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Abstract

The lightweight high pressure hydrogen storage vessels composed of polymer liner and composite reinforced layers have attracted
more and more attention. In this research, a 2D axisymmetric finite element model was proposed to predict the damage evolution,
failure strength and failure mode of the composite overwrapped pressure vessels, in which a user subroutine UMAT based on
Hashin failure criteria was introduced to simulate the progressive damage properties of the composite material. The FE models are
validated by comparison with the experimental results, and the error between the numerical simulation results and the experimental
results were within 10%. It is found that vessels with different lay-up schemes might burst in different locations. Parametric studies
are performed to obtain a critical ratio of hoop and helical layers to keep the vessel burst in safe mode.
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1. Introduction

In the present world, the global warming brought by the in-
creased emission of greenhouse gasses into the atmosphere as
a result of burning fossil fuels lead to an urgent demand for al-
ternative sustainable clean energy. The hydrogen energy, due to
its cleanness, high-efficiency, and fertile source, is becoming an
increasingly practical option. [1] Yet, there are still many prob-
lems in the use of hydrogen, among which the prominent one
is the transport and storage. For now, the most matured storage
media is the high pressure vessel. In order to realize the need
of light weight, the Type IV storage vessel made of a poly-
mer liner, metal bosses, and reinforced composite layers has
become one ideal choice.While the composite filament wound
technology promotes the flexibility in design and manufacture,
the structure of the vessel becomes complex and various design
factors can significantly influence the mechanical properties of
pressure vessels. [2]

Some researchers conducted burst tests to study the mechan-
ical properties of pressure vessels and provided valuable exper-
imental data. Wang et al. [3] investigated the relationship be-
tween acoustic emission signal characteristics and damage be-
haviors (matrix cracking, fiber breakage, fiber/matrix debond-
ing) of pressure vessels during hydrostatic burst tests. The burst
pressure and fracture behaviors of composite vessels were ob-
tained by acoustic and optical sensors on the vessel specimen.
Kim et al. [4] evaluated the burst pressure of vessels with a
ring specimen rather than a full-scale vessel. They redesigned
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a ring burst test device to improve the pressure uniformity of
the ring specimens. The strain variation and fracture behavior
of ring specimens were evaluated by the digital image correla-
tion method during the burst test. It should be noted that burst
tests of composite pressure vessels need exorbitant time and
economic costs. Therefore, the finite element analysis method
has been an effective tool to conduct the burst pressure predic-
tion and the progressive failure analysis. Over the past decades,
many researchers have focused on building numerical models to
optimize composite layers to improve the burst pressure of the
pressure vessel and to reduce the amount of composite mate-
rial. Onder et al. [5] have conducted experimental and theoreti-
cal studies to analyze the ultimate strength of composite vessels
under internal pressure and obtained the optimum winding an-
gle of composite layers. Xu et al. [6] established a 3D paramet-
ric finite element model considering different failure criteria to
simulate the failure and damage evolution behavior of pressure
vessels. In these studies, however, researchers only considered
the cylindrical section, and neglected the influence of the dome
section. These preliminary stress analyses could not accurately
predict the burst pressure or burst locations of composite pres-
sure vessels. In order to better study the mechanical behavior
of composite pressure vessels, it is necessary to consider the
mechanical responses of the whole pressure vessel. Various
failure criteria, such as Maximum stress and strain criterion,
Tsai and Wu, Hashin and Rottem, Hashin, Puck etc. [7–10],
and related damage evolution laws were used in the progressive
failure analysis of composite pressure vessels. Ramirez et al.
[11, 12] developed a damage model exactly for the wound com-
posite materials in the pressure vessel and validated it by a se-
rious of tests. Incorporating this developed damage model into
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commercial FE model, the burst test was simulated using 3D
and axisymmetric elements in order to compare the advantages
of these two FE models. [13] They found that both models pro-
vided almost identical results while the axisymmetric one was
less computational time consuming. Liao et al. [14] applied 3D
Hashin criteria and strain-based damage evolution laws to study
mechanical responses and damage mechanisms of a Type III
composite vessel. Lin et al. [15] proposed a meso-macro finite
element progressive damage model based on the Puck failure
criterion. They used representative volume elements (RVEs)
to obtain damage variables to be fed into the macroscopic fi-
nite element models. The results showed that matrix cracking
delamination occurred firstly and are finally expanded to fiber
breakage with the increase of internal pressure. Jebeli et al. [16]
performed a progressive damage analysis of a Type IV compos-
ite pressure vessel with consideration of the debonding between
the composite and liner layer, and the results showed that the
initial debonding did not influence the progressive damage be-
havior of the composite layer at the cylindrical section. Besides
the prediction of the burst pressure, the burst location should
also be specified precisely. As proposed in many studies, as
the internal pressure of vessels increases, there may appear two
kinds of burst mode, namely, safe mode (burst in the cylindrical
section) and unsafe mode (burst in the dome section with the
ejection of bosses). However, few researchers focused on the
detailed failure mechanisms of these two burst modes.

