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ARTICLE INFO ABSTRACT
Keywords: Filament wound pipelines and Type IV composite pressure vessels (CPVs) constitute polymeric liners and are
Composite pipelines and pressure vessels extensively used to transport and store petroleum products, hydrogen, and compressed natural gas (CNG). The

Filament winding
Polymer composite
Low-velocity impact
Polymeric liner
Damage

polymeric liner does not share much pressure load; hence, the composite layers share most of the load. The
situation gets worse under transverse impact loads on such structures. For the polymeric liner to be effectively
used in pipelines and CPVs, it is crucial to study impact response through testing and computational methods.
This article presents experimental and numerical investigations of the transverse low-velocity impact response of
filament wound samples. High-density polyethylene (HDPE) liner was adopted, and carbon fiber (T700)
continuous filaments with epoxy resin were wound over the liner with several layers. A drop-weight impact
loading with 40 J energy has been applied to the fabricated samples. The development of impact damage was
assessed using the finite element method, and the damage modes have been discussed. The specimen remains
unperforated at the chosen energy level. Though HDPE is ductile, however at impact loads liner damage was
encountered, displaying a brittle fracture. At higher strain rates, the material reaches its brittle fracture point
sooner, leading to failure. The material breaks as brittle due to its inability to dissipate impact energy quickly,
resulting in fracturing instead of deformation. Fiber damage was scarcely seen; however, matrix damage has
been the dominant failure mode at the chosen impact energy. Comparisons between the simulation and test
findings were made, and they agreed on force-time and force-displacement histories.

1. Introduction resistance, and thermal insulation, and their application in cylindrical
composite structures is gaining interest due to advancements in

Fiber-reinforced composite pipes are gaining popularity in various manufacturing technology [1]. The evolution of gas storage pressure
industries due to their high specific stiffness, strength, corrosion vessels has been driven by the need to improve safety, reduce weight and
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cost, and increase efficiency and performance. Composite pressure
vessels, Types IIl and IV, are used in CNG vehicles for lightweight, strong
mechanical characteristics [2]. Early fuel gas storage pressure vessels
were made of steel, but they were heavy and prone to corrosion. In
recent years, composite materials like fiber-reinforced plastic (FRP)
have gained popularity due to their lightweight, corrosion-resistant
properties. FRP vessels consist of layered sheets of reinforcing fibers
(carbon, Kevlar, or glass fibers) embedded in a resin matrix [3,4].

Pressure vessels are categorized into five types: full metallic tanks
(Type I), composite hoop-wrapped tanks with metallic liners (Type II),
fully composite overwrapped tanks with metallic liners (Type III), fully
composite overwrapped tanks with polymeric liners (Type IV), and
composite linerless tanks (Type V). These are commonly used for fuel
storage in cars, especially natural gas and hydrogen-powered ones, due
to their superior strength-to-weight ratio, corrosion resistance, and fa-
tigue strength [4-6]. Type IV vessels are ideal for fuel gas storage due to
their low energy density and high-pressure ranges. They are particularly
suitable for small, transportable applications like fuel tanks in automo-
biles or gas transport trailers due to their low weight and excellent
mechanical strength [7]. CPVs offer weight savings as compared to Type
I metallic pressure vessels but require specific mechanical design,
fabrication, and testing requirements. They require detailed analysis due
to composite layers and inner liner interaction, and fail criteria are
diversified compared to metallic pressure vessels [8,9].

Filament winding is a cost-effective, reliable fabrication technique
for composite structures, pipes, transmission pipelines, pressure vessels,
and driveshafts, producing strong, lightweight, and quality-regulated
structures in various industries [10-12]. The FRP pipes made through
this process are utilized for a range of applications, including the
transportation of oil and storage of natural gas, chemical, and industrial
liquids under pressure [13,14] Various studies examined filament
wound structures and their parameters. The crush response of filament
wound tubes with metallic liner was studied in Ref. [15], where the
filament winding technique demonstrated the most significant
enhancement in crashworthiness of CFRP/Al hybrid tubes, out-
performing vacuum bag forming and nested manufacturing processes.
Dry filament wound composite tube buckling due to external pressure
was studied in Ref. [16] through experimental and numerical methods.
The study found that tubes with a diameter-to-thickness ratio below
20:1 fail by buckling, while those with a higher ratio experience failure
primarily due to in-plane shear and delaminations.

Another experimental study [17] evaluates the pre- and post-impact
behavior of filament-wound hybrid pipes. The study found that speci-
mens with alternative fibers showed better impact resistance under the
same impact energy conditions. Carbon fiber-reinforced epoxy speci-
mens had the worst impact damage tolerance despite having the highest
compressive strength before impact and the highest reduction of 62% in
residual compressive force after impact. The effect of thickness and
stacking of thermoplastic composite pipes (TCPs) against burst pressure
was studied in Ref. [18]. The analysis and FEA methods confirmed that
the burst pressure of a TCP increases as the number of reinforcement
plies increases, and the optimal winding angle associated with
maximum burst pressure varies with the thickness of the laminate layer.
Axial quasi-static compression was done in a study on filament-wound
CFRP hybrid tubes with aluminium liner [19]. The study found that
winding angle and wall thickness significantly impact failure modes and
crushing characteristics of CFRP and hybrid tubes. Increased winding
angle decreased specific energy absorption, energy absorption, and peak
crushing force, while increased tube thickness enhanced these
properties.

