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Abstract: The bearing performance of holes in laminated composite materials is a critical research area due to their increasing
use in aerospace and structural applications. This study investigates the mechanical behavior of hole-bearing in laminated
composites, focusing on failure mechanisms, load distribution, and the influence of laminate stacking sequences on bearing
performance. Finite element analysis (FEA) and experimental testing were used to examine stress concentration around
the hole. Additionally, the digital image correlation (DIC) method was employed to monitor the strain field in the pin-bearing
zone during the pin-crush test. Results indicate that fiber orientation significantly affects load-bearing capacity, with notable
differences between unidirectional (UD) and cross-ply (XP) laminates. A comparison between double-shear tensile loading and
pin crush loading for XP and UD samples with 16 plies reveals distinct differences in load-bearing capacity and failure behavior.
In the tensile test, XP-16 samples exhibited a gradual increase in load, reaching a peak of approximately 14 kN, followed by a
gradual decline. Conversely, the pin-crush test resulted in a lower peak load of 9 kN and exhibited more catastrophic failure,
characterized by a sudden drop in load. In contrast, UD samples displayed similar behavior under both loading conditions, with

differences observed only at peak load values.
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1. Introduction

Laminated composite materials are widely used in
aerospace, automotive, and marine applications due
to their superior strength-to-weight ratio, tailored me-
chanical properties, and excellent fatigue performance.
One critical design aspect for bolted or riveted joint ap-
plications in these composites is their bearing behavior,
which governs the load transfer efficiency and overall
joint performance. The performance of hole bearings
in laminated composites differs significantly from that
in traditional metallic materials, primarily due to the
anisotropic nature of composites. The mechanical be-
havior of laminated composites is influenced by sever-
al factors, including the fiber orientation, ply stacking
sequence, laminate thickness, and the geometry of the
hole. These factors lead to complex stress distributions,
which can significantly affect the bearing strength and
the potential for damage initiation around the hole,
such as delamination, matrix cracking, and fiber pull-
out. Over the past decades, significant research has
been dedicated to understanding and predicting the
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bearing response of laminated composites, both exper-
imentally and through finite element modeling (FEM).

Experimental investigations have extensively analyzed
the bearing response of laminated composites, high-
lighting the role of material properties, lay-up config-
urations, and geometrical parameters. Early studies
demonstrated the sensitivity of bearing strength to fi-
ber orientation, resin properties, and ply thickness [1-
7]. For instance, Furtado et al. [1] found that increas-
ing ply thickness leads to more complex failure regions,
with extensive delamination, matrix cracking, and fiber
splitting near the hole. Higher ply thickness significant-
ly reduces both the bearing load at the first load drop
and the ultimate bearing load. Thin-ply laminates out-
performed baseline laminates, with 21% higher initia-
tion and 10% higher maximum bearing stresses, while
thick-ply laminates showed reduced strengths. The su-
perior performance of thin-ply laminates is attributed
to their enhanced damage suppression, higher in-situ
strengths, and better ply constraining. Experimental
findings [5, 6] emphasized that bolted joints with ap-
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propriate preload enhance bearing strength by mini-
mizing local damage and delamination. Lim et al. [6]
examined the fatigue behavior of bolted joints in [+0/0,]
, laminates, considering ply angle 6 and bolt clamping
pressure, and compared results with [0,/£45./90,]
laminates optimized for static loading. They found that
laminates whose major plies are stacked in the axial di-
rection are suitable for bolted joints under fatigue loads
if appropriate clamping pressure is applied. Khashaba
et al. [7] highlighted that £45° layers enhance bear-
ing load and displacement, while 90° layers resist pin
displacement and increase energy absorption through
interlaminar shear, improving durability and delaying
sudden failure. Additionally, 0° layers maximize ulti-
mate load capacity and apparent bearing stiffness, con-
tributing to structural reliability.

Understanding failure mechanisms is critical for op-
timizing bearing performance. Experimental obser-
vations have identified three primary failure modes:
bearing, shear-out, and net-tension [4]. Bearing failure,
characterized by compressive deformation around the
hole, is the most desirable due to its progressive nature
and higher load-carrying capacity. In contrast, shear-
out and net-tension failures are brittle and catastrophic.
From a geometrical perspective, net-tension failure oc-
curs when the specimen’s width is too narrow to allevi-
ate high normal stress gradients, corresponding to a low
width-to-diameter (w/d) ratio. Shear-out failure arises in
laminates that have sufficient width to resist net-tension
failure but lack adequate free edge distance to relieve
high shear stresses along the shear-out plane, indicated
by a low edge-to-diameter (e/d) ratio. In both net-tension
and shear-out failure modes, the compressive stresses
at the bearing plane are insufficient to cause significant
fiber failure before these modes occur. Bearing failure,
on the other hand, results from compressive stresses and
involves matrix cracking, fiber micro-buckling, kinking,
and substantial delamination [8].

