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A B S T R A C T   

This study investigates the influence of discrete through-thickness reinforcement, i.e. Z-pins, on the through- 
thickness tensile strength (TTS) of curved laminates through four-point bending experiments. Three types of 
samples are considered: unpinned, and Z-pinned with 0.27 % and 0.54 % areal densities. HexPly® IM7/8552 
carbon/epoxy unidirectional prepreg with 0/±45 layup and 0.28 mm diameter T300/BMI pins were employed to 
manufacture the specimens. The Z-pinned laminates have comparable TTS with the unpinned samples in terms of 
the first observable load-drop. However, the TTS corresponding to the ultimate load-drop for low-density and 
high-density Z-pinned samples are 29 % and 38 % lower than for the unpinned ones, respectively. Z-pinned 
samples show less scatter than unpinned ones in terms of the ultimate TTS values. All specimens failed suddenly, 
i.e. with no evident damage progression. This implies that Z-pins were not able to form a progressive bridging 
zone to dissipate mechanical energy. Through a detailed meso-scale finite element analysis (FEA), it was found 
that the high through-thickness tensile residual stress in the Z-pin neighbourhood generated from the cool-down 
stage of cure is an important factor in causing the reduction in TTS of Z-pinned laminates. CT scan images of 
tested Z-pinned specimens show that the carbon-fibre pins experience fracture inside the laminates.   

1. Introduction 

Fibre-reinforced polymer composite laminates are weaker in the out- 
of-plane direction than in the plane, because fibres are absent in the 
through-thickness direction and plies are purely bonded by relatively 
low-strength polymer matrix. Thus, composite laminates are susceptible 
to interlaminar debond (delamination). Introducing a reinforcing phase 
through the thickness of composite laminates can significantly mitigate 
the interlaminar weakness of composite laminates. Stitching and Tufting 
are effective through-thickness reinforcement (TTR) methodologies, 
whereby continuous fibres are introduced into dry fabrics before resin 
infusion [1,2]. On the other hand, Z-pinning is a discrete TTR technique 
where small rods are inserted into prepreg laminates before curing [3]. 

The failure of composites can be broadly categorized into strength- 
based damage initiation and energy-based fracture propagation. 
Nearly all of the published research on Z-pinned laminates focuses on 
energy-based fracture [3] since mitigation of delamination propagation 
is deemed to be their major benefit. The influence of Z-pins on the 
apparent fracture toughness of laminates under mode I, mode II and 
mixed mode loadings have been widely studied experimentally and 

numerically [3–18]. To investigate the interlaminar fracture toughness 
enhancement performance of Z-pins, a pre-crack is normally seeded in a 
laminate. The laminate is loaded so that the crack propagates along a 
pre-defined interface and through a Z-pinned region. When the crack 
propagates along an interlaminar interface under a mode I dominated 
loading [12–16], Z-pins will first debond from the laminate, and then 
progressively be pulled out while exerting a frictional crack-closing 
force. Final failure ensues because of either complete pull-out or pin 
rupture. Mode II delamination resistance is also usually enhanced by 
Z-pins, but not to the same extent as in mode I [6–8]. A bridging zone is 
formed within Z-pinned regions, and the combined normal and shear 
tractions exerted by the TTR resist the crack growth. 

A scenario in which the influence of Z-pins on initiation has been 
considered is in larger-scale structural tests, such as impacts [19,20], 
which occur in the absence of a pre-crack. Here, the critical impact force 
(the first sudden load drop) primarily depends on the elastic modulus 
[19] and mode II fracture toughness [21]. In this context, the dominance 
still lies with initiation fracture toughness rather than strength. Almost 
no work has been done using strength-based initiation tests for speci-
mens without any pre-cracks. 
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The four-point bending test of a curved laminate is a strength-based 
initiation case. A typical example on this is an L-shaped joint used in the 
leading edge of aircraft wings. The L joint withstands a bending 
moment, and usually leads to delamination due to the high through- 
thickness tensile stress in the curved section [22–26]. In the open 
literature, only one published paper [27] experimentally studied the 
curved beam under four-point bending. Moreover, to the authors’ 
knowledge, no relevant modelling work has been attempted for the 
aforementioned case. In Ref. [27], grooved stainless-steel Z-pins were 
used, and the pin surface was treated by physical and chemical means to 
increase the friction force between the embedded pins and the sur-
rounding laminate. The curved beam strength was increased by 21, 27 
and 42 % using 0.3 mm diameter pins and 8.7, 12 and 32 % by 0.5 mm 
ones, at the areal densities of 0.5, 1 and 2 %, respectively. On the con-
trary, Liu et al. [28] discovered that the out-of-plane tensile strength of 
composite laminates, as measured in the out-of-plane tensile test for 
cylinder shaped specimens, decreased with the introduction of 
T300/epoxy carbon-fibre pins with a 0.5 mm diameter. This reduction 
was attributed to resin-rich zone defects, resulting in a decrease of 20.2 
% when the pinning density was 1.4 %. 