The purpose of this paper is to study the detailed damage
evolution process of different burst modes and to find the con-
dition that the unsafe mode can be avoided. A progressive fail-
ure modeling using the axisymmetric elements is proposed. In
order to simulate the damage behavior of the composite mate-
rial, a UMAT subroutine is applied to introduce the stress-based
Hashin-Rottem criterion and sudden degradation evolution law.
The simulation results are validated by comparison with exper-
iments. It is proved that the finite element models can well
predict the burst pressure and the failure location. Finally, the
evolution process of the matrix damage and fiber damage with
increasing of internal pressure is presented here to discuss the
mechanism of different burst modes. With the help of the vali-
dated FE model, a parametric study was carried out to find out
the influence of the ratio between hoop and helical composite
layers.

2. Theoretical models

2.1. Geometry model

A Type IV composite wound pressure vessel is composed of
a polymer liner, two metallic bosses and composite reinforce-
ment layers. The bosses are in intimate contact with the liner
to keep the tightness of the whole structure. Fig. 1 shows the
geometric schematization of the vessel simulated in this paper.
The inner volume is 8L. The outer radius of the liner is 80 mm,
the length of the cylindrical section is 424 mm, and the length
of the dome, which is defined as the distance between the cylin-
der/dome tangent line and the polar hole, is 38 mm.

Figure 1: Geometric dimensions of the vessel.

The composite layers include two kinds of winding fila-
ments, hoop and helical layers. There are hoop and helical lay-
ers at the cylindrical part and only helical layers at the dome
section. The hoop layers are wound with an angle close to 90
degree.

In this paper, the helical filament is considered following a
geodesic path, which presents the shortest distance between any
two points on the surface. The angle α denotes the winding an-
gle of the helical filament, whereas α0 locates at the cylindrical
section. on the surface of revolution, the geodesic path is de-
fined by Clairaut’s equation:

r sinα = const (1)

Noting that the filament is tangent to the boss at the polar
hole, resulting in a winding angle of 90 degree, the Eq. 1 can
be changed as following:

sinα =
r0

r
(2)

where r0 is the radius of the polar hole.
After the winding angle is determined, the thickness distri-

bution of the filament at the dome is defined as:

t(r) =
tp cosα0

cosα
×

R
r + 2b( R−r

R−r0
)4

(3)

where tp is the thickness in the cylinder section, r is the current
radius and b is the helical band width. This last parameter in
this equation controls the thickness growth at the turnaround
point.

2.2. Elastic moduli of the fiber composite

The vessel discussed in this paper is overwrapped by glass
fiber/epoxy composites. A simplification of the section of the
composite lamina is shown in Fig. 2. The composite is con-
sisted of matrix and unidirectionally oriented fibers. The mate-
rial coordinate system is defined as that 1 denotes the longitudi-
nal direction along the fiber, 2 denotes the transverse direction,
3 denotes the through-thickness direction. It is usually assumed
that a unidirectional fiber-reinforced composite can be treated
as transversely isotropic, that is E2 = E3, G12 = G13, ν12 = ν13
and G23 = E2/2(1+ν23). The properties of the composite can be
analytically predicted from those of the constituent properties.
There are several different methods available in the literature’s
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Figure 2: Simplification of the composite lamina.