Non-destructive evaluation techniques, such as X-ray
computed tomography (CT) [9] and digital image cor-
relation (DIC) [10-12], have been employed to charac-
terize damage evolution in laminated composites under
bearing loads. Broutelle et al. [10] investigated damage
mechanisms in an oxide/oxide ceramic matrix com-
posite bearing using the balanced quarter hole (BQH)
test, enables direct observation of damage progression
during bearing failure. Unlike standard bearing tests,
which rely on post-mortem analysis potentially affected
by cutting operations, their setup uses high-speed cam-
eras for real-time monitoring and damage chronology.
The setup’s validity was confirmed through compari-
sons with standard tests. Two stacking sequences were
analyzed, considering the effects of material micro-
structure and machining. Results revealed that matrix
cracks appeared before the load drop, initiating delam-
ination and kink bands, which ultimately led to failure.

FEM has emerged as a powerful tool for predicting
the bearing behavior of laminated composites, offering
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insights into stress distributions and failure mecha-
nisms. Early models employed linear elastic analyses
to estimate stress concentrations around fastener holes
[13, 14]. However, these models failed to capture the
non-linear damage progression and material degrada-
tion observed in experiments. Advancements in FEM
have incorporated progressive damage models (PDMs)
to simulate the initiation and growth of matrix cracking,
fiber breakage, and delamination [15-22]. Hashin’s fail-
ure criteria [15, 16, 20] and cohesive zone models [17,18,
20] are widely used for damage prediction in compos-
ites. For instance, Qingyuan et al. [20] developed a 3D
FEM framework integrating PDMs to predict bearing
strengths and observed a strong correlation with exper-
imental data. Further developments include multi-scale
modeling approaches, which bridge the microscale (fi-
ber-matrix interactions) and macroscale (laminate
response) [19]. Shipsha and Burman [22] developed
a multi-scale FEM model to study the impact of fiber
misalignment on bearing strength, showing that local
defects significantly reduce load capacity. Instead of ex-
plicitly modeling fiber bundles, the model used stiffness
matrix rotations to account for bundle waviness, reduc-
ing computational costs. It incorporated LaRCO04 failure
criteria and an energy-based damage evolution model,
accurately predicting damage mechanisms, stress lev-
els, and failure progression, although kinking predic-
tions were slightly conservative. The model effectively
captured both intra- and inter-laminar progressive
damage, offering a balance of simplicity and predictive
accuracy. Parametric studies using FEM have explored
the effects of various factors on bearing performance.
For example, the effect of the washer type and initial
bolt tension on bearing failure was investigated by Qin-
gyuan et al. [20]. A comparison of the bearing failure
states in composite bolted joints with different washers
revealed that washers significantly expand the damage
range, with larger washers having a more pronounced
effect. However, washers reduce delamination damage
due to their suppression of peak pressure and redistri-
bution of pressure. Regarding initial bolt tension, joints
with higher tension exhibited more severe matrix and
delamination damage, as the increased tension delays
the reduction of structural load during tensile loading.
This delay allows for greater damage accumulation
before failure. High initial bolt tension improves bear-
ing strength, delays failure onset, and enhances the
load-carrying capacity of joints. Recent studies have
focused on the enhancement of bearing strengths using
fiber continuity around holes [23, 24].

This study explores the mechanical behavior of
hole-bearing laminated composites, emphasizing fail-
ure mechanisms, load distribution, and the impact of
laminate stacking sequence on bearing performance
under double-shear tensile loading and pin-crush load-
ing. A combined approach of finite element analysis
(FEA) and experimental testing is employed to inves-
tigate stress concentration around the hole. The Hash-
in failure theory is utilized in the FEA simulations to
model damage mechanisms accurately. Additionally,
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the digital image correlation (DIC) method is applied to
monitor the strain field in the pin-bearing zone during
the pin-crush test, providing detailed insights into the
deformation and failure processes.

