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Abstract

This study investigates the effect of selective z-pinning on the tensile strength of single
step-lap composite joints through a combined experimental and numerical investigation.
Uniaxial tensile tests were performed on unpinned and z-pinned samples to assess the
effect of z-pins on the strength and failure of joints. Unpinned and pinned joints exhibited
an initial linear load–strain response, followed by stiffness degradation due to the onset
and propagation of interfacial delamination. However, z-pinned joints exhibit increased
strength and ultimate strain, indicating enhanced energy absorption and damage tolerance
without compromising joint stiffness. The damage of single step-lap joints was mainly
governed by matrix cracking and delamination. In order to identify and investigate the
toughening mechanisms specifically induced by z-pins, a three-dimensional finite element
(FE) model was developed in ABAQUS/Explicit to simulate the mechanical response of the
joints. Both the bonding and the pin-laminate interface were modeled as a cohesive contact
interface modeled with a bilinear traction–separation law, using a quadratic nominal stress
criterion to initiate damage and the Benzeggagh–Kenane criterion to control damage evolu-
tion. The numerical results exhibited a relatively good agreement with the experimental
data in terms of load-bearing capacity, ultimate strain, and damage evolution.
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1. Introduction
Composite structures are progressively larger and more integrated and the consequent

need to enhance their reliability and structural performance has led to a growing interest in
joining techniques. Among them, adhesive bonding or co-curing is overall preferred for
joining thin composite adherends.

Adhesive or co-cured joints consist of two or more structural components bonded to-
gether through a single bonding or curing process without requiring machining operations
(e.g., drilling or boring), which reduces manufacturing costs and minimizes fiber damage
and distortion. Therefore, compared to mechanical fastening (e.g., bolting and riveting),
these joints do not reduce the effective cross-sectional area, provide a more uniform stress
distribution along the bonded interface by eliminating localized concentrations associated
with fasteners, and enable the design of streamlined external surfaces [1–3]. However, the
low transverse strength of composite adherends and the high peel and shear stress arising
at the joint interface make bonded joints highly prone to the onset of delamination and
debonding [4–6], especially when subjected to cyclic fatigue [7,8] and impact load [9].
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Delamination may significantly impair the mechanical performance of the composite
components. Thus, the initiation and propagation of delaminations are a long-standing
concern in designing critical load-bearing components, as well as in ensuring safety re-
quirements. The need to improve the resistance to delamination and the ultimate strength
of composite laminates has led to the development of numerous strengthening techniques,
mainly based on the insertion of translaminar reinforcements, such as z-pinning, tuft-
ing [10], weaving [11], and stitching [12,13].

Z-pinning, which consists of inserting thin metal or fibrous rods through the thickness
of an uncured composite laminate, has been shown to be effective in improving several
structural properties of laminated composites, encompassing impact and post-impact per-
formance [9,14,15], joint strength [14,16,17], fatigue life [16,18], and interlaminar fracture
toughness [19–22]. However, the beneficial effects of Z-pinning depend on numerous me-
chanical and process parameters, including the material, diameter, and surface roughness
of the pins, as well as their spatial arrangement and areal density [14,16,23,24]. In particular,
the latter has been identified as a critical factor. As an example, Chang et al. [16] reported
that increasing the areal density of carbon z-pins from 0.5% to 2% enhances the load-bearing
capability of a single-lap carbon/epoxy joint by 8% and 41%, respectively. Nonetheless,
when the pin content was further raised to 4%, the ultimate strength dropped to 23%. It
was also observed that the mechanisms governing the damage response of the joint vary
with pin content. In fact, at the lower pin density, the ultimate failure was dominated by
pin shear failure and subsequent unstable growth of interfacial delamination, whereas for
higher pinning densities the joints failed in the laminate adherend at a row of pins near
the overlap edge. Similar studies [10,14,17,23,24] demonstrate that the ultimate failure of
z-pinned joints is a complex process resulting from the interaction of different damage
mechanisms (e.g., pin–matrix debonding, interfacial friction, axial and shear deformation
of the pins, snubbing, pin pull-out or shear rupture), depending on pin material, pinning
pattern, and loading conditions. For example, Cartié et al. [23], pointed out that while
debonding and pin-substrate friction dominate the process under mode I load, a complex
interaction of diverse mechanisms, including pull-out, deformation and fracture of the
pins, debonding, friction, substrate plasticity and inelastic deformation, is involved in the
growth of delamination cracks under mode II.