Composite pipelines and cylinders can be damaged by external forces
like foreign objects or vibrations. Low-velocity impacts can cause
various damage types, viz., fiber breakage, matrix cracking, and fiber-
matrix debonding. Barely visible impact damage (BVID) is generally
caused by these low-velocity impacts, causing small cracks and in-
dentations that are difficult to detect without inspection [20,21]. BVID
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can weaken composites, increasing their failure risk, often invisible until
it’s already weakened. Impact tests on flat composite laminates assessed
this issue [22-27]. Various fibers (glass and basalt fiber) with different
matrices were tested against low-velocity impact in Ref. [24] to study
the stacking effect and thickness dependence. The stacking sequence of
glass fiber specimens did not affect penetration energy, but
quasi-isotropic specimens showed lower indentation under the same
impact energy, and basalt laminates showed lower indentation depths. A
study investigates the impact response of carbon/glass hybrid filament
wound composite pipes under different energy levels. Results reveal
damage formation, with CGG stacking showing higher impact resistance
and GCG stacking showing better damage formation response [28].
Another study compares the low-velocity impact performance of basalt
fabric epoxy prepreg and aluminium sheets in fiber metal laminates,
finding them competitive with monolithic plates [27]. Basalt fiber metal
laminates show significant impactor size influence and positive
response, competing with monolithic aluminium plates, despite con-
cerns about the aluminium/basalt interface.

Some research has been done to assess the low-velocity impact per-
formance of filament wound tubular or cylindrical structures. The
experimental study [29] studied the effect of stack sequence in filament
wound pipes with carbon-glass/epoxy layers with a thin polymeric liner.
The study found that the stacking sequence of layers significantly im-
pacts impact resistance behavior, with the fiber content ratio also
playing a role. Positioning basalt fiber on the impacted side improves
energy absorption and impact resistance. The transverse low-velocity
impact was conducted in Ref. [30], and the influence of the stacking
sequence was determined. Impact tests on cylinders reveal that the
stacking sequence is a crucial parameter for cylinder impact behavior.

An experimental and statistical study was conducted on (+55°)3 E-
glass/epoxy filament wound pipes, and several damage modes were
encountered [31]. The study found no significant difference in force
values with increased impact velocity, but force values increased.
Higher rebound energy values were obtained with increasing impact
velocity. Absorbed energy values were found dependent on impact ve-
locity, while rebound energy values were independent. The Weibull
analysis results indicated that higher impact velocity resulted in more
reliable results.

The influence of impact loading on the fatigue performance of hybrid
pipes with internal pre-stress has been studied [32]. The study reveals
that as pre-stress loading increases before impact loading, impact
damage decreases, and fatigue life enhances. The maximum vertical
displacements decrease with increasing pressure load, indicating dam-
age formation. High internal pre-stress values increase resistance to
bending, and increased pre-stress levels increase fatigue damage area. A
computational model including damage was created in a study to fore-
cast the failure of carbon fiber-based filament-wrapped composite tubes
against radial compressive loads [33]. The study evaluates three stack-
ing sequences, revealing that hoop layers and +75° non-geodesic layers
provide maximum compressive load to the composite tube due to rein-
forcement wound closer to the loading direction. The failure modes are
predominantly delaminations, confirmed through numerical and
experimental analyses.

Another study [34] investigated the burst behavior of polymeric
liners. Experimental hydrostatic tests were conducted on reduced scale
and actual liner models, focusing on the design and failure prediction of
composite laminate shell and polymeric liner using Tsai-Wu and Von
Mises criteria, using Finite Element Analysis (FEA). The post-impact
axial compression response of filament-wound samples was studied in
Ref. [35]. The study reveals that pipe diameter increases in low velocity
impact loading, reducing radial buckling load and altering
penetration-dominant damage to bending and delamination-dominant
damage type. This effect is more pronounced when exposed to
compression after impact (CAI) loading, suggesting that impact
pre-damage affects compressive strength and damage development.

High impact loading rates can alter fiber-reinforced polymer
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composites’ mechanical properties, including elastic modulus and
strength, before strain softening and failure. Factors like failure mech-
anisms and fracture energy must be considered to ensure performance
and structural integrity in impact or dynamic loading conditions [36].
Type IV vessels face increased safety concerns due to their polymeric
liner and internal/external loading. There are no recognized standards
for CPVs or tubes under transverse impact loadings, necessitating cer-
tification by organizations and pressure vessel standards [37]. Conse-
quently, Investigating impact behavior and damage mechanisms in
vessel structures can aid in safer product development [38].

1.1. Polymeric liners

Pipelines are essential for transporting crude oil and natural gas, but
they are susceptible to internal corrosion due to corrosive contaminants
like CO,, HsS, water, and microbes. The most common forms of
corrosion are CO, and HyS corrosion. Factors such as temperature,
corrosive gases, water chemistry, flow velocity, and pipe material
surface condition also contribute to corrosion. Measures to mitigate
this include selecting appropriate materials, corrosion inhibitors,
metallic and non-metallic linings, and coatings. Non-metallic pipe
materials like polymers are used as internal liners, while thermoplastic
liners can be used for pipe rehabilitation [39,40]. Polymeric liners gain
popularity in Type IV CPVs due to their lightweight, cost-efficient,
corrosion-resistant, fatigue life, and hydrogen embrittlement avoid-
ance [41-43]. Rotational molding offers low manufacturing and tool-
ing costs and produces flexible, impact-tolerant polymeric liners [44].
Polyethylene and polyurethane are common liners in Type IV pressure
vessels due to their flexibility and resistance to chemicals. Low-density
polyethylene (LDPE), polyamide, and polypropylene are also used.
When choosing a liner material, factors like gas permeation, operating
temperature, pressure, and desired corrosion resistance must be
considered [45-47].