2. Experimental and numerical procedures

2.1. Materials and manufacturing of the samples

The composite samples used in this study were fabri-
cated using AS4/8552 unidirectional prepreg material,
a high-performance carbon fiber reinforced epoxy sys-
tem commonly used in aerospace and structural appli-
cations. The AS4 fibers, made of carbon, have a tensile
strength of approximately 4433 MPa and a modulus of
elasticity of 231 GPa. The matrix is made of the 8552
epoxy resin, known for its excellent mechanical prop-
erties and resistance to thermal degradation. The com-
posite laminates were manufactured using the prepreg
lay-up technique, where the AS4/8552 prepreg sheets,
which are pre-impregnated with epoxy resin, were cut
to the required dimensions for the stacking sequences.

The laminates were designed with various stacking
sequences to study the effect of fiber orientation and
ply number on the bearing behavior. The stacking se-
quences used in this study include: [0]s6, [0/90]2s, and
[0/90]4s, where the notation indicates the number of
plies and fiber orientation. Specifically, [0]:6 represent
unidirectional laminates with 16 plies, respectively, all
oriented at 0° to the laminate plane. The [0/90]2s, and
[0/90]4s sequences represent cross-ply laminates, with
fibers oriented at 0° and 90° to the laminate plane in
varying numbers of plies. The samples manufactured
are given in p-Table 1.

The lay-up process involved carefully placing each pre-
preg ply on a mold to maintain fiber orientation and
ensure uniform resin distribution. The prepreg sheets

(b)

Table 1. The samples manufactured, their sizes and stacking
sequences (i=1,2,3).

Bearing test sigiikrizgs Th(i::rl](:gss Width (mm) L(?:g]t)h

XP-8-Si [0/90]25 1.5+0.05 36%0.1 100+0.1

XP-16- Si [0/90]45 3+0.05 36+£0.1 100+0.1

UbD-16-Si [O]16 3+0.05 3610.1 100+0.1
Pin-crush test

XP-16- Si [0/90]45 3+0.05 25£0.1 100£0.1

UbD-16- Si [0]16 3+0.05 25+0.1 100+0.1

were layered in the desired stacking sequence, and each
layer was lightly rolled to eliminate any air pockets
and improve fiber-to-matrix bonding. Once the lay-up
was completed, the laminate was cured in an autoclave
at 120 °C for 30 minutes and followed by 180 °C for
2 hours under 7 bar pressure to ensure full resin po-
lymerization and optimal fiber-matrix bonding. After
curing, the laminates were trimmed into 100 mm x 36
mm (25 mm for pin-crush test) specimens and 6 mm di-
ameter hole was drilled in the specified region (18 mm
from the edge of the sample), as stated in the ASTM
D5961. The drilling process was done carefully to pre-
vent damage to the fibers or matrix and minimize stress
concentrations around the hole. The holes were drilled
using an unused TiAIN coated carbide drill bit with a
118-degree point angle, operated at a rotational speed
of ~1500 rpm and a feed speed of ~100 mm/min. Visual
inspection of the drilled holes revealed no observable
delamination around the hole edges, as illustrated in
»Figure 1b. Therefore, quantitative measurement of
delamination diameter was not performed in this study.
Nevertheless, future investigations may benefit from
incorporating tomography-based delamination evalua-
tion methods to further assess hole quality and damage
resistance. The edges of the specimens were grinded

Figure 1. a) the bearing test fixture b) test samples and c) specifically designed test fixture for pin-crush test.

European Mechanical Science (2025), 9(2)
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(b)

Figure. 2 a) Double-shear tensile test set-up b) strain field measurement set-up under pin-crush test

using sand papers to ensure uniform loading during
testing. A special fixture as stated in the test standard
(ASTM D5961) was fabricated to conduct the bearing
tests, as shown in P-Figure 1a. Three tests were done
for each configuration. P>Figure 1c presents the exper-
imental setup used for the pin-crush test. The fixture
consists of a base support with a V-groove to hold the
composite specimen in place and a loading part that
applies compressive force through a cylindrical pin in-
serted into the hole of the specimen. For Digital Image
Correlation (DIC) measurements, the loading support
was specifically designed with a half-hole configuration
to ensure that the damage progression around the hole
could be clearly captured without obstruction during
the pin-crush test.

