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Abstract

A numerical and experimental study was carried out to determine the failure of mechanically fastened fiber-reinforced laminated
composite joints. E/glass—epoxy composites were manufactured to fabricate the specimens. Mechanical properties and strengths of the
composite were obtained experimentally. Tests have been carried out on single pinned joints in [0/90/0]; and [90/0/90]
laminated composites. A parametric study considering geometries was performed to identify the failure characteristics of the pin-loaded
laminated composite. Data obtained from pin-loaded laminate tests were compared with the ones calculated from a finite element model
(PDNLPIN computer code). Damage accumulations in the laminates were evaluated by using Hashin’s failure criteria combined with the
proposed property degradation model. Based on the results, ply orientation and geometries of composites could be crucial for pinned

laminated composite joints.
© 2002 Published by Elsevier Science Ltd.
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1. Introduction

A structural joint represents a critical element in the step of
design. In all cases a significant weight penalty is incurred by
the presence of joints in composite structures; furthermore,
premature failures have been experienced too frequently.
Consequently, the design of efficient structural attachments
represents one of the major challenges in the development of
composite structures. Because of its generic nature, the design
is deserving of separate treatment as a case study.

The design and testing of joint components, together
with some theoretical and experimental work, are
important because the ability of joint elements is central
to a full exploitation of high performance of fiber-
reinforced composites. Due to the significance of the
problem, pin-loaded laminated composite plates have been
studied by using analytical [1-3], numerical [4—13] and
experimental [14—20] methods in the literature. Several
approaches have been used to predict the stresses, failure
strengths and failure modes of composite laminates
containing pin-loaded hole.
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It is very important to fundamentally characterize the
damage mechanisms of pinned composite joints as a
function of geometry and ply orientation. An optimal
design in composite structures can only be achieved by
thorough understanding of the failure mechanisms
in laminated composites. Therefore, the objective of this
study is to assess, both numerically and experimentally, the
effects of joint geometry and ply orientation on the failure
strength and on failure mode. The knowledge of the failure
strength would help in selecting the appropriate joint size in
a given application. [0/90/0]; and [90/0/90], stacking
sequences were selected for such an analysis because it is
desired to see the effects of relative proportions of the 0 and
90° layers on the joint strength.

2. Statement of the problem

Consider a rectangular composite plate of length L,
thickness ¢ and width W with a hole of diameter D. The hole
is at a distance E from the free edge of the plate. The
configuration of composite plate is shown in Fig. 1. A
tensile load is applied at the hole free edge of the plate
resisted by the pin.

Load is applied gradually. During loading, the plate is
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Fig. 1. Geometry of specimen with pin-loaded hole.

allowed to deform until it collapses, at which point
the plate cannot sustain any additional load. It is desired
to find;

e The load-displacement tensile response for each
specimen

e The damage progression before final failure

e The ultimate failure load

e The corresponding modes of failure.

3. Testing
3.1. Manufacturing of composite laminates

The laminates manufactured for the tests were made
from E glass-fiber and epoxy resin CY225 mixed hardener
HY?225 in the mass ratio of 100:80. Subsequent plies were
placed one upon another to obtain required stacking
sequences ([0/90/0]; and [90/0/90];). A hand roller was
used to distribute resin, compact plies and remove entrapped
air. The mold and lay-up were covered with a release film to
prevent the lay-up from bonding to the mold surface. Then
resin-impregnated fibers were placed in the mold for curing.
The glass fiber and epoxy were cured at 120 °C under a
pressure of 0.2 MPa. This temperature was held constant for
4 h for the first period. Afterwards, the temperature was
decreased to 100 °C and held constant for 2 h for the second
period. After the second period, the laminates were cooled
to room temperature. The finished specimens had an
average thickness of 3.3 mm and length 50 mm with a
fiber volume fraction of 57%.

3.2. Material characterization
Tensile tests have been performed on longitudinal [0°]4

and transverse [90°]¢ rectangular specimens to determine
Young’s moduli (E;), (E,); Poisson’s ratio (vy,);

longitudinal tensile strength (X;) and transverse tensile
strength (Y,), according to the ASTM D3039-76 [21]
standard test method as reported in Table 1.

