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Abstract: The aim of this study 1s computing and evaluating the behavior of the lammated composite plate at
the contact area in single lap, mechanically fastened joints. The analyses involve three dimensional finite
element models performed by ABAQUS 6.4-PR11 code to evaluate the stress distribution n contact surface,
separation angle, the magnitude and location of maximum radial stress. Results are determined for composite
laminates with different layer configurations and attempts are made to validate the models with previous works.
For cross ply and angle ply configurations only symmetric stacking sequences are used while for quasi-
1sotropic lammate both symmetric and non-symmetric models are generated. In cross-ply laminate symmetric
separation about bearing plane could be found while in quasi-isotropic and angle-ply laminates non-symmetric
separation occurs. Also, the separation angle 1s less than 90° in symmetric laminates and greater than 90° in

some plies of non-symmetric laminates.
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INTRODUCTION

In practical structures, composite laminates are often
fastened to other structural components and a mechanical
joint by means of pin or bolt 1s widely used. High stress
concentration near the contact area between plates and
pmmay cause failure. As aresult, composite bolted joints
could fail at much lower bearing stress than their
counterparts made of isotropic materials such as metals.
The bearing stress is defined as the compressive load
applied onto the laminate divided by the projected cross
sectional area of the bearing surface. The projected area
is calculated as the product of the diameter of the hole
and the thickness of the laminate. Therefore, exact stress
field 1s first step to get true outputs.

Analytical method 13 done by Madenci and Ilen
(1993) to predict contact stresses in mechanical jomnts with
single fastener, with two fasteners and with a row of
fasteners. Experimental results are a large part of literature
published and effects of clearance (Kelly and Hallstrom,
2004) and geometry parameters (Igten and Sayman, 2003;
Okutan, 2002; Karakuzu et ai., 2006, Mevlit Tercan and
Altas, 2005) are investigated. Also, numerical models are
generated and results are mvestigated. Okutan and
Karakuzu (2003) investigate the effects of geometric
dimensions on the strength of pmned joints and show a
defimte dependence of bearing strength on stacking
sequence. Two different symmetric carbon-epoxy

composite laminates are used to obtain the strength
behavior and the optimum geometry of pinned joints
using experimental and numerical models by Aktas and
Dirikolu (2003, 2004). Three dimensional finite element
analysis is used to examine the effects of belt-hole
clearance on behavior of composite bolted joints by
McCarthy and McCarthy (2005).

In present study a three dimensional finite element
model has been generated to solve for contact area in
composite joints. As previously concluded, contact area
18 less than 180° (Chang, 1986) and its magnitude depends
on geometry parameters, layer configurations, material
properties and also friction and clearance between pin and
plate. First, symmetric laminated composite models of
quasi-isotropic, cross-ply and angle-ply configurations
are generated to study the separation angle, the
magnitude and location of maximum radial stress in each
ply. Then, non-symmetric quasi-isotropic laminate is used
to evaluate the behavior of laminated composite plate at
contact surface. No previous three-dimensional studies
on variation of separation angle through thickness and
radial stress distribution in non-symmetric laminated
joints have been found in literature.

PROBLEM DESCRIPTION

Consider a composite rectangular plate of length L,
width W and thickness t with a hole of diameter D. The
hole is at distance E from the free edge of the plate. This
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Tahle 1: The geome try parame ters of the model

Length (L) Width (W)  End distance (F) Diameter (O)  Thickness (f)
{10 { T ) (i) | T { T )
280 32 32 6822 161

Table 2: Elastic properties for the unidirectional laraiva (Trong ef al,
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Fig. 1. The geometry of the pinned-joint problem

geometry 15 used with single pin to form a single lap joint
(Fig. 1) and geometry parameters are shown in Table 1
The rigid pin is located at the center of the hole and a
tensile load of 1.2 kM is applied to the plate. The
laminated composite plate is consisted of eight layers with
properties as in Table 2. Plate’s layer configuration is
changed to investigate the effects of that on the contact
area. Only the case of equal pin and heole radius is
investigated because it 15 sufficient for present purposes.

FINITE ELEMENT MODEL

The finite element method iz used to determine the
stress field around a hole in a pin-leaded laminate. The
stress field around a hole in a laminate when subject to
pin or bolt leading has been shown to be three-
dimensional (Camanho ef af, 1998; Ireman, 1998} and thus
a three-dimensional finite element model 15 necessary to
compute the multi-axial stress state which exists at the
hole and the surrcunding area. Finite element models of
the pindcaded laminates are developed using the
ABAQUS (2007) finite element code (Fig. 2.

