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ABSTRACT

The efficiency of the machines have become key point for competition among automotive and
aircraft industries. In order to reduce the fuel consumption and increase the efficiency, industry
has a huge focus on development of lightweight materials with the comparative performance
to the traditional metals. Fiber reinforced plastics, while being light in weight and having high
load bearing capacities are often used in place of traditional sheet metal components in the
body shop. In real life applications, different components needs to be joined together to perform
the desired function. Mechanical joints generally incur low cost and facilitates easy
disassembly for the maintenance without damaging the basic components. Bolt torque, washer
and geometry of the joint are the important parameters, which affects the performance of the
joint. Therefore, to analyse the effects of aforesaid parameters, the present study deals with
experimental and numerical investigations on failure analysis of the single lap single bolt joint
under tensile loads. For manufacturing composite laminates, 2D woven glass fiber has been
used as reinforcement in the epoxy. Two different levels of torque i.e., 0 Nm and 5 Nm were
used to analyse the effect of bolt pretension on the joint performance. To study the effect of
washer size on the failure behaviour, outer diameter of the washer was varied from 12 mm to
16 mm. The geometric parameters i.e., w/d and e/d have been varied from 3to 5 and 3 to 4
respectively. From the experimental results, increasing the initial bolt pretension and w/d ratio
has shown increase in the failure load of the joint. However the efficiency of the joint decreases
with increase in w/d ratio. It was observed that the stiffness of the bolt joint increases by
reducing the outer diameter of the washer. Increasing w/d ratio has shown a positive effect on
the joint stiffness. For numerical analysis, characteristic curve method along with Tsai-Wu
failure criteria has been used in the ANSYS software. There was a good agreement between

the numerical and experimental results.
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CHAPTER 1
INTRODUCTION

A composite material is formed when two or more constitute having significantly different
properties to each other are combined together at macroscopic level. The advantage of
composite material is that, they exhibit some of the properties better than constitutes they are
made from. In general, there are two constitutes, one is called reinforcement and other one is
called matrix. Various types of reinforcements are available to form composite materials,
however, fibre reinforcement plays better role in the structural applications. Matrix is a binder
material, which holds the fibres or whiskers together to form a structural element that can carry
the load. The purpose of matrix is not only to support the fibres or whiskers and to protect them
environmentally but also to transfer load. In most of cases matrix has lower density, strength
and stiffness than the fibres or whiskers. However, reinforcing fibres into matrix, strength and
stiffness can be improved, yet the density is low. Depending upon application matrix material
can be metal, ceramics, polymer, glass or carbon. In comparison to traditional materials,
composite materials; that have high specific strength and specific modulus, have become

important in weight-sensitive applications such as space vehicles and aircrafts [1].

1.1 Classification of Composites

Broadly, on the basis of constitute used in composite materials, it can be categorised into the

as follows:

e The first category is described with respect to reinforcement used which comprises of
fibrous composite materials, laminated composite materials and particulate composite
materials and combination of composite materials. Fibrous reinforced composites are
further classified into discontinuous and continuous fibres.

e The second category is described with respect to matrix phase of composite material. It
consist of Metal Matrix Composites (MMCs), Ceramic Matrix Composites (CMCs) and
Organic Matrix Composites (OMCs). Further, OMC can also be classified into Polymer
Matrix Composite (PMCs) and Carbon Matrix Composites.

1.1.1 Fibrous Composite Materials

Fibrous composite materials consist of fibres reinforced into a matrix. Long fibres are much

stiffer and stronger than the material in bulk form. This behaviour of fibres is due to its perfect

structure and crystal alignment along the fibre axis. Besides of this in the fibres, internal defects

are less than that of bulk material of fibres. The geometrical characterization of fibre is not only

1



by its high aspect ratio but also by its near crystal sized diameter. Whiskers can be differentiated
from fibres on the basis of aspect ratio. Aspect ratio of whiskers is less than the length to

diameter ratio of fibres but it has the same near crystal sizes diameter as fibre.

1.1.2 Laminated Composite Materials

Laminated composite materials are made up of layers of at least two different materials that
are bonded together. In hybrid composite materials these individual layers can be of different
materials. Various properties such as strength, stiffness, corrosion resistance, thermal
insulation and acoustical insulation etc. can be altered upon lamination of different layers.
Stacking sequence of different layers in laminate will decide the coupling between in-plane
and out-of-plane stresses. Each layer of laminate can be either orthotropic or transversally

isotropic in nature, depends upon the layer orientation in the laminate.

1.1.3 Particulate Composite Materials

Particulate composite materials are formed when the particles of one or more materials are
suspended into matrix of another material. The particles used to form composite can be either
metallic or non-metallic. On the basis of material of particles, particulate composite can also
be further classified as Nano-composites. Reinforcement of particles to the matrix offers
several advantages. It not only strengthen the matrix but also increases number of other
properties. For example, the reinforcement of conductive particles in the plastic matrix can

improve the conductive properties of the plastic matrix.

1.1.4 Combination of Composite Materials

It is the combination of some or all of the above three types. For example, reinforced concrete
is the combination of both fibrous and particulate composite materials. Laminated fibre
reinforced composite materials are the combination of both laminated and fibrous composite

material types.

1.1.5 Polymer Matrix Composite

As it is already discussed composite material is multiphase system in which matrix is continues
phase and fibre is a dispersed phase. Although fibre is the main load bearing component of
composite material and the strength of fibre is more than that of matrix, matrix transfers the
load from one fibre to other fibre. Therefore, the performance of composite material depends
upon the performance of both fibre and matrix.

Fibre reinforced plastic is one of the composite materials in which organic polymer is used as

matrix material and fibre is used as reinforcement. Due to very good adhesive properties of



polymer, there is very good interfacial bonding between fibre and matrix which leads to

excellent mechanical properties of polymer matrix composite material.

1.2 Advantages and disadvantages of polymer matrix laminated composites
Several advantages of polymer composite material overweight the use of it. Following are some
of the advantages and disadvantages of polymer matrix laminated composite material.

(1)  Specific strength and stiffness: For the same weight, composite materials have more
strength than the metallic materials. Specific strength and specific stiffness is the ratio
of strength to density and stiffness to density, respectively. High specific strength and
high specific stiffness is the over weighted advantage of composite material.

(i)  Fatigue Strength: Unlike the traditional materials, fatigue strength of composite
material is high. Fatigue failure always initiates from the weak areas of structure such
as crack or void. But due to progressive damage of composite materials, fatigue strength
of composite material is more than the fatigue strength of metal. In general, fatigue
strength of metals is 30-50% of its tensile strength whereas in case of polymer matrix
laminated composite it is 60-80% of its tensile strength.

(ili)  Damping characteristics: The natural frequency of vibration not only depends on the
shape of component but also depends upon square root of its specific modulus. Due to
low weight, composite materials have high natural frequency and the resonance not
occur easily.

(iv)  Corrosion Resistance: Polymer matrix is not only a non-corrosive material but also
save fibres from exposure to environmental conditions at normal temperature.

(v)  Material utilization factor: Material utilization factor is the ratio of raw material
weight to final part weight. Material utilization factor for metals varies from 15 to 20
whereas in case of composite it is varies from 1.2 to 1.3.

The main disadvantage of polymer matrix composite material is the temperature constraint.

Polymer materials starts to defuse at higher temperature which reduces its application part.

Hygrothermal aging of the polymer material when it is subjected to the water or to the thermal

exposure is a critical issue, which reduces the durability of the material.

1.3 Applications

Since the development of fibrous, a composite material not only became an important
engineering material for aerospace industry but was also important for civilian instruments.
Light weight of composite material is the primary reason to use it for aircraft applications,

which can not only reduce the cost of manufacturing but also improve the performance of
3



aircrafts. Equipment’s like oil tanks, pipes to mass transfer or pumps are being manufactured
by the anticorrosive materials, glass fibre reinforced plastic is an important anticorrosive
material and used highly for these type of applications. There are also other several applications
of composite materials due to its advantages over the traditional materials.

In real life applications, different components of the machines need to be joined together to
perform the desired function and due to manufacturing and transportation limitations, there is

requirement of efficient joining methods to join two or more different parts.

1.4 Types of Laminate Joints

There are three basic joining methods for the fiber reinforced composite materials i.e., adhesive
bonding, mechanical joint and hybrid joint (adhesive + mechanical). Out of three major joining
methods, mechanical fastening is the most preferable joining method as it is simplest, less
costly and facilitates disassembly to repair without destroying the basic components of the
joint.

