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A B S T R A C T
This paper introduces new composite architectures using carbon and glass ﬁbre‐reinforced epoxy prepregs to
achieve gradual failure under bending. The concept is based on a technique developed by the authors to design
hybrid composites with gradual failure in tension combined with beam theory to identify and control the failure sequence of the plies in the layups. Two layups are designed based on standard ply thickness S‐Glass and
hybrid sub‐laminates made out of intermediate and high modulus thin‐ply carbon prepregs. The layups are
tested under 4‐point bending loading where a gradual failure alongside high values of ﬂexural displacement
are achieved. No catastrophic failure is observed throughout the whole loading process. The gradual layer‐
by‐layer failure of the surface layers on the tensile side produces a brush‐like appearance. Microscopy observations from interrupted tests veriﬁed fragmentation of the high‐modulus carbon layer followed by gradual
failure of the intermediate modulus carbon layer and delamination on the tensile side, as well as stable shear
cracks of the high‐modulus carbon layer on the compression side.

1. Introduction
Lightweight design is becoming increasingly important in various
industries, particularly in aerospace, wind energy and automotive
applications. Fibre‐reinforced composites are attracting more interest
for such weight‐sensitive applications owing to their excellent stiffness, strength with a low density. However, the failure of common
composites is usually sudden and catastrophic, with no notable sign
of prior damage or any warning. To ensure safe operations, typically
greater safety factors are applied for composite components than for
those made out of traditional homogeneous ductile materials. This
condition may produce overdesigned composite structures, losing the
real potential weight‐saving beneﬁts. Achieving gradual failure in
composites can help structures to maintain functionality even when
they are overloaded, widening their application scope.
One of the successful approaches for introducing gradual failure
into composite materials and avoiding catastrophic failure is hybridisation [1–8]. By combining different types of low strain materials
(LSM) and high strain materials (HSM) and selecting an appropriate
conﬁguration, it is possible to obtain a gradual failure process and non-

linear stress–strain response. In general, three different possibilities for
hybridisation have been widely used: interlayer, intralayer and intrayarn. The interlayer hybrid conﬁguration, where the mixing of different materials occurs on the ply level, has been the most exploited
method because of its simpler production [5]. Extensive experimental
work, as well as analytical and numerical modelling, have been conducted in recent years on the tensile loading case [9–13]. These studies
have demonstrated successful gradual failure in glass/carbon and carbon/carbon hybrid composites using thin‐ply prepregs. Thin carbon/
epoxy pre‐impregnated plies produced using the recently developed
tow spreading technology have been important to suppress damage
mechanisms by obtaining lower energy release rates, delaying the
propagation of intralaminar and interlaminar cracks [14–18]. This
characteristic allowed introducing fragmentation of thin‐ply carbon
layers as a new damage mechanism in the hybrid composites without
catastrophic failure.
Four types of failure procedures are recognised for Uni‐Directional
(UD) hybrid composites under tension [19]. These are schematically
illustrated in Fig. 1a alongside their stress–strain schematic response:
1) premature high strain material (HSM) failure after the ﬁrst crack
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Using the analytical method proposed in [19], it is possible to ﬁnd
a correlation between the four types of failure modes described before
and the geometric parameters of any speciﬁc material combination.
Using those correlations, damage mode maps have been proposed as
an efﬁcient method to ﬁnd optimum conﬁgurations of different UD
hybrid combinations to achieve gradual failure [20]. Fig. 1b shows
schematically a damage mode map, where the horizontal axis in the
map corresponds to the relative LSM thickness, the thickness of LSM
plies divided by the total hybrid’s thickness, and the vertical axis
shows the absolute thickness of the LSM plies. The map shows the different damage sceneries separated by boundaries, correlating the damage type zone with the geometric parameters (total LSM proportion
and absolute LSM layers thickness). The coloured bar in the map indicates the pseudo‐ductile strain (ɛ d ), which measures the favourable
gradual failure for damage modes 3 and 4, being a maximum close
to the intersection of the three boundaries between different damage
modes.
Bending is an important loading scenario in real applications and
most of the structures are subject to bending loads. However, achieving gradual failure under bending has not been the focus of research
studies yet to the authors’ best knowledge. Most of the research has
concentrated on preventing failure initiation, maximising the ﬂexural
strength and modulus in both unidirectional and multidirectional
hybrid composites by optimising stacking conﬁgurations [21–24]. Different works [25–28] have demonstrated that the stacking sequence
plays an important role in the performance of glass/carbon hybrid
composites under bending conditions. Unsymmetrical layups yield
the highest ﬂexural strength when the glass layers are placed on the
compressive side [25,26,28]. Replacing lower elongation carbon ﬁbres
with higher elongation glass ﬁbres in compression improves the overall ﬂexural performance of the composites and delays compressive failure mechanisms.
New hybrid composites with gradual failure under bending can signiﬁcantly increase the potential application opportunities of composite
materials. In high‐performance applications, this can help to avoid
overdesigned structures, and enhance the reliability of the structures.
A few works have studied hybrid composites under bending [29–33],
however, the failure process was catastrophic, with relatively low ﬂexural displacements. This paper introduces a new concept to design
asymmetric hybrid composites that fail in a gradual process when
loaded under bending. Catastrophic compressive failure is avoided
using glass layers on the compressive side of the beam, which retains
its structural integrity all the way through the failure process until it is
unloaded. The hybrid laminate on the tensile side is designed using the
authors’ analytical model published in [19] and [20] to obtain gradual
failure in tension and the concept is further explored experimentally.