Given the limited existing research on strength-based initiation 
studies for the through-thickness strength of Z-pinned laminates, as 

reviewed above, this study aims to investigate the impact of Z-pins on 
the through-thickness tensile strength (TTS) of curved composite lami-
nates through the use of four-point bending tests. But different from 
Ref. [27], the most commonly used carbon-fibre composite (T300/BMI) 
Z-pin was used and meso-scale finite element (FE) models were built to 
explore factors affecting damage initiation, such as residual stresses 
from the cooling down process. This study provides new observations 
regarding the influence of Z-pins on the initiation of interlaminar cracks. 
The specimen design and preparation are introduced in Section 2. The 
four-point bending test, together with the relevant results are presented 
in Section 3. The numerical results are discussed and compared to the 
experimental ones in Section 4. 

2. Specimen design and preparation 

The specimens studied here are curved laminates with a layup of [0, 
(+45/0/-45/0)2 (+452/-452/02)3] S manufactured from the 180 ◦C cure 
IM7/8552 carbon/epoxy unidirectional prepreg from Hexcel and T300/ 
BMI pins with a diameter of 0.28 mm. The geometry is shown in Fig. 1 
(a). The specimen design was inspired by the work of Xu et al. [29] who 
used a similar specimen to embed wrinkle defects in a corner radius. 
That work in turn was built off the ASTM D6415/D6415 M test standard 

Fig. 1. (a) Sample geometry and top view of pinning layout, (b) debulking, (c) pinning, (d) variables of the test.  

M. Chen et al.                                                                                                                                                                                                                                   

astm:D6415


Composites Part B 283 (2024) 111629

3

for laminated composites’ through-thickness strength [30]. As the 
laminates have a curved shape, a zigzag configuration was designed for 
pinning to avoid the pin potential intersection at the inner surface, as 
shown in Fig. 1 (a). Two pinning configurations were studied. Firstly, 
high-density Z-pinned specimens with pin-to-pin distances of 2.1 mm 
and 3.5 mm in the hoop and width directions at the inner surface, 
respectively. This arrangement yields an aerial density of 0.54 %, 
calculated at the mid-plane of the curved section, with hoop and width 
spacing of 2.8 mm and 3.5 mm. Secondly, a lower mid-plane aerial 
density Z-pinned specimen of 0.27 %, with pin-to-pin distances on the 
inner surface of 3 mm and 5 mm in the hoop and width directions, and 4 
mm and 5 mm at the mid-plane. Thus, three types of samples were 
manufactured in total, i.e. unpinned, 0.27 % and 0.54 % Z-pinned. 

The manufacturing process consists of the following main steps:  

• Align the centrelines of the prepreg and a steel mould, and layup the 
prepreg onto the mould. Debulking inside a sealed bag was con-
ducted for 15 min after every four plies to reduce air content, as 
shown in Fig. 1 (b).  

• Transfer the laminate to a high-temperature epoxy tooling board 
mould for pinning and insert pins into pre-drilled holes manually 
through the thickness of the curved section. A pair of wedges were 
put underneath the mould to control the pinning angle (Fig. 1 (c)).  

• Cure the laminate in an autoclave, following a modified standard 
cure cycle [31] to account for the effects of two layers of 1.5 mm 
thick silicon rubbers that were applied to the top of the laminate to 
protect the pin ends as the laminate compacts. The rubber sheets 
contribute to some degree of heat isolation for the laminate; thus, it 
takes longer for the laminate to reach the set temperature. A pre-
liminary test cure cycle was executed to determine a suitable 
extension for dwelling times. Subsequently, an additional 30 min 
were incorporated for each dwelling stage, to ensure a complete 
cure.  

