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A B S T R A C T

This study examines the mechanical performance and damage evolution of single-step composite joints rein
forced with edge-localised steel z-pins. A combined approach of experimental testing and finite element simu
lations is employed to evaluate the role of the pins in controlling strength and fracture processes. Results show 
that z-pinning significantly enhances structural capacity and damage tolerance, increasing ultimate strength and 
failure strain by approximately 16 % and 25 %, respectively. Both pinned and unpinned joints exhibit a similar 
damage sequence, initiated by resin cracking near the adherend ends followed by interfacial debonding. How
ever, although debonding begins at similar strain levels in both joint types, the pins markedly reduce crack 
propagation rates. Visual and microstructural analyses show that the z-pins remain intact during loading while 
undergoing extensive plastic shear deformation upon final adherend separation. The FE model successfully re
produces the load–strain response and the damage evolution. The simulations show that z-pins enhance joint 
strength and fracture resistance through a dual mechanism: an initial shielding effect acting before the crack 
reaches the pins, which reduces crack driving energy by altering the local stress field ahead of the crack tip, 
followed by a bridging action once the crack propagates beyond the pin row.

1. Introduction

Over the past few decades, laminated fibre-reinforced composites 
have seen increasing use in primary structural applications owing to 
their combination of high specific strength and stiffness, tailorable 
anisotropic behaviour, superior fatigue resistance, excellent chemical 
resistance and enhanced damping capacity. However, the overall per
formance and durability of composite structures are frequently governed 
by the integrity of their joints and connections [1,2]. While joints are 
essential for assembling complex components, they often constitute the 
regions of highest stress concentration, where damage is most likely to 
initiate and propagate, ultimately leading to structural failure. As a 
result, the analysis and design of joint configurations play a critical role 
in ensuring structural reliability under static and fatigue loading 
conditions.

Adhesive joining—including bonding, co-bonding, and co-curing 
methods—is a highly effective joining method for composites, as it en
sures uniform stress distribution and smooth surface finishes while 
preserving material continuity and reducing overall weight compared to 
mechanical fastening [1–4]. However, significant shear and peel stress 
concentrations typically develop at the ends of the overlap region. Given 
the inherently low interlaminar strength of laminated composites, 

failure often initiates at these sites, propagating either as delamination 
between layers or debonding along the joint interface.

Several approaches have been proposed to enhance the interlaminar 
resistance of laminated composites [5–10]. The introduction of through- 
thickness reinforcement in the form of threads (stitching, tufting) or 
rigid rods (z-pinning), is particularly effective as it directly addresses the 
inherent out-of-plane weaknesses of the material [11–21].

Through-thickness reinforcements such as stitches or z-pins enhance 
delamination resistance by providing a mechanical bridging mechanism 
across the fracture plane [6,18,22]. As a crack tip advances, these ele
ments exert closure tractions that restrain opening and sliding relative 
displacements between the crack faces. The bridging action effectively 
mitigates the stress intensity at the crack tip, reducing the crack-driving 
energy available for propagation and thereby promoting a transition 
from unstable to gradual, progressive fracture. As joints are among the 
most critical sites for debonding or delamination initiation, several 
studies have been carried out to enhance the mechanical performance of 
composite connections by exploiting the bridging mechanism of 
through‑the‑thickness reinforcements [23]. Compared with stitching or 
tufting, z-pins are more suitable for insertion into prepreg layers and 
enable more easy and selective application in specific regions [24]. For 
this reason, most research aimed at improving composite joint 
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performance via through-thickness reinforcement has focused on z- 
pinning as a toughening strategy for co-cured or co-bonded connections 
[25]. Special effort has been dedicated to the analysis of lap joints, 
which are the most common joining configurations found in structural 
composite applications and provide a suitable benchmark for evaluating 
the effectiveness of such reinforcements [13,26–35].

In this context, a thorough experimental campaign was carried out 
by Mouritz and co-workers, exploring the effects of z-pin density, 
diameter, and material on the strength and damage tolerance of joints 
between composite adherends [13,26–28,32]. The improvement 
achievable in the strength of single-lap carbon/epoxy joints using 0.28 
mm diameter carbon z-pins distributed with a regular pattern across a 
30 mm overlap was investigated in [26,27]. Their findings indicate that 
both tensile strength and strain at failure are highly sensitive to pin 
density and diameter. A pin density of 0.5 % resulted in an 8 % increase 
in strength, while a density of 2 % yielded a 41 % improvement. How
ever, at a pin density of 4 %, the enhancement decreased to 23 %, 
indicating that the benefits of z-pinning diminish at high pin contents. 
The failure in joints with 0.5 % pin density was characterised by stable 
debonding growth, with final separation occurring after the complete 
fracture of the bond line followed by the shear rupture of the carbon z- 
pins. The observed improvement can be attributed to the crack-bridging 
mechanism of the z-pins, which transferred the applied shear stress 
across the adherend interface, thereby delaying debond propagation and 
promoting a more progressive failure evolution. Conversely, in joints 
with 2 % and 4 % pin densities, the initial interfacial debonding was 
arrested by the bridging action of the pins, with ultimate failure 
occurring through adherend rupture along a pin row. This indicates that 
at high pinning densities, the reinforcing benefits of the pins are 
partially offset by the effect of defects generated during z-pin insertion, 
such as fibre breakage, resin-rich pockets, fibre waviness and distortion. 
These defects introduce localised stress concentrations that, at high pin 
content, shift the failure mode from the bond line to the weakened 
laminate adherend. For the joints reinforced with 2 % pin density, it was 
also observed that increasing the pin diameter from 0.28 mm to 0.51 mm 
induced a transition in the failure mechanism, with the debonding crack 
propagating along the entire bond line and final separation of the 
adherends occurring by a combination of pin pull-out and pin shear 
failure.