Most studies on the use of z-pins to enhance the strength of composite joints have
been conducted using distributed z-pinning, i.e., where pins are inserted uniformly across
the entire bonded area, often in a regular grid [24–27]. In contrast, far less effort has been
devoted to examining the improvements in joint strength achievable through low-density
selective z-pinning, in which pins are placed at specific locations to provide localized
through-thickness reinforcement [28,29]. The present study aims to investigate the quasi-
static tensile response of co-cured single-step lap composite joints selectively reinforced
with metallic z-pins close to the overlap edges, where stress concentrations are typically
highest. Direct observations of the sides of the joint during testing and numerical analyses
based on a three-dimensional finite element model developed in ABAQUS/Explicit are
employed to assess the role of z-pins in controlling the initiation and growth of debonding
at the joint overlap.

2. Material and Methods
Single-step lap joints were fabricated by bonding cross-ply ([90/0]2s) laminates, manu-

factured from unidirectional carbon fiber/epoxy prepreg tape (HS150/ER450; CIT, Legnano,
Italy). The composite adherends were joined over an overlap length of 40 mm at the
mid-plane 0◦/0◦ interface without interposing any additional adhesive layer. Before curing,
some panels were selectively reinforced in the thickness direction with stainless steel pins,
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produced from a continuous wire of 0.5 mm diameter. Z-pins were manually inserted into
pre-punched holes and aligned in four rows symmetrically arranged in pairs straddling
the joint line (Figure 1). Each row of z-pins was inserted at 5 mm from the joint edge, while
the spacing between adjacent pins was set at 5 mm. Thus, the resulting pin areal density on
the overlap region was approximately 0.4%. After z-pinning, the joint panels were vacuum
bagged and subsequently consolidated in autoclave for 2 h under a pressure of 6 bar and a
curing temperature of 135 ◦C.

Figure 1. Schematic of the considered sample.

Uniaxial tensile tests were conducted using a 250 kN Instron servo-electric testing
machine operating in displacement-controlled mode, with a crosshead speed of 1 mm/min.
During testing, the applied load and the longitudinal strain of the joined region were
continuously monitored to assess the stiffness degradation of the tested samples associated
with the initiation and propagation of damage. The longitudinal strain was measured with
an extensometer with a gauge length of 62.5 mm.

3. Finite Element Model
In order to investigate the mechanical response of the joints, a three-dimensional finite

element (FE) model was developed using the commercial solver ABAQUS/Explicit. Figure 2
illustrates the FE model of both the pinned and unpinned configurations. The composite
adherends and metallic z-pins were discretized using 8-node linear brick elements with
reduced integration (C3D8R). Each ply of the laminate was modeled with a single element,
resulting in 8 elements through the laminate thickness. The mechanical behavior of the
composite plies was assumed to be linear elastic, while the z-pins were modeled using
an elasto-plastic constitutive law incorporating isotropic hardening. The main material
properties of both composite adherends and metallic z-pins were experimentally evaluated
and summarized in Table 1.

Figure 2. FE model of the (a) unpinned and (b) z-pinned joint. For clarity, only the bottom portion of
the joint is shown.
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Table 1. Main material properties used in the FE analyses.

Mechanical Properties

Stainless steel

Young’s modulus (E) 210 GPa
Poisson’s coefficient (ν) 0.26
Yield stress

(
σy
)

420 MPa
Ultimate stress (σu) 1.2 GPa
Strain at failure (εu) 35%

CFRP

Young’s modulus in fiber direction (Ex) 120 GPa
Young’s modulus in transverse direction

(
Ey

)
8.2 GPa

Young’s modulus in thickness direction (Ez) 8.2 GPa
Shear modulus

(
Gxy = Gyz = Gxz

)
4 GPa

Poisson’s coefficient (ν) 0.26

Cohesive interface

Stiffness (kn = kt = ks) 1E14 GPa/mm
Strength in pure Mode I

(
tn

0) 30 MPa
Strength in pure Mode II

(
ts

0 = tt
0) 60 MPa

Fracture energy in pure Mode I (Gn
C) 506 J/m2

Fracture energy in pure Mode II (Gs
C = Gt

C) 710 J/m2

The behavior of the bonding interface between the adherends was modeled with a
cohesive contact interaction governed by a bilinear traction–separation law, as depicted
in Figure 3. This constitutive model comprises an initial linear elastic regime up to dam-
age initiation. The initial stiffness, defined as a penalty stiffness parameter, enforces an
elastic connection between opposing surfaces prior to damage onset, according to the
following equation:

t =


tn

ts

tt

 = K u (1)

where t is the nominal traction vector with components representing normal (tn) and shear
tractions (ts, tt), K is the cohesive stiffness matrix with components Knn, Kss, Ktt along the
respective directions, and u the relative displacement.

