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ABSTRACT

Nowadays, composite materials are increasingly used in the most diverse areas of engineering, where non-planar
geometries begin to be quite frequent. However, the existing knowledge about its mechanical performance is still
not enough for structural applications. Therefore, experimental tests were carried out to study the thickness
effect on static compression and multi-impact response of laminated E-glass/Polyester semicylindrical shells. For
this purpose, specimen with thicknesses of 1.1 mm, 1.6 mm and 2.1 mm (corresponding to 6, 9 and 12 woven
fabric layers) were considered. In terms of static response, higher thicknesses are responsible for higher
compressive strength and stiffness, reaching, in the first case, differences of 252.6 % between the thinnest and
thickest shells. Regarding the multi-impact response, the impact fatigue life increases 17.4 times for the analysed
thickness range, which can be explained by the different damage mechanisms observed. It was observed that
impact damage becomes more localized with increasing thickness, because the energy is dissipated by more

interfaces.

1. Introduction

Composite material structures are often submitted to low and/or
high-velocity impact loads. An aircraft, for example, can experience
impact loads due to a falling tool during maintenance, the projection of
debris from the runway during the take-off or landing, or bird impacts.
These types of events cause very localised damage with high-stress
concentrations around the impact point.

The sequence of events in impact damage can be classified into two
stages: appearance of microcracks in the matrix and respective propa-
gation to a neighbouring interface leading to delamination [1]. In a
localised impact, the energy is dissipated by the elastic deflection, de-
formations due to contact, fracture mechanisms, stress propagation,
vibrations, and inertia [2]. However, for low-velocity impacts, the first
three forms are preponderant and at the level of damage mechanisms,
the main failure modes are matrix cracking, delamination, fibre failure
and perforation [3-8]. In terms of delaminations, it is recognized that
different bending stiffnesses between adjacent layers with different
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orientations are decisive for their triggering [9], but they only occur in
presence of matrix cracking and after a certain amount of failure energy,
below which, the energy is absorbed in the elastic regime of the com-
posite laminate [5,10,11]. Therefore, under these conditions, the
delaminated area increases with increasing the difference between the
orientations of adjacent layers [6,10,12,13].

The low-velocity impact phenomenon has been extensively studied
and conveniently reported in the bibliography for planar geometries
(plates), but for non-planar geometries (such as curved, cylindrical, and
spherical shells) the available literature is still scarce. Basically, the
published works focus on numerical and experimental studies reporting
the influence of geometric parameters, boundary conditions and
different materials/lay-up configurations on the impact response of
semicylindrical composite laminates. For example, the influence of
thickness and radius of curvature of semicylindrical composite lami-
nates was studied in [14-21], and it was concluded that increasing
thickness promotes an increase in stiffness and, consequently, higher
impact loads and smaller deflections and contact times are obtained
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[15,17,21]. It was also observed that larger curvature radius lead to
higher stiffness values, which translates into increased load and
decreased contact time [15,16,19-21]. This behaviour of cylindrical
shells was object of analysis by Kistler [21]. The author stated that this
behaviour may be explained by considering the large deformation
response of a cylindrically curved panel under a centrally applied point
impulsive load with focus on the stiffness relaxation exhibited in the
force—deflection response, which for some cases is like the dynamic
stability phenomenon observed in thin, shallow, clamped, spherical
shells. However, the curvature has less influence on the impact load
magnitude and damage size than the variation in impactor’s mass or
impact velocity [14,18].

The effect of boundary conditions was studied in [1,15,22,23] and it
was observed that both simply supported and fixed ends promote very
similar impact loads up to the peak load, from which it changes. The use
of fixed ends increases the stiffness of the composite laminate regardless
of the curvature, and the damage is higher with increasing curvature.
This behaviour is detailed in the study by Kistler and Waas [15] where
large deformations curved quasi-isotropic panels subjected drop weight
impact tests were investigated for simply supported or clamped
boundary conditions.

Previous studies were performed by the authors in which the single
impact and static response of semicylindrical composite shells was
evaluated [24,25]. The hybridisation effect (laminate composite shells
composed by different types of fibres), and the thickness effect on carbon
composite sandwich cylindrical shells incorporating a cork core were
studied in [24] and [25], respectively. It was observed that the impact
performance and the compressive static strength are significantly
affected by the shells configuration and that increasing the thickness of
shell results in higher values of impact load and stiffness, while the
displacement decreases. The effect of the distance between neighbour
impacts on semicylindrical composite shells was studied in [26] and it
was observed that there is a critical distance beyond which there is no
influence on the impact fatigue life.

