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Abstract

This study investigates the effect of damage interference resulting from impact
loads on the mechanical response and impact fatigue life of E-glass/epoxy com-
posite laminate shells. The analysis involves single impacts at different points
to evaluate the impact strength's dependency on boundary conditions. Notably,
there is a gradual reduction in both maximum impact force and absorbed
energy beyond 10 mm from the centre, towards unconstrained edges, accom-
panied by an increase in displacement. Specifically, at a distance of 30 mm, the
maximum force and absorbed energy register a decrease of 9.4% and 7.9%,
respectively, while the displacement rises by 14.5%. The findings reveal that
the damage severity decreases as the impact point is closer to the uncon-
strained edge of the specimen, which can be attributed to a stiffness reduction,
which can reach up to 22%. Symmetrically induced pre-damages exhibit no dis-
cernible effect on the subsequent impact response. It is observed that beyond
10 mm from the shell's centre, the number of impacts required to reach punc-
ture increases by 10.5% and 21.1% for distances of 20 and 30 mm, respectively.
Furthermore, it is also found that alternating impacts between symmetrical
points show no inclination towards a preferential point for puncture.

Highlights

« The single impact strength's dependents on the boundary conditions.

« Reduction in both maximum impact force and absorbed energy near the
unconstrained edges.

« Damage severity decreases as the impact point is closer to the unconstrained
edges.

« Symmetrically induced pre-damages have no discernible effect on the subse-
quent impact response.

« Alternating impacts between symmetrical points show no inclination
towards a preferential point for puncture.
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1 | INTRODUCTION

Leveraging fiber-reinforced composite laminates in
high-performance engineering applications provides a mul-
titude of benefits compared to conventional materials."*
Fiber-reinforced composite laminates excel in high-
performance engineering applications due to their excep-
tional strength-to-weight ratio, customizable mechanical
properties, and resistance to corrosion. Comprising fibers
like carbon or glass embedded in a matrix, these materials
offer a lightweight alternative with considerable strength,
allowing for tailored designs. The flexibility to create intri-
cate shapes, anisotropic properties for optimized mechani-
cal behavior, and attributes like corrosion resistance and
electrical insulation make them invaluable in aerospace,
automotive, and similar demanding sectors.”® Further-
more, the use of these materials in such industries leads to
significant savings in fuel consumption due to their high
specific strength and stiffness. Low-velocity impacts are
common during manufacturing, transportation, and in-
service conditions, making it crucial to understand how
composites respond to such incidents. These impact loads
can result in visible damage, such as delamination, matrix
cracking, or fiber breakage within the composite structure.
Even if not immediately apparent, these damages can
compromise the material's mechanical properties, poten-
tially leading to reduced structural performance and, in
extreme cases, catastrophic failure. For example, according
to the literature, reductions of 16%-25% in tensile strength
have been reported due to the degradation of the fiber/
matrix interface and stress concentration promoted by
delaminations.”** In terms of compression, the strength
decreases around 60% due to multiple delaminations that
interact and propagate rapidly due to buckling loads.">™”
Finally, flexural strength can be affected between 34% and
78%, depending on the position of the delamination along
the thickness and the layering sequence (symmetrical or
anti-symmetrical).'®'® Therefore, studying the impact
response of composite materials is essential for designing
components that can withstand a range of operational
conditions and ensuring their reliability and safety in prac-
tical applications.

In recent decades, extensive research has been con-
ducted on the effects of multiple low-velocity impacts at a
single position, primarily investigating the mechanical
behavior of various composite materials. Notable studies
include Khazaie et al.'s®® examination of basalt, Kevlar,
and basalt-Kevlar hybrid fiber-reinforced epoxy compos-
ites, revealing that Basalt/Epoxy composites had the
highest damage tolerance in comparison with Kevlar and
fibers hybrid/epoxy. Saleh et al.*' explored the residual
compressive strength of composite laminates with dif-
ferent fabric architectures after repeated low-velocity