HDPE is a lightweight, strong, and environment-resistant semi-
crystalline thermoplastic polymer used in construction materials, pres-
sure vessel liners, industrial pipelines, and plastic bottles [48,49]. HDPE
is a low permeability, chemical and UV-resistant material suitable for
pressure vessels. It is non-toxic, heat-resistant up to 120 °C, and offers
strength and flexibility for Type IV vessel liners. Its ductility at low strain
rates makes it a cost-effective choice. However, a material that is ductile
at low strain rates may become brittle at high strain rates [50]. Many
studies have utilized HDPE liners in pressure vessels [51-54], and a few
have used a blend of LLDPE/HDPE [8,55].

1.2. Effects of impact loading

Composites use fibers or reinforcing elements oriented in specific
directions for maximum strength and stiffness. However, along the
thickness direction, mechanical properties may be reduced due to
inadequate support in the through-thickness direction [56,57]. Type III
and Type IV CPVs differ in construction, materials, and load sharing
between the liner and composite layers. In Type III, metallic liners share
a significant pressure load with composite layers, while Type IV CPVs
have polymeric liners sharing lesser part of the load. Low-velocity im-
pacts, such as unintentional drops, heavy tools, falling cylinders, or road
crashes, can cause damage, leading to early failure and difficulty in
detection [58-60]. Low-velocity impact can cause delamination and
fiber breakage in composite laminates without visible damage, causing
structural degradation and potentially lowering efficiency. Internal
damage is often unseen and invisible [61-63]. On the other hand, the
impact phenomenon and the damage it causes are complex due to
varying effects and parameters. The significant difficulties are the
nonlinear dynamic reactions, i.e., the contact between impactor and
sample (target) and large displacements, load-bearing layers, layer
thickness, variable composite properties, and the simultaneous occur-
rence of varying damage mechanisms [64,65].
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The experimental and numerical research aims to assess the low-
velocity impact response of carbon-fiber wrapped structures with
polymeric liners. It addresses a gap in knowledge about composite
overwrapped structures’ behavior under low-velocity impacts, particu-
larly in filament wound structures. The research on polymeric liners’
response to low-velocity impact is significant due to the lack of existing
studies. The experimental phase involves sample fabrication and testing
using a low-velocity impact instrumented machine, demonstrating a
commitment to rigorous testing methodologies for precise and quanti-
fiable data.

This study assessed the low-velocity impact response of carbon-fiber-
wrapped structures consisting of polymeric liners and was studied
experimentally and numerically. The composite overwrapped sample
behavior was understood with polymeric liners’ response, which has
scarcely been studied against low-velocity impact in the context of
filament wound structures. The fabricated samples were experimentally
tested using a low-velocity impact instrumented machine. The experi-
mental tests were simulated utilizing the finite element tool. The fiber
and matrix failure modes against impact loading were discussed in this
part (the delamination failure mode will be presented in Part-B). The
Hashin strength-based criterion was employed to predict the onset and
progression of failure in composite materials. It is based on the concept
of the strength of the material in different directions, and it defines the
contours of failure in a composite material.

2. Materials and methods

The samples were produced through filament winding using a plastic
liner as a mandrel, reflecting Type IV CPV construction. The research
methodology involves four phases. In the first phase, the fabrication of
samples was executed after selecting materials through the wet filament
winding technique [66], followed by experimental activity and numer-
ical analysis in the second and third phases. Then, after the comparison
and results, discussions were held in phase IV. The research flow
adopted is shown in the flowchart of Fig. 1.

2.1. Materials

Fiber filaments wound continuously on a mandrel are used in
filament-wound pipes and CPVs to create composite specimens. T700
carbon fiber is popular for aerospace, automotive, and sports goods due
to its strength, stiffness, and low weight. It is lightweight, easy to use,
and resistant to corrosion. Epoxy resins, which bond well with fibers,
offer strength, durability, and excellent chemical and fatigue strength.
These materials are used in various applications due to their excellent
chemical and fatigue strength [67,68]. Epoxy resins offer superior
properties and resistance to moisture, corrosive liquids, and environ-
ments, offering a favorable cost-to-performance ratio compared to
polyester or vinyl ester resins [69]. T700 carbon fiber and epoxy are
commonly used in composite materials for aerospace, automotive, and
sporting goods applications owing to their high strength, stiffness, and
flexibility, minimizing cracking risks [70]. Toray™ Industries, Inc.,
Japan, provided the fiber for this study.

2.2. Fabrication method of filament wound structure

Fig. 2 (a) illustrates how filament-wound composite tubular struc-
tures were created utilizing a filament winding machine at SIRIM Sdn.
Bhd. (Malaysia). Carbon/epoxy layers were wound over an HDPE
mandrel to create filament wound pipes. Multi-angle winding
comprising hoop, helical, and polar winding patterns are adopted. The
first and the last layers are hoop winding; the polar and helical winding
are wound between them. The winding angles and other details adopted
in this study are given in Table 1. Carbon fiber tows are run through an
epoxy resin bath. The roller encounters the fibers as it rotates, coating
them with resin. Resin-coated carbon fiber tows were then wrapped
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Phase II: Experimental Study

Low-velocity impact test .
1y tmp - Experimental result

using drop weight Ivsi
instrumented machine analysts
Phase III: Numerical Study <
Result extraction 4= Numerical modelling

Fig. 1. Research methodology flowchart. Phase I involves preparatory work comprising the fabrication of specimen and sample fixture. In Phase II, experimental
studies were undertaken, which was followed by numerical modeling in Phase III. Finally, a comparison and combined result analysis was done in Phase IV.