2.2. Double-shear tensile and pin-crush tests

The double-shear tensile test (bearing test) is a widely
used experimental method to evaluate the performance
of composite laminates under localized bearing loads,
typically applied through a bolt or pin. In this study, the
test was conducted using a UVE tensile test machine
(200kN) at a speed of 1 mm/min, adhering to the ASTM
D5961 standard, as shown in PFigure 2a. A specially
designed fixture was used to securely hold the speci-
mens and ensure accurate load transfer, as specified
in the standard. The test setup allows the investigation
of the bearing strength, stiffness, and failure modes of
composite materials, offering insights into their ability
to withstand concentrated loads in bolted joint appli-
cations. The displacement was measured directly from
the machine, capturing the mechanical response of the
specimens under gradually increasing loads.

@ European Mechanical Science (2025), 9(2)

For pin-crush tests, Digital Image Correlation (DIC)
was employed to capture full-field strain and displace-
ment distributions on the specimen’s surface during the
test, as shown in P-Figure 2b. The GOM software was
used for DIC data acquisition and analysis, providing
high-resolution measurements of strain evolution and
damage progression. By correlating the DIC results with
the load-displacement data, a detailed understanding
of the material’s local and global deformation behavior
was achieved. This integration of bearing testing with
DIC allows for a comprehensive characterization of the
material’s mechanical performance, highlighting criti-
cal regions of stress concentration and failure initiation
in composite laminates.

2.3. Finite element analysis

PFigure 3 illustrates the finite element (FE) models for
two different mechanical tests: the double-shear tensile
test (P-Figure 3a) and a pin-crush test (»-Figure 3b). The
FE mesh consists of structured and unstructured ele-
ments, with finer meshing in the regions of high stress
concentration, particularly around the hole where the
load is applied. The number of nodes and elements are
given in PTable 2. The structured elements appear in
the flat plate regions, where hexahedral meshes are
used in a grid-like pattern. The unstructured elements
are seen around the hole, where irregular meshing is
necessary to capture stress concentrations and complex
deformations. In the bearing test model in P>Figure 3(a),
boundary conditions were applied to ensure symmetry
along the z-direction and the y-direction, restricting
displacement at the edges. Thus, 8 plies were modeled.
The load is applied in the x-direction with a prescribed
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displacement of 4 mm at the contact region. The top re-
gion is clamped to replicate experimental constraints,
and contact interactions are defined between the pin
and the hole surface to capture localized deformation
behavior.

In the pin-crush test model in P-Figure 3(b), the bound-
ary conditions differ to reflect a crushing scenario where
the load is applied in the x-direction with a displace-
ment of 2.5 mm. The structure is supported at the bot-
tom, preventing rigid body motion in x-direction. The
mesh refinement around the hole and the surrounding
region indicates the need for accurate stress-strain pre-
dictions in highly deformed areas. The middle section of
the image highlights the detailed meshing of the curved
surface, which is crucial for capturing nonlinear defor-
mations and contact effects. Both models are designed
to study the material behavior under different loading
conditions, providing insights into failure mechanisms
such as local crushing, shear-out, or bearing failure in
composite plates.

Table 2. The number of elements and nodes

Bearing analysis Number of elements Number of nodes

XP-8-FEM 633 1247
XP-16-FEM 2331 3319
UD-16-FEM 2331 3319

Pin-crush analysis

XP-16-FEM 4954 5883
UD-16-FEM 4954 5883

Eight-node quadrilateral in-plane general-purpose con-
tinuum shell elements (SC8R) were used to model the
lamina. To improve computational efficiency, the fixed
mass scaling option in ABAQUS/Explicit [25] was acti-
vated at the start of the analysis with a scaling factor of
1000. The lamina was assumed to exhibit transversely
isotropic linear elastic behavior. Hashin’s damage initi-
ation criteria were applied to predict the onset of dam-
age, considering four distinct and uncoupled damage
initiation modes, defined as follows:

Ft = (0—1})2 + (%)2 Fiber tension (011 > 0) (1)
Fiber compression (011 < 0) (2)

F, = (0_2%)2 + (%)2 Matrix tension
(0-22 > 0) 3)
2
A = e Gr) = 1] o + 2 00 4 i
Matrix

(022 <0) 4

compression

where, X Tand X ¢ are the longitudinal tensile and com-

European Mechanical Science (2025), 9(2)

pressive strengths, Y7 and Y are the transverse ten-
sile and compressive strengths, S* and ST are the lon-
gitudinal and transverse shear strength, ;; (i = 1,2)
are the components of the stress tensor, a is a coefficient
which determines the contribution of the shear stress
to the fiber tensile criterion. The mechanical proper-
ties of a unidirectional AS4/8552 lamina are given in
»-Table 3. It should be noted that inter-laminar damage
(delamination) was not considered in this model due to
computational burden of the analysis.

