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Abstract

Pressure Vessels are being utilised in different applications that are 
indispensable including automobile, aerospace, underwater vehicles, oil and gas, 
chemical engineering among other applications. However, there is lack of 
knowledge on the influence of induced damage and the resulting performance of 
such vessels under quasi-static loading and axial compression. Specifically, the 
vessels studied in this study is made up of a high-density polyethylene liner and 
glass fibre overwraps. Therefore, this research investigated the load bearing 
capacities and the energy absorbed of the indented vessels in axial and hoop 
directions to determine the resistance of the vessels after such damaged using 
experiment, and damage characterisation microscopy, non-destructive testing 
and analysis.

Quasi-static transverse and axial compression testing was performed on 
composite cylinders made of polyethylene liner and glass fibre overwraps. Both 
quasi-static and axial compression tests were performed with the Instron 
Machine 3382, quasi-static compression was performed at speed of 500 
mm/min, while the axial compression test was performed at speed of 2.5 
mm/min. 

The results for the damage profile and the effect on compressive strength of the 
composite damaged and two non-damaged cylinders was found to be relatively 
similar. Additionally, the results demonstrate that the quasi-static compression 
have little or no influence on the axial strength of the cylinders. The microscopic 
and Dolphicam2 results for damage characterisation on the cylinders revealed 
fibre break and delamination. On the other hand, visual examination results 
show local bucking and brooming failure at the bottom of the cylinders. 
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1 Introduction

Composite overwrapped pressure vessels (COPVs) are used in many industries 
such as defence, civil, automobile, oil and gas and aerospace applications [1-2]. 
These vessels exhibit excellent impact and fatigue resistance, high corrosion 
resistance and high stiffness/strength-to-weight ratio. Four different types of 
COPVs are distinguished and used in industry based on their applications and 
performance requirements. Type I vessels are fully metallic containers, while 
types II, III and IV are made of two layers; an internal liner which contains the 
liquid or pressurised gas, and the overwrapped high strength fibre around the 
liner to provide reinforcement. The liner is usually a thin metal or a 
thermoplastic polymer and act as the fluid impermeable layer and the 
overwrapped high strength fibre protects the liner from outside damages and 
bear the structural loads [3]. Several studies on composites pressure vessels 
have been published in the literature addressing different aspect of the vessel 
ranging from design to eventual decommissioning of the vessel.

For example, the study of Wu et al. [4] analysed the damage mechanism of 
carbon fibre overwrapped composite vessels subjected to impact loads using flat, 
conical and hemispherical nose impactors. In the study of Parillo et al. [5] 
examined the impact response of glass fibre overwrapped composite vessels 
through experiment. Also, Blanc-Vannet [6] quantify the residual burst strength 
of composite vessel after mechanical impacts and established a relationship 
between burst pressure and the incident energy. The study of Liu and Xu [7] on 
the effect of impact and compression after impact response of single stiffened 
composite specimen revealed that the fillers enhance the load bearing capacity 
and increase the damage tolerance.

The theoretical study of pressure vessel failure under low velocity impact and 
internal pressure by Rafiee, et al. [33] observed sequence of in-plane failure and 
delamination varies with increase in impact energy. Furthermore, in a similar 
study, Rafiee et al. [32] developed a theoretical model for the prediction of 
induced failure on composites subjected to low velocity impact. Besides, 
Sutherland and Soares [31] study on quasi static tests to determine the static 
and dynamic impact behaviour of GRP composites found sudden appearance of 
an internal delamination at very low incident energy/displacement, followed by 
fibre failure at much higher incident energy/displacement. Curtis et al. [29] 
established that higher energy indentation caused buckling in composites tubes 
and reduced burst strength by 60%. Meanwhile, the study of Zhang et al. [30] 
validated the modelling of a layered composite for improved accuracy in 
predicting low velocity impact damage. Weirdie and Lagace [34] study on quasi-
static and impact test for damage resistance prediction in composites shells 
structures present the relationship between impact and quasi-static equivalence 
on shell structures with instability.

In a different study, Banik et al. [8] explores the effect of impactor’s shape and 
length at different impact velocity using customised conical and cylindrical ice 
impactors on steel and CFRP. Results from this study shows that damage of ice 
impactor is more prominent for sandwich composite specimens, while partial 
damage is commonly seen in steel specimens. Also, Tuo et al. [9] examined the 
impact damage of laminates using strip impactor oriented at different angles, 
found that the delamination area and residual load capacity decrease as impact 
angle increases. Njuguna et al. [10] found both the velocity and the diameter of 



waterjets are crucial factors on carbon fibre reinforce polymer (CFRP) damage 
extents in a study entitled impact damage of composite laminates with high-
speed waterjet. The study of Pattarakunnan et al. [11] on composites for energy 
storage containing lithium-ion batteries found that low impact energy events (≤4 
J) had negligible effect on the residual energy storage capacity of the Lithium-
ion battery, although higher energies (≥6 J) caused an internal short circuit due
to excessive plastic deformation and crushing.

