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Abstract: The fiber-reinforced polymeric (FRP) composite can be joined by adhesive bonding or
mechanically fastening the composite element. Carbon fiber-reinforced polymers (CFRP) and glass
fiber-reinforced polymers (GFRP) are the most common types of polymers. Mechanically fastened
or bolted joints do not need treatments, and the surface temperature and other environmental
effects such as humidity do not affect its strength. In this research, the previous research that
describes the behavior of the composite bolted joint (CBJ) is presented and summarized including the
modes of failure of the CBJ, and the experimental works that explain the bearing failure (BF) of the
CB]J. In addition, the effects of bolt clamping force (BCF) and techniques that are used to simulate
the progressive failure and damage in composite materials and finite element simulation works
are surveyed.
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1. Introduction

Bolted joints (BJs) have several favorable benefits such as the easy mantling and
dismantling processes. However, BJs can be addressed as the most critical location in
the structural element design. High values of stress concentration are produced due
to the existence of bolt holes [1,2]. In addition, much computational effort is needed
for the fiber-reinforced polymeric material (FRP) BJs analysis and design owing to the
orthotropic, inhomogeneous, and visco-elastic properties. Composite lay-up, joint geometry,
the orientation of fiber, and bolt clamping force (BCF) are important factors that have to
be considered for the design accuracy of the composite bolted joint (CBJ) [3,4]. The bolted
composite plate geometric parameters are represented in Figure 1.
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Figure 1. The bolted composite plate geometric parameters.

Predicting the strength and the modes of failure in a composite fastened joint is a
challenge. Several earlier investigations identified the modes of failure and the parameters
associated with them that are used for the characterization of composite bolted plate
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failure [5]. Figure 2 shows the most important modes of failure of the CBJ. Reduced
connection width leads to a tensile failure mode, which concentrates stress in the layers of
the composite plate. The reduction in the edge distance might lead to the shear-out failure
mode. It can result mainly from the effect of compression or shear failure of the bolted
composite plate. In most cases, increasing the edge distance and determining the suitable
lay-up could help avoid this type of failure. Cleavage failure occurs when insufficient joint
width is combined with insufficient edge distance [4].
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Figure 2. Failure modes of CBJs: (a) net-tension, (b) shear-out, (c) transverse splitting, (d) cleavage,
(e) bearing, (f) bolt, and (g) pull-out.

A small ratio of thickness-to-bolt shank diameter could cause fasteners to fail [4].
Moreover, small bolt diameters can lead to fastener failure, though this is not a common
mode of failure in composite joints. The combination of a large compressive force applied
by the bolt shank on the internal boundary of the bolt-hole and a small diameter-to-width
ratio can result in bearing failure (BF).

Net-tension and shear-out failure modes are the most catastrophic, while BF is the
most progressive failure mode. Additionally, the loss of the composite connection’s capacity
to carry loads may not be significant [6]. It is favorable for the design of bolted composite
structures to be designed for the BF [4,7]; thus, demonstrating the effects of joint parameters
on the joint BF is vital.

FRP composites are utilized as a part of a pinned/bolted joint setup and display a
complex behavior under the effect of in-plane stresses, Figure 3. The bolt shank produces
compression on the hole surface under the effect of in-plane loading which distorts the
composite material and may prompt BE. ASTM D5961/D 5961M has details about the
standard bearing test methodology [8]. Load vs. displacement data are monitored during
the joint bearing test to find the bearing failure load, the ultimate strength, and the bearing
strength of the bolts. Mechanical fasteners such as rivets and bolts need to make holes
through the thickness of the composite plates, which breaks the reinforcement fibers. This
makes stress concentration and might make local damage such as micro-scale cracks around
the bolt hole inciting instability of structural elements [9]. Indeed, mechanical bolting of
composites is a demonstrated practical technology, even with some of these downsides.
The design variables and the factors influencing the behavior of CBJs were addressed [10].
The BF of FRP composites depends on the composite material properties such as matrix,
fiber, and laminate properties. More experimental and numerical work is needed for a
dependable joint design, as it is challenging to develop generalized design procedures
and equations.
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Figure 3. Pin joint components.

There is a significant need to study the bearing failure behavior of the CBJ as bolted
joints represent the most critical location in the structural element. Bearing failure of
CB]Js, the stiffness, and the strength of the joint depends on the joint parameters. Joint
geometry, clearance, fastener type, BCF laminate characteristics, and loading conditions are
considered critical parameters. In this paper, the previous works that explain the bearing
behavior of CBJs are summarized.