Schematic representation of filament winding
process

Representative filament-wound test sample

Fiber spools

Resin bath

/ Nip rollers
4 @

\Rotating mandrel

(a)

(b)

Fig. 2. Schematic representation of (a) wet filament winding procedure [71] showing the mandrel and fiber winding on it and (b) fabricated representative sample.

Table 1

Mechanical properties of composite plies. Various elastic parameters for the
composite layers of Carbon/epoxy are given, and the same is used in FE analysis
(symbols have their usual meaning).

Description Details

Composite properties
Density

Elastic properties

p =1420 kg/m3

E1; = 98.34 GPa, Egs = 6.45 GPa, Egz = 6.45 GPa, 15 = 0.30,
o3 = 0.11, vy3 = 0.30,

Gi2 = 2.69 GPa, Gp3 = 2.89 GPa, G;3 = 2.69 GPa

Xi1¢ = 2058 MPa, Xq;c = 1029 MPa, Xap = 24.3 MPa, Xape =
34.4 MPa, S;, = 18.3 MPa

Strengths

Winding parameters

Winding angles [90/+8/-8/+15/-15/430/-30/+55/-55/90]°
Average ply 0.45 mm
thickness
Fiber type Carbon fiber (T700)
Resin Epoxy

Lining material HDPE (PE100)

around the rotating pipe mandrel. The fiber orientation was adjusted
using a horizontal carriage motion, and epoxy-coated fibers were coiled/
wound around a pipe mandrel. The dispensing fiber is then cut when the
sample is complete. The sample was then placed in an oven to cure.
Curing is a crucial step in manufacturing composites, ensuring strength
and durability. The curing process lasted 24 hours at 60 °C. The cured
composite pipes were then cut into specific size samples for testing. The
inside diameter of the HDPE pipe is 85 mm, and the wall thickness is 1.5
mm. The illustration of the representative sample is shown in Fig. 2 (b).
The samples had an average thickness of 6 mm, including HDPE lining.

2.3. Material model

Filament-wound composites are materials made by winding fibers
around a mandrel, as in cylindrical structures. Modeling these com-
posites is crucial for predicting their mechanical behavior, focusing on
high-modulus fibers and polymer matrix properties. The elastic prop-
erties of fibers, typically carbon or glass fibers, and the properties of the
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matrix material, typically polymer resin, must be determined to account
for the anisotropic behavior of filament-wound composites. Orientation-
dependent properties are crucial in composite behavior, and methods
like micromechanics and homogenization techniques are used to relate
it to constituent properties.

Unidirectional composite materials are often represented as ortho-
tropic laminas, with fibers aligned along a direction. The orientation of
fibers, expressed in winding angles (0), is a critical parameter that
significantly influences the anisotropic behavior of the lamina, affecting
the mechanical properties of these materials and stress levels in pressure
vessels [72]. Orthotropic properties of each lamina, with their orienta-
tion, can be defined for the whole stack. Key elastic constants like
Young’s moduli, Poisson’s ratios, and shear moduli are needed to
describe the lamina’s response to different loading conditions along and
perpendicular to the fiber direction. Failure analysis in unidirectional
composites uses specific criteria to account for fiber-dominated and
matrix-dominated failure modes, such as fiber breakage and matrix
cracking, defined through the Hashin criterion, etc. Micromechanical
models like the Rule of Mixtures, Chamis’s equations and Halpin-Tsai
rule estimate lamina’s effective elastic properties based on fibers and
matrix properties. An accurate material model for filament-wound
composites requires understanding of individual components,
orientation-dependent properties, failure criteria, numerical simula-
tions, and rigorous experimental validation, ensuring it accurately re-
flects the complex mechanical behavior in practical applications. The
liner’s mechanical properties and those of the carbon fiber-epoxy are
shown in Table 1. The properties are found using the Chamis model
[73]. Table 2 provides the details of the liner material. The damage
model is discussed in section 3.5.

2.4. Investigation programme

Impact testing of composites employing a drop tower, a striking
mass, and a clamping apparatus to hold the sample is specified in detail
in the ASTM D7136 standard. The equipment is equipped with various
gauges and sensors to gather relevant information. Although the test
technique is primarily intended for evaluating the damage resistance of
laminated plates, a specialized fixture can be used for cylindrical spec-
imens, as demonstrated in this study. The details of impact testing and
numerical study are given in Table 3.

2.4.1. Impact testing

The IMATEK drop-weight apparatus was used to evaluate composite
samples during an impact event, Fig. 3. The potential energy of the drop
weight was determined based on the mass and falling height of the
impactor. Data acquisition (DAQ) capabilities were utilized to control
the drop weight, configuring test settings, and collecting data.

The system stores information about impact force and energy ab-
sorption. A V-block clamping fixture was used to secure the sample
during the test. A 16 mm diameter hemispherical nosed impactor was
employed, as they resemble natural impact objects, making them more
relevant for impacting samples. The impact tests involved an impactor
with a weight of 5.101 kg and an energy level of 40 J. The apparatus had
an anti-rebounding mechanism to prevent the impactor from hitting the
specimen again. A force transducer measured contact force, and a linear
variable differential transformer tracked displacement readings.
Average results were presented based on three identical specimens.

