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Impact response of laminate cylindrical shells
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ABSTRACT. Composite laminates subjected to low-velocity impact events on
the through-thickness direction are conveniently studied and disseminated in
the open literature. However, in terms of laminate cylindrical shells this
subject is less common. Therefore, the main goal of the present work is to
study the impact response of laminate composite cylindrical shells composed
by different type of fibres. For this purpose, laminates with different
configurations (6C, 2C+2K+2C and 2C+2G+2C), where the “number”
represents the number of layers used and C=Carbon, K=Kevlar and
G=Glass fibre layers, were analysed in terms of static and impact strength. It
is possible to conclude that both static and impact performance are strongly
influenced by the shells’ configuration. In terms of compressive static
strength, the Kevlar hybrid shells present values 53.2% higher than the 6C
shells, while the glass hybrid shells present values 17.3% lower. The impact
analyses shows, regardless the similarity of the maximum loads for all
configurations, that Kevlar hybrid shells achieved the highest elastic
recuperation and the glass hybrid shells the maximum displacement.
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INTRODUCTION

omposite materials, day after day, are increasingly replacing the traditional metallic materials in several engineering

applications, and this tendency will continue as consequence of their high stiffness and strength, low weight,

adjustable properties, competitive cost, good static and dynamic properties, good resistance to corrosion and
simplified fabrication.
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However, the main disadvantages of those materials are related with their poor compression and transverse properties [1,
2]. In this context, literature reports a high sensitivity of these materials to low-velocity impact events that occur easily in-
service or during the maintenance activities. These type of events are responsible by damages that are difficult to detect |3,
4] and, simultaneously, responsible by significant reductions of the residual mechanical properties [5-8]. Studies about
composite laminates subjected to low-velocity impact events on the through-thickness direction are abundant in the
literature, especially in terms of damage characterization [9-12], compression-after-impact [13], multi-impacts [14],
environmental effects [15-17] and numerical investigations [18, 19]. On the other hand, literature also presents strategies
to improve their impact performance with resource to hybridisation [20-22] or using nano-enhanced resins [23-27].
However, the impact characterization in all these works was performed in composite plates. The analysis of laminate
cylindrical shells, are less disseminated in the open literature, but this topic should be empathized due to the complexity
and design of many advanced structures.

Gong et al. [28], for example, developed an analytic solution to predict the response of laminate shells subjected to impact
loads. This solution included both contact deformation and transverse shear deformation and it was used to study the
effects of different impact conditions and shell size, as well as the curvature’s effect, on the contact force and central
deflection of the shell. Results were compared with those reported in the literature and good agreement was found. An
experimental study was developed by Kistler [29] and he noticed that the geometry strongly influences the impact
response. Stiffer structures have higher impact strength, smaller centre deflections and shorter contact time. A three-
dimensional eight-node non-conforming element with Taylor’s modification was used by Zhao and Cho [30] to analyse
the interlaminar stress distribution, initial damage pattern and progressive failure on laminate composite shells subjected
to impact loads. The stiffness effect was also studied by Arachchige et al. [31, 32] and the results shown that the impact
load increases with increasing stiffness while the contact time decreases. Regarding the velocity of impact, it was verified a
direct relationship with the contact load. Kistler and Waas [33] studied the impact behaviour of cylindrical graphite/epoxy
panels with different thicknesses, curvatures and support conditions. They concluded that increasing the thickness leads to
increased stiffness and, consequently, higher impact force as well as lower deflection and contact time. Krishnamurthy et
al. [34, 35] studied the damage and the impact response of cylindrical graphite/epoxy shells using the finite element
method. According with the study developed, higher mass values of the impactor are responsible by the increasing of the
contact time and the damage occurred under the impact point. A nonlinear finite element analysis of impact response and
impact-induced damage in curved composite laminates subjected to transverse impact by a foreign object was developed
by Kumar [36]. It was possible to conclude that the impact response is significantly dependent on the shell curvature.
Therefore, this study intends to improve the knowledge related to the impact response of hybrid composite cylindrical
shells. Combining two or more fibre types, hybridisation is a promising strategy to toughen composite materials, and a
better balance of the mechanical properties is obtained relatively to non-hybrid composites. For this purpose, laminates
with the same number of layers, but composed by different type of fibres, were manufactured and conveniently
characterized in terms of static and impact strength. Both loading modes were tested with the same boundary conditions,
where the curved edges of the test specimens were free while the straight edges were supported.