2. Effect of Joint Geometry and Laminate Properties

Different experimental and numerical works studied the influence of joint/connection
properties, such as the joint geometry, the laminate material, and the laminate lay-up on
the failure mechanisms, especially the bearing mechanism [11-22]. In this section, these
papers are discussed in detail.

2.1. Effect of Side, Edge Distance, and Lateral Constrain

Figure 4 shows the basic geometric characteristics of single and double-lapped joints
as seen in Figure 4b. Generally, the single-lapped joint consists of two plates and the
double-lapped joint consists of three plates as seen in Figure 4b,c. Parameters such as the
edge distance (e), width (W), side distance (5), and plate thicknesses (Tpr; and Tpy ) control
the behavior and failure mode of the joints.

Vangrimde and Boukhili [11] experimentally investigated the effect of joint geometry
and composite material properties on the stiffness of joints made from glass fiber reinforced
polymer (GFRP) plates. The load-displacement behavior was focused on the GFRP laminate.
Both single and double-lapped joints were studied using laminated plates with different
lay-ups. Different joint geometries were studied containing standard, long, and small
coupons with different width-to-diameter ratios (WDR) ranging from 2 to 5. It was found
that these stress—strain curves could mainly be divided into three different zones: the
initial sliding zone, the linear bearing zone before the damage initiation, and a nonlinear
zone after damage. The bolt-bearing stiffness was identified as the initial slope of the
load-displacement relation. Small-width joints showed more yield behavior than the joints
with standard dimensions with an insignificant effect of the end distance on the stiffness.
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The smaller coupon geometry gave higher bearing stiffness in the case of more fiber percent
in the axial direction.
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Figure 4. Geometric characteristics of composite-lapped joints: (a) Top view of a lapped joint, (b) side
view of a single lapped joint, and (c) side view of a double lapped joint.

Belardi et al. [12] studied the multi-bolt composite joints by using the finite element
(FE) modeling approach. Results showed that the distribution of bolt loads and secondary
bending of the joint can be accurately determined using a simplified FE model with
shell elements to represent the plates and the composite bolted joint element for the
bolted region.

Li et al. [23] designed, fabricated, and conducted tensile tests on 16 sets of sandwich
composite bolted joints with various end-distance-to-bolt-diameter and width distance-to-
bolt-diameter ratios. To get the best load-carrying capacity, it is discovered that the design
parameters must fulfill e/D of 3 and W/D of 5. This was able to prevent other types of
failure modes such as net-tension, shear-out, and cleavage.

Cooper and Turvey [7] conducted experimental tests to study the effect of edge distance
to hole diameter ratio e/D and width to hole diameter ratio W/D, the bolt tightening torque
on the joint strength, bearing stiffness, and mode of failure of the single bolt lapped joint.
The CB]J single bolt initial stiffness was impacted by the W/D ratio and the e/D ratios. The
load—-displacement response showed a small initial movement or displacement despite
the case of tight fitting of the bolt. After this initial movement, the load-displacement
graph was almost linear until the CBJ either failed (due to small edge or width ratios) or
the stiffness degraded. After the joint stiffness is reduced, the bearing damage becomes
irreversible; the damage load can be considered the onset of this zone.

Hou and Liu [24] studied the three-dimensional thickness and size constraints’ influ-
ences on the double and single-lapped pin joints. The thickness direction constraints, the
thickness of the plate, the interlaminate bond strength, and the BCF have a remarkable
influence on the strength and stiffness of the CBJ. The experimental results showed that
by increasing the CB]J size, the strength decreases. The initial failure mode was bearing
damage, which was ended by net section failure. For the cases with large joint sizes, direct
catastrophic net-section failure was observed. For joints without thickness constraints,
delamination and fiber buckling failure modes were evaluated, this makes the BF always
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happen before the net-tension failure. In these joints, the displacement at the final failure
was very large, and the energy consumed by the joint was large compared with the samples
that failed due to direct net-section sudden failure.

Based on the previous references it can be concluded that increasing the joint width,
and edge distance and selecting the suitable lay-up could help to avoid several catastrophic
failure modes such as net tension, cleavage, and shear-out failure modes. The smaller
coupon geometry gave higher bearing stiffness in the case of more fiber percent axial
reinforcement. In addition, when the edge and the width ratios are less than 4, the BF was
the primary failure mode. When these ratios were less than 4, a mixture of net tension and
shear-out failures was found.