Other studies in the literature which covered low impact energy damages in 
COPVs established that damages in the vessels result in performance decrease. 
This is expected as the induced damage undermines the structural integrity of 
the vessel as such the reduced performance in terms of strength. Previous work 
of Allen et al. [12]  has studied two methods of indentation and low impact 
energy and has reported the indentation of the vessels with the same peak loads 
as the impact test can be used as a substitute method in studying the damage 
evaluation. Most of the numerical analysis however has been focused on the 
composite fracture constitutive model due to lower failure strain of these 
materials. However, it is also important to evaluate the residual strength of the 
composite/liner subjected to external impact. 

The climate change crisis worldwide about depletion of the ozone layer, global 
warming, air and water pollution due to greenhouse gases emission especially 
carbon dioxide and methane has brought about global drive toward a carbon 
neutrality and net zero economy. This resulted in decreased reliance on fossil 
fuel base energy sources and geometric increase in renewable energy vectors to 
transit from the fossil base energy sources to renewables Nguyen et al. [13]. 
However, in recent years hydrogen need to be stored in pressure vessels at 
pressure up to 70 MPa, and minimising both weight and cost of vessels- for 
application in the transportation sector Maus et al. [14]. Storing Hydrogen is a 
challenge because hydrogen has high energy content by weight, and a low 
energy content by volume. Therefore, this makes hydrogen storage a challenge 
specifically in the automotive applications. Challenging barriers to the 
widespread adoption and utilisation of hydrogen as energy carrier are the 
development of reliable, safe, compact and cost-effective technologies for its 
storage Barral and Barthélémy [15].

The current study investigates the performance of composite overwrapped 
vessels having thermoplastic liners after impact. The vessels studied in this 
study is made up of a high-density polyethylene liner and glass fibre 
overwrapped. Therefore, this research investigated the load bearing capacities of 
the indented vessels in axial and hoop directions to ascertain the level of impact 
using experimental approach and NDT on such vessels after damage as well as 
establish structural performance. 

2 Materials and Methods

2.1 The Composite pressure Vessels (Hydrogen pressure vessels type 
IV) 

The composite pressure vessel analysed in this study is an industrial product 
produced utilising a thermosetting, orthophthalic unsaturated polyester material 



matrix, that has been enhanced with a portion weight of 70% of Tex type E 
utilising constant glass fibre with lay up of [(90/40/45)n]S with even hoop and 
helical thickness of 8 mm.   Details of the vessels used for the physical 
experiment and history are shown in Table 1. The vessels are all lined internally 
with a layer of high-density polyethylene (HDPE) produce through a rotational 
moulding process to give, among other objectives, a barrier against diffusion of 
gas. The selected properties for the glass fibre and the liner are shown in Table 
2.

Table 1 Vessels dimension and history/comments

Number 
of 
vessels

Outer 
Diameter 
(mm)

Inner 
Diameter 
(mm)

Length 
(mm)

Fibre 
Orientation

History/ 
Comments

4 155 147 450.2 90°, ±45° Previously 
indented and 
compressed

2 152.4 114.5 457.2 90°, ±45° No 
indentation

2 155 147 147 
and 
162

90°,  ±45° Round cut 
tubes

Table 2 selected properties of glass fibre and HDPE liner

Glass Fibre

Property Values Units

Longitudinal strength 800 MPa

Longitudinal Modulus 40 GPa

Transverse Strength 40 MPa



Transverse Modulus 10 GPa

Shear strength 35 MPa

Shear Modulus 0.5 GPa

Poisson’s ratio 0.35 -

Density 1.9 g/cm3

Glass Mass content 70 %

Glass volume content 52 %

Liner

Tensile modulus 270±8 MPa

Yield stress 13.8±0.4 MPa

Yield strain 14.36±0.4 %

Elongation at break >40 %

Density 0.94 g/cm3

2.2 Samples Preparation

The purpose of the tests is to determine vessels structural performance owing to 
low velocity axial and transverse loading.  Hence, the cylinder samples are 
disassembled as part of the sample preparation for the testing process as 
illustrated in Figure 1a. The steel cap provides a rigid support for the vessel in 
order to withstand the axial force during the experiment see Figure 1b. For 
effective experimentation the vessels were dismantled, as illustrated in Figure 1. 
The preparation involves meticulous plan for the effective axial and hoop 
compression.  The head of the cylinders are changed with a steel cap during the 
axial compression on the vessels as shown on Figure 1b. In addition, the 



centroid of the vessel is determined and delineated with tape as shown on Figure 
1b to enable efficient compression in the hoop or transverse configuration. 