• Cut individual specimens from the cured laminate. Polish two side 
surfaces with fine sandpapers to ensure smoothness of the edges. 

The mean final thickness for unpinned specimens, as well as for 
specimens with 0.27 % and 0.54 % Z-pinning, is 6.87 mm, 6.92 mm, and 
6.95 mm, respectively. The slightly increased thickness observed in Z- 
pinned specimens compared to unpinned ones is attributed to the 
laminate swelling caused by the presence of Z-pins and the displacement 
of surrounding fibres [32]. 

3. Four-point bending test 

3.1. Test set-up 

The test method follows the ASTM D6415/D6415 M − 06a standard 
[30]. The distances between top and bottom rollers are 60 mm and 92 
mm respectively (Fig. 1 (d)). The experimental set-up is shown in Fig. 2. 
A hydraulic-driven Instron 8872 with a 25 kN load cell was used for 

loading the specimens at a rate of 1 mm/min under a displacement 
control. A video gauge and a high-speed video camera were placed in 
front of the specimen to capture the failure events. The tests were 
stopped manually when a 50 % load drop had been observed. 

3.2. Experimental results 

3.2.1. Load-displacement curves 
Five samples were tested in each group and individual load- 

displacement curves are presented in Fig. 3(a–c). In the legend, the 
control unpinned samples are named ‘C’, low-density (0.27 %) and high- 
density (0.54 %) Z-pinned ones are named ‘L’ and ‘H’ respectively. The 
load-displacement curves increase almost linearly until delamination 
happens. For each type of sample, the linear parts overlap, demon-
strating the consistency of the test set-up. The unpinned samples tend to 
exhibit one large load drop corresponding to failure, albeit some smaller 
load reductions can be observed in the charts. However, there was no 
obvious damage onset corresponding to those. Four out of five 0.27 % Z- 
pinned samples and two out of five 0.54 % Z-pinned ones have two 
significant load drops. The other Z-pinned specimens exhibit only one 
load drop. One curve from each group was selected and plotted in Fig. 3 
(d). This indicates that the curve slopes of unpinned and 0.27 % Z-pin-
ned samples are nearly identical, while the slope of 0.54 % Z-pinned 
specimens is slightly smaller. The reduction in stiffness is attributed to 
the geometric defects, such as fibre crimping and waviness, associated 
with Z-pins [33]. 

3.2.2. Failure modes 
For the unpinned samples, small edge cracks appeared near the outer 

surface, but they did not cause a measurable load drop, as shown in the 
insets P1 and P2 of Fig. 4 (a) and P1 of Fig. 4 (b). Some of these edge 
cracks did not propagate across the width direction and there was no 
load drop observed in the load-displacement curves such as the sample 
C3 in Fig. 4 (a). However, some of them led to delamination onset at top 
plies through the specimen width, and this resulted in an observable 
load drop, as shown in insets P2 and P3 in Fig. 4 (b) of sample C4. The 
generations of these stable or slowly propagating cracks near the outer 
surface are discussed later in Section 4. The final load drops are all due to 
the catastrophic delamination in the middle region, as shown in P3 of 
Fig. 4 (a) and P4 of Fig. 4 (b). 

Regarding the Z-pinned samples, two failure modes are observed. 
Delamination occurred near the inner surface of some samples, resulting 
in a first load drop, but the specimens did not fail completely and were 
still able to sustain further loading until failure in the middle through- 
thickness region happened, such as samples L3 and H3 in Fig. 4 (c, e). 
The structure became more compliant after the first load drop, as a few 
plies near the inner surface were partially debonded from the laminate. 
On the other hand, some of the Z-pinned specimens did not show the 
near-inner-surface delamination before the catastrophic delamination in 
the middle through-thickness region, such as samples L1 and H4 in Fig. 4 
(d, f). The first load drop of Z-pinned specimens is more pronounced 
compared to that of the unpinned control ones. This is because the 
process of initiating the first opening delamination crack is more un-
stable for Z-pinned specimens, as it demands more energy to fracture the 
rigid carbon-fibre Z-pins. 