2.2. Effect of Lay-Up and Laminate Type

Commonly, FRP elements consist of two materials i.e., the matrix and the fiber. Matrix
materials can be metals, ceramics, or polymers. The most common is the polymer matrices
such as epoxy, due to their ease of fabrication of very complex parts with low manufacturing
costs [25]. Several fibrous material types are found in the market. The most common
nonmetallic fiber materials are carbon and glass fibers. The fibers can come if one-, two-,
or three-dimensional textiles. In one dimension textile, the fabric has only fibers in one
direction, and it is called a uni-fabric. The two- and three-dimension textiles are called
woven fabric in which the fiber is in distributed plane and out-of-plane directions. The
fabrics are laminated with different layers numbers, thicknesses, and orientations by
using the liquid matrix to form the final laminated composite product which could be a
unidirectional, bidirectional, or quasi-isotropic plate. Figure 5a,b shows the layup of a
bidirectional or angle-ply plate made from woven fabric [26]. The angle-ply lay-up is called
quasi-isotropic if the fibers are distributed in all directions by equal angle step.
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Figure 5. Laminated plate lay-ups: (a) bi-directional lay-up, (b) angle-ply lay-up.

The effects of the laminate lay-up, the ply orientation, the ratio of glass to carbon, the
washer size, and the tightening pressure on the joint behavior were investigated in [27].
It was found that the load-displacement response reaches the peak load then the load
decreases before the final failure. This behavior occurs due to the progressive delamination
of the composite in between the washers. The mode of failure transformed from bearing to
tension failure mode when the used washer diameter was 20 mm.

Aktas and Dirikolu [28] experimentally and numerically investigated the pinned-joint
strength made of CFRP laminate. The edge and width ratios were investigated to analyze
the failure modes and the strength of the composite lapped joints. When the edge and
width ratios were less than 4, the BF was the primary failure mode. When these ratios
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were less than 4, a mixture of net tension and shear-out failures was found. The joints with
[90/45/—45/0]s lay-up had bearing strength higher than the joints with [0/45/—45/90]s
lay-up by about 20%.

Aktas performed experimental work to study both fatigue and static bearing loads
of a pinned-joint CFRP composite laminate with [0/45/—45/90]s and [90/45/—45/0]s
lay-ups [29]. To find the optimum geometric configuration for CBJs, the edge and the width
ratios were changed incrementally to evaluate the bearing load and the fatigue S-N curves.
It was found that the bearing strength of [90/45/—45/0]s laminate is stronger than the
bearing strength of [0/45/—45/90]s laminate by about 12%. In addition, the optimum
geometry was evaluated if the edge and the width ratios were equal to or more than four.

A comprehensive empirical evaluation of three-dimensional woven carbon arranged
in different configurations of bolted bearings was carried out by Warren et al. [30]. A total of
12 K and 24 K tow sizes of IM7 carbon were used to weave all fiber structures. Single-shear
bolted joints were loaded in seven different directions between orthogonal warp and weft
directions to better understand these fastened connections. Despite the lack of off-axis
reinforcement, experimental results demonstrate that composites with three-dimensional
woven fiber reinforcement have exceptional strength under off-axis bearing loads.

To investigate the strength and failure of mechanically fastened composite joints,
Xia and Takashi [31] performed experimental studies. To evaluate the effect of resin
properties on the stress response, two different types of CFRP polymer matrix-based
laminates were selected. According to the findings, the BF may be described as a process of
compressive damage accumulation that occurs through the four stages of damage: damage
onset, damage growth, local fracture, and structural fracture. Fiber micro-buckling, matrix
cracking, delamination, and out-of-plane shear cracking are some of the main features of BF.

Ascione, Feo, and MacEri [32] investigated three distinct laminate types: two bi-
directional laminates with various stacking sequences, and one mono-directional laminate.
It was discovered that the reductions in the pin-bearing ultimate load were linearly related
to bolt diameter. Based on the findings of the experiments, a design formula for pin bearings
is also proposed.

Egan et al. carried out an experimental study on the single-lapped joint shear behavior
of CFRP composite bolted airplane fuselage joints [33]. They tested countersunk fastener
single- and multiple-bolt joints. While bearing was the initial joint failure mode, the final
failure was either caused by a fastener pull-through or a fastener fracture at a thread. A thin
fuselage panel lay-up was tapered to a thicker lay-up at the countersunk hole, which proved
to be highly efficient in achieving the necessary joint strength and energy absorption.

The capacity of woven GFRP epoxy composites to sustain pin loads was investi-
gated. To determine the impact of manufacturing methods on the bearing strength of
pin-loaded composites, specimens manufactured using vacuum-assisted resin transfer
molding (VARTM) and hand lay-up procedures were tested under tensile loading. Sevkat,
Brahimi, and Berri [34] studied composite samples manufactured using the VARTM method.
In the study, it was observed that these samples were able to sustain more load than the
specimens made using the hand lay-up method. Geometrical parameters were found to be
very effective on failure modes, bearing strength, and magnitude of the sustained load.

