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Abstract
The word composite in the term composite material signifies that 
two or more materials are combined on a macroscopic scale to 
form a useful third material. The advantage of composite materials 
is that, if well designed, they usually exhibit the best qualities of 
their components or constituents and often some qualities that 
neither constituent possesses. 
Some of the properties that can be improved by forming a 
composite material are strength, stiffness, corrosion resistance, 
wear resistance, attractiveness, weight, fatigue life, temperature 
dependent behavior, thermal insulation thermal conductivity  and 
acoustical insulation. The applications of the FRP for various fields 
of engineering that are of immediate benefit to the country.
 Most of the available literature covers the analysis of lap joints in 
isotropic materials. Very few works appear to have been made on 
the performance of double stepped lap joint in isotropic materials. 
No significant work has been reported for the analysis of double 
stepped lap joint in FRP composites. 
In this work, attempts are being made to study the interfacial 
stresses and deformation characteristics of adhesive bonded (1) 
Tripple stepped lap joint and (2) double stepped lap joint made of 
generally and specially orthotropic laminates  subjected to axial 
and transverse loading.
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I. Introduction

A. Composite Materials
The word composite in the term composite material signifies that 
two or more materials are combined on a macroscopic scale to 
form a useful third material. The advantage of composite materials 
is that, if well designed, they usually exhibit the best qualities of 
their components or constituents and often some qualities that 
neither constituent possesses. Some of the properties that can be 
improved by forming a composite material are strength, stiffness, 
corrosion resistance, wear resistance, attractiveness, weight, 
fatigue life, temperature dependent behavior, thermal insulation 
thermal conductivity and acoustical insulation.

Composite materials are classified into three broad categories 
depending on the type, geometry and orientation of the 
reinforcement phase.

Particulate composites consist of particles of various sizes • 
and shapes randomly dispersed within the matrix.
Discontinuous or short-fiber composites contain chopped • 
short fibers or whiskers as the reinforcing phase. These short 
fibers, which can be fairly long compared with the diameter, 
can be either all oriented along one direction or randomly 
oriented.
Continuous fiber composites are reinforced by long continuous • 
fibers and are the most efficient from the point of view of 
stiffness and strength. 

B. Applications of FRP Composites
FRP is emerging as an important class of engineering materials for 
a variety of sophisticated applications. Some of the applications 
of the FRP for various fields of engineering that are of immediate 
benefit to the country are given below.
Aerospace Applications, Land Transport, Marine Applications, 
Buildings and Bridges, Chemical Plants and Corrosion Resistance 
Products, Mechanical Engineering and Energy Applications, 
Electrical/ Electronic and Communication Applications, Bio-
Medical Applications

C. The Theory of Adhesive Bonding
Adhesive bonding has potential for being a simple and cost effective 
means by which large built-up structures can be assembled. 
A material which when applied to the surfaces of materials can 
join them together and resist separation is called as adhesive. The 
terms adherend and substrate are used for a body or material to be 
bonded by an adhesive .Other basic terms are shelf-life, the time 
an adhesive can be stored before use, and pot-life, the maximum 
time between final mixing and application.

D. Introduction to Finite Element Method
For problems of complex loading, boundary conditions, geometry 
and materials, the direct application of the usual methods such as 
mechanics of materials method and theory of elasticity method 
do not yield closed form solutions. Therefore, the numerical 
solution techniques like finite element method, based on one of 
these theories are needed.

The finite element method is a numerical procedure for analyzing 
structures and continua. Usually, the problem addressed is too 
complicated to be solved satisfactorily by classical analytical 
methods. The problem may concern stress analysis, heat 
conduction, or any of several other areas. The finite element 
procedure produces many simultaneous algebraic equations, 
which are generated and solved on a digital computer. However, 
accuracy of the results can be improved by processing increased 
number of equations; and results accurate enough for engineering 
purposes are obtainable at reasonable cost. 

The finite element method originated as a method of stress analysis. 
Today, finite elements are also used to analyze problems of heat 
transfer, fluid flow, lubrication, electric and magnetic fields and 
many others. Problems that previously were utterly intractable are 
now solved routinely by finite element method. Finite element 
procedures are used in the design of buildings, electric motors, 
heat engines, ships, airframes, and spacecrafts. Manufacturing 
companies and large design offices typically have one or more 
in-house large finite element programs. Smaller companies usually 
have access to a large program through a commercially computing 
center or use a smaller program on a personal computer.
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II. Literature Review
JaroslavMackerle (1) has given a bibliographical review of 
finite element methods applied for the analysis of fastening and 
joining from the theoretical as well as practical points of view. 
The bibliography at the end of the paper contains 726 references 
to papers and conference proceedings on the subject that were 
published between 1990 and 2002. These are classified in the 
following categories: Pin joints; thread connections; bolted joints; 
screws; nuts; rivets; tubular joints; expansion joints; gaskets; and 
other types of fastening.

