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ABSTRACT: The aim of this study is to research the failure loads and failure modes of laminated
woven-glass–polyester composite plates with two parallel circular holes, which are subjected to
traction forces by two rigid pins. The failure behavior of two parallel pin-loaded composite plates
has been observed both experimentally and numerically with different geometries and fiber
orientations. While the plate width to hole diameter ratio (W/D) was held constant; the distance
from the free edge of the plate to hole diameter ratio (E/D) was changed from 1 to 5, and the distance
between two parallel holes to hole diameter ratio (M/D) was varied from 2 to 5. Two different ply
orientations were also investigated as [08]8 and [0�2=60

�
2/]s. In a numerical study, a three-dimensional

finite element method (FEM) was used with the assistance of a LUSAS 13.6 finite element analysis
program. Good agreement has been shown between experimental and numerical results.
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INTRODUCTION

C
OMPOSITES HAVE EMERGED as important materials because of their light weight, high
specific stiffness, high specific strength, excellent fatigue resistance, and outstanding

corrosion resistance compared to most common metallic alloys, such as steel and
aluminum alloys [1]. Owing to these advantages, composite materials are widely used
especially in aircraft, the automotive industry, and aerospace and civil engineering
applications. These applications usually necessitate the joining of composites either to
other composites or to other materials. For assembling these materials, mechanical
fastening is a common technology and pin or bolt joints are indispensable in these
structural components because of their low cost, simplicity, and facilitation of disassembly
for repair. Therefore, particular attention should be shown to determine the failure
strength and failure modes of these pinned or bolted connections [2,3].

On account of the importance of the problem, various research articles [3–6] on bearing
strengths have been published, demonstrating that the failure mode is dependent on the
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width-to-diameter (W/D) and edge distance-to-diameter (E/D) ratios. Many investigators
[4–11] have analyzed the dependence of bearing strength on specimen geometry,
fiber orientation and materials that were used. Investigations have shown pin-loaded
specimen failures on three basic modes: net-tension, shear-out, and bearing. Net-tension
and shear-out failure modes occur when too low (W/D) and (E/D) ratio are used,
respectively. These failure modes are catastrophic and can turn into the bearing mode by
increasing the (E/D) and (W/D) ratios [3,7].

Camanho and Lambert [12] developed a new methodology to predict the final failure
and failure mode of mechanically fastened joints in composite laminates. The elastic limit
of the joint was predicted using ply strength and stress distribution in failure criteria. Final
failure and failure mode were predicted using point or average stress models. The authors
compared the predictions with experimental data and the results indicate that the
methodology proposed can accurately predict failure loads. Whitworth et al. [13]
performed an analysis to evaluate the bearing strength of pin-loaded composites using
the Yamada–Sun failure criterion. Investigators observed a good correlation when
evaluated as a function of edge distance to hole diameter and as a function of plate width
to hole diameter. Okutan [14] conducted a numerical and experimental study to determine
the failure of mechanically fastened fiber-reinforced laminated composite joints. Tests
were carried out on single pinned joints in [0/90/0]s and [90/0/90]s laminated composites.
Various geometric parameters were performed to obtain the failure characteristics of the
pin-loaded composites. Damage accumulations in the laminates were evaluated by using
Hashin’s failure criteria and based on the results, ply orientation and geometries of
composites could be crucial for pinned laminated composite joints. Karakuzu et al. [15]
have investigated the effects of geometrical parameters, such as the edge distance-to-hole
diameter ratio (E/D), plate width-to-hole diameter ratio (W/D), and the distance between
two holes-to-diameter ratio (M/D), on the failure loads and failure modes in woven-
glass–vinylester composite plates with two serial pin-loaded holes both experimentally and
numerically. The numerical and experimental results showed that the ultimate load
capacity of composite plates increased by increasing ratios (E/D), (W/D), and (M/D).
Meanwhile, a method was presented for predicting the failure strength and failure mode
of mechanically fastened fiber reinforced composite laminates by Chang et al. [16].
A computer code was developed which can be used to calculate the maximum load and the
mode of failure of joints involving laminates with different ply orientations, different
material properties, and different geometries. Parametric studies were also performed to
evaluate the effects of joint geometry and ply orientation on the failure strength and on the
failure mode. Furthermore, a failure analysis was performed to determine bearing
strengths of mechanically fastened joints with single bolt in glass–epoxy laminated
composite plates by Sayman et al. [17]. The experimental results showed that the
magnitudes of bearing strengths in bolted joints were strictly influenced from increasing
value of applied preload moments, changing of W/D and E/D ratios, and also ply
orientations of laminated composite plates.