Clear evidence of the dependence of joint performance on z-pin 
density has also been reported in other studies. Strength improvements 
of 6 % and 38 % were, for example, reported in [33] for co-cured glass 
fibre single-lap joints after inserting glass fibre pins with densities of 0.5 
% and 2 %, respectively; however, the z-pinning efficiency diminished to 
13 % at a 4 % density, showing that the beneficial toughening effect of 
the pins was significantly compromised by the detrimental influence of 
damage induced during the pinning process. A similar trend, where joint 
strength increased with pin density only up to a certain value before 
diminishing at higher densities, was observed in [35] for carbon/epoxy 
single-lap joints reinforced with carbon z-pins.

Enhancements in the mechanical and damage tolerance properties of 
composite lap joints have also been reported using metallic z-pins. It is 
worth noting that, under Mode II loading conditions—which represent 
the dominant loading mode in lap joints—metallic z-pins were found to 
be more effective than carbon fibre pins [36,37]. Their higher ductility 
allows them to sustain bridging tractions over larger sliding displace
ments, unlike the premature shear fracture typically observed in brittle 
carbon pins. Significant increases in strength (20 %) and, particularly, 
elongation limits (250 %) were for example presented in [32] for single- 
step joints reinforced at the overlap with a 2 % volume content of steel 
pins. The observed failure process initiated with the growth of interfa
cial cracks at the ends of the bonded region; thereafter, the z-pins pro
gressively bridged the advancing cracks, retarding their propagation and 
allowing the lap joint to sustain an increasing load up to a peak value. At 
this point, the entire interface failed, causing an abrupt loss in the joint 
load-carrying capacity. However, due to the good shear strength of steel 

pins and the relatively high pin content [38], the traction loads still 
transmitted by the steel pins provided a residual—although much 
reduced—load-bearing capacity. This capacity decreased gradually with 
increasing strain due to progressive plastic deformation and pull-out of 
the z-pins, until they were completely pulled-out, leading to the total 
separation of the adherends.

Experimental investigations into the behaviour of quasi-isotropic 
carbon/epoxy single-lap joints reinforced with 0.5 mm steel z-pins at 
2 % areal density were reported in [30,31]. The results showed that z- 
pinning increased the static strength of the joint by approximately 15 %, 
and that further improvements (reaching almost 30 %) could be ob
tained by providing the pins with a jagged surface to enhance interfacial 
adhesion with the embedding resin, thereby increasing the force 
required for pin pull-out. Significant improvements in joint strength 
were also reported in [29] with the insertion of staple-like steel pins at 
the overlap of double-lap joints between carbon/epoxy adherends. 
When inserted at the joint edges, staple-like pins may provide a dual 
effect, whereby the two through-thickness legs establish the bridging 
mechanism at the interface, while the transverse connecting portion 
(bridge) provides an alternative load path between the adherends that 
helps to mitigate stress concentrations at the bond line.

A different approach to the through-thickness reinforcement of 
composite joints involves the use of metal sheets incorporating pro
truding pins, which are inserted between the prepreg adherends 
[39–41]. However, while this reinforcing method offers improved ac
curacy and enhanced pull-out resistance, it presents several significant 
limitations: it lacks flexibility for localised reinforcement, is difficult to 
integrate into complex geometries, and introduces a notable weight 
penalty.

While the vast majority of studies on pinned joints focus on 
comprehensive pinning, where through‑thickness reinforcements are 
uniformly distributed across the entire overlap region, only limited work 
is available on the efficacy of z‑pins inserted at specific positions within 
the joint.

For example, it was reported in [40] that reinforcing single-lap joints 
by incorporating metal inserts with pins concentrated near the edges led 
to strength enhancements superior to those achievable with pins evenly 
distributed across the joint area. Our previous work [34] on stepped-lap 
joints reinforced with three or four rows of metal z-pins distributed 
across the overlap region resulted in an increase of approximately 15 % 
in static strength. Notably, however, the same strength increase could be 
achieved by reinforcing the joints with only two rows of pins placed near 
the overlap ends, thus suggesting that the major contribution to 
improving the load-carrying capacity of the joint is provided by the z- 
pins next to the edges. These preliminary results demonstrate that sig
nificant enhancements in joint performance can be achieved using very 
low pin areal densities (e.g. less than 0.5 %) by selectively placing z-pins 
at specific positions within the joint; however, the specific role of these 
localised pins in improving joint performance has yet to be investigated 
in detail.

Based on these observations, the present study aims to explore, 
through a combined experimental–numerical analysis, the beneficial 
effects and the mechanical role of edge-localised, low-density pinning on 
the structural performance of step-lap joints under tensile loads. Direct 
observations were performed to characterise the onset and growth of 
debonding cracks leading to the final separation of the adherends; 
additionally, finite element (FE) models were developed to assess how 
the pins modify the interfacial traction field and reduce the energy 
available to drive damage growth. The experimental findings and nu
merical results are analysed to clarify the mechanisms through which 
the pins improve the fracture response of the joints, thereby offering key 
insights for more efficient and optimised design of z-pinned reinforced 
connections.
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2. Materials and methods

2.1. Experimental

Single-step joints were produced by joining [90/0]2s laminated 
panels across a 40 mm overlap at the mid-plane 0◦