The in-plane shear strength of the material has been
measured using losipescu shear test [22,23]. The shear
stress—strain data can be generated and the corresponding
modulus and strength can be found from resulting
stress—strain curve. A typical shear response was
represented in Fig. 2. It can be seen that the response
is highly non-linear. The constant («), which is
necessary to observe non-linear elastic material behavior,
is calculated by non-linear shear—strain relation [24].
This relation is written as

Yi2 = T2/G1p + a1y (D

As another test, following the ASTM 3518 standard [25],
the 45° off-axis tensile test [26] was used to measure the
in-plane shear response of the composite. The shear
modulus G, obtained by this method and losipescu test
were nearly the same and were given separately in
Table 1.

An additional test to find shear strength S was performed
using ‘T shape’ specimen. The specimen dimensions and
geometry were shown in Fig. 3. This method was used to
verify shear strength of the unidirectional lamina obtained
by lIosipescu test method. No special fixture was needed and
manufacturing of the specimen was simple [27-29].
Minimum clearance was left to prevent bending and to
provide contact between specimen and support. The load at
rupture (P,);) was taken and shear strength was calculated by
the following equation.

Pult

S =
2ht
In this equation, # = 5 mm, Ly = 80 mm, a = 10 mm and
b=40mm were taken. The values of shear strengths

2

Table 1
Properties of glass-fiber/epoxy composite

Symbol (units) Unidirectional

Moduli parameters
Density
Longitudinal modulus

p (g/em?) 1.506
E, (MPa) 44,000 (*560)

Transverse modulus E, (MPa) 10,500 (*420)

Shear modulus G, (MPa) 3740°8Peseu (4 335)
388045 off-axis (i 360)

Poisson’s ratio vip (-) 0.36

Material non-linearity a (MPa) 3 7.17 x 108 losipescu

parameter (£1.03 X% 1079)

Strength parameters

Longitudinal tension X, (MPa) 800 (£59)

Longitudinal compression X. (MPa) 350 (+42)

Transverse tension Y, (MPa) 50 (+4.35)

Transverse compression Y. (MPa) 125 (+£9.34)

Shear strength S (MPa) 120108iPeseu (415 28)

1157 specimen (+ 18 35)
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Fig. 2. Typical stress—strain curve of glass/epoxy laminate.

obtained by T-shear test set-up and losipescu shear test
method agreed well as can be seen in Table 1. In the
numerical calculations the values of shear modulus and
shear strength obtained from losipescu shear test were used.

In this study, the specimen with a very short but
unsupported gage-length was used. Compression tests
have been performed using [0°]s and [90°]¢ specimens
with 6.4 mm width and 12.7 mm gage length. Compressive
load was applied to the specimen and maximum failure load
was recorded to find longitudinal and transverse com-
pression strengths X, and Y., respectively.

3.3. Joint testing configuration

In the tensile test, different width/diameter (W/D) and
edge distance/diameter (E/D ) ratios were considered. Each
plate was cut and prepared with a single circular hole,
centrally placed with respect to the width and at a
predetermined distance from the end. The specimens were
5 mm drilled to give 20 specimens with E/D =1 to 5 and
W/D =2 to 5. The specimens were tested in Mitutoya
testing machine of 50 kN load capacity, the 0° layer being
aligned with the load.

A double-lap fixture shown in Fig. 4 was used to perform
the tests. All specimens were mounted in the testing
machine using a set of test fixtures specially designed for
this experiment and loaded at a constant crosshead rate
(0.5 mm/min) to minimize any catastrophic failure and to
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Fig. 3. Shear test setup.
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Fig. 4. Schematic diagram for double-lap, single pin joint.

allow the time possible for observation of damage and its
progression. For each test, applied load and pin displace-
ment were continuously recorded from the chart recorder
attached to the testing machine. The magnitude of the
applied load was measured by using a load cell mounted on
the testing machine. The displacement of bottom grip was
also recorded during the tests. Specimens were tested to
final failure. It was observed how failure is affected by
geometry, specially the variation of plate width and end
distance.