From this literature review, it is noted that most of the existing
studies only address the thickness effect on single impacts. Therefore,
the main goal of this study is to investigate the thickness effect on the
multi-impact response of composite semicylindrical shells. For this
purpose, experimental tests were carried out using semicylindrical shells
with three different thicknesses. The results will be discussed based on
typical curves obtained from these tests and, according to the authors’
knowledge, there are still no studies in literature involving repeated
impacts on composite semicylindrical shells dedicated to. Finally, each
configuration was subjected to a static compression analysis and the
residual strength evaluated after a certain number of impacts.

2. Material and experimental procedure
Composite laminate semicylindrical shells were produced by hand

lay-up with dimensions and mould shown in Fig. 1. For this purpose, an
AROPOL FS 1962 polyester resin and a MEKP-50 hardener were used, a
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system that was reinforced with bi-directional E-glass woven fabric
(taffeta with 210 g/mz). More details about the resin can be found in
[27]. Semicylindrical shells with different thicknesses (t) were pro-
duced. It was considered t = 1.1 mm, 1.6 mm, and 2.1 mm (with a
standard deviation of 0.06 mm), which correspond to 6, 9 and 12 woven
fabric layers, respectively.

After the impregnation phase, the system was placed inside a vacuum
bag and subjected to vacuum for 4 h with a maximum pressure of 0.5
mbar to eliminate any air bubbles existing in the composite, as well as to
maintain a constant fibre volume fraction and a uniform thickness.
Finally, the semicylindrical shells were cured for 24 h at 40 °C and,
subsequently, cut to 100 mm in length to obtain the specimens used in
the experimental tests. Given the manufacturing (vacuum process) and
curing process employed, the springback effect was measured and no
significant changes were observed (less than 1 % variation). The cuts
were performed with a diamond saw with controlled speed and feed to
minimize delamination in the specimens.

Low-velocity impact tests were carried out using a drop weight
testing machine IMATEK-IM10. More details of the impact machine can
be found in [23], and an impactor diameter of 10 mm with a mass of
2.826 kg was used. According to Fig. 2, the specimens were free sup-
ported on the curved edges and the straight edges were simply sup-
ported. The impact tests were supported by ASTM D7136 standard and
using a previously selected 5 J energy to promote visible damage, but
without perforation of the specimens. Notice that perforation occurs
when the impactor completely passes through the specimens. The
impact load, the displacement and the absorbed energy results were
directly obtained from the testing machine, and the IBS was calculated
from the impact load-displacement curves. Notice that the IBS is defined
by the slope of the ascending branch of the load-displacement curve
[28], proving to be an essential tool for evaluating the damage resistance
of a composite [28,29].

Finally, the static compressive strength for different configurations
was obtained using a universal testing machine Shimadzu AG-100, with
the same support and impactor used in the low-velocity impact tests. A
displacement rate of 3 mm/min was used, and the displacement values
were obtained directly from the crosshead displacement, which is

Fig. 2. Schematic representation of the supports used in the experimental tests.
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Fig. 1. a) Geometric parameters of the specimens and of the impactor. b) Mould used to obtain the semicylindrical shape.
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automatically measured by the testing equipment with an accuracy of +
0.01 mm.

The impact and static tests were performed at room temperature.
Three specimens were experimentally tested for each configuration (6, 9
and 12 layers) for both the impact and the static tests, which corre-
sponds to a total of 18 tested specimens.

A representation of the support used in the experimental is shown in
Fig. 2.

3. Results and discussion
3.1. Static characterization

The static performance of semicylindrical composite laminates was
obtained by compression tests, and Fig. 3 shows the typical
load-displacement curves obtained for the different thicknesses ana-
lysed. It is possible to observe that increasing the thickness promotes
higher collapse loads and longer linear regimes. For example, thick-
nesses of 1.1 and 1.6 mm lose linearity for displacements higher than 1
mm, while for 2.1 mm this value is around 4 mm. In addition, increasing
the thickness also increases the stiffness of the shells.

The maximum average loads obtained from the curves shown above
are illustrated in Fig. 4. Symbols represent the average values, while the
dispersion bands represent the maximum and minimum values obtained
in each condition. It is possible to notice that for a thickness of 1.1 mm
the collapse load occurs for values of 252 N and for 2.1 mm it reaches
889 N, which corresponds to an increase of around 252.6 %. According
to the results presented, it is also visible that the increase in compressive
strength is linear and capable of being modelled by the mathematical
equation expressed in Fig. 4.