/0◦ interface, without 
the use of an additional adhesive layer. The base material was a carbon/ 
epoxy pre-preg unidirectional tape (HS150/ER450; CIT, Italy), with a 
nominal ply thickness of 0.15 mm and a weight fiber fraction of 62 %. 
The joint panels were manufactured by first laying up four [90/0]2 
sublaminates, two of which were subsequently trimmed to reduce their 
length by 40 mm, to accommodate the desired overlap length. Each 
shortened sublaminate was then stacked onto a full-length one to form 
an L-shaped adherend with a [90/0]2s layup on the thicker end and a 
[90/0]2 layup on the thinner end. The two L-shaped adherends were 
finally flipped and mated together, ensuring precise edge registration 
and minimal ply-edge clearance so as to prevent the formation of 
excessively thick resin-rich regions at the bond-line terminations during 
the cure cycle. Before curing, selected panels were reinforced through 
the thickness using 0.5 mm diameter stainless steel (AISI 304) pins. The 
z-pins were obtained from a continuous steel wire that was mechanically 
abraded to increase surface roughness and improve interfacial adhesion 
with the composite matrix. For this purpose, the steel wire was axially 
rotated at 300 rpm and abraded with lubricated 80-grit emery paper, 
which was moved back and forth along the wire axis to obtain a uniform, 
cross-hatched surface morphology. Following abrasion, the wire was 
cleaned using isopropyl alcohol to remove residual lubricant and debris. 
Post-processing topographical analysis using a non-contact 3D surface 
profiler (Keyence VHX-X1) indicated a final average surface roughness 
Ra of approximately 8 μm.

The pins were manually inserted into pre-punched holes created by a 
0.5 mm needle. These were arranged in four rows—two per 
edge—positioned 5 mm from each joint edge. The distance between 
adjacent pins in each row was 5 mm, and the pin areal density within the 
overlap region was less than 0.2 %. After insertion, the protruding pin 
ends were sheared off flush with the surface using a sharp cutter. The 
choice of a pre-hole equal in diameter to the pins, combined with the use 
of a 3D-printed fixture to guide pin insertion, enabled accurate align
ment of the reinforcing pins and limited the Z-pin misalignment in cured 
panels to an average of less than 7◦, as assessed by X-ray analysis of thin 
strips cut from the joint panels. It should be noted that the two rows of 
pins external to the overlap were introduced solely to restrain the po
tential growth of small delaminations outside the joint region. However, 
as described in the following sections, the ultimate failure of the joints 
was invariably controlled by the propagation of interfacial debonding 

cracks along the overlap region.
Unpinned control panels were also manufactured to provide a 

baseline for comparison. Both the unpinned and pinned panels were 
vacuum-bagged and cured in an autoclave for 2 h at 135 ◦C under a 
pressure of 6 bar. Thin silicone rubber layers were placed on both sur
faces of the z-pinned panels to minimise any misalignments generated 
by the pressure applied during consolidation [24]. Specimens with a 
width of 20 mm (Fig. 1) were finally cut from the consolidated panels 
using a diamond wheel. To ensure high specimen quality, the specimens 
were microscopically and ultrasonically inspected, confirming a uniform 
bond-line and negligible void content.

Uniaxial tensile tests were conducted on a 250 kN Instron servo- 
electric testing machine under displacement control at a crosshead 
speed of 1 mm/min. The applied load and longitudinal strain along the 
joint overlap (measured using an extensometer with a 62.5 mm gauge 
length) were continuously recorded to evaluate the stiffness degradation 
associated with damage initiation and propagation. The initiation and 
growth of damage leading to final separation were also continuously 
monitored on both sides of the specimen over the full overlap length 
using two high-resolution cameras.

2.2. Numerical modelling

A three-dimensional finite element (FE) model, shown in Fig. 2 for 
the pinned configuration, was developed in ABAQUS to investigate the 
mechanical and fracture responses of the joints examined in the exper
iments. The composite adherends and the z-pins were discretised using 
8-node linear brick elements (C3D8). Each ply was modelled with a 
single element, resulting in eight elements through the laminate thick
ness. The pins were modelled as straight and perpendicular to the joint 
interface, although, as reported previously, a slight average pin 
misalignment (less than 7◦) was measured in the pinned-joint speci
mens. This assumption constitutes a modelling simplification introduced 
to reduce mesh complexity and computational expense. Nevertheless, 
the specific influence of pin misalignment on the structural performance 
of selectively pinned joints certainly represents a key area for further 
dedicated investigation. The stress–strain responses of the cured prepreg 
lamina and the steel wire used for the pins were characterised experi
mentally through tensile tests to determine the main mechanical prop
erties required for the FE simulations. The composite plies were assumed 
to be linear elastic, while the behaviour of the z-pins was described by an 
elasto-plastic constitutive law with isotropic hardening, specified using 
the experimental stress–strain curve of the source steel wire (Fig. 3) as 
input.

The interface between the adherends was modelled using a surface- 
based cohesive contact formulation governed by a bilinear trac

40 mm

20
m
m

360 mm
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m
m

1.
2
m
m

0° direction

[90/0]2s adherend[90/0]2s adherend 0°/0°joint interface

Pin rows

5 mm

5
m
m

Fig. 1. Geometry of a pinned joint specimen (dimensions not to scale).
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tion–separation law. A quadratic stress criterion was used to identify the 
initiation of damage at the joint interface, while damage evolution was 
controlled by an energy-based law defined in terms of the critical normal 
and shear fracture energies. Mixed-mode behaviour was accounted for 
using the Benzeggagh–Kenane criterion [42], which defines the critical 
fracture energy Gc as a function of mode mixity: 

Gc = Gc
n +(Gc

s − Gc
n)

{
Gs + Gt

Gn + Gs + Gt

}η

(1) 

where, Gn, Gs and Gt denote the normal (Gn) and shear (Gs,Gt) energy 
release rates, while Gc

n = Gc
I and Gc

s = Gc
II +Gc

III represent the normal and 
shear critical fracture energies. Gc

III was assumed to be equal to Gc
II. The 

Benzeggagh–Kenane parameter η was set to 2 in accordance with the 
value indicated in [43] for a toughened carbon/epoxy material. A 
sensitivity study revealed, however, that the influence of the η param
eter is negligible, as debonding propagation is predominantly controlled 
by mode II loading.