impacts. The study unveiled that, despite the absorbed
energy being nearly identical, 3D woven architectures
exhibited the least damage. Additionally, in the context
of compression after impact, 3D woven composites show-
cased a progressive damage behavior, ultimately resulting
in the highest residual strength. Another relevant study
is presented by Atas et al.>* in which the authors delved
into the repetitive impact response exhibited by woven
composite laminates featuring diverse thicknesses. The
authors found a linear variation in the puncture thresh-
old/energy concerning thickness for the selected compos-
ite plates. Additionally, they developed a power equation
that establishes a connection between impact energy and
the requisite number of successive impacts for puncture.
This formulation facilitates the prediction of the number
of impacts required for puncture under lower impact ener-
gies without the need for actual testing. In summary, these
studies investigate the impact performance of polymer-
based composites reinforced with diverse materials and
various fabric types. The research delves into the compos-
ites’ response under different impact conditions, including
high-velocity impacts, low-velocity impacts, and scenarios
involving repeated impacts.

It is also possible to find in literature studies which
focus is to explore the mechanical characteristics, such as
maximum impact force and displacement, absorbed/
dissipated energy resulting from multiple low-velocity
impacts. For example, Liu*® introduced the ratio of
absorbed energy to impact energy for monitoring damage
accumulation during repeated impacts, while Belingardi
et al.** incorporated normalized maximum displacement
into the energy absorption ratio to characterize the
damage state. While these studies have significantly con-
tributed to the understanding of repeated low-velocity
impacts, they predominantly focus on a single position at
the centre of composite laminate panels. In reality, multi-
impacts often occur at different positions with varying dis-
tances between them and are not limited to flat structures.
Therefore, thorough research on damage interference
resulting from impacts at different positions in curved
composite shells is imperative due to the widespread appli-
cation of such structures in aerospace, automotive, and
marine industries. The curved geometry introduces com-
plexities in stress distributions and damage propagation
mechanisms, making it essential to comprehend the impli-
cations of impacts on structural integrity. Identifying criti-
cal areas prone to damage and understanding how such
damage may interact across different regions is crucial for
predicting failure modes and implementing effective miti-
gation strategies. This research not only aids in designing
resilient structures but also contributes to the development
of predictive models and simulation tools, enabling engi-
neers to assess the structural response of curved composite
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shells and enhance the overall safety and performance of
these components in diverse engineering applications.
However, based on the various studies available in the
literature,"®'®**® they essentially analyze the impact
response of semi-cylindrical composite shells when
impacted at the same point. Nevertheless, daily experience
shows that in most situations composite structures suffer
repeated impacts in different positions due, for example, to
hailstorms or particle impacts (among others). In this case,
it is essential to understand the interference of the damage
caused by impacts in multiple positions, because the prob-
lem when considering multiple impacts concentrated in a
single position is too exaggerated.”’ In this context, the
present study aims to understand the complex dynamics
of multiple impact and damage interference scenarios to,
subsequently, explain their effect on the mechanical
response and impact fatigue life of composite laminated
shell structures. For this purpose, the laminated composite
shells were subjected to low-velocity impacts, considering
two impact positions at the same distance from the centre.
The impact points were positioned at distances ranging
from 0 to 60 mm, subjecting the specimens to alternating
impacts of 5.2 J. The results obtained were then compared
with those from a control specimen, with a single central
impact point and therefore unaffected by any previous
neighboring impact damage.

2 | MATERIALS AND
EXPERIMENTAL PROCEDURE

Composite semicylindrical shells were produced using
the vacuum-assisted resin transfer molding (VARTM)
technique, employing a SR1500 epoxy resin with SD2503
hardener, supplied by Sicomin (Chateauneuf-les-Marti-
gues, France). These shells were reinforced with bidirec-
tional E-glass woven fabric, featuring a plain-weave
pattern with 205 g/m? supplied by Porcher Industries
German GMbH (Erbach, Germany). The manufacturing
process involved the stacking of 9 layers to achieve a final
average thickness of 1.72 + 0.07 mm. The average fiber
volume fraction, determined via the burn-off method,
was found to be approximately 51%.

