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Abstract—A finite element formulation for analysing the stresses in the adhesive of a single-lap
joint is presented. The element is based on the Timoshenko beam theory and an assumed variation
of the transverse shear stress and transverse normal stress through the thickness of the adherends.
This element formulation in conjunction with the variational principle is used for determining
constitutive relations in the adhesive layer. By means of the finite element formulation presented
herein, any possible adhesive-layer conditions and nonidentical adherends in a single-lap joint are
taken into account. Numerical examples are provided to illustrate the effects of the thickness of
adhesive and nonidentical adherends on extreme stress in the adhesive.

1. INTRODUCTION

Most structures consist of an assembly of a number of individual elements connected to
form a load transmission path. The use of adhesive joints is increasing because of a number
of advantages they offer. In adhesive bonding, the aim is to transfer the load smoothly from
one adherend to the other, minimizing the peak shear stresses and peel stresses in the
adhesive layer.

Early theoretical studies of the stresses in adhesive joints were directed towards the
single-lap joint. Goland and Reissner (1944) presented closed-form solutions of stress
distribution in lap joints using a two-dimensional elasticity solution, and an assumption of
relatively flexible adhesive layer. Later, this assumption for relatively flexible adhesive layers
was formalized as the spring-beam analogy and used to study the stresses in a brazed tab
fatigue specimen by Cornell (1953). Ojalvo and Eidinoff (1978) extended the theory of
Goland and Reissner through the use of a more complete relation between shear strain and
displacement corresponding to linearly varying displacements through the thickness of the
adhesive. Roberts (1989) presented an analytical procedure based on beam theory solution
and the assumption of relatively flexible adhesive layers.

Adams and Peppiatt (1974) and Adams and Wake (1984) used conventional finite
elements to analyse the stress distribution in various lap joints. Rao ef al. (1982) developed
a 6-noded isoparametric interface element. Carpenter (1973, 1980) proposed an adhesive
element based on the assumption common to the theories of Goland and Reissner as well
as Ojalvo and Eidinoff. Further applications of interface elements to adhesive-bonded joint
problems are investigated by some scholars. Previous methods for analysing single-lap
adhesive joints were based on the assumption that the adhesive layer is relatively flexible.
So, they can only deal with a certain range of flexibility of the adhesive layer but meet some
difficulty for relatively inflexible adhesive layers. In adhesive bonding, loads are carried by
the surface of the adherends in shear through a layer of adhesive. Therefore, shear effects
are important in the adhesive-bonded joints. However, the foregoing references dealt with
the beam theory without the effect of transverse shear.

The objective of this study is to develop a new finite element formulation for the
adhesive that includes all transverse effects of the shear stress and normal stress in the
adherend. Subsequently, its basic assumption involves the variation of the transverse shear
stress and transverse normal stress through the thickness of the adherends. The element
formulation in conjunction with the variational principle is used for determining the consti-
tutive relations in the adhesive layer. By means of the finite element formulation presented
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herein, any possible adhesive-layer conditions and nonidentical adherends with different
thicknesses and different materials in a single-lap joint are taken into account.

2. FORMULATION

Considering a single-lap adhesive joint, the coordinate system geometry, and sign
convention for shear and normal stress for an adhesive joint is shown in Fig. 1. For
notational convenience, ( )®, k = 1,2 will denote quantities associated with the kth adher-
end. We make the assumption that:

(1) Each adherend is considered to be in a state of plane stress.

(2) The longitudinal direct stresses in the adhesive are negligible when compared with
those in the adherends.

(3) Longitudinal and transverse deflection in the bond material vary linearly through
the adhesive thickness between the adherends.

(4) The shear stress in the adhesive is held constant through the thickness of the
adhesive, and is equivalent to the mean stress.