A study of the quasi-static behavior of composite joints with countersunk metal
and composite fasteners was carried out experimentally by Starikov and Schon [35]. To
determine the tensile and compressive strength of the bolt joint, specimens underwent a
quasi-static test. Analyzing the local behavior of the bolt and the surrounding composite
during loading included the use of an experimental method of measuring bolt movement.
The quasi-static strength of composite joints with titanium fasteners was higher than that
of composite junctions with composite fasteners.

To determine the maximum bearing strengths, Aktas and Dirikolu [36] experimentally
investigated the pinned-joint carbon epoxy composite CFRP laminate with various stacking
sequences. The relationship between laminate architecture, macroscopic damage, and
important bearing response characteristics in GFRP BJs was studied by Vangrimde and
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Vangrimde, and Boukhili [37]. Creep bearing tests were performed by Ahmad et al. [38]
to determine the long-term combined effects of mechanical and thermal loads on highly
loaded BJs and to derive design stress levels for bolted joint durability.

Sajid et al. [13] studied the bearing performance and damage mechanism concerning
localized thickening and hybridization. By locally laminating a few layers of the same
material (basalt fiber), improvements in the joints’ load-bearing and energy-absorption
capacities could be made. These improvements led to an increase in load-bearing capacity
and energy absorption of 56.6% and 104.6%, respectively.

Claire et al. [39] investigated the effect of lay-up on the CFRP CBJs. Three different
symmetric laminates with different lay-ups were used in the experimental study. The same
bolt-hole extension was evaluated from both the quasi-isotropic and angle ply lay-ups
which was greater than the extension of the bolt-hole of cross-ply samples.

The angle ply stacking sequence had the lowest initial stiffness and the cross-ply
stacking sequence had the maximum initial stiffness, according to the bearing stress vs.
hole extension curves. Layering at a 45° angle increased the bearing strength. The angle-ply
laminate showed a linear behavior in the shear strain readings, but the cross-ply and
quasi-isotropic laminates showed a nonlinear behavior. The nonlinear behavior was mainly
produced due to the local delamination damage that was initiated around the hole.

Park [40] studied the impact of the stacking sequence on the bearing delamination
strength and the ultimate bearing strength of bolted CFRP joints. Orthotropic and quasi-
isotropic laminate stacking sequences were considered. The stacking sequence had a
significant effect on the ultimate bearing and the delamination load of the bolted composite
joint. Two bidirectional lay-ups were used to make the CBJ; [904/0¢]s and [0g/904]s.
No significant difference was found between the two orthotropic lay-ups in terms of
similar ultimate bearing strengths while the laminate [904/0¢]s produced almost double
the delamination bearing strength of the other lay-up.

The behavior of ultimate bearing strengths and the delamination curves of CBJs
were very similar to that of the case of different lay-ups for pinned joints. The stack-
ing sequence [903/+453/—453/03]s produced the maximum ultimate bearing strength,
while, the maximum delamination strength was produced from the stacking sequence
[903/03/+453/ —453]s.

2.3. Effect of Bolt Clearance and Interface Condition

As seen in Figure 6a, the holes are milled with a diameter slightly greater than the
bolt diameter (DDb) for ease of installation. Bolt clearance is the difference between the hole
diameter and the bolt diameter. At the early loading stages, the bolt assembly parts slide
until the bolt shank touches the hole surface, Figure 6a. After that, the hole starts to be
loaded and bolt extension (dh) takes place, Figure 6¢c. Cooper and Turvey [7] found that
the load—displacement response of a single lapped joint has a small initial movement or
displacement despite the case of tight fitting of the bolt.

McCarthy et al. [41] studied the clearance effect of the bolt-hole on the stiffness and
strength of single-lapped joints. CFRP plates with different stacking sequences were
considered in this study. Samples with different bolt-hole clearance values and bolt types
were tested. The values of bolt-hole clearance ranged between 0 pm and 240 pm. It was
found that increasing the clearance causes a reduction in the stiffness of the joint and
increases the maximum strain of all joint cases. The bolts with finger tightening, which
had a very low BCF, revealed a relationship between the strength and the clearance. This
behavior did not appear in the case of countersunk bolts and the case of tightened bolts.