Following the onset of damage, the decohesion of the interface 
progresses as the separation increases, with complete failure occurring 
when the energy dissipated during separation reaches the critical frac
ture energy Gc. A damage variable, d, ranging from 0 (no damage) to 1 

(complete decohesion), is used to represent the evolution of damage at 
the interface. A Coulomb friction model, with a friction coefficient of 0.2 
[44], is included in the contact formulation to simulate the potential 
interaction between the adherends after complete separation.

The in-plane elastic properties of the cured unidirectional layer were 
determined experimentally using specimens with stacking sequences 
[0]10, [90]10 and [+45/-45]2s. All specimens were instrumented with 
longitudinal and transverse extensometers to measure the correspond
ing strain components during testing. The longitudinal modulus Ex and 
the transverse modulus Ey were respectively obtained from tensile tests 
on [0]10 and [90]10 laminate specimens, performed according to [45]. 
The Poisson's ratio νxy was evaluated from simultaneous longitudinal 
and transverse strain measurements during the tensile tests on the [0]10 
specimens. The in-plane shear modulus Gxy was determined from tensile 
tests on the [+45/− 45]2s specimens following [46]. The out-of-plane 
elastic constants were defined by assuming transverse isotropy in the 
y–z plane. The through-thickness elastic modulus Ez and out-of-plane 
shear modulus Gxz were assumed to be equal to their in-plane counter
parts. The transverse Poisson’s ratio νyz was set to 0.30—higher than the 
measured νxy = 0.26 —to account for the resin-dominated response and 
lower fibre constraint in the transverse plane.

The critical interlaminar fracture energies in mode I (Gc
I ) and mode II 

(Gc
II) were obtained experimentally from Double Cantilever Beam (DCB) 

and End-Notched Flexure (ENF) tests, conducted on unidirectional 
samples according to ASTM standards [47,48]. FE simulations of DCB 
and ENF tests were performed to calibrate the interfacial strength (t0n , t0

s ,

t0
t ) and stiffness (kn, ks, kt) parameters through comparison with the 

experimental force–displacement curves. The composite arms and the 
middle interface of the samples were respectively modelled using the 
same elements and surface-based cohesive formulation adopted for the 
joint simulations. For the DCB case, the nodes at one end of the laminate 
were fully constrained, while the opening displacement was applied to 
the opposite arm through the loading nodes. For the ENF case, the 
laminate was supported by two rollers and subjected to a prescribed 
displacement through the upper loading roller, reproducing the exper
imental three-point bending configuration. Contact interactions were 
defined between the delaminated arms and between the specimen and 
the loading/support rollers, which were modelled using R3D8 rigid el
ements. The mesh geometry adopted for the DCB and ENF models is 

xz symmetry plane

z

x

y

u

10 mm

Detailed view of the mesh around a pin

1 mm

Detailed view of the mesh at a pin cross-section

0.1 mm

Fig. 2. Finite element model of the z-pinned joint: overall geometry and mesh details around the pin and at a pin cross-section.

Fig. 3. Experimental stress–strain curve of the steel wire used for the pins.
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shown in Fig. 4a. Elements with a size of 0.5 mm along the axial di
rection provided converged solutions in a mesh sensitivity analysis. The 
experimental DCB and ENF curves, together with the FE simulated re
sponses predicted using the identified interfacial cohesive parameters, 
are presented in Fig. 4b and c.

The complete set of elastic, strength, and cohesive properties adop
ted in the simulation of the joints is listed in Tables 1 and 2.

To simplify the numerical modelling, the local resin-rich pocket 
around the pins was not explicitly discretised; instead, the mechanical 
behaviour of the pin–laminate interface was represented using a cohe
sive interface formulation. As a baseline assumption, in the absence of 
specific experimental data for the pin–resin bonding, this interface was 
modelled using the same properties adopted for the interface between 
the composite adherends. Furthermore, the resin‑rich region between 
the ends of the adherends was likewise modelled using a cohesive law.

The boundary conditions applied to the model are illustrated in 
Fig. 2. The specimen was fully constrained at one end (plane y-z), 
whereas displacements u were imposed in the x-direction at the opposite 
end to reproduce the movement of the testing machine crosshead. 
Applying symmetry conditions on the x-z plane, only half of the spec
imen (with a width of 10 mm) was modelled, thereby reducing 
computational costs. The final mesh density was established through a 
sensitivity study, to ensure the convergence of the numerical solution. 
An interfacial-element size of 0.25 mm along the axial direction—with 
the mesh locally refined in the vicinity of the pins (see the detailed 
view in Fig. 2)—was found to provide stable results with respect to 
further mesh refinement.

The Abaqus/Explicit solver was employed for the numerical 

simulations, utilising a mass scaling factor of 1000 to reduce execution 
time. This factor was determined through a sensitivity study to verify 
that the kinetic energy remained below a threshold of 2 % of the internal 
energy throughout the analysis.