3.2.3. Through-thickness tensile strength 
The Curved Beam Strength (CBS) and TTS can be calculated with the 

following equations according to the ASTM D6415/D6415M-06a stan-
dard [30]: 

CBS=
(

P
2w cos(φ)

)(
dx

cos(φ)
+ (D+ t)tan(φ)

)

(1)  

dy = dx tan(φi) +
D + t

cos(φi)
− Δ (2) 

Fig. 2. Test set-up.  
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φ= sin− 1

⎛

⎝
− dx(D + t) + dy

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

d2
x + d2

y − D2 − 2Dt − t2
√

d2
x + d2

y

⎞

⎠ (3)  

TTS=
3 • CBS
2t ̅̅̅̅̅̅̅riro
√ (4) 

The variables appearing in the equations above are shown in Fig. 1 
(d). P is the failure load, and Δ is the vertical relative displacement. D =

20 mm is the roller diameter. φ is the angle from horizontal to the 
specimen leg in degree, and φi = 45◦ is the initial value of φ. The angle 
between the two specimen legs is 90◦. dx and dy are the horizontal and 
vertical distances between the same-side top and bottom rollers. dx 

equals to 16 mm. ri and ro are the inner and outer radii of the specimen, 
and w and t are the specimen width and thickness. The inner radius and 
width of the specimen are 10 mm and 25 mm respectively. 

Two TTS values are calculated here, corresponding to the first 
observable load drop and the ultimate failure load, respectively. The 
experimental results are summarised in Table 1. The TTS mean values of 
unpinned and Z-pinned samples were compared in the chart, with 
standard error bars, in Fig. 5. The latter indicates that the TTS associated 
with the first load-drops of 0.27 % and 0.54 % Z-pinned samples is 0.5 % 
higher and 5.6 % lower, respectively, than that of the unpinned coupons. 
These small variations in initial TTS are considered statistically insig-
nificant, as they fall within the same standard deviation range. While we 

report precise numerical values for completeness, in practice, there is no 
notable difference between them. The ultimate load-drops of the TTS 
0.27 % and 0.54 % Z-pinned samples are 29 % and 38 % lower than that 
of the unpinned specimens, respectively. The scatter of ultimate TTS 
values for the Z-pinned samples is less than for the unpinned specimens, 
which can be noted by the coefficient of variation in Table 1 and the 
standard error bars in Fig. 5. 

As discussed in the introduction, Z-pins have been shown to promote 
resistance to crack propagation in previous research, because of the 
energy dissipation associated with the interlaminar crack bridging 
process (pull-out or failure). However, the failure of curved beams under 
four-point bending is in principle controlled by crack initiation, due to a 
relatively uniform interlaminar tensile stress in the failure region. Once 
delamination onset took place in the tests, the interlaminar crack 
quickly propagated and Z-pins were only pulled out by very short 
lengths before ruptured immediately, as will be discussed in detail in the 
next section. 

The reduction of TTS in this study is mainly attributed to the 
through-thickness residual stresses that occur in the post-cure cool- 
down stage, that are strongly influenced by the introduction of the Z- 
pins, which is demonstrated by the finite element analysis in section 4.2. 
The microstructural features caused by the presence of the pins, in 
particular the stress concentration around the TTR holes, will addi-
tionally influence the failure. This result is in contrast to the results from 
Ref. [27], where the TTS increased with the introduction of metal Z-pins. 

Fig. 3. Experimental load-displacement curves: (a) unpinned samples, (b) 0.27 % Z-pinned samples, (c) 0.54 % Z-pinned samples, (d) comparison of one repre-
sentative curve from each sample type. 
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Fig. 4. Failure images: (a & b) unpinned, (c & d) 0.27 % pinned, and (e & f) 0.54 % pinned (Note: the plot colour of each sample is consistent with Fig. 3). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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The difference is likely attributable to a combination of three main 
factors. Firstly, the better ductility of metal pin can promote put-out and 
avoid pin rupture in mixed mode loading scenarios [34]. In addition, a 
lower curing temperature (140 ◦C and 125 ◦C) of the materials [35,36] 
employed in Ref. [27] results in lower residual stress. Finally, the 
calculated TTS of unpinned control specimens in Ref. [27] is much lower 
than material’s transverse tensile strength. Whilst the measured TTS of a 
given material is not exactly the same as its transverse tensile strength, 
they are generally fairly similar, due to the transverse isotropy of a ply. 
Although the Z-pinned specimens show an improvement in TTS 
compared with the unpinned ones in Ref. [27], the value is still lower or 
just comparable to the material’s transverse data property [27]. In the 
current study, the measured ultimate TTS of the unpinned specimen is 
close to the material’s transverse tensile strength [31,37], indicating a 
reliable manufacturing quality and test set-up. 

