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I am here introducing the paper “Damage characterization of stiffened glass-epoxy laminates under
tensile loading with acoustic emission monitoring”, which we are submitting to be considered for
publication in Composites Part B.

This paper is concerned about the design of composite components in the aerospace industry, which
often includes structural discontinuities, such as cutouts, for functional requirements like
ventilation, tunnel passage, maintenance and repair. The presence of these cutout holes leads to
complicated stress concentrations with a substantial reduction in structural stability and strength of
the resulting composites. It is known that reinforcing with additional material at the cutout zones
can extend the damage tolerance of a structure, which is an efficient method to maintain structural
integrity and load carrying capacity. This study focuses on the experimental investigation of the
tensile behavior and failure characteristics of stiffened glass/epoxy composite laminates, with
cutouts, under acoustic emission monitoring. The progressive failure mechanisms of laminates with
cutouts and the potential benefits of additionally dropped reinforcements are evaluated under tensile
loading. The additional reinforcements were provided in either a step-like or as a simultaneous
drop-off sequence between adjacent continuous plies. Results showed that adding ply drop
reinforcements at the location of the cutout hole improves the stiffness, strength, and also prolongs
the life of the composite laminates. It is also observed that step-like ply drop arrangements
performed more effectively than simultaneously dropped configurations. The location and extent of
damage identified by microscopic images correlated well with the acoustic emission results.
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Abstract

The design of composite components in the aerospace industry often includes structural
discontinuities, such as cutouts, for functional requirements like ventilation, tunnel passage,
maintenance and repair. The presence of cutout holes leads to complicated stress concentrations
with a substantial reduction in structural stability and strength of the resulting composites. It is
known that reinforcing with additional material at the cutout zones can extend the damage
tolerance of a structure, therefore maintaining structural integrity and load carrying capacity.
This study focuses on the experimental investigation of the tensile behavior and failure
characteristics of stiffened glass/epoxy composite laminates, with cutouts, under acoustic
emission monitoring. The progressive failure mechanisms of laminates with cutouts and the
potential benefits of additionally dropped reinforcements are evaluated under tensile loading.
The additional reinforcements were provided in either a step-like or as a simultaneous drop-off
sequence between adjacent continuous plies. Results showed that adding ply drop reinforcements
at the location of the cutout hole improves the stiffness, strength, and also prolongs the life of the
composite laminates. It is also observed that step-like ply drop arrangements performed more
effectively than simultaneously dropped configurations. The location and extent of damage

identified by microscopic images correlated well with the acoustic emission results.
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1. Introduction

The evolution of fiber reinforced plastic (FRP) composites has developed new vistas in
aerospace industries. Primary structural components, such as wings, fins, helicopter rotor blades,
stiffened structures with joints and access holes, etc., are fabricated by the termination of internal
ply-drop off to enhance weight reduction, cost effectiveness, and obtain tailored stiffness values.
The mechanical behavior of the composite structure is drastically affected due to the presence of
cutouts, such as access holes for hydraulic piping, electrical wiring and fastener holes, which
become critical during loading conditions [1]. It is crucial to have a sound and complete idea of
the intricate behavior around notched areas, connecting the bolts and rivets [2]. High stresses are
produced around holes because of material discontinuities causing a relatively larger reduction in
strength than unnotched laminate [3-6]. Takeda et al. studied the tensile behavior of glass/epoxy
plain weave fabric-reinforced laminates under cryogenic temperatures investigating the
progressive failure methodology [7]. Kaltakci [8] studied the effects of fiber orientation and
stress concentration on single-layered anisotropic plates with/without holes, revealing significant
influence on the fracture behavior based on 3D weaving of different bundle size of the yarns.
Aljibori et al. [9] investigated the compressive behavior of woven glass fiber/epoxy composite
laminate plates with and without a cutout. The effect of cutout size and fiber orientation angle
has also been considered, in models predicting strength and damage accumulation in open hole
composite laminates with different failure criteria [10-12]. Observations unveiled the fact that
cross-ply orientation possesses higher strength than other fiber orientations. Also, as the cutout

size increases, load bearing capacity decreases due to the effect of material discontinuities.