Figure 3. Cohesive law.

Damage initiates when the stress components in the normal and shear directions reach
a critical value, according to the quadratic stress interaction criterion expressed as:{

⟨tn⟩
tn

0

}2
+

{
⟨ts⟩
ts

0

}2
+

{
⟨tt⟩
tt

0

}2
= 1 (2)
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where tn
0, ts

0, and tt
0 are the strength of the bond when the separation is either purely

normal to the interface or purely in the first or second shear direction, respectively.
Once damage initiates, the stiffness of the cohesive interface is progressively degraded

according to the traction-separation law. The degradation of cohesive stiffness is modeled
using a scalar damage variable D, which increases monotonically from 0 (undamaged
material) to 1 (complete failure) as damage accumulates. The degraded traction–separation
relationship is expressed as:

t = (1 − D) K u (3)

The evolution of damage is governed by an energy-based approach, in which the
fracture energy dissipated during the surface separation determines the progression of the
scalar damage variable. The fracture energy values in pure opening (Gn

C) and pure shear
(GsI

C and GtI
C) were experimentally obtained by performing Double Cantilever Beam

(DCB) and End Notch Flexure (ENF) tests in accordance with ASTM standards [30,31], and
are summarized in Table 1. To account for mixed-mode loading, the Benzeggagh–Kenane
criterion is applied, which defines the effective critical fracture energy GC as a function of
the fracture mode mixity:

Gn
C +

(
Gs

C − Gn
C
) {

Gs + Gt

Gn + Gs + Gt

}η

= GC (4)

where Gn, Gs, and Gt are the opening and shear energy release rates, and η is the
Benzeggagh–Kenane parameter, whose value was set to 2.28 according to [32–34]. There-
fore, as the damage variable D increases, the energy release rate accumulates. When the
accumulated energy equals the critical mixed-mode fracture energy GC, cohesive traction
vanishes and complete decohesion occurs.

The pin–laminate interface was modeled as a cohesive contact interface. The re-
sponse of this interface was described using a traction–separation law, whose parameters
were set equal to those adopted to model the behavior of the joining interface between
composite adherends.

Boundary conditions were applied to the surfaces of the joined samples, as depicted
in Figure 4. One end of the joint was constrained by fixing one lateral face, while a
displacement was imposed in the x-direction at the opposite end to simulate the movement
of the testing machine’s moving head. To reduce computational costs, a model representing
a 5 mm strip of the sample was employed, with symmetry boundary conditions imposed
on the XZ planes, as shown in Figure 4.

Figure 4. FE model of boundary conditions.
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4. Results and Discussion
The capability of the FE model to capture the effect of selective z-pinning on the

structural response of the step-lap composite joints was assessed by comparing the results
of the numerical simulations with experimental observations made during tensile tests and
subsequent damage analyses. The comparison was made in terms of load–strain curves
and the growth of crack length with loading as recorded during the experimental tests.

Figure 5 presents a typical load (per unit width)–strain curve of unpinned and z-pinned
step-lap joints recorded during the performed quasi-static tensile test. Both unpinned and
pinned joints exhibit a load–strain curve consisting of an initial linear region up to approx-
imately 250 N/mm, followed by a nonlinear region in which the stiffness progressively
degrades due to the initiation and subsequent growth of interfacial delamination (debond-
ing). Nonetheless, the presence of through-thickness reinforcement induces an increase
of approximately 15% in the joint ultimate tensile strength. It is also worth noting that
unpinned and pinned specimens exhibit comparable stiffness. This evidence indicates that
the introduction of z-pins may effectively enhance the load-carrying capacity of the joint,
even at a very low areal density and, thus, without compromising the overall joint stiffness.

Moreover, z-pinned joints exhibit an extended strain-to-failure range, showing im-
proved damage tolerance and enhanced energy absorption prior to failure. Figure 6
compares the experimental load–strain responses (black curves) with the corresponding
numerical predictions (red curves) for both unpinned (Figure 6a) and z-pinned (Figure 6b)
joints. The relatively good correlation between experimental and numerical results indi-
cates the model’s ability to capture the mechanical behavior of the joints. In particular, the
model provides a reliable estimation of the increase in static strength due to z-pin insertion.

The effect of z-pins on the damage resistance of single step-lap joints was assessed by
analyzing the growth of the debonding crack as a function of the applied load. Figure 7
shows the debonding crack length as a function of the applied load for both unpinned and
pinned joints.

