay between the moment of impact and the
moment at which the load cell positioned below the COPV
registers a force.

For comparison, the quasi-static curve of the sample QS-
5 is included. Clearly, the dynamic curves oscillate around
a trend line which corresponds with the quasi-static mea-
surement. The first peak force in the dynamic curves is
approximately twice the force at the first significant re-
duction of stiffness in the quasi-static case. This is caused by
the “dynamic amplification factor”; for a simple vibrating
system, the sudden application of loading on a mass causes
oscillations reaching amplitudes that are twice as high
compared to a quasi-static load, as demonstrated in.18

The occurrence of this effect for the used experimental
setup is analyzed in more detail in the Appendix. The
analysis reveals that wave reflections make the force
measurement unfit for general conclusions. Therefore, the
subsequent analysis does not exploit the force measurement
further but focuses on the energy instead.

For the dynamic tests, it is assumed that most of the
impact energy is converted into mechanical work in the
pressure vessel. Obviously, a small part of the energy is
transformed into vibrational energy or dissipated in the

Figure 3. Normalized force–displacement curve for sample
QS-1.

Figure 4. Normalized mechanical work-displacement curve
for sample QS-1.

Figure 5. Normalized force–displacement curves for samples
QS-1 to QS-5.
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experimental setup. A few of the dynamic samples were
tested with an incident energy that matches the maximum
applied mechanical work of a quasi-static sample, see Table
3. Comparison of the maximum displacement of those
equivalent samples shows that the dynamic maximum
displacement is slightly lower than its quasi-static coun-
terpart for small incident energies but is almost equal to it for
larger energies. Hence, it can be concluded that the dynamic
losses are comparably small when the incident energy is
sufficiently large.

Although small, the exact amount of energy that is not
converted into mechanical work cannot be determined.
Therefore, we will only consider the external work, which is
equal to the reduction of the kinetic energy of the indenter
during the impact. As a result of this definition, the external
work includes the mechanical work but also vibrational
energy and energy that is dissipated in the experimental
setup. Figure 8 shows the normalized external work as
a function of the displacement for the three dynamic
samples Dyn-3(I) to Dyn-3(III) and for the quasi-static
sample QS-5. The external work for the quasi-static case

is equal to the previously calculated mechanical work. The
results are normalized by the same factors as for the quasi-
static tests and the maximum mechanical work for sample
QS-5.

At small displacements, the external work is increasing
more steeply for the dynamic tests than for the quasi-static
case. Due to inertia effects in the dynamic case, loading first
induces deformations in the upper part of the COPV and
spreads thereafter. As loading progresses and the velocity of
the impactor decreases, the loading state in the COPV can
reach a near quasi-static state. Therefore, at maximumwork,
the quasi-static case and the dynamic cases closely match.
Upon unloading, part of the stored energy is converted back
into kinetic energy of the impactor. Approximately 75% of
the incident energy is dissipated, closely matching earlier
observations by Blanc-Vannet.13

An overview of the results for all dynamic tests is shown
in Figure 9. The dynamic tests show a behavior that is
consistent with the quasi-static case. However, for low
energies (normalized work <0.2), the corresponding dis-
placement is smaller for the impact tests than the quasi-static
ones. This suggests that the time of contact may be in-
sufficient for the loading to reach a near quasi-static state.
Alternatively, it could indicate that mechanisms such as

Table 3. Overview of the dynamic tests. Note that some of the dynamic samples have equivalent quasi-static samples in terms of
incident energies and displacements, see also Table 2.

Sample Norm. incident energy [-] Max. norm. displacement [-] Equivalent QS sample

Dyn-1 0.022 0.045 QS-1
Dyn-2 0.062 0.11 QS-2
Dyn-3(I) 0.090 0.16
Dyn-3(II) 0.087 0.16
Dyn-3(III) 0.087 0.15
Dyn-4 0.13 0.21 QS-3
Dyn-5 0.18 0.27 QS-4
Dyn-6 0.52 0.62

Figure 6. Normalized force–time curves for samples Dyn-3(I),
Dyn-3(II), and Dyn-3(III).

Figure 7. Normalized force–displacement curves for samples
Dyn-3(I), Dyn-3(II), and Dyn-3(III). Sample QS-5 is included for
reference.
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friction are more significant when the incident energy is
small. For large impact energies, the final displacement of
the dynamic case slightly exceeds the quasi-static value.

