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Abstract— Pipes and pipe joints are the backbone of many 

engineering applications such as oil and gas industries, 

mining applications, aerospace industries, structures, 

automotive industries etc. Adhesively bonded laminated FRP 

composite pipe joints have many advantages over 

conventional pipe joints (e.g. welded), as adhesive joints are 

less corrosive and this type of joint provide more uniform 

load transfer. In the present work finite element simulation of 

functionally graded adhesive bonded FRP composite socket 

joint has been carried out, grading is given along bond-length 

for bonded socket joint of laminated FRP composite pipes. 

The loading condition is axial tensile at one free end and other 

end is constrained (fixed in all directions). The geometries 

and boundary conditions are taken from[1]. Different kinds 

of failures in the socket joint such as cohesion failure in the 

adhesive mid layer, adhesion failure in the tube-adhesive 

interface and adhesion failure in socket-adhesive interface 

has been analyzed using different failure criteria as Tsai-Wu 

failure criteria for adhesion failure and parabolic yield criteria 

for cohesion failure. A failure index of the socket joint has 

been determined and critical region of the joint has been 

found at the edges and near the middle of the bonded tubular 

socket joint. Different functional grading has been applied 

and failure index profiles for different modulus functions 

have been drawn to compare these profiles obtained with 

failure index for isotropic adhesive to determine an 

appropriate function for modulus grading which reduces the 

stress concentrations effectively and increases the strength 

and life of the bonded tubular joint. Quadratic (parabolic), 

Biquadrate and Cosine functions are applied to compensate 

the stress peaks or stress singularities. The stress peaks at 

edges and near the middle of the socket joint are found to be 

more than the other portion of the socket joint. Flexible 

adhesives having lowest values of elastic modulus at edges 

and near the middle of the joint to reduce the stress peaks, and 

highest values of elastic modulus are the regions where stress 

values are less we used stiffer adhesive. 

Keywords: Functional Graded Modulus (FGM) Adhesive, 
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I. INTRODUCTION 

The use of mixed adhesives as well as functionally graded 

adhesives has proven to be successful regarding a reduction 

of peak adhesive stresses. Mixed adhesives, often referred to 

as bi-adhesives or dual adhesives, consist of more than one 

adhesive and have been originally developed to reduce stress 

concentrations in adhesive joints with brittle adhesives by 

including a ductile adhesive at the ends of the overlap. In the 

last few years, functionally graded adhesives showing a 

smooth and continuous variation of the adhesive's mechanical 

properties have been increasingly investigated. In this 

context, mixed adhesives can be seen as functionally graded 

adhesives with a stepwise functional grading most used type 

of joints in the industry are the lap joints, as they are easier to 

manufacture and because the adhesive is usually loaded in 

shear, which is the most effective type of loading for the 

adhesive. Among them the most studied joint in the literature 

and most commonly found in practice is the Single Lap Joint 

(SLJ) with metallic or composite adherends due to their 

simplicity and efficiency. However, one major drawback 

associated to these joints is the presence of stress 

concentrations at the end of the adhesive layer. This leads to 

a premature joint failure at the ends of the overlap, especially 

if the adhesive is brittle or if composites with low transverse 

strength or low strength adherends are used. For this reason, 

one of the main areas of investigation in the field of adhesive 

bonding is to develop ways of reducing these stress 

concentrations for a more efficient adhesive joint strength. 

The first paper treating the subject of tubular 

adhesive joints was published by Lubkin et.al [2]. They 

analysed the stress distribution of the adhesive layer in 

tubular lap joints composed of thin-walled circular cylindrical 

shell elements subjected to axi-symmetric external loading. 

Among the investigations carried out on pipe joints, the 

problem of torsional stresses in tubular lap joint was first 

investigated by Volkersen[3]. In his analyses, two tubular 

adherends of the joint were treated by mechanics of materials 

approach. Following the work of Volkersen, Adams et.al [4] 

improved Volkersen’s analyses by taking thickness of 

adhesive layer into account. Results of FE solutions were 

compared with that of Lubkin and Reissner. The same authors 

also indicated the effect of adhesive fillet and partial tapering 

of adherends on stress distributions in the adhesive layer. 

