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A finite element stress analysis of a thick-adherend lap shear specimen to determine
the adhesive shear properties is performed. Key problems associated with this test
specimen include the non-uniformity of adhesive stress fields, load eccentricity effects
and other less well-characterized mechanics. The numerical model, validated by com-
paring with the moiré experiment, is proposed for investigation of these problems.
Full-field non-uniform stress distributions in the test region are presented. The ob-
tained adhesive shear stress distributions are compared with those from the moiré
experiment and the classical theoretical solutions. It is shown that the present two-
dimensional solutions agree well with experimental solutions while the theoretical
solutions based on simple assumptions differ from those from the numerical and
experimental analyses. Load eccentricity encountered in the experimental tests is in-
vestigated. It is shown that load eccentricity greatly affects the adhesive shear stress
distributions, but not the stress state at the center point of the bond line. Thus, load
eccentricity effects would cause large data scatter in adhesive shear modulus and
strength measurement. The effect of the adhesive/adherend elastic modulus ratio on
the adhesive stress distributions is also investigated. Correction factors accounting for
non-uniformity of the adhesive shear stress distributions are determined and used to
determine the adhesive shear modulus from the experimental data.

Keywords: Lap-shear test; adhesive joint; adhesive shear properties; KGR-1 extenso-
meter; finite element; stress analysis
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INTRODUCTION

Adhesive bonding technology has gained the attention of the auto-
motive, aerospace, wood, plastics as well as the electronic packaging
industries. When a thin-layer adhesive is used in bonding load-bearing
structures, the adhesive is usually designed to carry shear loading.
Adhesive material shear properties (such as modulus, strength or full
stress-strain curves), especially for in-situ properties under the different
temperatures and environments, are then needed in both structural
design and analysis.

A simple, reliable and robust test method is required for the deter-
mination of adhesive shear properties. An adhesive shear specimen
with a thick adherend using the KGR-1 extensometer, proposed by
Krieger, is one of the most popular test methods for determining
thin-layer adhesive shear stress-strain response [1—3]. The configur-
ation and dimensions of the test specimen are shown in Figure 1(a).
The test specimen has a 2c-long overlap test section which is located
at the center of the specimen that is produced by machining two slots,
one at the upper adherend and the other at the lower one, and sepa-
rated by 2c. The specimen is loaded in tension through pins. The
adhesive in the 2c-long bond line is subjected to the shear force. A
KGR-1 extensometer was used to measure the relative shear deforma-
tion between two points which are symmetrically located on each side
of the bond line. The shear deformations recorded by the exten-
someter include the shear deformations of the adherends which can be
determined by testing a dummy specimen (a specimen without an ad-
hesive layer). The adhesive shear deformation can be obtained by sub-
tracting the shear deformation of the dummy specimen from the total
shear deformation of the test specimen, as indicated in Figure 1(b)
which contains typical adhesive shear stress-strain response from a
KGR-1 extensometer.

It has been proposed in the literature [2,4,5] that the thick-adher-
end test specimen does not produce an uniform adhesive shear stress (or
strain) distribution along the entire bond line, within the material lin-
ear-elastic range. It has been suggested in Krieger’s test procedure [1]
that the adhesive shear strain measured at the quarter-point of the
bond line is close to that of the average shear stress, which is obtained
by simply dividing the applied force by the bond area.
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FIGURE 1 (a) Configuration and dimensions of a thick-adherend lap shear specimen.
(b) Typical adhesive shear stress-strain curve measured by KGR-1 extensometer.
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However, the test specimen when loaded in tension is sensitive to a
load eccentricity caused by the thick adherend and pin-loading mech-
anism. Figure 2 shows typical strain gage responses for a test specimen
under the tensile load. It is apparent that, for eccentric loading, strains
recorded in gages 1 and 3 are tensile, while strains in gages 2 and 4 are
compressive. The load eccentricity can be greatly reduced by using the
notched pins as observed by Tsai and et al [S] in strain gage and
moiré experiments. Load eccentricity would result in a large scatter in
adhesive shear modulus data and premature failure of the specimen [5].
Tsai et al. [6] have also shown that strain gage measurement, with a
properly defined correction factor to allow for stress non-uniformity,
can be used to determine the thin-layer adhesive shear modulus, pro-
vided that the stress (or strain} fields in the specimen’s test section are
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FIGURE2 Strain gage responses to load eccentricity, observed in the thick-adherend
lap shear specimen, due to inappropriate loading.
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well characterized. With both the KGR-1 extensometer and the strain
gage technique, the non-uniformity of stress fields in the specimen’s
test section and the load eccentricity effects need to be examined.