The governing relations for the displacement vector ¥, w'®, the strain tensor ¢{¥’ and
the stress tensor ¢ff’ in the kth adherend are expressed as follows :

(a) Stress—strain relations in the kth adherend

o) = EWel) +vVa, (1a)

1 = 2GWe®, (1b)
1—y?\P

R e (Ic)

(b) Strain—displacement relations in the kth adherend

= h,/2
Adherend 1 z l
X
EH) G(1)
o ‘ - h/2
03
t .
= 2 h,/2
7 Adhesive E, G, X i
— - h,/2
‘Ea ;
4o
Ta
) h2/2
z
Adherend 2
X
E(Z) G(z)
- hy2

Fig. 1. Coordinates, geometry and sign conventions in adhesive joint.
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e =u?, (2)
e = 1P +wd), (2b)

where v is Poisson’s ratio.
The following assumptions, the adhesive strain and the adhesive strain—stress relations,

are given by:

(c) Strain—displacement relations in the adhesive

Yo = [u“’(x, 2= %)——u‘”(x, 2 = %)]/ha, (3a)

(d) Stress—strain relations in the adhesive
T = GaYas (4a)
o, = E.,. (4b)
The development of a constitutive relation for the adhesive is facilitated by using the

variational principle for the boundary value problem of total quantities. The variational
principle applied to the single-lap joint becomes

L( 2 ()2 ®
(APR(3 k) (k (3 k xz

y 5ea®) +5eP6® +20eW7H) + 61| u® +wh — o
0 k=1 Jm/2

12\ haf2
+60¥| wh +v®e® — - o® ) |dz® + 0747, 0€,0,

—h,/2

T . 2 (k2 L
+0t,| ¥, — — )+ b0,l e, — = | [dz? pdx = [ y I Bu® 1P 4 swP 8y dz(")] , (5
Ga Ea k=1 J—(/2) 0

where 1%, ¢% are the boundary tractions.
Based on Timoshenko beam theory, the trial displacement field of the adherends is
given by

uV(x,z) = UV (x)+ 200 (x), (62)
U (x, 29y = U (x) + 2269 (x), (6b)
w(l)(x,z“)) = W(l)(x), (6C)
W (x,22) = WO(x), (6d)

where U®, 6%, W® are mid-plane displacements in the kth adherend.
The transverse shear stress and normal stress field distribution through the thickness
of the kth adherend are taken to be

3Q(1)|: (22‘”)2] A\ L) 1
() - PR I [
Txz 2h| 1 h] +1, 3 hl hl 3l (7a)

(l)=ﬁ[1_3zm (fgg _’ﬂ m M
o, > i, +4 7 for 2 <z g 2 (7b)

and
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2Q<2> <2zi2)>2 ADN D i
2 . “ I el B SRRSO B ¥ Rl I
T2 o, 1 i +1,43 7 + h, "4l {7¢)

otf = % [1 + 5 «4(}:7 ) ] for - 52 <<, (7d)
where
.42
QW = J t® dz®, (Te)
(/2

Let us consider an infinitesimal element of the adherend which is supported at its ends,
as illustrated in Fig. 2. Assuming that the load and intensity g, are uniformly distributed,
we can obtain the transverse normal stress field ¢’ by using the Airy function. The
transverse shear stresses field t) may be represented by quadratic polynomials of z®.
Their coefficients are computed by using eqns (7e) and boundary condition equations
(8a—d):

=m0 o

T,(\'.I“) (x’ 2 = — !ZL == Ty (Sb)
h

=) “

im0 ”

Substituting eqns (2), (3), (4), (6) and (7) into eqn (5) and using Gauss’s theorem, one
obtains the following equilibrium equations, boundary conditions and constitutive equa-
tions which automatically include the appropriate shear correction factors.

Egquilibrium equations

N(x” Ty = 09 (93)
zm
o dL/z dlL/e -
h,I Adherend 1 { X
'L { 1 ) i i % I
OI
S, 2(2)
T t H ¥ ¥ H ]
hzl Adherend 2 i X

Fig. 2. Infinitesimal adherend element.
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Q) 0 hy
M x — Q + ?T,, = 0,

M,():Z)_Q(2)+%Ta = 0’
Q(x‘)—aa = 09

Q.(x2)+aa =0,

where stress force resultants are defined by
hy /2
N® = a® dz®,
~(he/2)

he/2
M® = 0®2% dz®,
(/)

Boundary conditions
The boundary condition at x = 0 and L:

SUP =0 or TY =N®,
80 =0 or TH =M®,
SW® =0 or T® =0®, k=1,2,
where
(/2
T = | ®dz®,
J-t
(Ph 2
TH = 2040 60
J—(y/2)
(hy/2
T® = 10 dz®).
J=Uy/2)
Constitutive equations
5GVh h2R
1 1
Q( ) = < g 144 (0(”+W“))+ (9(2)+ W(Z))

hR h h
4] @ _T1agm_ 72 5
hE (U g oty ),

hh

R 5GP
0@ ===+ W<;’)+( :
14 ’

6

h2R>(9(2) + W(Z))

LR

h h
(1) @ _ gy _ "2 2
12 (U -U 2 6 > g )
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%)

(9d)

(%)
°f)

%g)

(%h)

(10a)
(10b)
(10c)

(10d)

(10¢)

(10f)

(11a)

(11b)

T, = h (0‘”+W“’)+ (9(2’+W‘2’)+R(U“’ U — h‘o“’ h20<2>) (11¢)
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i h 1 h,
- () _ /(2 W pl — 1 gy @ [ ,,,: (2)
o, = P(W WY+ hv P(z U — 109 >+hv P<2U‘X 0'; >, (11d)
where correction factors are
hl hZ ha
R= 1/(8G“) +'8G(2) +‘G“a)- (12a)

134, (1—=v2\X" 13k, (1=v2\? A,
P=1 35 £ + 33 E +E . (12b)

The remaining constitutive equations for N*', M® are obtained by substituting eqns
(1a), (7b), (7d), (11d) into eqns (9g), (Oh):

2 3
N — <E(|)h + o (V l))4h P)U(l) (v(l);;hng‘(Xl)_*_ v(l)v(z;.h‘th U(\?‘)
Wy2p B2 P M h P
Ty T+ (=W ), (13a)
vV P h b, P viOv@hih, P (v P)’hiP
[©) I RAL M 2ol 4701 N bt . ()| (2) NARFILSAIR PP
NO =Ll R s +<E ot e UG
(?)?h3P v‘z’h P
02+ R (o ey (13b)
20"
(V“))zh P (I)/’I? (v(l))Zh‘l‘P v(l)v(Z)hlh P
o _ C W o_Y )
M 0 Uttt 0 ) U
(D p2p2 p “)h P
S g (e —w), - (130)
W DyOp p2p Wy Dp2p2p (v )2h3P
(2) - hTer (1 __ (1) (2)
M 0 U- 00 St Us

E(2)h; (v(l))Zhg (2)h P
< (2) 4 W _ ppdy, 13d
+<12+1009 o ¢ ). (139)
3. FINITE ELEMENT FORMULATION

The principle of virtual work applied to a single-lap adhesive joint becomes

[ sterrio) ax = o (@) 14

where

hy

h.
g
2

(T =[UD g0 VLW UO U0 —

W@ g g2 gL W (15a)

(Gl =[NV MO QU g, o, N® M? Q@) (15b)
T = g w y® ¢ W), (15¢)
()" =[NO MDD QM NP M Q@] (15d)
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Let the domain L be subdivided into a finite number N, of individual finite elements
L.,e=1,2,..., N, Asingle-lap joint element with nodes offset against both the upper and
lower adherend is developed. The schematic of the element is shown in Fig. 3. For each
element the generalized displacement 4% in the kth adherend is interpolated by the nodal

displacement U, at node i in the element :

N,
ah = z Ni(é)f]h‘—ls
i=1

Na
a? = Z Ni(é)ﬁZi,
i=1

(16a)

(16b)

where 2N, is the number of nodes of the element, N,;(&) is the isoparametric interpolation

function and

U
U=|6| i=12...,2N, a7
s
It is now straightforward to define matrix [B] according to
{e} = [B{U}, (18)
where
UT=107 05 ... UL (192)
[B] = [Bl B, ... BN,,]: (19b)
{ oON; i
—— 0 0 0 0 0
ox
ON;
0 -— 0 0 0 0
Ox
0 N, oN; 0 0
0x
h
N, fM 0 —N, —QM 0
B = 2 , i=1~N,, (19¢)
0 0 N, 0 0 —N,
ON;
0 0 0o — 0 0
Ox
0 0 0 0 oN, 0
ox
0 0 0 0 N, oN:
L ax -

the constitutive equations (11) and (13) can be expressed in the form

h, /—Adheremn
__I_ /—Adhesive
_rf._ /—Adherendz
2 4 6 2N
h, A
|

|-
{

L }

. —

Fig. 3. Schematic of element.
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o} = [DN{e},

where [D¢] is an 8 x 8 modulus matrix :