2.3 Characterisation – Visual Inspection

All the composite vessels were visually examined before the test, and steel cap 
fitted as shown in Figure 1c. Two of the cylindrical vessels were in a good 
working condition, no imperfections or damages was determined in the samples, 
four of the previously indented vessels had signs of fibre fracture at the bottom 
of the vessels (Figure 1d). Meanwhile, Figure 1e shows damaged zone on the 
bottom of the vessel. All the samples were approved for the testing phase 
accordingly. Furthermore, an additional evaluation is needed to assess the 
damage after test.

2.4 Testing

2.4.1 Indentations/Dent Damage - set up, loading   conditions

A quasi-static indentation examination was selected based on ASTM D6264 
standard. Quasi-static indentation represents a functional analogue for 
mechanistic assessment of low-velocity impact damage(47).

The test is performed with Instron machine of 100kN capacity. The load was 
applied at a constant speed of 2.5 mm/min, to the cylinder both non- 
compressed and compressed cylinders were tested until failure. Five samples 
were tested in each case and the average used to evaluate the compression 
strength of the composite pressure vessels studied under this test category. 

The quasi-static compression test was performed at speed of 500 mm/min. The 
tests was executed using an Instron 3382 machine at room temperature 230c. 
The universal test machine was equipped with a high-speed data acquisition 
system of load-displacement and stress-strain. A hemispherical head with a 
diameter of 15 mm made from steel was selected as the indenter as shown on 
Figure 2(a). From the size of the indenter, it can be related to flying debris or 
rock/stones that the hydrogen pressure vessel can get in contact with during the 
transportation, storage and in the roadway. This was connected in the load cell 
of the machine to facilitate the impact tests.

The experiment was performed with no pressure in the vessels (internal 
pressure =0). Using the Instron machine software application, loads of 1500N, 
2500N, 3000N and 3217N were used in various cylindrical vessels. The 
equipment was set up to stop after reaching the needed load (the applied load 



was the control specification), the load was applied at a continuous rate of 2.5 
mm/min. All the samples were indented at the centre utilising the same head 
geometry attached to the load cell of the Instron machine as seen in Figure 2(a).

Table 3 presents the pressure vessels samples, geometry and liner properties 
and test loads

Impact Type 
/configuration

Materials Liner Testing 
load/speed

Impacted 
Pressure vessels

Transverse/ hoop Glass 
Fibre

HDPE 2.5mm/min

No impact NA Glass 
Fibre

HDPE 2.5mm/min

Compressed 
Pressure vessels

Axial Glass 
Fibre

HDPE 500 mm/min

Quasi- Static 
compressed 
Pressure vessels

Quasi-Static 
Compression

Glass 
Fibre

HDPE 2.5mm/min

2.4.2 Compression-after-damage Strength Test

A steel cap was connected to the head of the pressure vessel, so it can support 
the compression force, see Figure 2b. The axial compression test is conducted to 
examine the compressive strength of the hydrogen pressure vessel. The 
examination was performed with the Instron equipment with a capability of 100 
kN. The load was applied at a consistent speed of 2.5 mm/min to the pressure 
vessel both the indented and without indentation vessels were examined until 
failure.

2.4.3 Crush after-damage Strength Test

The tests were performed using an Intron-XH03 equipment having a 600 kN 
capability hydraulic loading Figure 2c. The sample was placed in between two 
circular platens (shown on Figure 2d). The platens maintained parallel to each 
other before the initiation of the test and also maintained to the end of the 
examination (Figure 2d). The load was applied at a consistent speed of 2.5 
mm/min to the hoop region of the vessel both the indented and without 



indentation vessels were analysed until failure. Lastly an axial crush examination 
was done on the round cut vessels (Figure 2e). The automated data acquisition 
system of Blue Hill (Instron-XH03) was utilized to get the load-displacement 
curve of the crush examinations. During the tests, the load-displacement data 
was recorded as a function of time at intervals of one second.

The experimental testing on composite vessels, the testing techniques include 
quasi-static compression in the transverse direction and axial compression-after-
damage testing. 