The objectives of this study are to provide a numerical model for
the stress analysis of the KGR-1 adhesive shear specimen, to validate
the model by comparing experimental and theoretical analyses, to
study the mechanics of the test specimen with regard to the effects of
load eccentricity and adhesive material properties on the adhesive
stress distributions, and to provide suggestions for accurate measure-
ment of adhesive shear modulus.

NUMERICAL MODEL

Two-dimensional linear elastic finite element analyses using the
ABAQUS code [7] have been performed. Transverse deflections,
resulting from the bending moment due to the discontinuity of the
neutral axis, are small and negligible due to the large bending rigidity
of the thick adherends. As a result, the stretching of the adherends is
uncoupled from the transverse deflection. That is, unlike the thin-
adherend single-lap joint {8], geometrically nonlinear effects are negli-
gible. The geometry and boundary conditions for the finite element
model are shown in Figure 3. The length of the outer parts has been
modeled as 19 mm (0.75inch), rather than the actual length of 95.3 mm
(3.751inch). These short outer parts reduced the total elements in the
numerical calculation without sacrificing the accuracy of results for
the test section. The boundary conditions applied were a hinge at one
end, and a roller (constrained in the vertical direction) and horizontal
applied force per unit width, T, at the other. For the case without load
eccentricity, these boundary conditions are placed at the center line of
the specimen, while these boundary conditions are shifted up (or
down) away from the center line for the case with load eccentricity.
A linear-elastic plane strain model was used in the finite element
analysis. For the adherend properties, elastic modulus E; =70 GPa
and Poisson’s ratio v=0.33. For the adhesive, elastic modulus
E,=2.17 GPa (or G,=0.83 GPa) and Poisson’s ratio v, = 0.31. Since
the adhesive layer is relatively very thin compared with the thickness
of the adherends, adhesive stress variation through the thickness is
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FIGURE 3 Geometry, mesh, and boundary conditions used in the finite element
analysis.

negligible. In addition, the stress components (except the longitudinal
normal one) is continuous across the interface between the adherend
and adhesive. Two constant-stress elements were used across the
thickness of the adhesive layer. The size of the adhesive element gets
smaller upon approaching the end of the overlap where large stress
gradients occur. Because there were two constant-stress elements
across the adhesive, and the stress values at the nodal points are
determined by averaging the values from adjacent elements, the values
of adhesive stresses along the center line of the adhesive are approxi-
mately equal to the average values across the thickness of the adhesive
layer. Theoretical stress singularities in very localized regions (with a
distance in the order of thickness of adhesive) such reentrant corners
or interface corners are neglected in the present analysis.
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In order to validate the numerical model, the adhesive and ad-
herend stress distributions obtained from the finite element analysis
and moiré experiment [5] for the case without load eccentricity, are
compared and shown in Figure 4. The stress components are nor-
malized by the average adhesive shear stress, (t,),,,(= T/2¢). It is ap-
parent that the adhesive shear distributions from both the numerical
and experimental results are in good agreement. Also, the adherend
longitudinal stress distributions along the middle line of the bridge are
in reasonably good agreement in the numerical analysis and experi-
ment. This implies that the finite element model used in this study is
appropriate for modeling the mechanics of the test specimen.

A parametric study of the test specimen is conducted in this numeri-
cal analysis. Parameters such as the adhesive/adherend elastic modulus
ratio (E,/E) and load eccentricity are investigated. Correction factors
taking -account of the adhesive shear non-uniformity are calculated at
the middle point of the bond line for various E /E_. The load eccentri-
city effect on the adhesive stress distribution is also investigated.

G/ (T %/ (T
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FIGURE 4 Verification of the numerical model by comparing the obtained adherend
longitudinal normal and adhesive shear stresses with those from the moiré experiment.
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THEORIES

There are two classical solutions available for single-lap joints: one
developed by Volkersen in 1938 [9], and the other proposed by Goland
and Reissner in 1944 [8].