1.4.1 Adhesive joint

In adhesive joints, two substrates called as adherents are joined by means of adhesive materials.
The advantage of adhesive joint is its strength, which depends on the properties of adhesive
and adherents material. Cohesion of adhesive film and the adhesion of film to adherents play
the major role to define the strength of the adhesive joint. The advantages of adhesive bonding
technique are its ability to join dissimilar materials, cheapest to use and its sealing properties.
But the disadvantages associated with this technique are the surface preparation of adherents
before to apply adhesive film, disassembly of joint parts and the service temperature and

environmental limitations, which narrows the application part of this technique.

1.4.2 Mechanical joint

Mechanical joint is used to connect two or more parts together temporarily or permanently but
most of the time mechanical joint are required to disassemble for the repair or maintenance
purpose. Single lap joint, double lap joint or butt joint are the some types of mechanical joints.
Stress concentration, delamination during drilling of laminated composite and bolt-hole
clearance are the factors that influence the failure of mechanical joints. Mechanical joints are
insensitive to surface preparation, service temperature and humidity. Thus, the mechanical joint
is still the dominant fastening technique used to join the composite structural laminates.

1.4.3 Bolted joint

It is a semi permeant mechanical joint in which nut, bolt and washers are used to assemble the

basic components. Bolted joint is of two types, which can be classified on the basis of the
4



external force acting on the joint. If the line of action of external applied force is parallel to the
bolt axes, the joint is called a tensile joint. If the line of action of external applied load is
perpendicular to the bolt axes, the joint is called a shear joint. Shear joint has enormous
applications in the assembly of different structural parts whereas in most of the cases tensile
joint is used to clamp the two members together to prevent leakage.
The components of a shear bolted joint include the fastener and parts to be joined together. The
preload exerted by the bolt is the primary feature of bolted joint. This initial clamping force
ensures that the clamped parts remain in contact throughout the life of the joint and improve
the performance of joint. Washers used in the joint also have a useful purposes. They minimize
embedment of bolt head and nut into the clamped parts, aid in tightening and reduce stress
concentration around the hole. The useful effect of washer is to distribute the initial axial
preload over a large area of the clamped parts.
Design of bolted joint for polymer laminated composite materials is much more complicated
than the design of joint for metals. Nature of composite material (in general orthotropic and
brittle) results in complex fracture behaviour and number of failure modes. Therefore, it is
important to study the different failure mode of composite joint for the optimal design of joint.
Different types of failure modes are discussed below:
Bearing failure mode occurs when the bolt exerts the crushing force on laminate and laminate
fails to resist it. The failure load can be calculated using equations (1.1) and (1.2).

A, =dxt (1.1)

F=dxtXa, (1.2)
Net-tension failure mode occurs along an axis perpendicular to the longitudinal axis. Width of
specimen is responsible for the net tension mode of failure of laminate joint. The failure load
can be calculated using equations (1.3) and (1.4).

A, =(w—-d)xt (1.3)

F=WwW-d)XtXo; (1.4)
Shear-out failure mode occurs along an axis parallel to the longitudinal axis. This type of failure
occurs at low edge distance. The failure load can be calculated using equations (1.5) and (1.6).

A, =2XeXt (1.5)

F=2XeXtXTtg (1.6)
Where, A, is the resisting area, F is the failure load, g;, is the bearing strength, a; is the tensile
strength, 7, is the shearing strength, d is the diameter of hole, t is the thickness of plate, w is
the width of plate, e is the distance from side edge to centre of the hole.

5



Fig. 1.1 shows the laminate failure mode in a single bolt joint i.e., Net-tension, Shear-out and
Bearing mode. Bearing failure mode is a desirable failure mode since it is less catastrophic one
whereas net-tension and shear-out modes are catastrophic in nature which occurs without any

warning and are to be avoided for safe designing.

Q || O~ O

: ; l :

Cleavage Met-tension  Shear-out Beanng

Fig. 1.1 Failure modes [2]

1.5 Mechanical behaviour of composite material and its joint

In comparison to conventional engineering materials, composite materials have different
mechanical behaviour characteristics. Most commonly used engineering materials are
homogeneous and isotropic, however this is not true in case of composite material. Generally
composite materials are heterogeneous i.e., properties are directional dependent and non-
isotropic but in some cases it can be orthotropic or anisotropic. The ability of tailoring a
composite material as per requirement makes it advantageous over a traditional material. By
definition, isotropic materials have equal strength and stiffness in all directions but contrary to
this composite material can be manufactured to have a more stiffness and strength in any
particular direction as per requirement. This anisotropic nature (in general orthotropic) of
composite material leads to different mechanical behaviour than that of isotropic materials.
Testing criteria of composite material is also different than that of isotropic material, different
ASTM standards are available to find out the orthotropic properties of composite materials.
But due to the stress concentration around the hole in mechanical joint, joint becomes the
weakest member of the structure. In case of composite material stress concentration is not only
the factor but the nature of material also becomes the dominant factor, which make it difficult

to join. In case of bolt joint of composite materials research, the attention is given to determine
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the effect of different parameters on the bearing strength of the joint [3]. Fig. 1.2 defines the

different parameters which effect the bearing strength of composite bolted joint.

Bearing strength

A 4 A A A A
Joint Joint Loading Fastening Material
Geometry configuration Conditions Parameters parameters
Specimen Single Lap, Tension or
> ) > > )
Width Double Lap Compression
End Static or
> Single Bolt, Single
distance ) | Fatigue
Lp| bolt row, Multi-
bolt row
Hole
—> .
Diameter
A 4 A 4
Bolt/hole Bolt/washer Tightening torque _
) Washer size
Clearance Clearance or Clamping force
v v ' v
Stacking _ ) Fibre volume
Fibre Material Matrix Material .
Sequence fraction

Fig. 1.2 Different strength parameters



CHAPTER 2
LITERATURE REVIEW

Mechanical joint is the weakest part of the structure due to stress concentration around the hole.
Mechanical joints prepared from polymer composites has the lowest mechanical efficiency as
compared to that of metal. So a lot of research is focused on this area to increase the strength
of composite bolted joint and study the failure mechanism of joints. The following section
gives a brief review of work done by different researchers on the analysis of bolted joints

prepared from polymer composite laminates.

2.1 Literature review

Mechanical joints in laminated polymer composite material are discussed with the special
attention on the study of bolted joints and its numerical simulation. There are number of
parameters which effect the bearing strength of composite joint. The present section deal with
the literature published by the different researchers to study these parameters of mechanical
joint prepared from composite material.

Sen et al. [2] performed experimental study to determine failure mode and bearing strength of
bolted joint under preload. Two different geometrical parameters, edge to hole diameter ratio
(e/d) from 1 to 5 and width to diameter ratio (w/d) from 2 to 5 were chosen for this study. In
order to calculate effect of material parameter on failure mode and bearing strength, three
different stacking sequence groups[0°/0°/45°/—45°],,[0°/0°/45°/45°]¢and [0°/0°/30°/
30°] were studied. Experimental result showed that the failure mode were changed as the
preload increased from 0 to 3 Nm and 3 to 6 Nm. It was concluded that preload affects the
bearing strength of joint significantly and the bearing strength with stacking sequence of group
2 was higher in comparison to other groups for the identical parameters.

Khashaba et al. [3] investigated the effect of tightening torque and washer outer diameter on
the strength of glass fibre reinforced epoxy composites with the stacking sequence of
[0°/+45°/90°], . Torque and washer outer diameter were chosen as 0, 5, 10, 15 Nm and 14,
18, 22, 27 mm respectively. Specimen with outer diameter 18 mm and 15 Nm torque gave the
maximum bearing strength as compared to other combinations. Due to different strain in
different layers of laminate, initially delamination was observed, followed by the net tension
failure and shear out failure of laminas at 90° and 0° respectively.