Fig. 1. a) Four possible damage scenarios in UD hybrid composite laminates,
b) Damage Mode Map of an arbitrary hybrid combination (adapted from Refs.
[19;20]).

in the low strain material (LSM), 2) catastrophic delamination at the
interface between the LSM and HSM after the ﬁrst crack in the LSM,
3) fragmentation of the LSM and 4) fragmentation of the LMS followed
by limited dispersed delamination. The ﬁrst two failure modes are
unfavourable and their behaviour in the stress–strain graphs is characterised by a signiﬁcant load drop, leading to mechanical properties
lower than the constituents. Damage modes 3 and 4 are desirable
because they provide integrity and load carrying capacity while the
laminate is gradually deteriorating. The stress–strain graphs obtained
from these failure processes are characterised by a plateau after the
linear‐elastic part of the curve. This plateau is produced by a gradual
reduction in the relative contribution of the LSM plies in carrying load
due to fragmentation. As fragmentation progresses the load‐carrying
contribution of the fragmented LSM plies is further reduced. Once
fragmentation reaches saturation, further load is carried by the HSM
plies producing an increasing trend in the stress–strain curve. The
pseudo‐ductile strain (ɛd ) for damage modes 3 and 4, shown in
Fig. 1a, is deﬁned as the extra strain obtained due to gradual failure
and is measured between the ﬁnal failure point and the initial slope
line at the failure stress level. The pseudo‐ductile strain (ɛ d ) for damage modes 1 and 2 is zero because the loss of integrity due to premature failure or catastrophic delamination.

2. Material and conﬁguration design
2.1. Concept
Due to the compressive strength of ﬁbre reinforced composites
along the ﬁbre direction being generally much lower than their tensile
strength [34], it is common to observe that the failure initiates on the
compression side in non‐hybrid UD laminates under bending. The
dominant compressive failure mode in UD composites is micro‐
buckling, which is usually a catastrophic process. To achieve gradual
failure in bending in this paper, the hybrid beam is designed to avoid
compressive failure initiation and to promote gradual failure initiation
on the tensile side. To do that, the hybrid layups are designed using
different materials for the compressive and tensile side. Using the S‐
glass/epoxy with higher compressive failure strain than the tensile
failure strain of the applied M55 and T1000 carbon/epoxy should
guarantee tensile failure initiation. The material and the sub‐
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assessed using damage mode maps. Fig. 2 shows the four possible failure processes of the M55/T1000 hybrids. Details of how this map is
plotted are explained in [20]. The circles in the map represent the position of four different building block conﬁgurations and the coloured
regions of the map indicate the favourable pseudo‐ductile strain (ɛd )
in the regions with gradual failure. Building blocks 1 and 2 are located
in the fragmentation zone, building block 3 is located in the fragmentation and local delamination zone and building block 4 produces
catastrophic delamination. The damage analysis was carried out using
a mode II critical strain energy release rate of GIIC = 0.5 N/mm. This
critical value was selected based on observations conducted in [6] during tests on similar hybrid conﬁgurations made of prepregs comprising
the same epoxy matrix systems (Thin‐Preg 120 EPHTg‐402 North
TPT). Table 2 shows the geometric parameters, Young’s modulus
and mode II energy release rate, GII, at the M55 ﬁbre failure strain
of 0.8% (see Table 1). According to [4], the energy release rate (GII)
must be lower than the mode II critical energy release rate (GIIC = 0.5)
of the interface to avoid catastrophic delamination of the central M55
layer after its ﬁrst fracture. This criterion is introduced in Eq. (1),
which is satisﬁed by all building blocks proposed, except by building
block 4, [T10004/M553/T10004] where the calculated energy release
rate GII is 0.69 N/mm at the failure strain of the M55 ﬁbre, 0.8%.