Volkersen’s solution is a simple shear lag solution based on the as-
sumption of bar-like adherends bonded through a shear-deformable ad-
hesive layer. That is, the adherends carry only longitudinal force which
causes elongation uniformly across the thickness of the adherends. This
model can be used to analyze unbalanced joints in which E,¢, (elastic
modulus times thickness in the upper adherend) is not equal to E,t, (in
the lower adherend). The normalized adhesive shear stress is given by

To

(To)ave

= Asinh(fx) + Bcosh(fx)
where

E2t2
_ Be B Et,
" cosh(Bc) E,t,
Et,

1+

__ Be
" sinh(fcy

G 1 1
and f? =—3< + )
4 n \Eit; Et,

The average shear stress, (z,),,,, is equal to T/2c.

On the other hand, Goland and Reissner present a beam-on-elastic-
foundation model in Part III of their paper. The adherends are
modeled as beams (or cylindrical bent plates) taking into account the
adherend longitudinal force, bending moment and shear. The adhesive
layer is modeled as a shear plus transverse normal spring. The model
is valid for balanced joints in which E, =E,=F, and ¢, =t, =t. The
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normalized adhesive shear stress is

Be

sinh—
t

. 11 cosh(%§>
0 =—Z[TC(1+3k)—~———C+3(1—k)]

where the normalized edge moment, k, is equal to 2M,/Tt, and

o G
s

The M, here denotes the moment acting at the end of the overlap.

RESULTS AND DISCUSSION

Stress Distributions

The deformation and stress distributions (normalized by the average
adhesive shear stress) for the test specimen under ideal loading (with-
out load eccentricity) are shown in Figure 5. The deformed shape in
Figure 5(a) shows that the upper adherend near the end of the overlap
bends concave-up in the y-direction, while the lower adherend de-
forms concave-down. Also, the adhesive layer has much larger shear
deformation than the adherend regions adjacent to the adhesive,
although the shear stress states in the adhesive and in those adherend
regions are similar. That is attributed to the greater shear compliance
in the adhesive than in the adherend. The normalized longitudinal
normal (o,), transverse normal (g,), and shear (t,,) stress contours are
shown in Figures 5(b), (c) and (d), respectively. It is apparent that o,
is a dominant component of the stress state in the adherend. The
greatest ¢, occurs at the corner at the end of the overlap where
maximum bending moment appears. This bending moment resuiting
from the discontinuity of the neutral axis affects the entire overlap
region, such that no uniform o, distribution across the thickness of
the overlap is observed. The nature of the o, discontinuity due to the
material discontinuity occurs at the interface between the adhesive
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FIGURE 5 (a) Deformed shape, (b) normalized longitudinal normal stress distribu-
tion, (¢) normalized transverse normal stress distribution, {(d) normalized shear stress
distribution for the test specimen loaded without eccentricity.

and adherend. The distributions for ¢, and ., however, are con-
tinuous across the adhesive/adherend interface. It is also observed that
T,, is non-uniform along the bond line. However, at and near the
center of the bond line there is a small region with an approximately
uniform shear stress.

The adhesive shear stress distribution obtained from the finite
element analysis, shown in Figure 6, is compared with those from the
moiré experiment and theoretical predictions. It is clear that the two-
dimensional finite element solution is in a good agreement with moiré
results, but not with the theoretical solutions. Goland and Reissner’s
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FIGURES (Continued).

solution with the edge moment, M, over-predicts the maximum
adhesive shear stress, while Volkersen’s solution under-predicts it. It is
noted that Volkersen’s solution is based on the shear lag approach
which neglects the adherend bending moment, while Goland and
Reissner, in their Part Il analysis, model the adherends as beams
which include bending moment and shear. Since adherend shear does
not affect the adhesive shear stress in the Goland and Reissner so-
lution, Volkersen’s solution can be recovered from the Goland and
Reissner solution by assuming no adherend moment, shown in
Figure 6. It is also shown that theoretical solutions based on a one-
dimensional analysis provide a poor approximation to the solutions of
the present two-dimensional case in which the adherends in the over-
lap region have an aspect ratio about 1. It has been demonstrated that
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FIGURE 6 Comparisons of normalized adhesive shear stress distributions obtained
from the 2-D finite element analysis (FEM), moiré experiment, Volkersen’s solution and
Goland and Reissner’s solution (G&R). Note k =2 M /Tt.

the modified Goland and Reissner solution including adherend shear
deformation gives a better prediction for this two-dimensional case
[10].

