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Abstract: Composite pressure vessels can be exposed to extreme loadings, for instance, impact loading,
during manufacturing, maintenance, or their service lifetime. These kinds of loadings may provoke
both visible and invisible levels of damage, e.g., fiber breakage matrix cracks and delamination and
eventually may lead to catastrophic failures. Thus, the quantification and evaluation of such damages
are of great importance. Considering the cost of relevant full-scale experiments, a numerical model
can be a powerful tool for such a kind of study. This paper aims to provide a numerical study to
investigate the capability of different modeling methods to predict delamination in composite vessels.
In this study, various numerical modeling aspects, such as element types (solid and shell elements)
and material parameters (such as interface properties), were considered to investigate delamination in
a composite pressure vessel under low-velocity impact loading. Specifically, solid elements were used
to model each layer of the composite pressure vessel, while, in another model, shell elements with
composite layup were considered. Compared with the available experimental data from low-velocity
impact tests described in the literature, the capability of these two models to predict both mechanical
responses and failure phenomena is shown.

Keywords: numerical modeling; impact loading; composite cylinder; delamination; cohesive behavior

1. Introduction

In recent years, hydrogen gas has been taken into consideration as a clean energy
resource in the automotive, aviation, and aerospace industries. There are many physical
and chemical hydrogen storage methods such as high-pressure hydrogen storage, metal
solid hydrogen storage, and complex hydride hydrogen storage. Currently high-pressure
hydrogen storage is the most common method because of its low cost, maturity, and ease
of operation. The composite high-pressure hydrogen storage tank is classified into type
III and type IV tanks. It is composed of a liner and a carbon fiber wound layer. The
liner of a type III tank is made of aluminum alloy, and the liner of a type IV is made of
polymer. The potential of composite pressure vessels has been recognized due to their
light weight but high strength. Composite pressure vessels can be exposed to extreme
loading conditions, for instance, impact loading, during their manufacturing, maintenance,
or service lifetime. These kinds of loadings may lead to both visible and invisible levels of
damage (e.g., delamination, matrix cracks, and fiber breakage) and eventually catastrophic
failures. Considering the cost of relevant experiments, numerical models can be a powerful
tool for such a study [1–3].

Composite pressure vessels are very susceptible to impact events prior to their opera-
tional services and during transportation, mounting, maintenance, and their entire service
life due to collision with external objects or because of vessel dropping on the ground.
Impact loading can cause various failures in composite pressure vessels (e.g., delamination,
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matrix cracks, and fiber breakage). Since the majority of impact-induced defects are not
visually detectable, they can lead to catastrophic failures during operation [4].

Considering the widespread applications of composite pressure vessels, the safety con-
cerns in various operational conditions play a crucial role in their prospective applications.
Consequently, detecting and evaluating damage arisen from impact loading in composite
pressure vessels can not only provide some essential insight into the early stages of their
design process, but it is also of great importance from a safety viewpoint. Furthermore,
considering the cost of relevant experiments, numerical models can be a powerful tool for
such a study and the development of a reliable modeling approach will be useful in the
design phase.