Table 1: Determination of composite properties from fiber and matrix proper-
ties

Elastic constant P P f Pm η

E1 E1 E1 f Em 1
ν12 ν12 ν12 f νm 1
G12 1/G12 1/G12 f 1/Gm η6
G23 1/G23 1/G23 f 1/Gm η4
KT 1/KT 1/K f 1/Km ηK

[9, 17–19]. Among these, the material model proposed by Hahn
[9] can obtain relatively true results through a set of simple cal-
culations and is utilized in this paper. Hahn’s model states that
the elastic properties of composite, fiber and matrix have the
following functional form:

P =
P f V f + ηPmVm

V f + ηVm
(4)

where V f and Vm are the volume fractions of the fibers and ma-
trix, respectively and definition of each group of elastic constant
P, P f , Pm and η are given in Table 1.

Here, K f and Km are the plane strain bulk modulus of fiber
and matrix, respectively. For isotropic material such as glass
fiber, K equals to G/(1−2ν). In the Table 1, the η are calculated
as follow:

η6 =
1 +Gm/G12 f

2

η4 =
3 − 4νm +Gm/G23 f

4(1 − νm)

ηK =
1 +Gm/K f

2(1 − νm)
=

1 + (1 − 2ν f )Gm/G f

2(1 − νm)

(5)

The transverse moduli of the composite are calculated by the
following equation:

E2 = E3 =
4KT G12

KT + mG12
(6)

where

m = 1 +
4KTν

2
12

E1
(7)

Finally, the the Poisson’s ratio, ν23, can be calculated by the
Equation.

ν23 = ν f V f + νm(1 − V f )
1 + νm − ν12(Em/E1)

1 − ν2m + νmν12(Em/E1)
(8)

3. Progressive failure analysis

3.1. Finite element modeling

The composite wound vessel simulated in this papert is com-
posed of a polymer liner, 6061-T6 aluminum bosses and com-
posite reinforced layers. Due to the high strength of the com-
posite layers, the polymer liner only has small deformation be-
fore burst happens. Therefore, the polymer material is treated as
elastic material. The plastic property is considered for the alu-
minum and the elastic-perfectly plasticity model is used. The
mechanical properties of these two material are shown in Table.
2. The glass fiber/matrix composite can be treated as a brittle
material, which suffers brittle breakage without plastic defor-
mation. Therefore the plastic properties of the composite are
neglected in this paper, and the elastic material properties are
summarized in the Table. 3.

Due to the rotationally symmetric structure of hydrogen stor-
age vessel, a 2D axisymmetric finite element model generated
by ABAQUS software was made in this paper. According to the
available literature [13], this kind of model provides an identi-
cal result to that of the 3D model, as well as consumes much
less computational time. In the model generation process, the
liner and polar bosses are made firstly. Once these parts have
been generated, the wound composite layers can be defined to
overwrap the inner structures. As shown in Fig. 3, the red line
represents the outline over which filament wound layers will
be laid. In this paper, the Wound Composite Modeler (WCM)
plug-in is used to generate the wound compoiste layers. with
the help of WCM plug-in, a series of parameters such as layer
thickness, wind angle, layer material properties can be speci-
fied for each composite layer to simulate the actual vessel spec-
imen. Finally, the different parts of the tank are put together,
assuming a perfect junction between each other by assigning
tie connections to the interaction surface. The resultant model
is illustrated in Fig. 3. The 2D axisymmetric model is placed
at the O − XY plane, with the Y-axis as the rotation axis. In
the generation process, each composite layer is assigned a local
coordinate system. The coordinate system is shown in Fig. 4,
where x denotes the meridian direction, y denotes the through
thickness direction and z denotes the hoop direction. It should
be noted that It should be noted that quantities directly obtained
from Abaqus are along the local coordinate system, o − xyz.

Table 2: Mechanical properties of polymer PA6 and aluminum 6061-T6
PA6 6061-t6
E(MPa) ν E(MPa) ν σs(MPa)
1880 0.28 74120 0.4 47
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Figure 3: Mesh and boundary conditions of the finite element model.

