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ABSTRACT

In this study, the nonlinear model was used to predict the failure loads of fiber-
reinforced composite laminates subjected to pin stress and washer clamping pressure. The
nonlinear model included nonlinear constitutive law, mixed failure mode composed of the
Tsai-Wu and maximum stress criteria, and post failure response. Appropriate constitutive
models were established using the software ABAQUS, and the numerical analysis and the
experimental data were compared. The results showed that the proposed model could
accurately simulate nonlinear material behavior of composite laminates. In addition,
parametric studies for effects of laminate layup, geometric variables, washer size and
clamping pressure on the failure load of composite laminates with a pin/washer loaded joint
were presented.
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1. INTRODUCTION

Recently, fiber-reinforced plastic composites (FRPCs) have
been used widely used in aerospace industry, automotive, and civil
engineering due to light weight and high mechanical properties.
Generally, a FRPC laminate in service is drilled the hole for bolt
joints to facility to its assemble or disassemble, as well as
applications for transferring loads between structural components
[1]. However, the bolt-jointed composite laminates are
accompanied with stress concentration of a pin and bypass loading
of washers surrounding the hole to cause the reduction in the load
carrying ability of their structure. In the past two decades, a major
of researches have focused on the evaluation of joint’s strength and
the prediction of its failure mechanism of composite laminates with
pin-loaded joint. Collings [2] and Kretsis and Matthews [3]
reported that the magnitude of initial clamping force has a
significant effect to shift the failure mechanism and the sequence
where this failure appears and suppresses the failure response near
joints of composite laminates. An extensive list of pertinent
publications was provided by the review papers of Thoppul et al. [4]
and Camando and Matthews [5]. In recent years, some studies
improved and proposed the numerical models to accurately predict
the failure strength or the failure mechanism of composite laminates
with pin stress [6-10] and/or washer clamping pressure [11-13].
As mentioned above, the investigation of the failure behavior of pin-
loaded composite laminates with clamping pressure have been
Lin and Hu
[14,15] verified that the nonlinear models, including stress-strain

received considerable attention and most critical.

relations, mixed failure composed of the Tsai-Wu, maximum stress
criteria, and post failure response, were applicable for simulating
the nonlinear behavior of a FRPC subjected to uniaxial or biaxial
tensile load. Hu et al. [16] reported that this proposed material
constitutive models were proved to correctly simulate the nonlinear
behavior of composite skew plates under uniaxial compressive
force. On the other hand, a few studies explored to accurately
predict the nonlinear behavior of a FRPC, which was used for
strengthening square reinforced concrete plates [17-19].  To date,
there is little information available simulations on determining the
damage behavior of individual lamina in the composite laminate
with a pin/washer-loaded joint using the proposed nonlinear
analysis model, including stress-strain relations, mixed failure
criteria, and post failure response. Therefore, a main objective of
this present study was to evaluate the capability and generality of
the proposed models using the ABAQUS finite element program
[20] for the nonlinear analysis of FRPC with pin-filled hole
subjected pin stress and washer clamping pressure. Additionally,
the models were validated with the experimental results of Okutan
[21] and Hung and Chang [22]. Furthermore, a series of numerical
analyses were demonstrated to investigate the influences of
laminate layups, geometric variables, and washer clamping pressure
on the failure load of composite laminates with a pin/washer-loaded
joint.

2. NONLINEAR FINITE ELEMENT
MODEL

The finite element software package (ABAQUS program)
was used to carry out the numerical analyses of a FRPC [20].

In this the software simulation, the constitutive models to
simulate the entire load-displacement behavior of a FRPC were
employed. On the other hand, the reliable nonlinear material
model for a FRPC was implemented into a FORTRAN
subroutine and linked to the ABAQUS finite element program,
including nonlinear constitutive law, mixed failure criterion and
post failure mode.

2.1 Modeling of Laminate, Pin and Washer

Each FRPC lamina was considered as an orthotropic layer
(Fig. 1). In in-plane shear stress—strain relation, it is observed
that the nonlinearity of the unidirectional fibrous composite
subjected to in-plane transverse loading. However, the degree
of nonlinearity is not comparable to the deviation from linearity
in the in-plane shear [23]. Therefore, Jones and Morgan [24]
reported that this nonlinearity, which is associated with the
transverse loading, can be negligible.  Accordingly, the
nonlinear strain-stress relation to model the nonlinear in-plane
shear behavior of a composite lamina is shown by [23]:
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where Seee6 1s the in-plane shear nonlinearity, which is one
constant that is determined by a curve fit to various off-axis
tension test data [23]. In the constitutive equations of the
lamina, its increment of stress-strain relations (A{c’}) and
transverse shear stresses (A{t}) can be written as:
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Fig. 1 Material, element, and structure coordinates of a FRCP
laminate
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The [Q1’] and [Q2'] are inverse matrices of each equations.
The o and o, are shear correction factors and taken to be 0.83
in this study.

