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Abstract: One of the problems with composites is their weak impact damage resistance and post-impact
mechanical properties. Composites are prone to delamination damage when impacted by low-speed
projectiles because of the weak through-thickness strength. To combat the problem of delamination
damage, composite parts are often over-designed with extra layers. However, this increases the cost,
weight, and volume of the composite and, in some cases, may only provide moderate improvements
to impact damage resistance. The selection of the optimal parameters for composite plates that give
high impact resistance under low-velocity impact loads should consider several factors related to the
properties of the materials as well as to how the composite product is manufactured. To obtain the
desired impact resistance, it is essential to know the interrelationships between these parameters and
the energy absorbed by the composite. Knowing which parameters affect the improvement of the
composite impact resistance and which parameters give the most significant effect are the main issues
in the composite industry. In this work, the impact response of composite laminates with various
stacking sequences and resins was studied with the Instron 9250G drop-tower to determine the energy
absorption. Three types of composites were used: carbon-fiber, glass-fiber, and mixed-fiber composite
laminates. Also, these composites were characterized by different stacking sequences and resin types.
The effect of several composite structural parameters on the absorbed energy of composite plates is
studied. A finite element model was then used to find an optimized design with improved impact
resistance based on the best attributes found from the experimental testing.
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1. Introduction

Fiber-reinforced composite polymers are used in almost all types of advanced engineering
structure. They combine glass or carbon reinforcing fibers with a matrix material such as epoxy,
phenolic, or polyester. Composite materials are complex, mainly due to the degree of anisotropy
induced by the reinforcing fibers. Thermosetting polymers consist of chain molecules that chemically
bond or cross-link with the others when heated together. Composite materials have a high resistance
to internal and external corrosion. They are light with a very smooth inside for higher throughputs.
Manufacturing a composite structure starts by incorporating a large number of fibers in a thin layer of
the matrix to form a ply. The required load in a fiber-reinforced composite structure is obtained by
stacking a plurality of layers in a specified order and then grouping them to form a ply. Various layers
in a ply can contain fibers in different directions. It is also possible to combine different types of fibers
(for example, glass and carbon) to form a hybrid laminate.
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A low-velocity impact by foreign objects is a significant concern for composite laminate as this can
cause damage to the interior of materials, which significantly reduces the strength of the composite
component and may not be easily detected. The complexity of such an impact on composite laminate
is due to the different failure modes that occur in composites compared with metals. The selection of
optimal parameters for composite plates that give a high resistance to low-velocity impact loads should
consider various factors related to the material properties, as well as the manner of manufacturing
the composite product. To obtain the desired impact resistance, it is essential to know the correlation
between these parameters and the energy absorbed by the composite plate. The development process
of this correlation is not an easy task because unknown process parameters are non-linear. Knowing
the parameters affecting the impact resistance and the degree to which these parameters affect are the
most significant problems of the composite laminate industry.

Drop-weight impact testing is the standard test procedure used to study the impact of resistance
and the behavior of composite laminates. Drop-weight testing also tends to be the preferred method
when performing low-velocity impact testing. American Society for Testing and Materials (ASTM) Test
Method D7136/D7136M [1] is the governing international standard used to study the impact testing on
a rectangular plate. This test technique determines the damage resistance of multidirectional polymer
matrix composite laminated plates exposed to a drop-weight impact event. The standard test utilizes
constant impact energy normalized by specimen thickness. The properties obtained using this test
method can guide researchers concerning the anticipated damage resistance of composite structures
of similar material, thickness, stacking sequence, and so forth. To compare samples quantitatively,
several equations may be used, which can be found in ASTM D7136.

The total amount of energy introduced to a composite specimen and the energy absorbed by
the composite specimen through the impact event are essential parameters to assess the impact
response of the composite structures. The introduction of new fiber materials is a promising method
for strengthening interfacial bonding between the matrix and fibers in hybrid composite laminates.
This alteration of the material has been used to enhance the impact resistance of polymer composite
materials. A considerable improvement in the impact resistance was achieved by using hybrid
composites. The formation of delamination generally relates to matrix cracking. Generally, in any
impact situation, matrix cracking occurs first, followed by delamination [2]. Many useful techniques
have been successfully devised to improve delamination resistance in the past three decades, namely
three-dimensional (3D)-weaving, stitching, braiding, embroidery, Z-pin anchoring, fiber hybridization,
toughening the matrix resin, and interleaving with tough polymer, short fibers or micro-scale particles.
These methods enhanced the interlaminar properties but at the cost of in-plane mechanical properties [3].
Multiwall carbon nanotube-reinforced carbon-fiber laminates have better energy absorption capacity
as compared to neat carbon-reinforced fiber laminate [4]. On the other hand, glass-fiber composites
exhibited evident delamination between the plies, matrix transverse cracks within plies, and significant
fiber damage at relatively low impact energies [5].