The curing procedure adhered strictly to the manu-
facturer's guidelines,’® involving the exposure of
specimens to a vacuum pressure of 0.8 bars continu-
ously for 24 hours. Post-manufacturing, the system
underwent a curing phase at ambient temperature, last-
ing for 15 days to guarantee thorough curing. Notice
that the curing cycle for epoxy resins is crucial as it
initiates a chemical reaction, leading to cross-linking
and the formation of a solid, durable material with
enhanced mechanical and thermal properties, allowing
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for controlled cure time, improved adhesion, and tem-
perature resistance. Subsequently, the specimens were cut,
with a length of 130 + 1 mm, utilizing a diamond blade
saw, and employing an appropriate speed to mitigate over-
heating and to prevent interlaminar damage (delamination).
Figure 1A illustrates the specimen dimensions and the loca-
tion of the 7 in-line impact points (A, By, Cy, Dy, By, C,
and D,).

Finally, the low-velocity impact tests were carried out
at room temperature conditions and using an IMATEK-
IM10 instrumented drop-weight testing machine. Adjust-
ing the drop height modifies the impact energy, which is
generated by gravity. A piezoelectric load cell that can
collect 32,000 points is used to quantify the impact force
and the deflection is obtained from double integration of
the acceleration versus time curve. More information
about the equipment and data acquisition system can be
found in.*"** Employing a hemispherical impactor with a
diameter of 10 mm and a mass of 2.826 kg, the experi-
mental tests were performed with a controlled impact
energy of 5.2 + 0.1 J, correlating to an impact velocity of
approximately 1.92 m/s. This specific velocity was chosen
with the intention of causing visible damage to the speci-
mens during the initial impact while avoiding any punc-
turing. Figure 1B depicts the testing setup, showing that
the specimens were free supported on the curved edges
and the straight edges bi-supported.

Note that point A is located in the geometric centre of
the specimen, while points B,, B,, C;, C,, D;, and D, are
10, 20, and 30 mm away from point A, respectively. As
shown in Figure 1A, the subscripts 1 and 2 indicate the
side of the impact points in relation to point A. These dis-
tances were selected based on previous studies carried
out by the authors and in accordance with Liao et al.*® In
more detail, at point A, repeated impact loads are system-
atically applied until puncture occurs, while for the
remaining positions (B;,, C;, and D, ,) the impact load
was applied alternately between each side until puncture
was achieved (e.g., B; first and B, second). In the latter
case, the specimens had to be positioned on the support to
ensure that the point of impact was perfectly below the
impactor. In addition, visual inspections and photographs
were taken during the test campaign, using the translucent
properties of the material and intense backlighting. Notice
that the collapse defined in this study by puncture (full
perforation) is detected visually and is characterized by the
complete passage of the impactor through the samples.

Additionally, to determine the static response of speci-
mens, compression tests were carried out at the central
impact point (A) using a universal testing machine Shi-
madzu AG-100. To ensure consistency, the same support
and impactor utilized in the low-velocity impact tests were
employed, with a controlled displacement rate of 3 mm/min.
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Impactor FIGURE 1 Experimental
R=5mm

Mass=2.826 kg

Woven fabric composite
E-Glass/SR1500 Epoxy 1,72 £0,07

9 layers

130 £1,00

(A

In total, 12 specimens were utilized for the low-
velocity impact test, whole 3 were designated for the
static compression tests. The distribution of the speci-
mens for each test is summarized in Table 1. Despite the
smaller sample size, the analysis provides valuable
insights into the impact behavior of the materials under
investigation. The use of state-of-the-art testing equip-
ment contributed to the optimization of the information
obtained from a limited number of samples and ensured
consistent and relevant results within the given con-
straints. While acknowledging the potential limitations of
a smaller sample size, the study aimed to maximize the
available resources to contribute valuable data to the
understanding of low-velocity impact characteristics in
semicylindrical composite materials.

3 | RESULTS AND DISCUSSION

Initially, the influence of boundary conditions on impact
strength was analyzed. Subsequently, these results will
also be used to study the interference of damage caused
by impacts in multiple positions. For this purpose, Fig-
ures 2 and 3 show the impact force time history and the
energy time history, respectively, profiles that are very
important because they provide qualitative information
from the shape of the curves, as well as quantitative

setup: (A) Positioning of the 7 in-
line impact points and dimensions
of the tested specimens; (B) Drop-
weight testing machine and
specimen support device.