Before assembling the stiffness matrices from element
level to global level, the constitutive matrices of composite
materials at element integration points must be calculated. For
fiber-composite materials, the increment of constitutive
equations of a lamina in the element coordinates (x, y, z) can be
written as:

Afo} =[01] Afe}, Al =[] A{y,} 4)
where

A{G} = A{Gs, Gy, Ou )T, Ale} = Afey, &, €0)7, A{T} = A{T,
Tz}, A} = Az, 1} 7, and

[0 1=[RT O], [0:1=[L1 1O51IT:] )
cos?0 sin’@ sin0cos O
[i]= sin® @ cos’ 8 —sinO cosO |,

—2sinBcos® 2sinBcos® cos’O—sin’O

cosB sin®
[Tz]:|: } (6)

—sin® cos0

The 6 in Eq. (6) is measured counterclockwise from the
element local x-axis to the material 1-axis (Fig. 1).

For failure criteria, the Tsai-Wu criterion [25] is adopted
in this study.
conditions has the following form:

This failure criterion under plane stress

F 01+ F,0,+F, 07 +F, 0,05+ Fy 63 + Fg 01 =1 (7
with
1 1 1 1
F=—s+ i,, B=et=, Fli===, ==,
X X Y XX YY
1
F(»e:?

The X and X’ are the longitudinal strengths of the
lamina in tension and compression. The Y and Y’ are
the transverse strengths of the lamina in tension and
compression. The S is shear strength of the lamina. For
the stress interaction term, Fi12, which is equal to zero for
practical engineering application [26]. According to Eq. (3),
it has indicated incremental loading is applied to composite
plates until failures in one or more of individual plies.
However, the failure mode are not distinguished in Tsai-Wu
criterion.  Therefore, the following two rules are used to
determine the ply failure that is caused by resin fracture or
fiber breakage [27]:

(1) If o1 exceeds the uniaxial strength of the lamina, i.e.
62X or o, <X, the ply failure is caused by the fiber
breakage and it assumed a total ply rupture. The constitutive
matrix of the lamina is expressed as:

000
[01=|0 0 O ®)
000

(2) If o1 exhibits less than the uniaxial strength of the
lamina in the fiber direction, i.e. X’< 0o, <X, the ply failure
is assumed to be resin induced. The constitutive matrix of the
lamina is written as:

00
[01=] 0 0 0 ®
00

The laminated shells are modeled by eight-node
isoparametric shell elements with six degrees of freedom per
note, including three displacements and three rotations in the
finite element analysis.
formulated by employing the reduced integration rule together
with hourglass stiffness. For modeling of a pin and a washer,
they both are assumed as rigid body, and twenty-node

The element stiffness matrix is

isoparametric solid elements with three degrees of freedom
(three displacements) per note are used.

2.2 Geometrical Modeling

In order to simulate the practical application, all
geometrical modeling including one composite laminate, one
pin and two washers were established.  Sizes of a laminate, pin,
and washer are defined as shown in Fig. 2, where L is the length,
W is the width, ¢ is the lamina thickness, D is the diameter of a
hole, Dy, is the diameter of a washer, and E is the distance from
the free edge of the composite. The analyzed composite
laminates with one pin and two washers were set according to
boundary conditions as shown in Fig. 3. The fiber orientation
of the laminate can be selected arbitrarily, but it must be
symmetric for the middle plane of the plate. The laminate is
subjected to uniaxial tensile load only (Fig. 3), and it is not
applied by out-of plane loading, bending or torsion. The
laminate is assumed to be perfectly bounded, and no slipping
occurs within the laminate.  Eight node shell elements are used
to simulate the laminate in the numerical analysis. ABAQUS
program can automatically transform the local stresses and
strains of the shell element in each lamina to global coordinates
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Fig. 2 Geometric conditions of the composite laminate (a), the
pin (b), and the washer (c)
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Boundary conditions:

w=0 on sides of AB, BC, and AD
v=w=10 on the side of CD

u=v=_0 around inner diameter of the washer
u=v=w=0 onthetopandbottom of the pin

Fig.3 Boundary conditions of the composite laminates
subjected to tensile force (F) and washer clamping
pressure (Peia)

(Fig. 1). Basically, each incremental step calculates stresses
and strains, and the occurrence of failure and the mode of failure
were determined by the failure criteria.
property degradation of models, mechanical properties in the

According to the

damaged area reduce appropriately. Any additional damage
will be determined by recalculated stresses and strains as a result
of stress redistribution at the same load. When the laminates
cannot sustain any additional load, the final failure load is
determined.