Chon [5] analysed tubular lap joint of FRP composites under 

torsion by developing a closed form solution. 

In this article, adhesive failure analysis are 

compared by using the Tsai-Wu failure criteria of different 

functional grading adhesives at fixed modulus ratio. 

II. MODELLING OF TUBULAR SOCKET JOINT 
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Fig. 1: Geometry and configuration of functionally graded 

adhesive socket joint [ref] 

The geometry and configuration of bonded tubular socket 

joint is given in figure 1 above: 

The geometrical parameters and Material properties 

used in FE analysis are given below in table 1 and 2 below: 

Material of Tube and 

Socket 

Gr/E- Laminated FRP 

(T300/934) 

Ply configuration 

Adhesive thickness 

Total length of the 

structure 

Outer radius of the tube 

Outer radius of socket 

Tube thickness 

Coupling thickness 

Coupling length 

Gap between the tubes 

[0/90]S 

δ=0.1mm 

2L=178 mm 

r1=14.4mm 

r2=16mm 

t1=1mm 

t2=1.5mm 

2C=26mm 

g= 0.2mm 

Table 1: Geometrical parameters of bonded tubular 

socket[6,7] 

Elastic 

properties 
Values Strengths Values 

Ez 

Er 

EƟ 

Gzr=GzƟ 

GƟr 

µzr=µzƟ 

µƟr 

127.50 Gpa 

4.80 Gpa 

9.00 Gpa 

4.80 Gpa 

2.55 Gpa 

0.28 

0.41 

RT (Out of 

plane normal 

(Transverse) 

Strength) 

S (Out of plan 

shear 

Strength) 

49.0MPa 

 

 

2.55MPa 

Table 2: Layer wise Material properties for orthotropic 

tube/socket[6,7] 

The elastic properties of epoxy resin are given below in table 

3. 

Elastic Property Strength Values 

E = 2.8  GPa 

µ = 0.4 

Yt 

Yc 

65  MPa 

Mpa 

Table 3: Elastic properties of epoxy resin[6, 7] 

III. RESTRAINED BOUNDARY CONDITIONS 

Simulation of tubular joints under axial loading is done by 

keeping one edge of the tube fixed and applying tensile load 

of 10MPa at other end of the tube. Referring to figure 1, 

restrained boundary condition is used in this present FE 

simulation for tubular socket joint under axial loading is 

given  

For Z=-L; U=V=W=0 

where,2L =total length of joint structure, Z= 

distance along the joint structure and U, V, W= radial, 

circumferential, axial displacement associated with 

cylindrical co-ordinate system (r-Ѳ-z), respectively. 

IV. MESHING DETAILS 

In the present article, the FEM model of tubular socket joint 

has been constructed using three-dimensional brick elements. 

In the present FE analysis, isoparametric, three-dimensional 

eight node layer volume elements designated as SOLID 46 

have been used to model the composite tube and socket 

laminates ply-by-ply and orthotropic material properties have 

been considered for each ply. The isotropic adhesive layer has 

been modeled using SOLID 45 brick elements. These 

elements have eight nodes and each node possesses three 

translational degrees of freedom. In FE model, element size 

is considered as (0.1 mm, 0.2530 mm, 0.05 mm) for adhesive 

layer. A mesh pattern of 360 elements (along circumferential 

direction), 260 elements (along axial direction) and two 

elements (along radial axis) have been adopted to discretize 

the adhesive layer. The varied mesh density appropriately 

used for discretizing the tubular socket joint structure is 

illustrated in Figure 2. The validation is required to establish 

the present FE model with the available literatures. It needs 

the convergence study, error analysis, establishment of 

results, etc. This study was done extensively by same author 

[1] in their previous work. Same meshing scheme has been 

adopted in the present work to model tubular socket joint. 