Since the results of a dummy specimen are used to adjust the results
of the test specimen [1, 6], an understanding of the mechanics of the
dummy specimen is essential. The deformed shape is very similar to
that of the test specimen except for a local region in the virtual bond
line where the dummy specimen has a stiffer shear modulus and, thus,
less shear deformation than the test specimen. Unlike the test speci-
men, there is no ¢, discontinuity for the dummy specimen in the same
region as the adhesive layer in the test specimen. The stress concentra-
tions and gradients for the three stress components are larger than
those in the test specimen. The regions with high stress gradients are
confined to very small areas near and at the corner at the end of the
overlap. Theoretically, the corner with 270° vertex angle has a stress
singularity, based on linear elastic theory [11]. This stress singularity
will generate theoretically-unbounded stress values. In practice these
stresses are, however, bounded by a local geometric feature or plastic
deformation.
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Load Eccentricity Effect

There is an eccentricity problem when the specimen is loaded with the
usual pins and this load eccentricity significantly affects the stress
distributions and deformations in the test section. Load eccentricity
investigated in the present analysis is based on the real situation
encountered in the experiments. An example of the deformed shape
and stress distributions are shown in Figure 7 for a test specimen
loaded with an eccentricity 0.44 x thickness of the adherend from the
center line of the specimen to the upper adherend. The deformed
shape illustrated in Figure 7(a) indicates that the upper adherend in

(
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FIGURE 7 (a) Deformed shape, (b) normalized longitudinal normal stress distribu-

tion, (c) normalized transverse normal stress distribution, (d) normalized shear stress
distribution for the test specimen loaded with eccentricity.
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FIGURE 7 (Continued).

the test section has less bending deformation than the lower adherend.
The adhesive layer near and at the right-side corner suffers larger
shear deformation than at the left-side corner. The antisymmetrical
deformation does not occur in this case with load eccentricity.
Figure 7(b) indicates that the lower adherend carries large bending
stresses, but not the upper adherend. The maximum values of o,, 6,
and t,, occur only at the right-side corner and, especially for o, are
much larger than those for the specimen with centric loading.

The effects of the load eccentricity on the adhesive stress distribu-
tions (for o,,, 6,,, and t,) are shown in Figure 8 for cases with eccen-
tricity 6=0 to 0.44t. Note that the load eccentricity (off from
the center toward one side) simulated here is typically encountered in
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the experimental tests. The adhesive stresses in Figure 8 represent the
average stress over the thickness of the adhesive. The 7, distribution
shown in Figure 8(a) is symmetric with respect to the axis x = 0 (the
middle line of the overlap) for d =0 (the case without load eccentri-
city). The adhesive shear stresses in the quarter-points of the bond line
(ie. x/c= —0.5 or 0.5) are approximately equivalent to the values
averaged over the entire bond line. That is, 7,=(z,),, When o
increases, t, increases on one side and decreases on the other. If shear
strain is measured at the quarter point, the strain might correspond to
the average shear stress for the case without load eccentricity (6=0),
or to 1.2 times the average shear stress for the case with 6 = 0.44t to

tl 2c
y
- ¥ x > T
I
2
|

d=0.44r 7

o ‘o’avg

t/{t) 1':“.

0.5

-1 -0.5 [4} 0.5 1
x/c

(a)