3. VERIFICATION OF THE
PROPOSED MODEL

In order to verify the proposed nonlinear failure analysis
model, numerical results generated from the model are
compared with the test data measured from two experiments
[21,22].  One of the experimental data for a pin-loaded
composite laminate was taken from Okutan [21]. The other for
a pin/washer-loaded composite laminate was taken from Hung
and Chang [22]. Hence, two systems, including a pin-loaded
composite and a pin/washer-loaded composite, were set up to
verify the proposed nonlinear failure analysis model and
conduct parametric studies.

In the following, the numerical result in terms of the failure
load carrying capacities and load-displacement relations. The
results of the comparison are presented as follows:

3.1 Composite Laminates with a Pin-loaded Joint

A typical finite element mesh of a composite laminate with
hole is shown in Fig. 4(a). A large number of elements at the
edge of the hole was set to obtain a better accuracy of the
Comparisons on load-displacement relations
between the predictions and the experimental data of [0/90/0]s
and [90/0/90]s for different width/diameter (/D) and edge
distance/diameter (E/D) are presented in Fig. 5. The

stresses.

experimental data obtained from Okutan [21] was compared
with the predications based on the model in this study. The
material was a glass-fiber/epoxy composite, and a laminate
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Fig. 4 A typical finite element mesh of a laminate with pin-
filled hole and different washer size (Dw/D)
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Fig. 5 Comparisons on load-displacement relations of
composite laminates with a pin-loaded joint between
the predictions and the experimental data [21]
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length (L), a lamina thickness (#) and hole diameter (D) were
fixed to 5 cm, 0.055 cm, and 0.5 cm, respectively. The
material properties and strengths of this composite is
summarized in Table 1.  The coefficient of friction between the
pin and the laminate was assumed to be 0.2 for the calculations.
Overall, the predictions agreed with the experimental test data
very well. Additionally, the results exhibited that the failure
load and the load-displacement relations of all layup composite
laminates were in good agreement with experimental data.
The error for failure loads between the prediction and the
experimental data was about 3% ~ 5%.

The validity of the proposed model for effects of £/D on
three failure modes of [0/90/0]; and [90/0/90]s with fixed 2 of
W/D as compared to the experimental test and the analysis
obtained from Okutan [21] is shown in Fig. 6. The net-tension
stress (onr = F/(W — D)t.) is defined as the failure load (F))
divided by the width subtracted the hole diameter and the
composite laminate thickness (#); the shearing stress (Gsz =
Fj/Et.) is defined as the failure load divided by the distance of
the edge and the composite laminate thickness; the bearing
stress (Osr = Fy/Dt.) is defined as the failure load divided by the
hole diameter and the composite laminate thickness. These
failure modes have been observed experimentally that
mechanically fastened joints fail, including net-tension, shear-
out, and bearing. Typical damage mechanism due to each
modes is shown in Fig. 7. The parameters of the materials
properties,  geometrical  dimensions, and  laminate
configurations can affect the failure load, mechanism of failure,
the position of the initial failure, and the magnitude of the first
ply failure load. The results exhibited that the three predicted
failure stresses for [0/90/0]s and [90/0/90]s were in a great
agreement with the experimental data within 10% error.
Furthermore, the prediction showed much better fit than the

Table 1 Material properties of composites used in the

calculations

. . Glass-fiber/epoxy | T800H/3900-2
Material properties 21] [22]

Moduli

Longitudinal Young’s
modulus, £, (GPa) a4 160
Transverse Young’s
modulus, £, (GPa) 10.5 2.0
In-plane shear modulus, G,

(GPa) 3.7 6.2
Poisson’s ratio, vy, 0.36 0.28
Shear nonlinearity

parameter, Sesss (GPa)~> L7 30.5
Strengths
LOIlgltudll’lEll tensile 300 2840
strength, X (MPa)
Longitudinal i
ongitudina E(,)mpresswe 350 _ 1551
strength, X~ (MPa)
Transverse tensile strength, 50 44
Y (MPa)
Transverse cg,mpresswe 125 168
strength, ¥ (MPa)
Shear strength, S (MPa) 120 365
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Fig. 6 Three failure modes with various E/D for [0/90/0]s and
[90/0/90]s composite laminates with a pin-loaded joint
(W/D=2)
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(b) Shear-out
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(c) Bearing

Fig. 7 Typical failure modes of the composite laminates with
a pin-loaded joint

analysis obtained from the literature [21]. The calculation
verified that the proposed laminate model in this study is
applicable for the laminate with a pin-loaded joint subjected to

tensile stress.