Murat Arslan et al. investigated the stress analysis of isotropic and orthotropic plates with
and without cutout hole using finite element methods [13]. Camanho et al. proposed a fracture
mechanics model based on unnotched specimen strength and fracture toughness, for predicting
open hole tensile (OHT) strength of composite laminates [14]. Lee and Kim studied compressive
response and damage evolution in laminated plates with cutouts based on a micromechanical
constitutive model [15]. The damage was found to be controlled by the interfacial fiber
debonding and nucleation of microcracks in the matrix. The employed model predicted
accurately results for cross-ply, while it overestimated stiffness and failure load for angle-ply and

quasi isotropic plates. Several studies employed computational FEM models for predicting



tensile strength and progressive damage in notched composite laminates [16-20]. Chen et al. [16]
employed smeared crack model using cohesive element to investigate the scaling effects on open
hole tension testing on composite laminates which correlated well with the experimental results
by Wisnom et al. and Hallett et al. [17-18]. Ridha et al. studied the prediction of ultimate open
hole (OHT) strength and failure progression of notched laminates with various size and stacking
sequence based on progressive damage model with initial in-plane damage and delamination
[19]. Maa and Cheng were able to predict failure strength and load—deflection relations of

notched laminated composites, again discussing the effects of hole size and specimen width [20].

Ersin et al. studied the effect of circular hole location on lateral buckling of woven composite
laminates [21]. Predominant failure mode, i.e., delamination, grows significantly because of
interlaminar stress at the free edges [22]. To prevent such stress concentrations around the cutout
holes and to avoid strength reduction, suitable reinforcements must be installed around the cutout
regions to improve sufficient load bearing capacity of laminates [23]. Being a damage prone
region, it is advisable to monitor the progression of failure and onset location of delamination to

forecast the damage.

Acoustic emission, as a structural monitoring technique, proved able to detect
microscopic failure events under loading conditions. A number of studies have been carried out
for the identification of the failure modes in damaged composite materials e.g., post-impact
loading, using parametric-based approach and signal-based approach [24-26]. In particular,
several studies utilized AE parametric approach to characterize the damage mechanism based on
AE parameters, such as amplitude, counts, duration, energy and rise time, to determine the nature
of failure and the location of emission source [27-29]. Berthelot et al. employed AE parametric
approach to discriminate failure modes in different stacking sequences (0°, 0°/90°, 0°/45°,
90°/45°) [30]. Different failure modes encountered in composites are matrix cracking, fiber-
matrix debonding, delamination and fiber breakage [31-33]. These failure events cause transient,
elastic stress waves, which can be detected by piezoelectric sensors attached to the composite
structure using suitable couplant. The damage mechanisms of self-reinforced polyethylene
(SRPE) during tensile loading have been investigated by Zhuang et al. [34], in which case
acoustic emission signals and amplitude histogram plots were associated with SEM images

depicting the nature of damage. Ramirez-Jimenez et al. [35] and Arumugam et al. [36]



investigated the classification of failure modes based on the primary frequency content of AE
signals. They also discussed the discrimination of failure modes based on signals’ amplitude,
concluding that the AE signals associated with low amplitudes and low duration are related to
matrix cracking, those with moderate amplitude and duration are related to fiber-matrix interface
debonding and those with medium to high amplitude are associated with fiber breakage.
Similarly, Kotsikos et al. investigated the different failure mechanisms in glass/epoxy laminates
under fatigue loading. They reported that the low amplitude signal range (from 40 to 55 dB) is
related to matrix cracking, the medium range (from 55 to 70 dB) is associated with interfacial

debonding and high amplitude signals (>70 dB) belong to fiber breakage [37].

This study focuses on the uni-axial tensile behaviour and failure characteristics of GFRP
laminates with cut-outs. Its aim is particularly linked to the fact that the effectiveness of cutouts,
not leading to extensive damage, which can also be applied when repair is needed since the
procedure is basically the same, has been only limitedly investigated with acoustic emission.
What is suggested is that the remediation after the creation of cut-outs may change the mode of
damage in the composites. More specifically, acoustic emission can offer indications in cases
where two different repair modes are possible on the respective suitability for mechanical
remediation of the composites, of course till the extent this is possible. Since repair enhances and
extends the life of composites, this is a crucial topic very limitedly studied so far with acoustic

emission, as suggested from literature.