McCarthy et al. [4] investigated the effect of bolt hole clearance on stiffness and strength of

single bolt, single lap bolted joint numerically and experimentally. ASTM standard D5961



was used for the manufacturing of specimens in order to obtain the bearing mode of failure.
Two torque levels were chosen for the analysis of protruding and countersunk bolted joint.
Experimental results showed that the joint efficiency decreases as the bolt hole clearance
increases. But in case of countersunk and fully torqued joint, strength of joint was found to be

insensitive to clearance. Fig 2.1 shows the boundary conditions and the mesh used to evaluate
the results numerically.
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Fig. 2.1 FEM with boundary conditions [4]

Kweon et al. [5] presented a numerical method to determine characteristic lengths for the
prediction of failure modes on characteristic curve around the hole of composite joint without

any experimentation. Fig. 2.2 shows the characteristic curve around the hole.
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Fig. 2.2 Schematic diagram of characteristic curve [5]



In the study compressive characteristic length (R,.) and tensile characteristic length (R,;) was
calculated numerically instead of experimentally. It was remarked that characteristic lengths
were not changed until unless geometry or material of specimen is changed. When the tensile
and bearing load is changed, the magnitude of stresses changed but stress distribution remains
same, so the curve lengths were insensitive to applied load mentioned in the work. Failure
analysis was done on the characteristic curve rather than on the bolt hole. This numerical study
was validated by the 52 experimental test results and the good agreement between the
experimental and numerical results was found to form a characteristic curve.

Xiao and Ishikawa [6] measured the bearing damage behaviour of composite bolted joints
using acoustic emission technique. Non-contact electro-optical extensometer was used to
measure the hole elongation. Two different matrix material i.e., Polyamide and Epoxy, were
selected to compare bearing strength and damage behaviour in carbon fibre reinforced
composite. The load-displacement curve was examined with respect to acoustic emission
characteristic and failure mechanism. It was concluded that the toughness of composite
material had significant effect on its damage behaviour. Epoxy based matrix exhibited higher
matrix cracks and delamination than polyamide matrix based laminates. But at the same time
as compared to polyamide matrix based composite, epoxy matrix based composite pin joint
showed higher failure strength due to the effect of different resin properties and interface bond
strength.

Xiao and Ishikawa [7] developed the analytical model for simulating the bearing strength and
failure behaviour of laminated composite bolted joint. Abaqus finite element code was used to
implement the model. Progressive damage and nonlinear material behaviour were taken into
account. Hashin and Yamada-Sun’s hybrid failure criteria along with degradation model were
used to analyse the stress distribution. Numerical simulation results agreed well with the
experimental results.

Kelly [8] investigated the strength and fatigue life of hybrid (bolted/bonded) carbon fibre
reinforced composite single lap joint. Stiffness, strength and fatigue life of hybrid joint were
improved as compared to adhesive bonded joint. In the study of hybrid joint two different types
of adhesives with low elastic modulus and high elastic modulus were used. Load sharing
between bolt and adhesive was only observed in the hybrid joint with low modulus adhesive.
This load sharing mechanism also changed the behaviour of hybrid joint to non-catastrophic
failure. Fatigue life of hybrid joints with high modulus adhesive was increased whereas static

strength of joint remained unchanged.
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Liu et al. [9] calculated the effect of cure cycle on the properties of carbon fibre reinforced
epoxy laminates. Unidirectional fibrous laminates were manufactured with stacking
sequence[0°/90°]5, . The series of experiments of short beam shear, three point flexural and
tensile test were performed as per ASTM D2344, ASTM D790 and ASTM D3039 respectively.
Results showed that the pressure should be applied when the viscosity of resin is minimum. In
this cost effective cure cycle, exponentially decreasing relationship between void content and
applied pressure were obtained. The results suggested that interlaminar flexural modulus is
more sensitive to void than the tensile strength, whereas tensile modulus is not sensitive to void
content.

Nassar et al. [10] investigated the behaviour of single lap double bolt in serial composite joint
experimentally. Two bolt in series were considered in composite to composite and composite
to aluminium joint configurations. For the experimentation woven glass/epoxy laminates were
prepared as per the geometric configuration of ASTM D5961. To study the bolt-tightness, four
tightening configurations as lower bolt tight-top loose, lower loose-top tight, both top and lower
loose and both top and lower tight were used. Experimental result concluded that the failure
load increased when torque on at least one bolt increased. Whereas the joint stiffness increased
when both top and lower bolt were fully tightened.

Asi et al. [11] determined the effect of linear density of woven glass fibre on the bearing
strength of glass fibre reinforced epoxy laminated composite mechanical joint. Reinforcement
of woven glass fibre into epoxy resin matrix with three different linear densities i.e., 200, 270
and 300 g/m? were used. Void content in laminate was calculated as per ASTM D2734-94.
Tensile and compression tests were conducted according to ASTM D3039-76 and ASTM
D3410-87 respectively. It was observed that void content has the adverse effect on the
mechanical properties of composite. Fibre volume fraction and void content of laminate
increased with increase in linear density of woven fibre. Bearing strength of composite pin
joint first increased with increase in linear density and then decreased due to higher value of
void content.

Irisarri et al. [12] developed the refined finite element model to predict the bearing strength
of single fastener joint in carbon fibre reinforced plastic composites. In this model effect of
delamination on bearing strength of mechanical joint were taken into account by means of
cohesive elements. Progressive damage and viscoelastic models were combined to analyse the
ply behaviour. Non-linear behaviour of matrix, matrix failure, delamination and fibre failure

were considered to develop the progressive damage model. Experimental result validated the
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proposed model as it was capable to predict the joint behaviour and strength with respect to
stacking sequence.

Egan et al. [13] used nonlinear elements in abaqus code to model single lap, single bolt
countersunk composite joint. Quasi-isotropic carbon/epoxy laminate with stacking sequence
[45°/0°/—45°/90°]s, were used. The geometric parameters of model were chosen as w/d = 6,
e/d = 3 and t/d = 1.3 as given in ASTM D5961 standard. Effect of clearance on properties of
joint was studied in this model. Loss in joint stiffness was reported as the bolt-hole clearance
increased. The finger-tight bolt pretension induced through thickness stresses in the shank of
the fastener, while compressive stresses were observed in the laminate under the head of bolt
and washer.

Qin et al. [14] studied the effect of protruding head and countersunk fastener on the mechanical
behaviour of double lap composite bolted joint. Christensen’s equation was used to calculate
transversely isotropic material properties. Experiments were carried out to find out strength
and stiffness of double lap joint under the effect of different fasteners. Initially stiffness, before
the damage onset was same for both type of fastener configurations, but as the joint nonlinearity
occurred, joint stiffness of countersunk joint was recorded more than that of protruding head
joint.

Gray et al. [15] performed experiment on single lap, multi-bolt countersunk composite
mechanical joint to estimate the stiffness and strength of the joint with respect to laminate
thickness and tapering of laminates. It was observed that laminate thickness has significant
effect on strength and stiffness of joint, as the thickness increases both strength and stiffness
increases. To reduce the weight of structure, thickness of laminate outside the overlap region
was reduced which did not affect the ultimate load carrying capacity of the joint. Effect of
missing fastener was also calculated in this study and result showed the significant reduction
in load carrying capacity of joint with respect to reference joint design.

Zhai et al. [16] investigated the bearing strength and joint efficiency of single lap, single bolt
countersunk laminate composite joint. Specimens were manufactured as per standard ASTM
D5961 by using carbon fibre reinforced epoxy composites with quasi isotropic lay-ups. Digital
image correlation (DIC) system was used to calculate bearing strength under the effect of bolt
torque and bolt-hole clearance. In experiments it was observed that bolt torque delays joint
stiffness loss whereas bolt-hole clearance leads to an earlier joint stiffness loss. Increasing the
bolt-hole clearance reduced contact area between bolt and hole which lead to reduction in joint

stiffness.
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Sekhon et al. [17] compared the strength of glass fibre laminated composite pin joint made
with two different nanoparticles i.e., nano TiO2 and nanoclay. The influence of geometrical
parameters edge-to-hole distance (e/d) and width-to-hole distance (w/d) were evaluated
experimentally and numerically. It was concluded that the maximum joint strength was
obtained at 3wt.% of clay and 2wt.% of nano TiO». Desirable progressive bearing mode of
failure was observed at w/d > 4 and e/d > 4 for specimens of nanoclay whereas in case of TiO2
specimens, it was observed at w/d > 4 and e/d > 5.

Mara et al. [18] studied the effect of metallic insert in drilled hole, on the stiffness and bearing
behaviour of joints. E-glass roving with stacking sequence [0/90, +45,0/90, +45,0/90], was
used as the reinforcement in polyster matrix. Fig 2.3 shows the mechanism of pre-tension load

transfer with or without insert in hole.
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Fig. 2.3 Load transfer mechanism (a) Bolted joint with pretension bolt (b) Bolted joint with
insert and pretension bolt [18]

It was demonstrated that in the form of stiffness and strength, joint efficiency of double lap
joint increase with the use of metallic insert. It was observed that increasing the bolt pretension,
increased the strength and stiffness of joint. Although used fibre reinforced composite material
was viscoelastic which result in bolt pretension relaxation but the use of insert reduced the
pretension loss with respect to time and loading.