3.2 Composite Laminates with Pin/Washer-
loaded Joints

In order to verify the feasibility of the proposed laminate
model for the laminate with pin-filled hole subjected to tensile
stress and washer clamping pressure, the experimental data
obtained from Hung and Chang [22] were compared with the
predications based on the model in this study. A typical finite
element mesh of a laminate with pin-filled hole and different
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washer size (Dw/D) is shown in Figs. 4(b) to 4(d). Lots of
elements was set around the hole and washer clamping area to
obtain a better accuracy of the stresses. According to the
literature [22], in order to ensure that the fracture of the laminate
in bearing mode, the geometry with 8 of W/D and 6 of E/D was
selected. The initial clamping pressure (Pc..) was calculated to
the failure load (Fy) divided by the washer area (4w). The
coefficient of friction between the washer and the laminate was
assumed to be 0.15 for the calculations. The material was a
T800H/3900-2 composite, and a laminate length (L), a lamina
thickness (7), and hole diameter (D) were fixed to 15.24 cm,
0.016 cm and 0.635 cm, respectively. As shown in Fig. 8, the
predicted and the measured failure loads of [0/90]ss and
[90/+45/0]3s with pin/washer-loaded joints as a function of Peia
are presented. The outer diameter of a washer was twice of the
hole diameter (D./D =2). For [0/90]¢s with 5.5 MPa of Pea, it
exhibited that the present analysis was recorded at around 18.9
kN of F, and it was in agreement with the experimental 17.8 kN
of Fy with an error of 6.2%. Compared of the Fy of the
experimental test and the present analysis of quasi-isotropic
[90/£45/0]ss with 44.1 MPa of Pc.. The Fy of this layup
composite laminate was recorded 26.1 kN of Fr in good
agreement with 25.7 kN of Frat experimental data.
was about 1.6%.

Figure 9 shows the bearing stress of [0/90]ss and

The error

[90/£45/0]3s with pin/washer joints as a function of the initial
Pea.  Except for [90/£45/0]ss with the smaller Pe (£ 5 MPa),
the predicted bearing stress were very close to the experimental
data and the analysis obtained from the literature [22].
Generally, the smaller P.. (£ 5 MPa) is equivalent to finger-
tight pressure. In this study, using the proposed nonlinear
analysis, the predicted bearing stress of the laminate with the
specific layout and the smaller Pc» showed underestimation as
compared to the analysis [22] and the experimental data [22].
In the future, the aim of our study is to further improve the
proposed model and simulate for the nonlinear behavior of the
Overall, the results
verified that the proposed materials model are satisfactory in the

composite laminate with the smaller Pea.

laminate with pin-filled hole subjected to tensile stress and the
lager washer clamping pressure (> 5 MPa).
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Fig. 8 Comparisons on failure loads of composite laminates
with pin/washer-loaded joints between the predictions
and the experimental data [22] (W/D =8, E/D = 6, Dw/D
=2)
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Fig. 9 Bearing stress of composite laminates with pin/washer-
loaded joints as a function of the initial clamping
pressure (W/D =8, E/D = 6)

4. PARAMETRIC STUDIES

4.1 Effects of Dimension Ratios on Composite
Laminates with a Pin-loaded Joint

Figures 10 to 13 show effects of dimension ratios on stress-
strain relations of cross-ply and angle-ply composite laminates
with a pin-loaded joint. Therein, net-tension stress (onr) and

strain (€) were calculated below:

F_ -2 (10)

Oyf =—, €
M= w-bpx.” L

where F is applied load; W is the width of a composite laminate;
D is the diameter of the hole; # is thickness of a composite
laminate; A is the stretched displacement of a composite
laminate under tensile force; L is the length of a composite
For cross-ply [(6/6 —90):]s with fixed 5 of £/D (Fig.
10), all stress-strain curves of composite laminates with the

laminate.