The influence of additional reinforcements at the location of cut-out has also been discussed. It is
observed that reinforcing with additional material at cut-out zones can extend the damage
tolerance of structure, maintaining on the other side structural integrity and load carrying
capacity. The mechanism of damage progression and various failure modes during loading have

been investigated using acoustic emission monitoring.
2. Materials and Methods
2.1 Fabrication of conventional E-glass/epoxy laminates

The laminate consists of 12 layers of unidirectional E-glass fiber mat with an areal weight of 220
g/m? and epoxy resin (Araldite LY556) at a ratio of 1:1 by weight. The resin was mixed with the

hardener (HY951) at a ratio of 10:1 by weight, to accelerate the curing process. The resin was



allowed to impregnate the reinforcement with the aid of rollers. The fabricated laminate has a
stacking sequence [0°];, yielding a nominal thickness of 3.5 (£0.15) mm. The laminate was
fabricated by hand lay-up technique. ASTM D3039 tensile test specimens of dimension 280 mm

long, 30 mm wide were cut from the laminates using abrasive water jet cutting.
2.2 Fabrication of laminates with submerged plies as cutout reinforcement

These laminates were fabricated with the experimental procedure similar to that of
conventional laminates, exposed in Section 2.1. Additional ply reinforcements were dropped off
at the center during the hand layup process, which were supposed to enhance the strength and
integrity of the cutout hole. The plies were dropped off in different stacking arrangements,
namely step-like and simultaneous between adjacent covering continuous plies, as shown in
Figure 1. Both the step-like and the simultaneous configuration have the same ply arrangement
as [0°, /0°/0°/0° /0°/0° /0°,]s within which the underlined plies indicate the dropped submerged
reinforcements, In the step-like arrangement, the plies were dropped with a stagger distance of 5
(£0.5) mm. In contrast, in the simultaneous arrangement, the plies were dropped instantaneously
at the same station between the adjacent covering plies, as suggested in [38]. As a whole, six
additional reinforcement plies were introduced between adjacent plies. A total of 18 plies were
used therefore for fabricating cutout reinforced laminates. Only [0°] plies were used for all the
dropped and covering ply configurations. The fabricated laminate has a nominal thickness of 3.5
(#£0.15) mm and 4.5 (#0.25) mm in thin and thick section, respectively. Initially, the plies were
marked for placement of additional reinforcement to avoid misalignment. Also in this case,
ASTM D3039 tensile test specimens of dimension 280 mm long, 30 mm wide were cut from the

laminates using abrasive water jet cutting.

In particular, some guidelines from Varughese et al. [38] were followed, such as:

e Dropping only one single ply at each station

e Plies must be dropped with stagger distance

e Each dropped ply must be covered with adjacent continuous/belt plies to minimize the
delamination at the junction of terminated ply drop. This has been followed to reduce

stress concentration to a great extent by distributing dropped plies over a region at



specific locations. Severe geometric profile change can also be avoided by dropping plies

gradually.

STEPPED DROP SIMULTANEOUSLY
DROPPED

(a) (b)

Figure 1. (a) Type III & IV Stepped Drop configuration and (b) Type V & VI Simultaneous Drop configuration

Type | Conventional laminate without hole

Typelll Conventional laminate with 10 mm hole

Type llI Stepped drop configuration laminate without hole

Type IV | Stepped drop configuration laminate with 10 mm hole
Type V | Simultaneous drop configuration laminate without hole
Type Vi Simultaneous drop configuration laminate with 10 mm hole

Table 1 Codes of different Types of specimens for Tensile testing.
3. Experimental Procedure
3.1 Tensile testing under acoustic emission monitoring