Each ply 1z modeled using a layer of linear
isoparamnetric three-dimensicnal solid brick elements
(CED 3, with the mesh being refined around the region
adjacent to the hole 1n order to compute the contact
stresses precisely (Fig. 3). Elements further afield from
the hole where the aspect ratio of the elements was poorer
are modeled using the reduced integration element
(C8D3R) as reduced integraten scheme allewiates the
over-stiffened behavior of such elements.

Fig. 2. The finite element mesh representing of the plate

Fig. 3: Befined mesh around the hole at B =£30°

The contact stress distribution and the full three-
dimensional contact problem 15 solved in order to
determine the actual contact pressure distribution and
contact area. The master-slave contact algorithm is used
based on finite sliding conditions (ABAQUS, 2001 The
pin is modeled using an analvtical rigid surface based on
the worke of Enksson (1986) and Hyer ef af. (1987 who
concluded that the effect of pin modulus of elasticity is
minor on the resulting contact stress distnbution in the
laminate. The use of an analytcal contact surface 1s
more computationally efficient and limits geometric
discretization error in comparison to modeling the pin
using solid finite elements.

A frictionless contact 15 assumed between the pin
and the plate. Geometri cally linear analysisis performed as
both the pin and the laminate are stiff bodies which do not
undergo large rotations.

To assess the accuracy of the present finite
element calculation, the distributions of the strain are

venfied by companng results with those of previous work
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Fig. 4: Comparison of present results with previous results

as shown in Fig. 4 (Kelly and Hallstrém, 2004). Good
accuracy could be found between the results.

SEPARATION ANGLES AND STRESS
DISTRIBUTIONS IN CONTACT AREA FOR
DIFFERENT CONFIGURATIONS

Tensile load, P and existence of interaction between
the pin and the plate cause the deformation in the
composite plate (Fig. 5). As a result of deformation, two
geparation locations occur at both sides of the pin and
they are assumed to be constant through the thickness of
the laminate in previous publications. In this study,
analysis of the problem for different stacking sequences
and various conditions ig presented and in each section,
reagons and explanations for the results have been given.

Symmetric laminated composite models of quasi-
isotropic, cross-ply and angle-ply configurations are
generated first to study the separation angle, the
magnitude and location of maximum radial stress in each
ply. Then, non-symmetric quasi-isotropic laminate is used
to study the behavior of laminated composite plate at
contact area. The stresses at the center of each ply are
plotted. For better presentation of the figures, stresses are
normalized by the average bearing stress. The average
bearing stress is defined as:

o0,=P/Dt. (1
Where:
P = Theload
D = Thehole diameter
t = The laminate thickness

Also 8, and O, are the notations used to present
maximum radial stress and separation locations.

W,[_!:
Separation +, 5
locations | THE g, : ig_____’
o T

Fig. 5: Separation locations around the hole

Table 3: The magnitude and location of maximum radial stress and
separation angle in each ply in symmetric quasi-izotropic
[0/45/90/-45], laminate

Ply No. 109 2 (459 3 (90°) 4 (-459)
e (Mpa) 313 296 151 273
B e (degree) 0° -40° 75° 40°
-6, (degree) -84° -83° -g7° -80°
+0, (degree) 84° 81° 87° 83°

Symmetric quasi-isotropic laminate [0/45/90/-45],:
Radial stresses in each ply at the contact area are shown
in Fig. 6. Because the stacking sequence is symmetric,
results are only for four layers. The radial stresses are
compressive regardless of ply orentation. Due to high
stiffness in the loading direction, the 0° plies are under the
highest stress. High radial stress levels are also evident in
the £45° plies with the peak load occurring close to the
respective ply fiber directions where the stiffness is
high. The radial stress distribution in these plies is non-
symmetric about the bearing plane and the stresses in
+45° plies are slightly higher than the -45° plies. The
maximum radial stress in the 90° plies is shown to occur at
O.s = 73° The radial stress in 90° plies is significantly
lower than the stresses in 0° and +£45° plies which is
physically reasonable because the effective stiffness in
the load direction is lower in 90° plies.