Table 2
The mechanical properties of the liner [74].

Liner properties Details

Material HDPE (PE100)
Density, kg/m* 958

Tensile modulus, MPa 900

Yield stress, MPa 23
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Table 3
Details of experimental impact testing and numerical study.

Parameter Experimental impact Numerical impact simulation
testing
Apparatus Drop weight impact Platform: Abaqus/explicit
equipment
Energy level 40J The experimental velocity with
impact energy equivalent to 40 J
Impactor Hemispherical, 16 mm  Short impactor nose
Impactor Steel Rigid instance (non-deformable)
material
Mass 5.101 kg Inertia assigned to reference point
Composite layer Fiber: Carbon fiber Deformable, orthotropic
material (T700) SC8R continuum shell elements
Resin: Epoxy
Liner HDPE (P100) Deformable, isotropic
SC8R continuum shell elements
Fixture details V-block fixture with Rigid V-block
mountings

Force-displacement, force-time, and energy-time histories were ob-
tained to analyze impact damage and energy-absorbing capacities. The
impactor was lifted through a chain-pulley arrangement, and the sample
was removed and visually examined.

3. Finite element analysis

The study developed a finite element (FE) model using the Abaqus
solver to support low-velocity impact testing outcomes. The model
accurately represents the sample and testing environment. Abaqus in-
cludes built-in failure criteria for composites, such as Hashin’s criteria
[75]. Abaqus can predict damage onset in composites using Hashin’s
criterion and the damage evolution law.

3.1. Composite specimen geometry

The study used the layer-by-layer technique for FE modeling of
composite samples [76], representing pressure vessels as stacks of layers
with different plies of material. Continuum shell elements are ideal for
modeling thin-walled structures like pressure vessels. Specifying accu-
rate material properties, orientation, and lay-up, along with specific
boundary and loading conditions to reflect real-test scenarios, they can
handle anisotropic material behavior, making them suitable for
fiber-reinforced composites. SC8R continuum shell element accurately
represents structures’ response to large deformations and high strain
rates during impact events. These elements can also capture nonlinear
behavior, such as plasticity and creep, essential for accurately repre-
senting structures under extreme loads. Advanced material models, such
as damage and failure models, can be applied to SC8R elements to
predict damage and failure onset and progression during impact events.
Previous studies have successfully utilized SC8R elements for modeling
composite pipes, shells, and pressure vessels [77-80]. Continuum shell
elements with reduced integration technique ensure high accuracy and
stability and minimize computational cost, with eight nodal points for
superior accuracy compared to fewer nodal points. The study used an
orthotropic material model for the composite sample, with each ply
represented by a smooth mesh, including a single element running in the
thickness direction. The plies were deformable bodies, and winding
angles were defined for each ply. Fig. 4 (a) illustrates the meshed sam-
ple, while Fig. 4 (b) and 4 (c) provide details on meshing and element
types. The winding angles are defined for each ply, as shown in Fig. 5
(a).

3.2. Impactor modeling

The impactor can be modeled in several ways: as a rigid body with no
assigned properties, real rigidity with allocated properties through the
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Fig. 3. Experimental set-up: (a) impact testing equipment, (b) anti-rebounding device (c) fixture for holding a cylindrical specimen with mountings, and (d) post-

impact filament wound cylindrical specimen.
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Fig. 4. (a) Mesh and element scheme (b) the layer-by-layer strategy is visually demonstrated, and (c) the continuum shell element details.

RIGID BODY constraint, or a deformable instance with assigned prop-
erties. Most studies treat the impactor as a rigid body [81-83]. The rigid
body element in Abaqus FE software is designed for modeling solid,
non-deformable bodies, making it ideal for simulating impact problems.
It accurately represents rigid bodies colliding with each other and
deformable bodies, captures time-dependent behavior in dynamic ana-
lyses, and allows for interactions between objects during events when
used in conjunction with contact elements. This versatile tool is partic-
ularly useful for impact problem modeling and analysis, especially when
used as an impactor in simulations. The assembled sample and impactor
are shown in Fig. 5 (b).

3.3. Boundary conditions

Symmetry is a crucial aspect of FEA for simplifying and optimizing
the modeling process. By dividing a structure into identical parts, a
fraction of the structure can be analyzed and predicted based on sym-
metry assumptions. The approach to modeling symmetry depends on the
type and degree of symmetry present. Faster analyses can be achieved by
reducing the size and complexity of the model. Depending on the degree
of symmetry, only one-quarter, one-half, or one-third of the structure
needs to be modeled, accurately representing the entire structure’s
behavior. Appropriate boundary conditions are applied to the partial
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Symmetry in X-direction
applied on these straight edges

Composite layers

Symmetry m Z-direction applied on this curved edge

(©

Fig. 5. Schematics of the cylindrical specimen: (a) winding orientation for a composite layer having 55° orientation during modeling (an example of a ply). The
material axes are shown as a 1-2-3 orientation scheme, (b) a full view of the cylindrical sample, (c) a one-quarter view of the sample, showing the liner (white color)
and the composite layers (blue color) and the edges on which symmetry is defined. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article).

model to ensure accurate results. Using symmetry in FEA offers sub-
stantial computational efficiency and reliable results for complex engi-
neering problems. For the composite sample, symmetry was
implemented at the straight and curved edges to align with the one-
quarter approach. One-fourth depiction can be seen in Fig. 5 (c).

