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A B S T R A C T

Composite materials currently have several uses, including aeronautical, marine, and piping applica-
tions. Composites are well-known for their specific strength and stiffness; however, the tolerance of
composites to out-of-plane loading is a disadvantage. Impact can dramatically reduce the load carrying
capacity to 30%. On the other hand, crashworthiness should be considered when characterizing the ma-
terials for transportation applications. In the current paper, glass/epoxy pipes were laterally compressed
after being impacted by a Charpy impact tester. The objective was to characterize the residual crash-
worthiness assessment parameters and attempt to correlate them with the applied impact energy levels.
The value of the impact energy ranged from 41 J to 171 J. The effects of the number/position of impacts
and the impact energy values on the crashworthiness of the tube were investigated. The results showed
that the peak load, crush force efficiency, and crush load stability were highly affected by the existence
of the impact damage. The peak load was reduced by 44% of its original value, whereas the crush force
efficiency and crush load stability were increased by 61% and 53%, respectively, when subjected to four
114.3 J impacts. The other test parameters did not show a significant dependency on the impacts. In general,
the impacts before compression act as damage initiators (i.e., triggering of composite tubes).

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Due to properties such as corrosion resistance, durability, and high
strength-to-weight ratio, glass-fiber reinforced plastics (GFRP) are being
used inmany diverse industries including aeronautical structures, au-
tomotive structures, off-shoremarine applications, chemical processing,
and pressure piping. Recently, fuel cell vehicles adopted composite
vessels for hydrogen storage [1]. If an external object strikes a com-
posite structure in the direction perpendicular to its surface, it can
degrade both its static and fatigue load-bearing capacities [2]. Low-
velocity impacts arise from situations such as accidental dropping of,
for example, hand tools, producing local indentation and delamina-
tion. This damage can often be difficult to detect, but it is important
to assess the extent of such damage and its effects on a structure’s prop-
erties since it can result in premature failure of the structure. Although
it ismore easy to be detected, higher velocity events can bemore severe
on the structural performance. Examples of high velocity impact are
the impacts of a stone on a car or aircraft body [3,4]. Therefore, there
is aneed tounderstand the impact behavior of thesematerials and struc-
tures in order for them to be safely and effectively used [5].

When reviewing the number of studies conducted on the be-
havior of composite plates under impact and their residual
properties, fewer studies have been executed on the performance
of composite pipes [6]. However, the response of tubes under impact
is expected to be different as compared to that of the monotonic
plates [7]. Alderson and Evans [8] studied the damage propaga-
tion in glass/epoxy composite pipes under low velocity impact
loading. They concluded that localized damage (at the impact point)
first appears and is followed by large delaminations which absorb
most of the impact energy. The same authors [9] presented a sim-
plified semi-analytical model to simulate the behavior of glass/
epoxy pipes subjected to low velocity impact loading. Guades et al.
[5] conducted a series of repeated impact tests on composite square
tubes to the point of collapse. The results showed that the peak load
degradation of collapsed tubes is more rapid when the tubes are
impacted by higher incident energy. With respect to the effect of
the impactor mass, heavier impactors caused more damage to the
tubes at lower incident energies. This phenomenon was previ-
ously reported in the Olsson’s mass criterion for monotonic
composite plates [10]. Kobayashi and Kawahara [1] studied the
induced damage in carbon/epoxy tanks under quasi-static and impact
loading. They concluded that surface damages consisted of inden-
tation, splitting, delaminations, and fiber breakages for all specimens
and became more severe in quasi-static tests. Minak et al. [11] in-
vestigated the effect of torsional loads on the damage introduced
by lateral impacts on cylindrical carbon/epoxy specimens. The results
showed that the effect of the applied torque is insignificant with
respect to the damage initiation, whereas its effect on the damage
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propagation cannot be neglected. Oblique impacts were investi-
gated by Paruka et al. [12] on glass/polyester composite rectangular
tubes. The results showed a reduction of 22% in the energy ab-
sorbed during the impact event by increasing the impact angle from
0° to 15°.

The residual properties after impact strength are of great inter-
est for structural designers. After impacting square tubes, Guades
and Aravinthan [13] measured the tensile, compression, and flex-
ural properties of coupons taken from the specimenwalls. The results
showed that the levels of impact energy, number of impacts, and
the mass of the impactor significantly influenced the residual
strength degradation of the impacted tubes. For the testmatrix tested
in 8,14, the residual properties were also addressed in 15. An ap-
proximate 25% reduction in the load carrying capacity wasmonitored
within the examined impact energies. Corbett and Reid [16] com-
pared the static and dynamic tests and studied the effect of the
impact energy on the burst strength of glass/epoxy pipes. Deniz et
al. [6] studied the effect of impact energy on the fatigue life of a
pre-conditioned (i.e., short and medium time aging under seawa-
ter) glass/epoxy pipes. The results showed that fatigue life increased
in the impacted specimens up to three months in seawater immer-
sion; however, it then decreased by increasing the immersion time.
The effect of low velocity impact on the maximum internal pres-
sure was investigated in 17. More than 50% reduction in the leak
pressure was reported by increasing the impact energy from 0 J to
10 J. The burst strength after impact was also addressed by Kara
et al. [18] and Uyaner et al. [19]. According to the results, as the strik-
ing velocity increases, the largest contact force, contact time interval,
displacement, quantity of energy absorbed by the material, and the
extent of damages on the specimens increase too. Moreover, it was
found that the increase in impact energy causes decreases in the
value of burst pressure of the tubes. The residual burst strength was
also addressed by Wakayama et al. [20]. The primary cause of the
degradation of residual burst strength is fiber breakage caused by
microbuckling. Mortas et al. [21] impacted carbon/epoxy and kevlar/
epoxy tubes after immersion in hydrochloric acid and sodium
hydroxide and assessed the degradation of the residual bending
strength. The results showed a significant reduction (30%) in the re-
sidual bending strength as a function of the concentration of the
corrosive media.