same fiber angle (0) exhibited the same tendency, which the net-
tension at failure (on7y) and strain at failure (g7) both decreased
with the increase in W/D. In addition, the linear stress-strain
curves occurred at cross-ply composite laminates with the
smaller 6 (say 6 < 30°), while the nonlinear curves were
observed when 6 was above 30°, especially for [(45/—45)2]s.
For angle-ply [(6/-0):]s with fixed E/D, the linear curves were
observed when the 0 was below 45°, and the ownzr and &
decreased with the decrease in W/D (Fig. 11(a) and 11(b)). At
45° of 0, it was observed that the same trend can be found to the
obvious nonlinear curves (Fig. 10(d)). Above 45° of 0 (Figs.
11(c) and 11(d)), although the & performed irregular, the onrr
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Fig. 11 Effect of W/D on stress-strain curves of angle-ply
composite laminates with a pin-loaded joint (E/D = 5)

decreased with the increase in W/D. Furthermore, it can be
seen that the onzy of [(60/-60)2]s and [(90/-90).]s were recorded
to 40 ~ 75 MPa and 10 ~ 30 MPa, respectively. The
phenomena can be explained that the more portion of matrix in
the composite laminate resists tensile direction, and it has been
well-known that the tensile resistance of matrix is extremely
weak than that of fiber. As shown in Fig. 12, it can be seen
that the oy of all cross-ply composite laminates with 1 of E/D
was the smallest. However, when E/D was above 1, no
significant difference for the onrr of all cross-ply composite
laminates was observed, but this value fell inside the range of
150 ~ 200 MPa. In the following, Fig. 13 illustrated that
effects of E/D on stress-strain curves of angle-ply composite
When 0 was below 45°, it
was also observed that the onrrand € of laminates with 1 of E/D
were both the smallest. However, when E/D was above 1, the
increase in the stiffness and the decrease in the & with the
increase in £/D were observed, but there was no significant
difference for the onrr.  This value fell inside around 150, 200,
75 and 30 MPa at 0°, 30°, 60° and 90° of 0, respectively.

laminates with a pin-loaded joint.
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Fig. 12 Effect of E/D on stress-strain curves of cross-ply
composite laminates with a pin-loaded joint (W/D = 2)
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Fig. 13 Effect of E/D on stress-strain curves of angle-ply
composite laminates with a pin-loaded joint (W/D = 2)

Effects of W/D and E/D on the onryof cross-ply and angle-
ply composites with a pin-loaded joint as a function of 6 are
presented in Fig. 14.  Figure 14(a) illustrated effect of W/D on
the onry for the cross-ply composite laminates with fixed E/D.
It was observed that with the same layup and 6, the owrr
increased with the decrease in W/D. In addition, with the same
layup and W/D, the maximum Onzy was observed at 45° of 0.
The result might be that the shear resistance of the fibers was
taking the major portion of loading.  This value increased from
58.6 MPa to 194.7 MPa when W/D decreased from 5to 2. In
the case of effect of £/D as indicated in Fig. 14(b), similar trend
can be found with the results of laminates with fixed E/D (Fig.
14(a)), which the o7y was maximum and was symmetric with
respect to 45°.  In addition, it can be seen that with same layup
and 0, the onzy of laminates increased with the decrease in E/D.
However, when 6 is smaller (say 6 < 30°) or larger (say 6 > 60°),
it was different condition for a laminate with 1 of E/D compared
to the other laminates. Obviously, it can be speculated that the
different failure mechanism occurred during these ranges.

Even so, the oy of the laminates with different £/D exhibited
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the narrow range from 140 MPa to 200 MPa. Furthermore,
when E/D was above 2, no significant difference for the onzy of
the laminates was observed. Therefore, the result showed that
effect of £/D was insignificant on the onrrof cross-ply laminates
with a pin-loaded joint. Figure. 14(c) shows changes in W/D
for the onryof [(6/-0)2]s with fixed £/D. It can be seen that the
onryincreased with the decrease in W/D. With the same layup
and E/D, the maximum onry of laminates occurred during the
range of 10° ~ 45° of 8. This phenomenon can be explained
that the portion of fibers initiated to endure transverse stress.
When 6 was during the range of 45° ~ 60°, the onrrof laminates
decreased with the increase in 8. This phenomenon could be
attributed to the decrease in longitudinal stress of fibers because
fibers turned in the transverse direction. Above 60° of 0, the
onry of laminates leveled off. As shown in Fig. 14(d), effects
of E/D on the onry of [(6/-0)2]s with fixed W/D are presented.
When 6 was below 45°, changes in E/D affect significantly the
onry of laminates, especially with 1 of £/D. However, when 0
was above 45°, it can be seen that effects of E/D on onzy of
Conclusively, for [(6/6—90):]s
with different E/D, the optimal 6 for failure load is 45°.
Additionally, when E/D of [(6/-0):]s is above 1, there is no
significantly difference for onzy and the optimal 0 is around 30°
~45°,

Figures. 15 and 16 show effects of E/D on deformations of

laminates was insignificant.