Finally, the damage evolution was also analysed and is shown in
Fig. 5 for the different thicknesses. It is possible to observe that the
damage starts in the region under the indenter and in the upper layers,
propagating later along the fibres and towards the edges. After reaching
the edges, the saturation of the damage leads to its propagation in the
perpendicular direction and from the region where the load is applied. It
is also possible to observe that increasing the shell thickness does not
significantly alter the damage morphology. In this case, new damages
appear parallel to the first ones (along the fibres and towards the edges)
and when those propagating in the perpendicular direction reach a
certain saturation. When the new damages reach the edges of the
specimen, the stiffness drops drastically and, consequently, the collapse
is immediate.
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Fig. 3. Typical load-displacement curves obtained for different thicknesses.
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Fig. 4. Compressive strength versus thickness.

3.2. Multi-impact response

The semicylindrical composite laminates were submitted to low-
velocity impact tests to evaluate the effect of thickness on the impact
strength. Representative load-time and energy-time curves obtained
from the experimental tests are shown in Fig. 6, which are in agreement
with literature [30-32]. These curves contain oscillations that result
from the elastic wave and which are created by the vibrations of the
samples [33,34].

From the load-time curves it is possible to observe that the load in-
creases up to a maximum value (Pp,x) followed by its decrease after the
peak load. Although this behaviour can be observed for all the config-
urations, a more detailed analysis of the curves shows that for the
specimens with 6 and 9 layers, immediately after reaching the Py,
present a sudden drop of the load. This behaviour is a manifestation that
a major damage occurs in these thinner specimens. This can be also
observed in Fig. 7, where the severity of the damage induced by a single
impact is presented for each of the configurations.

Regarding the energy-time curves, it can be noticed that the impact
energy used was not high enough for full perforation, because the
impactor hits the specimen and returns through rebound. In these
curves, the beginning of the plateau corresponds to contact loss between
the impactor and the specimen, and the difference between the
maximum energy and the energy defined by the plateau is the restored
(elastic) component due to impactor rebound [35-37]. Furthermore,
when comparing the energy-time curves, it is possible to observe that
higher thickness values promote higher restored energy and, conse-
quently, higher amount of absorbed energy leads to larger internal
damage. Fig. 7 shows, for example, the failure surface for the various
configurations.

It is possible to observe that both size and shape of the damage
depend significantly on the thickness, which agrees with the studies
developed by Reis et al. [25]. For example, the thinner shells (t = 1.1
mm) show damage along the entire length of the shell, starting at the
impact region, as well as additional damage in regions further away
from the impactor/shell contact zone. For specimens with intermediate
thickness (t = 1.6 mm), the damage is very similar to that observed in
thinner shells, but with less severity. In both cases, cracks in the matrix
are followed by delamination under the impact point [14,18], which
propagates later towards the edges. Finally, for thicker plates (t = 2.1
mm), the damage is localized and confined to the impact point. This
analysis shows that higher thicknesses are responsible for smaller areas
of damage, which is explained by the smaller displacements observed.
According to Zhao and Cho [16], the damage size is related to the total
dynamic deformation. Studies developed by these authors also reveal
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)

Fig. 5. Damage evolution obtained for the different thicknesses: a) t = 1.1 mm; b) t = 1.6 mm; ¢) t = 2.1 mm.

that, compared to flat plates, the damage size is smaller and its position
changes from the lower interface to the upper interface [19]. The
damage first appeared at the top ply and then spread to the bottom
layers, although the maximum damage area is on the upper surface
(under the point of impact). Moreover, increasing the thickness leads to

more interfaces capable of dissipating the impact energy and, conse-
quently, less energy available to increase the damage (i.e., lower dam-
age area). Finally, Kumar [20] observed that matrix cracks essentially
occur in the fibre direction.

Therefore, the thickness proves to be an important parameter in the
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Fig. 6. Impact load-time and energy-time curves for the first impact.

impact response and, according to Garcia-Castillo et al. [38], it is even
one of the main parameters that determine the impact properties. In this
context, a more detailed analysis is carried out at level of maximum
load, maximum displacement, and impact bending stiffness for the first
impact, based on the curves shown in Fig. 3. Fig. 8 shows, for example,
the thickness effect on the average load and maximum displacement,
where the scatter bands represent, respectively, the maximum and
minimum values obtained for each condition.