CT images

The imposed damage is studied by means of CT images that
are made from the pressure vessels after the quasi-static test
but before the burst pressure tests. With a complete vessel in
the CT scan, the resolution is relatively coarse but still
allows for identification of individual layers and damage. In
the analysis, an area of the circumferential cross section
directly underneath the impactor is considered. The cross
section is examined at different longitudinal positions with
respect to the impactor, indicated as locations 1–9. These
locations are shown in Figure 10: Position 5 is at the center
underneath the impactor, and positions 2 and 8 are exactly
under the edges of the impactor. Positions 1 and 9 are
outside the indenter impact area.

Let us first consider pressure vessel QS-3 to identify typical
damage mechanisms. Figure 11 shows the circumferential

cross section at the longitudinal locations. One of the main
observed failure mechanisms is delamination. This can be
recognized from the cracks that develop in circumferential
direction, as indicated for location 3, for example. A second
failure mechanism is shear band formation, which is visible
at the left side of locations 2–8 (indicated at location 5). The
observed shear band consists of matrix cracking and fiber
kinking, both initiating under shear-dominated loading.
Either or both mechanisms can be present in a single ply,
depending on its orientation. It is known that fiber kinking
does not always and not immediately involve fiber frac-
ture.19,20 For the shown shear band, fiber fracture did locally
occur, which can be concluded as some (near) circumfer-
ential layers are locally split in the shown image. The shear
band progresses at an angle close to 45° with respect to the
local radial direction and is oriented toward the contact line
with the impactor. The shear band does not progress far
outside the contact region as it is hardly visible at locations 1
and 9. At the right side, a less pronounced shear band
emerges (see location 6). Although less visible, the right
shear band also extends over the entire impactor length (2–
8). Note that even though the test itself is symmetric,
damage is obviously not.

Figure 12 shows CT images taken from the pressure
vessels QS-1 to QS-5 after the quasi-static tests. The images
shown are taken at the edge of the impactor, that is, location
2 in Figure 10. As the samples are tested up to increasing
deformations, the images from the different pressure vessels
reflect the growth of damage at increasing deformation
levels. The image from pressure vessel QS-1 reveals that the
first observed failure mechanism consists of delaminations.
Hence, the first kink in the force–displacement curve (point
A in Figure 3) is thought to be caused by the initiation of
delamination. This theory is supported by earlier ob-
servations in,21 in which thick-walled short composite
cylinders were loaded in a similar manner as the pressure
vessels here. It was shown that the first force drop in the
force–displacement curve for the samples with a wall
thickness close to that of pressure vessels was accompanied
with a visible growth of delamination. Note that locally,

Figure 9. Normalized external work–displacement diagram
for the dynamic measurements. The maximum external work is
indicated using filled circles, and the quasi-static curve of QS-5 is
included for reference.

Figure 10. Longitudinal locations for the CT images. The cross
sections for the CT study are taken at these locations. CT:
computed tomography.

Figure 8. Normalized external work–displacement curves for
samples Dyn-1, Dyn-2, and Dyn-3. Sample QS-5 is included for
reference.
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Figure 11. Computed tomography images of pressure vessel QS-3 at the locations defined in Figure 10. The most important
components (liner and carbon fiber reinforced polymer) and the occurring failure mechanisms are indicated. Air is shown in black.

Figure 12. Computed tomography images of the quasi-statically loaded pressure vessels at location 2 (or 8) defined in Figure 10.
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small delaminations may already be initiated before de-
tecting them in the measured curves.

For increasing indenter displacement, additional de-
laminations develop and a shear band emerges as before, see
QS-2. The initiation of the shear band is asymmetric and
only visible on one side. It develops at the inner surface of
the wall, hence away from the impactor. The shear band
initiates at the left hand side in this case, but it may equally
well initiate at the other side (for other samples). The image
for QS-3 shows that the number of delaminations grows
further and that the shear band becomes more distinct as the
deformation increases. The initiation of a shear band at the
other side can now also be identified. Note that no clear
indication of shear band failure initiation and growth is
present in the force–displacement curves, since no obvious
irregularities are visible in the curves of samples QS-2 and
QS-3 at displacements exceeding the maximum one of
sample QS-1 (Figure 3). For sample QS-4, intralaminar
damage that crosses entire plies occurs in both shear bands
as some cracks develop in the radial direction. Moreover,
the second shear band becomes more pronounced. Upon
further loading, both observed shear bands grow across the
entire thickness as seen for QS-5. The moments at which
both shear bands extend across the entire wall thickness
seem to correlate with the two force reductions at nor-
malized displacements of approximately 0.5 and 0.8, Figure
5. For the QS-5 pressure vessel, considerable permanent
deformation is present.