3. Experimental results

Fig. 5 presents representative load per unit width versus strain curves 
of unpinned and z-pinned joints measured during quasi-static tensile 
tests. Both joints exhibit a linear initial load–strain response, charac
terised by practically identical initial stiffness during the early stages of 
loading. As the applied displacement increases, the curves progressively 
deviate from linearity, showing a reduction in stiffness associated with 

SURFACE-BASED COHESIVE INTERACTION
DELAMINATED INTERFACE

(+ contact interaction in ENF model)

2 mm

10 mm

a)

b) c)

Fig. 4. Finite element modelling of DCB and ENF tests: mesh used for the numerical analyses (a), and comparison between experimental and FE-predicted responses 
for the DCB (b) and ENF (c) tests using the material properties reported in Tables 1 and 2.

Table 1 
Elastic properties of the cured carbon/epoxy prepreg material.

Ex 

(GPa)
Ey= Ez 

(GPa)
Gxy = Gxz 

(GPa)
Gyz 

(GPa)
νxy = νxz νyz

120 8.2 4.0 3.2 0.26 0.3

Table 2 
Fracture properties of the 0◦/0◦ joint interface.

Stiffness 
kn = kt = ks(GPa/mm)

t0n (MPa) t0s = t0t (MPa) GC
I (J/m2) GC

II(J/m2)

1E14 30 60 506 710
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the initiation and growth of damage at the edges of the joint.
Unpinned and pinned joints exhibit a similar sequence of damage 

events leading to final failure (Fig. 6). Initially, small matrix cracks occur 

in the resin-rich regions between the ends of the adherends at a load of 
approximately 100 N/mm. These cracks do not affect joint stiffness, but 
act as stress concentrators, triggering the onset of debonding cracks at 
both ends of the joint (Fig. 6a) once the strain exceeds a value of 
approximately 0.4 %. With increasing strain, the debonding cracks grow 
from the joint edges toward the centre of the overlap (Fig. 6b and c). As 
final failure approaches, one crack advances more rapidly than the 
other, becoming the dominant crack whose unstable propagation ulti
mately drives the complete separation of the adherends. Direct obser
vations conducted during the tests revealed no signs of premature pin 
pullout. Microstructural analysis of the failed surfaces indicated that the 
z-pins remained intact after joint failure, with no broken pins detected. 
Instead, the pins underwent large plastic shear deformation as a result of 
the high loads sustained during the final stages of adherend separation 
and were finally pulled out from one of the adherends (Fig. 7). No 
evident matrix cracking or fiber damage was observed within the 
adherends after separation, indicating that the primary 
damage—alongside the plastic deformation of the pins—was limited to 
the joint interface and the pin–matrix interface.

The load–strain curves in Fig. 5 show that the z-pinned joints achieve 
higher stress and strain at failure than the unpinned joints, demon
strating the beneficial effect of z-pins on both strength and damage 
tolerance. The ultimate strengths and failure strains of the tested 

Fig. 5. Load per unit width versus strain for unpinned and z-pinned joints. The 
curve for the z-pinned joint is shifted for clarity.

Resin rich
region

Resin
crack

Debonding
crack

Debonding length

Debonding length

Debonding length

OVERLAP

Z-PIN

Z-PIN

Z-PIN
POSITION

PIN ROWPIN ROW

1 mm

a)

b)

c)

0.45%

0.63 %

0.78 %

Fig. 6. Initiation and growth of a debonding crack at the joint edge of a pinned joint. The labels indicate the strain levels.
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samples are reported in Table 3, while a direct comparison of the 
average values of the initial stiffness, strength, and failure strain of the 
two classes of joints is presented in the graphs of Fig. 8. These data 
indicate that, while pins play no significant role in the early loading 
stage, they clearly enhance the ultimate load-carrying capacity and 
damage tolerance of the joints, with average increases of about 16 % in 
strength and 25 % in strain at failure, respectively, compared with the 
unpinned joints.

Fig. 9 shows typical evolutions of the average length of the interfacial 
debonding cracks as a function of strain for both unpinned and pinned 
joints. The average crack length was evaluated as the sum of the crack 
lengths measured at the two joint edges, thereby accounting for damage 
propagation from both ends of the overlap. The crack length at each 
joint edge was calculated by averaging the measurements taken on both 
sides of the specimen from images acquired with cameras during testing. 
At both edges, the crack lengths measured on the two sides of the 
specimen were comparable, with differences generally within 15 %, 
indicating that the crack front remained reasonably uniform across the 
joint width during propagation. The average crack lengths at the two 
edges of the joint were also similar until, as ultimate failure approached, 
the crack at one edge advanced much faster than the other, leading to 
the rapid and complete separation of the joint.

The crack growth data indicates that, while interfacial debonding 
initiates at a similar strain level for both joints, crack propagation is 
significantly slower in pinned joints. Of particular interest, the capacity 
of the pins to retard crack growth becomes effective well before the 
crack front reaches the pin rows, which are located 5 mm from the joint 
edges. This behaviour suggests that z-pins contribute to toughening not 
only through the well-known bridging effect —which develops once the 
crack front has advanced beyond the pin rows—, but also through a 
shielding mechanism. By altering the stress field ahead of the crack tip, 
this mechanism delays crack propagation during the early stages of 
debonding while the crack front is still behind the pin rows, as will be 

numerically investigated in the following section. A further character
istic of the crack data in Fig. 9 is the contrast in the trends of growth 
rates. In unpinned joints, the crack growth rate increases in a relatively 
steady manner with strain. Conversely, as the crack in the pinned joints 
approaches the pin row, it undergoes an abrupt jump, quickly reaching 
and extending beyond the pins, thereby activating the bridging mech
anism of the transverse reinforcement.

To allow a direct comparison between the damage progression and 
the structural response of the joints, the crack growth data are plotted in 
Fig. 10 alongside the load–strain curves for both the unpinned and z- 
pinned joints. As expected, the plots show that the onset of non-linearity 
in the load–strain response beyond a certain strain level is directly 
related to the initiation and propagation of interfacial debonding at the 
joint overlap ends.