As is stated in the literature, studies on the mechanical behavior of filament wound
composite vessels under low-velocity impact have received a lot of attention in recent
years [5–25]. Liao et al., implemented a numerical model to investigate low-velocity-
impact-induced damage in composite pressure vessels. They used sub-laminate theory
to predict delamination failure, Puck’s failure criteria for fiber breakage failure, and the
strain base damage evolution laws for matrix failure [10]. Han and Chang studied the
structural behavior of Type III hydrogen vessels subjected to low-velocity impact. They
used a ply-based modeling approach in the numerical model in which all failure modes
were predicted by applying Hashin criteria [11]. Perillo et al. presented both a numerical
and experimental study to investigate low-velocity impact damage mechanisms in filament
wound composite pressure vessels. They applied impact loading in different energies on
both central and dome sections on the pressure vessels. Additionally, they used Puck and
Hashin failure criteria to predict the matrix and fiber failures, and the cohesive zone for the
prediction of delamination [13]. Allen et al. carried out an experimental study to compare
the structural behavior of composite pressure vessels under quasi-static indentation and
low velocity impact. According to their study, the damage occurring differs in terms of
matrix failure, but the quasi-static indentation test can be considered an analogue for a
low-velocity impact test on composite vessels [17]. Farhood et al. investigated the impact
behavior of carbon/basalt hybrid composite pipes in an experimental study. They applied
low-velocity impact loadings in two various energy levels to the composite pipes with
different stacking sequences. They found that the impact response of composite pipes
is highly dependent on the stacking sequence of the layers [18]. Wu et al. conducted
a numerical and experimental investigation to study the impact damage mechanism in
carbon fiber-reinforced composite cylinders. They explored the effect of impactor shape
on the impact-induced damage. For this purpose, they developed a numerical model
using thick-shell elements for the composite structure [21]. Long et al. compared the
low-velocity impact behavior of filament wound composite pressure vessels with filament
wound composite plates and laminated composite structures, in an experimental study.
The three structures showed different behaviors under impact loading, but the composite
cylinders had higher impact resistance compared to the other structures [22]. In research
conducted on impact loading on composite structures, the investigation of the material
models, which can predict the impact behavior of the composite structures and the damage
occurred on them, is one of the most significant parts [26–28]. For example, Shao et al.
compared the application of Hashin and Chang-Chang criteria in the prediction of inter-
laminar damage in composite laminates under impact loading [26]. Hou et al. described
an improved Chang-Chang criteria to predict the impact-induced damages that occurred
in composite laminates. This material model is also implemented in Ls-DYNA 3D as a
material model for damage prediction in composite materials [28].

Interface modeling for composites by means of numerical methods is of great interest
to the scientific community, leading to much research on it. Geubelle and Baylor simulated
delamination in thin composite plates under impact loading with a 2D cohesive/volumetric
finite element scheme to model the initiation and propagation of interface failure among
composite plates [29]. A theoretical model was presented by Borg et al. to analyze de-
lamination phenomena in a composite beam, while a discrete cohesive zone model was



J. Compos. Sci. 2024, 8, 141 3 of 16

also developed in their work to predict delamination under simple and complex loading
conditions [30]. For the same application under quasi-static loading, Camanho et al. used
zero-thickness decohesion elements at the interface between solid finite elements [31].
Changliang et al. employed a theoretical method to investigate the delamination in a
composite cylinder under low-velocity impact. They demonstrated the damage evolution
in two cases of the vessel varying internal pressure [32]. Turon et al., developed a method-
ology to analyze the delamination area by using cohesive zone elements, which was used
to investigate the effects of the length and stiffness of the cohesive zone on the evolution of
delamination [33]. Fleming et al. investigated delamination failure in composite structures
by using cohesive zone models based on native contact and spotweld procedures. Accord-
ing to their results, the spot weld-based method can predict the initiation and propagation
of delamination with more accuracy. For cohesive models, a different cohesive model can
be used, which may lead to the different performances of numerical models [34]. Elmarakbi
et al. developed a new adoptive cohesive element to overcome numerical instability while
using the bilinear cohesive model. They carried out both quasi-static and dynamic analysis
in their numerical model. Moreover, different element types for the applications of the
cohesive model should also be considered [35]. Dogan et al. utilized three different models,
thick-shell elements with a cohesive interface, solid elements with a cohesive interface
and thin shell elements with tie break contact to predict delamination in composite struc-
tures under impact. They found that thin shell elements with tie break contact resulted
in more accurate results [36]. Both experimental and numerical works were carried out
to investigate the onset and growth of delamination failure in composite structures by
Caprio et.al.; for this purpose, they compared the results of the defining contact surface
with cohesive behavior in interface layers using cohesive elements [37]. Roberts et al.
investigated the predictive capability of the cohesive zone model to predict delamination
initiation and evolution in various composite structures such as a double cantilevered
beam, end notch flexure, and single leg bend, indicating the possibility of applying such a
method to complex structures [38]. In one of the more recent works, Weerts et al. investi-
gated the mechanical behavior of a composite pressure vessel subjected to impact loading.
They implemented cohesive elements in-between composite layers to predict delamination
failure. In this case, a bilinear traction–separation law was used to express the response of
the cohesive elements [39]. Skaar et al. conducted experimental and numerical research
on low-velocity-impact-induced damages in glass epoxy composite pipes. They modeled
interlaminar damage by defining cohesive elements in-between composite layers [40].