For better understanding, the maximum radial
gtresses, their locations (8, ) and separation angle (0 ) in
each ply are shown in Table 3. The maximum radial stress
ig 313 Mpa and occurs in ply 1 (0°) at 8, = 6° which
corresponds to the direction of applied load. High radial
stresses also occur in £45° plies (296 Mpa +45° plies and
273 Mpain -45° plieg). Due to the plies direction, maximum
radial stresses in plies 2 and 4 (+45° and -45°) are lower
than the maximum stregs in ply 1 (0%). The maximum radial
stress in ply 2 (+45°) is about 8% higher than the maximum
stress in ply 4 (-45° ply). The radial stregs in ply 3 (907)
is the lowest stress (151 Mpa) between plies which is
physically reasonable with respect to fibers orientation.
Ag it can be seen, in ply 1 (0% and ply 3 (90), the
separation angles (0,) are symmetric (84° and £87°) while

1481



J. Applied Sci., 8 (8): 1479-1486, 2008

0.5
0.0 Wi -y
) /\ / ;
-1.5
5
=]
g X /
o
. / E\\,/
2.5
/ —4— Ply 1 (0°)
—o— Ply 2 (45°)
-3.0
—=— Ply 3 (90°)
—8— Ply 4 (-45°)
-180 -160 -140 -120 -100 -80 -60 -40 -20 0 20 40 60 8 100 120 140 160 180

8 (Degree)

Fig. 6: Radial stress distribution around the hole in symmetric quasi-isotropic [0/45/90/-45], laminate
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Fig. 7: Separation location m quasi-isotropic [0/45/90/-45], laminate shown by (™)

Table4: The magnitude and location of maximum radial stress and
separation angle in each ply in cross ply [0,/90,]. laminate

Ply No. 1(0%) 2(0°) 3 (90°) 4 (90°)
Oy max (Mpa) 231 252 130 106
e (degree) 0° o° +60° +63°
-0, (degree) -80° -80° -81° -80°
+0, (degree) 80° 80° 81° 80°

in ply 2 (45°) and ply 4 (-45°), the separation angles (6,)
are non-symmetric (-83°, 81 and -80°, 83°). Due to
stiffness, for ply 2 (45°) the magnitude of separation angle
(0,) at clockwise direction is lower than the magntude of
separation angle (8,) in counterclockwise direction with
respect to bearing plane while for ply 4 (-45°) is vise versa

(Fig. 7).

Cross ply laminate [0,/90,]: The radial stress distribution
for the cross ply laminate 13 shown in Fig. 8. Because the
stacking sequence 1s symmetric, results are for only four

layers. As can be seen, all the 0° plies have the maximum
stresses at 0, = 0° The 90° plies experience their
maximum stresses at an angle close to 0, = 60°. The
location of maximum radial stress 0, is symmetric with
respect to bearing plane as a result of symmetric stacking
sequences. The magnitude and location of maximum radial
stress 6, and separation angle (6,) are shown in Table 4.
Due to cross-ply configuration, the separation angle
(0,) is nearly constant through thickness. The separation
angle (6,) is about 80® in all plies at both sides of contact
area which 1s due to laminate stacking sequence (Fig. 9).

Angle ply laminate [+45/-45],: The radial stresses
distributions for the angle ply laminate are shown in
Fig. 10. As can be seen, peak stresses occur close to £34°.
As aresult of plies orientations, the location of maximum
radial stress 8,,,, is non-symmetric with respect to bearing
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Fig. 8: Radial stress distribution around the hole in cross ply [0,/90,], laminate
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Fig. 9: Separation location in cross ply [0,/90,]; laminate shown by ( m—

plane (Table 5, Fig. 11). The highest radial stress occurs
mn plies 2 (-45°) and 3 (45°).

Due to cross ply configuration, the separation angle
(6,) is about 85° and nearly constant in all plies at both
sides of contact area. The contact area through thickness
1s plotted m Fig. 11.

Non-symmetric quasi-isotropic laminate
[0,/+45,/90,/(- 45),]: We shall now solve the problem for
the non-symmetric quasi-isotropic lamimate. The deformed
shape of the joint model 13 shown with actual deformation
in Fig. 12. More attention should be paid to this case
for studying the results, because bending moment
occurs 1n the lammate. Thus, as can be seen, results
show a curvature in the laminated composite plate and the

Table 5: The magnitude and location of maximum radial stress and
separation angle in each ply in angle ply [+45/-45];; laminate

Ply No. 1 (45%) 2 (415%) 3 (45%) 4 (45%)
0, e (Mpa) 192 208 208 191
B (degree) 370 340 340 37°
-8, (degree) -86° -86° -85° -85°
+8, (degree) 85° 8s5° 85° 85°

separation angles and contact area change sharply
through the thickness of laminate. This 1s caused by the
non-symmetry of the stacking secquence.