laminate in tension are selected to produce a gradual stiffness reduction by fragmentation and stable pull out with increasing strain.
The layups proposed are hybrid carbon/glass composites, using
standard thickness S‐Glass on the compressive side and thin‐ply carbon/carbon hybrid sub‐laminates on the tensile side. The carbon/carbon hybrid sub‐laminates are repeated through the thickness as a
“building block” to obtain the desired total thickness. The building
block corresponds to a basic unit made out of intermediate and high
modulus thin‐ply carbon prepregs: (IM Carboni/HM Carbonk/IM Carboni) where i and k, are the number of plies selected for each material.
Using damage mode maps, the building blocks were designed to guarantee initial fragmentation of the high modulus carbon layer without
catastrophic failure of the intermediate modulus carbon layer.
2.2. Materials
For the compressive side, standard ply thickness prepregs made of
S‐Glass with 913 epoxy resin system with a compressive failure strain
of 2.33% are used [31], which were supplied by Hexcel. For the tensile
part of the beam, it was decided to make hybrid sub‐laminates out of
T1000 and M55 thin‐ply carbon/epoxy prepregs from North Thin Ply
Technology (NTPT). The T1000 intermediate modulus (IM) carbon
ﬁbres have a tensile failure strain of 2.2% and the tensile failure strain
of M55 high modulus (HM) carbon ﬁbres is reported to be 0.8% [11].
The choice of ﬁbres in tension was based on having enough difference
between the tensile failure strain values of the constituents and at the
same time, avoiding very low tensile failure strains at damage initiation. Additionally, the results published in [6] showed that hybridising
HM M55/epoxy with IM T1000/epoxy provided good results in terms
of pseudo‐ductile strain and gradual failure in tension.
The lower tensile failure strain of M55 will contribute to obtain failure initiation in tension. While M55 has a relatively low compressive
failure strain, the beam is designed to have most of the M55 layers
on the tensile side. The few M55 layers on the compressive side are relatively close to the neutral axis and therefore the compressive strain
they experience is less than the tensile strain experienced by the
M55 layers on the tensile side. Accounting for the lower compressive
than tensile failure strain, the margin between the M55 layer’s compressive failure strain and the experienced compressive strain is still
larger than the margin for the bottom M55 layers in tension due to
the distance of these layers from the neutral axis. Therefore, failure
is expected to initiate in the M55 layers on the tensile side, rather than
on the compressive side.
The epoxy resin in both prepreg layer systems in tension are Thin‐
Preg 120 EPHTg‐402 (North TPT). The curing temperature implemented for all the resin systems in the used prepregs is 125 °C.
Although no chemical analysis on the compatibility of both resin systems was done, previous experience indicated a good bonding between
both resin systems [6]. Table 1 shows the basic properties of the
applied materials.

GII ¼

ɛ22b E 2 t 2 ð2E 1 t 1 þ E 2 t 2 Þ
< GIIC
8E 1 t 1

ð1Þ

where E1 and E2 are the elastic modulus of the T1000 and M55 layers. t1
is the thickness of each block of T1000 on either side, t2 is half of the
laminate thickness of M55 and ɛ2b is the failure strain of M55. GII is
the energy release rate and GIIC is the mode II critical energy release
rate.
Layups 1, 2 and 3 are located in the desirable area of the map
where the failure is expected to be gradual. However, building block
3 has four layers of T1000 on each side. If this block is repeated
through the thickness, eight layers of T1000 will be placed next to
each other separating the M55 plies, while using building blocks 1
and 2, the M55 plies will be separated by only two and four layers
of T1000. The lower number of T1000 layers of building blocks 1
and 2 may contribute to having a more distributed and gradual failure
through the thickness. Therefore, building blocks 1 and 2 were chosen
for the experiments and the rest of the analysis.
Using the analytical method proposed by [19], the strain–stress
response of the building blocks 1 and 2 is calculated as shown in
Fig. 3. Building block 1 has slightly higher initial stiffness and damage
initiation stress (knee point A on the blue curve) and building block 2
has a higher margin between damage initiation (knee point A on the
orange curve) and ﬁnal failure (point B on the orange curve). Both
conﬁgurations show acceptable pseudo‐ductility behaviour in tension
and they are expected to produce gradual failure in bending.
2.4. Full layup design using beam theory
Different conﬁgurations were analysed using beam theory to calculate the strain distribution through the thickness. The aim is to design
a beam conﬁguration in which the glass layers under compression do
not fail before the failure initiation on the tensile side of the beam. A