4. Finite element modeling

The behavior of the pin-loaded joint was predicted using
a progressive two-dimensional finite element model devel-
oped by Larry Lessard [8]. In the finite element model, only
half of the plate was modeled, since the geometry and
loading conditions of the cross-ply laminates were sym-
metric with respect to the y—z plane.

It was assumed that,

(1) The laminate is symmetric with respect to its mid-plane
and applied load is in-plane.

(2) The pin is considered to be perfectly rigid with zero
clearance.

(3) The pin-composite interaction is assumed to be
frictionless.

Meshing and boundary conditions for the model can be
seen in Fig. 5. As can be seen from this figure, a large
number of elements were used at the edge of the hole to
obtain a better accuracy of the stresses. Nodes on the
vertical centerline were restrained to move only along the
vertical y-direction (u#, = 0). To simulate the pin, radial
boundary conditions were used on the topside of the hole.

The model of the joint problem is an integration of
three major components: stress analysis, failure criteria
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Fig. 5. Mesh representing and boundary conditions.

and property degradation rules. In the first step, the
material properties, physical properties and appropriate
boundary conditions of the problem are provided and load
increment is selected. At each load step, non-linear finite
element analysis is performed until a converged solution
is obtained. The stress analysis uses standard laminated
composites plate theory to describe the stress—strain
behavior of the composite material. The stresses at each
material integration point are utilized for failure analysis.
Failure criteria are tested at each load step. The effect of
material non-linearity on the mathematical forms of failure
criteria is taken into account. In the case of failure,
material properties of failed plies are reduced according to
the mode failure and the appropriate property degradation
rule. Stresses are then redistributed and re-examined for
any additional failures under the same load. Convergence
at a load step without additional failure allows the next
load step to be pursued and the procedure continues until
a point where excessive damage is reached. Usually this
means failure has propagated to a specimen edge and
applied load cannot redistribute itself around damaged
areas.

4.1. Failure criteria

In this investigation, Hashin failure criteria [30] were
used. In the following, for five different failure modes
(matrix tensile and compression, fiber-matrix shearing, fiber
tensile and compression failure), five failure criteria were
explained. A complete set of material degradation rules was
explained for each mode of failure [8].

4.2. Matrix tensile failure

For predicting matrix tensile failure of a unidirectional
ply under static stress, the criterion can be expressed

Y12
2 0 Tio dyip

(o) +
) T
Jo Tio dypp

> 1 and o, >0 3)

where o, and 7, are the transverse tensile stress and shear
stress in each layer, respectively. Y, is the transverse tensile
strength and vy, is the ply shear strain. By considering
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the non-linear shear stress—strain behavior of the uni-
directional ply in x—y plane, the second term of Eq. (3)
appear in integral form. In the denominator of second term,
the upper limit of integration is the ply ultimate shear strain.
By introducing the ply shear stress—shear strain relationship
of Eq. (1), it can be obtain

I 3
o\ 2G12 T arly
(72)+5212—3>1 and o, >0 4)
t
Y
2612+4

where Gy, is the initial shear modulus, and « is the shear
non-linearity parameter (found experimentally) and S is the
ply shear strength.

If non-linearity is weak, a— 0, then it is easy to
show that Eq. (4) will reduce to the linear failure form of
Eq. (5) as proposed by Hashin [30]. Noting that the
material non-linearity affects only the shear stress—strain
relationship.

2 2
02 T12
— > >
(Yt)+(S) 1 o, >0 (®))

Similar to matrix tensile failure, the other failure criteria
may be converted from linear to non-linear form.