EXPERIMENTAL PROCEDURE

A system of SR1500 epoxy resin and a SD2503 hardener standard, both supplied by Sicomin (Chateaunecuf-les-

Martigues, France), was used with six layers, all in the same direction, of bi-directional woven fabrics to produce
the specimens. Three different typologies were investigated with the following stacking sequence: 6C; 2C+2K+2C and
2C+2G+2C, where the “number” represents the number of layers used and C = Catbon (taffeta with 196 g/cm?), K =
Kevlar (taffeta with 281 g/cm?) and G = Glass (taffeta with 205 g/cm?) fibre layers. Carbon bi-directional woven fabrics
were supplied by CIT (Legnano, Italy), while the Kevlar woven fabrics were supplied by DuPont (Richmond, USA) and
glass fibre woven fabrics by Porcher Industries Germany (Erbach, Germany). The system was placed inside a vacuum bag
for 24 hours and a maximum pressure of 0.5 mbar was applied for 9 hours in order to maintain a constant fibre volume
fraction and an uniform laminate thickness, beyond to eliminate any air bubbles existing in the laminate. According the
supplier’s datasheet, the post-cure was catried out in an oven at 60°C for 16h. The T, of the resin is about 70°C.
Low-velocity impact tests were performed using a drop weight-testing machine IMATEK-IM10 (Old Knebworth, United
Kingdom). More details of the impact machine can be found in [37]. An impactor diameter of 10 mm with a mass of
2.826 kg was used. As shown in Fig. 2, the impact will occur at the centre of the samples with free support of the curved
edges while the straight edges are bi-supported. The impact energy used was 5 J, which corresponds to an impact velocity

I aminate composite cylindrical shells were manufactured by hand lay-up and overall dimensions are shown in Fig 1.
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of 1.88 ms'l. This energy was previously selected in order to promote damage, but without perforation of the specimens.
The impact tests were performed according to ASTM D7136 standard and, for each configuration, five specimens were
tested at room temperature. Flexural tests were also performed using a Shimadzu AG-100 universal testing machine
(Kyoto, Japan), with the same support and loading nose shown in Fig. 2, equipped with a 100 kN load cell at a
displacement rate of 3 mm/min. All tests were also carried out at room temperature, and five specimens were tested for
each configuration. All results will be discussed in terms of average values.

b)

Figure 1: a) View of the manufacturing process and mold; b) Geometry and dimensions of the specimens (thickness 1.4+0.1 mm).

Figure 2: General views of the apparatus (support) used in the experimental tests.

RESULTS AND DISCUSSION

n order to understand the impact performance of the different laminate composite semi-cylindrical shells, flexural

tests were carried out for each configuration. Fig. 3 shows typical load-displacement cutves and Tab. 1 presents the

average results, with the respective standard deviation. Stiffness was defined as the slope in the linear region of the
load-displacement response and the displacement is the value obtained for the maximum load.
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Figure 3: Typical load-displacement curves for the different configurations.

It is possible to observe a linear region in all curves shown in Fig. 3, which is longer for the non-hybrid laminates. The
stiffness presents the highest value for the non-hybrid composite semi-cylindrical shells, while the lowest value occurs for
hybrid composite shells involving carbon and glass fibres. According with the literature [38], the zigzag aspect of the
curves represents fractures of the fibres, in compression, and some delaminations around the broken fibres are also
expected. The high compressive stress concentration at the loading nose contact region associated with the low
compressive strength of the fibres promotes the failure damage described previously.

Maximum Load [N] Displacement at Max. Load [mm|] Stiffness [N/mm]
Laminates
Average Std. Average Std. Average Std.
6C 873 121 44 1.0 354 41
2C+2K+2C 1337 203 11.3 3.1 252 62
2C+2G+2C 722 184 7.1 1.9 203 54

Table 1: Compressive strength of the different laminate composite semi-cylindrical shells.

The maximum average load obtained in the hybrid carbon and Kevlar fibres shells is 53.2% higher than the maximum
load obtained in the non-hybrid shells, while this parameter for hybrid shells with carbon and glass fibres is 17.3% lower.
In terms of stiffness, the highest average value occurs for shells with carbon fibres (354 N/mm) followed by the hybrid
configurations that involve Kevlar fibres and glass fibres with values, respectively, 28.8% and 42.7% lower. Finally, the
lowest maximum average displacement occurs for shells with carbon (about 4.4 mm) and this value increases 38% and
156.8%, respectively, for shells with carbon and glass fibres and shells with carbon and Kevlar fibres. The intrinsic
mechanical properties of the fibres and the damage mechanisms justify the tendency described previously. Dong et al. [39]
observed a flexural modulus decreasing with higher percentage of glass fibres and positive hybrid effects by substituting
catbon fibres with glass fibres. According to Giancaspro et al. [40], carbon fibre composites fail mainly on the
compression side, while glass fibre composites fail on the tension side. Therefore, adding carbon fibres on the tension side
of glass fibre composites increase the flexural strength, but when they are added on the compressive side the failure mode
changes from tensile to crushing. On the other hand, literature reports that there is an optimal content of glass fibre to
achieve maximum flexural strength [40, 41]. According to Dong et al. [41], for carbon/glass hybtid composites, this value
is around 12.5% when all glass fibres are placed on the compressive side.