2.3. Design of hybrid laminate building blocks
Proposing the building block architecture is the ﬁrst step to design
the full layups. Different combinations of M55 and T1000 layers were

Table 1
Cured ply properties of the applied UD prepregs.
Prepreg Material

Elastic Modulus [GPa]

Tensile Failure Strain [%]

Compression Failure Strain [%]

Cured ply thickness [mm]

S-Glass/913
T1000/Thin-Preg 120 EPHTg-402
M55/Thin-Preg 120 EPHTg-402

45.7 [31]
143.3 [11]
280.0 [11]

3.98 [31]
2.2 a
0.8 a

2.33 [31]
0.95b
0.56 [33]

0.155 [31]
0.032 [11]
0.030 [11]

a
b

Fibre tensile failure strain based on manufacturer’s data.
Based on manufacturer’s data for 60% ﬁbre volume fraction.
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tion function to account for the different moduli,Ai is the weighted
cross‐section area of each layer including the transformation function,
y NA is the location of the neutral axis, y i corresponds to the distance
between the base of the layup (bottom face) and the centroid of layer
i, I XX is the layer second moment of area, y i is the distance between
layer i centroid and the neutral axis, M i is the failure moment and
jCi j is the absolute distance between the bottom surface of layer i to
the neutral axis. For all the equations the sub‐index i correspond to
the layer number i, for i from 1 to the total number of layers.
Fig. 5 and Fig. 6 show the position of each layer on the vertical axis
and the required bending moment for the failure of each layer on the
horizontal axis. The blue stars, red dots and green squares correspond
to the S‐Glass, T1000 and M55 layers respectively. The blue dashed
lines indicate the location of the neutral axis and the black dashed line
indicates the lowest required failure bending moment. The code calculates the total bending moment required to break each layer using the
failure strain in tension or compression depending on the ply position.
Layers with lower required failure bending moment will fail ﬁrst. Since
the main objective is to verify the initial failure order and guarantee
that the failure initiation is promoted in tension, the code does not
consider the stiffness reduction of the layups because of ply failure
as well as the shift of the neutral axis.
For both layups, the layers most likely to fail ﬁrst correspond to the
M55 ply in tension (number 1 in the failure order), followed by the top
M55 ply in compression close to the S‐Glass (number 2 in the failure
order). According to Figs. 5 and 6, compressive failure of the S‐Glass
layer requires a signiﬁcantly higher bending moment, therefore failure
initiation and catastrophic failure on the compression side is avoided.
Despite the top M55 layer under compression appearing likely to fail
as the second layer in the failure order, it has been observed that
M55 under compression can lead to fragmentation rather than catastrophic failure [31,32]. Additionally, once the ﬁrst layer fails in tension, the neutral axis will move upward, reducing the risk of
compressive failure. Therefore, the design is still considered likely to
avoid premature compressive failure.

Fig. 2. Damage mode map of M55/T1000 hybrid layups.

MATLAB code, with the algorithm explained in Fig. 4, was implemented to ﬁnd the required failure bending moment of each layer
through the thickness, based on the compressive and tensile failure
strains reported in Table 1.
The material properties of each layer, geometric parameters, and
the stacking sequence of the laminates are the code inputs. Using this
input data, the code calculates the transformation function using the
Young’s modulus of S‐Glass as the baseline E1. Then, the code identiﬁes the position of the neutral axis. Finally, the code calculates the
required failure bending moment for each ply based on its failure
strain. The code provides an idea of the failure initiation of the laminate, producing a failure sequence where the plies with lowest failure
bending moment fail ﬁrst.
Using the code, different layup conﬁgurations were analysed and
the following two layups are proposed for the experimental tests:

3. Experimental
3.1. Specimen manufacturing

• Layup 1: [S‐Glass7/M55/T1000/(T1000/M55/T1000)17/T1000]
using building block 1
• Layup
2:
[S‐Glass7/T1000/M55/T10002/(T10002/M55/
T10002)10] using building block 2

The interlayer hybrid specimens were made by stacking the speciﬁed glass and carbon prepregs on top of each other. Laminates were
cured in an autoclave at the recommended cure temperature and pressure cycle for Hexcel 913 resin (60 min @ 125 °C and 0.7 MPa), as this
is similar to the NTPT thin carbon prepreg cure cycle. The individual
specimens were cut with a diamond cutting wheel. Six samples were
obtained from each plate. Table 3 shows the dimensions of the manufactured samples.