When matrix tensile failure occurs in a ply, then the
material properties in that ply are degraded. Both before and
after the application of the degradation rule, the plane
stiffness matrix is

E, Eyvy 0
I —vpvy 1—vpuy E, 00
Eyv, E, R 00 0 (6)
L =vpvy T—vpuy 0 0 Gp
0 0 Gp

4.3. Matrix compression failure

Matrix static failure in compression has the following

form
Y12
2 0 Tio dypp

(o) +
Yc Y
Jo T2 dyio

where Y. is the transverse compressive strength. Again by
considering the ply shear stress—strain relationship of Eq. (1)
we obtain:
72 3
2 2(;2 gem
(—2) tEF 5> ad <0 @)
¢

>1 and 0,<0 7)

4

S2
S4
2Gy, +

If non-linearity is weak, a — 0, then Eq. (8) will reduce to
the linear failure form as follow

a- 2 T
(72) +( ;2)>land o, <0 9)

When the matrix compression failure occurs in a ply, then
the material properties in that ply are degraded as follows:

E, E\vy;
L —vpvy T—vpuy E, 0 0
Eyvy, E, -] 00 0 (10)
I—vpvy T—vpuy 0 0 Gy

0 0 Gy

4.4. Fibers/matrix shearing failure

This mode of failure is important for compression
failure dominated by shear stresses, and has the following
form:

AN

3 4
2 — ATy
(ﬂ) +%>1 and o <0 (11
3¢

X, s?
+ = ast
2Gy,

Linear form of Eq. (11)

2 2
(ﬂ) +(2) >1 and
X, S
where o is the longitudinal stress, X, is the longitudinal
compressive strength of a unidirectional ply under static
stresses, and 7y, is shear stress and S shear strength.
In fiber/matrix shearing failure mode, while the material

can still carry load in the fiber and matrix directions,
in-plane shear stress can no longer be carried.

o <0 (12)

E, Eyvy 0
I=vpvy 1—vpuy E, 00
E2U12 Ez -1 0 EQ 0 (13)
I—vpvy 1-vpuy 0 0 0
0 0 Gy

4.5. Fiber tensile failure

For fiber tensile failure of a unidirectional ply, the
following criterion is used:
2
2o

3 ot
2 - AT
(ﬂ)+%>1 and o >0  (14)
2¢

X, s?
S4
2G, +
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Fig. 6. Load/displacement curves for [0/90/0]s and [90/0/90]; laminates.
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Linear form of Eq. (14)

g T12

2 2
<X1)+(S)>1 and g >0 (15)
where X, is the longitudinal fiber tensile strength of a
unidirectional ply under static stresses in fiber direction.

Since fibers are the primary load carrying elements of
fiber-reinforced composites, failure of fibers is linked
directly to the final failure of composites. Therefore, when
fiber failure mode occurs in a ply, the material losses all of
its properties as follow

E, Ejvy 0
1 —vpuy 1 — vy 000
Eyvpp E, o | 0 0 0] (e
L=wvpuy 1 —vpuy 0 0 0
0 0 G

4.6. Fiber compression or bearing failure

Fiber compression failure is independent of shear
stresses. This mode of failure deals with failure of fibers
in compression. For the pinned-joint problem, this mode of
failure may occur just ahead of the pin and the joint may still
be able to carry load. The damaged zone of the pin may still
transfer load-allowing failure to propagate further ahead of
the pin. For predicting fiber compression failure the criterion
can be expressed as

2
g
(i) >1 <0 (17)

As shown in Eq. (17), for this mode of failure, the
interaction terms from shear stresses are not considered.
When the fiber compression failure occurs in a ply, then the
all-material properties in that ply are reduced to zero as
shown in Eq. (16).

5. Results and discussion
5.1. Experimental results

The general behavior of the composites was obtained
from the load/displacement chart from the testing machine.
The load/displacement curves for [0/90/0]; and [90/0/90];
laminates were shown in Fig. 6. From this figure, it can be
said that the specimens of [0/90/0]; laminate were able to
support between 400 and 4300 N after first failure occurred.
The displacement at which the last failure occurred could be
seen to vary from 0.6 mm for narrow specimens with short
end distances to 3.1 mm for wide specimens with long end
distances. In a similar way, the [90/0/90]; laminate speci-
mens were able to withstand between 800 and 2500 N after

first failure occurred. The displacement at which last failure
occurred can be seen to vary from 1.1 mm for narrow
specimens with short end distances to 2.7 mm for wide
specimens with long end distances. Maximum load
sustained by the specimen was used as a measure joint
strength.