4. Numerical results and discussion

4.1. FE predictions of pinned and unpinned joint behaviour

Fig. 11 compares the predictions obtained through FE analysis with 
the experimental load–strain curves for both unpinned and pinned 
joints. The results show good agreement between the numerical simu
lations and the experimental data, with the model accurately capturing 
the transition from the linear elastic to the non-linear regime and 
correctly reproducing the subsequent debonding-controlled response. In 
particular, as summarised in the graph of Fig. 12, the FE model closely 
predicts the enhancement in both peak strength and failure strain 
induced by the presence of z-pins.

The FE model is also capable of reproducing the characteristic trends 
of interfacial debonding growth observed during the static tests in the 
two classes of joints. The graphs in Fig. 13 compare the evolution of the 
cohesive zone predicted by the FE analyses with the debonding lengths 
measured during the tests. The FE data provides the sums of the dis
tances from the joint edges of the characteristic fronts of the process 
zones: the first corresponding to the onset of cohesive softening (damage 
initiation, d = 0) and the second to the complete decohesion (interface 
failure, d = 1). The region enclosed between these two curves (shaded in 
the graphs) thus represents the cohesive process zone, i.e. the portion of 
the interface where damage is accumulating (0 < d < 1), and its evo
lution with increasing strain provides insight into the growth of inter
facial debonding. It can be seen that good quantitative agreement is 
achieved between the progression of debonding predicted by the model 
and that observed experimentally for the two joint types. In unpinned 
joints, the FE model correctly simulates a cohesive debonding zone that 
moves at a steadily increasing rate with rising strain until it becomes 
unstable, leading to complete joint separation (Fig. 13a).

In pinned joints, by contrast, numerical results indicate that upon 
reaching a certain strain level the cohesive zone undergoes a sudden 
jump and then propagates past them resuming a stable growth up to 
final failure. The abrupt growth of the debonding crack is a distinctive 

10 mm

                 a)                            b)
Fig. 7. Plastically deformed pin (a) and corresponding pin hole in the mating adherend (b) after separation.

Table 3 
Strength and failure strain of tested joint specimens.

Joint type Specimen ID Strength (MPa) Strain at Failure (%)

UNPINNED U1 292 0.581
​ U2 302 0.639
​ U3 305 0.736
​ U4 319 0.690
​ U5 330 0.696
​ Average 

(± SD)
309.6 
(±14.9)

0.668 
(±0.060)

PINNED P1 342 0.770
​ P2 348 0.833
​ P3 350 0.832
​ P4 377 0.925
​ P5 381 0.809
​ Average 

(± SD)
359.6 
(±18.0)

0.834 
(±0.057)
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feature characterising the behaviour of pinned joints and is clearly 
visible in the experimental data plotted in Fig. 13b. The FE model suc
cessfully captures this sharp jump, although its onset is predicted at a 
slightly higher strain than that observed experimentally.

Fig. 14 shows the outlines of the deformed shapes of a pinned joint in 
the vicinity of the edge, as obtained from the FE analysis at the same 
strain levels of the cracked configurations presented in Fig. 6. The 
simulation captures the sequence of damage evolution, where interfacial 
debonding is triggered by a matrix crack in the resin pocket at the 
overlap boundaries. With increasing strain, the debonding crack grows 
inward, reaching the pin rows and continuing beyond them towards the 
centre of the overlap. It is observed that, as the crack length increases, 
the relative sliding between the debonded adherends becomes more 
pronounced, inducing progressive tilting of the bridging pins and lead
ing to high-pressure contact with the laminate wall; this contact state 
drives the snubbing effect [49], thereby increasing the frictional resis
tance to pull-out and promoting pin retention within the adherends. As a 
result, pin pull-out is deferred and, as observed experimentally, the pins 
undergo severe plastic shear deformation upon complete joint separa
tion (see Fig. 7). Fig. 14 also shows the spatial distribution of cohesive 
damage at the pin–laminate interface for the three examined strain 
levels. The FE results indicate that damage at the pin–laminate interface 
initiates at relatively low strain levels. With increasing strain, the 
damage propagates along the interface, eventually extending over most 
of the pin–laminate interface area before ultimate joint failure. Despite 
the extensive damage at the pin–laminate interface, the z-pins continue 
to contribute to load transfer between the adherends through their shear 
deformation, while pull-out is inhibited, as experimentally observed, 

       a)        b)        c)
Fig. 8. Comparison of initial stiffness (a), ultimate strength (b), and strain at failure (c) for unpinned and z-pinned joints. The error bars represent ± one stan
dard deviation.

Fig. 9. Typical evolution of debonding crack length in unpinned and z-pin
ned joints.

Fig. 10. Load and debonding crack length as a function of strain for (a) unpinned and (b) z-pinned joints.
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due to the predominance of Mode II loading and the frictional resistance 
generated by the snubbing mechanism.

4.2. Interfacial stress analysis

Further insight into the toughening mechanisms introduced by the 
pins may be gained by analysing the FE stress data at the joint interface. 
It should first be noted that shear stresses dominate over normal stresses 
as soon as cohesive damage is initiated at the joint edge (see, for 
example, the graphs in Fig. 15, which report the stress distributions for a 
strain level of 0.35 %, corresponding to a process zone of about 1 mm). 
Consequently, the following discussion is focused on the analysis of 
shear stress distributions, as they play the dominant role in driving the 
interfacial fracture response and, ultimately, the structural performance 
of the joint. It is worth recalling, however, that the cohesive formulation 
adopted in the simulations explicitly accounts for the effects and inter
action of shear and normal stresses in governing the onset and evolution 
of interfacial debonding, as detailed in Section 2.2.