In the present study, the effects of geometrical parameters such as the edge distance-
to-hole diameter ratio (E/D¼ 1–5), plate width-to-hole diameter ratio (W/D¼ 8), and the
distance between two parallel holes-to-diameter ratio (M/D¼ 2–5) on the failure loads and
failure modes in [08]8 and [0�2=60

�
2/]s orientated woven-glass–polyester composite plates

with two parallel pin-loaded holes were investigated. Analyses were performed both
experimentally and numerically. During the numerical study, a commercial finite element
package program LUSAS was used for considering Hashin failure criterion.
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PROBLEM STATEMENT

The woven-glass–polyester composite specimen was designed with a length LþE, widthW,
and thickness t with two parallel circular holes of diameter D as shown in Figure 1.
As seen in this figure, the holes are at a distance E from the free edge of the specimen.
The L and D were fixed as 90 and 5mm, respectively. Two pins were positioned at the
center of the holes and a uniform tensile load P was applied to the specimen. The tensile
load was also parallel to the specimen and it was symmetric with respect to the centerline.

The effects of the different geometries and fiber orientations on failure behavior were
determined both experimentally and numerically. Studies were performed based on two
different main parameters to observe failure response of two parallel pin-loaded
composites. The first parameters were geometric, so edge distance-to-hole diameter
ratio (E/D¼ 1–5), distance between two holes-to-diameter ratio (M/D¼ 2–5), and plate
width-to-hole diameter ratio (W/D¼ 8) were considered. The other important parameter
was fiber orientation. For this intention, laminated plates were arranged in two different
stacking sequences [08]8 and [0�2=60

�
2/]s and were named as Groups 1 and 2, respectively.

These fiber orientations were also explained in Table 1. Each laminated plate was
manufactured to connect eight laminas together symmetrically under pressure and heat.
After the production process, the laminated plate had a nominal thickness of 1.9mm at
a volume fraction of 76%.

M
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D

D

L

P

Pt

W

Figure 1. Geometry of a composite specimen with two circular parallel holes.

Table 1. Fiber orientation of laminated composites.

Group
no.

Fiber
orientation

Average
thickness (mm)

Total number
of laminas

1 [08]8 1.9 8
2 [0�2=60�2/]s 1.9 8
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The experiments were carried out in tension mode on an Instron-1114 Tensile Test Machine
at a crosshead speed of 1mm/min. The experimental set-up for two parallel pinned-joints is
illustrated schematically in Figure 2. As seen in this figure, the lower edge of the specimen was
clamped and loaded from the steel pin by stretching the specimens. The apparatus was
designed for different M/D ratios. The load versus pinned displacement curves for all
composite configurations were drawn via a computer which was connected to a test machine.
When pin-loaded composites have been overloaded under tensile loading, they fail on three
basic modes, namely by net-tension, shear-out, and bearing modes, as shown in Figure 3.
However, combinations of these failure modes are possible in practical applications [2,3,12].
The bearing strength of double pin-loaded composite specimens can be calculated as:

�b ¼
Pmax

2Dt
ð1Þ

where Pmax, D, and t are explained as tensile applied load, pin hole diameter, and thickness
of the specimen, respectively.

PRODUCTION OF COMPOSITE PLATES

The woven-glass–polyester laminates used for the duration of the experimental studies
were manufactured at Izoreel Firm in Izmir. Subsequent woven plies were placed one upon

Specimen

Pin

a b

c d

fe

g h

a and b for M/D=2
c and d for M/D=3
e and f for M/D=4
g and h for M/D=5 

Figure 2. Two parallel pinned-joint test fixture (for M/D¼ 2).

Net tension Shear-out Bearing

Load

Figure 3. Three basic failure modes of pin-loaded specimens.
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another to obtain stacking sequences ([08]8 and [0�2=60
�
2/]s). The mold and lay-up were

covered with a release film to prevent the lay-up from bonding to the mold surface. After
that resin-impregnated glass fibers were placed in the mold for curing. The glass-fiber and
polyester were cured at 1108C under a pressure of 0.2MPa. This temperature was held
constant for 25min. Finally, the laminates were cooled to room temperature. After the
production process, the laminated composite plates had 1.90mm average thickness with a
fiber volume fraction of 76%.