Table 3. AS4/8552 material properties [26]

Property Value Units

Ply elastic properties

E 137100 MPa

E=E, 8800 MPa

G1o= Gy, 4900 MPa

G 5400 MPa
U= Uy 0.314
L 0.487

Ply strength properties

X' 2106.4 MPa
Xe 1675.9 MPa
YT 74.2 MPa
& 322.0 MPa
st 110.4 MPa

Ply fracture energies

6, 125.0 kd/m?
6, 61.0 kd/m?
6,, 03 kd/m?
6 087 kd/m?

3. Results and Discussions

3.1. Double-shear tensile test (bearing test)

The load-displacement curve in P-Figure 4 represents
the bearing response of composite laminates under
ASTM D5961 testing conditions. The laminates tested
include cross-ply (XP) laminates with 8 and 16 total
lamina and unidirectional laminates with 16 total lam-
inas denoted as XP-8, XP-16 and UD-16, respectively.
The average maximum bearing forces and standard
deviations for the tested specimens were calculated
as follows: XP-8: 5679.6 £ 294.1 N, XP-16: 14832.9 +
517.6 N, and UD-16: 5439.6 + 128.7 N. The black curves
correspond to XP-16 samples, which exhibit higher
peak loads, indicating superior bearing strength due
to the increased number of a lamina. In contrast, the
red curves represent XP-8 samples, which show lower
peak loads, reflecting their reduced bearing capacity.
Both laminate types demonstrate typical behavior un-
der bearing loads, with an initial linear region followed

https://doi.org/10.26701/ems.| 643484 @
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by a peak and a gradual decline, indicative of material
damage or failure mechanisms of matrix tensile failure,
matrix and fiber crushing/fracture and delamination.
The UD-16 laminates exhibit significantly lower peak
loads and abrupt post-peak drops, indicative of brittle
failure mechanism due to transverse matrix cracking.
This comparison underscores the critical role of lam-
inate architecture in influencing the bearing strength

e

whs — £

bar

(a)

8 — plies

and failure mechanisms of composite materials, with
cross-ply laminates providing enhanced performance
over unidirectional ones in bearing applications.

The failure modes observed in laminated composites
under a bearing test can vary depending on the lami-
nate stacking sequence and loading conditions. Net-ten-
sion failure occurs when the specimen fractures across

100

(b)

Figure 3. Finite element mesh, loading and boundary conditions a) bearing test model, b) pin-crush test model

18
16 —
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14 7 =N\
14 R S N — XP-16-S2
apit W\ \
12 — VY \\ — —XP-16-S3
2 "'.'l \ll‘
2 0L / ——XP-8-S1
E ¥ N E— XP-8-52
< 4 -
= 8- / \
/ ' — —XP-8-S3
6 £ ,
. ——UD-16-S1
7 g
4+ il ~_ |- UD-16-S2
1 e
.l ' — —TUD-16-S3
0 : : : : : : :

0 1 2 3 4 5

Displacement (mm)
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Figure 4. Load-displacement response of bearing tests for XP and UD samples with 8 and 16 plies.
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its width due to excessive tensile stresses, leading to
brittle failure, which is often seen in laminates with
lower bearing strength [4, 8]. This failure mode was
occurred in UD laminates, as shown in P-Figure 5c. In
many cases, mixed failure modes are observed, where
a combination of bearing, net-tension, and shear-out
failure occurs depending on the laminate stacking and
test conditions. Bearing failure is characterized by pro-
gressive damage around the hole due to high localized
stresses, often occurring in thicker laminates like 8-XP
and 16-XP as shown in P-Figure 5 a and 5b. The cross-
ply specimens in this study exhibit signs of shear-out
and bearing failure, indicating a complex interaction of

matrix tension failure

fiber breakage failure

delamination

matrix tension failure  fiber breakage failure

(b)

delamination

fiber breakage failure

matrix tension failure

(c)

fiber direction

Figure 5. Failure of samples under bearing test a) 8-XP, b) 16-XP, and
c) UD-16

European Mechanical Science (2025), 9(2)

stress distributions around the hole [4, 8].