Following the current state-of-the-art, it can be concluded that
in the case of pre-impact, the mechanical response after impact is
highly dependent on the impact event’s characteristics. However,
none of the reviewed articles studied the case of introducing impact
(low, medium, or high velocity) before crushing composite pipes/
tubes. These structures can be suffering from impacts during
handling, service, or maintenance (as described in the first para-
graph). Assessing the crashworthiness of pre-impacted composite
tubes is of particular interest in the automotive industry because,
in addition to the possible handling of low velocity impact events,
the automotive structures are continuously subjected to stone
impacts (of different sizes and at a wide range of velocities) during
their service lives. On the other hand, for piping applications, crash-
worthiness defines the time between the first leak and explosion
(shut-down). In this paper, commercial glass/epoxy tubeswere tested
under quasi-static compression tests after being impacted by a sim-
plified Charpy impactmachine. Different impact positions and energy
levels were tested.

2. Experimental procedure

2.1. Materials and specimen specifications

The commercially available filament wounded GFRE tubes were
subjected to ignition tests in order to define the constituent ma-
terials’ volume fractions and the fiber orientations of the individual

plies. The tests were conducted on nine test specimens at differ-
ent positions along the tube according to the ASTM D3171 test
standard [22]. The average value of the fiber volume fraction was
61.1% with a coefficient of variation of 6.7%. The fiber orientation
of the whole cross-section was ± ±56 1. The average tube wall thick-
ness was 11.8 mmwith inner and outer diameters of 88.0 mm and
111.7 mm, respectively. The tubes were then cut into specimens of
50 mm length for the impact tests. The E-glass reinforcement was
used with the epoxy resin to fabricate the specimens. The epoxy
resin AB glue has E = 3.35 GPa modulus and v = 0.35. The tubes were
manufactured using 56° and −56° fiber orientation angles.

2.2. Charpy impact test

The Charpy impact test is a standardized, high strain-rate test
which determines the amount of energy absorbed by the material
during fracture. The apparatus consists of a pendulum of knownmass
and length (in our case m = 14.325 kg and l = 812.6 mm) that is
dropped with an impact angle to impact the specimens. The stan-
dard Charpy anvil was usedwithout anymodification. The specimens
were held horizontally and clamped using a c-clamp that is tem-
porarily attached to the base of the instrument in exact alignment
with the center of rotation of the pendulum. The impact angle was
measured from the impact point to the anvil location. The energy
transferred to the material, in the case of a full specimen fracture,
can be inferred by comparing the difference in the height of the
hammer before and after the fracture (energy absorbed by the frac-
ture event). In our case, the mass and impact angle were selected
to create damage to the pipe wall (indentation and delamination)
without perforation (i.e., all the applied energy is assumed to be
absorbed by the specimens). The energy applied to the specimen
and the velocity of the impactor just before impacting the speci-
men can be calculated respectively [23] as:

E m g h= ⋅ ⋅ (1)

v g h= ⋅ ⋅2 (2)

where E is the applied energy (J), m is the impactor mass (kg), h is
the initial height of the impactor (m), v is the impact velocity (m/
s), and g is the gravitational acceleration (m/s2). The impactor mass
was kept constant during this study. Four values of the impact angle
(α) were considered. The impact angles and the corresponding
impact properties are shown in Table 1.

The indentation value at each impact energy level is the average
of measurements taken within 30 minutes after the impact event
[24]. The induced indentation (i) on the specimen impacted surface
is also listed in Table 1. The recorded value for each impact con-
figuration is the average of three specimens, and the value between
brackets is the coefficient of variation of the readings (defined as
the standard deviation divided by the mean value). The repeatabil-
ity of the indentation readings is considered reasonable as
experienced elsewhere with the monotonic composite plates under
impact loading [25,26]. As noted in the readings, the indentation
value is decreasing by reducing the impact energy. This is in agree-
ment with the indentation results available in the literature for

Table 1
Impact event configurations and the corresponding indentation values.

α° h (m) v (m/s) E (J) i (mm)

120 1.219 4.891 171.342 5.365 (8.96%)
90 0.813 3.994 114.284 4.652 (17.67%)
70 0.535 3.241 75.241 3.524 (6.23%)
50 0.291 2.389 40.892 2.216 (10.11%)
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