MATERIAL CHARACTERIZATION

Mechanical tests were performed to determine the composite material properties. Three
tests were carried out for each test type and average mechanical properties were calculated.
Firstly, a tensile test were performed on the [0]8 rectangular specimen to determine
Young’s modulus (E1); Poisson’s ratio (�12) and longitudinal tensile strength (Xt),
according to ASTM D3039-76 [18]. Then, in-plane shear strength S of material was
measured by using the Iosipescu shear test method. The loading fixture and geometry of
Iosipescu testing specimen are illustrated in Figure 4 [3,14,19,20]. The dimensions of the
specimen were chosen as a¼ 80mm, b¼ 20mm, c¼ 10mm and ti¼ 1.9mm. A compres-
sion test was applied to the test fixture. After the failure test, S was calculated from:

S ¼
Fmax

tic
ð2Þ

Movable portion of 
fixture

Composite 
specimen

Wedge adjusting 
screw

Stationary portion of 
fixture

Adjustable wedge 
to tighten the specimen 

P

a/2

a

cb

90°

ti

Fixture guide rod

Figure 4. Loading fixture and geometry of the Iosipescu testing specimen.
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where Fmax is the applied failure load to the Iosipescu test fixture. To obtain the shear
modulus G12, a specimen whose principal axis is at 458 with loading direction was
considered and a strain gauge was attached to the loading direction of the lamina. The
specimen was also loaded step by step via the test machine and G12 was obtained by the
measurement of the strain in the tensile direction "x [21]. G12 was calculated as:

G12 ¼
1

ð4=ExÞ � ð1=E1Þ � ð1=E2Þ þ ð2�12=E1Þ
ð3Þ

E2, Yt, and Yc, are equal to E1, Xt, and Xc, respectively, because of the woven structure. The
mechanical properties of the woven-glass–polyester composite material are given in Table 2.

NUMERICAL ANALYSIS

Numerical analysis was performed by using the 3D finite element method with
the assistance of a LUSAS 13.6 analysis program. Failure loads and failure modes of
woven-glass–polyester composite laminated plates with two parallel circular holes were
obtained by this program. Composite brick element (HX16L), which has 16 nodes, was
selected during the numerical analysis. These element descriptions are generic element type
(structural composite), element shape (hexahedral), and interpolation order (quadratic) [15].
The composite plate was modeled as a half model considering symmetry boundary conditions
to reduce the solving time. The symmetry surface of the half model was supported on the XZ
plane. Then, the hole surface of the plate was supported in the radial direction. Finally, tensile
load was applied to the surface as shown in Figure 5. Hashin failure criteria was used to
predict the failure map and the load increment strategy was defined for nonlinear solution.

RESULTS AND DISCUSSION

The failure behavior of two parallel pin loaded composite plates has been observed both
experimentally and numerically for Groups 1 and 2. Three tests were realized for each type
of specimen and average failure loads were calculated. All of the specimens were loaded to
6mm displacement from the initial position during the experimental study.

According to tested specimens, three types of failure modes are observed as illustrated in
Figure 6. First, the load usually reached a value between 1.0mm and 1.5mm displacement.
Some specimens broke off suddenly at this point. This failure mode is known as net-
tension (Figure 6(a)). For some specimens, the load decreases with increasing pin
displacement. This failure mode is called shear-out (Figure 6(b)). Furthermore, the load
increases with increasing of the pin displacement for a number of specimens. After the
ultimate stage, the load decreases with growing failure. However, the specimen continues
to carry loading. This failure mode is classified as bearing (Figure 6(c)). The load-carrying
capacity of the joint during the bearing failure is higher than other failure modes, even if

Table 2. Mechanical properties of the woven-glass–polyester composite material.

E1¼E2 (GPa) G12 (GPa) m12 Xt¼ Yt (MPa) Xc¼ Yc (MPa) S (MPa) Vf (%)

31.610 3.220 0.206 344.340 359.210 82.610 76
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the pin joints carry on bearing load later than the first peak. From a safe design position,
a bearing failure is more advantageous then either a shear-out or a net-tension failure [2,3].
Failure modes observed by the experimental and numerical studies are presented in
Table 3 for all tested specimens. When E/D¼ 1 and 2, net-tension or shear-out failure
modes occur for all M/D ratios, generally. The bearing failure modes are usually observed
if E/D¼ 3, 4, and 5. In other words, the higher values of E/D ratio provide bearing failure
mode. According to this table, the failure modes obtained for both experimental and
numerical studies are seen to be very similar. Briefly, the failure modes are changing from
shear-out to net-tension or bearing failure modes related to increasing E/D ratios.
Increasing of E/D ratio produces the bearing failure modes.