Instrumented drop-weight testing machine

Specimen support device

(B)

TABLE 1 Distribution of the specimens for the low-velocity
impact tests and static compression tests.

Number of tested specimens

Set of impact Low-velocity Static compression
points impact test test

A 3 3

B, | B, 3 =

Ci|Cy 3 -

D, | D, 3 =

values that characterize some important parameters
(maximum impact force, maximum displacement, con-
tact time, and absorbed/restored energy).

These curves are representative of all the conditions
tested, and are characterized by containing oscillations
that can be attributed to the propagation of elastic waves,
resulting from the specimen's vibrational response.’>?*
Furthermore, the curves show a profile that agrees with
others reported in the literature for similar semi-
cylindrical composite shells.>>**2>3 In more detail,
Figure 2 shows an increase in the impact force until it
reaches a maximum value, peak force, followed by a
somewhat abrupt decrease, depending on the point of
impact. Conversely, the energy-time curves represented
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FIGURE 2 Force history curves obtained for the first impact at
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FIGURE 3
at the various impact points.

Energy history curves obtained for the first impact

in Figure 3 reveal that the impact energy utilized during the
tests does not attain sufficient magnitude to puncture the
specimens. Instead, the impactor hits the specimens and
returns by rebound. According to literature, the inception of
the plateau phase corresponds to the point where contact
between the impactor and the specimen is lost. Conse-
quently, the component of restored energy (elastic compo-
nent) is defined as the difference between the maximum
energy and the energy evident during the plateau phase.*” >

From a numerical point of view, and based on these
curves, it is possible to quantify the maximum force, max-
imum displacement, contact time and absorbed energy,
parameters which are summarized in Figure 4. The
values are presented in terms of average values, and to
represent the inherent variability and uncertainties in the
data, scatter bands were added. These bands illustrate
the range of values obtained for each condition, showcas-
ing both the maximum and minimum values.
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It can be seen from Figure 4A that the magnitude of
the average maximum force remains unchanged until a
distance of 10 mm from point A, at which point the force
begins to decrease. For example, compared to the value
obtained at point A, the maximum force decreases by
8.5% and 9.4% when the impact occurs at points C;
(20 mm) and D; (30 mm), respectively. In terms of maxi-
mum displacement, a similar behavior is observed, but in
this case the magnitude of the displacement increases, as
the impact point moves towards the edge of the shell
(unconstrained edge). Compared to point A, the maximum
displacement increases by around 9.2% at point C; and by
14.5% at point D;. Regarding contact time and absorbed
energy, Figure 4B shows that in the first case the evolution
of contact time is aligned with the maximum displacement,
while the absorbed energy mirrors what is observed for the
maximum force. For points C; and D;, the contact time
increases by around 8.3% and 11.8%, while the absorbed
energy decreases about 4.3% and 7.9%, respectively, when
the values are compared with those obtained for point A. It
should be noted that the information regarding contact
time supplements other impact parameters such as force,
displacement, energy absorption, and impact bending stiff-
ness. It holds relevance for subsequent numerical studies,
playing a key role in refining numerical models to establish
a numerical-experimental correlation. This correlation is
essential for validating the developed model in the context
of the specific topic under investigation.

The changes described above for the maximum
impact force, maximum displacement, contact time and
absorbed energy are justified by the stiffness gradient
observed when the impact point moves towards the
edge.***® According to Minak and Ghelli,*’ stiffer compo-
nents tend to suffer more extensive damage due to their
limited capacity to store elastic energy before failure. On
the other hand, they observed that lower stiffness facili-
tates higher displacements and lower energy absorptions,
which is in line with what is observed in Figure 4B.
Moreover, to complement this analysis, Figure 5 shows
the damage suffered at the various impact points, reveal-
ing a decrease in the severity of the damage as the impact
point moves away from the centre and closer to the edge
of the shell. Notice that the dimension depicted in each
detailed view corresponds to the distance between two
adjacent impact points, facilitating the assessment of the
extent of the introduced damage.