Lawlor, McCarthy, and Stanley [42] studied the load-displacement relation of the
bolted joints. Results showed that there are linear and nearly linear regions. The clearance
showed a trivial effect on the failure strength in the case of the CB]J. All joints failed initially
due to the same load when the clearance increased, and the maximum displacement
decreased while the stiffness decreased. The relations between the bearing strain and
bearing stress were presented. It was found that the clearance has a negligible effect on
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the ultimate strength of the protruding bolt head joints while the influence was significant
on the maximum strain due to the massive damage caused by the bolt bearing stress. The
bolt-hole clearance significantly affects the joint stiffness and ultimate strain, while its effect
on the joint strength is insignificant. The clearance caused a lag in the appearance of the
load, which can be considered an important factor in the joints with multiple bolts.

Zhai et al. [43] studied the interface condition of the CB]J including shimming and
interface gap on the bearing response of single-lap, countersunk composite-aluminum
bolted joints. The specimens were made from T700/3068 CFRP laminate joined to an
aluminum alloy plate. Shims consisting of both solid and liquid components were taken
into account and compared. Shimming’s effect on the distribution of surface strain and
out-of-plane deformation of the joints was assessed using 3D digital image correlation. It
is found that the shimming condition has a significant impact on the bearing response of
single-lapped, countersunk, composite-aluminum bolted joints. Single-lap countersunk
composite-aluminum joints’ bearing performance is significantly reduced when there is an
interface gap. The countersunk hole was made to lose support from the aluminum plate at
the shear plane due to the gap. Shim thickness increases result in lower bearing stiffness
and bearing strength and intensify the loading eccentricity of single-lapped joints. The
increased joint bending stiffness of the specimen with solid shim, which benefits from the
high tensile modulus of solid peel-able fiberglass shim, results in a little improvement in
bearing performance.
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Figure 6. Bolt hole locking; (a) bolt hole before locking, (b) bolt hole after locking, and (c) bolt
hole deformation.

3. Effect of Bolt Tightening Torque

Friction-type connections have proven efficient in enhancing the behavior of metallic
bolted joints [44]. Several experimental and numerical works studied the effect of bolt-
tightening torque on the stiffness and strength of the CBJs [11,26,45-51]. Figure 7 shows the
load transfer mechanism of the pure friction type connection. The value of the normal stress
(ocr) and shear stress (tcr) between the washer and the bolt head control the behavior of
the friction-type connection. It is very difficult in FRP composite bolted joints to achieve
the amount of BCF required to behave as a pure friction joint due to the low stiffness and
strength in the thickness direction. In CBJs, it was found that a hybrid bearing friction
mechanism takes place [26].
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Figure 7. Friction type connection load transfer.

Claire et al. [39] investigated the effect of lay-up and tightening torque on the CFRP
CB]Js. Three different symmetric laminates with different lay-ups were used in the experi-
mental study. The initial and ultimate bearing stresses were significantly affected by the
BCF according to the bearing stress vs. hole extension curves and the bearing stress—strain
curves. The same bolt-hole extension was evaluated from both the quasi-isotropic and
angle ply lay-ups which was greater than the extension of the bolt-hole of cross-ply samples.
Both the initial and maximum bearing stresses were increased as a result of BCF. Both
the initial stiffness and the bolt-hole extension significantly decreased as the tightening
torque increased.

Park [40] studied the impact of BCF on the bearing delamination strength and the
ultimate bearing strength of bolted CFRP joints. Orthotropic and quasi-isotropic laminate
stacking sequences with four different values of bolt-tightening torques were considered. The
BCF had a significant effect on the ultimate bearing and the delamination load of the CBJ. The
ultimate bearing strength increases to saturation as the BCF increases, but the delamination
bearing strength increases gradually. The interlinear cracks and delamination were both
delayed by the BCF. As the BCF increased, a progressive failure mode was evaluated.

Sun et al. [52] experimentally studied lateral constraint’s effect on the BF of the CFRP
CBJ. CFRP coupons were studied for various BCF values and washer sizes. As the tensile
load was incrementally applied to the CBJ, the BCF was monitored. By increasing the
tension load of the joint, the Poisson ratio effect increased the BCF and the lateral constraints.
The strength of the pinned joints was lower than the strength of CBJs due to the lateral BCE.

The effects of BCF on the net tension failure of the CBJ were studied experimentally
by Yan et al. [53]. The failure modes and the tensile strength of both the bolt-filled hole and
the open bolt hole were studied for CFRP composite plates. The washer size effect on the
net-tension failure and the net tensile strength were also explored. X-ray radiographs were
used to inspect the damage progress and the modes of failure inside the composite. The
composite laminate joints with bolt filled-hole were subjected to delamination and splitting
of the fiber matrix because of its sensitivity to the clamping effect of the bolt. By increasing
the BCF, the tensile strength decreases for the filled-hole case. The BCF reduced the tensile
strength of the CBJ by about 20%. When the washer-to-bolt-hole diameter ratio was less
than 2, it reduced the tensile strength of the filled-hole samples. On the other hand, the
BCF was found to increase the tensile strength of the CB]Js.

