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Optimising a non-tubular adhesive bonded joint for
uniform torsional strength
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Abstract: The paper analyses the problem of optimising the profile of a non-
tubular adhesive bonded lap joint under torsion. The joint considered consists
of two thin rectangular section beams bonded together along a side surface.
The aim of the investigation is to make the joint uniformly resistant to torsion,
without however weakening it in other stress situations: the result is a stronger
and lighter structural element.

The predominant stress field developed in the adhesive at the bond area
between the two beams in single-lap and scarf joints is determined. The stress
field pattern is highly nonlinear along the longitudinal coordinate (joint axis)
and is heavily dependent on joint geometry: maximum stresses are reached at
the ends of the adhesive for the first type of joint, and along its centerline for
the second type.

An intermediate type of joint can be produced by modifying the joint profile,
thus ensuring that the stress field is constant along the longitudinal coordinate
and thereby optimising the joint for uniform torsional strength.
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Introduction

The use of light alloys and composite materials is spreading in automotive and
mechanical applications, as well as in aircraft construction. In addition, the development
of epoxy resin-based adhesives has brought a wide range of advantages, as such
adhesives make it possible to reduce structural weight, prevent the onset of corrosion,
achieve better stress distribution in the adhesive layer, join dissimilar materials (e.g. steel
and composites), and produce smooth surface contours, a major benefit for components
exposed to a fluid current. All of these advantages encourage the designer to consider
adhesive bonding for structures which until recently were joined using conventional
techniques such as riveting, welding or threaded connections.
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The drawbacks associated with adhesives in the past, including their limited service
temperature range and susceptibility to chemical attack, have to a large extent been
overcome.

As the literature indicates, studies have hitherto concentrated on the effects of axial
force, flexure and shear on adhesive bonded joints. In certain situations, however, such
joints are also subject to torsion. Research in this area is restricted to tubular structures
[1-31], as other cases are entirely lacking in the literature. A detailed bibliography of the
literature on adhesive bonded joints under torsion is given in this paper. The lack of work
on non-tubular joints indicated by this bibliography motivated the investigation presented
in [32], which was used as the basis for [33-35] as well as for this paper.

This gap in the literature can perhaps be explained by noting that non-tubular
adhesive bonded joints are not designed to withstand a torsional moment, which can thus
induce a non-shearing stress state in the adhesive of such joints. As is well known, in
fact, adhesive is by nature less effective when subjected to normal stresses (as is
illustrated by the differences encountered when attempting to separate two pieces of
adhesive tape by applying tensile or shear stresses). Though this is likely to be the major
reason that little work has been done with non-tubular joints, it cannot be considered a
justification. During its service life, in fact, a non-tubular adhesive bonded joint can find
itself called upon to withstand accidental torsional loading: as the joint is not designed
for this type of characteristic of internal reaction, even modest torsional loads can prove
to be critical.

From these considerations, it is clearly important to optimise the joint for torsion,
precisely because of its marked sensitivity to this characteristic of internal reaction.
Starting from the single-lap configuration, optimisation was achieved by chamfering the
edges, which are in any case not involved in the stress flow induced by the tensile
loading for which the joint should be designed. The resulting optimised joint is thus both
lighter and stronger.

Torsional moment transmission and predominant stress field in the adhesive

It is assumed that the materials making up the joint (Figure 1) are governed by a linear
elastic law. While this is intuitively obvious for the beams (which are typically metal),
this is not the case for the adhesive, which is more likely to show a typically nonlinear
elastic behaviour.

Under torsion, however, the stress state in the adhesive relative to a non-tubular
bonded joint is basically normal. As it is well known that adhesive can withstand
shearing stresses which are an order of magnitude higher than the ultimate normal
stresses, it follows that the normal stresses occurring in the adhesive during service must
be limited. It is precisely because of these modest stresses that we can assume that the
adhesive is also governed by a linear elastic law.



478 Nicola Pugno

aISMz%}
= x
z = I-
2c¢
[l - x
%Mtﬁ Ia
y

Figure 1 The two different types of conventional joint analyzed: single-lap (top) and scarf
(bottom)

Assuming linear elastic laws and using equilibrium and compatibility equations to
solve the torsional problem, the function which governs transmission of the torsional
moment along the overlap, or in other words, how the torsional moment progresses
section by section along the top beam, can be found by solving the following differential
equation [32,33,35]:

dzM(x)+ It‘(x)+1’2(x) __ M, M(x=-c)=M, (1
dx’? ¢ 1y ()1, (x) (x)= 1, (x) { M(x=¢)=0

where x is the longitudinal coordinate of the joint (Figure 1).