Delale et.al (4) developed a closed form solution for lap-shear 
joints with orthotropic adherands using classical plate theory. 
He  showed that a uniform shear stress distribution occurs with a 
suitable adhesive thickness along the overlap length of an adhesive 
single-lap joint except on the free edges.

Hart-Smith (6) in his extensive work on bonded joints has outlined 
various aspects of efficient bonded joint design in composite 
structures that an airframe designer should consider while 
designing bonded joints between components. He has also made 
many useful studies to analyse the load transfer mechanism in 
the adhesive bonded joints and outlined some practical ways to 
minimize the transverse shear and peel stresses in the adhesive 
layer. 

Kim et.al (9) investigated failure modes and strength of co-
cured unidirectional composite single-lap joints with or without 
an adhesive layer, and showed that the co-cured joint specimen 
without adhesive had the highest failure strength since the rotation 
of the adherends in the overlap region is reduced and the joint 
failure load was not proportional to the adhesion strength of 
the adhesive due to the weakness of composite structures in 
delamination.

JaroslavMackerle (11) presented a bibliographical review of the 
finite element methods applied to the analysis and simulation of 
adhesive bonding, soldering and brazing processes. He presented 
papers, conference proceedings that were published in 1976-1996.
The topics included in his paper were adhesive bonding-stress 
analysis of adhesive bonding in general stress analysis and design 
of bonded joints, etc.

III. Problem Statement and Methodology

A. Introduction
In the previous chapter, the relevant literature available on the 
analysis of adhesive bonded joints has been reviewed and the 
scope for the present work has been identified. In this chapter, 
the statement of problem of present work and method used for 
the solution of the problems has been explained.

B. Problem Statement
The present  problem deals with the three-dimensional stress 
analysis of adhesive bonded (1) Tripple stepped lap joint and ii) 
double stepped lap joint  in laminated FRP composites. In both 
the cases of stepped lap joints i) Inter-facial normal stress (σzz) 
and shear stresses are computed in adherends and adhesive for 
static boundary conditions. 

C. Methodology
The survey of literature reveals that three-dimensional stress 
analysis is required for1) Tripple stepped lap joint and ii) double 
stepped lap joints in FRP composites due to the variation of stresses 
across the width of the joint.  Hence, for the present work, three-
dimensional finite element analysis based on theory of elasticity 
is used for the solution of structural problems.  
The details of the geometry, finite element model, loading, boundary 
conditions and material properties used are as follows.

1. Geometry

(i). Double Stepped Lap Joint
The geometry of the Double Stepped lap joint used for longitudinal 
loading is as shown in fig. 1. The dimensions of the below diagram 
are as follows.
b=25 mm,t=10 mm,l=100 mm,l1=25 mm,t1=2.5 mm

Fig. 1: Geometry of the Double Stepped Lap Joint 

(ii). Tripple Stepped Lap Joint
The geometry of the Tripple Stepped lap joint used for longitudinal 
loading is as shown in fig. 2. The dimensions of the below diagram 
are as follows:
b=25 mm,t=10 mm, l=100 mm,l1=16.67  mm,t1=2.5 mm

Fig. 2: Geometry of the Triple Stepped Lap joint 

2. Finite Element Model
The finite element mesh is generated using a three-dimensional 
brick element ‘SOLID 45’ of ANSYS. This element (Fig. 3) is 
a structural solid element designed based on three-dimensional 
elasticity theory and is used to model thick orthotropic and 
isotropic solids. The element is defined by eight nodes having 
three degrees of freedom per node: Translations in the nodal x, 
y, and z directions. 

Fig. 3: SOLID 45 Element
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Fig. 4: SOLID 70 Element

SOLID45 element is used for all the cases of structural analyses 
for both the types of joints considered for the present analysis. 

3. Loading 
The details of structural loads applied for the static analyses of 
Tripple Stepped lap joint and Double Stepped lap joint are given 
in the respective sections of chapters. 