On the other hand, the generation of a numerical model which is able to predict the
impact behavior of composite cylinders and impact-induced damage (e.g., delamination) is
significant. There are several studies that investigated the various modeling approaches
for this impact behavior prediction in composite structures. One of the important con-
cerns regarding the research conducted in this field is selecting the appropriate element
types to create an accurate numerical model in impact delamination prediction [41–47].
McElroy et al. compared the ability of two different element types to predict the impact
damage in composite plates. They used enriched shell elements and solid elements to
model delamination in composite plates. According to their investigation, enriched shell
elements are incapable of providing accurate results in delamination modeling compared
to solid elements. However, enriched shell elements can be applicable in general damage
predictions with lower computational costs [41]. Tawk et al. implemented solid hexahe-
dron elements to model delamination damage in composite laminates. In their model
with solid elements, they used eight nodes of each solid element as the integration points
for the calculation. They also generated a model with double four-node shell elements
to model the delamination [42]. J.C. Remmers et al. presented a finite element approach
for the simulation of delamination damage in thin-layered composite structures. They
investigated the capability of solid-like shell elements in the numerical model in modeling
the delamination [43].
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As discussed in the works listed above, delamination in composite structures has been
considered as a significant failure level in composite structures because when it appears in
a composite structure, it can eventually lead to catastrophic failure. Thus, in order to avoid
any potential catastrophic failures in composite structures, the highly accurate prediction of
delamination is quite significant. In most of the research in this field, researchers considered
geometrically simple structures such as a composite beam or plate, and only a few studies
conducted delamination analysis in more complex structures such as curved structures and
composite vessels. This is because, considering their wide application, composite pressure
vessels are the objective of the current work, it is of interest to investigate the capability of
different numerical models to accurately and efficiently predict delamination, which may
occur in such structures.

Due to the fact that composite pressure vessels are manufactured based on the filament-
winding technique, creating a numerical model able to predict damage in such a complex
structure is rather complicated. As discussed in the literature review and according to
the research performed, most research is focused on the modeling approaches related to
composite plates and geometrically simple structures, and there is a need to investigate
numerical approaches to model the impact damage to more complex structures such as
composite cylinders.

In this paper, initially, a simplified numerical model has been generated to predict
delamination failure in composite pressure vessels under low-velocity impact loading. The
accuracy of the model has been validated based on experimental results obtained from the
literature [40]. In the next step, the prediction accuracy of three different approaches used
to define interlaminar properties while analyzing delamination in a glass fiber composite
cylinder subjected to low-velocity impact has been compared. Furthermore, a mesh con-
vergency analysis has also been carried out to investigate the influence of the mesh size in
the delamination area. The structure has been modeled by implementing three kinds of
elements, namely, solid, thick-shell, and shell elements to compare the delamination results
in each model.

2. Materials and Methods

A numerical model has been implemented to investigate the mechanical behavior of
a glass fiber (GF)-reinforced composite cylinder under low-velocity impact loading. The
filament winding composite cylinder was manufactured with GF from 3B E-CR glass and a
matrix from EPIKOTE resin named MGS RIMR 135 [40].

Impact loading has been applied on the cylinder by dropping the impactor from a
specific height (1 m in this case), and, after the first impact, the impactor was blocked to
avoid the rebounding impacts. The strain was measured at the impact point of the cylinder
by a strain gauge installed within the cylinder, and the data were recorded at 9600 KHz by
utilizing a Spider-8 data acquisition device [40].

The model framework and material model used in this study are introduced in the
following sections.

2.1. Model Description

In order to investigate the delamination of a composite cylinder under low-velocity
impact, a numerical model was built in LS-dyna software (LS 4.9). A fiber glass composite
vessel with a 100 mm inner diameter and 180 mm length was produced using the filament
winding method, which has a layup of [90◦2/±15◦]s and the thickness of the layers is
defined in Table 1 [40].
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Table 1. Material properties for glass fiber composite showing the stacking sequence for the studied
vessel [40].