Several low-velocity impact tests considering target size, projectile diameter, and test temperature
were carried out by many authors to determine the response of four different combinations of
hybrid laminates to low-velocity impact loading using an instrumented impact testing machine [6–9].
Impact resistance is proportional to the thickness of the composite panel, and it was not affected by the
geometry of the plate.

New types of fiber materials and different staking were considered [10]. Fiber metal laminate
exhibits outstanding impact absorption capacity under various energy levels, where its energy
resistance is lower than standard woven fabrics [11]. There is a recent increase in the use of ecofriendly,
natural fibers as reinforcement for the fabrication of lightweight with an increasing trend in research
publications and activity in the area of basalt fibers. Natural fiber composite has the potential to be
widely applied in the alternative to fiberglass composites in sustainable energy impact-absorption
structures [12,13]. Deposition of micro- and nano-fillers, such as aluminum powder, colloidal silica,
and silicon carbide powder, in glass fiber-reinforced epoxy composites can enhance the impact resistance



J. Compos. Sci. 2020, 4, 148 3 of 19

and impact energy absorption of the hybrid composite laminates [14,15]. Microencapsulated epoxy
and healing agents can be incorporated into a glass fiber-reinforced epoxy matrix to produce a polymer
composite capable of self-healing with excellent mechanical strength [16–19].

Sensitivity analysis is one of the approaches that can be used to ascertain the degree of influence
of various mechanical and material parameters on the impact performance of the composite laminated
plates. Many researchers have tried optimization of the impact performance of the composite plates
using the design of experiment (DOE) and artificial neutral network (ANN) model with Finite Element
Modelling (FEM) techniques. Based on several studies using ANN models to find the optimal laminate
combination, the low-velocity impact resistance of fiber-reinforced polymer composite plates depends
more significantly on the thickness and the stacking sequence and the effect of the elastic moduli of the
fibers. At the same time, the matrix has less effect than the strength of the fiber and matrix materials of
the composite [20–23].

Analysis of absorbed energy and velocities during impact testing of composites may not be all that is
needed for characterization. For damage mechanism characterization and type of failure identification,
post-impact analysis is required to be carried out for the damaged sample [24]. Several techniques
were tried and tested and have been proven to provide useful results to characterize the damaged
areas in a polymer composite resulting from a low-velocity impact. Visual inspection can be used to
analyze the impact tested samples for specific damage types that include dent/depression, cracking/

splitting, fiber failure, and delamination. Correlation between detected volumes and absorbed energy
using optical measurement is an excellent tool to estimate impact effects [25]. Nowadays, plenty of
Non-Destructible Testing (NDT) techniques are investigated for composite inspection [26–31]. Infrared
thermography has shown great potential and advantages, which has greater inspection speed, higher
resolution and sensitivity, and detectability of inner defect due to heat conduction.

Finite element modeling and simulations are commonly used as well to evaluate the impact
resistance of single- and multi-layer fibers [32]. The finite element (FE) model, in conjunction with
the material model, is capable of capturing the behavior of composite for multi-layer and staking
configurations under low-velocity impact [33,34].

Others have comprehensively studied the behavior of low-velocity impact on the composites in
the literature. However, the current work aims to investigate the impact response of the angle-ply
laminated plates using different fibers (carbon and glass). A combination of two types of fibers was
also examined. Several types of stacking sequence and resin were considered. Absorbed energy-time
curves were presented to understand the behavior of the low impact velocity loading. A flowchart of
the entire procedure, experimental and modeling, is given in Figure 1.
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2. Experimental Work

2.1. Materials and Specimen Preparation

The materials in this study consist of woven carbon, glass, and mixed fiber-reinforced laminates,
which were manufactured with an asymmetric, quasi-isotropic layup of plies. The glue ratio was 1.1
for the carbon and 0.6 for the glass fiber. Different ply thicknesses and resin types were also considered.
Table 1 summarizes the detailed information for the 19-symmetric laminated composite plates that
were impact tested. Different stacking sequences characterized these composites. The amount of
fiber and resin for each specimen was also considered with different ratios. Note that C stands for
carbon-fiber, G stands for glass-fiber, and M stands for mixed-fiber. For matrix material, three types
of resin were used, which are epoxy, phenolic (PH), and polyester (PL). The final size of each test
specimen is 129 mm by 129 mm.