For the dynamic case, the occurring damage is consid-
erably more localized than for quasi-static loading, see
Figure 13. Pressure vessel Dyn-1 is not included in the
figure, as the visible damage only consisted of de-
laminations, as is the case for pressure vessel Dyn-2.

Pressure vessel Dyn-3(III) shows that intralaminar dam-
age initiates at the innermost layers. The first failure
mechanism extends for increasing energy levels, although
remaining local, see Dyn-4. The shear band appears in
pressure vessel Dyn-5, where a shear band develops at both
sides, although being minor at the left hand side. The Dyn-6
case reveals that one of the shear bands (the right one in this
case) extends across the wall thickness. This supports the
earlier hypothesis that the force reductions in Figure 5
correspond to the shear band extension across the wall
thickness. The normalized displacement of this pressure
vessel is 0.62, which exceeds the displacement at the first
force drop. Based on this hypothesis, the second shear band
extends across the thickness at a displacement of approx-
imately 0.8.

Residual burst pressure

The pressure vessels are pressurized to burst after the CT
analysis using the procedure explained before. The residual
burst pressures as a function of the normalized external
work are presented in Figure 14. The burst pressures of four
undamaged pressure vessels are included for reference.

Let us first focus on the quasi-statically loaded COPVs.
The four asterisks from left to right correspond to QS-1 to
QS-4. Sample QS-1 had a residual burst pressure that is
within the typical range for undamaged pressure vessels.
Hence, the imposed damage did not lead to a measurable
reduction of the burst pressure. It can be concluded that
delaminations as observed in Figure 12 do not affect the
burst pressure. Note that the first reduction of burst pressure
(QS-1 to QS-2) is significant and correlates with the nu-
cleation of a shear band in the CT scan. The corresponding

Figure 13. CT images of the dynamically loaded pressure vessels at location 2 (or 8) defined in Figure 10.
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reduction of burst pressure is thought to be due to local fiber
fracture as a result of fiber kinking. A gradual progressive
reduction of the residual burst pressure can be observed for
samples QS-2, QS-3, and QS-4. The difference in residual
burst pressure between samples QS-3 and QS-4 is small,
even though the visual damage from Figure 12 suggests
a considerable difference in damage severity.

The dynamic tests are indicated using circles. From left
to right, the samples Dyn-1 to Dyn-6 are shown, including
the three repetitions Dyn-3(I) to Dyn-3(III). Samples Dyn-1
and Dyn-2 have a residual burst pressure that suggests no
damage. This is in agreement with the earlier observation
that only delaminations occur in this regime. Note that
samples QS-2 and Dyn-2 are subjected to the same external
work but that the residual burst pressures differ significantly.
The residual burst pressure for the dynamic tests decreases
sharply after exceeding a critical energy which is exceeded
for the samples Dyn-3(I) to Dyn-3(III). The residual burst
pressure of these samples subjected to the same incident
energy is relatively consistent; the spread is large in the
range of healthy pressure vessels, as evident from samples
Dyn-1 to Dyn-2. This shows that the test procedure provides
reproducible results. For increasing incident energies, the
residual burst pressure does not drop as sharply anymore, an
effect that also occurred in the quasi-static tests. Even for
a large incident energy of 0.52 (sample Dyn-5), the residual
burst pressure remains above 600 bar.

The comparison of the quasi-static and dynamic samples
suggests that quasi-static loading causes more damage than
dynamic loading for similar external work. Although the
differences in burst pressure are generally within the typical
spread for healthy pressure vessels, the overall analysis
supports the following conclusion: The first reduction in
burst pressure occurs at a larger energy in the dynamic case,
and all samples that were tested at the same energy have
a larger residual burst pressure in the dynamic case.