Both layups have the same total thickness to make them directly
comparable, but with different ratios of T1000 to M55. For the layup
1 compared with layup 2, one ply of T1000 was relocated from the top
side (close to the S‐Glass) to the bottom face, in order to have the same
number of T1000 layers covering the external M55 ply in tension and
promote a similar failure initiation in both layups. Seven layers of S‐
Glass were proposed for the compression side as this number of layers
allows a safe margin between the compressive failure of the S‐Glass
and the tensile failure of the T1000/M55 hybrid. This should ensure
that compression failure is avoided.
In Fig. 4, E is the young modulus, b
ɛ is the failure strain, w is the
width and t is the thickness of the different layers. N i is the transforma-

3.2. Test method
Four‐point bending (4‐PB) test setup was selected to achieve a constant bending moment in the middle of the beam. This assures that carbon layer failure takes place between the loading noses where the
bending moment is maximum and constant whereas the shear stresses

Table 2
Building block properties.
Building Block

Total Thickness [mm]

M55 Relative Thickness [–]

Predicted Modulus [GPa]

Calculated GII at 0.8% Strain as the failure of M55 [N/mm]

1.
2.
3.
4.

0.095
0.160
0.320
0.351

0.323
0.193
0.193
0.263

186.6
169.3
169.3
178.9

0.26
0.19
0.39
0.69

a

[T1000/M55/T1000]
[T10002/M55/T10002]
[T10004/M552/T10004]
[T10004/M553/T10004]

Mode II energy release rate GII calculated using Eq. (1).
4

a
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Fig. 5. Bending moments for each layer showing the failure sequence of layup
1, [S- Glass7/M55/T1000/(T1000/M55/T1000)17/T1000].

Fig. 3. The tensile response of building block 1 [T1000/M55/T1000] and
building block 2 [T10002/M55/T10002].

Fig. 6. Bending moments for each layer showing the failure sequence of layup
2, [S-Glass7/T1000/M55/T10002/(T10002/M55/T10002)10].

Table 3
Dimensions of the manufactured samples.
Spec. type

Length (mm)

Width (mm)

Thickness (mm)

Layup 1
Layup 2

190 ± 0.19
190 ± 0.34

19.93 ± 0.10
20.38 ± 0.05

2.92 ± 0.05
2.96 ± 0.08

from the machine and the strains were measured using a strain gauge
located on the bottom carbon ply of each sample as shown in Fig. 7.
Videos of the specimens were recorded for failure analysis and process
characterisation.

Fig. 4. MATLAB code to generate the failure sequence diagram and strain and
stress distribution diagrams.

3.3. Microscopy observations
are relatively small. Rubber pads were used between the loading noses
and the samples to reduce the high and concentrated contact stresses.
Fig. 7 shows the schematic of the specimen geometry and the test
setup including the calculated neutral axis position which is
1.049 mm and 1.067 mm from the bottom of layup 1 and 2 respectively. The distance between the bottom supports is 120 mm, the distance between the inner loading noses is 25 mm and the diameter of
all supports and loading noses are 10 mm. Four‐point bending loading
on the prismatic specimens was executed at a constant 3 mm/min
crosshead speed on a computer‐controlled Instron 8872 type 25 kN
rated universal servo‐hydraulic test machine with a regularly calibrated 10 kN rated load cell. Load and displacement were measured

Two samples were interrupted earlier in order to observe the failure inside the layup under the microscope. The interrupted samples
of each layup were observed using a Nikon Eclipse LV100 optical
microscope. A section between the inner loading noses of the interrupted samples was cut using a diamond saw and embedded in Veracril, a self‐curing acrylic resin. To take the micrographs closer to
the middle of the sample and avoid edge defects, 5 mm was ground
off from the width of the samples using 240 grit SiC sandpaper and
water as the lubricant. The samples were polished with 2000 grit
SiC sandpaper and then using colloidal silica down to 0.05 µm on a