D;=

D32

D4=

D(,=

The element stiffness matrix [K*] of the single-lap joints is obtained as

Example 1

by 0 Ds 0
0 D, 0 D
DY 0 Dy 0O
0 D} 0 D,

" 2hip (NP
E(”h TN o~ A
! 4 20
COMPHP EVR U)K |
I 20 12 100
56"k, KR bR
6 144 12
h_‘7§' R
i 12
P vWhaP v2hiP
2 10
v, p ()2 h3p (v M2R3p
AR (2) ARt Sl N L e
5 EPht 5%
vhiP *)’h:P EThy | (O)’hip
10 20 12 100
5GP, | MR
6 144 |
| v'Vh P v hp v Dp Rip
2 4 20
}r”’kf}? v Dplh, p v Ipiplp |
10 20 100
bR
144
hyR
12

[K¢] = f "[BY'[D¢)(B] dx.

4. NUMERICAL RESULTS

(20)

(21

(22a)

(22b)

(22¢)

(22d)

(22¢)

(22f)

(23)

The first demonstration example is the analysis of a single-lap joint subject to axial
force p and bending M = p(h, + h,)/2, as shown in Fig. 4, having the following properties:
length of joint L = 12.7 mm; adherend thickness &, = h, = 1.0 mm; adhesive thickness
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Adherend 1

X

gZ’ | Adnerond 2 ‘Adhesive

Fig. 4. Single-lap joint and idealization.

6.0 ---- Roberts ( 1989 )
— Present Method

~.

IPY§ SR R RS RV R AP ST

0.0 2.0 4.0 6.0 8.0 10.0 120

x (mm)

Fig. 5. Results for single lap joint—comparison with Roberts’ results.

4.0

3.5 444 Present Method

ooo Carpenter's Element Method
3.0

25

Max.t/p 20

LS LA L L I B IS AL LA A B S A it |

0.0 PER S ST BT G S SO U S SR R SRS NS N
0.0 1.0 2.0 3.0 4.0

Log(h,/h,)

Fig. 6. Maximum shear stress in the adhesive for different h,—comparison with Carpenter’s element
analysis results.
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1.00

~ss  Present Method
075 oco Carpenter's Eilement Method

T

Max. o/p 050

0.25

0.00 — PR " . A
0.0 1.0 2.0 3.0 4.0

Log(n,/h,)

Fig. 7. Maximum normal stress in the adhesive for different 4,—comparison with Carpenter’s
element analysis results.

h, = 0.4 mm ; Young’s modulus of adherend E'" = E'¥ = 80,000 N mm 2; Poisson’s ratio
vi) =y = 0.3; Young’s modulus of adhesive E, = 2000 N mm 2 and shear modulus of
adhesive G, = 800 N mm™?, the results are presented in nondimensional form in Fig. 5, in
which 7, is the average shear force per unit length in the adhesive. The present results are
in good agreement with previously analytical results obtained by Roberts (1989).

Example 2

The second example deals with the analysis of a single-lap joint subject to axial force
p. This example illustrates the effect of the thickness of the adhesive layer on the shear and
normal stress in the adhesive layer, with the following properties: length of joint L = 10
mm ; adherend thickness 4, = A, = 1 mm; EV = E® = 80,000 Nmm~?; v'? = @ = 0.3
E, =2000 N mm~%; G, = 800 N mm~? and adhesive thickness 4, is variable from 1 mm
to 0.0001 mm. Figures 6 and 7 show comparison between the present results and results

0.40

£

0.30

0.20

0.10

0.00

-0.10 PR S S I TS G S GO VA U ST SO S SR T ST SO S S
0.0 25 5.0 7.5 10.0

x{mm)

Fig. 8. Shear and normal stress in the adhesive for b, = h,, E'V/E? = 10.