Table 1. Properties of composite laminates.

Sample No. Fiber Type
(Matrix)

Glue Type
(Resin)

Percent Age
of Fiber

Percent Age
of Epoxy

No. of
Layers Stacking Sequence

Measured
Thickness

(mm)

C1 Carbon Epoxy 42.48 57.52 16 [90/−60/−30/0/90/−60/−30/0]s 3.3

C2 Carbon Epoxy 43.59 56.41 16 [90/0/45/−45/90/0/45/−45]s 3.8

C3 Carbon Epoxy 45.49 54.51 20 [45/−45/90/0/45/−45/90/0/45/−45]s 4.7

C4 Carbon Epoxy 45.74 54.26 24 [90/0/45/−45/90/0/45/−45/90/0/45/−45]s 5.5

C4 PH Carbon Phenolic 45.74 54.26 24 [90/0/45/−45/90/0/45/−45/90/0/45/−45]s 5.15

C4 PL Carbon Polyester 45.74 54.26 24 [90/0/45/−45/90/0/45/−45/90/0/45/−45]s 5.5

C5 Carbon Epoxy 47.68 52.32 28 [45/−45/90/0/45/−45/90/0/45/−45/90/0/45/−45]s 6.4

C6 Carbon Epoxy 47.58 52.42 32 [90/0/45/−45/90/0/45/−45/90/0/45/−45/90/0/45/−45]s 7.4

C7 Carbon Epoxy 45.52 54.48 28 [−45/−60/60/45/−45/−60/60/45/−45/
−60/60/45/−45/−60]s 6.6

C8 Carbon Epoxy 50.00 50.00 32 [60/45/−45/−60/60/45/−45/−60/60/45/−45/−60/60/
45/−45/−60]s 7.3

G1 Glass Epoxy 50.04 49.96 24 [90/0/45/−45/90/0/45/−45/90/0/45/−45]s 4.9

G1 PH Glass Phenolic 50.04 49.96 24 [90/0/45/−45/90/0/45/−45/90/0/45/−45]s 5

G1 PL Glass Polyester 50.04 49.96 24 [90/0/45/−45/90/0/45/−45/90/0/45/−45]s 4.7

G4 Glass Epoxy 52.51 47.49 24 [90/−60/−30/0/90/−60/−30/0/90/−60/−30/0]s 5.1

G5 Glass Epoxy 58.79 41.21 36 [−30/−45/45/30/−30/−45/45/30/−30/−45/45/30/−30/
−45/ 45/30/−30/−45]s 7.1

G6 Glass Epoxy 66.60 33.40 36 [45/−45/90/0/45/−45/90/0/45/−45/90/0/45/
−45/90/0/45/−45]s 7.4

M1

Mixed
Carbon–Glass

(2 C in
the Middle)

Epoxy 62.50 37.50 32 [60/45/−45/−60/60/45/
−45/-60/60/45/−45/−60/60/45/−45/−60]s 6.5

M2

Mixed
Carbon–Glass

(2 C in
the Bottom)

Epoxy 62.53 37.47 32 [60/45/−45/−60/60/45/
−45/−60/60/45/−45/−60/60/45/−45/−60]s 6.7

M3

Mixed
Carbon–Glass

(2 C in
the Top)

Epoxy 64.51 35.49 32 [60/45/−45/−60/60/45/
−45/-60/60/45/−45/−60/60/45/−45/−60]s 6.7