The impactor was designed to translate vertically downwards and
strike the sample at the midpoint of its transverse plane. The space be-
tween the sample and the impactor is kept minimal to reduce step time.
The initial condition for the impactor was defined as its velocity at the
reference point, also a mass value was assigned to the rigid impactor at
its reference point. The fixture, which securely holds the cylindrical

Impactor

Rigid body

Mass: 5.101 kg
Hemispherical, D=16
Motion, Y direction: Uy

Ux=Uz=Urx=Ury=Urz=0 Reference point

of impactor,

Sample's transv erse axi

Sample's longitudinal axis

V-base
Holding fixture
Rigid body

Fixed
Ux=Uy=Uz=0
Urx=Ury=Urz=0

(a)

specimen, is modeled as a rigid body. Fig. 6 provides an assembled view
of the specimen, impactor, and V-block fixture.

3.4. Contact modeling

Contact modeling is a crucial step in FEA simulations, as it directly
affects the accuracy of the results. Various methods define contact
behavior; one is surface-to-surface contact, and the other is node-to-
surface contact. The choice of master and slave surfaces depends on
the deformation characteristics of the surfaces and the loading condi-
tions. In general, the surface with smaller deformations is chosen as the

Fiber lavers
0.45 mm thick each

Deformable
Orthotropic

magified edge

Liner
HDPE
Deformable
Isotropic

(b)

Fig. 6. Geometrical details of the composite sample, impactor, and V block: (a) assembled view showing the impactor hitting along the transverse axis of the sample.
The V-base is held rigidly by constraining all the motions (b) the magnified edge of the sample showing the liner and the composite layers.
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master to reduce computational costs and improve convergence. How-
ever, this is not always the situation, and one must carefully analyze the
specific characteristics of the surfaces. When using a hard contact law, it
is essential to define the contact surfaces accurately and specify the
appropriate contact parameters [84]. This ensures that the simulation
captures the contact surface behavior and produces reliable results. This
study used the generic contact algorithm to simulate a low-velocity
impact event between a rigid impactor and a target sample. The top
ply’s surface was designated as the slave surface, while the surface of the
impactor was chosen as the master surface. A V-block support fixture
was also created to represent the actual test fixture and connected to the
composite specimen using a tie constraint. The geometrical details and
assembly of various instances are shown in Fig. 6.

Matrix Compressive Failure for 6y + 033 < 0;

Yo 2 G + 033 n (o0 +03)° . 033 — 62203 n o}, + 0%y _/ =
28y Ye 483, SZ, s2, <1

3.5. Failure criteria

Failure criteria are essential for predicting the behavior of compos-
ites, and the Hashin criterion is one such model frequently used for this
purpose [85]. The Hashin failure criterion reflects the relative strengths
and stiffness of the matrix and fiber materials, to predict the composite’s
failure behavior under diverse loading types. This model is beneficial for
predicting damage initiation and propagation in composites. The
discrete damage modes inflicted by the low-velocity impact on com-
posites include fiber breakage, matrix cracking, fiber-matrix debonding,
etc. [86]. Matrix cracking appears when the matrix material cracks and
fiber-matrix debonding occurs when the fibers separate from the matrix
material. These damage modes can significantly affect the strength and
stiffness of composite materials. Due to their inherent anisotropic
properties, damage mechanisms in composites are frequently different
from those seen in metals. For instance, fracture mechanisms that lower
the material’s strength and stiffness primarily provide impact energy
absorption. Before the ultimate failure, at least several of these mecha-
nisms typically occurs. However, metals have the potential to absorb
energy through plastic deformation.

3.5.1. Damage initiation and evolution

Damage initiation states the process by which defects or damage
occur and is the first symptom of damage to the laminate, leading to
reduced mechanical performance in composite materials. Damage can
appear due to several factors, including manufacturing defects, impact,
fatigue, and environmental degradation. As soon as the damage starts, it
spreads faster and with increased force. This process, known as damage
evolution, weakens the composite laminate and reduce the robustness of
the structure. This process is usually characterized by a decrease in the
stiffness and strength of the composite material, leading to eventual
failure [87]. A stress-based failure criteria approach or damage me-
chanics concepts can be employed to model damage initiation and
evolution in composite laminates under the low-velocity impact. The
damage initiation in the composite can be based on Hashin’s failure
criteria, which considers four unique damage mechanisms: fiber tension,
fiber compression, matrix tension, and matrix [88,89]. Therefore, fail-
ure initiation must be completed to implement the damage evolution
model [62]. The four indices that are numerically assessed are shown in
Egs. (1)-(4) for the four damage modes [90].
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where oy; (i,j=1,2,3) denotes the stress elements, and the lamina’s
allowable tensile and compressive strengths are denoted by T and C
(subscripts), respectively. Xr, Y7, Zr, and X¢, Y¢, Zc are the allowable
tensile and compressive strengths. S;z, S;3 and Sz3 show allowable
strengths in shear in the respective directions [91]. As the elements of a
structure soften due to damage, the load within the structure is redis-
tributed to adjacent elements, which can significantly impact the
structure’s overall behavior. The level of damage in an element is rep-
resented by a damage variable, which can take on different values
depending on the simulated damage type. When the damage in an
element reaches a certain level, i.e. the element can no longer carry any
load, the loads being carried by that element are redistributed to adja-
cent elements. In the case of total damage, the damage variable will be
equal to 1 for all integration points within the element, indicating that
the element can no longer carry any load. The stiffness reduction due to
damage can be modeled by introducing a damage variable, which rep-
resents the element’s damage level, and reducing the element’s stiffness
matrix accordingly. The damage variable can be defined using different
damage models commonly used to predict the onset and progression of
damage in composite materials. Internal damage variables [92] that
account for various damage types are mathematically written in Egs.
5)-.