The fabricated specimens were subjected to monotonic uniaxial tensile test. The upper
and lower edges of the specimens were clamped to the tensile fixture of Tinius Olsen universal
testing machine with a load-cell capacity of 100 kN. The crosshead speed of the machine was
fixed to 0.5 mm/min. The test was performed at ambient environmental conditions. Tensile

testing of glass/epoxy specimens was performed according to ASTM D3039 standards. Five



specimens were tested in all categories and their averages were considered. Online acoustic
emission monitoring was carried out using an eight channel AE setup supplied by Physical
Acoustics Corporation. Acoustic signals were continuously monitored by using a SAMOS E3.10
data acquisition system with a sampling rate of 3 MSPS and a 40 dB pre-amplification. Ambient
noise was filtered using a threshold of 45 dB. To improve the acoustic transmission, a couplant is
applied between the contact surface of the specimen and AE sensor. The source location of AE
events was evaluated from the difference in the arrival time of the AE signals received by the
two sensors. The signal definition times used for AE monitoring were as follows: Peak
Definition Time (PDT)=21 us, Hit Definition Time (HDT)= 160 ps and Hit Lockout Time
(HLT)= 300 ps. Furthermore, two wide band sensors with 100-900 kHz frequency were
symmetrically attached to the tensile specimens at the gauge sections to monitor the failure
mechanism and damage locality during tensile loading, as shown in Figure 2. Code of different
Types of glass/epoxy specimens considered in this study is summarized in Table 1. Henceforth
these codes will be mentioned to discuss the tensile behavior and damage mechanisms of various

Types of specimens.

Figure 2. Tensile specimens with acoustic emission sensors fitted



4. RESULTS AND DISCUSSION
4.1 Mechanical tests

In this study, the effects of circular cutouts and the influence of additional submerged
reinforcements as strength bearing plies with two different ply-drop sequences in glass/epoxy
laminates under the uni-axial tensile loading have been experimentally investigated. The tensile
response has been summarized in Figure 3, as far as ultimate load and ultimate displacement are
concerned. The comparison is between laminate Types with no holes (I, III and V) and those
with 10 mm holes (II, IV and VI), in the understanding that hole produces some reduction in the
performance of laminates, yet repair is aimed to compensate for this reduction: the expected
positive effects of the two repair procedures applied (stepped drop or simultaneous drop) are
compared. As a preliminary consideration, results from Figure 3 indicate that both repair
procedures are effective, although stepped drop offered considerably higher performance than
simultaneous drop. The difference between the two procedures is much more evident in the case

of time needed for failure, as it is shown in Table 2.
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Laminate Type Failure time (s)
I 510+ 11
II 284+ 6
111 539+ 11
v 474 + 6
\Y 499+ 5
VI 366 + 39

Table 2 Failure time for the different types of laminates




In practice, the insertion of additional submerged plies at the zones of cutouts acts as a stress
reducer and enhances the strength and load bearing capacity of the laminates, an effect which is
visible from the results. Type III & Type IV laminates utilized a stepped ply drop configuration
for stacking arrangement. The stagger distance of 5 mm between each drop ply was deemed to
introduce ply drop stations and resin rich zones, which may act as stress raisers to cause
premature failure. These drop zones are observed to be critical in Type V & Type VI laminates,
since sudden tapering results in more resin-rich zones and earlier failure of specimens. It can be
therefore acknowledged that influence of additional ply reinforcements into the zones of cutout

location enhances effective load bearing capacity and strength in composite laminates.

Figure 4(a) & 4(b) show percentage strength improvement plot due to repair either by stepped
ply configuration or by simultaneous drop configuration and percentage strength reduction plot
due to cutout of various laminate types, respectively. Type I undamaged laminate has a
maximum average strength of 296 MPa, which can be considered as a reference for comparing
the results with the other configurations. Premature damage initiation in Type II laminate in
which a hole was drilled occurred due to severe stress concentrations around the cutout boundary
resulting in early failure. From Figure 4(b), the maximum strength of the Type II laminates is
observed to be 222 MPa, which is around 25% lesser than that of Type I laminates. In all the
laminates with cutout-hole, the presence of the hole contributes to orient the location of damage
and their failure was observed to be drastic and sudden. As a consequence, the scattering of
tensile data obtained is quite high, which suggests the need for further analysis to better

characterize damage, of which analysis acoustic emission is an example.