Single-lap adhesive joints 1689
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ﬂ’

0.00

-0.20

PRSP UUUE N [N SUVS S S SOl T SN ST ST ST NV TUNr US SR S |

2.5 5.0 7.5 10.0

o [T

=]

X { mm)

Fig. 9. Shear and normal stress in the adhesive for &, = h,, EV/E® = 0.1.

using Carpenter’s finite element analysis for determining the maximum shear stress and
normal stress in the adhesive. It is easily seen that Carpenter’s finite element analysis results
are inadequate for convergence when the thickness of the adhesive layer in a joint is
extremely small compared with that of the adherend. Carpenter’s finite element formulation
is based on the assumption common to the theories of Goland and Reissner as well as
Ojalvo and Eidinoff. Equations (24) show the stress—displacement relations in the adhesive
layer. The singularity occurs when the adhesive thickness /4, approaches zero:

W L , ,
E
0'a=Z£(W“)—W(2))' (24b)

1.00

0.60
0.40

-
0.20

0.00

PERSPRII TE W T S SR SR G G SR VN S S S N S

0.0 2.5 5.0 75 10.0

x(mm)

Fig. 10. Shear and normal stress in the adhesive for E(V = E®, j/h, = 10.



1690 C-C. LN and Y.-S. Linv

1.2§8
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0.50

1,7/p

0.25
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SR WOUA SRS ST SV WY SOV AT TR YOO EUV S

25 5.0 75 10.0

ov{//'v'-v-|‘rxvt[-vviwxvv‘
b

0.
X{mm)
Fig. 11. Shear and normal stress in the adhesive for E\" = E*¥_h,/h, = 0.1,

Example 3

The third example is similar to the second example, which illustrates the effect of the
material properties and the thickness of two adherends on the maximum shear and
maximum normal stress in the adhesive; the parameters are L = 10 mm; A, =1 mm;
E? = 80,000 N mm~?; h,= 0.4 mm; E, = 2000 N mm~%; G, =800 N mm~2; v\ =
v? = 0.3; EY/E® = 0.1-10; h,/h, = 0.1-10. Figures 8—11 show the distributions of shear
and normal stresses in the adhesive with different adherend thickness and different adherend
materials. Figures 12—15 show the extreme shear and normal stresses in the adhesive acting
on both ends of the joint. These results reveal that the maximum shear and normal stress
always occur at different end zones of the joint and depend greatly on the ratio of E‘V/E®

and h,/h,.

0.80

L e

sas Left End
ooco Right End

0.80

Extreme 1, /p 040

0.20

E(H/ E(?)
Fig. 12. Extreme shear stress in the adhesive at both ends for k, = &, via different EV/E'?,
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0.40

ass Loft End
ooo Right End

0.30

0.20

0.10
Extreme ,/ p

0.00

-0.10

-0.20

-0.30 PR N P i
0.0 25 5.0 75 10.0

B/ E®

Fig. 13. Extreme normal stress in the adhesive at both ends for k; = h, via different E(V/E®.

5. CONCLUSION

A finite element formulation for single-lap adhesive joints is presented which can
analyse the distribution of the shear and normal stresses in a variety of adhesive joints with
any possible adhesive-layer conditions and nonidentical adherends. The results obtained
are in good agreement with the previously obtained analytical results for a relatively flexible
adhesive layer in the joint. The results also reveal that the maximum shear and normal
stresses are found to increase as the thickness of the adhesive thins. The variation E‘" and
E™ or h, and h, might have a significant effect on the magnitudes of the maximum shear
and normal stresses, which always occur at different end zones, in the adhesive layer of the
joint. Thus, the present model provides a rapid and realistic assessment of the stresses in
single-lap adhesive joints for use in designing or repairing a joint.

1.25

a6 Left End
000 Right End

1.00

Extreme 1,/ p

0.50 +

0.25

0.0 25 50 75 10.0
h,/h,
Fig. 14. Extreme shear stress in the adhesive at both ends for E = E? via different h,/h,.

SAS 301121
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1.00 -

~sa | oft End
ooo Right End

0.80 |-
0.60
Extreme o,/ p

0.40

0.20

0.00 L < P L
0.0 2.5 5.0 75 10.0

h,/ h,

Fig. 15. Extreme normal stress in the adhesive at both ends for E® = E? via different 4,/h,.
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