4. Result discussion 

4.1. Microstructural features induced by Z-pin 

Microstructural features introduced due to pinning include holes, 
resin pockets and fibre breakage and waviness around the resin pockets 
[3]. In the curved specimens considered here, the pinning areal density 
increases from the outer surface to the inner one. Thus, the micro-
structural disruption of the laminates architecture due to pinning is 
more severe near the inner surface. This might be the reason why 
near-inner-surface delamination was observed in some pinned speci-
mens. Furthermore, these microstructural features are also affected by 
TTR misalignment, which is an unavoidable feature of Z-pinning [38]. 
The misalignment angle differs from pin to pin and from specimen to 

specimen. Potentially, pin misalignment could reduce the distance be-
tween adjacent pins near the inner surface, thus intensifying stress 
concentration near the pinned holes [39]. It may also cause some of the 
pinned specimens to experience a near-inner-surface crack. 

4.2. Residual stress analysis 

A high-fidelity FE model was built and run in Abaqus®/Explicit to 
study the effect of Z-pinning on the residual stress field generated from 
the post-cure cool-down process. The model was created with an in- 
house versatile mesh generation code, which was written by 
combining Python and MATLAB®. The generated FE model of a low- 
density Z-pinned sample is shown in Fig. 6. 

The eye-shape resin-rich zones are modelled as shown in Fig. 6 (d). 
Because of the distinct orientation of resin pockets in each angled ply, 
the resin-rich zones are individually partitioned for each ply of the 
laminate then meshed, based on the geometric description in Ref. [4]. 
Cohesive elements were inserted between different-angled plies of the 
laminate to simulate delamination. Node-to-surface tie constraints were 
defined between interlaminar cohesive layers and their adjacent plies. 
The pin/laminate interface was modelled with cohesive elements’ 
behaviour plus a Coulomb friction law through the general contact. 
8-Node three-dimensional COH3D8 elements were adopted for the 
cohesive elements, while the resin pockets and laminate were built using 
single-integration-point solid elements (C3D8R). For the cohesive ele-
ments [40], the quadratic nominal stress criterion (with an exponent of 
1) in Eq. (5) was used for the damage initiation, while the damage 
propagation obeys the energy-based power law in Eq. (6). The damage 
variable D is defined in Eq. (7). 
{

〈tn〉
σmax

I

}2

+

{
ts

σmax
II

}2

+

{
tt

σmax
III

}2

=1 (5)  

{
Gn

GIC

}a

+

{
Gs

GIIC

}a

+

{
Gt

GIIIC

}a

=1 (6)  

D=
δf

m
(
δmax

m − δo
m
)

δmax
m

(
δf

m − δo
m

) (7)  

In the equations, σmax
I , σmax

II and σmax
III represent the maximum stress 

under mode I, II & III loadings, respectively. tn, ts and tt are the normal 
and two shear traction stresses. GIC, GIIC and GIIIC represent the critical 
fracture energies under three modes. Gn, Gs and Gt are the work done by 
the traction in three nominal directions. δo

m and δf
m denote the relative 

displacement at the damage initiation and interface failure. δmax
m is the 

maximum relative displacement during loading. 
A temperature field with a magnitude of − 160 ◦C, representing the 

difference from the cure stage of 180 ◦C to the room temperature of 
20 ◦C, is applied to all nodes of the specimen to simulate the post-cure 
cool-down process. The rollers were assembled in place with surface- 
to-surface contact to the laminate in the cure step to ensure the inheri-
tance of the final stress state after the cure step as the initial stress state 
for the mechanical loading step. A fixed mass scaling was applied to the 
whole model with a target time increment of 10− 6 from the beginning of 
the step to speed up the simulation without invoking excessive kinetic 
energy. Following a convergence study, a size of 0.25 mm was found to 
be sufficient for both the cohesive elements (COH3D8) and ply elements 
(C3D8R) of the curved section. Hence, the in-plane mesh sizes for both 
ply and cohesive elements in the curved region were controlled to be 
equal to or less than 0.25 mm for both unpinned and Z-pinned models. 