Layer No. Orientation Thickness (mm)

1 90◦ 0.759
2 +15◦ 1.013
3 −15◦ 1.013
4 90◦ 0.759

In recent research, a composite cylinder has been simulated by defining the composite
layers as unidirectional layers. Three different kinds of elements have been used to model
the composite part, resulting in three models. In the first model, presented in Figure 1a,
solid elements have been used and composite layers have been defined separately. In the
second model, the element type has been changed to thick-shell elements with the same
configuration of the layers used with solid elements, shown in Figure 1a. In the third model,
presented in Figure 1b, the cylinder has been modeled as one part cylinder with elements
defined as shell elements (a single element through the thickness).
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Figure 1. Numerical model generated for the impact loading on the composite cylinder: (a) the model
with solid elements; (b) the model with shell elements.

Three different mesh sizes have been investigated to explore the effects of mesh size
in the delamination area. The elements have been created in three different mesh sizes of
3 × 3 mm2, 2 × 2 mm2, and 1 × 1 mm2, shown in Figure 2. In each layer, one single element
along the thickness is created.

In order to investigate the effects of interface properties in the prediction of the delam-
ination area, three different types of cohesive properties have been defined: the tiebreak
model, linear cohesive model, and non-linear cohesive model. Each model behavior re-
sults in different traction–separation curves, presented in Figure 3. In tiebreak damage,
evolution is not considered; thus, complete failure is achieved when traction reaches the
point of separation, as shown in Figure 3a. In linear cohesive behavior, after the initiation
of separation, traction decreases linearly during damage evolution, while in non-linear
cohesive behavior, traction decreases non-linearly during damage evolution. The linear
and non-linear cohesive behaviors are shown in Figure 3b and c, respectively. Here, d0 is
the point at which separation starts and d f is the point for maximum separation. Different
cohesive models have been applied to the models with solid elements to investigate the
effect of different cohesive models.
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2.2. Boundary Conditions and Numerical Setup

The model reproduces the cylinder, the cradle, and the impactor. The cylinder is
supported by a cradle during impact. Both the impactor and the cradle are modeled as
rigid bodies. The impactor has a tip diameter of 16 mm and a point mass of 2.9 kg. The
cylinder has a length of 180 mm with an inner diameter of 100 mm at a total thickness of
5.062 mm [40].

The steel impactor is restricted except for vertical movement. Impact loading is
simulated by defining an initial velocity for the impactor, corresponding to the drop height,
according to the experimental data, where the drop height is considered 1 m and the
velocity of the impactor before impact is 4.4 m/s [40]. In this model, automatic surface-
to-surface contact has been used for the contact between the composite cylinder and the
rigid bodies. More details about the material properties are shown in Table 1 and cohesive
parameters used in the numerical model are found in Table 2.
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Table 2. Cohesive parameters and material properties used in the numerical FE-model [40].

Material Properties Value

Glass fiber composite
Elastic modulus E1 = 44.8 GPa, E2 = E3 = 12.1 GPa
Shear modulus G12 = G13 = G23 = 3.4 GPa
Poisson’s ratio υ12 = υ13 = 0.3, υ23 = 0.5
Density 1230 Kgm−3

Failure initiation stress
Xt = 1006 MPa, Xc = 487 MPa,

Yt = 46 MPa, Yc = 132 MPa
S12 = S13 = S23 = 42 MPa

Cohesive parameters
Elastic modulus of cohesive elements Enn = 12.1 GPa, Ess = Ett = 3.4 GPa
Failure initiation stress tc

n = 46 MPa, tc
s = tc

t = 49.5 MPa
Critical strain energy release rates GIc = 0.83 Nmm−1, GI Ic = 1.80 Nmm−1

Steel
Elastic modulus E = 200 GPa
Density 7800 Kgm−3

2.3. Material Model

The material model of MAT 054 was utilized to define the composite material. This
material model refers to the Chang-Chang failure criterion, and an orthotropic material
(e.g., unidirectional composites) can be defined by using this card in LS-dyna software (LS
4.9). The Chang-Chang criterion is a stress-based criterion and considers four modes of
failure which are defined as below [48].