Figure 1 show (a) the disassembled vessels for the testing (b) vessel and cap for 
axial test (c) Prepared Composite vessel for the experiment (d) Samples 
pressure vessels (e) previously indented and compressed vessel

The Instron device can be utilised for quasi-static indentation by applying a load 
at a desired speed based on either test standard or specific requirement. The 
samples were again visually inspected before the test and only samples with no 
visual damage were taken to testing. Test samples are then mounted in the test 
rig for compression tests as demonstrated on Figure 2. A hemispherical head 
with a diameter of 15 mm made of steel as shown in Figure 2b was used for the 
test in the transverse direction.  The test simulates damage on the typical point 
load on the composite pressure vessels during its use, transportation, storage 
and in the event of other potential impact [18]. The compressed gas composites 
pressure vessels were mounted and supported by two V-block fixtures of 90o 
angle made of steel standing on a circular plate, as presented in Figure 2a to 
damage the pressure vessel. The Instron machine was set up to cause a static 
compression by applying loads of 1200 N, 2200 N, 3200 N and 4200 N at a 
constant speed of 500 mm/min as shown on Figure 2 under different test 
configurations. 

Next, the indentation (puncture) compression tests were conducted according to 
ASTM D6264 to determine the damage resistance of the hydrogen pressure 

Fibre break



vessels subjected to a concentrated indentation force in a set up shown in Figure 
2 (a, b and d and e).

Hemispherical 
head 

Cylindrical plate

V-Block support

Composite Cylinder 

(a) (b)



Figure 2 (a) Instron machine with the vessel ready for compression testing in 
the transverse (b) in the axial direction (c) Intron-XH03 equipment having a 600 
kN load capacity (d) vessel in between two circular platens (e) round cut 
pressure vessel

3. Results

3.1 Damage characterisation results

Figure 3-Morphology of Surface Damage Caused during Indentation Test

Figure 3 shows the morphology of surface damages caused by quasi-static 
indentation. In specimen 1 (1500N) and specimen 2(2500N), the impact 
damages were not significant around the area of indentation yet there were 
splitting around the local area in the fibre direction. In specimen 3(3000N), the 
splitting around the impact point propagates in the fibre direction and finally, for 
specimen 4(3217N) there were considerable splitting and also matrix damage 
around the impact point.

3.2.1 Graphic Results: Comparison of the Load as a function of Time

Figure 4a shows load as a function of time of each vessel impacted. At 1500N 
(Specimen 1) as well as 2500N (Specimen 2) impact, it can be seen that the wall 
of the vessels deflects between 0 and 300s. This confirms that the vessels can 
support both loadings for a longer time period, without any deformation or splits. 
At 3000N (Specimen 3) impact, it can be seen that the wall surface of the vessel 
still deflects in between 0 and 400s, Nonetheless, as loading increases at 3217N 
(Specimen 4) impact, the vessel elastic limit is reached at 450s and afterward, 
the first failure initiation begins. Before the first failure, the load rapidly raised as 
the deflection increased. Nevertheless, after the first failure, the load rise was 



significantly reduced as the deflection increases in between 450 and 560s, and 
also numerous vibrations of the loads were observed. The first damages critically 
reduced the stiffness of the composite vessel as well as the damage slowly 
propagate as much as the time of the maximum deflection. As the impact load 
increase, the time also rise. Figure 4b shows the average indentation force 
against time for the pressure vessels. As it can be seen a similar trend is 
obtained when compared to Figure 4a.

3.2.2 Comparison of the Load as a function of Displacement

Results of the 4 specimens shows the responses of each vessel under specific 
loading condition. Generally, all loading regimes demonstrate a comparable 
force-displacement response. An initial elastic phase was observed to 
approximately 16 mm displacement where upon a slope change occurred, and a 
secondary regime of lower gradient continued to as much as 23mm 
displacement as shown on Figure 4c. During this second phase also known as 
the damage propagation phase, some stiffening of the structure (vessel) with 
raised load-displacement was observed. 



Figure 4 (a) shows load as a function of time of each vessel impacted (b) Mean 
Indentation Load as a function of Time at a Constant Velocity 2.5mm/min (c) 
Indentation Load as a function of Displacement at Constant Velocity 2.5mm/min



Figure 5 (a) Percentage Change on Each Load on the Specimens (b) Residual 
Strengths of the Pressure Vessel (c) Residual strength Percentage Change during 
Impact Test



Figure 5a shows the change in percentage of every force applied on each 
specimen and it can be seen that the least amount of percentage change is 
between specimen 3 and 4 is 7%.  On the other hand Figure 5b reveals the 
residual burst strength of the composite vessels. In all specimens, residual burst 
strength raised with raising the impact force/indentation force. Since all the 
specimens are made of the same material, for this reason, the modulus is the 
same, and the indenter or impactor utilised during the experimentation had a 
constant size of 15mm. Therefore, the burst strength is proportional to impact 
force. The residual percentage change is proportional shown on Figure 5c. 
Similar values are obtained for as in Figure 5a.