2.2. Low-Velocity Impact Testing

The low-velocity impact tests were performed by an INSTRON Dynatup 9250G (Norwood, MA,
USA) drop tower. The impact machine was equipped with a hemispherical impactor head with a
diameter of 1 inch. During this test, two types of damages can occur. The first is visible impact damage
(CVID), which can easily be seen by the naked eye. The second is barely visible impact damage (BVID),
which requires equipment or techniques to capture it. Weights are added to alter the energy of the
impact. For all impact tests in this study, the mass of the impactor was 9.2 kg with a constant impact
energy level of 20 J, which corresponds to an impact velocity of 2.06 m/s. The impact velocity was
measured by a photocell device that is placed in the path of the striker before the impactor strikes
the composite plates. The strains measured during impact were loaded into the acquisition software.
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The force-time history was measured from the point of initial contact with the plate until the impactor
leaves the plate. The energy was calculated from the integration of the force-time signal. The data
acquisition system recorded the force-time and energy-time histories. Two rebound arrestors were
located on both sides of the composite plate to avoid multiple impacts after the striker rebounds on
the plate.

The arrestors were pneumatically actuated, and spring up to separate the impactor from the
composite plate after the first impact. Figure 2a shows a schematic picture of the drop weight
test. The composite plates to be impacted were positioned under the drop tower using an
in-house manufactured specimen fixture where the exposed composite area within the fixture is
110 mm × 110 mm. The composite plates were clamped along all edges. Clamping force was provided
by steel plates on the top and bottom edges, as shown in Figure 2b. The clamping force was applied by
tightening two bolts at the edge of the fixture.
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For the FE model, the plate impact theory is based on the developed theory by Jang et al. [35].
Newton’s second law is used, and the solution for acceleration a(t) is given by:

a(t) = g−
P(t)
M

(1)

where g is the gravitational acceleration constant, P(t) is the load as a function of time, and M is
the mass of the impactor. At the time when the impact testing starts, t = 0 which is known as the
initial conditions,

v(t) = V at t = 0

x(t) = 0 at t = 0

where V is the velocity just before impact. The acceleration equation can be integrated to obtain an
expression for v(t), and then the velocity equation can also be integrated to obtain a solution for x(t):

v(t) = V +

∫ t

0
g−

P(t)
M

dt (2)

x(t) = 0 +
∫ t

0
v(t)dt (3)
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It is important to remember that the x(t) equation works as long as the composite plate is not
punctured. Once we get x(t), it is easy to solve for the absorbed energy “Eabsorbed” as a function of time.

E(t) =
∫ t

0
P(t)v(t)dt (4)

The integration of the energy equation between zero and t, where the impactor is no longer in
contact with the composite plate, yields the total energy (Etotal). The initial velocity vo is given as a
function of gravity and freefall height H as:

vo =
√

2gH (5)

Impactor velocity v and displacement x are calculated by integrating the impact force:

v(t) = vo −

( 1
m

) ∫ t

0
P(t)dt (6)

x(t) =
∫ t

0

vo −

( 1
m

) t∫
0

P(t)dt

dt (7)

The kinetic energy of the impactor and the absorbed energy are given by:

Eimp =
1
2

mv2 (8)

Eab(t) =
1
2

mv2
o −

1
2

m
(
vo −

( 1
m

) ∫ t

0
P(t)dt

)2

(9)

Different results can be obtained from the low-velocity impact test. Typical time versus impact
energy and peak loads plots are illustrated in Figure 3 [36]. For the impact energy-time history curve,
the highest peak of the curve shows the maximum impact energy, and the end of the curve shows
the absorbed energy. The maximum impact is the first impactor kinetic energy, and as the impactor
contacts the plate, part of the energy is transferred to the plate. At the end of the impact, not all of
the initial kinetic energy is returned to the impactor as part of it is absorbed by processes like plastic
deformation and failure of the composite plate. The impact force can be defined by the reaction force
between the composite plate and the impactor.J. Compos. Sci. 2020, 4, x 7 of 19 
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3. Experimental Results and Discussion

3.1. Low-Velocity Impact Testing

The impact tests were performed using an INSTRON Dynatup 9250G drop tower to determine the
amount of impact energy lost in damage during the impact process for each of the defined cases listed
in Table 2. Figures 4 and 5 summarize the measured absorbed energies and peak loads, respectively,
for all composite samples.

Table 2. Low-velocity impact properties of composite samples.