It is possible to observe that for the range of thicknesses studied, the
maximum impact load and maximum displacement (deflection) present
a linear behaviour. In terms of maximum load, it increases with
increasing thickness and the opposite occurs for maximum displace-
ment. For example, for t = 1.1 mm the maximum impact load is about
487 N and for t = 2.1 mm it reaches 1171 N, which represents an in-
crease of about 140 %. Regarding the maximum displacement, these
values are 25.5 mm and 12 mm, respectively, which represents a
decrease of 52.9 %. These results are in agreement with several studies
available in the literature, which are justified by the increase in stiffness
[15-17,21]. Kistler [21], for example, observed that stiffer structures
present higher impact strength, lower deflection/displacement, and
shorter contact time, while Kistler and Waas [15] and Arachchige et al.
[17,39] found that the impact load increases with increasing thickness
and the maximum displacement and contact time decrease. Finally, for a
better understanding of the stiffness effect on the analysed parameters
(maximum load and maximum deflection/displacement), Fig. 9 shows
the evolution of the impact bending stiffness (IBS) against thickness.

From this figure it is possible to confirm the increase in stiffness with
increasing thickness. For example, for thicknesses of 1.1 mm and 2.1 mm
the IBS is 31.3 N/mm and 122.6 N/mm, respectively, which represents
an increase of 291.7 %. In addition, it is also possible to observe that this
increase in stiffness, for the studied thickness range, follows a second-
order polynomial curve. On the other hand, the damage severity
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observed in Fig. 7 also confirms that IBS can be related to the damage
induced by the impact load.

In terms of multi-impact response, Fig. 10 plots number of impacts to
failure (Nf) versus thickness, a representation similar to that used in
fatigue analysis (SN curves). Mean curve fitted to the experimental re-
sults is also superimposed. Collapse was defined when full perforation
occurs, which is defined when the impactor completely passes through
the samples. Notice that the values in brackets stand for the number of
specimens that suffered full perforation for the considered impact
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Fig. 8. Maximum impact load and maximum displacement after the first
impact for different thicknesses.
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Fig. 7. Damage after the first impact for: a) t = 1.1 mm; b) t = 1.6 mm; ¢) t = 2.1 mm.
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Fig. 10. Number of impacts to failure for different thicknesses.

energy level.

As expected, it is possible to observe that higher thicknesses lead to
longer lives. For example, in terms of average values, full perforation
occurs after 5 and 87 impacts for thicknesses of 1.1 mm and 2.1 mm,
respectively. In this case, the impact fatigue life increases by 17.4 times,
which can be explained by the different damage mechanisms resulting
from the different thickness values. As mentioned above, increasing
thickness increases the number of interfaces and, consequently, in-
creases the dissipated energy [20].

To have a better understanding of the multi-impact response, impact
parameters will be focus of a more detailed analysis. In this context, for
example, Fig. 11 presents the impact load evolution with the multiple
impacts for the different thicknesses. N is the number of impacts for a
given time and Ny is the number of impacts for which failure occurs. In
this representation, the last impact is not shown because full perforation
has occurred.

The impact load evolution is very important because it represents the
value that the composite can tolerate before undergoing major damage
[25,30]. Therefore, as expected, the impact load decreases with the
increasing number of impacts due to damage accumulation [40-44].
Consequently, as shown in Fig. 12, the displacement increases. In fact,
the accumulation of damage is responsible for lower stiffness values,
mainly at the point of impact [40,42,44], which explains the decrease in
maximum load and the increase in displacement observed. However,
when fibre breakage begins to occur, there is a drastic decrease in
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Fig. 11. Evolution of impact load for different thicknesses.
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Fig. 12. Evolution of maximum displacement for different thicknesses.

stiffness and the variation of these parameters is drastic until final fail-
ure. Therefore, typical profiles are expected for these two parameters
(impact load and displacement) which, as shown in Figs. 11 and 12,
evolve inversely with each other. In both cases, due to the severity of
damage [43-45], the experimental data can be fitted by a polynomial of
order two for the smallest thickness (1.1 mm), while for 1.6 mm and 2.1
mm they are fitted by a polynomial of order three.

Analysing in detail the evolution of the impact load, and excluding
the thinnest shells, the first stage represents the first 30 % of the impact
fatigue life and is characterized by a very fast decrease in load due to
occurrence of the first damages (cracks in matrix and delamination/
interlaminar fracture) and their propagation. It is also noted that a
higher thickness leads to a more expressive drop in the impact load
during this regime. Subsequently, the second stage extends up to 80 % of
the impact fatigue life and is characterized by the saturation of damage
initiated in the previous stage, as well as the emergence of new ones. At
this stage, the impact load decreases almost linearly with the number of
impacts. Finally, the third stage is again characterized by an abrupt drop
in load due to high severity of the damages introduced.