gl i =0, f fiber d (5)
= ! ~ M t stat ’
I &if Gy <0 e current state of fiber damage
dif 6, >0 !
d, = . N ; the current state of matrix damage, 6)
d, if 0, <0
4‘.:17(1701%)(1701?)17‘11 1—d);
1) (1) (-1 -a) -
current state of shear damage,
0= Cdé;‘ (8)
1 (1 7df)E1] (1 7df)(l 7dm)l/2]E11 0
Cd:B (1 —dr)(1 = du)vi2En (1 —dn)Exn 0
0 0 (1 —-d,)GD
9
D=1-(1-d)(1 - dy)vrova (10)
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The damage evolution is calculated using Eq. (8), correlating be-
tween stress and strain in a damaged material where ¢ represents the
stress, ¢ represents the strain, and C; denotes the elastic modulus that
defines the elasticity matrix, which reflects the damage-dependent
elastic modulus in Eq. (9). The elastic modulus is a measure of the ma-
terial’s stiffness, and it changes as the damage progresses. As the damage
initiates, the elastic modulus is reduced, decreasing the material’s
stiffness. This is reflected in Eq. (8) by the multiplication of the elastic
modulus by the strain, resulting in a reduction of the stress. Also, various
symbols have their usual meaning as E;; = Young’s modulus (fiber di-
rection), Eg2 = Young’s modulus (transverse to the fibers), G = shear
modulus, v;2 and vy; are Poisson’s ratios. D is the overall damage vari-
able (Eq. (10)).

4. Results and discussion

Even minor impact damage can decrease vessel stress levels / burst
pressure, leading to internal damage propagating over time, potentially
causing catastrophic failure under pressure. Impactors transmit kinetic
energy to samples, causing deformation and energy absorption through
damage modes. Composites may suffer fiber breakage, matrix cracking,
and fiber-matrix debonding. Experimental data from impact testing
provides crucial information for evaluating responses. The contact force
was determined using a force sensor and plotted versus time, as shown in
Fig. 7 (black curve). The force-time curve from a low-velocity impact
test provides valuable information about a material’s mechanical
behavior under impact loading conditions. It typically has two phases:
loading (the load increases rapidly as the impactor contacts the sample)
and unloading (the load decreases as the impactor rebounds). The slope
near the peak force indicates stiffness, while the area beneath the curve
represents the total energy absorbed. The rebound of the impactor after
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the peak force indicates the material’s ability to store and release some
absorbed energy, indicating its resilience.

The force-time curves obtained in the experimental study have an
inverted bell-curve shape, indicating that the impactor did not perfo-
rated the specimen but rebounded, as depicted in Fig. 7 (a). The initial
increase in load during low-velocity impact is due to the specimens’
elastic response, followed by a decrease due to initial damage. As the
impact continues, matrix cracks and propagates, leading to a gradual
decrease in contact force. The maximum impact force (Fpeq) represents
the highest load recorded by the load cell, marking the end of the
loading phase. The incident or damage threshold load (Fy;) is the load at
which material degradation begins, followed by amplitude fluctuations
due to the evolution of failure modes on the sample. All samples
remained unperforated against the 40 J energy level.

Additionally, Fig. 7 (b) displays matrix compression damage through
FEA, illustrating the contact between the composite sample and the
impactor during the impact event. The FEA shows deflection,
rebounding, and a deformed face, with some impactor energy trans-
mitting into the composite. Some of the impactor energy is transmitted
into the composite, inducing damage, and the sample deflects back with
the rebounding impactor due to the residual stiffness that remained in
the sample.

The energy absorbed by a composite can be determined using an
energy-time response plot, as shown in Fig. 7 (a) (blue dashed curve).
This plot shows the relationship between the amount of impact energy
absorbed by the sample and the duration of the impact event. It is used
to evaluate the energy absorption and dissipation characteristics of the
material. The peak in energy absorption occurs at the onset of impact,
followed by a gradual decrease as the event progresses. A portion of the
total impact energy is lost due to friction and vibration, while the rest is
recovered by the impactor as residual elastic energy. The friction is more
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Fig. 7. (a) Force-time and energy-time response with various impact event features (b) Matrix compression damage is captured in various time steps, with the
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Fig. 8. Experiment and numerical plot comparison for (a) force-time and (b) force-displacement curves. However, the plots deviate little from each other at various

stages for multiple reasons.

when penetration took place. The impactor rises because the rebound
uses the remaining kinetic energy, also known as rebound/residual en-
ergy. When evaluating composite impact damage, it is common to
discuss both impact energy (Eimpac: 07 Emax) and absorbed energy (Eq;).
The absorbed energy reflects the energy lost by the system due to various
mechanisms after the impactor makes contact with the target, including
elastic deformation, friction, plastic deformation, and material damage
[93]. The force-displacement curve measures the force applied to a
composite sample, indicating the material’s work and energy absorption
capacity, Fig. 8 (b). It is crucial in determining the composite’s damage
resistance and energy absorption capacity. The maximum displacement
gauge the component’s ductility and energy absorption capacity. The
force-displacement plot can provide insight into the composite’s
behavior during an impact event, allowing for recovery or permanent

Localized Dent

Magnified view

(a)

Impact center

deformation. The force-time and force-displacement plots for experi-
mental and FE studies show significant agreement, but slight disparities
may be observed due to fabrication errors, voids, and defects, Fig. 8 (a)
and (b).