The input material properties of the laminate and pin are taken from 
literature [4,41], and the cohesive element properties refer to Refs. [4, 
31,41–44]. The input values are summarised in Table 2, in which E is the 
Young’s modulus, G is the shear modulus, ν is the Poisson’s ratio, α is the 
thermal expansion coefficient, K is the stiffness of cohesive elements and 

Table 1 
Experimental results of through-thickness tensile strength, (Note: ‘-’ means this 
sample only has one observable load drop).  

Sample 
ID 

Unpinned 0.27 % Z-pinned 0.54 % Z-pinned 

First 
TTS 
(MPa) 

Ultimate 
TTS 
(MPa) 

First 
TTS 
(MPa) 

Ultimate 
TTS 
(MPa) 

First 
TTS 
(MPa) 

Ultimate 
TTS 
(MPa) 

1 – 61.65 – 55.96 – 41.90 
2 46.94 73.57 51.17 56.92 46.78 43.96 
3 – 76.78 57.62 49.39 55.20 48.62 
4 58.00 76.93 55.09 46.29 – 51.41 
5 57.16 85.60 53.36 57.59 – 47.81 
Mean 54.03 74.91 54.31 53.23 50.99 46.74 
C.V. 11.4 % 11.6 % 5.0 % 9.5 % 11.7 % 8.1 %  

Fig. 5. Comparison of TTS between unpinned and Z-pinned samples.  
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μ is the Coulomb friction coefficient. The subscripts ‘1’, ‘2’ and ‘3’ 
represent the fibre direction, transverse direction, and 
through-thickness direction, respectively. It is worth noting that the low 
value of GIC for the pin/laminate interface is attributed to the weakening 
of the interface during the post-cooling-down process, particularly 
evident in local mode I loading of the pin/laminate interface, as vali-
dated in Ref. [4]. 

The modelling result shows that through-thickness tensile stress in 
the middle section of an unpinned laminate after cool-down is very low 
(up to 3.6 MPa) as shown in Fig. 7 (a). After adding pins, the pins tend to 
oppose the through-thickness contraction of the laminate due to the 
mismatch between the through-thickness thermal expansion coefficients 
of the carbon-fibre pin and the laminate. Thus, in Fig. 7 (b, c), the 
through-thickness tensile stress in the resin pockets reaches 100 MPa, 
and consequently the pin is under compression with a stress peak of 

about − 384 MPa. The residual tensile stress in the Z-pinned laminates 
locally researches 33 MPa in proximity of the resin pockets (see Fig. 7 (b, 
c) with pins and resin pockets removed). In summary, the presence of Z- 
pins introduces high residual stress within the laminate and especially 
around the pins, due to the post-cure cool-down. The delamination 
observed in Z-pinned laminates is thus expected to initiate close to the 
pins. 

4.3. Failure of Z-pins 

The Bridging behaviour of T300/BMI Z-pins is briefly reviewed 
below, before describing the Z-pin failure mode observed in the tested 
specimens. When studying the Z-pin bridging mechanisms, the most 
used test set-up entails inserting a single pin into two square laminate 
blocks, separated by a thin layer of release film at the middle plane. The 

Fig. 6. FE model of the 0.27 % Z-pinned sample: (a) specimen model, (b) section view of the curved region, (c) the curved region with pins highlighted, (d) a pin and 
surrounding resin pockets. 

Table 2 
Input material properties for the post-cure cool-down simulation [4,31,41–44].  