Finally, to prove the validity of the analysis presented,
a static numerical study was performed using 3D finite
element (FE) models. These FE models were developed
based on the approach and material properties outlined
in,”*”*® along with the geometric parameters of the
impactor and composite shell specimens depicted in
Figure 1. Additionally, the boundary conditions imposed
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FIGURE 4 Effect of the impact location for the first impact in terms of: (A) maximum impact force, displacement; (B) contact time and

absorbed energy.

FIGURE 5

were defined according to the experimental testing setup
represented in Figure 1B. The 9 woven fabric laminas were
modeled as a linear elastic homogeneous material, consid-
ering their transversely isotropic behavior. The progressive
damage was incorporated using the ABAQUS/Standard
built-in damage initiation criteria for fiber-reinforced com-
posite materials.**** Furthermore, the damage evolution
response was defined based on the energy dissipation
during the damage process. Continuum shell elements
with eight nodes and reduced integration (SC8R) were
employed. The nonlinear effects of large deformations and
displacements were accounted for. The FE mesh discreti-
zation is shown in Figure 6A, comprising of approximately
65.000 elements and 80.000 nodes.

Damage observed for the first impact at impact points A, B;, C; and D;.

To verify the reliability of the numerical predictions,
a comparison with the force-displacement results from
experimental static compressive tests conducted at the
impact point A was undertaken. A good numerical-
experimental correlation was attained as evident in
Figure 6A. Subsequently, the numerical predictions for
all other impact points are showcased in Figure 6B.
For ease of comparison, the numerically predicted stiff-
ness values at the various impact points are listed in
Table 2. Notice that, owing to the symmetry of both the
FE model and the impact points, the numerical results
are identical on both sides; for instance, B; equals B,.
Consequently, they are denoted only as points B, C,
and D, in Figure 6, as well as in Table 2.
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FIGURE 6 Force-displacement curves obtained from static compressive tests: (A) Experimental and numerical predictions at impact

point A; (B) Numerical predictions at the impact points A, B, C and D.

TABLE 2
B, C and D and percent change from point A.

Numerically predicted stiffnesses at impact points A,

Impact point Stiffness (kN/mm) Percent change
A 0.241 -

B 0.232 —3.7%

C 0.214 —11.2%

D 0.188 —22%

It becomes apparent that the force-displacement
curves obtained at the impact points A and B exhibit con-
siderable similarity throughout the analysis. However, a
noteworthy trend emerges: the closer the impact point is
to the edge of the shell (unconstrained edge), the greater
the reduction in stiffness. The impact point B; demon-
strates a 3.7% reduction in stiffness compared to impact
point A, whereas impact points C and D manifest
more substantial reductions, with stiffness values 11.2%
and 22% lower, respectively. Therefore, because the
boundary conditions imposed in the FE model were kept
unchanged for all the impact points, these results can be
attributed to the greater allowance for deformation and
rotation as the impact point approaches the free edge of
the shell. This evidence reaffirms the analyses previously
conducted on the single impact response at various
impact points, in which the different stiffness values
explain the lower damage observed.

After the analysis of the impact point effect, this study
also focuses on the existence of a pre-damage (B;, C; or
D,) caused symmetrically and at the same distance from
the current impact (B,, C, or D,), as shown in Figure 1A.
For this purpose, Figure 7 compares the average values

obtained for the maximum force, maximum displace-
ment, contact time and absorbed energy, parameters that
were used as a first step to highlight the effect of the dis-
tance between the impact point and the pre-damage
caused by a load applied under the same conditions.