3.2. Pin-crush tests

The pin-crush loading results for XP and UD samples
with 16 plies in P>Figure 6 show distinct differences in
load-bearing capacity and failure behavior. The XP-16
reaches a higher peak load compared to the UD-16.
The average maximum pin-crush forces and standard
deviations for the tested specimens were calculated as
follows: XP-16: 9227.5 + 803.3 N, and UD-16: 6629.4 +
320.3 N. Additionally, the XP sample exhibits a more
gradual decline after reaching peak load, maintaining a
significant load-carrying capacity (~5000 N) over alarg-
er displacement range (~1-5 mm). This suggests a more
progressive failure mechanism, likely due to enhanced
load redistribution in the XP laminate. In contrast, the
UD sample experiences a sharp load drop immediate-
ly after peak load, with rapid degradation beyond 1.5
mm displacement. This indicates a more brittle failure
mode, where damage accumulates quickly, leading to
catastrophic failure with minimal residual load-bear-
ing capacity. Overall, the XP sample outperforms the
UD sample in terms of both peak load and post-peak
load retention, making it more resistant to crushing-in-
duced damage. The improved performance of the XP
laminate could be attributed to its stacking sequence,
which likely enhances its resistance to through-thick-
ness shear and progressive damage mechanisms.

This Digital Image Correlation (DIC) image in P>Figure
7 presents the strain distribution (¢,,) in the laminated
composite specimen of 16-XP undergoing the pin-crush
test. The sequence of images from left to right and top
to bottom suggests a progressive loading scenario,
where strain concentration around the hole increases
with load application. Initially, the specimen shows a
uniform strain distribution with minimal localized de-
formation. As the load increases, strain accumulation
becomes evident around the contact region between
the hole and the pin, primarily in the upper part, where
compressive forces are dominant. The color scale in-
dicates that strain values transition from low (red) to
high deformation (blue), with negative strain repre-
senting compression. In the intermediate stages, strain
localization spreads radially from the hole, with high-
er deformation at the upper contact edge. The bottom
edge of the hole remains relatively less affected initially,
but as loading progresses, shear bands and deformation
extend downward, indicating material yielding and po-
tential bearing failure initiation. In the final images,
significant localized damage appears below the hole,
with clear signs of fiber-matrix separation or delami-
nation, particularly in the lower part, suggesting shear-
out failure progression. The highest strain zones (blue
regions) indicate areas susceptible to crack initiation
and failure propagation.

The sequence of images in P-Figure 8 illustrates the

evolution of transverse strain (&,) over time during a
pin crushing test on a unidirectional (UD-16) laminate.
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Initially, the strain distribution is relatively uniform
across the specimen, with minimal localized deforma-
tion. As the test progresses, strain concentration devel-
ops directly beneath the pin, forming a vertical band
of increasing tensile strain, as shown by the transition
from green to yellow and red. This strain localization

suggests the onset of matrix damage along the loading
path. In the later stages, a significant crack propagates
downward, characterized by high tensile strain (red
regions) along the failure path. The final image reveals
a fully developed fracture matrix crack. The test re-
sults highlight the brittle nature of the unidirectional

10 + ’l

Load (N)

0 ¥ —— i
0 1 2

Crushing (mm)

Figure 6. Load-crushing response of under specifically designed fixture for UD and XP samples of 16 plies.

20s

Figure 7. Change in (€,) with time under pin-crush test for XP-16 sample.
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composite under pin crushing, where failure occurs
through crack initiation at the contact point, followed
by rapid crack propagation along the fiber direction.
The strain distribution suggests that load transfer is
primarily concentrated along the vertical axis, leading
to localized damage and eventual material failure.

This sequence of images in P-Figure 9 illustrates the
evolution of vertical strain (g,) over time during a pin
crushing test on a unidirectional (UD-16) laminate.
As the test progresses, localized strain concentration
develops around the pin contact area, shown by the
transition from red to green and blue regions. These
areas indicate increasing compressive strain directly
beneath the pin and slight tensile effects near the edges.
In the later stages, strain localization intensifies along
the failure path, forming a vertical crack propagating
downward. The results highlight that the UD laminate
primarily experiences compressive loading along the
vertical axis, with failure initiating at the contact point
and progressing due to local crushing and splitting. Un-
like the horizontal strain (&,) , which exhibited more
tensile behavior in the crack path, the vertical strain
field remains mostly compressive, supporting the ob-
servation that failure is dominated by localized crush-
ing and transverse matrix cracking.