5
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Fig. 7. Schematic of the four-point bending (4-PB) test setup.

machine and considering the large difference in the failure order
between M55 and T1000 plies, it is concluded that the load drops
shown in the load–displacement graphs in Fig. 9 are related to the failure of T1000 layers followed by instantaneous delamination of the
T1000/M55 hybrid blocks from the undamaged part of the beam.
Layup 2 reached a slightly higher maximum load of 1.70 kN than that
of layup 1, which is 1.60 kN. These results are in agreement with Fig. 3
where Layup 2 (building block 2) shows a slightly higher failure stress.
The total energy absorbed by elastic deformation, fragmentation and
delamination of each specimen is calculated by integrating the area
under the load–displacement curve up to a maximum applied displacement of 35 mm. Both conﬁgurations give fairly close average absorbed
energy of 150.8 kJ for layup 1 and 155.4 kJ for layup 2. The reason to
compare both layups only up to 35 mm applied transverse displacement is that around 36 mm applied displacement, the beam touches
the corner of the support block and loses contact with the support
roller.

chemically‐resistant no‐nap polishing cloth in a VibroMet grinding
machine.
4. Results and discussion
4.1. Test results
The layups designed using the method proposed in section 2.4
show a successful gradual failure, displaying a brush‐like appearance
as shown in Fig. 8. 60 mm maximum vertical displacement at the loading noses was achieved without failure through the full thickness. The
tests were stopped when the samples were moved from the supporting
rollers to the edge of the support block square as shown in Fig. 8a.
Fig. 9 shows the load–displacement graph for both layups. Both
groups of samples show high non‐linearity after 1.2kN and before
the load drops. This behaviour is due to both non‐linear geometric
deformation and M55 layer fragmentation. Matching the time of the
recorded videos and the load–displacement data provided by the

Fig. 8. Four-point bending (4-PB) test, (a) high displacement results (b) brush-like failure appearance after the test.
6
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specimen and averaging, Fig. 10 shows a schematic description.
Fig. 11 shows the load–strain curves where both layups display similar
behaviour. At the early stage of loading, the behaviour is linear‐elastic
and at loads higher than 1.2kN, both layups show a non‐linear
response. For layup 1 the average strain at the non‐linear initiation
point corresponds to 0.90 ± 0.06% at 1.20 ± 0.02 kN and for layup
2, it corresponds to 0.94 ± 0.01% at 1.21 ± 0.02 kN. Fig. 11 also
shows the prediction of the linear‐elastic behaviour of the bottom
T1000 ply using beam theory. The strain‐force value calculated based
on beam theory shows a good agreement with the experimental results
measured with strain gauges. Fig. 12 shows the strain distribution for
both layups through the thickness using beam theory for an applied
force of 1.2kN, which corresponds to the load at the non‐linear initiation point.
Fig. 12 shows that the maximum tensile strains at the bottom carbon T1000 ply are 0.91% and 0.95% for layup 1 and layup 2 respectively, which are very close to the experimental results using strain
gauges (0.90% for layup 1 and 0.94% for layup 2). These strain values
are below the tensile failure strain of T1000, 2.2%. According to
Fig. 12, at 1.2kN the strain in the bottom M55 layer is equal to
0.85% and 0.89% for layup 1 and layup 2 respectively, slightly greater
than the quoted tensile failure strain of M55 ﬁbres, 0.8% (see Table 1).
The maximum compressive strain for T1000 at 1.2kN corresponds to
0.54% and 0.58% for layup 1 and layup 2 respectively. These values
are lower than the compressive failure strain of T1000 (0.95%). On
the other hand, for M55 plies the compressive strain at 1.2kN for layup
1 is 0.57% and 0.55% for layup 2, which are similar to the compressive
failure strain of M55 (0.56%). This suggests that the nonlinear initia-

Fig. 9. Load-displacement curves obtained directly from the loading machine
including interrupted samples for (a) Layup 1 and (b) Layup 2, where BK1 and
BK2 refer to building block 1 and building block 2.