3.2.3 Comparison of the Compressive Stress as a function of Strain

Specimen 1 and 2 shows the elastic region of the graph, the material is under 
uniform stress and strain. The slope of graph represents the young’s modulus. 
Specimen 3 has reached the yield point loading at strain 0.035 and Specimen 4 
has exceeded specimen hardening region, the material ultimate strength has 
been exceeded resulting in the first failure before entering the second region 
behavior.

Figure 6-Indentation Stress-Strain Curves for the 4 vessel Specimens

3.2.4 Compression-after-damage Strength Test results Visual Inspection

Figure 7 shows all the visual failure on the impacted specimens. In all cases, 
failure occurred in the bottom support region of the vessels. The outer layer 



fibres peel off began in the region where fibre damage had actually previously 
been brought upon in this case, not the impacted location. This was because the 
impacted vessels had defect such as fibre fractures as seen in Figure 7. The 
reason for the external layer of the fibres peel off was that the fibres 
experienced high shear stress due to compression. In addition, those regions 
have experienced micro-buckling under huge stress. This causes huge shear 
stress throughout the external laminae at the boundaries between the damaged 
and undamaged fibres, which in turn creates the damaged fibres to debond as 
well as peel away from the vessel. Ultimately, as internal pressure increased, 
rupture occurred in the peeled area. Since fibres are the major load-bearing 
component in the pressure vessel, the decrease in burst pressure is mainly 
identified by the extent of fibre damage.

As seen in Figure 8 the vessels without impact showed no considerable visual 
damages since the vessel had actually no inflicted area on the fibres, for this 
reason, could endure a higher pressure/ load before failure is reached.

Figure 7-Damage After Compression:(1) Indented at 1500N, (2) Indented at 
2500N,(3)Indented at 3000N and 94) Indented at 3217N 



Figure 8-Damage After Compression:(A) without Indentation and (B) Without 
Indentation

3.3 Comparison of the Load as a function of Displacement

Figure 9 shows the load-displacement responses of the High-Density 
Polyethylene at 230C. The impacted specimens in all cases before the first 
failure, the measured load increased almost linearly with some vibration as the 
displacement increased; however, the slope of the load increase significantly 
decreased after the first failure between 5mm to 10mm this was as a result of 
the outer layer fibres peel off where fibre damage had previously been inflicted 
not the impacted location. This was because the impacted vessels had defects 
such as fibre fractures as seen in Figure 1e. Looking at the Figure 9 showed a 
secondary regime of lower gradient continued to as much as 25 mm 
displacement. This was validated in Kim et al paper (17); during this second 
phase also known as the damage propagation phase, some stiffening of the 
structure (vessel) with raised load-displacement was observed. Also, similar 
behaviour was also observed in the load- displacement response of the 
undamaged vessels but with a steeper slope at the early stages. Figure 9 clearly 
shows that the first failure for undamaged vessels occurred at a higher 
compressive load and lesser displacement compared to the damage vessels 
proving that fibres are the major load-bearing component in the pressure vessel, 
the decrease in loading capacity is mainly identified by the extent of fibre 
damage. A notable observation drawn from Figure 9 is the divergent nature of 
the graphs this can be justified to two condition one positioning of the specimen 
in the machine during each test and the imperfection of the impacted specimen 
as a result of previous impact and compression on the specimens.

(a) (b)



Figure 9- Compared Load-Displacement Response with and Without indentation 
Specimens

3.3.1 Compressive Load After Test

Figure 10 (a) shows that the compressive load is directly proportional to the 
compression applied to the specimens and the undamaged specimens tend to 
have a higher compressive load capacity compared to the impacted vessels. This 
was expected as the pressure vessels have similar physical and mechanical 
properties. The fibres are the major load-bearing component in the pressure 
vessel, the decrease in loading capacity is mainly identified by the extent of fibre 
damage (33). Figure 10b reveals a significant drop of 52% in loading capacity of 
all the impacted vessels. This is high as a result of two condition firstly the 
impacted vessels used had some imperfect from previous damage (Figure 2e) 
and secondly as a result of the current impact test.  



Figure 10 (a) -Compressive Load Applied to the Specimens (b) compressive Load 
Percentage Change on the Specimens

3.3.2 Energy Absorbed during Compression

Figure 11 (a) shows that the higher the compression loading, the higher energy 
a material dissipates. Most compression energies were dissipated by the plastic 
deformation of the high density polyethylene (HDPE) liners (49).Since the 
undamaged vessels had no fibre damage they tend to withstand a higher 
compressive load hence higher energy was absorbed. 