For the tensile fiber mode,

σaa > 0 then e2
f =

(
σaa

Xt

)2
+ β

(
σab
Sc

)
− 1

{
≥ 0 f ailed
0 elastic

(1)

in which σaa is the effective stress tensor in the fiber direction, and σab corresponds to
the shear stress. Xt and Sc refer to fiber tensile and shear strength, respectively. For the
compressive fiber mode,

σaa < 0 then e2
c =

(
σaa

Xc

)2
− 1

{
≥ 0 f ailed
0 elastic

(2)

in which Xc is the fiber compressive strength.
For the tensile matrix mode,

σbb > 0 then e2
m =

(
σbb
Yt

)2
+ β

(
σab
Sc

)2
− 1

{
≥ 0 f ailed
0 elastic

(3)

in which σbb is the effective stress tensor in the direction perpendicular to the fiber, and Yt
is matrix tensile strength.

And, for the compressive matrix mode,

σbb < 0 then e2
d =

(
σbb
2Sc

)2
+

[(
Yc

2Sc

)2
− 1

]
σbb
Yc

+

(
σab
Sc

)2
− 1

{
≥ 0 f ailed
0 elastic

(4)

in which Yc is the matrix compressive strength.

3. Results

This section presents the results of finite element investigation on the delamination
failure of a glass fiber composite cylinder subjected to a low-velocity impact. In the first
part, a numerical analysis was performed to investigate the influence of mesh size on the
delamination prediction results; this process determines the proper mesh size for further
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investigations. In the second part, the effects of different interlaminar cohesive behavior in
the prediction of delamination were exposed. Then, the delamination areas obtained by
implementing different kinds of elements were compared. The results from finite element
investigation, in this paper, were validated by the experimental data obtained in [40].

3.1. Mesh Convergency

In this section, three different mesh sizes are studied in the solid model. The selected
dimensions for the mesh used in this study are 3 × 3 mm2, 2 × 2 mm2 and 1 × 1 mm2.
Figure 4 shows the maximum strains determined by (or obtained from) numerical modeling
by applying different mesh sizes to the model. In this analysis, the maximum strain obtained
from the composite cylinders with the mesh size of 3 × 3 mm2 is equal to 0.066 and the
maximum strain for the models with 2 × 2 mm2 and 1 × 1 mm2 mesh size is 0.0242 and
0.0240, respectively. According to the experimental results, the maximum strain obtained
during the low-velocity impact loading is 0.023 [40]; therefore, it can be concluded that the
models with 2 × 2 mm2 and 1 × 1 mm2 mesh size reach both convergency and reasonable
accuracy. Additionally, in numerical modeling, the difference between the calculation time
of the model with 2 × 2 mm2 and 1 × 1 mm2 mesh size is significant. As shown in Figure 4,
the calculation time for the model with 2 × 2 mm2 mesh is 3 h, whereas the calculation time
for the model with 1 × 1 mm2 mesh is almost 16 h.
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Figure 5 shows the results for the delamination area, based on the projection of all
delaminated layers, obtained from both numerical modeling and experiments. According to
the results shown in Figure 5, the model with a mesh size of 2× 2 mm2 is in good agreement
with the experimental data, and considering the mesh convergency according to the strain
results, while the model with 1 × 1 mm2 could provide similar results. Considering both
efficiency and accuracy, further investigations into other sections were performed by
implementing the 2× 2 mm2 meshes in the numerical model. All delamination results were
obtained at the last step of the numerical analysis, after the ending of the impact loading.
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As shown in Figure 6, the predicted delamination area with mesh sizes selected as
1 × 1 mm2 and 2 × 2 mm2 is more accurate in comparison to the experimental results. On
the other hand, it was previously observed that the model with the 1 × 1 mm2 mesh size
has an extremely high calculation time. The mesh size is acceptable for the current work
considering both accuracy and efficiency [49]. By considering the mesh convergency, the
further investigations presented in the other sections below were performed considering
the 2 × 2 mm2 mesh in the numerical model as a reference.
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3.2. Mesh Size Effect on Different Element Types

In this section, different element types have been utilized in the model to investigate
the impact of mesh size on the prediction of delamination. The element types incorporated
in the model include fully integrated elements, reduced integration elements, and 8-point
hexahedron elements. The different mesh sizes selected are as follows and as mentioned in
the section above: 3 × 3 mm2, 2 × 2 mm2, and 1 × 1 mm2.
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The 8-point hexahedron solid element possesses a specific geometry and comprises
eight integration points [50]. The fully integrated quadratic 8-node solid element features
nodal rotation and includes six degrees of freedom at each node, with 14 integration
points [51]. On the other hand, the reduced integrated solid element is an 8-node hexahe-
dron solid element that incorporates tri-linear shape functions and utilizes one integration
point located in the middle of each element [51].