Sample No. Peak Load (kN) Deflection at Peak Load (mm) Absorbed Energy (J)

C1 4.48 4.97 15.68
C2 4.10 4.69 16.27
C3 5.83 4.67 14.25
C4 7.66 3.42 12.75

C4 PH 5.62 6.63 13.78
C4 PL 8.34 4.16 11.18

C5 9.57 3.03 12.89
C6 11.25 2.68 10.69
C7 9.45 3.18 12.62
C8 11.44 2.73 14.16
G1 7.59 4.90 9.01

G1 PH 5.53 7.47 13.20
G1 PL 7.57 4.97 9.49

G4 7.45 4.76 10.22
G5 10.09 3.24 9.46
G6 9.66 3.19 11.08
M1 9.66 3.19 11.08
M2 8.74 3.53 11.51
M3 8.91 3.47 11.28J. Compos. Sci. 2020, 4, x 8 of 19 
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3.2. Carbon Fiber-Reinforced Polymer (CFRP) Plates

Table 3 and Figure 6 summarize the measured absorbed energies for the tested carbon-fiber plates.
The tests show that the impact resistance was affected by the thickness of the plate and the number
of plies. It is clear that carbon-fiber composite samples C1, C2, and C3 exhibit the highest absorbed
energy. Carbon-fiber plate C2 has the highest measured absorbed energy, then C1, C3, C4 PH, C4, C5,
C4 PL, and C7, while C6 has the lowest absorbed energy. The maximum impact force is found to be
approximately 11.45 KN for carbon-fiber composite sample C8, while the minimum impact force was
measured for carbon-fiber sample C2. The higher impact force is attributed to the energy release due to
the composite damage (delamination and matrix cracking). It worth mentioning that there are almost
negligible differences in the measured absorbed energies for C5, C4 PL, and C7.

Table 3. Low-velocity impact test conditions and results for carbon-fiber plates.

Sample No. Absorbed Energy (J)

C1 15.68
C2 16.27
C3 14.25
C4 12.75
C5 12.89
C6 10.69
C7 12.62
C8 10.76
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In general, a further increase in the overall thickness of the carbon-fiber plate, either through an
increase in layer thickness or by increasing the number of layers, resulting in a decrease in performance.
Physically, when the thickness of the composite plate is small, the plate behaves more like a membrane
and stretches during impact until all the kinetic energy is transferred to the plate. Then, it pushes back
the impactor giving some of the energy back to the impactor, where the rest is dissipated in the form
of damage within the plate. The more the thickness of the plate is increased, the stiffer it becomes,
and the ability to bend under impact loads is reduced, which increases the bending stress, and hence,
the plate suffers more damage. At very high thickness, the plate becomes very strong, which results in
deficient amounts of energy absorbed.

Moreover, the energy absorbed in the carbon composites changes with the change in stacking
sequence due to the stress redistribution within the laminate. The results show that the minimum
amount of energy absorbed is for the case where the laminate configuration is such that the laminate
behaves as quasi-isotropic material. The number of layers does not show a linear relation like the
stacking sequence. Increasing or decreasing the number of layers by 5%, while keeping the total
laminate thickness constant, results in an increased impact energy absorption. Hence, it can be deduced
that there must be an optimal number of layers for a fixed thickness, which gives the best impact
performance. Thus, there must be an optimal condition for which the amount of absorbed energy and
the resulting damage is minimized.

3.3. Glass Fiber-Reinforced Polymer (GFRP) Plates

Table 4 lists the absorbed energies for the glass-fiber plates, while Figure 7 shows the time history
of these measured absorbed energies. It was found that G1 PH has the highest measured absorbed
energy than G1 PL, G4, G1, G6, while G5 has the lowest absorbed energy. It was expected that the
composite plates with glass fiber as the reinforcement material would behave in a similar way to the
carbon fiber-based plates. However, it was noticed that the increase in thickness of individual layers
increases the absorbed energy. Also, higher energy absorption is seen in [45/−45/90/0]s glass-fiber
plates than other stacking sequences, which agrees with the high measured forces of [45/−45/90/0]s
glass-fiber composite plate.

Table 4. Measured absorbed energies for glass-fiber plates.