The residual burst pressure critically depends on the amount of fibre damage in 
the hoop layers the more the fibre damages the less the residual burst pressure 
the vessel can withstand. This can be clearly seen in Figure 11b with the 
undamaged vessels having a high residual burst pressure compared to the 
damaged vessels. Specimen 3 showed a slight reduction in compressive strength 
compared to other damage vessels indicating that the damage is more on 
specimen 3 as shown on Figure 11b.

(a)

(b)



Figure 11(a) Absorbed Energies of the Specimens from Compression Test (b) 
Residual Strength of the Specimens after Axial Compression (c) Residual 
Strength Percentage Change After Compression

The percentage change of residual strength on Specimens after compression was 
computed and plotted on Figure 11c which reveals that the percentage change of 
the compressive load is equal to the percentage change of the residual burst 
strength. This shows that the vessels could withstand the load applied without 
permanent deformation. Specimen 1 appears to have a lower residual strength 
indicating a higher level of damage present.

(b)

(a)

(c)



3.3.3 Comparison of the Compressive Stress as a function of Strain

The stress–strain responses of all the vessels has similar characteristics as 
shown on Figure 12. First, the yield point for all was reached.  For both damaged 
and undamaged vessels, beyond the yield point, specimen hardening 
commences. Then the specimens first failure and damage propagation starts. 
However, the corresponding strain at failure decreases for the undamaged 
vessels at a higher compressive stress and the corresponding strain increases for 
the damage vessel at a lower compressive stress.

Figure 12 - Compressive Stress-strain Response of with and without Indentation 
Specimens

3.4 Crushed Experiment Results: Visual Inspection

Figure 13a and 13b shows the damage after crush test of the impact and non- 
impact vessels clearly the two main damage mechanisms under the compression 
platen is delamination with some matrix cracking that joins the different 
delamination interfaces also for the non -impacted vessels there was 
deformation of the liners.



Figure 13 (a)-Damage After Crush Test:(1) Indented by1500N, (2) Indented by 
2500N, (3) Indented by 3000N and (4) Indented by 3217N (b) Damage After 
Crush test:(1) without Indentation (2) without Indentation

3.4.1 Comparison of the Crush Load as a function of Displacement

Figure 14 shows the crush load-displacement response of impacted and non-
impacted vessels. For one of the non-impacted specimens (Specimen B), an 
initial elastic phase was observed up to 10mm displacement at which point a 
slope change occurred and a secondary regime of lower gradient continued up to 
18mm displacement this was like the impact specimens. For specimen A (non-
impacted) the elastic phase was extended up to 39mm before a slope change 
occurred and a secondary regime started. This could be as a result of specimen 
positioning in the machine. This behavior was analysed in Kim et al paper. The 
reason for the change of slope is as a result of the first failure which is identified 
as matrix cracks and delamination.

(a)

(b)

(1)
(2)

(3) (4)

(1) (2)



Figure 14 -Compared Crush Load-Displacement Response for with and Without 
Indentation Specimens

3.4.2 Crush Load After Test

The presence of impact damage does influence the load bearing of the pressure 
vessel as shown in figure 15. A reduced value of the peak load can be noticed as 
compared to the non-impacted specimens. Also, the impact position has a 
significant result on the initiation of damages (the peak load), whereas its 
impact on the damages propagation is insignificant. Specimen 1 shows a 
reduced peak load compared to other impacted vessels indicating that it has 
damages in the crushed location.

Figure 15b reveals that specimen 1 seems to have more damage in hoop layer 
region as a result of its higher percentage change decrease of 36% compared to 
non-impacted vessel specimen B and a 26% decrease compared to another 
impacted vessel (specimen 2)

(a)



Figure 15 – (a) Crush Load applied to the Specimens (b) Crush Load Percentage 
Change on the Specimens

3.4.3 Energy Absorbed during Crush Test

Figure 16a shows that the higher the crush load, the higher energy the vessel 
dissipates. Most compression energies were dissipated by the plastic deformation 
of the high-density polyethylene (HDPE) liners. Based on this relationship of 
crushed load and energy absorbed it can clearly be stated that an impacted 
vessel absorbs less energy than a non-impacted vessel. 

Figure 16- (a) Absorbed Energies of the Specimens from Crush Test (b) Residual 
strength of Specimens After Crush Test

(a)

(b)

(b)

(b)



The residual burst pressure critically depends on the amount of fibre damage in 
the hoop layers. The more the fibre damages the less the residual burst pressure 
the vessel can take. This can clearly be seen in Figure 16b. Specimen A residual 
strength is less compared to specimen B because during axial compression test 
there were fibre damage to the hoop layer as a result of buckling. Specimen 1 
also has a lesser residual strength compared to other impacted vessels. This 
proves that specimen 1 has multiple damages on it hoop layers not seen with 
the naked eye.