Overall from the tensile test results, it is seen nonetheless that Type III and Type IV laminates
show potentially more strength, high strain to failure, and delay in failure time in comparison

with other laminate configurations.
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Figure 4. (a) Percentage strength improvement plot due to the two repair procedures
(stepped ply drop or simultaneous ply drop) and (b) Percentage strength reduction plot

as an effect of the cutout-hole
4.2 Tensile behavior of glass/epoxy specimens monitored by acoustic emission

The objective of characterizing damage outline and different failure mechanisms is to evaluate
the structural performance of composite laminates. The acoustic emission technique has been
implemented to monitor the progressive damage during tensile testing, characterizing the
different failure mechanisms. These have been evaluated with various AE parameters, such as

energy, cumulative counts, peak frequency, amplitude and events.

In particular, Figure 5 depicts the load vs. time curve with AE cumulative counts and AE energy
plot for all laminate types. The initiation of AE activity occurs generally at around 100 seconds
during the tensile loading. The rate of incoming AE cumulative counts was considered to be
almost flat during the initial stage of load-displacement plot, which in composites is typically
associated with low AE energy failure modes with amplitudes around 50-60 dB, particularly
matrix cracking [39]. However, during the middle stage of load-displacement plot, intensification
and fluctuation of AE cumulative counts and AE energy can be associated with interfacial
failures, such as fiber debonding and pullout, the latter associated also with amplitudes greater
than 80 dB, since it leads to fiber breakage. Later on, at the proximity of ultimate failure load,

AE energy increases remarkably with a steep rise in the slope of cumulative counts related to



high amplitude signals representing longitudinal fiber breakage. This change of behavior can be
associated with the onset of a “knee” along the AE cumulative counts curve [24], which in this
case can be observed to occur at lower loads for laminates with cutout hole. Some cases are
discussed also into more detail: in particular, Figure 5 (b) depicts the load vs. displacement curve
with AE cumulative counts and AE energy plot for Type II conventional glass/epoxy laminates
with a cutout hole. It can be observed that the tensile behavior of Type II is quite similar to the
one of Type I laminate. However, microscopic damage initiation at the vicinity of cutout appears
during loading at around 60% of ultimate stress, hence in advance with respect to what occurs in
the Type I laminate. AE activity is limited to low intensity events during this stage, which have
been related to matrix cracking. At a load of 15000 N, at about 200 s, there is a steep increase in
AE cumulative counts with high intensity of AE energy, resulting in the initiation of longitudinal
splitting crack at the boundary of cutout hole, which can also be seen from Figure 7. In contrast,
in the case of Type III laminates, the rate of AE cumulative counts, as from Figure 5 (c), was
found to be almost flat during this stage of the load-displacement plot, which has been associated
with low AE energy failure mode, hence matrix cracking. At higher loads, fiber breakage took
place at the free edge and at the ply-drop zones of submerged additional plies, which caused the
ultimate failure of Type III laminate, as observable from Figure 8. More specifically, fiber
splitting occurred on the gauge section of the laminate and progressively grew towards the
submerged additional plies and then the gripping zone. Similarly, from Figure 5 (f), it can be
illustrated that AE activity, though initiating once again around 100 s during tensile loading,
considerably intensifies during the middle phase of loading, with strong fluctuations in AE
energy and a steep rise in cumulative counts, denoting macroscopic damage initiation at the
boundary of cutout hole (see also Figure 9). Furthermore, during the final stage of loading, AE
energy increased remarkably, resulting in ultimate failure of laminates together with high
amplitude (>80 dB) events, representing the longitudinal fiber breakage associated with other