The torsional moment on the top beam found section by section in the thin adhesive
layer is designated as M, while C is a constant which is a function of the joint's
construction and geometrical characteristics (Table 1: M=M,, C=K"/G). I, is the factor of
torsional rigidity which, in the case of the thin rectangular section considered here, can
be expressed by the following relation:

1f1,2 = §a3 single —lap

b 3
1f1,2 (x)= 3{; [lijﬂ scarf

The equations above indicate that the solution to the problem (Equation (1)) is
heavily dependent on joint geometry (Equation (2)).

At this point, the predominant stress field in the adhesive (equivalent to the applied
torsional moment) can be determined by imposing rotational equilibrium of an
infinitesimal beam element belonging to the bond area [32,33,35]:

z dM (x)
2 dM(x) 3)
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Table 1 Analytical relations governing torsional moments in the two beams and the corresponding
predominant stress fields for single-lap and scarf joints

Notation
a: Height of beam cross section
b: Width of cross section through the beam and bond
c¢: Half length of bond
h: Height of bond
G': Shear elastic modulus of beam material
E,: Normal elastic modulus of adhesive material
V,: Ratio of transverse contraction of adhesive material

Constants
. b . 1-v « EI 6K" Ga’b
]x:—,Ea:—aEa,K =X, 4= s H = .
12 (1+v, N1-2v,) h Ga’b 24K "2
Torsional Moments
M, (x)=M, f(x)
M, (x)=M,(1- f(x))
Stress Field
Gy(x’Z):_%Z_d{ZiX)
Single-1 i
ingle-lap f(x):% - s¥nh(Ax)
smh(Ac)
Scarf 1 &
| & ) E+Zc2n—l
f(x)25+212n—1 (;) syt = Copoy T dayays 1) 2_0011;
= ZdZn—l
n=1
L[, _t0H+1 | _210H? +70H +1
{Cl =0 375 17 aom? )7 420H3
di =1 1 18H +1 2
1 d3:§ ds = o 7:450H +723§H+1
630H
2 6
= 4+32n-1)2n-2) ——3(2n-3)2n-4)
(c.d)y ey =2 cd)y,  +41
(2n+1)2n) (2n+1)2n)
(e.d)ap3 +M(Cad)zn75 Vnz4
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In Equation (3) / : is a moment of inertia per unit length (Table 1) and z is the
transverse coordinate (Figure 1). Equation (3) demonstrates that the increase in torsional
moment occurring at the ends of the infinitesimal element considered is balanced by the
normal stresses that the adhesive exerts on the beam.

Following a three dimensional finite element analysis, the mathematical approach
was validated by comparing the predominant stress field given by relation (3) with that
determined numerically, indicating an error on the stress peak of less than 4% [32,35].

Analytical results are given in Table 1. A torsional moment transfer function f (x) is
introduced which reproduces M, amplified by the applied external torsional moment. As
indicated by relation (3), its derivative multiplied by the transverse coordinate z governs
the predominant stress field in the adhesive.

Figures 2 and 3 show qualitative curves for the torsional moment section by section
along the lap joint, while the predominant stress field in the adhesive is presented in
Figures 4 and 5.

1
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Figure 2 Curve for function f (x ) which reproduces the torsional moment along the bond,
amplified using a given constant, for the single-lap joint



481

Optimising a non-tubular adhesive bonded joint for uniform torsional strength

+C

Figure 3 Curve for function f' (x) which reproduces the torsional moment along the bond,

t, for the scarf joint

amplified using a given constan

)Z which reproduces the predominant stress field in the

df (x
dx

Figure 4 Surface for function —

adhesive, amplified using a given constant, for the single-lap joint
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Figure 5 Surface for function — z which reproduces the predominant stress field in the

df (x)
dx

adhesive, amplified using a given constant, for the scarf joint

While the stress field distribution shown in Figure 4 is more conventional, as it
presents the characteristic stress peaks at the ends of the bond area, the surface in Figure
5 is unusual. However, it can be explained by noting that the torsional moment absorbed
by the two beams is proportionate to the corresponding torsional stiffness (which in turn
is proportionate to the cube of the height). In any given section of the overlap, the top
beam in the scarf joint will thus tend to absorb almost all of the transmitted torsional
moment, whose maximum variation will consequently take place at the centerline of the
joint. The variation in torsional moment is balanced by the stresses that the adhesive
transmits to the beam. By contrast with the situation for single-lap joints, these stresses
will thus also be highest at the centerline.

As expected, this indicates that the stress field is extremely sensitive to external
geometry.

Optimising the joint for uniform strength

In observing the geometries and stress field curves for single-lap and scarf joints (Figure
6), the advantages of finding an intermediate profile for leveling the stress field along the
x coordinate are immediately apparent. The dependence along the z coordinate cannot be
eliminated, as the predominant stress field must obviously be equivalent to the applied
torsional moment.