Sample No. Absorbed Energy (J)

G1 9.00
G4 10.22
G5 9.45
G6 11.08
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Delamination, crack, or indentation are usually the observed damage forms. If the energy absorbed
by the specimen is not too high, the impactor is pushed back, and a rebound occurs. In the case of
a rebound, the first drop of force indicates damage to the first material, and the second force drop
indicates the failure of the first laminate. Figure 8 shows the extent of the damage for the glass-fiber
composite samples (G1, G4, G5, and G6) from the front and back sides. The extent of the damage with
the measured absorbed energy can be correlated where the glass-fiber plates with higher absorbed
energy show less damage, as in the case of G4.
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3.4. Mixed Fiber-Reinforced Polymer Plates

To understand the relation between the placement of the inclusions and the impact performance,
different placements were tried for the carbon layers in the composite plate that mainly consisted
of glass fibers. The inclusion of other materials alone cannot guarantee a better performance of the
structure, and the placement of the fibers is equally critical. Since the material to be included is
based on superior strength and better performance, it should be placed where the damage initiates.
The following different combinations were tested with the position of woven carbon lamina as the
middle two layers, bottom two layers, and top two-layer. For the aforementioned mixed composite
combinations, the glass-fiber composite with two carbon-fiber plies on the bottom has the highest value
of the absorbed energy in compression with the same plate with carbon-fiber plies in the middle or at
the top. However, the difference is not that pronounced, as can been seen from Table 5 and Figure 9.

Table 5. Low-velocity impact test conditions and results for mixed-fiber plates.

Sample No. Materials Type Absorbed Energy (J)

M1 Mixed Carbon–Glass (2 Carbon plies in the middle) 10.82
M2 Mixed Carbon–Glass (2 Carbon plies in the bottom) 11.51
M3 Mixed Carbon–Glass (2 Carbon plies in the top) 11.28

3.5. Effect of Resin Type

A satisfying result was obtained for absorbed energy time given in Table 6 for glass and carbon-fiber
plates using different types of resin. It was found that the plate with phenolic resin gives the highest
absorbed energy when compared to the epoxy and polyester resins for both glass and carbon composite
plates. Moreover, when the force-time history is investigated, the results indicate that composite plates
with phenolic resins have the highest resisting force (low peak load), while the composite samples
with epoxy and polyester resins have the lowest resisting forces.
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Table 6. Low-velocity impact test conditions and results for glass- and carbon-fiber plates with
different resins.

Sample No. Fiber Type Glue Type (Resin) Peak Load (kN) Absorbed Energy (J)

G1 Glass Epoxy 7.59 9.00
G1 PH Glass PH 5.53 13.20
G1 PL Glass PL 7.57 9.49

C4 Carbon Epoxy 7.66 12.75
C4 PH Carbon PH 5.62 13.78
C4 PL Carbon PL 8.34 11.18

Figure 10 shows the surface of the glass-fiber composite plates with different resins (epoxy,
polyester, and phenolic) that was tested at the same energy levels. The figure reveals that the plate
with phenolic resin shows minimal damage in both the top and bottom sides of the plates. The damage
of the glass fiber with epoxy and PL resin samples is observed on both sides of the plate. It is also
observed that the damage distribution is much more abundant in the glass-fiber plate with polyester
resin than in the glass-fiber epoxy plate.
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4. Finite Element Modeling

The composite plates were modeled using 3-D shell elements as an area without thickness.
The thicknesses and orientations were given as the composite layup data using ANSYS ACP
(Canonsburg, PA, USA). The striker was modeled as a 3-D rigid body. Frictionless contact between
striker and plate was considered. The amount of damage was calculated as the loss in the kinetic
energy of the striker. The FE model is shown in Figure 11.
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In this work, the fixed composite plate was subjected to impact loading represented by the
dropped object at a velocity of 2.06 m/s. The impactor (12.7 mm in diameter) was modeled as a rigid
hemispherical body. The mechanical properties of the glass and carbon fiber-reinforced composites
are listed in Table 7. The initial velocity and mass of the striker were set depending on the energy
level considered. The impactor was constrained to movement within 5 degrees of freedom (x and y
translations and 3 rotations) and was allowed to move only in the -y-direction. A sufficient density of
7860 kg/m3 was assigned to the rigid impactor.

Table 7. Material properties of epoxy e-glass woven and epoxy carbon woven [37,38].