4. Material Properties

(i). Triple stepped Lap Joint
The following mechanical properties are taken from the 
reference 

(a). T300/934 Graphite/epoxy FRP (adherend) (67)
EL = 127.5 GPa; 
ET = 9.0 GPa; EZ = 4.8 GPa;
νLT= νLZ = 0.28; νTZ = 0.41 
GLT = GLZ = 4.8 GPa; 
GTZ = 2.55 Gpa

(b). Epoxy (adhesive)(89)
E = 3.33 GPa; ν = 0.34 

(ii). Double Stepped Lap Joint
The following mechanical properties are taken from the 
reference 

(a). T300/934 Graphite/epoxy FRP (adherend) (67)
EL = 127.5 GPa; 
ET = 9.0 GPa;  EZ = 4.8 GPa;
νLT= νLZ = 0.28; νTZ = 0.41 
GLT = GLZ = 4.8 GPa; 
GTZ = 2.55 Gpa

(b). Epoxy (adhesive)(89)
E = 3.33 GPa; ν = 0.34 

5. Laminate Sequence 

(i). Double Stepped Lap Joint
Two number of 00/900/900/00 laminated FRP composite plates are 
considered.For all the analysis types and load cases for Double 
Stepped Lap joints, angle-ply laminates of +θ/-θ/-θ/+θsequence 
with fiber angle varying from 00 to 900 in steps of 150 is 
considered.

(ii). Triple Stepped Lap Joint
Two numbers of 0°/90°/90°/0° laminated FRP composite plates 
are considered. For all the analysis types and load cases for  Triple 
stepped lap joints, angle-ply laminates of +θ/-θ/-θ/+θ sequence with 
fiber angle varying from 0° to 90° in steps of 15° is considered.

6. Meshing in Triple Stepped Lap Joint
Fig. 5 shows the finite element mesh on the overlap region of 
the triple stepped lap joint. The present finite element model is 
validated by comparing the stresses obtained for the longitudinal 
uniform pressure loading in the adhesive region. Later this model 
is used for the analysis of triple stepped lap jointof specially 
and generally orthotropic laminates subjected to longitudinal 
loading.

Fig. 5: Finite Element Mesh of Triple Stepped Lap Joint

IV. Static Analysis of Adhesive Bonded Tripple Stepped 
Lap Joint in Laminated FRP Composites

A. Analysis of Adhesive Bonded Triple Stepped Lap Joints 
Subjected to Longitudinal Loading

Fig. 6: Variation of  along the Step Length for Adhesive 
Thickness of 0.05 mm

Fig. 7: Variation of  along the Step Length for Adhesive 
Thickness of 0.1 mm

Fig. 8: Variation of  Along the Step Length for Adhesive 
Thickness of 0.15 mm
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Fig. 9: Variation of  Along the Step Length for Adhesive 
Thickness of 0.2mm

Fig. 10: Variation of  w.r.t θ

Fig. 11: Variation of  w.r.t θ

Fig. 12: Variation of  w.r.t θ

Fig. 13: Variation of xyτ  w.r.t θ

Fig. 14: Variation of yzτ  w.r.t θ

Fig. 15: Variation of zxτ  w.r.t θ

Fig. 16: Variation of Displacement w.r.t θ

B. Analysis of Adhesive Bonded Triple Stepped Lap Joints 
Subjected to Transverse Loading

Fig. 17: Variation of  along the step length for Adhesive 
thickness of 0.05 mm

Fig. 18: Variation of  along the step length for Adhesive 
thickness of 0.1 mm

Fig. 19: Variation of  along the step length for Adhesive 
thickness of 0.15 mm

Fig. 20: Variation of  along the step length for Adhesive 
thickness of 0.2mm

Fig. 21: Variation of  w.r.t θ
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Fig. 22: Variation of  w.r.t θ

Fig. 23: Variation of  w.r.t θ

Fig. 24: Variation of xyτ  w.r.t θ

Fig. 25: Variation of yzτ  w.r.t θ

Fig. 26: Variation of zxτ  w.r.t θ

Fig. 27: Variation of Displacement w.r.t θ

V. Static Analysis of Adhesive Bonded Double Stepped 
Lap Joint in Laminated FRP Composites

A. Analysis of Adhesive Bonded double Stepped Lap 
Joints Subjected toLongitudinal Loading

Fig. 28: Variation of  along the step length for Adhesive 
thickness of 0.05 mm

Fig. 29: Variation of  along the step length for Adhesive 
thickness of 0.1 mm

 
Fig. 30: Variation of  along the step length for Adhesive 
thickness of 0.15 mm

Fig. 31: Variation of  along the step length for Adhesive 
thickness of 0.2 mm

Fig. 32: Variation of  w.r.t θ
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Fig. 33: Variation of  w.r.t θ