lower amplitude failure modes, such as matrix cracking and interfacial debonding/delamination.
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Figure 5. Load vs. Time plot with AE cumulative counts and energy of different
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Frequency analysis was also used as an effective tool for damage characterization, as it is often
the case on AE studies on composites [40], and was associated in Figure 6 to amplitude vs.
location plots only on laminates with cutout holes, to investigate the effect of the hole on AE
activity. To summarize, the frequencies of AE events detected can be tentatively categorized into
four ranges, 90-170, 200-270, 270-300 and 310-360 kHz, respectively related to different failure
modes, matrix cracking, debonding, delamination and fiber breakage. Figure 6 (a) shows peak
frequency vs. time plot for Type II laminates. It is observed that the contribution to matrix
cracking damage is higher. However, the central frequency ranges, associated to debonding and
delamination, are typically developed at the vicinity of cutout hole, whereas high frequency
events related to fiber breakage take place during the ultimate failure. Figure 6 (b) depicts
amplitude vs. location plot for Type II specimens. Here the distribution of AE signals was
concentric around the cut-out hole. The failure initiation has occurred with low amplitude matrix
cracking signals (40-55 dB), originating at the zones of cutout hole. Furthermore, events in the
moderate amplitude range (55—70 dB) can be attributed to the onset of significant debonding and
delamination. Finally, the amplitude signals beyond 70 dB are supposed to be related to fiber
failure, which is often encountered in literature on AE studies on composites [36, 41]. In general,
initiation of AE events during the testing brings out all the failure phenomena. Comparing Figure
6 (a) and (b), it is observed that the AE events were centralized at the vicinity of cutout, yet fiber
breakage only takes place in a very abrupt and critical way at the very end of loading, leading to
ultimate failure. Figure 6 (c) depicts the peak frequency vs. time plot for Type IV laminate, the
frequency intervals obtained were very similar to Type II ones, but the intensity of various
failure modes was different: in particular AE signals pertaining to matrix cracking peak
frequency range initiated very soon after loading started. However, debonding and delamination
were the predominant failures mode in Type IV laminates. The concentration of these signals
was enormous due to failure at the zone of ply-drop (resin-rich zones), resulting in premature
delamination. Similarly, fiber breakage signals were also in a larger amount compared to the
Type II laminates, because of local fiber failure at additional cutout reinforcements, which can be
seen from Figure 8. This difference is confirmed by amplitude vs. location plot for Type IV
laminate, shown in Figure 6 (d). Here, the distribution of signals was different from Type II with
less intense AE signals at the boundary location of the cutout, but rather dispersed over a region.

This was explained by the introduction of additional ply reinforcements resulting in further



interfacial failure modes, such as debonding and delamination, which is relevant to moderate
amplitude ranges. In other words, Type IV laminate with additional submerged reinforcements in
a step-like ply arrangement acts as a damage constraining configuration at the zones of cutout
hole, therefore delaying damage initiation. The initiation of damage only occurred at a level of
around 85% of ultimate load in Figure 8, similarly to what occurred in Type I & III laminates
with no holes. This delay in failure is because of stress redistribution through the additional
reinforcements at the zones of the hole. Figure 6 (e) depicts the peak frequency vs. time plot for
Type VI laminates. The frequency intervals obtained for Type II/IV/VI laminates were very
similar, but the intensity of failure modes was different in each case. In particular, in laminates
with holes AE signals pertaining to matrix cracking initiated from the beginning of the loading.
However, debonding and delamination were predominant failure modes in Type IV and Type VI
laminates. The dispersion of these signals was more due to the presence of resin rich zone near
ply-drop resulting in premature delamination. This can be evident from Figure 9 showing failure
stages of Type V & VI laminates, where the ultimate failure occurred in the drop zone of

additional ply reinforcements.

Figure 6 (f) illustrates the amplitude vs. location plot for Type VI laminates, here the distribution
of signals was different from that of Type II and Type IV ones. The unbalanced distribution of
AE signals across the gauge length indicated that the failure occurred in the ply-drop zones. The
introduction of additional ply reinforcements resulted in further interfacial failure modes, such as
debonding and delamination, which is relevant to moderate amplitude ranges. Type VI laminate
employs the simultaneously dropped ply configuration, leading to a sudden change in geometric
profile and more resin rich zone causing premature failure. Overall, from the tensile behavior,
the failure of submerged cutout reinforced laminate occurred by crack propagation and

delaminated into the thick section, because of introducing high stiffness 0° dropped plies.
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Type VI laminates: (e) Peak frequency vs. Time plot; (f) Amplitude vs. Location plot