[(45/-45)2]s with a pin-loaded joint. From numerical analysis
in this study, the failure modes of composite laminates can be
identified. For [(45/-45)2]s with smaller W/D (= 1.5), this
layup laminate with 1 or 5 of £/D both seem to occur net-tension
failure (Fig. 15). For [(45/-45).]s with larger W/D (= 5), shear-
out failure and bearing failure performed in this layup laminate
with 1 and 5 of E/D, respectively (Fig. 16). In this study, the
results implied that the dimension ratios, especially W/D and
E/D, affect significantly the failure mode of composite
laminates with a pin-loaded joint. According to this
identification, when W/D was beyond 3, it was determined that
the transition of the failure mode at a [(45/—45)2]s composite
laminate.
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Fig. 14 Effect of W/D and E/D on the net-tension stress at
failure of cross-ply and angle-ply composite laminates
with a pin-loaded joint as a function of fiber angles (8)
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Fig. 15 Effect of £/D on the deformation of [(45/—45).]s with
a pin-loaded joint (W/D = 1.5)

Fig. 16 Effect of £/D on the deformation of [(45/—45).]s with
a pin-loaded joint (W/D =5)

4.2 Effects of Washer Size and Clamping Pressure
on Composite Laminates with Pin/Washer-
loaded Joints

Figure 17 shows effect of washer size (Dw/D) on load-
displacement relations of pin/washer-loaded [(6/—0)2]s with
fixed clamping pressure (41.4 MPa). The Fpr and ALps are
defined as the load and displacement at failure of composite
laminates with a pin-loaded joint. The Frand ALy are defined
as the load and displacement at failure of composite laminates
with pin/washer-loaded joints. For composite laminates with
the same 0, its Frand ALy increased significantly with increase
in D./D. Especially, the Frand ALy of the composite laminate
with 4 of D./D both were both at least 2 times greater than Fpr
and ALpy, respectively. This phenomenon could be explained
that the resistance of pin-loaded concentration and the ductility
both can be improved by adding washers. In addition, the
load-displacement curves exhibited the nonlinear behavior
when the composite laminates were applied by washer clamping
pressure. Also, it can be observed obviously that the ALy of
composite laminates with the same D./D increased with the
increase in 0 up to 45°, but no significant difference can be seen
for Fr.  Furthermore, the maximum Fy and AL; occurred at
[(45/-45)2]s, and the ALy of this laminate with 4 of D./D
increased by 5.6 times greater than ALp.. It can be calculated
that effect of D./D has an impact on the ALy more than the F7.
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Fig. 17 Effect of washer size on load-displacement relations
of angle-ply composite laminates with pin/washer-
loaded joints (W/D =8, E/D = 6, Pcia = 41.4 MPa)

Figure 18 illustrated that effect of clamping pressure (Peia)
on Fys of cross-ply and angle-ply composite laminates with
fixed 3 of Dw/D. For cross-ply [(6/6—90)2]s; with the same 6
(Fig. 18(a)), the Frincreased with the increase in Peu, and the
maximum Fy occurred at [(45/—45)2]s.  From the normalized
load ratio (= F/Fpy) of [(6/6-90):]s (Fig. 18(b)), it was
calculated to determine the efficiency of Pc. on the Fr of
composite laminates. The results demonstrated that the
normalized load ratio slightly increased to around 1.5 at 41.4
MPa of P regardless of 8. For angle-ply [(6/-0)2]s with the
same 0 (Fig. 18(c)), the Fy showed the similar tendency with
conditions of [(6/6—90):]s, which the Fy increased with the
increase in Pcq and the maximum Fr occurred at 45° of .
The normalized load ratios during 30° ~ 60° of 6 was also
similar tendency with conditions of [(6/6-90)2]s;, which
increased slightly to around 1.5 with the increase in Pei (Fig.
18(d)). However, for [(0/0)2]s and [(90/90):]s, these
normalized load ratios increased significantly to 4.6 and 5.3,
respectively. Conclusively, influence of P.. on the Fy of
[(6/6-90).]s with all 6 was limited, and that of [(6/-0)2]s was
also insignificant, except for the small 6 (say 6 < 30°) and
large 6 (say 6 > 60°).