Singh et al. [19] investigated the effect of nanoclay on failure mode and strength on

unidirectional glass fibre reinforced epoxy composite pin joint. Significant effect of wt.% of
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nanoclay and geometric parameters on bearing strength and failure mode were observed
numerically and experimentally. Characteristic curve method was used to predict the failure
mode. Tsai-Wu failure criteria along with progressive damage analysis showed agreement
between experimental and numerical results.

Yao et al. [20] studied basalt FRP/steel single lap adhesive joint under the effect of different
loading rates and temperature. For the experimentation loading speeds were selected as 0.625,
1.25, 2.5 and 5m/s and temperature range was selected as -25°, 0°, 25°, 50° and 100°C. The
effect of loading rate and temperature on the bond strength was estimated. Experimental result
showed that the bond strength increased by increasing the loading rate and temperature from -
25 to 50°C but decreased as the temperature increased further from 50 to 100°C.

Aldajah et al. [21] studied the effect of sea and tap water exposure on the mechanical
properties of symmetric and anti-symmetric glass fibre reinforced polymer (GFRP) composite
laminates. Three point bending test as per ASTM D790 is used to test the specimens before
after the aging. It was concluded that total 60% loss of flexural stiffness in symmetric laminate
and 28% loss of flexural stiffness occurs in anti-symmetric laminate when both were subject
to sea water for 2000 hours. Under the identical conditions when the specimen were tested after
the aging in tap water, flexural stiffness was reduced by 55% and 29.4% in symmetric and anti-
symmetric laminates respectively. It was also observed that the maximum loss of flexural
stiffness occurs within the first 500 hours.

Alawsi et al. [22] studied the effect of environmental conditions on the mechanical properties
of symmetric and anti-symmetric glass fibre reinforced composite laminates. In order to
measure the effect of humidity on the flexural stiffness and strength, samples were put into the
highly humidity conditions for 2000 hours and then aged samples were tested using three point
bending test as per ASTM D790-02. It was concluded that humidity exposure to GFRP had
adverse effect on its mechanical properties. After the exposure of 2000 hours to humidity,
flexural stiffness of symmetric GFRP composite was reduced by 54% whereas for anti-
symmetric it was reduced by 27%. Same trend was also noticed in case of flexural strength of
GFRP, which were reduced by 19% of symmetric and 7% of anti-symmetric laminates.
Mourad et al. [23] calculated the effect of seawater on the physical bonds at interface, failure
mechanism and on the mechanical properties of glass reinforced epoxy and glass reinforced
polyurethane composites. The effect were studied with respect to time period of three months,
six months and one year, at the room temperature and at the 65°C temperature. It was observed

that the immersion of seawater was increased as the time of immersion and temperature
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increases. It was cleared from SEM images that matrix protect the fibres from corrosive
elements in seawater but moisture breakdown the chemical bonds at the interface of fibre and
matrix, which reduces the tensile strength by 19% at room temperature and 31% at temperature
of 65°C after one year. Ductile failure of matrix took place due the moisture absorption of
matrix material.

Soykok et al. [24] investigated the effect of hot water aging on the behaviour of composite
joint. Specimens were prepared as per ASTM D5961-01 with stacking sequence of
[0°/90°/45°/—45°]; and glass fibre reinforced epoxy composite material. Effect of water
temperature and time on bearing strength of joint was studied. 50°, 70° and 90°C temperature
for 1 and 2 week time period were selected for aging parameters. Experimental results showed
that the aging time and temperature have a significant effect on mechanical properties of
composite material. But strength reduction at a temperature of 90°C is more than that of at
70°C. Preloading of joint exhibited the same positive trend toward strength as it showed without
aging.

Soykok et al. [25] determined the effect of thermal conditions and preload on failure behaviour
of single lap glass fibre reinforced epoxy composite mechanical joint. Load carrying capacity
of mechanical joint at 40°, 50°, 60°, 70° and 80°C temperature was studied. Due to increase in
temperature, internal energy of composite material increases and molecular movement of
material becomes easier which degrade the material. As compared to strength at room
temperature maximum decrease in failure load was observed to be 55% and 70% at the
temperature of 70°C and 80°C respectively. Experimental result showed that the temperature
had adverse effect on load carrying capacity of joint but it does not alter the failure mode, which
is highly affected by material and geometrical parameters.

Larbi et al. [26] studied the effect of hygrothermal aging on mechanical properties of carbon
fibre reinforced epoxy and E-glass fibre reinforced vinylester composite materials. Both
materials were tested after the exposure of two different environments, the sea water and the
distilled water at a temperature of 40°C. It was noted that due to high value of pH of seawater,
absorption in seawater is more than that in distilled water which degrade the matrix material
continuously. Three point bending test was performed to calculate flexural modulus of
specimen before and after aging. The loss of tensile strength and flexural modulus was recorded

after the hygrothermal aging of specimen.
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2.2 Conclusion of literature review

It was observed from literature review that there are number of parameters such as joint

geometry, materials used to prepare laminate, its volume fraction, stacking sequence, joint

configuration, fastening parameters, hygothermal aging and the type of loading which affects

the ultimate failure load and failure mode of the composite laminate joints. Fastening

parameters such as bolt pretension and washer size can be very effective on the joint efficiency

and failure mechanism. Hygrothermal aging decrease the durability, modulus and strength of

the polymer composite material as well as its joint. Hence, the present work deals with the

numerical analysis of bolt joint and its experimental validation.

The objectives of the present work are:

(1)  To fabricate glass fibre reinforced composite laminates and its characterization using

SEM and UTM.

(i)  To fabricate single bolt, single lap joint from the prepared composite laminate and
investigate the effect of bolt pretension and washer on joint performance.

(iii)  Numerical analysis of the joint and validation with experimental results.
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CHAPTER 3
EXPERIMENTATION

In case of bolted joint, geometric parameters such as width-to- hole ratio, edge distance-to-hole
ratio and fastening parameters such as torque and washer size are effective to joint failure load,
its efficiency and failure mechanism. To evaluate the effect of these parameters the
performance of joint, single lap joints have been prepared using woven glass epoxy composite
laminates. This chapter deals with the preparation of laminated polymer composite material

and performance analysis of bolt joint.

3.1 Materials

Materials such as Fibre, Resin, Hardener, Accelerator and Acetone are used to prepare the
composite laminates. The properties and composition of these materials are explained below
in detail.

3.1.1 Glass fibre

Two dimensional woven glass “Advantex” fibre with 360 gsm was supplied by Owens Corning

India Pvt. Ltd., Mumbai. Table 3.1 shows different properties of woven glass fibre used.

Table 3.1 Properties of the woven glass fiber

Description Fibre Density Area Tensile Tensile | Elongation
type (g/cm?®) density strength | modulus at
(g/m?) (9/mm?) | intension | breaking
(GPa) load (%)
Woven Advantex 2.62 360 3100-3800 80-81 4.6
Glass fibre E-glass
3.1.2 Resin

Matrix is adhesive bonding material which is used to prepare the laminated composite material.
Resin is a highly viscous substance which is typically convertible into polymers. Resin are the
mixtures of organic compounds. Epoxy resin, hardener and accelerator altogether have been
used to prepare the matrix and are supplied by Atul Ltd., Gujarat, India. The mechanical and
physical properties of matrix are given in Table 3.2 and 3.3 respectively. Table 3.2 shows the
mechanical properties of resin when epoxy (L-12) and hardener (K-12) are mixed in the ratio

of 1:1.
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Table 3.2 Mechanical Properties of epoxy based resin

Description Specific Elastic Tensile Flexural Compressive
Gravity | Modulusin Strength Strength Strength
Tension (N/mm?) (N/mm?) (N/mm?)
(N/mm?)
L-12(100)+k- | 1.80-1.85 | 15000-16000 70-90 100-120 190-210
12(100)+k-13

Table 3.3 Physical Properties of epoxy based resin

Description Density Viscosity (mPa-s)
(g/lcm®)
Resin (L-12) 1.1-1.2 9000-12000
Hardener (K-12) 1.15-1.25 150-230
Accelerator (K-13) 0.88-0.92 <10

3.1.3 Acetone
Acetone is a solvent with molecular formula (C3H),CO and is used as supporting material to

clean the equipment’s i.e., beakers and the Teflon sheets.