As the pin displacement increased, the load increased in
an almost linear manner. Then, failure started at different
loads for different geometries and ply orientations and the
load reached a peak (first peak). After the first peak, the load
displacement curves showed valleys, peaks and plateaus
depending on types of ply orientations and geometry.
The pin hole was found to suffer permanent deformation
increased progressively with load.

In this investigation, while laminated composite plates
were loaded to final failure, ultimate failure was either net-
tension or shear-out, there was always evidence of bearing
failure for the different geometric dimensions and lay-ups.
For the [0/90/0]; laminate, failure modes were found as
bearing mode when the E/D ratio is greater than 3. For the
small value of 3, the mode is found as shear-out that is a
weak type of failure. Similar result was obtained for the
critical W/D ratio. For the [90/0/90], laminate, it was found
that the critical E/D ratio was 4 for W/D = 2 and 3 and the
critical E/D ratio was about 2 for W/D = 3 and 4. Prior to
reaching the critical E/D values, net-tension failure was
observed in all specimens except for the ones with E/D = 1,
which displayed a shear-out failure mode. Photographs of
typical failures in [0/90/0]; and [90/0/90]; laminates were
shown in Fig. 7.

Shear-out Failure

Net-tension Failure

[0/90/0]s [90/0/90]s
W/D=4 W/D=3
E/D=2 E/D=4

Fig. 7. Typical failures in [0/90/0]s and [90/0/90], laminates.
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Fig. 9. The effect of width to diameter ratio on the net-tension and bearing strength for [0/90/0]s and [90/0/90], laminates.
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The effect of E/D ratio on the shearing strength and
bearing strength of the [0/90/0]; and [90/0/90], laminates
are shown in Fig. 8. The bearing strength is defined as the
ultimate bearing load divided by the area that is the product
of pin diameter and specimen thickness. The [0/90/0]
specimens showed a sudden increase in bearing strength for
E/D ratios between 1 and 3. For higher edge ratios an
increase in edge distance does not seem to influence
significantly the bearing strength. In contrast, the [90/0/
90], specimens showed a steady increase with E/D ratios.
The effect of W/D ratio on the net-tension strength and
bearing strength of the [0/90/0]¢ and [90/0/90]; laminates
was shown in Fig. 9. It is evident from the data presented in
Fig. 9 that the bearing strengths are influenced by the value
of W/D for [90/0/90], laminate with E/D = 1. Whereas the
various W/D ratios do not have any important effect on the
bearing strength for [0/90/0]; laminate with small E/D, and
the bearing strength is almost independent of W/D. For high
E/D ratios, the bearing strengths are nearly the same when
WID ratio is equal or greater than 4. It is clear that the [0/90/
0] laminates containing a large percentage of 0° layers are
noticeably stronger than [90/0/90] laminate. The deflection
at a low load level may be due to the early failure of 90°
layers in the [90/0/90]; laminate. The bearing strength
shows an increase of about 24% for the [0/90/0]; lay-up
compared with the [90/0/90]; lay-up for E/D =135 and
WI/D = 5. It is also observed that the differences between
shear strengths and net-tension strengths for the two
laminates are nearly the same.

5.2. Comparison of experimental and numerical results

Bearing strengths were compared for E/D = 1 to 5, with
WI/D = 2 to 5 for linear, non-linear and experimental cases.
[0/90/0]s laminate was chosen for comparison. By
comparing the results of the failure analysis for linear and
non-linear cases and the experimental results, the following
points are observed.

When examining Fig. 10, three conclusions are obvious.
First, it is clear that the material non-linearity has an
influence on the bearing strength. Second, the non-linear
model predicts very well for data in all ranges except for
E/D =1, and it is especially good that the results in the
bearing range of failure are close to experimental values.
Third, the linear model gives close results at the lower end
of the W/D and E/D scales.