Oscillations in the F-d curve during impact testing on composite
materials are caused by the complex behavior of the material during the
event. The composite material is comprised of multiple layers with
variable features, which interact in a complex manner during the impact
event. Damage onset results in fluctuations in load, leading to oscilla-
tions in the F-d curve. The dynamic nature of the event also causes os-
cillations, as the impactor impacts the material, causing it to deform,
cause damage, and generate a force in the opposite direction. The
amplitude and frequency of these fluctuations offer valuable insights
into the behavior of material under impact loading. Deviations in

FE results
<

Magnified view

N

(b)

Fig. 9. Experimental and numerical captures on the surface of the sample, (a) experimental observation showing the localized dent, (b) FEA capture showing the

Hashin fiber compression damage at the impact site.
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Fig. 10. Liner damage can be seen (a) from inside the sample, (b) from a close view of the damaged liner (c) from an enlarged view of the failure surface generated in
the liner. The brittle fracture is shown in the enlarged view. (d) FE representation of liner. (e) Enlarged ' part with exposed edges (f) enlarged view of the

exposed edge.
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Fig. 11. Fiber tension damage is shown in the sample and the enlarged impact center and exposed edges: (a) full sample, (b) and (c) magnified impact center and
edges showing fiber tension in the composite layers. The damage index contour band shows that the composite layers’ fiber tension damage occurred (deep red
areas). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

experimental and FE curves can be caused by differences in material
properties used in experiments and simulations, voids and fabrication
errors, modeling assumptions and discretizing the numerical model.

Composite structures may experience matrix tensile cracking, matrix
compressive failure, and fiber breakage due to transverse impact.
Hashin’s damage initiation criteria predict four damage types: fiber
tension, fiber compression, matrix tension, and matrix compression
[94]. The failure is anticipated based on the failure index or determi-
nation value (F) given (i.e., when F = 1) for each mode of damage cri-
terion. Fig. 9 (a) shows the fiber compression effect on the cylindrical
specimen, and the corresponding effect can be seen in the FE result in
Fig. 9 (b).

Experimental and numerical findings capture localized compression
at the impact site, which can conceal subsurface damages. Low-velocity
impact indentation behavior in composite materials is influenced by
factors like material qualities, impact conditions, etc. The impact on the
surface can affect the liner and the bottom layer of structure and may
cause damage in high-strain rate loadings. HDPE can exhibit brittle
fracture at high strain rates, such as under-impact loads. The brittle
fracture occurs when the material fails at a higher strain than it would

11

under static loading [95]. This is due to the material not having enough
time to deform plastically before it is subjected to a large amount of
strain. As a result, the material is unable to dissipate the energy of the
impact quickly enough, resulting in the material fracturing instead of
deforming. A lack of plastic deformation characterizes this type of
fracture, and the material breaks as brittle. As the strain rate increases,
the material reach its brittle fracture point faster. Impact loads can cause
the material to reach its brittle fracture point in a fraction of a second,
leading to failure. Fig. 10 depicts the interior of the sample, where the
sample’s interior liner damage is clearly visible.

Fiber tension and compression damage in composite material at low-
velocity impacts can occur due to the concentration of impact energy at
the point of impact. When an impactor hits a composite material, the
structure communicates the energy, causing fibers to stretch or
compress. The brittle fibers are unable to absorb the impact energy, they
may break or crack, resulting in fiber damage. Fiber tension damage is
more likely to appear along the fiber orientation, as the fibers are sub-
jected to the greatest amount of stretching in the direction parallel to the
fibers, Fig. 11. Fiber compression damage is more likely in a composite
material just at the point of impact.
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5. Conclusions

Damage mechanisms in composite materials are often distinct from
those observed in metals due to their unique anisotropic characteristics.
The study investigates the dynamic behavior of carbon-fiber-wrapped
structures during low-velocity impact events, focusing on the intricate
interplay of forces and damage formations. It also explores the effect on
the polymeric liners in the composite overwrapped structures. Produc-
tion of CPVs and transmission pipes frequently uses the filament wind-
ing technique, where HDPE is extensively used as a liner material for
diverse benefits. This study used the wet filament winding method to
wound unidirectional carbon fibers with epoxy resin on a polymeric
(HDPE) liner. BVID can lead to a decrease in the performance of com-
posites and can be characterized in the form of damage forms that are
barely visible to the naked eye. Experimental testing was performed on
cylindrical specimens to understand the behavior of carbon/epoxy
samples against low-velocity impact. An energy level of 40 J was
adopted to establish the damage response of the specimen against
impact. The impact damage states were characterized by surface dam-
age, subsurface, and liner damage. Even though HDPE is a strong and
flexible material, it can nevertheless break when subjected to high strain
rates, such as those caused by impact loads. Brittle fractures in plastic
liners can occur when they are subjected to impact loads. This failure
mechanism is characterized by an abrupt, catastrophic break without
considerable plastic deformation. Damage patterns were evident on both
impacted and unimpacted sides, examined from the external damage
observation. In FEA, the cylindrical specimen and impactor are modeled
to mimic the experimental transverse impact test environment, repre-
senting the consequences of low-velocity impact. The computational
model reproduces the impact response of the specimen, and various
Hashin damage failure modes were captured through the simulation
results. The impact damage seems to spread from the impact center with
time. Minor fiber failures are predicted in the specimen. However, se-
vere matrix damage took place at and around the impact locations.
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