Property Epoxy E-Glass Woven Epoxy CarbonWoven

Density (kg/m3) 2000 1540

Elastic Properties

E1 (MPa) 50,000 400,000
E2 (MPa) 8000 30,000
E3 (MPa) 8000 30,000

G12 (MPa) 5000 6000
G23 (MPa) 1000 4000
G13 (MPa) 5000 6000

ν12 0.3 0.3
ν23 0.4 0.4
ν13 0.3 0.3

Ply Strengths

Xt (MPa) 750 5000
Yt (MPa) 270 2500
Zt (MPa) 270 5000
Xc (MPa) 750 5000
Yc (MPa) 270 2500
Zc (MPa) 270 5000
S12 (MPa) 70 400
S23 (MPa) 30 200
S13 (MPa) 70 400
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The Probabilistic Design System (PDS) module of the commercial finite element software ANSYS
was used for the Monte Carlo simulation. A total of 1000 analysis loops are run to obtain the output
parameters as a function of the set of random input variables. The 19 plates were manufactured and
then tested based on previous work using the Monte Carlo method for random variables to evaluate
the effect of variability in the governing parameters for the outcome of the experiment. We selected the
von Mises equivalent stress as the outcome of the numerical experiment for the new proposed plates
design. To determine the mesh size of elements in finite element modeling, a convergence test was
conducted on several cases of the models where Table 8 shows the convergence case for 20 J impact
testing. To determine the size of elements in finite element modeling, a convergence test was conducted
on several cases of the models where Table 8 shows the case for 20 J impact testing. The analysis
showed that, the optimum mesh size was when we selected the axial edge sizing to be 100 divisions
with a bias factor of 2.

Table 8. Mesh convergence check for 20 J case.

No of Division for the Axial
Edge Sizing Bias Factor No. of

Elements
Finite Element Modelling

(FEM) Absorbed Energy (J)

10 3 100 12.89
25 3 625 11.47
50 3 2500 11.37
75 3 5625 11.13
100 2 10,000 10.68
125 3 12,500 10.68
150 3 15,000 10.68

The simulation was accomplished through a concept known as birth and death of elements in
ANSYS. To achieve the “element death” effect, the ANSYS program does not actually remove “killed”
elements. Instead, it deactivates them by multiplying their stiffness by a severe reduction factor (ESTIF).
This factor is set to 1.0 × 10−6 by default. An element’s strain is also set to zero as soon as that element
is killed. In like manner, when elements are “born”, they are not actually added to the model; they are
simply reactivated. When an element is reactivated, its stiffness, mass, element loads, etc. return to
their full original values.

Contact between the impactor and the whole laminate composite was simulated using the
automatic-surface-to-surface penalty-based contact algorithm to accommodate impact initiation and
progress. A contact criterion based on 0.01 mm of the normal distance between the contact surfaces
was adopted for the simulation. The loads and boundary conditions are shown in Figure 12. The finite
element model is generated in ANSYS ACP for angle-ply laminate having different stacking sequences.J. Compos. Sci. 2020, 4, x 14 of 19 
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Table 9 lists a comparison of the absorbed energy response, while Figure 13 shows the absorbed
energy-time history of the fiberglass plate G4 and Carbon-fiber plate C1 for the case of 20 J obtained
by the experiment and by the FE model. The FE results are very close to the experimental values for
the final absorbed energy, with an error of less than 9%. This means that the test results validate the
FE model. Hereafter, the FE model can be used to perform a parametric analysis; this indicates that
the developed FE model can reasonably predict the actual behavior of any composite plate under
low-velocity impact loading. The difference in the starting energy time is due to the placement of
the impactor close to the plate during modeling to optimize the computational time, whereas in the
experiments the impactor falls from a height based on the required energy, which is 20 J in this case.
The effect of gravity was considered on the calibration cases for C1 and G1 plates. This is done by
including the gravity as an initial condition for the system then by suppressing this feature during
analysis. It was found that it is acceptable to ignore gravity as the impact process was performed
in a fraction of a second. Including the gravity affects the absorbed energy steady-state line as the
bouncing of the impactor decreases with time due to the gravity, and hence the slight inclination in the
steady-state line of the absorbed energy.

Table 9. Comparison between the experimental and FE measurement for the absorbed energies.