Fig. 34: Variation of  w.r.t θ

Fig. 35: Variation of xyτ  w.r.t θ

Fig. 36: Variation of yzτ  w.r.t θ

Fig. 37: Variation of zxτ  w.r.t θ

Fig. 38: Variation of Displacement w.r.t θ

B. Analysis of Adhesive Bonded Double Stepped Lap 
Joints Subjected to Transverse Loading

Fig. 39: Variation of  along the step length for Adhesive 
thickness of 0.05 mm

Fig. 40: Variation of  along the step length for Adhesive 
thickness of  0.1 mm

Fig. 41: Variation of  along the step length for Adhesive 
thickness of 0.15 mm

Fig. 42: Variation of  along the step length for Adhesive 
thickness of 0.20 mm

Fig. 43: Variation of  w.r.t θ

Fig. 44: Variation of  w.r.t θ
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Fig. 45: Variation of  w.r.t θ

Fig. 46: Variation of xyτ  w.r.t θ

Fig. 47: Variation of yzτ  w.r.t θ

Fig. 48: Variation of zxτ  w.r.t θ

Fig. 49: Variation of Displacement w.r.t θ

VI. Observations
The graphs (fig. 10 to fig. 15) represent the variation of stresses 
with respect to fiber angle. We observe a common pattern in all 
the graphs that is the stresses are maximum at an angle of 45°.
The peculiar reason beyond the increase of stresses up to 45° is 
the mismatch of Poisson’s ratio. The stress will be decreasing 
after 45°. Prefered thickness of adhesive for triple stepped lap 
joint subjected to longitudinal loading is 0.2 mm except for the 
stresses yzτ  which can be observed in fig. 14.

The graphs (fig. 21 to fig. 26) represent the variation of stresses 
with respect to fiber angle. Preferred thickness of adhesive for 
triple stepped lap joint when subjected to transverse loading is 
0.05 mm for the stresses xyτ  yzτ  and zxτ  to be minimum. For the 
normal stresses the preferred adhesive thickness is 0.15 mm and for 
the shear stresses the preferred adhesive thickness is 0.05 mm.

The graphs (fig. 32 to fig. 37) represent the variation of stresses 
with respect to fiber angle. Graphs are plotted for when a Double 
Stepped lap Joint is subjected to Longitudinal Loading. We observe 
a common pattern in all the graphs that is the stresses are maximum 
at an angle of 45°.The peculiar reason beyond the increase of 
stresses up to 45° is the mismatch of Poisson’s ratio. The stress 
will be decreasing after 45°. Adhesive thickness does not affect the 
magnitude of stress. When chosen a particular stress at a particular 
angle the magnitude of stress remains constant irrespective of 
adhesive thickness. Any magnitude of adhesive thickness can be 
preferred since as cost is main consideration we can choose the 
adhesive thickness as least as possible. The minimum thickness 
that can be used for satisfactory boding is 0.05 mm.

The graphs (fig. 43 to fig. 48) represent the variation of stresses 
with respect to fiber angle. Graphs are plotted for when a 
Double Stepped lap Joint is subjected to Transverse Loading. 
Adhesive thickness does not affect the magnitude of stress. When 
chosen a particular stress at a particular angle the magnitude of 
stress remains constant irrespective of adhesive thickness. Any 
magnitude of adhesive thickness can be preferred since as cost 
is main consideration we can choose the adhesive thickness as 
least as possible. The minimum thickness that can be used for 
satisfactory boding is 0.05 mm.

In fig. 16, 38 the displacement is maximum at 90° for all the 
adhesive thicknesses and minimum at 0°. The value of the 
displacement is 0.4 mm for longitudinal loading. Irrespective 
of the number of steps in the joint the displacement values are 
found to be same when it is subjected to a particular value of 
longitudinal load.

In fig. 26 the displacement is maximum at 0° for all the adhesive 
thicknesses and minimum at 90°. For fig. 48 the displacement is 
maximum at 90° and minimum at 0° for all adhesive thickness. 
Irrespective of the number of steps in the joint the displacement 
values are found to be same when it is subjected to a particular 
value of transverse load. The displacement is found to be 13 mm 
when the stepped lap joint is subjected to 19.6 Mpa.

VII. Conclusions
The fibers can be oriented at an angle ranging from 15° to 30° 1. 
so that the stresses developed in the joint will be minimum.
The thickness of the adhesive that can be used for the 2. 
fabrication of adhesive bonded joints is 0.2 mm, because 
the stresses developed are minimum.
In order to have minimum displacement the stepped lap 3. 
joint should be subjected to longitudinal loading rather than 
transverse loading.
Adhesive bonded stepped lap joints can be used in aircraft 4. 
Structures and marine applications.
These joints are eco -friendly and these have a good appearance 5. 
rather than the welded, riveted and bolted joints etc.
Stress concentration is completely avoided since there are 6. 
no sharp corners, fillets, notches and holes etc. The stress 
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developed is minimum in these joints when compared to the 
conventional joints.
These joints can be used in the applications where the load 7. 
bearing capacity is high.
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