Properties of IM7/8552 ply 

E11 (GPa) E22 (GPa) E33 (GPa) G12 (GPa) G13 (GPa) G23 (GPa) ν12 ν13 ν23 α11 (◦C− 1) α22, α33 (◦C− 1) 

161 11.4 11.4 5.17 5.17 3.98 0.32 0.32 0.436 0 3e− 5  

Properties of T300/BMI Z-pin 

E11 (GPa) E22 (GPa) E33 (GPa) G12 (GPa) G13 (GPa) G23 (GPa) ν12 ν13 ν23 α11 (◦C− 1) α22, α33 (◦C− 1) 

144 7.31 7.31 4.45 4.45 2.63 0.25 0.25 0.39 0 3e− 5  

8552 Resin 

E (GPa) G (GPa) ν α (◦C− 1) 

4.56 1.67 0.37 6.5e− 5  

Properties of interlaminar cohesive elements 

GIC (N/mm) GIIC (N/mm) GIIIC (N/mm) σI
max (MPa) σII

max (MPa) σIII
max (MPa) KI (GPa) KII (GPa) KIII (GPa) 

0.2 1.0 1.0 90 110 110 100 100 100  

Properties of pin/laminate interface 

GIC (N/mm) GIIC (N/mm) GIIIC (N/mm) σI
max (MPa) σII

max (MPa) σIII
max (MPa) KI (GPa) KII (GPa) KIII (GPa) μ 

0.01 1.0 1.0 60 90 90 100 100 100 0.8  
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Fig. 7. Modelling results of through-thickness normal stress after cool-down: (a) unpinned, (b) 0.27 % Z-pinned, (c) 0.54 % Z-pinned, (Resin pockets and pins are 
shown and removed in (b) and (c), respectively.). 
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blocks are then separated under imposed opening and sliding displace-
ments to simulate bridging under mode I, mixed mode and mode II. 
Typical load-displacement curves of single T300/BMI carbon fibre 
composites pin under pull-out (mode I) and shear (mode II) loading are 
presented in Fig. 8 (a, b). For mode I dominated loading, the pin debonds 
from the laminate at very small applied displacements, and then it is 
gradually pulled out. The corresponding pull-out force decreases with 
the applied displacement. Note a sharp peak load may not be observed 
under mode I conditions if the pin/laminate bond is significantly 
weakened during the post-cure cool-down. In mode II dominated 
loading, the pin deforms under shear and bending, until it eventually 
fails catastrophically. The corresponding bridging force is mono-
tonically increasing with the applied sliding displacement. The failure 
mode of T300/BMI Z-pins under mixed mode loading is a combination 
of the mode I frictional pull-out and mode II shear rupture, with a 
transition between the two regimes that occurs within a characteristic 
mode-mixity range [38], as illustrated in Fig. 8 (c). 

In order to reveal the actual failure mode of pins inside the tested 
coupons, the Z-pinned specimens were examined using a modified 225 
kVp Nikon/Xtek HMX CT scanner. The pin and laminate materials are 
quite similar in terms of composition, thus the contrast from different 
linear attenuation coefficients of the constituents is small [45]. Hence, 
the tested coupons were soaked in a bath of zinc iodide penetrant for 2 
days before the scan to more clearly reveal the presence of cracks [46]. 
The legs of samples were trimmed off to reduce the scanning volume. 
One 0.27 % pinned (L3) and one 0.54 % pinned (H4) sample were 
examined via X-ray CT. 

CT scan images show that 3 out of 23 pins of the 0.27 % pinned 
sample were intact or only partially broken, and the remaining ones had 
failed as shown in Fig. 9 (a). All the 46 pins of the 0.54 % Z-pinned 
sample were found to have failed (Fig. 9 (b)). The middle column pins in 
Fig. 9 are in principle subject to pure mode I. Their fracture can most 
likely be attributed to a combination of factors: 1) the relatively thick 
laminate, leading to potential tensile failure of the pin due to high 
interfacial stress and an extended bonding area [47]; and 2) pin 
misalignment, causing transverse shear stress on the pins. The 
side-column pins are under mixed mode loading. Those pins were 
fractured under an obvious shear deformation, such as that shown in 

insets (1) and (3) in Fig. 9 (b), due to the sliding of adjacent plies. 