Sample No. Experimental Absorbed
Energy (J)

FEM Absorbed
Energy (J) ∆E (J) Percentage %

C1 15.68 16.90 1.28 8.20
G1 10.16 10.68 0.52 5.07
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5. Proposed Design for Composite Plates

It can be concluded from the 19 plate designs and the low-velocity impact tests that the best plate
designs with high impact resistance (high absorbed energy), as shown in Table 10, have fewer layers
(smaller thickness) with a stacking sequence of [90/0/45/−45]s or [60/45/−45/−60]s. The use of phenolic
as a resin gave high impact resistance among all the impacted plates. However, the use of phenolic
resin was avoided for the proposed cases as it is costly and not easy to use in manufacturing. Therefore,
all cases were modeled with glass-fiber epoxy, as presented in Table 11. The following combinations
were adopted for the new designs:

• 16 layers and 24 layers with 3.8 mm and 5 mm plate thickness, respectively.
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• Stacking sequence of [90/0/45/−45]s and [60/45/−45/−60]s.

Table 10. Summary of the experimental results for high-performing cases with high absorbed energies.

Sample No. Peak Load (kN) Deflection at Peak Load (mm) Absorbed Energy (J)

C2 4.10 4.69 16.27
C1 4.48 4.97 15.68
C8 11.44 2.73 14.16

G1 PH 5.53 7.47 13.20
M2 8.74 3.53 11.51
G6 9.66 3.19 11.08
G4 7.45 4.76 10.22

Table 11. Proposed new plate designs.

Case No. No. of Layers Thickness (mm) Staking Sequence Resin/Fiber

Plate-1 16 3.8 90/0/45/−45 Glass Epoxy Woven
Plate-2 16 3.8 60/45/−45/−60 Glass Epoxy Woven
Plate-3 16 5.144 90/0/45/−45 Glass Epoxy Woven
Plate-4 16 5.144 60/45/−45/−60 Glass Epoxy Woven
Plate-5 24 3.8 90/0/45/−45 Glass Epoxy Woven
Plate-6 24 3.8 60/45/−45/−60 Glass Epoxy Woven
Plate-7 24 5.144 90/0/45/−45 Glass Epoxy Woven
Plate-8 24 5.144 60/45/−45/−60 Glass Epoxy Woven

Modeling of the proposed new plate designs reveals that, as shown in Table 12, Plate-7 (with
24 fiberglass plies and a stacking sequence of 90/0/45/−45) has the best design from the impact point
of view with predicted absorbed energy of 11.753 J. Figure 14 shows the maximum von Mises (VM)
stress distribution for all proposed plate designs, where plates with [60/45/−45/−60]s have lower von
Mises stresses when they compared with the plates of [90/0/45/−45]s stacking sequence. In general,
[90/0/45/−45]s stacking sequence performed better in impact resistance than [60/45/−45/−60]s for all the
simulated cases. Moreover, this design is better than the manufactured fiberglass plates.

Table 12. Summary of the predicted absorbed energy for the new proposed designs.

Case No. FE Absorbed Energy (J)

Plate-1 9.99
Plate-2 7.47
Plate-3 11.29
Plate-4 9.54
Plate-5 8.87
Plate-6 8.59
Plate-7 11.75
Plate-8 10.44
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6. Conclusions

In this study, the low-velocity impact behavior of laminated carbon-, glass-, and mixed-fiber plates
with different types of resin was investigated experimentally and numerically. The results presented in
the current study give an insight into the effects of the considered parameters on the impact-resistance
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performance. Several types of stacking sequence at constant impact energy are considered in order to
investigate the behavior of composite structures. The main conclusions of the study are:

The amount of energy absorbed (impact performance) varies significantly for the variations in the
thickness of a single layer, number of layers, and stacking sequence.

The experimental test data showed an increased energy absorption for the composite plates made
with phenolic resin.

The carbon-fiber/epoxy composite plate has better impact resistance compared to the
glass-fiber/epoxy composite plate due to the higher measured absorbed energies of the
carbon-fiber/epoxy.

Visual inspections showed a large extent of damage was observed on the polyester and epoxy
resin plates when they are compared with the same plates made with phenolic resin.

The effect of the carbon-fiber plies location for the mixed plates was not exceptionally pronounced.
The stacking sequence with [90/0/45/−45]s was better than [60/45/−45/−60]s in terms of impact

resistance, as concluded from the simulated cases.
The results that were captured from the current work provide a motivation to further examine

the samples in the future in order to determine the damage morphology under scanning electron
microscopy. Moreover, the results from this study help researchers in designing composite laminated
plates with better impact resistance. The results allow for a more methodical approach in selecting
the parameters to vary in order to achieve better impact performance of composite laminates against
low-velocity impact loadings.
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