Radial stresses in each ply at the contact area are
shown n Fig. 13. Because the stacking sequence 1s non-
symmetric, results are shown for all layers. Due to high
stiffness in the loading direction, the 0° plies are under the
highest stress. High radial stress levels are evident in the
+45° plies too with the maximum load occurring close to
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Fig. 10: Stress distribution around the hole in angle ply [+45/-45],, laminate
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Fig. 11: Separation location in angle ply [+45/-45],, laminate shown by ( )
Pin_Composite plate

N\ —r

Fig. 12: Deformed shape of non-symmetric quasi-isotropic [0,/+45,/90./(-45),] laminate

Table 6: The magnitude and location of maximum radial stress and separation angle in each ply in non-symmetric quasi-isotropic [(,A445,/90,/(-45);] laminate

Ply No. 1(0% 2{(0°) 3 (459 4 (45°%) 5(90°) 6 (90°) 7 (45°) 8 (45°)
Oy e (MPa) 458 450 330 305 170 147 187 83.7
B (degree) 0 0 34 -39 76 76 45 51.0
-8, (degree) 51 57 -6 -69 79 88 90 -99.0
+2, (degree) 93 91 ) 86 89 86 79 76.0
the respective ply fiber directions. Stresses are also high For better understanding, the maximum radial

inply 7 (-45%) but extremely decrease in ply 8 (-45°). This stresses, their locations (8,,,) and separation angle (8,) in
could be reasonable because of the bending moment and  each ply are shown in Table 6. The maximum radial stress
curvature produced m laminated composite plate. The 18 458 Mpa and occurs in ply 1 (0°) at 0., = 0° which
maximum radial stresses in 90° plies occur at 0, = £76°. corresponds to the direction of applied load. High radial
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Fig. 13: Radial stress distribution around the hole in non-symmetric quasi-isotropic [0,/+45,/90,/(-45),] lammate
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Fig. 14: Separation location in non-symmetric quasi-isotropic ply [0,/4-45,/90,/(-45),] laminate shown by ( se—

stresses also occur in +45° plies (336 Mpa in ply 3 and
305 Mpa in ply 4). The radial stress in ply 8 (-45°) 1s the
lowest stress (83.7 Mpa) between plies which is
physically reasonable with respect to fibers orientation
and laminated composite plate curvature. As it cean be
seen, the separation angles (0,) are non-symmetric with
respect to bearing plane in all plies. Tt should be noted
that separation angle (6,) magnitude is greater then 90° in
ply 1 (0°), ply 2 (0°) and ply 8 (-45°) as a result of plate
curvature (Fig. 14).

CONCLUSION

In this study, three-dimensional finite element
analysis was used to examine the effects of layer
configuration on the contact area of single-lap laminated
composite pinned-joints. No previcus three-dimensional
study on varation of the contact area in symmetric and

non-symmetric laminates through thickness has been
found 1n the literature. The main findings from the study
are summarized below.

In single-lap joints, the stress distribution in the
laminate 1s non-uniform through the thickness and
stacking sequence causes three-dimensional variation in
this stress distribution.

Stress field is different in composite laminates with
different stacking sequences. The minimum magnitudes of
stresses occur in the angle-ply laminate, because none of
the layers is oriented in the loading direction. Also
because all layers are oriented at the same angle with
respect to the loading direction, the magnitude of
maximum stress does not differ sigmficantly in the layers.
Magnitudes of stress are larger in the cross ply laminate
than the angle ply laminate and in the quasi-isotropic
laminate are larger than the cross ply lammate. The cross
ply laminate has four 0° plies which have more stiffness
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with respect to 907 plies in the loading direction and
stresses are divided between these 0 plies. This causes
that the maximum radial stress m symmetric laminates
occurs 1n the quasi-isotropic laminate which only has two
0° plies.

Results show the variation of the contact area
through the thickness of the laminate even with symmetric
stacking sequence. These varations are not mvestigated
in previous works available in literature. So, this paper
states why the contact problem of laminated composite
joints should be solved m three dimensions.

In symmetric stacking sequences, the contact area 1s
symmetric in 0% and 90° plies while it is non-symmetric in
plies with other fiber orientations. Also, the contact area
15 less than 180°. In non-symmetric laminates, results
show a curvature in the lammated composite plate and
the separation angles and contact area change sharply
through the thickness of laminate. Note that, the
separation angle 1s greater than 90° in 0° and -45° plies but
the contact area 1s less than 180° in all plies.
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