The plots in Fig. 16 illustrate the evolution of interfacial shear stress 
with strain level, as extracted from the FE output at three distances from 
the joint edge (0.5, 1.5, and 3 mm) along a longitudinal line passing 
through a pin. The FE results reveal that at locations close to the edge of 
the joint (Fig. 16a, distance from joint edge = 0.5 mm), the initial elastic 

response and a substantial fraction of the softening branch follow an 
identical trajectory in unpinned and pinned joints. At a strain level of 
approximately 0.45 %, the shear stress of the unpinned joint exhibits a 
rapid drop to zero, resulting in complete interface decohesion; in 
contrast, the interface of the pinned joints remains in a partially 
damaged state, with the shear stress stabilised at an almost constant 
value up to a much higher strain level (over 0.6 %). Analogous trends are 
observed at a distance of 1.5 mm from the joint edge (Fig. 16b), even 
though the common trajectory shared by the unpinned and pinned joints 
during the softening stage is now significantly reduced. As the position 
of the pin is further approached (distance from joint edge = 3 mm; 
Fig. 16c), the divergence between the interface behaviour of unpinned 
and pinned joints becomes increasingly pronounced. In this case, the 
shear stress at the interface of the pinned joint deviates from that of the 
unpinned counterpart while still in the elastic regime. With the stress 
nearing the 0.45 % strain value, the shear stress of the unpinned joint 
increases sharply until the initiation of decohesion, at which point it 
rapidly completes the degradation phase; in contrast, the shear stress of 
the pinned joint remains within the elastic regime up to a strain 
exceeding 0.6 %, and only beyond this strain does the stress rises 
abruptly, leading to unstable behaviour and eventual complete interfa
cial failure.

The FE results demonstrate that the pins exert a notable effect on the 

Fig. 11. Comparison of experimental and numerically predicted load vs. strain curves for unpinned (a) and z-pinned (b) joints.

Fig. 12. Comparison of experimental and numerically predicted ultimate strength (a) and strain at failure (b) for unpinned and z-pinned joints. The error bars 
represent ± one standard deviation.
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interfacial behaviour well before the cohesive process zone reaches the 
pin row. The presence of pins delays the initiation and progression of 
decohesion, maintaining the interface in an elastic or partially damaged 
condition over a wider strain range than in unpinned joints. The 
restraining effect on damage progression is weak at a distance from the 
pin row but becomes increasingly pronounced as the cohesive front 
nears the pins. This results in a stabilisation of the debonding process, 
deferring the transition to unstable propagation and contributing to the 
improved joint strength and failure strain observed in the experimental 
tests.

The redistribution of stress generated at the joint edge by the pins is 
presented in the graphs of Fig. 17, which show the profiles of the 
interfacial shear stress along the overlap for three strain levels. At a 
strain of 0.44 % (Fig. 17a), the shear stress field in the vicinity of the 
joint edge remains similar in both pinned and unpinned joints; closer to 
the pins, however, the stresses in the pinned joints become significantly 
higher than those in the unpinned counterparts. This effect is due to the 
local stiffening mechanism of the pins, which restrain the relative dis
placements between the adherends and modify the load transfer path 
through the joint. The local redistribution of interfacial shear stresses 
induced by the pins exerts a shielding effect on the front of the cohesive 
region, thereby limiting the energy available for the progression of 
decohesion and the advancement of the process zone. Fig. 17

demonstrates that, while an increase in the applied strain from 0.44 % to 
0.5 % triggers significant propagation of the process zone in unpinned 
joints (Fig. 17b and c), the cohesive zone remains stationary in pinned 
joints.

The abrupt growth of the debonding crack that characterises the 
response of the pinned joints is driven by the sudden release of strain 
energy after the phase of stable pin-induced shielding. The FE results 
plotted in Fig. 13b show that, up to a strain of almost 0.6 %, the pins 
effectively shield the crack tip, keeping the cohesive zone stably 
confined to a small region (approximately 2 mm long) at the joint edge. 
However, as seen in the graphs of Fig. 16, the load increments applied 
from strain levels above 0.45 % are increasingly carried by the narrow, 
residual elastic ligaments just ahead of the pins. This causes rapid shear 
strain localisation and a sharp increase in the Mode II crack driving 
force. Once these remaining ligaments fail, the stored elastic energy is 
abruptly released, driving the rapid advance of the crack towards the pin 
row.

It should also be noted that slight irregularities along the bond-line 
interface may cause crack propagation to occur in small, discrete 
steps, as observed at a strain of approximately 0.4 % in the experimental 
response of the unpinned joint (Fig. 10a). As the FE model assumes a 
perfectly uniform interface, these minor crack-growth increments 
cannot be reproduced in the numerical simulations (Fig. 11a). Never
theless, the FE model captures the stepwise changes in the force–strain 
response of the pinned joint observed at strains above 0.5 % (Fig. 11b), 
which are associated with the major, sudden crack advancements that 
marks the transition from the shielding phase to the bridging 
mechanism.

To further assess the efficacy of the shielding effect, the local energy 
dissipation was evaluated and compared between pinned and unpinned 
joints at equivalent overall strain levels. The dissipated energy was 
extracted from the nodes of the cohesive interface at specific coordinates 
along the overlap length to map the influence of the pin-to-node 
distance.