3.2 Composite Preparation

Laminated composite is an assembly of laminas which are assembled to provide the required
properties such as strength and stiffness. These properties of laminate composite not only
depends on material of which it is made but also depends upon its geometrical parameters [27].
Specimens were manufactured under the guidelines of ASTM D3039. In the pilot study it was
determined that 9 laminas gave the thickness of 2.5 mm as required for ASTM D3039. The

detailed procedure of manufacturing of composite laminate is discussed below:

3.2.1 Cutting of glass fibre
Cutting of glass fibre is as simple as the cutting of other familiar materials. But the little

preparation and appropriate tools are required. Glass fibre is cut from the roll to the adequate
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size which can fit into compression moulding machine. Fig. 3.1 details the marking and cutting

of the lamina with the size of 180x180 mm.

Fig. 3.1 Cutting of glass fibres

3.2.2 Preparation of Resin

Epoxy resins can be cross-linked by themselves through catalytic polymerisation or the co-
reactant’s hardener used to complete the reaction of cross-linking which is called as curing.
This reaction of epoxy resin with hardener form the thermosetting polymers which have very
good thermal and mechanical properties. In order to obtain a 60:40 volume fraction ratio of
fibre to matrix; 126 gm weight of fibres (in the laminas) requires 84 gm weight of resin. So,
the 40 gm of resin was mixed with 40 gm of hardener in the ratio of 1:1. 2% accelerator was

used to increase the curing rate of resin.

3.2.3 Hand Lay Up Technique

Hand layup technique is the simplest and inexpensive technique. Simple processes of hand
layup technique requires least amount of equipment. Fig. 3.2 shows the hand layup technigue,
in which prepared resin is applied on the Teflon sheet by using the brush and the fibre lamina
is placed on it. Pressure roller is used to flatten the lamina and to remove the entrapped air so
that void or porosity can be removed. The resin is again applied by using brush and another
lamina is placed on it. This procedure is repeated several times to get the final thickness of
laminate to 2.5 mm with 9 layers of woven fibre. After lay-up, laminates are cured at room
temperture for 36-48 hours depending upon the enviourement conditions.
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Fig. 3.2 Hand layup technique

3.2.4 Compression moulding

Compression moulding is the most common technique which can produce a wide variety of
composites from small to large. It is simplest method of composite moulding in which after
curing at room temperature, the laminates are placed between two hot plates of compression
moulding machine and pressed at a particular temperature. Pressure is applied to consolidate
the laminate and to remove excess resin and voids [27]. Fig. 3.3 shows the compression
moulding setup used in the present work. To mould the laminate, temperature of hot plates was
increased to 150°C and then 140 kN force was applied to remove the voids from the laminate.
The laminate was kept at this temperature for 30 minutes and were cooled to the atmospheric

temperature before removing from the machine.

Fig. 3.3 Compression moulding machine
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3.3 Characterisation of material

Characterisation of material is a process in which the properties and structure of material is
investigated. It is very difficult to estimate the material behaviour without characterising it. So
the characterisation of material is important before it can be used. There are many techniques
which are available to characterise the manufactured materials. Following is the
characterisation of the manufactured woven glass fibre reinforced composite material by a

microscopic technique and experimentation.

3.3.1 Scanning Electron Microscopy

SEM is the microscopic technique in which beam of electrons is focused on the surface of
specimen to produce its image. The raster scan pattern is used to scan the surface of specimen
by electron beam. The interaction of electrons with the atoms of specimen, produces the
secondary electrons emitted by the atoms of specimen. These emitted secondary electrons can
be detected by a special detector. On the basis of secondary electrons, detector produces an
image which defines the topography of the specimen.

The woven glass fibre reinforced epoxy specimen were tested using the SEM technique. Fig.
3.4 shows the distribution of glass fibre in epoxy matrix and indicates the perfectness of the

manufacturing process under which the specimens were prepared.

e
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Fig. 3.4 SEM of fibre reinforced laminate
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3.3.2 Calculation of volume fraction
The volume fraction of prepared composite laminate was calculated using ignition loss method
as per ASTM D2584-11[28]. Fig. 3.5 shows the sample used for ignition loss method.

(@) (b)

Fig. 3.5 (a) Muffle furnace (b) Tested sample in desiccator

In this method, the weighted sample was placed in a muffle furnace at a temperature of 565°C
for 10 minutes. After the diffusion of matrix at a high temperature, only fibre remained in the
crucible which was again weighted. Volume fraction was calculated using weight fraction as
per equation (3.1). The weight fraction of matrix and fibre were found to be 0.28 and 0.72,

respectively.

— WF/ PF
Y or+ O

Vi (3.1)

Where, Vi is volume fraction of fibre, W is weight fraction of fibre, py is density of fibre and
Pm 1S density of matrix.

By using the equation (3.1) the volume fraction of fibre was calculated as 0.62 and the
remaining was assumed the matrix content of composite material.

3.3.3 Mechanical properties of laminates

Mechanical properties i.e., strength and modulus of laminate composite materials, were tested
as per ASTM standards. Tensile strength and modulus were calculated as per ASTM D3039
[29]. Shear and compression properties were evaluated as per ASTM D732 and ASTM D695,
respectively. ASTM D790 [30] was used to calculate the flexural properties of the prepared
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laminates. Fig. 3.6 shows the Zwick-Roell Universal testing machine, Germany used for the

mechanical characterisation of material.

Fig. 3.6 Universal testing machine setup

Table 3.4 shows the list of properties of prepared laminate. It was observed that due to woven
configuration of fibre, longitudinal and transverse properties of the laminate are almost the

Same.

Table 3.4 Mechanical properties of laminate

Mechanical Property Symbol Magnitude
Longitudinal strength in tension X; 428 MPa
Transverse strength in tension Y; 428 MPa
Longitudinal strength in compression X, 270 MPa
Transverse strength in compression Y. 270 MPa
Shear strength Si2 104 MPa
Flexural Strength of 671 MPa
Longitudinal modulus Ei1 21.68 GPa
Transverse modulus E,, 21.68 GPa
Poisson ratio Vi2 0.148

3.4 Preparation of Bolt Joints

The bolted joint consist of bolt and the parts to be jointed together. The use of bolted joint in
the composite structural applications increases continuously. But composite bolted joints at its
best reach a joint efficiency of 40-50% in terms of ultimate strength whereas in case of metal
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alloys joint efficiency lies between 70-80%. Moreover weight efficiency of mechanical joint
in laminated composite material show even lower performances as compare to it in metals [31].
As discussed earlier, there are some other geometric and fastening parameters which effect the
performance of bolted joint. The present study deals with the effect of geometric parameters
and fastening parameters on the joint efficiency and stiffness of single lap single bolt joint. A
single lap bolt joint specimen geometry is shown in Fig. 3.7. In the figure, d is the diameter of
hole, e is the hole to edge distance, w is the width, t is the thickness of the specimen and D is

the outer diameter of washer.
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Fig. 3.7 Geometric parameters of single lap single bolt joint

The single lap single bolt joints were prepared using different geometrical and fastening
parameters shown in Table 3.5. To estimate the effect of outer diameter washer on failure load,
joint stiffness and joint efficiency, two levels of outer diameter i.e., 12 mm and 16 mm have
been studied. Bolt pre-tension is chosen to zero for studying the worst loading conditions and
taken as 5 Nm to investigate fully clamped conditions. To estimate the effect of geometric
parameters e/d and w/d ratio are varied from 3 to 4 and 3 to 5 respectively.