Literature reports a strong dependence between these two parame-
ters (impact load and displacement) and stiffness [40], evidence that can
be proven by the evolution of the IBS shown in Fig. 13.

It is possible to observe that, similar to the impact load evolution, the
IBS values obtained for shells with thicknesses of 1.6 mm and 2.1 mm
also present a profile that can be characterized by having three regimes.
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Fig. 13. Evolution of the impact bending stiffness for different thicknesses.
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b)

Fig. 14. Evolution of damage mechanisms as function of impact numbers: a) t = 1.1 mm; b) t = 2.1 mm.

On the other hand, and according to the literature [29,46], impact
bending stiffness (IBS) and damage severity (damage area) are directly
related, although the regimes that describe the evolution of each
parameter are inverse. To prove this evidence, Fig. 14 shows some
photos of the damage evolution related to shells with thicknesses of 1.1
mm and 2.1 mm subjected to damage multi-impacts, and the damage
severity measured by the residual compressive strength shown in
Fig. 15. Residual strength was evaluated only, as an example, for shells
with a thickness of 1.6 mm, whose total perforation (impact fatigue life)
was reached between 12 and 14 impacts.

It is possible to observe a strong dependence of the residual strength
with the number of impacts, which can be expressed by a bilinear model.
Compared to the control specimens (not impacted), the residual strength
abruptly decreases from 511.6 N to 230 N, which represents a decrease
of around 55 %. In terms of impact performance, the previously reported
decrease in static strength (55 %) occurs during the first 50 % of the
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Fig. 15. Residual compressive load versus number of impacts.

impact fatigue life and, for the same fatigue life values, the impact load
decreases by around 48.5 % (see Fig. 11). This analysis proves that the
impact load represents the value that the composite can tolerate before
undergoing major damage [25,30]. Regarding the second regime, which
occurs between the sixth and tenth impact, the decrease in residual
compressive strength is only 8.5 %, revealing that the damage propa-
gates with much less severity than in the first regime. As previously
mentioned, the second phase is essentially characterized by the satura-
tion of the damages initiated in the previous phase, with an almost linear
evolution with the number of impacts, followed by the third regime
where the damages evolve abruptly until the final failure. All this evi-
dence confirms that the evolution of the IBS reflects the evolution of
damage severity very well and can be used as a damage assessment tool
with very good reliability [28,29].

Finally, for a better understanding of the impact damage effect on
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Fig. 16. Typical load-displacement curves for a control specimen and for one
previously subjected to six impacts.
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b)

Fig. 17. a) Damage after six impacts; b) Damage for different values of
compressive load.

residual compressive strength, Fig. 16 compares typical load-displace-
ment curves for a control specimen and for one previously subjected to
six impacts (corresponding to 50 % of the impact fatigue life). Fig. 17
shows the damage evolution for different load levels (A, B, C and D)
represented in the load—displacement curve of the impacted specimen in
Fig. 16.

Defining stiffness as the slope of the initial linear region of
load—-displacement curves, it is possible to confirm that after six impacts
its value is significantly lower than the value observed for the control
samples, as well as the compressive strength. In terms of average values,
the decrease is around 77 % and 55 %, respectively, due to the damage
caused by the impacts. In terms of damage progression, Fig. 17, it is very
similar to that observed in the static tests described above, despite the
propagation being much faster due to the damage introduced by
impacts.

4. Conclusions

In this study, the thickness effect on semicylindrical E-glass woven
fabric/polyester composite laminates was analysed and, for this pur-
pose, low-velocity impact and static compressive tests were performed
on specimens with three different thicknesses.

In terms of static performance, it was possible to conclude that higher
thickness values are responsible by higher collapse loads and stiffness of
the shells. The difference between the thinnest and thickest shells is
about 252.6 %. Based on experimental results, it was possible to estab-
lish a mathematical equation capable of predicting the compressive
strength as a function of thickness.

Regarding the impact response, increasing the thickness leads to
higher stiffness and, consequently, to a higher impact load but less
displacement and contact time. It was also found that the impact load
and displacement have a linear response with increasing thickness,
while the IBS is based on a second-degree polynomial. Moreover,
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increasing thickness leads to less severe damage because energy is
dissipated by more interfaces. Finally, it was possible to observe that
increasing the thickness leads to longer impact fatigue lives, reaching
differences between the thinnest and thickest shells of 17.4 times, which
can be explained by the different damage mechanisms developed in each
configuration.
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