The dissipated energy density G was calculated at the front of the 
cohesive zone using the following definition: 

G =

∫ u

0
τ(u)du − Ue(δ)

where τ is the interfacial shear stress, u is the corresponding relative 
displacement at the cohesive interface, and Ue(u) is the recoverable 
elastic energy density associated with the current degradation state. To 
ensure a meaningful comparison, the energy dissipations in the unpin
ned and pinned joints were sampled at the same strain level, chosen to 
correspond to the state immediately prior to the onset of complete 
decohesion in the unpinned joints. As previously mentioned, normal 
stresses play a minor role in the crack growth process, and therefore only 
interfacial shear stresses were considered in the calculations. To quan
tify the shielding effect, the dissipated energy densities were normalised 
against the unpinned baseline (Gpinned/Gunpinned). These ratios are plotted 
in Fig. 18 for the region spanning from the joint edge to the pin row, 
mapping the local shielding effectiveness of the through-thickness 
reinforcement.

The graph provides immediate evidence of the pin-induced reduction 
in the energy spent for interfacial degradation at equivalent strain levels, 
while also offering insight into the spatial range of the shielding pro
vided by the pins. Near the edge of the joint, the ratio remains relatively 
close to unity, indicating that the pins, due to their distance, do not yet 
exert a marked influence on stress distribution and associated damage 
evolution, thereby yielding only a limited shielding effect in this region. 
However, as the distance between the cohesive front and the z-pins 
decreases, the ratio drops sharply, demonstrating that the z-pins 
significantly reduce the energy dissipation demand on the interface. The 
null values of the ratio near the pins indicate that, under the same 
applied strain, the interface of the pinned joints remains within the 

Fig. 13. Comparison of experimental and numerically predicted evolution of 
the debonding crack with strain for unpinned (a) and z-pinned (b) joints. The FE 
simulation results show the evolution of the interface cohesive process zone, 
where d = 0 corresponds to the initiation of damage and d = 1 to com
plete decohesion.
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elastic regime when the unpinned joints have already reached complete 
decohesion, as for example visible in Fig. 16c. The accumulation of 
irreversible damage at the interface of pinned joints is therefore delayed, 
thereby maintaining a higher degree of interfacial structural integrity 

over a significantly wider range of strains compared to the unpinned 
joints. Only with further increases in strain does the process zone at the 
edge of the pinned joint become unstable, rapidly extending beyond the 
pin row and leading to a transition in the pin-induced toughening action 

JOINT EDGE

OVERLAP

PIN

Resin crack

Debonding crack
0.45%

0.63%

0.78%

1mm

COHESIVE DAMAGE AT THE
PIN/LAMINATE INTERFACE

0

1

0.5

0.75

0.25

d
damage variable

Fig. 14. Outline of the deformed joint edge and cohesive damage at the pin-laminate interface, as predicted by the finite element model at different strain levels 
(displacements are amplified for clarity).

Fig. 15. Interfacial shear and normal tensile stresses predicted by the FE simulations for unpinned (a) and z-pinned (b) joints at a strain level of 0.35 %.
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from a shielding mode to a bridging mechanism. At this stage, the 
shielding effect ceases, and the toughening role is assumed by a bridging 
action in which the pins begin to act progressively as discrete connecting 
elements that transfer load across the debonded adherends and restrain 
relative interfacial displacement. The ultimate failure of the pinned joint 
eventually occurs when the cohesive process zone undergoes unstable 
propagation under the imposed strain.

5. Conclusions

The study investigated the mechanical performance and damage 
evolution of single-step composite joints reinforced with the introduc
tion of edge-localized steel z-pins. The mechanical role of z-pins in 
controlling the growth of damage was examined through a combination 
of experimental analyses and finite element simulations.

The key findings of this study are summarised as follows: 

• The introduction of z-pins enhances the load-carrying capacity and 
damage tolerance of the joints, with increases of approximately 16 % 
in ultimate strength and 25 % in strain at failure. Ultimate failure is 
driven by the growth of edge cracks that propagate towards the 
centre of the overlap, until their unstable propagation leads to final 
separation.

• While interfacial debonding initiates at similar strain levels in both 
joint types, the presence of z-pins significantly reduces crack prop
agation rates, delaying crack growth and extending the stable dam
age evolution phase to higher strain levels.

a)

b)

c)

Fig. 16. Comparison of interfacial shear stress vs. strain at different distances 
from the joint edge, as predicted by the FE simulations for unpinned and z- 
pinned joints.

a)

b)

c)

Fig. 17. Comparison of interfacial shear stress at different strain levels, as 
predicted by the FE simulations for unpinned and z-pinned joints.

G. Loi and F. Aymerich                                                                                                                                                                                                                        Composites Part A 211 (2026) 110159 

12 



• Visual inspection during testing showed no evidence of premature 
pin pull-out, while microstructural observations indicated that the z- 
pins did not fracture but instead underwent extensive plastic shear 
deformation during adherend separation.

• The FE simulations show that the pins operate through a dual-stage 
toughening process:

- An initial shielding mechanism is established before the cohesive 
zone reaches the pin row, redistributing interfacial shear stresses 
ahead of the crack front. This mechanism reduces the energy avail
able for debonding growth, thereby delaying its propagation.

- A bridging mechanism is subsequently activated once the crack front 
moves beyond the pins. In this stage, the tractions exerted by the pins 
across the debonding crack directly restrain the relative displace
ments of the joint surfaces.

• The results demonstrate that selective, edge-localised pinning is an 
effective, weight-efficient strategy for enhancing the structural 
integrity and damage tolerance of composite connections.

• Future work should focus on assessing the effects of the modelling 
simplifications adopted in the present study, such as the assumption 
that the pins are perfectly perpendicular to the joint interface and the 
representation of the resin-rich region surrounding the pins through 
a cohesive interface.
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