4.2. Strain gauge results
To capture local tensile strain at the middle of the span of the beam,
strain gauges were located at the bottom carbon ply. The maximum
measured strains are associated with the failure of the bottom surface
T1000 layers in tension, leading to strain gauges being debonded. The
average strain at which the linear elastic behaviour changes is found
by ﬁtting two trendlines before and after the nonlinear point for each

Fig. 11. Load-strain curves obtained using the strain gauge at the middle of
the beam on the bottom T1000 carbon ply for (a) Layup 1 and (b) Layup 2,
where BK1 and BK2 refer to building block 1 and building block 2.

Fig. 10. Deﬁnition of the nonlinear point through the intersection of
trendlines and calculation of the nonlinear strain and load.
7
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Fig. 12. Strain diagrams of layups 1 and 2 at the non-linear point with a load
of 1.2kN.

tion point is related to the starting of M55 fragmentation in both tension and compression at similar loads.
Finally, according to Fig. 12 the maximum strain on the compressive side is 1.51% and 1.55% at the surface ply of S‐Glass for layup
1 and layup 2 respectively at 1.2kN, which is lower than the compressive failure strain of S‐Glass, 2.33% as reported in Table 1.
4.3. Microscopy results
The samples were interrupted before their ﬁrst load‐drop and
above 1.2 kN and beyond the ﬁrst load‐drop. Because the ﬁndings
are similar for both layups, the discussion of this section will be
focused only on layup 1, however, the results are equivalent for layup
2. Fig. 13 shows the load–displacement curves of the samples interrupted for layup 1, one of the samples was interrupted at 14.9 mm
and the other one after load drop at 27.5 mm applied displacement.
The sample interrupted before the load drop was analysed using an
optical microscope as shown in Fig. 14. Evidence of the M55 plies fragmentation in tension is highlighted with red horizontal arrows
whereas T1000 layers are intact showing no damage, see Fig. 14a.
These results are in agreement with the failure sequence introduced
in section 2.3, see Fig. 5 and Fig. 6, where M55 plies are predicted
to fail and fragment, long before T1000 plies in tension. As indicated
in Fig. 14c, no evidence of failure in compression was observed for the
sample interrupted before the load drop despite the failure order

Fig. 14. Microscopy observation using 10X objective lens. Tensile and
compression side of Layup 1 before load drop, interrupted at 14.9 mm applied
displacement, (a) fragmentation of M55 plies in tension, (b) Layup 1 under
load and (c) compression side of the sample.

shown in Fig. 5 and Fig. 6 indicating that the top M55 ply would be
expected to fail next after the M55 ply in tension. As mentioned before,
this result is probably because the earlier failure of M55 plies in tension modiﬁes the position of the neutral axis, delaying the failure of
the M55 plies in compression.
The same process was carried out for the sample interrupted after
the ﬁrst load drop. Fragmentation of M55 plies, as well as delamination, was observed in the tensile side of the beam as shown in
Fig. 15a. The fragmentations and delaminations are highlighted by
small horizontal red arrows in Fig. 15a. No evidence of fragmentation
or damage was observed in the T1000 layers that are still attached
nearer the middle of the beam. This means that the failed T1000 layers
at the load drop, fracture only at one point along the length of the
specimen and then delaminate, resulting in the brush‐like failure
appearance on the tensile side as shown in Fig. 15b.
On the compression side, cracks in the M55 plies were identiﬁed
for the specimen loaded beyond the ﬁrst load drop as shown by the
red arrows in Fig. 15c. Similar to the results reported in [31,32,33],
most of the identiﬁed cracks in compression are oriented at an angle
between ± 45° to ± 60° relative to the ﬁbre direction, which suggests
that the fractures were caused by translaminar shear without kinking.
Finally, it is worth to mention that no failure was found in either S‐
Glass or the T1000 plies in compression, which means the proposed

Fig. 13. Load-Displacement curves of samples of layup 1 used in the
microscopy analysis, were BK refers to building block 1.
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At the same applied displacement, fragmentation was observed in
the top M55 plies under compression. No damage was observed in
the T1000 and S‐Glass layers on the compressive side, showing that
the suggested layups were successful in suppressing unstable compressive failure mechanisms. Finally, the bottom surface T1000 plies fail in
tension, producing a complete delamination of the M55/T1000 building block in the form of a brush‐like failure from the intact part of the
beam. This creates a rather small load drop in the load–displacement
curve and continues as further displacement is applied, leading to
the second‐bottom building block failing and separating from the
beam. The gradual separation of the building blocks on the tensile side
results in a gradual neutral axis shift to the top of the beam, further
reducing the risk of having a compressive failure.
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