Impact tests were carried out and Fig. 4 shows the force-time curves for each configuration. The curves that can be
observed are similar with those find in literature [23-25]. The curves contain oscillations that, according Schoeppner and
Abrate [42], result from the elastic wave and are created by the vibrations of the samples. It depends on the stiffness and
on the mass of the specimen and impactor being excited by the rapid variation of the cinematic magnitudes at the time of
collision [43].
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Figure 4: Typical load-time curves for the different configurations.
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In detail, for the hybrid shells, it is possible to observe that the load increases up to a maximum value (P, followed by a
drop after the peak load. On the other hand, for shells only with carbon fibres after Pmay the load decreases and remains
practically constant while the time increases. This untypical curve, compared with the other two, means that major damage
occurs but with a non-perforating impact event. According with the literature [25], the value of Pmay is very dependent of
the impact energy and represents the peak load value that the composite laminate can tolerate, under a particular impact
level, before undergoing major damage. Fig. 5 shows the typical energy-time cutrves, where it is possible to observe that
the impact energy was not high enough to infringe full penetration.
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Figure 5: Typical energy-time curves for the different configurations.

In all tests, the impactor sticks the specimens and rebound (non-perforating impact). The beginning of the plateau
coincides with the loss of contact between the striker and the specimen, so, this value is the energy absorbed by the
specimen [11, 25]. In this context, as reported previously, the non-hybrid specimens present the highest absorbed energy,
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consequently higher damages, and the hybrid specimens involving the carbon and Kevlar fibres are the ones that present
the lowest absorbed energy.
Tab. 2 presents the average values, and respective standard deviation, of the peak load, of the maximum displacement and
the rebounded energy (elastic recuperation). The elastic recuperation is the difference between the absorbed energy and
the energy at peak load [23].

Peak Load [N] Max Displacement [mm|] Elastic recuperation [J]
Laminates
Average Std. Average Std. Average Std.
6C 0.924 0.12 7.8 1.9 1.71 0.91
2C+2K+2C 0.920 0.16 8.9 0.8 2.35 0.72
2C+2G+2C 0.916 0.21 9.5 3.1 2.14 0.98

Table 2: Average values of the peak load, maximum displacement and elastic recuperation.

From Tab. 2, it is possible to observe that the maximum load (Pma) is very close for all configurations with an average
value of 0.920 N. With more detail, it is evident a light increasing of the average maximum load (from 0.916 to 0.924 N)
with the stiffness of the laminate (from 203 to 354 N/mm), as reported in Tab. 1. On the other hand, the average
maximum displacement has higher amplitude of values. The lowest value observed occurs for the non-hybrid shells, while
the highest is for the stacking sequence of 2C+2G+2C. This difference is around 21.8%, but when compared the 6C and
2C+2K+2C configurations the difference is only 14%. In fact, according with the literature, stiffer structures produce
higher impact forces, smaller deflections, and shorter contact duration times [29, 33, 36, 44, 45]. The geometry of a
laminate composite structure, boundary conditions and material properties strongly influences its impact response [29].
For example, the impact response is found to be significantly dependent on the shell curvature, where flatter panels
respond to impact with larger peak forces than more curved panels, as well as smaller peak displacements and contact
durations [33]. Furthermore, changing the boundary conditions from clamped to simply supported decreases the peak
impact force, and increases the peak displacement and contact duration [33]. Finally, as consequence of higher damages,
the elastic recuperation of the carbon shells is the lowest of all laminates (1.71 J), while the 2C+2K+2C configuration
presents the highest elastic recuperation (37.4% higher). According to Zhao and Cho [30], the damage appears at the top
ply first and then propagates into bottom layers, however, the maximum damage area occurs at the top surface. Additional
to that, as reported previously, the severity of the damage is higher because carbon fibres fail mainly on the compression
side in composites exposed to bending mode [40]. In terms of the stacking sequence and number of interfaces, Zhao and
Cho [30] observed that the dynamic response and impact-induced damage of composite shells are also very sensitive to
these parameters. Cross-ply laminate suffers less damage, but the effect of ply orientation change on the maximum
contact force reveals to be small [34]. Therefore, an optimization process in design is required, because the minimum
damage zone is achieved for equal bending stiffness in both axial and circumferential directions [30]. Finally, a
comparative study carried out by Zhao and Cho [30] between a laminate composite shell against a similar plate with the
same dimensions and impact conditions shows different damage propagations; while the damage propagates from the
outer layer into the inner layers for the shell, the damage appears at the bottom layer and propagates from the bottom to
middle layer for the plate.

CONCLUSIONS

of fibres. It was possible to conclude that the static properties are strongly influenced by the shells’ configuration.

Shells only with carbon fibres present the highest stiffness and the lowest displacement at maximum load, but,
when the glass fibre is incorporated, the lowest stiffness is obtained. On the other hand, the Kevlar fibres are responsible
by the highest maximum load and displacement. In terms of impact performance, the configuration that involves the
Kevlar fibres is responsible by the highest elastic recuperation, while the non-hybrid shells evidence the lowest rebounded
energy.

T his study analysed the impact response of laminate composite semi-cylindrical shells composed by different type
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