Coming now to a global analysis of Figure 7, 8 and 9, here images at 85% and 100% of ultimate
load are depicted: it was found that at a percentage of ultimate load such as 85% significant
differences can be observed: in all cases, intensive matrix cracking at the location of ply-drop
zones beyond the region of cutout were observed at this load level. In particular, in Type III &
IV laminates, the initiation of visible damage occurred only at 85% loading, which evidenced
that additional ply reinforcement enhances the structural integrity by stress redistribution.
Similarly in Figure 9, the microscopic images show the fiber breakage and pullout at the ply-
drop zone at 100% failure load. The ultimate failure images of Type VI specimens show the
matrix cracking and delamination at the zone of sudden drop leading to fiber pullout failure. The
load bearing capability of Type V & VI laminates is therefore better than it is the case for Type I
& 1I laminates, yet poor when compared to Type III and IV ones. Type V & VI laminates
enclose simultaneously dropped ply arrangement, causing local stress concentration at the drop
zone. Thus the failure initiated at this location, further delayed the failure at the cutout hole, yet
ultimate failure occurred at this ply-drop zones. This allows concluding that exceeding a level of
additional reinforcements may give rise to local stress concentration because of change in

laminate profile.

Figure 10 shows normalized AE hits of specimens with cutout deemed to correspond to different
failure modes, such as matrix cracking, debonding, delamination and fiber breakage. It is
observed that matrix cracking was observed to be higher in Type II laminates compared to Type
IV and Type VI ones. This was explained by the presence of stress concentration around the hole
in Type II laminates, initiated early intra-laminar matrix cracking during loading resulted in high
intensity of matrix cracking. However, this has decreased in Type IV and Type VI specimens
due to high load bearing capacity and stress redistribution through additional ply-drop
arrangement. In contrast, the debonding and delamination is observed to increase in the Type IV
and Type VI specimens due to the presence of resin rich zone at the vicinity of dropped ply 34.
The intensity of debonding and delamination was very high in Type VI simultaneously dropped
specimen configuration than the Type IV stepped/staggered drop configuration. It is evident that
the simultaneous dropped ply arrangement inhibits high local stress concentration due to sudden

change in profile resulting in early failure than the Type IV step-like drop-ply configuration.



From the above discussion, the evolution of the damage pattern of the Types of laminates
configurations with ply-drop arrangement during tensile testing has been considered. The failure
of cutout hole specimens with additional submerged reinforcements has better structural integrity
and damage tolerance than the conventional specimen with no additional submerged plies at the
region of the cutout. It has clearly been revealed that introducing the additional submerged
reinforcements at the regions of cutout during fabrication can reduce the possibility of damage
initiation by alleviating stress concentration and enhance the strength of the specimens when
compared to the Type I and II specimens. Moreover, it is more effective to reinforce the
additional ply arrangements gradually than introducing them simultaneously: the reason is that

this procedure enhances obtaining a uniform stress distribution between the layups.
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Figure 8 Failure stages of Type III and IV laminate
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5. Conclusions

The tensile behavior and failure characteristics of stiffened glass/epoxy laminates with a cut out
hole were experimentally investigated with acoustic emission monitoring. Two ply-drop
configurations, namely step-like and simultaneous arrangement, were utilized for reinforcing the
cutout zones. Reinforcing additional materials at the zones of the cutout was found to be an
efficient method to enhance the load carrying capacity and prolongs the damage tolerance of
structure. Strength improvement with step-like added plies was demonstrated to be superior than
the one obtained with simultaneously added plies, although in no cases the improvement
obtained with repair was inferior to 10% of tensile strength. In practice, the creation of holes was
obviated by additional ply reinforcements at the zones of cutout hole, delaying the failure at the
boundary. However, postponing this failure resulted in stress redistribution through additional
ply reinforcements causing an obvious onset of fracture at the junction with ply drop. Acoustic

emission technique has been employed as a structural health monitoring tool in stiffened



glass/epoxy composites to characterize the different damage mechanism and to localize the
damage. The identification of various damage sources has been performed based on signal
frequency and/or amplitude distribution to predict the failure pattern which reflected well in the
failure stages of specimens. Thus, the step-like ply arrangements were generally noticed to be

more effective in load/strength bearing than simultaneously dropped configurations.
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