Khashaba et al. [54] investigated the effect of washer size and bolt tightening torque
on the progressive failure of GFRP CBJ bearings. A numerical study of increasing damage
was conducted to understand the failure behaviors. Under constant tightening torque, it
was found that by decreasing the washer sizes, the joint stiffness increases. This occurs as
a result of an increase in clamping pressure based on a smaller washer contact area. The
inspection of the load-displacement curves of the joints with finger-tightened bolts showed
the minimum stiffness associated with non-linear behavior due to the development of inter-
nal composite damage. The common failure mechanism was in a sequence, delamination,
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and net tension failure at 90° laminate, shear out failure at 0° layers, and catastrophic final
failure due to the bearing of +45° layers.

Kostreva [55], investigated the torque limit in a composite single-lapped joint, CFRP
laminates were used with three different through-hole diameters. To supplement the data
from the standard test, acoustic emission (AE) nondestructive testing was applied. As a
result of the tests, it was determined that the composite plates under investigation did not
fail before the bolt. Furthermore, it was considered that the 0.125-inch bolts would not
provide a large enough tensile load to cause failure once it was shown that the 0.5-inch bolt
could not fail the plates, thus these tests were not performed.

To predict the effect of BCF on the initiation and growth of delamination damage in
mechanical joints of composite laminates, a 3D FE model was created by Atas, Mohamed,
and Soutis, [56]. The widely used cosine stress distribution model and the X-ray images
from the literature, respectively, have been utilized to verify the stress distribution around
the pin-loaded hole and delamination prediction capabilities. It was indicated that the effect
of the Mode I component on the onset and growth of delamination is insignificant without
the modeling of the in-plane failure modes (transverse ply cracking and axial splitting); of
course, in the case of a CBJ with a certain BCF, Mode I fracture is also restrained.

Based on the review it can be concluded that BCF is one of the most effective design
parameters. It can enhance the stiffness and the strength of the joint and its effectiveness
can be improved by using an appropriate washer size.

4. Progressive Failure Mechanism in Cbjs

Lawlor, Stanley, and McCarthy investigated the change in the damage mechanism
of CFRP CBJs due to bolt-hole clearances [57]. In the study, single bolt single lapped
joints were analyzed while subjected to tensile load. The load vs. displacement curve was
reported to determine the maximum bearing and failure loads of the bolted connections.

It was observed, in the case of large clearance, that there was a delay in the load vs.
displacement data, a significant loss in the stiffness, a small slope in the linear part, and the
joints failed due to bolt failure. However, in the case of small clearance, the bolt did not fail,
but a large displacement was recorded. Furthermore, the inspection of the failed samples
shows significant damage on the shear plane in both large and small clearances.

The failure mechanisms of CFRP CBJs were studied under tensile loading by Girard et al. [58].
The effects of stacking sequence and BCF on the mechanism of failure were studied. Digital
photography and optical microscopy were used to evaluate the external and internal
macroscopic damage. It was found that the direction of the fiber surrounding the bolt hole
had affected the start of the failure. The inter-laminar shear delamination, matrix cracking,
and compressive failure were the major failure modes in all designs. Shear cracks were
seen on the laminate’s surface in the case of the tight CB]Js i.e., finger, and torque tightened.
Severe internal damage was observed in the micrographs of the same specimens over the
whole bearing zone. Different damage patterns were observed between the angle ply and
the quasi-isotropic laminates for the same value of BCF. Several shear cracks were observed
over the bearing zone in the case of the quasi-isotropic laminate. The more severe damage
was found distributed over a large area in the case of the angle-ply composite bolted plate.
The prominent shear cracks were found at a distance from the bearing plane and reached
the laminate surface when higher stresses are applied to the specimens.

Greenhalgh et al. studied the bearing failure processes of CFRP laminates to charac-
terize the impact of drilling damage on the failure mechanisms [20]. The early damage
processes were longitudinal splitting tangential to the lateral extents of the hole. This
splitting determined the degree of subsequent bearing damage development and increased
the in-plane micro-buckling in the bearing damage zone.

The double and single-lapped joint bearing strength and failure mechanism in compos-
ite joints were investigated by Xiao [59]. The bearing load at which the bolt-hole achieved a
displacement of 4% of the pin diameter was used to calculate the bearing strength. The
maximum load value of the load-displacement data was considered the ultimate failure
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load. Before the displacement reached 4% of the bolt diameter, it was observed that there
were two main regions in the load-displacement curve; a linear region followed by a
non-linear region.