Table 3: Mechanical properties of composite
Longitudinal modulus, E1 (MPa) 45600
Tranverse modulus, E2 (MPa) 10680
Through-thickness modulus, E3 (MPa) 10680
In-plane shear modulus, G12 (Mpa) 4250
Transverse shear modulus, G13 (MPa) 4250
Through-thickness shear modulus, G23 (MPa) 3700
Major Poisson’s ratio, ν12 0.26
Major Transverse Poisson’s ratio, ν13 0.26
Through-thickness Poisson’s ratio, ν23 0.33
longitudinal tensile strength, Xt (Mpa) 860
longitudinal compressive strength, Xc (MPa) 517
Transverse tensile strength, Yt (MPa) 40
Transverse compressive strength,Yc (MPa) 145
Longitudinal shear strength, S (MPa) 73

3.2. Transformation of the constitutive relation

In the material coordinates, o − 123, the constitutive relation
can be written as follows:

σ1
σ2
σ3
σ12
σ13
σ23


=



C11 C12 C13 0 0 0
C21 C22 C23 0 0 0
C31 C32 C33 0 0 0
0 0 0 C44 0 0
0 0 0 0 C55 0
0 0 0 0 0 C66





ϵ1
ϵ2
ϵ3
γ12
γ13
γ23


(9)

C11 = E1(1 − ν23ν32)/Λ
C22 = E2(1 − ν13ν31)/Λ
C33 = E3(1 − ν12ν21)/Λ
C12 = C21 = E1(ν21 + ν31ν23)/Λ
C13 = C31 = E1(ν31 + ν21ν32)/Λ
C23 = C32 = E2(ν32 + ν12ν31)/Λ
C44 = G12

C55 = G13

C66 = G23

Λ = 1 − ν12ν21 − ν13ν31 − ν23ν32 − 2ν12ν21ν32

(10)

where Ei are the Young’s modulus, νi j are the Poisson ratio and
Gi j are the shear modulus. It should be noted that the shear
strains used in this paper are engineering shear strains.

The stress tensor between local coordinates and material co-
ordinates can be transformed by the following relations:σ11 σ12 σ13

σ21 σ22 σ23
σ31 σ32 σ33

 =l1 m1 n1
l2 m2 n2
l3 m3 n3


σxx σxy σxz

σyx σyy σyz

σzx σzy σzz


 l1 l2 l3
m1 m2 m3
n1 n2 n3


(11)

where li, mi and ni are direction cosines between different co-
ordinate axes, which are shown in 4. where li, mi and ni are
direction cosines between different coordinate axes, which are
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Figure 4: A schematic of different coordinate systems.

Table 4: Direction cosines between different coordinates
x y z x y z

1 l1 m1 n1 1 cosα 0 -sinα
2 l2 m2 n2 2 -sinα 0 -cosα
3 l3 m3 n3 3 0 1 0

shown in the Table 4. The transformation matrices for strain
tensor and stress tensor are the same. However, it should be
noted that the shear strain directly obtained from the ABAQUS
is engineering strain, γi j, which is equal to two times of tensor
stain, ϵi j. Therefore, the stress and strain transformation matri-
ces are different, and are defined by the following:

Tσ =



C2 0 S 2 0 −2S C 0
S 2 0 C2 0 2S C 0
0 1 0 0 0 0
−S C 0 S C 0 S 2 −C2 0

0 0 0 C 0 −S
0 0 0 −S 0 −C


(12)

Tϵ =



C2 0 S 2 0 −S C 0
S 2 0 C2 0 S C 0
0 1 0 0 0 0
−2S C 0 2S C 0 S 2 −C2 0

0 0 0 C 0 −S
0 0 0 −S 0 −C


(13)

where S = sinα and C = cosα The stiffness matrix in the lo-
cal coordinate system, C, can be transformed from the stiffness

matrix in the material coordinate system, C as following:

C = T−1
σ CTϵ (14)

It should be noted that C is a 6 × 6 matrix, which can not be
used directly in the axisymmetric model presented in this paper.
A new 4 × 4 matrix, C

′
should be calculated:

C
′
= qCqT (15)

where

q =


1 0 0 0 0 0
0 1 0 0 0 0
0 0 1 0 0 0
0 0 0 1 0 0

 (16)