3.3. Finite element analysis

To ensure the reliability of the finite element model, a
mesh convergence analysis was conducted by varying

Os 30s

Figure 8. Change in (€z) with time under pin-crush test for UD-16 sample.

European Mechanical Science (2025), 9(2)

the global mesh size (GMS) around the hole region.
Three mesh densities were considered: GMS = 2 mm, 1
mm, and 0.5 mm, as illustrated in the inset of P>Figure
10. The corresponding load-displacement curves show
that as the mesh was refined, the numerical results be-
came more stable and converged. Specifically, the mod-
el with GMS = 0.5 mm showed only slight variation in
peak load compared to the 1 mm mesh, indicating that
the solution had sufficiently converged. Based on this
analysis, GMS = 1 mm was selected for further simula-
tions, providing a good balance between computational
accuracy and efficiency.

Figure 11 shows the load-displacement curve from the
double-shear tensile test which illustrates the mechan-
ical response of UD-16 samples, comparing experimen-
tal result with finite element method (FEM) prediction.
Both curves exhibit an initial linear increase, followed
by a peak and subsequent softening. The FEM pre-
diction (UD-16-FEM) closely follow the experimental
trends (dotted lines), indicating that the finite element
model effectively captures the material response. How-
ever, some deviations are noticeable, particularly in the
post-peak region, which could be attributed to factors
such as material property variability, damage evolution
modeling, or experimental uncertainties. The brittle
nature of unidirectional laminates under bearing load-
ing may cause these fluctuations, and the FEM model
appears to slightly underestimate the peak load, fail-
ing to capture premature damage initiation in the real
test specimens. Failure progression can also be seen in
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PFigure 11. Hashin’s matrix tensile failure index with
displacement and load was represented. The progres-
sion of matrix tensile failure initiated beneath the bolt
shaft region and propagated downward.

PFigure 12 presents the results of a bearing test for
the XP-8 specimen, including both experimental (XP-

30s

52s 54s

Figure 9. Change in (€ ) with time under pin-crush test for UD-16 sample.

8-S2) and finite element model (XP-8-FEM) curves.
The load-displacement graph shows that the FEM sim-
ulation closely follows the experimental trend, captur-
ing the key load peaks and progressive failure behavior.
However, some discrepancies exist, particularly in the
post-peak region, where the experimental curve ex-
hibits a more gradual decline, whereas the FEM model
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Figure 10. Mesh convergence analysis for the XP-8 specimen showing the effect of global mesh size (GMS =2 mm, T mm, and 0.5 mm) on the

load—displacement response.
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maintains higher load levels before dropping. The peak
load values are relatively close, with the FEM predict-
ing a slightly higher failure load compared to the exper-
iment. The Hashin failure modes in the image provide
a detailed progression of damage during the bearing
test. Initially, matrix tension failure occurs around the
notch and spreads along the loading path as the dis-
placement increases, indicating the onset of damage
due to transverse tensile stresses. At higher load levels,
matrix compression failure becomes prominent, par-
ticularly in regions experiencing compressive stresses,
leading to material crushing. As the load continues to
increase, fiber tension failure becomes more evident,
especially in areas subject to axial stretching along the
fiber direction. In the final stages, fiber tension failure
becomes widespread, contributing to the reduction in
load-bearing capacity. Additionally, fiber compression
failure is observed near the notch where localized com-
pressive stresses cause fiber kinking and instability.
Overall, the FEM model effectively captures the initi-
ation and evolution of these failure modes, with matrix
failures occurring first, followed by fiber failures as the
load increases. The FEM results correlate well with the
experimental observations, but slight discrepancies in
failure evolution suggest room for further refinement in
the material modeling, particularly in the representa-
tion of damage propagation and softening behavior.