FIGURES8 The effect of the load eccentricity on (a) adhesive shear stresses, (b) adhe-
sive longitudinal normal stresses and (c) adhesive transverse normal stresses.
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the upper adherend, or to 0.72 times the average shear stress with
& =0.44¢ to the lower adherend. Thus, quarter-point measurement is
very sensitive to load eccentricity. However, the shear strain measure-
ment at the middle point of the bond line can eliminate the load
eccentricity effect, but this requires a correction factor to correlate the
shear stress at the middle point to the average shear stress. In
Figure 8(b), for §=0, o,, is small and compressive in the middle re-
gion, but large and tensile near both ends. With increasing J, tensile
stress increases at one side and decreases (or even becomes compres-
sive) at the other. For o, in Figure 8(c), the adhesive peel stress
distributions have similar shapes to ¢,,, except for the stress values
and the stress drop near the end of the overlap for ¢,, in order
to satisfy the free boundary. An adhesive bending moment M(M =
F_Cay,,x dx) on the adhesive is dependent on the eccentricity. The
relationship between the adhesive bending moment and eccentricity
will be discussed later using free body diagrams. For é = 0, maximum
adhesive stresses for the three components are o,,=045(t,),,
6,, = 1.2(1,),, and 7, =125(c,),,, The adhesive shear and peel stres-
ses seem to be predominant. However, for & = 0.44t maximum adhe-
sive stresses reach o, =18(t,),, 07,,=438(r and 7,=19(z
Then the adhesive peel stress would play an important role in failure
initiation. As a result, premature adhesive failure would possibly occur.
Thus, load eccentricity influences not only the adhesive shear modulus
measurement which is based on the stress distribution, but also the
adhesive shear strength determination.

To illustrate the fundamental machanics of the test specimen, free
body diagrams are shown in Figures 9(a) and (b) representing the
specimen under centric and eccentric loads, respectively. The V in
Figure 9 denotes the adhesive shear force per unit width, ie. V= j'c_c 7, dx.
For the case without load eccentricity in Figure 9(a), the applied force, T,
is equal to the adhesive shear. The self-equilibrium adhesive moments M,
and M, (M, =j‘(icawx dx, M,={"_g,x dx) are equal and in opposite
direction, and generate tensile adhesive peel stresses at the ends of the
overlap. On the other hand, for the case with load eccentricity ¢ in
Figure 9(b) an additional adhesive moment, M, is created by eccentric
loading. The value of the M is equivalent to T4 based on the moment
equilibrium. Thus, the adhesive peel stress distributions are constructed
by the superposition of ¢, from the moments M, M, and M,.

o)avg’ O)avg'
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FIGURE9 Free body diagrams for the test specimen loaded (a) without eccentricity,
(b) with eccentricity 6.

Materials Property Dependence

The dependence of the adhesive stress distributions on the adhesive and
adherend properties are also investigated in the finite element analysis.
Since the adhesive is assumed isotropic in the analysis, the equation
G,=E,/2(1 +v,) holds. For convenience, E, is used as one of major
parameters. The adhesive stress distributions in Figure 10 illustrate the
variation of distributions with the change of the elastic modulus ratio of
adhesive and adherend (E,/E,). The adhesive shear stress shown in
Figure 10(a) indicates that the smaller the elastic modulus ratio, the
more uniform the adhesive shear stresses. There are two positions,
x = + [ —0.6¢c, where the adhesive shear stress is equal to the average
adhesive shear stress. These two positions are insensitive to the change
of the elastic modulus ratio. The adhesive longitudinal (s_,) and trans-
verse (a,,) normal stress distributions in Figures 10(b) and (c) also vary
with the change of the elastic modulus ratio. For these three adhesive
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FIGURE 10 The effect of the adhesive elastic moduli on (a) adhesive shear stresses, (b)
adhesive longitudinal normal stresses and (c) adhesive transverse normal stresses.

stress components, the higher elastic modulus ratio gives the higher
stress concentration near or at the ends of the overlap.

The adhesive shear stress state at the center point of the bond line
can be described as a function of the average adhesive shear stress
using the correction factor (CF). That is, 1,=CF(z,),,,. The CF vs. the
elastic modulus ratio (from 0 to 1) is shown in Figure 11, determined
from the finite element analysis. It can be seen that the CF decreases
from 1 to 0.625 as the elastic modulus ratio (E,/E) increases from 0 to
1. When the elastic modulus ratio equals 1 (representing the specimen
without a soft adhesive layer, as in the dummy specimen), the speci-
men suffers from the highest non-uniformity of the stress distribution
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FIGURE 10 (Continued).
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along the bond line. However, as the elastic modulus ratio approaches
0, the stress distribution is almost uniform.