Bolted joint without washer and bolt pre-tension behave as a pin joint configuration to compare
the joint efficiency with that of bolted joint configuration. Bolt with the shank diameter of 6

mm and inner diameter of washer as 6.02 mm were used in the present work.
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Table 3.5 Different configurations of joint

Specimens |  w/d e/d d(mm) | w(mm) | e(mm) | Torque | Washer outer
ratio ratio (Nm) diameter
(mm)
1 3 3 6 18 18 0 No
2 3 3 6 18 18 0 12
3 3 3 6 18 18 0 16
4 3 3 6 18 18 5 12
5 3 3 6 18 18 5 16
6 4 3 6 24 18 0 No
7 4 3 6 24 18 0 12
8 4 3 6 24 18 0 16
9 4 3 6 24 18 5 12
10 4 3 6 24 18 5 16
11 5 3 6 30 18 0 No
12 5 3 6 30 18 0 12
13 5 3 6 30 18 0 16
14 5 3 6 30 18 5 12
15 5 3 6 30 18 5 16
16 3 4 6 18 24 0 No
17 3 4 6 18 24 0 12
18 3 4 6 18 24 0 16
19 3 4 6 18 24 5 12
20 3 4 6 18 24 5 16
21 4 4 6 24 24 0 No
22 4 4 6 24 24 0 12
23 4 4 6 24 24 0 16
24 4 4 6 24 24 5 12
25 4 4 6 24 24 5 16
26 5 4 6 24 30 0 No
27 5 4 6 24 30 0 12
28 5 4 6 24 30 0 16
29 5 4 6 24 30 5 12
30 5 4 6 24 30 5 16

3.5 Results and Discussion
Fig. 3.8 shows the testing of the single lap bolted joint on the Zwick-Roell Universal Testing
Machine, Germany. Tensile testing of single lap bolted joint at a temperature 25 + 2°C as per
the ASTM D3039[29] standard.
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Fig. 3.8 Testing of specimen

The following are the load-displacement curves which are obtained during the testing of single

lap, single bolt joint under different configurations.
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Fig. 3.9 Load versus displacement curve for w/d = 3, e/d = 3 (a) Washer 12 mm
(b) Washer 16 mm
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Fig. 3.14 Load versus displacement curve for w/d =5, e/d = 4 (a) Washer 12 mm
(b) Washer 16 mm

It is clear from the fig. 3.9 to fig. 3.14 that the load-displacement curve were initially straight.
But after initial failure, load-displacement curve depicts the non-linear behaviour i.e., strain
rate is more than the stress rate without predictable pattern. This non-linearity may also be
associated to the change in contact area due to the secondary bending of laminates, caused by
eccentric loading. For specimen with w/d = 3 along with e/d = 3 to 4, net-tension failure mode
is observed for 0 Nm as well as 5 Nm. Similarly at w/d = 5 along with e/d = 3 to 4, bearing
mode of failure is observed for 0 Nm as well as 5 Nm. But at a w/d = 4 along with e/d = 3 to

4, different failure mode was observed at both torque levels. For this configuration at a 0 Nm
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torque level bearing mode of failure is observed whereas at torque 5 Nm net-tension mode of
failure is observed. Comparing joint configurations with w/d = 3 and w/d = 4, it is observed
that the maximum displacement before catastrophic failure for specimen with w/d = 4 is high,
which is due to comparatively higher load bearing capacity and out of plane displacement of
the specimen with w/d = 4. However, specimen with w/d = 3 failed more suddenly compared
to specimen with w/d = 4. Failure mode of the specimen with w/d = 3 is pure net tension,
whereas the specimen with w/d = 4 shows out of plane displacement before failing in net
tension. Increasing e/d = 3 to e/d = 4 there is no significant difference in the maximum failure
load of the joint. Initial failure load and the ultimate failure load both increase with increase in
bolt pretension. But as the outer diameter of washer increases for the identical conditions, initial
failure load decreases and failure of joint becomes more progressive than with the washer of
outer diameter 12 mm. With the increase in outer diameter, confinement area of washer
increases which results in wider damage area. It was observed that as w/d ratio increases, it
delay the stiffness loss of single lap joint. Specimen with w/d = 3 fails in catastrophic manner.
The specimen with washer at w/d = 4 and 5 at zero torque shows bearing failure, but the
reduction in stiffness after the initial failure in the specimen of w/d =5 is less than that of at
w/d = 4. It is due to the reason that the large width offers more resistance to the secondary

bending of joint due to eccentric loading.

3.5.1 Comparison of joint efficiency at different parameters
Efficiency (n) of bolted joint may be defined as the ratio of strength of bolted joint to the
strength of solid plate [32].

n= 2 (32)

Rs
Where, R is resistance of plate per pitch length and R; is resistance offered by the solid plate.
Equation (3.2) is used to evaluate the joint efficiency which is shown in the fig. 3.15 and fig.
3.16 corresponding to e/d = 3 and e/d = 4, respectively. The decrease in efficiency when the
w/d ratio changes from 3 to 4, reveals that load carrying capacity of joint does not increase as
much as the load carrying capacity of laminate solid plate increases. Maximum efficiency was
recorded at w/d = 3 with 5 Nm bolt preload and washer outer diameter 16 mm. In comparison
to the pin joint, efficiency of joint with the use of washer at zero Nm torque is increased by
5%. At w/d ratio as 4 and 5, although the bearing failure mode was observed in most of the
cases and the failure load found to be increased but the joint efficiency remained almost same.
Therefore this result implies that ratio of slope of strength of joint to strength of laminate
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becomes almost constant after w/d ratio 4. At each w/d ratio, the effect of torque is observed.

Joint efficiency of torqued joint is more than that of at 0 Nm.
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Fig. 3.15 Joint efficiency at e/d = 3 (a) Washer 12 mm (b) Washer 16 mm
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Fig. 3.16 Joint efficiency at e/d = 4 (a) Washer 12 mm (b) Washer 16 mm

3.5.2 Effect of width to diameter ratio on the failure load

From fig. 3.17 and fig. 3.18 it is clear that for the edge-to-diameter ratio> 3, ultimate load
found to be constant in the identical conditions. Therefore e/d ratio> 3 can be assumed as the
threshold value. Whereas, ultimate load carrying capacity of specimen increases with increase

in width-to-diameter ratio and bolt pretension.
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Fig. 3.17 Failure load at e/d = 3 (a) Washer 12 mm (b) Washer 16 mm
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Fig. 3.18 Failure load at e/d = 4 (a) Washer 12 mm (b) Washer 16 mm
Failure load is increased up to the bearing mode of failure, no further change in ultimate failure
load is observed at no preload condition of bolt joint. At w/d = 3, net-tension failure mode is
observed but it changed to bearing mode of failure at w/d = 4 and 5 at finger tight condition.
Corresponding to the failure mode at different w/d ratio, failure load is increased when w/d
changed from w/d = 3 to 4 but no further change in failure load is observed. Failure load also

varies with change in failure mode as no change in failure load is observed at 0 Nm torque
when w/d changes from 4 to 5 and failure mode remained bearing.
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3.5.3 Effect of torque on failure load

The effect of torque on failure load was observed at each value of w/d ratio and each type of
washer. But at the higher value of w/d ratio, effect of torque is more. The effect of e/d ratio,
which is related to the shear failure behaviour of joint was negligible as no shear failure
behaviour was observed in single lap single bolt joint. In fig. 3.19 - 3.21, W1 and W2 are the
washers of diameter of 12 mm and 16 mm respectively.

10000 10000
. W1 V1
] 9000
il — 1
8000 - 8000 1
70004 70001
Z 6000+ Z 6000
T
° @ 4
8 5000 o S0
- [
[0} = 4
5 4000 5 400
= [
o w i
. 3000
2 4
2000 000
1000
1000
04
0- 0 5
0 5
Torque (Nm)
Torque (Nm)
(@ (b)

Fig. 3.19 Failure load using W1 and W2 at (a) w/d =3 ande/d =3 (b) w/d =3 and e/d =4
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Fig. 3.20 Failure load using W1 and W2 at (a) w/d =4 and e/d=3 (b) w/d =4 and e/d =4
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Fig. 3.21 Failure load using W1 and W2 at (a) w/d =5ande/d=3 (b)w/d=5and e/d =4

Approximately, there was an increase of 25% failure load with increase in torque from 0 Nm
to 5 Nm at the low value of w/d ratio and 42% increase at high value of w/d ratio. As the washer
outer diameter increases, knee growth of damage take place which is observed in most of the
load-displacement curve of specimen tested with the washer of 16 mm outer diameter. This
type of damage take place due to the decrease in pressure with increase in lateral constraint
area. But the ultimate failure load increases which may be due to increase in damage area and
due to low degree of damage.