Figure 5. Load (per unit width) vs. strain of unpinned and z-pinned joints under static load. The
curve of the pinned joint has been shifted for clarity.

https://doi.org/10.3390/engproc2026131049

https://doi.org/10.3390/engproc2026131049


Eng. Proc. 2026, 131, 49 7 of 12

Figure 6. Comparison of experimental and predicted load-strain curves for unpinned (a) and
z- pinned (b) samples. The numerical curves have been shifted for clarity.

Figure 7. Debonding crack length vs. load (per unit width) of unpinned and z-pinned samples.
Arrows indicate unstable crack propagation.

For unpinned specimens, direct observation of the joint side surfaces during testing
reveals that damage initiation is characterized by the formation of small matrix cracks
in the resin-rich regions located at the edges of the overlap zone (Figure 8). The onset
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of these matrix cracks, which corresponds to small irregularities in the otherwise linear
load–strain curves (Figure 5), triggers the onset of short interfacial delaminations. As
loading progresses, these delaminations coalesce and propagate along the joining interface,
eventually leading to complete debonding of the adherends. Once a critical load threshold
is reached, crack propagation becomes unstable, resulting in sudden and full separation
of the joint adherends. A similar sequence of events is also observed in z-pinned joints,
although the reinforcing effect of the z-pins clearly restrains the growth of debonding as
compared to unpinned joints.

Figure 8. Damage evolution in unpinned samples.

We may see that in unpinned joints, the debonding crack grows at a steadily increasing
rate with rising load, before becoming unstable, resulting in the complete failure of the joint.
In pinned joints, however, the growth of the crack occurs in sequential stages, associated
with different ranges of applied loads and crack lengths. Initially, short debonding cracks
grow progressively as the load rises, although at a reduced rate compared to unpinned
joints, due to the beneficial effect of z-pins on the stress distribution at the overlap edges.
Upon reaching a critical load, the debonding crack becomes unstable and quickly propa-
gates up to the z-pin row, thereby enabling the bridging effect of z-pins. From this point
onward, the z-pins start carrying the load across the debonded adherends, thus resisting
crack sliding and opening, greatly slowing down crack growth until, with further increases
in load, the crack becomes unstable once more, leading to final collapse.

As shown in Figure 9, the FE model correctly captures the differing trends of damage
evolution in the two classes of joints and is capable of successfully reproducing the role of
z-pins in controlling the successive stages of debonding growth at increasing crack lengths
and load levels.

In addition to the load transfer provided by Z-pins across the debonded interface, other
toughening mechanisms—such as pin/matrix debonding, pin pull-out, and pin plastic
deformation (Figure 10)—also come into play, contributing to the absorption of strain
energy, restraining crack growth, and delaying final failure, thus significantly enhancing
the load-bearing performance of Z-pinned joints.

https://doi.org/10.3390/engproc2026131049
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Figure 9. Comparison of experimental and predicted debonding crack length vs. load (per unit width)
curves for unpinned (a) and z-pinned (b) samples. Arrows indicate unstable crack propagation.

Figure 10. FE images of the joint edge at short (a) and long (b) debonding cracks, highlighting energy-
absorbing mechanisms such as pin-laminate debonding, pin pull-out, and pin plastic deformation.
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5. Conclusions
This study investigated the structural response of selectively reinforced step-lap com-

posite joints when subjected to a quasi-static tensile load. In order to assess the effec-
tiveness of selective z-pinning in improving joint strength and damage tolerance, a three-
dimensional FE model was developed and validated by comparing numerical results
and experimental data, including force–strain response and delamination crack growth
observed during testing.

The main indications arising from the present investigation are summarized below:

• The tensile response of step-lap z-pinned joints is characterized by an approximately
15% increase in strength and similar initial stiffness compared to those of analogous
unpinned joints. This indicates that very low pin densities are capable of enhancing the
load-carrying capacity of the joints without adversely affecting their in-plane stiffness.

• Experimental results further reveal that Z-pinned joints exhibit improved strain-to-
failure properties, demonstrating enhanced energy absorption and damage tolerance.

• In both unpinned and pinned joints, damage initiates as matrix cracks in the resin-rich
gaps at the overlap edges. These cracks promote the onset of delaminations at the joint
interface, which, under increasing load, coalesce and propagate until the complete
separation of the adherends. The presence of z-pins delays the rate of delamination
growth, thereby increasing the joint’s ability to withstand higher loads over wider
strain ranges.

• The numerical results are in good agreement with the experimental data, showing
the effectiveness of the model in capturing the global effect of the various tough-
ening mechanisms (pin bridging, pin/matrix debonding, pin pull-out and plastic
deformation) that control the initiation and propagation of the debonding crack.
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