3.3. Damage model
In order to analysis the mechanical behavior of pressure ves-

sels and predict the burst pressure, it is necessary to introduce
the progressive damage model to simulate the failure behavior
of composite materials. In this study, the progressive failure
is initiated as soon as the element satisfies the Hashin-Rottem
criterion, which are defined as follows:

tensile fiber failure, σ1 > 0

F f = (
σ1

XT
)2 ≤ 1

compressive fiber failure, σ1 ≤ 0

F f = (
σ11

XC
)2 ≤ 1

tensile matrix failure, σ2 + σ3 > 0

Fm = (
σ2

YT
)2 + (

τ12

S
)2 ≤ 1

compressive matrix failure, σ2 + σ3 ≤ 0

Fm = (
σ2

YC
)2 + (

τ12

S
)2 ≤ 1

(17)

where subscripts X, Y and S express longitudinal, transverse
and shear strength of composite, and T and C are longitudinal
and transverse directions, respectively.

Once the stress field of one element reaches these criterion,
the failure behavior will be taken into account by degrading
the initial stiffness matrix to characterize the damaged material.
Elements of the degraded stiffness matrix, Cd are expressed as
follows:

CD11 = (1 − d f ) ∗C11

CD12 = CD21 = (1 − d f ) ∗ (1 − dm) ∗C12

CD13 = CD31 = (1 − d f ) ∗C13

CD22 = (1 − dm) ∗C22

CD23 = CD32 = (1 − dm) ∗C23

CD44 = (1 − d f ) ∗ (1 − dm) ∗C44

CDi j = Ci j for other items.

(18)

One UMAT subroutine written by FORTRAN code is intro-
duced to implement this discrimination process. At every incre-
ment step, this subroutine was used to transform the strain and
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Figure 5: A schematic of different coordinate systems. Directions 1, 2 and 3 coincide with tangent, through-thickness and hoop directions; Directions 1‘, 2‘ and 3‘
coincide with fiber, transverse and through-thickness directions.
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Figure 6: Thickness distribution of composite layers of experimental specimens
and corresponding models.

Figure 7: Results of the experiments and FE simulations.

stress between different coordinate systems as well as decide if
the element fails. The detailed analysis procedure is shown in
Fig. 5.

4. Simulation of the mechanical behavior of the tank under
internal pressure

4.1. Validation of the FE model

In order to validate the finite element model presented in this
paper, two composite overwrapped pressure vessels, with the
label of EX-A and EX-B, were designed and tested to burst.
Numerical models were built by the procedure mentioned above
to simulate the experimental results. The thickness distribution
of hoop and helical layers are shown in Fig.6. It can be found
that there were the same helical composite layers in these two

specimens, whereas more hoop layers were wound for the EX-
A. Collapse pressures as well as burst modes of two experi-
ments are listed in Fig.7. As shown in the figure, two differ-
ent burst modes were found in the tests, namely unsafe mode
and safe mode. For the EX-A, burst occurred in the dome sec-
tion with the ejection of one metallic boss. This failure mode
is thought as the unsafe mode, because the ejection of the boss
will lead to serve consequence in the actual situation. The EX-B
exploded at the cylinder section and the vessel still maintained
one whole part. This kind of failure mode is thought as the
safe burst mode. It should be noted that burst pressures of these
two cases were nearly the same. This result proves that when
vessels burst in the unsafe mode, overuse of hoop layers will
not increase the internal pressure carrying capacity of the ves-
sel. Simulation results of the finite element models were also
summarized in Fig.7. The burst locations predicted by the FE
model compared well with the experiments. Comparing the ac-
tual burst pressure and numerical simulation pressure, the max-
imum error of prediction is 4.9% and the simulated bursting
pressures were lower than the experimental bursting pressures.
This result denotes that the finite element model is capable of
predicting the burst pressure and burst mode.