In the following, effects of Dw/D on the Fy of cross-ply
and angle-ply layup laminates with fixed 41.4 MPa of P, are
From Figs. 19(a) and 19(c), each
composites with the same layup and the same 0, the Fis

presented in Fig. 19.

increased with the increase in Dw/D.  As shown in Fig. 19(b),
the normalized load ratio of [(6/6—90):]s with the same 6
increased with the increase in Dw/D. In addition, when D./D
was 4, it can be seen that the Fr was at least twice of the Fpy
for all laminates. On the other hand, the normalized load
ratio of [(0/0)2]s and [(90/90):]s with 4 of Dw/D showed the
significant increase to 7.9 and 4.5, respectively (Fig. 19(d)).
However, when 6 was during 30° ~ 60°, the normalized load
ratios of [(6/-0)2]s with 4 of D./D have the slight increase to
around 2. Above all, it was calculated that effect of D./D on
the Frof composite laminates was more significant than effect
of Peia.
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Fig. 18 Effect of clamping pressure on failure loads of cross-
ply and angle-ply composite laminates with
pin/washer-loaded joints (Dw/D =3, W/D =8, E/D = 6)
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Fig. 19 Effect of washer size on failure loads of cross-ply and
angle-ply composite laminates with pin/washer-
loaded joints (W/D =8, E/D = 6, P.ia = 41.4 MPa)

5. CONCLUSIONS

In this study, nonlinear FE analyses for composite
laminates with pin-filled hole subjected to tensile force and
Based on the
numerical results, the following conclusions may be drawn:

washer clamping pressure were performed.

1. The influence of nonlinear in-plane shear significantly
affects the load-displacement curves of composite
laminates with [(6/6—90):]; and [(6/-6)2]s laminate layups.
The most significant influence occurred at 45° of 0, and
this influence is less significant when 6 deviates from 45°.

2. Effects of W/D on the net-tension stress at failure of
composite laminates with a pin-loaded joint is more
significant, which decreased with the increase in W/D. For
[(6/6—90)2]s laminate layups with different /D, the optimal
fiber angle 6 for failure load is 45°.  For [(6/—6)2]s laminate
layups, the optimal fiber angle 0 is the range of 7.5° ~ 45°.

3. Effects of E/D on the net-tension stress at failure of
composite laminates with a pin-loaded joint are
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insignificant, expect for 1of E£/D, but are significant for the
strain.  For [(6/6—90):]s laminate layups with different
E/D, the optimal fiber angle 8 for failure load is 45°.
When E/D of [(6/-0):]s is above 1, there is no significant
difference for net-tension stress at failure, and the optimal
fiber angle 6 is around 30° ~ 45°.

From numerical analysis in this study, the failure modes of
composite laminates with pin-loaded joint can be identified.
According to this identification, it was determined that the
transition of the failure mode at a [(45/-45)2]s composite
laminate when W/D was beyond 3.

Effects of Dw/D on the load-displacement relations of
composite laminates with pin/washer-loaded joints are
more significant. The nonlinear load-displacement
curves occur for all composite laminates. In addition,
both the failure load and the strain at failure increased with
the increase in Dw/D.

Effects of Dw/D on failure loads of all layup composite
laminates with pin/washer-loaded joints as a function of 0
are more significant than effects of Pca. For [(6/6-90)2]s,
the increase in Fy with all of 6 was limited. For [(6/-0)2]s,
when 0 was the small 0 (say 6 < 30°) or large 6 (say 6 > 60°),
the Frsignificantly increased with the increase in Dw/D.

18.

REFERENCES

damage model for mechanically fastened joints in
composite laminates,” Journal of Composite Materials, Vol.
33, No. 24, pp. 2248-2280 (1999).

directional CFRP laminates,” Composites, Vol. 8, No. 1, pp.
43-55 (1977).

in glass fibre/epoxy laminates,” Composites, pp. 92-102 (1985).

. Thoppul, S. D., Finegan, J., and Gibson, R. F., “Mechanics

of mechanically fastened joints in polymer—matrix
composite structures — a review,” Composites Science and
Technology, Vol. 69, No. 3—4, pp. 301-329 (2009).

. Camanho, P. P. and Matthews, F. L., “Stress analysis and

strength prediction of mechanically fastened joints in FRP:
a review,” Composites Part A, Vol. 28, No. 6, pp. 529-547
(1997).

in composite laminates: Evaluation of load bearing capacity,”
Composites Part B, Vol. 42, No. 4, pp. 949-961 (2011).

pin-loaded composite laminates: A limit analysis approach,”
Composite Structures, Vol. 93, No. 4, pp. 1217-1224 (2011).

delamination onset and growth in pin loaded composite
laminates,” Composites Science and Technology, Vol. 72,
No. 10, pp. 1096-1101 (2012).