This was due to the micro-damage activation in the tested coupon. While the samples
are tested under static, the AE and the load-displacement data were monitored simultane-
ously to make the fracture analysis of the samples. Once the nonlinear behavior started, the
AE signal sharply changed as an indication of the beginning of the damage. Furthermore,
to make an investigation of the failure mechanism, pictures of the specimen surfaces and
X-ray radiographs of the area bearing damage were used. By increasing the tensile load,
progress was observed in the local delamination under the washer, the out-of-plane shear
cracks, and the fiber matrix splitting cracks. The final failure of the CBJs is controlled by
these failure modes. Further, the two-bolt joint was studied to investigate the bearing load
ratio of each of the bolts. Load cells and extensometers were used at each bolt-hole to
record the behavior of each bolt. It was found that the nonlinear load elongation behavior
of each bolt was significantly different. The damage analysis, which was performed by
using SEM and X-ray radiography, indicated that the difference in the load shares of each
bolt is responsible for the variation in the compressive damage state around the holes.

The bearing response and BF mechanism of CBJs were experimentally studied by
Wang, Hung, and Chang [60] under the effect of BCF. Two bearing damage behaviors were
characterized according to the state of the lateral support: A pure BF, in which the joint
had no lateral support, and a bolt BE, in which the joint contained lateral supports with
various values of BCE. To depict the pure bearing damage, semi-circular notched specimens
with a special design were used. The BCF in the bolts was monitored using a load cell.
Two different laminate thicknesses and three different bolt-hole diameters were used in
the study. The microscope and X-ray radiography were used to inspect the failure of the
specimens. It was found that the main cause of the BF was the shear cracks resulting from
the compression failure. Catastrophic BF was noticed in the joints, which do not have a
lateral constraint. It was found that the critical bearing distance (8) (the distance until the
onset of the catastrophic failure) depended on the thickness of the laminate and that the
lamina directions had no effect on the critical bearing distance. Bolt lateral support was
found to decrease catastrophic failure and increase the bearing strength.

The effect of the loose-fit fasteners was studied by Tong [61]. Two extreme positions
were used to investigate the effect of the BF in the double-lapped bolted composite joints.
Placing the washers in extreme positions in the opposite loading direction prevented the
existence of an unconstrained gap between the washers and the shank. Placing them in the
loading direction, on the other hand, created an unconstrained gap between the bolt shank
and the washers. It was found that there was no difference in the ultimate failure loads
between the CBJs with an unconstrained gap and those joints having no unconstrained
gap, while the CBJs with no unconstrained gap showed a higher initial failure load.

Crosky et al. [62] studied different strategies to improve the bearing strength of the
bolted composite joints such as matrix stiffening by nano-reinforcement, fiber steering, and
through-thickness reinforcement using z-pins. Although the stiffness of the matrix was
enhanced due to the addition of clay nanoparticles to the matrix resin, the premature failure
mode was different from the case of the pure matrix, and the joint bearing strength was
reduced. Finite element analysis showed that using two sets of steered fibers in tensile and
compressive principal stress direction improved the bearing strength by 36%. The ultimate
bearing load was increased by 7%, while the same bearing strength remained the same for
the case of using the through-thickness reinforcement with the Z-pins.

The effect of bolt-hole clearance on the load transfer in multi-bolt FRP joints was
studied by Stanley, McCarthy, and Lawlor [63]. Three-bolt single-lapped joint was the case
under investigation. The samples were fabricated from graphite/epoxy HTA /6376, with a
quasi-isotropic stacking sequence. It was found in this study that substantial effects on load
distribution can be found due to the relatively small amounts of clearance. For the case of
three bolts, it is known that the middle bolt typically has the lower shear force so, usually,
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the damage is not expected to happen around it. The outer bolts carry the higher forces,
and usually, the damage happens around them. However, due to the clearance, the load
can be shifted to the middle bolt, which can potentially cause an unexpected failure mode.

Xiao et al. [64] developed a progressive fatigue model for bolted composite joints by
integrating stress-cycle S-N-based crack initiation with Paris-type (da/dN) based damage
propagation. A modified cohesive model for fatigue captures the rate of damage increase
caused by fracture energy and the S-N-based strength degradation in an elementwise
manner. The applicability of the proposed composite fatigue model based on the coupling
of S-N and da/dN data was demonstrated.

Lua et al. [65] performed a study of the failure process of composite bolted joints
combining an in situ X-ray, computed tomography (CT) approach with SSB test. Based
on the conventional CDM technique and a static bearing model, a physics-informed mod-
eling approach was developed. A study was done on how the limitation affected the
kinking band angle and compressive strength. Through a comparison of the stress—strain
response and accompanying failure patterns, the modeling technique was confirmed using
SSB testing.