4 Microscopic results

After the tests, a cross-sectional cut of one sample at the indented location with 
a force of 3217N (Figure 17b), and additional sample without indentation (Figure 
17a), were studied by using non-destructive Micro Vickers hardness testing 
machine HM-200 Series. Microscopic inspection revealed details of the damage 
caused by a hemispherical head Indenter. There are three notable damage 
sustained by pressure vessels during impact, firstly fibre damage develops 
within the contact region (Figure 17b). The fibre cracking is shown on Figure 18a 
develop in the second layer in addition to that of the outer layer. In addition, 
Figure 18b reveals fibre debonding and lastly the overall length of fibre crack 
expand leading to fibre breakage (Figure 18c). 

Figure 17 (a) Cross- Sectional Cut of the Indented Area (b) Cross-Sectional Cut 
of indented Sample



Figure 18 microscopic results (a) fibre cracking (b) debonding (c) fibre breakage  



4.1 Quasi-Static Compression Strength during puncture test  

Another sets of 4 vessels specimen were further tested to ascertain the level of 
damage by compression. The initial inspection of damage induced on the vessels 
at the centre of the vessels at different compressive loads of 1200 N, 2200 N, 
3200 N and 4200 N, are illustrated in Figure 19 (a – d). Based on visual 
inspection the damage regions are outlined in red as shown on Figure 19. It is 
obvious that an increase in the load leads to increase in the damage region as 
shown.

Figure 19 Visual inspection: (a) Pressure vessel under Load of 1200 N (b) 
Pressure vessel under Load of 2200 N (C) Pressure vessel under load of 3200 N 
(D) Pressure vessel under load of 4200 N.

For a more accurate damage characterisation on the sample, a cross – section 
surrounding the puncture region in sample ‘A’ was further investigated using 
Dolphicam2 non -destructive test (NDT) kit. 



Figure 20 Non- destructive test (a) sample showing the damage region in red (b) 
C-Scan time of flight (c) shows A, B and C scans with front and back wall, fibre
breaks and depths with their corresponding amplitudes.

(C)



As it can be seen on Figure 20(B) the damage characterisation has an area of 
145.69mm2 with a circumference of 42.79mm for the damaged region. The 
overwrapped sample ‘A’ is 5mm thick, relatively flat and the least damage, 
hence is selected and prepared for an NDT examination. Sample B, C, D are 
grossly damaged with highly uneven surfaces that will lead to unrealistic results 
and as such the no scan was carried out. As it can be seen on sample A, in which 
was applied a load of 1200 N demonstrates a small damage area on the 
reinforcement. The non-destructive test (NDT) using DolphiCam2TM computed 
the damaged the area to be 145.69mm2 with are circumference of 42.79mm and 
a diameter of 13.62mm.

In pressure vessel B, using an impact loading of 2200N caused a damaged of 900 
fibre orientation showing fibre break. Then in sample C and D, an applied load of 
3200 N and 4200 N, respectively, resulted in delamination and cracking of the 
matrix and fibre failure.

4.2 Compression strength  

The compressive strength of the spacemen is calculated by    where 𝜎𝑐 =
𝐹𝑚𝑎𝑥

𝜋(𝑟2
𝑜 ― 𝑟2

𝑖 )

Fmax- maximum applied force, ro -outer radius and ri- inner radius.  The damage 
is expected to occur around the middle of the surface of the cylinders subjected 
to quasi-static damage. The failure at the end of the cylinder can occur before 
the real compression of the cylinder is achieved.   Composite cylinders were 
tested to characterise its compressive strength performance. In this section, the 
axial compression of the damaged and non-damaged cylinders is analysed. The 
main objective is to analyse the change in the compressive strength of the 
pressure vessels after being damaged.

The outcome of the experiment for all damaged and non-damaged pressure 
vessels are remarkably similar. However, when the cylinders are subjected to 
quasi-static compression, the polyethylene absorbs enough elastic strain energy 
to recover from the applied compressive load and recover without being 
plastically deformed. 