Since the linear model gives less accurate results, only
the bearing strengths are compared for non-linear and
experimental cases. As the E/D = 1to5and W/D =2to 5,
the effects of ply orientation on bearing strength were shown
in Fig. 11. A comparison was performed between [0/90/0];
and [90/0/90]; laminates. The difference between the two
laminates was the ratio of 0° plies. The failure mode and
failure extension were apparently governed by the ply
orientation in each direction. The increase of the ratio of 90°
plies results in extended failure along the width of specimen
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Mlinear model

Bearing Strength (MPa)
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experimental
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Bearing Strength (MPa)

Fig. 10. Variation of bearing strength of [0/90/0]; with W/D =2 to 5.

due to axial tension, whereas the decreasing of the ratio of
90° layers prevents such failure. From Fig. 11, it can be seen
that the results of non-linear model agree well with the test
results. But only the predicted bearing strengths for [0/90/
0]s and [90/0/90]; laminates are smaller than those of
achieved from tests carried out on the same laminate when
W/D is increased from 2 to 5 and E/D = 1 held constant. It is
worth noticing that the bearing strength is relatively
constant over a critical width and end distance.
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6. Conclusion

This work has explained the effect of geometric factors
and material parameters on failure loads and mechanisms of
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a pin-loaded E-glass/epoxy laminates with [0/90/0]; and
[90/0/90]; lay-ups. The width of the plate and distance from
the upper edge of the plate to the hole center were taken as
geometric factors.
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e The finite element and experimental joint responses show
good correlation. Configurations corresponding to speci-
men with small W/D and/or E/D ratios resulted in the
greatest deviation from the values determined exper-
imentally. Finite element modeling predicts final failure
load usually to within 10% of experimental values for
[0/90/0]s laminate while for [90/0/90]; laminate the
percent difference is slightly higher.

e The in-plane shear non-linearity greatly affects lamina-
te’s mechanical response in a pin-loaded condition. The
numerical solutions including non-linearity were in good
agreement with the test results. The bearing strengths at
the bigger W/D and E/D scales are close to experimental
values.

e Joint failure with the net-tension and shear-out modes is
catastrophic and immediate. But bearing failure is
progressive. For this reason, bearing failure is preferred
in applications. Shear-out failure is prevalent for fiber
patterns that are both predominantly in 0° and deficiently
in 90° plies. The dependence of the critical end distance
on width deserves more investigation.

e Full bearing strength, for pinned joints, is only developed
if failure due to tension and shear is suppressed by
providing sufficiently large end distance and width. Very
wide joints will fail in bearing. As the width is reduced,
the failure mode will eventually change to tension. The
width at which the mode change occurs will depend on
the lay-up. Changing end distance has the same effect on
the shear-out failure as width has on the net-tension
failure. Clearly a joint must have adequate end distance if
it is to achieve its full bearing strength.

e The failure modes change to bearing mode for both of
the cases as W/D and E/D became higher. For the
[0/90/0]; laminate, failure mode was found as bearing
mode when the E/D ratio is greater than 3. For the
small value of 3, the mode is found as shear-out that is
a weak type of failure. A similar result was obtained
for the critical W/D ratio. From the experimental
results, for the [90/0/90], laminate, it was found that
the critical E/D ratio was 4 for W/D = 2 and 3 and the
critical E/D ratio was about 2 for W/D = 3 and 4. Prior
to reaching the critical E/D values, net-tension failure
was observed in all specimens except for those with
E/D = 1, which displayed a shear-out failure mode.

e It was shown that, the net-tension strength of single-
hole joints is strongly dependent on the ply orientation
within the laminate and specimen width.

e Looking at the shear performance of single-hole joints,
it can be said that the shear strength is dependent on
ply orientation and edge distance.

The results presented in this paper can be used in the
design of mechanically fastened joints involving fiber
reinforced laminates such as [0/90/0]; and [90/0/90]
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