Moreover, the CT analyses also confirm that the observed
damage mechanism (shear band formation) is less severe for
dynamic loading.

Conclusions

A quasi-static and dynamic experimental study was per-
formed to investigate the initiation and progression of
damage in composite overwrapped pressure vessels subjected
to contact loads. The behavior of pressure vessels under
quasi-static loading conditions was highly reproducible,
enabling to visualize the initiation and growth of damage. The
first observed failure mechanism which leads to a consider-
able reduction in the force–displacement curve is assumed to
be the initiation of delaminations. Although easily detectable
in the measurement, the global residual strength of the COPV
was not significantly affected by this failure mechanism.
Upon further loading, shear bands and subsequent intra-
laminar failure emerged. These failure mechanisms were
hardly visible in the force–displacement curve. The initiation
of these shear bands correlated with a considerable reduction
of the residual burst pressure, which is thought to be due to
the formation of fiber fracture. These observations also apply
to the pressure vessels loaded under dynamic conditions. The
occurring failure was, however, much more localized, and
shear band formation was only visible at larger deformations.
Again, the initiation of intralaminar failure directly correlated
with a reduction of burst pressure. In line with the more
localized nature of damage under impact conditions, residual
burst pressure tests also revealed that quasi-static loading is
more severe than dynamic impact loading.

Future research should focus on the influence of the
impactor geometry. In particular, the effect of smaller im-
pactor geometries and imperfect contact (off-angle loading)
should be investigated. Accordingly, the impact location is
also a topic of open research. The investigated impacts were
all in the cylindrical section of a pressure vessel; that is,
impacts on the dome and boss were not considered.
Moreover, the conducted tests considered pressure vessels
without internal pressure. Preloading caused by internal
pressure is expected to strongly affect the occurring failure
mechanisms. To study the wide variety of open topics with
reasonable raw material, time, and financial expenses, a
numerical model is required. Such a model should be able to
depict delaminations and shear band formation, and it should
incorporate the three-dimensional nature of local loading.
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Figure 14. Residual burst pressure as a function of the
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Note

1. In the analysis of the data, the considerable reduction of ve-
locity was defined as the frame in which the velocity was
reduced by 2% with respect to the previous time frame.
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Appendix

The force measurements in the dynamic contact tests are
affected by a dynamic effect: the “dynamic amplification
factor.” For the adopted experimental setup, the existence
and consequence of this effect can be shown by the use of
a three mass-spring system. An illustration of the setup and
the simplification of the components into masses and
springs are shown in Figure 15. The mass mi resembles the
mass of the indenter, the carriage, and any additional
weights. An initial velocity matching the one of the physical
test is prescribed to mass mi. The support consisting of the
support blocks, the base plate, and the load cells is modeled
as mass ms and spring kl, where the latter represents the
stiffness of the load cells. The COPV is modeled as a mass
mCwith two springs kC,u and kC,l. The two springs are aimed
at modeling the deformation in the upper and lower half of
the COPV, respectively. The stiffness of the two springs in
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series matches with that of the quasi-static measurement
from Figure 3. Spring kC,u includes failure, which is
represented using a bilinear curve that represents the
quasi-static force–displacement curve in a simplified
manner. Mass mC does not cover the entire weight of the
COPV as the loading does not span the entire length,
therefore causing a deformation mode that is not uniform
along the pressure vessel. Hence, the weight was cali-
brated to obtain an approximate match with the results
from Figure 15. The resulting weight is approximately
half the physical mass.

The force–displacement curves in kC,u and kl are com-
pared next, representing the failure and measurement lo-
cation, respectively. Equivalent to the experimental study,
the reported displacement is that of the impactor (mi). Figure
16 shows the resulting curves. The behavior is similar to that
observed in Figure 7: The load cell measures the impact
only after a delay and then oscillates around the curve for kC,
u, reaching approximately twice the force. Note that no
damping is included in the model; therefore, the reduced
amplitude observed in the experiment cannot be captured.

Figure 15. Simplified representation of the experimental setup
as a mass-spring system. Failure in the COPV is incorporated
through the nonlinear behavior of spring kC,u. Figure 16. Normalized force–displacement curves for springs

kC,u and kl from the mass-spring system in Figure 15.
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