4.4. Free edge stress analysis 

As mentioned in the previous section, local cracks were observed 
near the top surface of unpinned specimens, at the 0/45 and 0/-45 in-
terfaces as shown in Fig. 10 (a). In order to examine if it is due to the 
high stress level developed at free edges [29,48], a stress analysis was 
carried out with an unpinned model in Abaqus®/Explicit. The modelling 
set-up and definition are the same with the Z-pinned model mentioned 
above. The elements of an edge strip in the centre of the curved section 
(Fig. 10 (b)) were selected for the quantitative analysis. The failure of 
the laminate is influenced by a coupling effect of delamination and 
in-plane shear s12. Currently, there is no quantitative equation explicitly 
combining these two effects. Hence, they are treated as two mathe-
matically uncoupled phenomena here, recognising that both contribute 
to the laminate failure. For the delamination, a damage index di was 
defined with a quadratic law [48–50] by using the through-thickness 
tensile stress s33, and shear stresses s13, s23, as given in Eq. (8). 

di =
(

s33

σmax
I

)2

+

( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
s2
13 + s2

23

√

σmax
II

)2

(8) 

There are two elements in the through-thickness direction for each 
ply. A mesh convergence study was carried out, with the element sizes in 
the length and width directions assigned as 0.05 × 0.01, 0.1 × 0.02, and 
0.2 × 0.04 (unit: mm) respectively. The result was found to converge, 
and the three models provide the same trend of stress distribution for the 
near-edge elements with very little difference. Simulation results of the 
0.05 × 0.01 model are plotted in Fig. 10 (c, d). Fig. 10 (c) shows that the 
delamination damage index of the top plies is higher than the bottom 
plies, but much lower compared with the mid through-thickness region. 
The maximum di is attained at the middle plies, which agrees with the 
catastrophic delamination location observed in experiments (Fig. 4 (a, 
b)). Fig. 10(d) gives the distribution of in-plane shear stress s12. The 
latter increases from the middle to the inner and outer surfaces and is 
high at the top 45◦ and − 45◦ plies. The in-plane shear failure most likely 
promotes the delamination within the top plies, while the lower di of the 

Fig. 8. Schematic illustration of Z-pin bridging and failure modes: (a) mode I bridging curve, (b) mode II bridging curve, (c) pin failures under mixed mode.  
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Fig. 9. CT scan images of tested Z-pinned specimens and top view of specimen pinned region: (a) 0.27 % Z-pinned, (b) 0.54 % Z-pinned (Note: ‘✓’ is the symbol of 
partially broken or intact pins). 
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inner plies indicates no delamination, even though the in-plane shear 
stress is high. Apart from that, manufacturing defects such as wrinkles 
and voids may as well promote edge cracks. 

5. Conclusions 

In addition to the well-explored crack propagation resisting ability of 
Z-pinning in flat panels, the effects of traditional carbon-fibre Z-pins on 
the through-thickness tensile strength of curved laminates was here 
studied. This focusses on the influence of the Z-pins on crack initiation, 
rather than the more conventional crack propagation case when 
compared to studies on Z-pinned laminates reported in the open 
literature. 

It was found that the ultimate TTS of 0.27 % and 0.54 % Z-pinned 
samples are 29 % and 38 % lower than unpinned ones with less exper-
imental scatter. The pins were mostly ruptured during the test without 
forming a large bridging zone to dissipate the mechanical energy, since 
the loaded region of the specimens has a relatively uniform stress state, 
causing them to fail suddenly. The meso-scale FE modelling result shows 
that the residual interlaminar stress generated from the post-cure cool- 
down stage is tensile in nature and very high in the pin proximity. The 
pins also cause in-plane defects in the laminate, such as resin pockets 
and fibre waviness, which combined with high residual stresses, pro-
mote the initiation of cracks. It is thus demonstrated, that whilst Z- 
pinning can have a positive effect for application cases where large 
propagating cracks need to be controlled, care should be taken in their 
use for cases where failure is initiation dominated. In these cases, the use 
of Z-pins could be detrimental. 

The FE models in this study are designed to understand the initiation 
of damage. Analysing the progressive damage process and predicting 
ultimate failure demands a further level of complexity that will be a 
significant focus of future work. Additionally, exploring the influence of 
various geometric configurations, such as increasing the laminate 
thickness for a larger thickness-to-radius ratio, will be beneficial. 
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