It can be observed that all the parameters (maximum
force, maximum displacement, contact time and absorbed
energy) analyzed evolve according to the same behavior
described above, that is, the maximum force and absorbed
energy decrease when the impacts are closer to the free
edges of the shell, while the maximum displacement and
contact time increase. Furthermore, the difference
between values does not reveal any effect of the pre-
damages (B;, C; and D;), because the greatest difference
(around 3.2%) occurred for the maximum displacement
between points B; and B,, but without statistical signifi-
cance due to the dispersion observed. In this context, it
can be concluded that, for the dimensions between the
impact points studied, there is no effect of the pre-damage
on the impact parameters analyzed, that is, the pre-
damage introduced did not affect the stiffness of the cur-
rent impact point. Although some studies available in the
literature report that pre-damage no longer influences the
impact strength for distances greater than 20 mm,*>***
these do not contradict the results of this study because
they were obtained for flat plates. According to Zhao and
Cho,*” the damage size is related to the total dynamic
deformation and the damage size of these structures is
smaller than that observed in flat plates, as well as its posi-
tion changes from the lower interface to the upper inter-
face.** Finally, to complement this analysis, Figure 8
shows the damage observed for the different impact
points, B,, C, and D,, as a function of the pre-damage
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FIGURE 7 Effect of the distance between the impact point and a pre-damage located symmetrically and at the same distance from the

current impact in terms of: (A) maximum impact force, displacement; (B) contact time and absorbed energy.

located at B;, C; and D;. As can be seen, the damage
dimensions at B,, C, and D, are very similar to those
observed at By, C; and D, denoting that, for the distances
studied, the pre-damage does not intersect with the cur-
rent damage nor affects the stiffness of the impact points
at B,, C, and D,.

On the other hand, literature also reports that the
damage can be correlated with the impact bending stiffness
(IBS), a parameter that is obtained by the slope of the
upward section of the force-displacement curve.*”~* In this
context, given the similarity of the damage observed for
each impact point analyzed, similar values of IBS are
expected. Therefore, to validate this hypothesis, Table 3
presents the various IBS values, confirming that, in fact,
the values are very similar for each considered impact
point. Furthermore, this table also corroborates the numer-
ical predictions presented in Table 2, where the IBS values

FIGURE 8 Effect of pre-
damages (B;, C; and D;) on the
impact strength for different
impact points (B, C, and D).

TABLE 3
point, and percent change from point A.

Impact bending stiffness values for each impact

Impact Percent

point IBS (kN/mm) change

A 0.160 + 0.01 -

B, | B, 0.157 + 0.02 | 0.157 + 0.01 —1.9% | —1.9%
Ci|Cy 0.149 + 0.02 | 0.150 £ 0.02  —6.9% | —6.3%
D, | D, 0.135 + 0.03 | 0.137 £ 0.02  —15.6% | —14.4%

also decrease as the edge approaches and, consequently,
smaller damages are obtained (as shown in Figure 8).
Finally, the multi-impact effect was also analyzed,
and the results obtained are shown in Figure 9. The
white symbols represent the first impact, while the black
ones represent the second impact, that is, the impact after
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a pre-damage introduced by the first impact. For compar-
ison purposes, the multi-impact occurring at the same
point (A) was also included.

From Figure 9 it is possible to conclude that up to a dis-
tance of 10 mm from point A, the impact fatigue life
remains unchanged, but, for higher values, a slight increase
in the number of impacts to reach puncture is observed.
Quantifying this trend, the number of impacts necessary to
achieve puncture varied between 16 and 23 impacts, whose
average value is around 19 impacts, and is characterized by
all impacts occurring at the same point (central position A).
For position B, the average impact fatigue life is the same,
which shows that the damage introduced interacts with

30 D, ¢
E 25 G a
o X
E B m D o
= 20 B o G o4 D,
g X B, m G 2
4 X
E 15
(=9
E
w5 10
3
E
g 5
z
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A B, B, C,G D, D,

Impact points

FIGURE 9 Number of impacts until full perforation versus
impact point.
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each other, due to the proximity of the impact points, and
providing a situation very similar to that which occurred
for central position A (damage superimposed by superim-
posed impacts). In fact, the evidence shown in Figure 8
already indicated this. Subsequently, compared to these
values, the number of impacts to achieve full perforation
increases by around 10.5% and 21.1% for the impact posi-
tions C and D, respectively. Furthermore, because the
impacts alternated between two symmetrical points, no
preferential point for perforation to occur was observed.