 
Fig. 2: Discretized model of tubular socket joint 

V. RESULTS AND DISCUSSIONS 

The various functional grading for adhesives along bond-

length for bonded socket joint of laminated FRP composite 

pipes are represented by the equation 1 to 4. The maximum 

modulus 𝐸𝑚 is taken as 2800 MPa and minimum modulus 𝐸𝑜 

is 1400 MPa for the fixed modulus ratio R=2.  These 

functions are compared with isotropic adhesive having 

modulus ratio R=1, which corresponds to mono-modulus 

adhesive.  

The different functional representations respectively denoted 

by: 

E1(z) = Em − 4(
Em−Eo

c2
) z2    (1) 

E2(z) = Em − 16 (
Em−Eo

c4
) z4                               (2) 

E3(z) = Em −
Em−E0

L2
(z − c)2    (3) 

E4(z) = Eo +
Em−E0

L2
(z + c)2                               (4) 

Where, Em and Eo are the maximum and minimum 

Young’s modulus of the adhesive respectively. L = 2c is the 

coupling or overlap length of the bonded joint region and z is 

the distance measured along the bond length L. 

The failure analysis in the socket joint i.e. adhesion 

failure in the tube-adhesive interface will be done by using 

the Tsai-Wu failure criteria. From the failure indices of the 

socket joint, one can observe that the critical region of the 

joint has at the edges and near the middle of the bonded 

tubular socket joint. 

The two different types of functional grading i.e. 

gradation by symmetric functions and gradation by 

asymmetric functions will be consider. The failure indices 

will be determined by changing the different functional 

grading according to equation 1-4. 
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A. Gradation by Symmetric Functions: 

The variation of young’s modulus along the bond length for 

symmetric function profile with modulus ratio 2 as well as 

adhesive having modulus ratio 1 is shown in Fig 3(a). At the 

edges of the bonded tubular socket joint, the young’s modulus 

value is minimum (1400 MPa) while at the middle of the bond 

length, it has maximum (2800 MPa) value. 

Fig 3(b) represents the failure index (e) along the 

bond length which is obtained from the Tsai-Wu failure 

criteria. Figure 3(b) shows that the failure index for equation 

1 is slightly more at the joint edges of the joint and the peak 

at the near the middle of the bonded tubular socket joint. The 

failure index value is equal at the bond length ±12.6, ±6.5 and 

0. 

 

 

Fig. 3: (a) Parabolic variation (Eq. 1 & 2) of Young’s 

Modulus of the adhesive layer with modulus ratio R=2 and 

(b) the failure index variation along the bond length 

B. Gradation by Asymmetric Functions: 

The variation of young’s modulus along the bond length for 

the asymmetric function profile with modulus ratio 2 as well 

as adhesive having modulus ratio 1 is shown in fig 4(a). At 

the one edge of the socket joint, the young’s modulus value 

is minimum (1400 MPa) while at the other edge, it has 

maximum (2800 MPa) value. The material properties vary 

along the bond length has concave and convex parabolic 

variations profile. 

Tsai-Wu failure criteria results along the bond 

length depicted in Fig 4(b). Figure 4(b) shows that the failure 

index for equation 3 has high pick near the middle of the joint 

as compare to equation 4. The failure index value is equal to 

zero at the center of the socket joint. 

 
Fig. 4: (a) Asymmetric variation (Eq. 3 & 4) of Young’s 

Modulus of the adhesive layer with modulus ratio R=2 and 

(b) the failure index variation along the bond length. 

VI. CONCLUSION 

The objective of this work was to study the effects of 

functionally graded adhesive on failures of socket joint of 

laminated FRP tubes. In this article, the failure analysis of 

tube and socket joint of different functional grading adhesive 

with fixed modulus ratio has been carried out. It was found 

under axial loading condition that the asymmetric FGM 

adhesive with equation 4 has better failure resistance property 

than the FGM adhesive with equation 3. Comparing with the 

FGM adhesive with symmetric functions, it was found that 

the asymmetric FGM adhesive has better failure growth 

resistance in middle of the joint. Therefore, recommendation 

can be made for utilization of FGM adhesive graded with 

asymmetric function. 
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