“Progressive failure analysis of bolted single-lap composite
joint based on extended finite element method,” Materials
& Design, Vol. 37, pp. 582-588 (2012).

11.

14.

17.

24.

26.

27.

£ RE—OD

Atas, A., Mohamed, G. F., and Soutis, C., “Effect of
clamping force on the delamination onset and growth in
bolted composite laminates,” Composite Structures, Vol.
94, No. 2, pp. 548-552 (2012).

. Zhou, S., Wang, Z., Zhou, J., and Wu, X., “Experimental

and numerical investigation on bolted composite joint made
by vacuum assisted resin injection,” Composites: Part B,
Vol. 45, No. 1, pp. 1620-1628 (2013).

. Kapidzi¢ Z., Nilsson L., and Ansell H., “Finite element

modeling of mechanically fastened composite-aluminum
joints in aircraft structures,” Composite Structures, Vol.
109, pp. 198-210 (2014).

Lin, W.-P. and Hu, H.-T., “Nonlinear analysis of fiber-
reinforced composite laminates subjected to uniaxial tensile
load,” Journal of Composite Materials, Vol. 36, No. 12, pp.
1429-1450 (2002).

. Lin, W.-P. and Hu, H.-T., “Parametric study on the failure

of fiber-reinforced composite laminates under biaxial
tensile load,” Journal of Composite Materials, Vol. 36, pp.
1481-1503 (2002).

. Hu, H.-T., Yang, C.-H., and Lin F.-M., “Buckling analyses of

composite laminate skew plates with material nonlinearity,”
Composites: Part B, Vol. 37, No. 1, pp. 26-36 (2006).

Hu, H.-T., Lin F.-M., Liu, H.-T., Hung Y.-F., and Pan, T.-
C., “Constitutive modeling of reinforced concrete and
prestressed concrete structures strengthened by fiber-
reinforced plastics,” Composite Structures, Vol. 92, No. 7,
pp. 1640-1650 (2010).

Lesmana, C., Hu, H.-T., Lin, F.-M., and Huang, N.-M.,
“Numerical analysis of square reinforced concrete plates
strengthened by fiber-reinforced plastics with various
patterns,” Composites: Part B, Vol. 55, pp. 247-262 (2013).

. Lesmana, C. and Hu, H.-T., “Parametric analyses of square

reinforced concrete slabs strengthened by fiber-reinforced
plastics,” Construction and Building Materials, Vol. 53, pp.
294-304 (2014).

. Abaqus Inc. Abaqus analysis user’s manuals and example

problems manuals, version 6.11 Providence, Rhode Island;
2011.

failure strength for pin-loaded multi-directional fiber-glass
reinforced epoxy laminate,” Composites: Part B, Vol. 33,
No. 8, pp. 567-578 (2002).

. Hung, C.-L. and Chang, F.-K., “Bearing failure of bolted

composite joints, Part II: Model and verification,” Journal of
Composite Materials, Vol. 30, No. 12, pp. 1359-1400 (1996).

. Hahn, H. T. and Tsai, S. W., “Nonlinear elastic behavior of

unidirectional composite laminae,” Journal of Composite
Materials, Vol. 7, No. 1, pp. 102-118 (1973).

Jones, R. M. and Morgan, H. S., “Analysis of nonlinear stress—
strain behavior of fiber-reinforced composite materials,” AT4A
Journal, Vol. 15, No. 12, pp. 1669-1676 (1977).

. Tsai, S. W. and Wu, E. M., “A general theory of strength

for anisotropic materials,” Journal of Composite Materials,
Vol. 5, No. 1, pp. 58-80 (1971).

Narayanaswami, R. and Adelman, H. M., “Evaluation of
the tensor polynomial and Hoffman strength theories for
composite materials,” Journal of Composite Materials, Vol.
11, No. 4, pp. 366-377 (1977).

Sih, G. C. and Skudra, A. M., Failure mechanics of
composites, Elsevier Science Publishers, The Netherlands,
pp. 71-125 (1985).

Olmedo, A., Santiuste, C., and Barbero, E., “An analytical
model for predicting the stiffness and strength of pinned-
joint composite laminates,” Composites Science and
Technology, Vol. 90, pp. 67-73 (2014).

18128 9H WfE
109% 18 22H 8%
109F 38 160 #%




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Japan Color 2001 Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks true
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (Japan Color 2001 Coated)
      /DestinationProfileSelector /WorkingCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 400
        /LineArtTextResolution 1200
        /PresetName <FEFF005B9AD889E367905EA6005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 0
      /MarksWeight 0.283460
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /JapaneseWithCircle
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed true
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