Figure 7 shows the effect of mesh size in different element types for the prediction of
the delamination area after impact loading.
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Based on the data presented in Table 3, it is evident that the model utilizing 8-point
hexahedron solid elements with a mesh size of 2 × 2 mm2 yields more precise results
compared to the models employing reduced integration and fully integrated solid elements.
Although the computational time of the model utilizing reduced integration solid elements
is shorter than that of the other two element types, this particular element type fails to
deliver accurate results for the delamination area.

3.3. Interface Parameters

In the structural model employing solid elements, the composite cylinder is repre-
sented by four distinct layers, with the first and fourth layers denoting the inner and outer
hoop layers, respectively. The second and third layers are characterized by rotational
layups at angles of +15◦ and −15◦, respectively. In order to establish connectivity between
these layers, automatic surface-to-surface tiebreak contact conditions are imposed. In order
to meticulously investigate delamination phenomena within the composite cylinder, the
precise delineation of interface properties becomes imperative. To this end, three distinct
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types of cohesive behaviors are employed to govern interlaminar interactions, namely
tiebreak, linear-cohesive, and non-linear-cohesive models. In tiebreak contact, failure oc-
curs abruptly upon the satisfaction of specific conditions. Conversely, in the linear cohesive
model, tiebreak contact is initially established between nodes; however, upon the initiation
of failure, damage propagation follows a linear relationship with the initial contact distance.
Accordingly, a parameter encompassing the critical distance at which interface failure
culminates must be defined. This parameter (PARAM), in the context of linear cohesive
behavior, is bounded within the range 0 ≤ PARAM ≤ 1, whereas in non-linear cohesive
behavior, PARAM assumes a fixed value of 1. Notably, in non-linear cohesive behavior, the
evolution of damage follows a non-linear function of the initial contact distance, necessitat-
ing the definition of normal and shear energy release rates to ascertain damage progression,
as outlined in Table 2.

Given the absence of a defined damage evolution mechanism in tiebreak interface
behavior, the outcomes of this model are limited to the instance of delamination initiation.
As delineated in Table 4, the delamination area predicted by numerical simulations exceeds
that observed experimentally. Conversely, upon employing linear cohesive behavior,
depicted in Figure 3b, this analysis encompasses the evolution of damage subsequent
to delamination initiation. Within this cohesive framework, delamination propagation
follows a linear degradation pattern. Notably, the initiation of delamination in the linear
cohesive model necessitates a higher energy input, thereby resulting in a smaller predicted
delamination area compared to that derived from the tiebreak model.

Table 3. Effect of mesh size in different element types on delamination area prediction.

Dimensions 8-Point Hexahedron Fully Integrated
Quadratic 8-Node Reduced Integration Experiment

Mesh size (mm2) 1 × 1 2 × 2 3 × 3 1 × 1 2 × 2 3 × 3 1 × 1 2 × 2 3 × 3
Length (mm) 62 63 41 67 75 60 54 53 62 60
Wide (mm) 21 37 29 11 10 8 12 11 8 36
Area (mm2) 1302 1165 595 737 680 480 648 583 496 1080

difference compared to
experimental results in % 20 7.8 45 31.7 37 55 40 46 54

Table 4. Delamination area dimensions obtained from numerical model and experiment.

Dimensions Tiebreak Linear Cohesive
Model

Nonlinear
Cohesive Model Experiment

Length (mm) 63 59 56 60
Width (mm) 37 35 37 36
Area (mm2) 1165 1032 1036 1080

Size difference compared to
experimental results in % 7.8 4.4 4.0

The utilization of non-linear cohesive behavior in interface analysis, illustrated in
Figure 3c, facilitates the examination of delamination growth. Given the reduced fracture
energy release inherent to non-linear cohesive behavior, the resulting delamination area is
correspondingly smaller compared to the linear analysis, as depicted in Figure 8.