Since the CF can be used to correct the non-uniformity of the
adhesive shear stress distributions in the experimental measurement of
adhesive shear moduli [5,6], the sensitivity of the CF to the elastic
modulus ratio is discussed. In order to correlate the CF to the elastic
modulus ratio, a curve-fitting procedure is applied to the data
obtained from the finite element analysis. Figure 12(a) shows that the
data can be simply and reasonably represented by the equation,

CF =0.6082 — 0.1704 log(E, /E,) (1)

which is limited to the range from E /E,=0.008 to 1 due to the limited
data fitting. Thus, Equation (1) cannot describe CF as E, /E, < 0.008,
especially for E /E,=0. From Equation (1), the value of (E,/E,+
d(E,/E)) corresponds to the value of (CF + dCF), i.e.

CF + dCF = 0.6082 — 0.1704 log(E,/E, + dE,/E)) 2)

1
0.9
0.85 \ CF=1,/(tm
t \ at the center point
CF  ,af of the bond line.
0.75 \
0.7 l\
0.85 L S
0.6k
1] 0.2 0.4 0.8 0.8 1
Eo/Es

FIGURE 11 The correction factors (CF) for the adhesive shear stress (or strain) at the
center point of the bond line, due to the non-uniformity of adhesive shear stress (or
strain) distributions for t/n = 62.5, 2c/t = 1.
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FIGURE 12 (a) Curve fit for correction factors (CF) from numerical data, (b) variation

of CF vs. variation of ratio of adhesive and adherend elastic modulus.

where d denotes the variation. By subtraction of Equations (1} and (2),

the equation can be reduced as

dCF = —0.1704 10g<1 +ME—Q>

EJE,

G)
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Dividing Equation (3) by Equation (1), the equation showing the vari-
ation of CF vs. the variation of E /E; in terms of proportion, can be
written as

dCF

- d(E,/E)
—(—:‘}Er = —0.1704 10g<1 +

E,/E,

) / (0.6082 — 0.1704 log (E,/E))) (4)

Equation (4) is plotted in Figure 12(b) as dCF/CF against d(E,/E,)/
(E,/E,) for E,/E;=0.01 to 1. It is shown that the variation of CF is
insensitive to the change of E /E, for E /E,<1. The smaller E /E_ is,
the less sensitive the proportion of the variation of CF is to the
proportion of the variation of E /E_. It can be seen that for E /E <1, a
50% change for the value of E /E, reflects less than 5% variation for
the value of CF. Even for a 100% change in E,/E, the CF changes by
less than 8%.

The adhesive thickness effect on the adhesive stress distributions
has not been analyzed here, but an insight into this effect can be
gained by considering the classical solutions for single-lap joints such
as Volkersen [9], and Goland and Reissner [8]. From either Volker-
sen’s {shear lag model) or Goland and Reissner’s model {assuming the
adherends as cylindrical bent plates), it is shown that given a ratio of
the overlap length to the adherend thickness (2¢/t), the adhesive shear
stress distribution can be described by a single parameter (E, t)/(E,#).
Although the curve for CF vs. E /E, shown in Figure 11, is for
t/n=62.5, and 2¢/t = 1, this curve still can be used in the prediction of
the CF for different adhesive thicknesses. The E,/E in the horizontal
axis can be changed to (E,t)/(E,n), and the range of the values are
replaced from 0 to 62.5, rather than from 0 to 1. The curve for CF uvs.
(E,t)/E,n) can be applied for various thicknesses of adhesive.

CONCLUSIONS

A simple two-dimensional linear-elastic finite element model has been
proposed and validated by comparing it with a moiré experiment. The
available classical theories (Volkersen, Goland and Reissner) were also
employed to compare the present results. It has been shown that
assumptions used in the theories could not be applied to the present
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problem and result in a discrepancy with numerical and experimental
solutions. The stress fields in the test section for the test specimen with
and without load eccentricity have been determined. The load eccen-
tricity highly affected the adhesive stress distribution, but not the
stress state at the center point of the bond line. The load eccentricity
could result in changes in the adhesive stress concentration which
might affect adhesive failure strength determination. The adhesive
stress distributions were also influenced by the adhesive/adherend
elastic modulus ratio. Correction factors for accounting for the non-
uniformity of the adhesive shear stress distributions were determined
and used to correct the experimental data measured at the center point
of the bond line during the adhesive shear modulus measurement.
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