During the experiment, it was possible to hear the fibre cracking while 
compressing; consequently, the noise of the fibre breaking under compression 
as demonstrates in Figure 21 as the first failure. Therefore, the first break might 
be a separation between the filament winding and the polyethylene from the 
bottom to the top or opposite. Thus, as the cylinder is compressed it starts to 
absorb more load, because the polyethylene kept resisting the compression as a 
separate material. Nevertheless, the buckle of the inner cylinder occurs, and the 
composite cylinder fails. Therefore, the failure modes observed at the bottom of 
the cylinders are brooming and local buckling.
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Figure 21: Load- Displacement curve for three cylinders damaged at loads of 
1200 N, 2200 N and 3200 N, and two cylinders that have not been damaged 
before the axial compression test.
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Figure 22: Stress-strain curve for the three cylinders damaged at loads of 1200 
N, 2200 N and 3200 N and two cylinders without damage before the axial 
compression test.

Moreover, the stress-strain curve is presented in Figure 22, for the different 
cylinders, showing how it breaks initially and because it presents similar failure 



to buckling it buckles and then supports stress until loading is ceased or 
removed.

In addition, 4200N load is applied to achieve penetration through the pressure 
vessel which correlated with previous studies on the damage reported including 
surface breaking, delamination, matrix cracks and fibre breakage, being at the 
point where the material actually fractures Shyr and Pan [19]. Moreover, looking 
at the energy absorbed is shown that with the increase of the deflection the 
more energy is absorbed by the specimen in the quasi-static compression test, 
this phenomenon is also observed on studies by Kobayashi and Kawahara [20] 
which states that the stiffness of the CFRP is improved if the vessels thickness is 
increased; similarly, this proved to have reduced the plastic deformation by 
indentation. However, the damage to the vessels during impact might provide a 
linear response, then shifting to non-linear, due to the cylinder starting to 
deform. The effect of acceleration drop indicates the composite failure and the 
reduction of material resistance to impact as established by Mouti et al. [21].

5 Conclusions

In this study, composite cylinders were tested to characterise their compressive 
strength performance and load bearing capacities by experimental procedures 
with quasi-static compression testing and axial compression testing. In quasi-
static compression testing, the cylinders were damaged at the centre with set 
peak loads of 1200 N, 2200 N, 3200 N and 4200 N. The results showed that the 
damage from the quasi-static compression test does not influence on the 
compressive strength of the cylinders under axial compression. Additionally, all 
the samples failed at the same location (bottom neck); consequently, the failure 
can be characterised as fibre break, delamination, brooming and local buckling 
failure. Fibres are the main load-bearing element in the pressure vessel, the 
decrease in burst pressure is mainly established by the degree of fibre damages. 
Burst pressure of the damaged pressure vessels lowered with a rise in the axial 
level of observable fibre damage. The examinations revealed that burst pressure 
of the vessel is significantly affected only when a visually evident fibre split 
(micro-buckling) is present.

The quasi-static compression testing was performed with set applied loads at the 
centre of the pressure vessel, the results show that the absorbed energy from 
the cylinders increased as the load was applied resulting in high deformation. 
The deformation was analysed in the elastic region of the composite. Then, axial 
compression testing of damaged and non-damaged cylinder shows that previous 
damaged form quasi-static compression does not affect the compression 
strength of the composite cylinder when subjected to axial compression. So, all 
the tested cylinders buckled at the bottom neck. Fibre damage generated by 
compression appeared slightly away from the impact region. The failure 
mechanism involves outer layer fibres peel off and fibre debonding where fibre 
damage had previously been inflicted. The residual burst strength of the 



cylindrical composite overwrapped pressure vessels critically depends on the 
fibre damage in the hoop layers. 

Microscopic and non-destructive tests characterised the damaged establishing 
the extent of the damage in terms of area, circumference and penetration depth. 
Moreover, microscopy established fibre cracking, breakage and debonding 
resulting from the quasi-static loads applied. Matrix cracks generally propagated 
to end up being delamination's because of the difference of the fibre orientation 
between layers, and also the delamination's critically lowered the bending 
rigidity of the structures. A tiny disparity of the fibre direction in the hoop layers 
generated the delamination in the group of hoop layers. Fibre damage generated 
by compression appeared slightly away from the impact region. The failure 
mechanism involves outer layer fibres peel off and fibre debonding where fibre 
damage had previously been inflicted. The residual burst strength of the 
cylindrical composite overwrapped pressure vessels critically depends on the 
fibre damage in the hoop layers. The results for the damage profile and the 
effect on compressive strength of the composite damaged and two non-damaged 
cylinders was found to be relatively similar. Additionally, the results demonstrate 
that the quasi-static compression have little or no influence on the axial strength 
of the cylinders.  This new remarkable finding on performance of composite 
pressure vessel under damaged and undamaged conditions has established the 
reliability and load bearing capacities and strength capabilities of composites 
under the scenarios investigated.
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