3.5.4 Effect of parameters on stiffness of joint

Clamping area or the restrained area increases as the outer diameter of washer increases. But
effective pressure imparted by washer decreases as the outer diameter of washer increases when
the testing take place under the identical conditions, the reduction in effective pressure reduces
the stiffness of joint.
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Fig. 3.22 Joint stiffness at e/d = 3 (a) Washer 12 mm (b) Washer 16 mm
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Fig. 3.23 Joint stiffness at e/d = 4 (a) Washer 12 mm (b) Washer 16 mm

Fig. 3.22 and Fig. 3.23 shows approximately the same results which implies that chosen e/d
ratio does not affect the joint stiffness. Whereas, w/d ratio and washer outer diameter affect
joint stiffness, stiffness increases as the w/d ratio increase but decrease with increase in outer
diameter of washer. As shown in the fig. 3.22 and 3.23, slope of stiffness curve is higher
between w/d ratio as 4 and 5 than the slope of curve between w/d = 3 and 4.

It is clear from fig. 3.22 that the slope of curve with washer diameter 12 mm not only increases
with increase in w/d ratio but also increase with increase in torque. Whereas in case of washer
with diameter 16 mm slope at 5 Nm torque increases with same manner as it is increases at

torque 0 Nm with respect to w/d ratio.

3.5.5 Effect of torque and washer diameter on joint stiffness

Joint stiffness and joint strength are the important factors of structural design. In this study, out
of the four parameters, three parameters were found to be effective in case of joint stiffness.
The pressure applied through washer can be calculated using equation (3.3) given by Park et

al. [33].

1000T

Opress = [ Jram?—a2) (3.3)

Where, T is applied torque (Nm), 0,55 is bolt pretension pressure (Mpa), D is washer outer
diameter (mm), d is nominal diameter of bolt (mm) and k is torque coefficient (0.2).

In fig. 3.24 — 3.26, W1 and W2 are the washers of diameter of 12 mm and 16 mm respectively.
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Although at the lower value of w/d ratio, use of torque and washer was not effective on the
joint efficiency. But at the higher value of w/d ratio, a clear effect of washer at higher torque
levels was observed. For the same value of torque, washer with the lower outer diameter depicts
the higher joint stiffness. Under the identical conditions, pressure applied through the washer
of lesser diameter is more and this increase in pressure in the vicinity of hole results in the
increase in joint stiffness at initial phase.

Table 3.6 shows the failure load, joint stiffness and failure mode obtained from the testing of
specimens of 30 groups, three samples of each group were tested as per the instructions given
in the ASTM D3039-14 [29]. The average value of three samples for each group is reported.

In Table 3.6, B stands for bearing mode of failure and NT is the net-tension mode of failure.

Table 3.6 Comparison of strength, stiffness and failure mode of different groups

Specimens Failure load (N) Stiffness (N/mm) Failure Mode
1. 3640 909 NT
2. 4550 1017 NT
3. 4730 1003 NT
4. 5410 1235 NT
5. 5910 1110 NT
6. 4020 968 B
1. 5810 1072 B
8. 5865 1065 B
9. 7040 1321 B+NT
10. 7955 1158 B+NT
11. 4080 1050 B
12. 6380 1285 B
13. 6505 1229 B

14, 8260 1681 B
15. 9250 1344 B
16. 3810 1080 B+NT
17. 4590 1081 NT
18. 4780 1010 NT
19. 5460 1278 NT
20. 5950 1095 NT
21. 3980 1045 B
22. 6050 1110 B
23. 6155 1062 B
24. 7230 1336 B+NT
25. 8165 1175 B+NT
26. 4110 1160 B
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217. 6420 1260 B
28. 6560 1155 B
29. 8310 1630 B
30. 9180 1395 B

3.5.6 Failure modes
Fig. 3.27 — 3.29 shows the actual images of specimens with different failure modes.

Fig. 3.29 Failure mode at w/d =5 (a) Torque 0 Nm (b) Torque 5 Nm
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The fibre reinforced composites can fail in different failure mode such as bearing mode, net-
tension mode, shear-out mode or the combination of all these. Fig. 3.27 shows that both the
samples at torque 0 Nm and 5 Nm fails with the net-tension mode of failure at w/d = 3. It is
clear from fig. 3.28 that the failure mode in case of figure tight condition is changed from net-
tension to bearing mode of failure when w/d ratio changed from 3 to 4, whereas it remains net-
tension at a torque of 5 Nm. Fig. 3.29 (b) shows that in fully clamped conditions, lateral
constrained provided by washer reduced the delamination near the hole and reduced degree of
damage but damage is severe but at this w/d ratio failure was bearing at a torque of 5 Nm,
instead of catastrophic failure. Instead of catastrophic failure, progressive failure take place at
large value of w/d ratio. In case of finger tight conditions at w/d = 5 as shown in fig. 3.29 (a),

significant delamination was observed at the end distances and near the hole.
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CHAPTER 4
NUMERICAL ANALYSIS

In the bolted joint, bolt hole is the region of stress concentration, where the stresses are high,
but this high value of stresses does not leads to the failure of joint. Due to this stress
concentration around the hole, it is difficult to calculate numerical value of the actual bearing
strength of joint and the strength of joint is underestimated. So it is difficult to evaluate joint
behaviour numerically. But Chang et al. [34] proposed a method of characteristic curve to
predict failure load and failure mode of composite mechanical joint around the hole. This
chapter deal with the numerical analysis of single lap joint. Commercial available software
ANSYS has been used along with the Tsai-Wu failure criteria to analyse single lap, single bolt

joint numerically.

4.1 Characteristic curve method

Characteristic curve is an artificial curve which is calculated numerically by the compressive
and tensile characteristic lengths. The characteristic length may vary with geometry and
material, but it is independent of applied load as the stress distribution is not changed, only the
magnitude of stresses is changed with respect to the applied load [5]. By using this method,

failure of composite joint is determined on characteristic curve instead of edge of bolt hole.
1 d | Rmf I
A

1) Characteristic
curve

Fig. 4.1 Schematic diagram of characteristic curve [5]
The curve is drawn as shown in fig. 4.1 as per the equation 4.1 by using the characteristic
lengths.
T, = g + R,: + (Rye — Ryt)cos6 4.1)
Where, 7, is radius of characteristic curve, R,; is characteristic length in tension and R, is

characteristic length in compression.
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Characteristic curve is symmetric to the axis of the applied load and the angle 6 can be
measured either clockwise or anticlockwise from the axis of applied load. To predict the failure
mode Chang et al. [34] suggested the equation (4.2).

0° < 8 < 15° : Bearing failure

30° < 8 < 60° : Shear-out failure

75° < 6 < 90° : Net-tension failure 4.2)
Failure mode can be estimated on the basis of stresses on characteristic curve. Characteristic
curve used along with failure theory gives the idea about the failure load and failure mode of
joint.

4.2 Failure criteria

Numerically failure load can be calculated on the basis of Failure Index (FI) on characteristic
curve. Tsai-Wu failure criteria [35] shown in equation (4.3) can be used to determine failure
of joint.

Fi0, + F,0, + F110,% + F3,0,% + Fee06? + 2F 50,0, = FI (4.3)
Where, F, F, F1;, F5,, Fg¢ and Fy, are the Tsai-Wu equation polynomial and associated to the
properties of laminate and later calculated experimentally. o;, o, and g, are the maximum
principle stress, minimum principle stress and maximum shear stress respectively and
calculated numerically.

Following equations from (4.4) to (4.9) are used to calculate Tsai-Wu polynomials.

1 1

Fi=s-x (4.4)
F, = Yit—yi (4.5)
F, = X:XC (4.6)
Faz = o (4.7)
Fes = = (4.8)

Fi; = —0.5/F,F;, (4.9)
Failure of joint can be estimated by using equation (4.3). Failure Index (FI) defines the failure
of joint as following.

If FI < 1, no failure of joint
If FI > 1, failure of joint

Failure load of joint can be calculated numerically by using the equation (4.10).
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F = % (4.10)
Where, F is failure load, P is applied load and FI is Failure Index at curve.
Failure Index can be calculated using the equation (4.3). the value of induced stresses at
characteristic curve are put into the equation (4.2) to calculate Failure Index and the value of
failure index on the characteristic curve defines the mode of failure of joint. Equation (4.10)
which is the ratio of applied load to failure index gives safe load that the joint can carry without

failure.

4.3 Finite element modelling

Static structural analysis of single lap single lap bolt joint was carried out to find out failure
load and failure mode of different configurations as shown in Table 3.5. Static structure module
involved three major phases i.e., Pre-processing, Solver and Post-processing for the analysis

purpose and are explained below.