Lua et al. [66] characterized the physical mechanisms underlying bearing failure in
composite joints with countersunk bolts using X-ray computed tomography (XCT) and a
bearing failure model developed for the ABAQUS FE code. In comparison to light-weight
CFRP composite laminates, the high-fidelity XCT was explored for the detection and charac-
terization of bearing failure in bolted composite components without removing the fastener,
which could introduce significant scatter in the XCT scan. Based on a longitudinal and
transverse micromechanics assessment, a static bearing model was also developed for the
damaged material response in the bearing region. The predicted load-displacement re-
sponse and experimental measurements were compared, and the simulated failure patterns
and XCT images were examined. Based on the current SSB test, a new design was set-up
utilizing the improved analytical tool to obtain a dominating bearing failure mechanism.

Ahmet Cana and Ahmet Meram [67] studied the dynamic behavior of CFRP joints.
Impact tests on bolted composite laminates with screw sizes ranging from M6 to M14 and
varied pitch screws were carried out for this purpose. The bolt was threaded through the
composite plate and the bolt head was subjected to impact.

The load deflection, peak force, and failure mechanism are affected by the dynamic
loading of screwed joints. As the pitch increased, the damage mechanism changed from
interlaminar delamination to push-out delamination. In addition, the maximum failure
load increases for a metric screw thread size by increasing the pitch size.

It can be concluded that the BF of CBJ is a progressive noncatastrophic failure mode
which makes it favorable for the designer. The joint width-to-bolt diameter ratio is the
most effective parameter and should be kept at less than 4. Bearing failure is caused
by the pressure exerted by the bolt shank on the composite plate hole which produces
delamination, fiber buckling, splitting, and microcracks in the composite materials. All
these behavior can be reduced by using sufficient lateral restrain and BCFE.

5. Conclusions

In this research, the previous works that describe the behavior of the composite bolted
joint (CBJ), were presented, and summarized including the modes of failure of the CBJ, and
the experimental works that explain the bearing failure (BF) of the CB].

The following conclusions were driven by this survey.

- BJ has several favorable benefits such as the easy mantling and dismantling processes.
However, it can be addressed as the most critical location in the structural element
design. There are important factors that control the design of CBJ such as composite
lay-up, joint geometry, the orientation of fiber, and clamping force.

- Increasing the joint width, and edge distance and selecting the suitable lay-up could
help to avoid several catastrophic failure modes such as net tension, cleavage, and
shear-out failure modes, and to achieve progressive bearing failure.
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When the edge and the width ratios are less than 4, the BF was the primary failure
mode. When these ratios were less than 4, a mixture of net tension and shear-out
failures was found.

The bearing stress—strain curves could mainly be divided into three different zones:
the initial sliding zone, the linear bearing zone before the damage initiation, and a
nonlinear zone after damage.

Small-width joints showed more yield behavior than the joints with standard dimen-
sions with an insignificant effect of the end distance on the stiffness.

It was found that increasing the clearance causes a reduction in the stiffness of the
joint and increases the maximum strain of all joint cases. The clearance showed a
trivial effect on the failure strength in the case of the CB]J.

The angle-ply stacking sequence had the lowest initial stiffness and the cross-ply
stacking sequence had the maximum initial stiffness. Layering at a 45° angle increased
the bearing strength however, the layers with a 90° direction significantly increased
the delamination bearing strengths.

Using two sets of steered fibers in the primary stress directions of compression and
tensile improved the bearing strength by 36%. When applying the through-thickness
reinforcement with Z-pins, the maximum bearing load rose by 7%. In addition, com-
posites with three-dimensional woven fiber reinforcement have exceptional strength
under off-axis bearing loads.

The BCF was found to increase the tensile strength of the CBJs and delay both interlin-
ear cracks and delamination which leads to a progressive failure mode.

The strength of the pinned joints was lower than the strength of CBJs due to the lateral
BCF. In addition, by increasing the tension load of the joint, the Poisson ratio effect
increased the BCF and the lateral constraints.

At constant BCF, decreasing the washer-to-bolt-hole diameter ratio to less than 2 leads
to a decrease in the tensile strength of the CBJs. On the other hand, the BCF was found
to increase the tensile strength of the CB]Js.

The BF is a process of compressive damage accumulation that occurs through four
stages of damage: damage onset, damage growth, local fracture, and structural
fracture. Fiber micro-buckling, matrix cracking, delamination, and out-of-plane shear
cracking are some of the main features of BF.
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