4.2. Discussions on the different bursting modes

Based on the previous validation result, detailed analysis of
the mechanical behaviors of composite pressure vessels failed
in different burst modes will be done with the simulating re-
sults. The FE-A predicted an unsafe burst mode. The displace-
ment versus inner pressure curves are shown in Fig.8(a) and
the damage distribution contours at different inner pressures are
shown in Fig.8(b). In Fig.8(a), the left horizontal axis presents
the radial displacement at the tangent line of the liner, U1 and
the right horizontal axis is the axial displacement at the top of
the metal boss, U2. These diagrams give valuable informa-
tion to research the failure mechanism for the pressure vessel in
both global and local damage perspectives. As shown by these
graphs, there are several key points which divide the curves into
distinct regions. The first linear part denotes the initial elastic
behavior of the whole structure. The matrix damage firstly ap-
pears at the internal pressure of 43 MPa, and it is mainly located
at the inner portion of the helical winding layers in the dome
section. The occurrence of matrix damage has little effect on
the trend of curves. With the increase of internal pressure, the
matrix damage propagated only in the dome section until the
fiber damage appears in the dome section for the first time at
55 MPa. Between 55 MPa and 63 MPa, the matrix damage
spreads through the dome section and the fiber damage propa-
gates from the inside to the outside. The displacement curves
raise faster, indicating a decline of the strength of the structure.
Finally, at 63 MPa, a penetrating fiber damage zone is formed
at the done section. The vessel is thought to be exploded at this
location which is consistent with the experiment result. In the
finite element simulation, large deformation will concentrate at
this location in the post burst region. During the whole loading
process, no fiber damage appears to the cylinder of the vessel.
This phenomenon indicates that when the vessel burst in the un-
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(a) (b)

Figure 8: (a) Displacement versus internal pressure curves; (b) fiber damage and matrix damage at different internal pressures for the finite element model, FE-A.

(a) (b)

Figure 9: (a) Displacement versus internal pressure curves; (b) fiber damage and matrix damage at different internal pressures for the finite element model, FE-B.
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(a) (b)

Figure 10: (a) Axial displacement versus internal pressure curves; (b) radial displacement at the tangent line versus internal pressure curves for finite element
models.

safe mode, the strength of the reinforced composites is not fully
utilized.

Another model, FE-B predicted a safe burst mode. Similarly,
the displacement curves and damage distribution contours are
shown in Fig.9. At the pressure of 43 MPa, the matrix dam-
age appears at the helical layers in the dome section for the
first time, which did not have any effect on the displacement
curves. When the pressure increased to 55 MPa, the fibre dam-
age occurred at the dome portion and the matrix damage con-
tinued to spread. The displacement curves increased faster until
the hoop layers in the cylinder section sustained fiber damage
firstly at 61 MPa. With increasing pressure, the redistribution
of stress made the fibre damage spread rapidly from the inside
to the exterior. At 62 MPa, all the hoop layers broke and the
structure lost the bearing capacity. Meanwhile, the fracture of
hoop composite also lead to the occurrence of matrix damage
at the helical composite in the cylinder section. As a conse-
quence, the axial displacement of the hydrogen storage ves-
sel suddenly dropped, whereas the radial displacement had an
enormous growth. It should be noted in this case that, the he-
lical layers in the dome section also sustained fiber damage,
which developed from the inner layer to the outside. However,
breakage occurred earlier at the cylinder section before a pen-
etrating fiber damage zone was formed. The simulation result
indicates the burst position occurs at the cylinder section of the
hydrogen storage vessel and the metal boss will not be ejected.
Therefore, this case is thought as a safe mode.

4.3. Threshold thickness ratio to ensure safe burst mode of ves-
sels

As shown in the above discussion, the mechanical behaviors
of vessels are related to the composite lay-up. This section aims
to carry out a parametric study on the effect of the ratio of hoop
to helical layers on the mechanical behaviors and burst modes
of pressure vessels. In this section, the ratio thickness of hoop
layers to that of helical layers is defined as the composite thick-
ness ratio, γ. Eleven finite element models in total were built to
carry out a detailed investigation on the mechanical behaviors
of vessels with various values of γ. The thickness distributions
of these models are summarized in the Table.5. The thickness
of helical composite layers of all the models is the same while
the hoop composite thickness varies to make different values of
γ.