The load-pin displacement curves of Groups 1 and 2 are shown in Figures 7 and 8,
respectively. As seen from these figures, initially a linear slope occurs for all geometric
parameters. Following this, the load generally decreases for E/D¼ 1 and increases for
E/D¼ 2–5 ratios with increasing displacements for two group specimens. When E/D¼ 1,
the curves reach the peak point and the points are equal to the ultimate bearing strengths.
The slopes of the curves increase after the first peak and reach higher ultimate bearing
strengths when the E/D ratio is equal to 2 or greater values. These figures point out that
the magnitude of failure loads increase by increasing E/D ratio. Consequently, the higher
values of failure loads are obtained for E/D¼ 4 or 5, generally. Moreover, the effects of

Radial boundry 
condition

Loading

Figure 5. Boundary conditions of the model when W/D¼ 8, E/D¼ 4 and M/D¼ 4.
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E/D ratio on bearing strengths are illustrated in Figure 9. The magnitudes of maximum
failure loads for all tested specimens were obtained using load–displacement curves and
then the bearing strengths of specimens were calculated by using Equation (1). This figure
indicates that the values of bearing strengths rise with rising E/D ratio. However, this
increase is very slow when E/D¼ 3 and higher values. The maximum value of bearing
strengths is calculated as 456.94MPa for Group 1 when E/D¼ 4 andM/D¼ 3, whereas the
minimum value is computed as 95,52MPa for Group 1 when E/D¼ 1 and M/D¼ 4.
Nonetheless, the magnitudes of bearing strengths for Group 2 specimens are higher than
Group 1 specimens, generally. It is understood that the magnitudes of failure loads and
bearing strengths are strictly affected from geometrical parameters and orientations of
laminated plates. When E/D¼ 1, the load carrying capacity of two parallel pinned
composite joints is much lower than other E/D ratios, especially.
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Figure 6. Failure modes in experimental study.
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The comparisons of maximum failure loads were obtained both of experimental
and numerical studies for Groups 1 and 2 and are presented in Figure 10. It is clearly seen
that experimental results are higher than numerical results for each analyzed specimen.
However, experimental and numerical results are very close except for some specimens.
The differences between experimental and numerical results can be neglected, generally.

Table 3. Failure modes observed by the experimental
and numerical studies.

Group 1 Group 2

W/D¼8 E/D Experimental Hashin Experimental Hashin

M/D¼ 2 1 S S S N
2 N N N N
3 N B N B
4 B B B B
5 B B B B

M/D¼ 3 1 S S S N
2 N B S B
3 N B B B
4 B B B B
5 B B B B

M/D¼ 4 1 S S S N
2 S S S S
3 B B B B
4 B B B B
5 B B B B

M/D¼ 5 1 S S S N
2 S B N B
3 B B B N
4 B B B B
5 B B B B
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Figure 7. Load-pin displacement curves of Group 1.
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Figure 9. The effect of E/D ratio on bearing strengths.
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CONCLUSIONS

According to experimental and numerical study results, the following remarks are
summarized:

1. The values of bearing strengths of the composite plate are increased by increasing the
geometric parameters such as E/D (free edge of the plate to hole diameter ratio) and
M/D (the distance between two parallel holes to hole diameter ratio).

2. When E/D¼ 1 and 2, the bearing strength is small and failure mode is shear-out or net-
tension observed in the weakest mode. When E/D¼ 3, 4, and 5, the bearing strengths
are close to each other and the failure mode is generally known as the best failure mode
of the resisting load.

3. During the net-tension and shear-out failure modes, the load reduces suddenly.
However, in bearing failure modes, the load does not drop suddenly. Therefore, the
pinned joints are stronger and safer if they are damaged as bearing.

4. The load-carrying capacity of [0�2=60
�
2/]s specimens are better than [08]8 specimens, generally.

5. The obtained experimental and numerical failure modes are generally different,
especially for (E/D)¼ 1, 2, and 3. In contrast, when (E/D)¼ 4 and 5, experimental and
numerical failure modes are closer.

6. It is observed that the numerical and experimental analyses are in good agreement.
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Figure 10. Comparisons of numerical and experimental failure loads.
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