4.3.1 Pre-Processing

In this phase material properties are assigned to the model as mentioned in Table 3.5.
Geometric model was developed and finite element mesh was generated. Boundary conditions
i.e., applied load and supports were also applied to the model in this phase. Fig. 4.2 (a) and (b)
shows the geometry and boundary conditions given to the bearing test specimen to find the
compressive characteristic length and tensile test specimen to find the tensile characteristic
length respectively. Analysis to form characteristic curve was carried out in Post-Processing
module which is explained below. After calculating the characteristic lengths, characteristic
curve was formed around the hole of the model. Developed model was sliced at different planes
and the connection between sliced parts was made so that desired mesh can be formed.
Frictional contact between different bodies were defined as shown in fig. 4.3. Number of
elements and number of nodes for different configurations were generated as shown in Table
4.1. Fig. 4.4 (a) shows the overall view model with the quadrilateral element mesh and fig. 4.4
(b) shows the refined mesh around the bolt hole and along the characteristic curve to improve
the accuracy of result. The boundary conditions given to the model are shown in the fig. 4.5.
In the fixed end, displacement is set to zero in all directions as shown in fig. 4.5. The load is
applied in two steps. In the first step, bolt pre-tension is applied and in the second step force
(P) is applied on the other end to the fixed end. Torque applied on bolt can be converted into
the preload (N) developed by the bolt on the laminate plates using the equation (4.11) discussed
by Qin et al. [14].
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T
= (4.11)

Where, P; is preload (N), Tis applied torque (Nm), k is torque coefficient (0.2) and d is nominal
diameter of bolt (m).

PL=

- 0.000 15.000 30,000 (rmm)
[ ea——— )
ﬁl 7.500 22.500

(b)
Fig. 4.2 (a) Bearing test specimen (b) Tensile test specimen

Table 4.1 Number of Elements and Nodes in different geometries

Geometry Elements Nodes
w/d =3 39370 178724
w/d=4 72310 323784
w/d =5 109570 487332
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Fig. 4.5 Boundary conditions given to specimen

4.3.2 Solver

In this phase stiffness matrixes are generated and modified as the governing equations are
solved. In this phase user can only see the processing of operation in the form of convergence
as shown in fig. 4.6. Solution time consumption depends upon the number of elements, number
of nodes and the boundary conditions. As the number of nodes increases, time taken to solve

problem increases.

=——i— Force Convergence —i—— Faorce Criterion —— — - Bisection Occurred —— —— - Substep Converged
—— — - Load Step Converged

Fig. 4.6 Force convergence

4.3.3 Post-Processing

In solver geometric model has been solved under the applied boundary conditions and in the
phase of post-processing of finite element method, obtained results are analyzed. Fig. 4.7 (a)
and (b) shows the minimum principle stresses on bearing test specimen to calculate the
compressive characteristic length (R,.) and maximum principle stresses on tensile test
specimen to calculate the tensile characteristic length (R, ) respectively. Mean bearing strength
of bearing test specimen and mean strength of tensile test specimen helps to calculate

characteristic lengths and to form characteristic curve. Mean bearing strength of bearing test
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specimen can be calculated using equation (4.12) and mean tensile strength of tensile test

specimen can be calculated using equation (4.13).

i -2
Mean bearing strength = o (4.12)

Mean tensile strength = (4.13)

(w-a)xt
Where, P is the applied load, w is the width of specimen, d is the diameter of hole and t is the
thickness of specimen.

The point at which the maximum principle stress is equal to the mean bearing strength of the
specimen, was located on the bearing test specimen as shown in fig. 4.7 (a). The distance of
this point from the centre of hole is measured as R,.. Similarly the point on the tensile test
specimen where the value of minimum principal stress is equal to the mean tensile strength of
specimen, was located. The length of this point from the centre of hole is measured as R,;.
These distances; R,,; and R, are used to calculate the radius of characteristic curve r, by using
the equation (4.1). Fig. 4.8 (a), (b) and (c) shows maximum principle stresses, minimum
principle stresses and maximum shear stresses respectively for the geometry of lap joint at w/d
=5 and e/d = 3. For all type of lap joint configuration, these stresses were calculated on each
node of the characteristic curve. Failure Index were calculated on the nodes of the characteristic
curve by using the equation (4.3), on the basis of maximum principle stresses, minimum
principle stresses and maximum shear stresses on the node. Maximum magnitude of Failure
Index on the node of characteristic curve defines the failure mode and failure load. Failure load
was calculated using equation (4.10) by dividing maximum value of Failure Index of node to
the applied load. Equation (4.2) used to calculate the failure mode, angle 6 was the measured
in anticlockwise direction up to a node at which Failure Index is maximum on the characteristic

curve.

(@)
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Fig. 4.7 Test specimens (a) Bearing test specimen (b) Tensile test specimen
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Fig. 4.8 Stresses (a) Maximum principle (b) Minimum principle (¢) Maximum shear

Fig. 4.9 shows the failure angle for the joint with w/d = 5, e/d = 3 and 5 Nm torque on the
washer of outer diameter 12 mm configuration on the characteristic curve. The failure angle
shows the bearing failure mode in the said configuration. The failure load on characteristic

curve was measured on the basis of failure index calculation of the curve nodes. Fig. 4.10
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shown the secondary bending of joint in the modelling of single lap joint due the eccentricity
of applied load which was also visible in experimental specimens.

Table 4.2 Comparison of Failure load and Failure mode of experimental and numerical results

Specimen Failure load (N) Failure Mode
Experimental Numerical Experimental | Numerical
1 3640 3235 NT NT
2 4550 3868 NT NT
3 4730 4021 NT NT
4 5410 4760 NT NT
5 5910 5378 NT NT
6 4020 3819 B B
7 5810 5345 B NT
8 5865 5161 B NT
9 7040 6124 B+NT NT
10 7955 7005 B+NT NT
11 4080 3916 B B
12 6380 5805 B B
13 6505 6049 B B
14 8260 7351 B B
15 9250 8047 B B
16 3810 3581 B+NT NT
17 4590 4131 NT NT
18 4780 4398 NT NT
19 5460 4914 NT NT
20 5950 5415 NT NT
21 3980 3781 B B
22 6050 5566 B B
23 6155 5601 B B
24 7230 6362 B+NT NT
25 8165 7186 B+NT NT
26 4110 3945 B B
27 6420 5778 B B
28 6560 5904 B B
29 8310 7396 B B
30 9180 8170 B B
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Fig. 4.9 Angle measurement of failure mode
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Fig. 4.10 Secondary bending of joint

The failure load and failure mode for each geometric configurations are shown in Table 4.2. It
can be seen from the table that the numerical result shows a good agreement with the
experimental one. In Table 4.2, B stands for bearing mode of failure and NT is the net-tension

mode of failure.

48



CHAPTER S
CONCLUSION

5.1 Conclusions

Woven glass fiber reinforced epoxy laminate was prepared using the hand layup technique.

From the experimental as well as the numerical results of single lap single bolt joint, the

following conclusions can be drawn.

(i)

(i)

(iii)

(iv)

v)

(vi)

(vii)

Failure load and the stiffness of joint is directly related to the width to diameter ratio.
Increasing w/d ratio, failure load and stiffness increased. Failure load increases up to
the critical value of the w/d ratio i.e., w/d = 4 for 0 Nm and w/d = 5 for 5 Nm torque.
Bolt torque or preload has the significant effect on the failure load and the failure mode.
For the identical conditions of 0 Nm testing at low w/d ratio, when the joint is tested at
5 Nm torque, failure load increases but failure becomes catastrophic.

Failure mode of single lap, single bolt joint changes from net-tension to bearing mode
as w/d ratio increases for specimen with large e/d ratios. However, the critical value of
w/d ratio changes for different torque levels.

As the outer diameter of washer decreases or the lateral constraint area decreases, which
results in increase in joint stiffness but the ultimate load carrying capacity of this
configuration joint is less than that of the joint with high lateral constraint area.

In case of single lap joint, it can be concluded that, for e/d ratio> 3, there is no change
in the ultimate load bearing capacity and the stiffness of joint.

Although failure load increases as the w/d ratio increases but joint efficiency decreases.
But the increasing trend in each w/d ratio with respect to increment in torque is
observed.

For the numerical analysis of joint, characteristic curve method along with Tsai-Wu

failure theory gave good correlation with the experimental results.

5.2 Future scope

The present idea of work can also be implemented into the following directions.

()
(i)
(iii)

The work can be studied on the double lap joint.
The work can be extended for the muti-bolt single lap joint.

Failure analysis of joint can be carried out under the hygrothermal conditions.
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