Fig.10 shows the displacements versus internal pressure
curves for every model. Meanwhile, burst pressures and burst
modes are summarized in the Fig. 11. At first, the ultimate
burst pressure increases linearly with increasing γ and models
are predicted to burst in the safe mode. The fiber damage started
to occur at the helical layers in the dome section from the No.8.
It can be found from the displacement graphs that the curves
increase faster at one pressure due to the decline of strength of
helical composite in dome section. However, the model still
burst in the cylinder portion. Further increase in γ leads to a
plateau in burst pressure. The value of γ at the turning point is
defined as the threshold thickness ratio, γth. When the ratio is
larger than this value, the model will burst in the dome section.

On the basis of distribution of fiber damage when the vessel
burst, the failure of the vessel can be classified into three situ-
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Table 5: Thickness distribution of composite layers of finite element models
No. 1 2 3 4 5 6 7 8 9 10 11
thoop (mm) 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
thelical (mm) 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0
composite thickness ratio, γ 0.125 0.25 0.375 0.5 0.625 0.75 0.875 1 1.125 1.25 1.375

Figure 11: Simulation results of parametric models.

ations as shown in the figure. The situation A happens for the
first seven models with small γ. In this situation, the fiber dam-
age only occurs at the hoop composite layers in the cylindrical
portion and the vessel will explode when all the hoop fibers
break. During the loading process, there is no fiber damage at
the helical composite layers. Therefore, this region of γ can
fully ensure that the vessel bursts in the safe mode.

The situation B happens for the models, No. 8 and No. 9,
of which the composite ratio is near to γth. It can be found that
when the ultimate strength is reached, the fiber damage occurs
at both dome and cylindrical portions. However, the entire hoop
layers have broke before a penetrating damage zone is formed
at the helical layers in the dome section. The composite ratio
of specimen used in validation experiment, EX-B, belongs to
this region. Both experimental and numerical results show the
vessel will burst in the safe mode. It should be noted that the
strength of helical and hoop layers are fully utilized and the
burst pressure is near the peak value in this parametric study.
However, the damage distribution indicates the risk that vessels
may burst in the dome section still exists. Therefore, designers
should be careful with this region of γ in the actual manufacture
process.

The situation C happens to models with γ larger than γth.
The model predicted an explosion in the dome section when
a penetrating fiber damage zone is formed. It is interesting to
find that the overuse of hoop layers will not increase the burst

Figure 12: Distribution of fiber damage for different situations.

pressure any more. Therefore, the composite ratio should be
controlled bellow the γth to ensure the safe burst mode as well
as to avoid material waste.

5. Conclusions

The aim of the present research was to examine the mechan-
ical behavior of composite overwrapped pressure vessels under
internal pressure. A progressive failure finite element model
was made with 2D axisymmetric elements to carry out burst
simulations. One UMAT subroutine was written to implement
Hashin-Rottem damage model to the composite layers and re-
alize a transformation algorithm. The comparison between the
experimental and numerical results confirmed that the models
were capable of predicting the burst pressure and burst mode.
With the help of FE simulations, the mechanism of different
burst modes was carefully analyzed with both global deforma-
tion and local damage development. Termination conditions for
different burst modes were determined. A vessel will burst in
the safe mode when the hoop layers break before a penetrating
fiber damage zone is formed at the helical layers in the dome
section. Otherwise, the vessel will burst in the unsafe mode
when all the helical fibers in the dome section break. Another
valuable finding is that when the helical layers are the same, the
distribution of hoop layers will not influence the mechanical be-
havior in the dome section. Based on this, the dome and cylin-
der sections can be analyzed separately in the further theoretical
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study. Mechanical behaviors of vessels with different compos-
ite thickness ratios, γ were investigated by a parametric numer-
ical study. The threshold thickness ratio, γth is determined at
which the burst mode of vessels changes from the safe mode to
the unsafe mode. It was found that when the γ was larger than
the γth, the burst pressure would not be increased even if more
hoop layers were added. This finding is valuable in the optimal
design to reduce manufacture cost and ensure safe burst mode.
However, a limitation of this study is that more possible influ-
ence factors on the γth (such as geometry of the liner, material
properties, winding angles, etc.) are not taken into considera-
tion. Further work needs to be done to establish the ratio for
different situations.
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