Figure 10 corroborates the analysis described above,
showing the evolution of damage with the number of
impacts. For all situations, it is noticed that the severity
of the damage increases with the number of impacts, but
with particular severity for the impact points B; and B..
In this case, the damage overlapping is clearly visible,
which justifies an average impact fatigue life similar to
that obtained for point A. Therefore, due to this damage
accumulation, the maximum impact force decreases, and
the maximum displacement increases.***%~>

This evidence is corroborated by Figure 11, which
shows various force-displacement curves for successive
impacts at points B; and B,. However, they are represen-
tative of all the conditions studied and, from the results
obtained, it was possible to observe that the maximum
impact force decreased between 25% and 30%, while the
maximum displacement increased between 45% and 65%.
Furthermore, the accumulation of damage reduces
the stiffness, especially at the point of impact**°" and,
although there is no law correlating these parameters,

‘loth

Impact
at each point

1 5th

Impact
at each point

FIGURE 10 Damage evolution for the different impact points.
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Figure 11 clearly shows the existence of a dependency
between impact force, displacement and stiffness. On the
other hand, the slope of the upward sections of the force-
displacement curves illustrated in Figure 11 shows that
the IBS decreases with the number of impacts and cor-
roborates all the previous discussion.

Finally, when Figures 10 and 11 are analyzed
together, it can be concluded that increasing the number
of impacts increases the severity of the damage while the
IBS decreases. These findings are in line with studies
developed by Amaro et al.,’>** in which the damage
severity is inversely related with IBS and directly related
to the amount of energy absorbed. Therefore, lower IBS
values are associated with higher absorbed energy values,
and this evidence can be confirmed by analyzing Fig-
ures 11 and 12 together. Figure 12 shows typical energy
versus time curves for impact points B, and B,, but they
are representative of all conditions studied. From the
curves shown, it can be noticed that the restored/elastic

12
— 1%t Impact
—— 10t Impact } B]

1 — 15" [mpact

- 18t Impact
- 10 [mpact } B

0.8 - oeeeee 15th lmpact
z
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Displacement (mm)

FIGURE 11 Representative impact response in terms of force

versus displacement curves.

— It Impact Y e 15t Impact
—— 10" Impact } B] ------- 10t Impact } B2
— 15" Impact J =~ 15% Impact

0 2 4 6 8 10 12 14 16 18 20 22 24

Time (ms)

FIGURE 12
energy versus time curves.

Representative impact response in terms of

energy decreases with the number of impacts, which
means that more energy is absorbed by the specimen
and, consequently, corresponds to a greater damage accu-
mulation and lower stiffness. Therefore, this evidence
once again proves what was reported above.

4 | CONCLUSIONS

The aim of this study was to evaluate the effect of pre-
damage (damage interference) obtained by impact loads
on the impact fatigue live of E-glass/epoxy cylindrical
composite laminate shells.

Initially, single impacts at different impact points were
considered to assess the influence of boundary conditions on
the impact strength. It was observed that the maximum
impact force and absorbed energy progressively decreased
for distances greater than 10 mm from the center and in the
direction of the unconstrained edges of the specimen, while
the maximum displacement increased. For example, for a
distance of 30 mm from the center of the specimen, the
maximum force and absorbed energy decreased by 9.4% and
7.9%, respectively, compared to the values obtained for the
impact in the center of the specimen, while the displace-
ment increased by 14.5%. Consequently, the size of the dam-
age also decreased. This was explained by the reduction in
stiffness, where a decrease of around 22% was observed
between the impact points considered above (0 and 30 mm).

In terms of the effect of the pre-damages caused sym-
metrically and at the same distance from the current
impact, no effect was observed on the impact parameters
analyzed, which means that the induced pre-damage did
not affect the stiffness of the recent impact point. Finally, it
was also observed that there is no effect of the impact point
on the impact fatigue life up to 10 mm from the center
point, after which there is a slight increase in the number
of impacts (10.5% for 20 mm and 21.1% for 30 mm) to
reach full perforation. Furthermore, because the impacts
alternated between two symmetrical points, there was no
preferential point where the perforation occurred.

Therefore, in real multiple impact scenarios, it is
impossible to guarantee minimum distances to avoid
damage interference. This is even more difficult when
impacts are too frequent, such as in hailstorms or aircraft
landing/take-off. In this context, based on current knowl-
edge and despite being a very conservative design
approach, it is much safer when the multiple impacts
concentrated in a single position are considered.
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