3.4. Different Element Types

In this section, the delamination results for the model with solid elements and the
model with thick-shell elements have been compared. In the solid model, each layer
has been generated separately and the model includes 2 × 2 mm2 solid elements and the
interface model is based on tiebreak behavior. In the model with thick-shell elements, the
composite layers have been made separately including 2 × 2 mm2 thick-shell elements.
With solid elements, the analysis is performed by considering all integrated points in an
element; with thick-shell elements, only middle integrated points are considered. Therefore,
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the model with solid elements is supposed to replicate complicated mechanical behaviors
in comparison to the model with thick-shell elements.

The obtained results for the size of the delamination area are shown in Figure 9. As is
already clearly visible in the data in Table 5, the model with thick-shell elements predicts a
larger delamination area than the experimentally obtained area, and the model with solid
elements predicts the area with a higher accuracy than the model with thick-shell elements.
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Table 5. The delamination area dimensions obtained from the numerical model for solid and thick-
shell elements and experimental results.

Dimensions Model with Solid
Elements

Model with Thick
Shell Elements Experiment

Length (mm) 59 69 60
Width (mm) 35 38 36
Area (mm2) 1032 1311 1080

Size difference compared
experimental results in % 4.4 21.4

3.5. Numerical Model with Shell Elements

In the current work, shell elements have been employed to model the composite
cylinder. In this model, the composite cylinder has been modeled as one part shell structure
and the composite layup has been defined as one part composite. The material model of
MAT 054 has been utilized to define the composite material. Since the focus of the shell
element is not along the thickness direction, the numerical analysis is performed based on
the middle node and interpolation in each shell element, which may lead to non-smoothed
and sudden failure in the results, while in solid elements, the failure process of all the
nodes that generated the element can be considered in the calculation. On the other hand,
considering the efficiency of the shell model, the calculation time is lower: 1 h for the shell
model and 3 h for solid model. Hence, the shell model could save time in structures with
geometry or material complexities.

The strain–time curves obtained from both experimental and numerical data are
shown in Figure 10. For the measurement of the strain during the impact, a strain gauge
was implemented inside the cylinder at the impact point, as seen in [40]. The maximum
strain obtained from experimental results is equal to 0.023, the maximum strain obtained
from the model with a solid element is 0.0242, and from the model with a shell element, it
is 0.0293. The model with shell elements, therefore, overestimates the strain results while
the solid model is in good agreement with the experimental data.
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4. Conclusions

In this paper, a numerical model has been developed to analyze delamination failure
in a fiber glass-reinforced composite cylinder subjected to low-velocity impact loading. A
mesh convergency analysis was carried out as the first step to investigate the influence
of mesh size on the prediction of the delamination area in the composite cylinder. By
comparing the maximum strain for three different mesh sizes of 3 × 3 mm2, 2 × 2 mm2,
and 1 × 1 mm2, with experimental results as well as the computation time, the numerical
model was able to achieve mesh convergency in the models with 2× 2 mm2 and 1× 1 mm2

elements. Additionally, it was determined that the model with 2 × 2 mm2 mesh has a high
accuracy in the prediction of the delamination area, and this mesh type was hence utilized
in the subsequent studies.

1. Three types of interface properties have been applied in the model: tiebreak, linear,
and non-linear cohesive behavior. The model with a tiebreak interface property shows
a larger delamination area in comparison to the experimentally obtained area, while
the model with linear cohesive properties predicts the damage area with high accuracy
compared to the experiment. Regarding the model with non-linear cohesive behavior,
a higher delamination area was found.

2. The capability of the two element types of a solid element and thick-shell element in
the prediction of delamination have been studied, leading to the conclusion that the
model with solid elements predicts the delamination area with higher accuracy.

A single-shell model has been created using a single-shell element along the thickness,
which can detect non-smoothed and sudden failures in the results. However, the calculation
time required by the single-shell model is lower than for the solid model, which could be
advantageous in structures with a complex geometry or material complexities.
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