P>-Figure 13 presents the results of a bearing test for
the XP-16 specimen, including both experimental (XP-
16-S1) and finite element model (XP-16-FEM) curves.
The load-displacement curves demonstrate a strong

correlation between the experimental and simulated
results, validating the accuracy of the FEM model in
predicting the material’s response under double-shear
tensile test. Both curves exhibited an initial linear elas-
tic region, followed by a non-linear phase indicative of
progressive damage, culminating in a load drop signi-
fying failure. The load-displacement curve at the top
illustrates a strong correlation between the two, with
numbered points corresponding to specific stages of
damage. Below, the image is segmented into four rows
representing different Hashin failure modes: matrix
tension, matrix compression, fiber tension, and fiber
compression. Each column, numbered 1 through 10,
corresponds to a specific displacement and load value,
showing the evolution of damage over time. Initially,
matrix tension damage is observed, followed by matrix
compression, then fiber tension, and finally fiber com-
pression, indicating a sequential progression of failure
mechanisms. The contour plots within each segment
visually represent the failure index distribution, with
color gradients indicating the severity of damage for
each mode. The numerical values below each column
specify the displacement in millimeters and the corre-
sponding load values, providing a quantitative measure
of the material’s response. It is important to note that
the number of frames shown for each failure mode in
PFigures 12 and 13 differs between specimens. For the
XP-8 specimen (PFigure 12), seven critical points were
selected along the load-displacement curve based on
noticeable changes in slope or load drops that indicate
key stages in the damage evolution. In contrast, ten such
points were identified for the XP-16 specimen (P-Figure
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Figure 11. FEM prediction for UD-16 sample: load-displacement curve under the double-shear tensile test.
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13). As a result, each row in P-Figure 12 includes seven
frames, while P>Figure 13 contains ten. This segmen-
tation strategy reflects the specimen-specific damage
progression representative visualization of failure de-
velopment at significant mechanical events.

The load-displacement graph presents the pin-crush
test results for cross-ply (XP) and unidirectional (UD)
laminates with 16 plies, comparing experimental (EXP)
and finite element (FEM) data, as shown in P>Figure 14.
Both XP and UD laminates exhibit an initial load in-
crease followed by a peak and subsequent drop, charac-
teristic of composite failure. The XP-16 laminates show
higher peak loads than UD-16 laminates in both exper-
imental and FEM results, indicating superior load-car-
rying capacity due to the cross-ply layup. While the
FEM predictions generally follow experimental trends,
some deviations are observed. The XP-16-FEM and
UD-16-FEM overestimates the peak load compared
to test one. In the modelling section, it was noted that
delamination was not considered in the model due to
computational burden. The higher values of FEM pre-
dictions may be come from this phenomenon. Addition-
ally, the XP-16 laminates exhibit a more gradual load
drop after peak, while the UD-16 laminates experience
more abrupt failure, especially in experimental results.

4. Conclusions

This study investigated the bearing and pin-crush be-
haviors of cross-ply (XP) and unidirectional (UD) com-
posite laminates through both experimental testing and
finite element analysis (FEM). The results highlight the
significant influence of laminate architecture on the

mechanical response and failure mechanisms under
these loading conditions. In bearing tests, XP laminates
(XP-8 and XP-16) demonstrated superior load-carry-
ing capacity compared to UD-16 laminates, attribut-
ed to the enhanced load redistribution and resistance
to through-thickness shear provided by the cross-ply
layup. The UD-16 laminates exhibited brittle failure,
characterized by abrupt load drops and transverse ma-
trix cracking, reflecting their inherent susceptibility to
crack propagation along the fiber direction. The FEM
simulations effectively captured the general trends of
the experimental data, validating the models’ ability
to predict the bearing response and failure initiation.
However, discrepancies in the post-peak regions sug-
gest the need for further refinement in material mod-
eling, particularly concerning damage propagation and
softening behavior. Pin-crush tests further emphasized
the performance advantages of XP-16 laminates, which
exhibited higher peak loads and a more gradual post-
peak load decline compared to UD-16 laminates. The
XP-16 laminates demonstrated a progressive failure
mechanism, while the UD-16 laminates experienced
brittle failure with rapid damage accumulation. Digi-
tal Image Correlation (DIC) analysis revealed distinct
strain distributions and failure modes for each lami-
nate type, with XP-16 showing progressive strain accu-
mulation and shear-out failure, and UD-16 displaying
localized compressive strain and brittle crack propa-
gation. FEM simulations of the pin-crush tests showed
good qualitative agreement with experimental results,
but quantitative discrepancies, especially in peak load
predictions and post-peak behavior, indicate the need
for improved material modeling.
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Figure 14. FEM prediction for UD-16 and XP-16 sample: load-displacement curve under the pin-crush test.
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