Optimising a non-tubular adhesive bonded joint for uniform torsional strength 483

af(x)
Tdx

Figure 6 Comparison of geometries and predominant stress fields for single-lap and scarf joints

The procedure used is a reversal of that employed for a joint of known geometry:
rather than starting from the geometry in order to determine the stress field, the
procedure starts with the stress field and finds the geometry capable of ensuring it.

In order to make the stress field constant (in a plane at z = const.), it must be
independent of the x coordinate. In other words, as shown by relation (3), the torsional
moment must be linear along the joint x axis:

M(x):%(l —fj 4)

Cc

Inserting Equation (4) in (1) yields the following relation, which defines the
geometry of a uniform torsional strength adhesive bonded joint:

I, (x) c+x
=== 5)
I, (x) c—x
The factor of torsional rigidity for a thin rectangular section beam of base » and
height a(x) can be expressed as:

1, (x)=3ba’ () ©
and Equation (5) is particularised in the following relation:

a3 (x) _c+x

a0 e

From the foregoing relation (7), we see that the height of the terminal portion of the
beams must be zero; in fact:

aj(x=¢)=0 ay(x=—-c)=0 (®)

Q)
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In order to identify families of optimised bonded joint profiles, it is necessary to
introduce a function of some kind, a;(x) for example, which respects the previous
condition (8). Then, through relation (7), we determine the function a,(x) whereby the
joint has uniform torsional strength.

Though the number of possible geometries which satisfy the relations indicated
above is infinite, the following additional condition must be taken into account in order
to consider the solution entailing beams with identical profiles:

a,(x)=a,(-x) ©)

a(x)
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0.4r

0.2f

0 L L L
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Figure 7 Beam profile height in the joint optimised for uniform torsional strength (uts)

Figure 8 Geometry of the joint optimised for uniform torsional strength (uts) and the
corresponding predominant stress field
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Relations (7) and (9) are satisfied by the following expressions for the profiles of the
two beams which define the geometry of the joint optimised for uniform torsional
strength (uts) and consisting of identical beams:

al(x):%fcz_cxa, az(x)zwfcgcxa (10)

The profile thus obtained (10) is shown in Figure 7.
The predominant stress field in the adhesive between two beams having the profile
described by (10) is thus leveled, as is represented in Figure 8.

Gain of uniform strength joints

In the light of the formulas given above (Table 1), we can define a stress peak parameter
which indicates the extent to which the maximum stress departs from the mean. The
maximum stress for the two non-optimised joint types considered will be:

M
oy, =O'y[x:c,z:bj: *tA—bctanh(Ac) single — lap
- 200 4 (11)
b M, b
c =0 =0,z==|=—-—L—1 '
Ymax )’(x z 2) I: 2¢ 1 SCClI"f

while their mean value (on the critical plane z=b/2) is:

+c
o, :Ljoy x,z=édx=M:£ (12)
med D¢, 2 I, 4c

Consequently, the peak parameter can be expressed as:

h % _ {ctanh(Ac)Ac single - lap (13)

single—lap =
scarf Ymed - 211 scarf

As the bond half length of a single-lap joint tends to infinity, the maximum stress
tends asymptotically to a minimum nonzero value. From a certain point onwards, an
increase in the bond half length leads to a reduction in the maximum stress which is
insignificant from an engineering standpoint. This does not occur for uts joints, where the
maximum stress coincides with the mean value expressed by (12), and tends to zero as
the bond half length tends to infinity.

The gain of a uts joint as compared to a more conventional type can be defined as the
ratio of the maximum torsional moments that can be withstood by the uts and
conventional joints, once a certain collapse phenomenon has been assumed. If we
suppose that joint collapse takes place when the maximum predominant field stress (Eq.
(11)) -a estimate of the Von Mises equivalent stress [32,35]- is equal to an ultimate value
o, characteristic of the adhesive, the foregoing relations show how the uts joint's gain
over the conventional type coincides with its stress peak parameter (Eq. (13)):

M

u
uts _ ( 1 4)
Ymax  Ous M = ﬂsingleflap
u scarf
single—lap
scarf

M, o
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This means that for a particular type of joint, the ratio of the maximum torsional
moment that can be transmitted by the uts joint and by the joint in question coincides
exactly with the ratio of the maximum stress to the mean stress on the critical joint plane
(z=b/2).

The optimised joint is thus both lighter and stronger as regards the type of collapse
assumed.

However, it is important to note that adhesive bonded joints, non-tubular ones in
particular, are by nature susceptible to brittle collapse. If the full benefits of the uts joint
geometry are to be enjoyed, it is thus essential that appropriate technological measures be
introduced to ensure that joint collapse cannot involve mechanical fracture phenomena.

Conclusions

The paper addresses the problem of optimising a non-tubular adhesive bonded joint for
torsion, a type of characteristic of internal reaction to which the non-tubular joint is quite
sensitive.

The presence of stress peaks at the ends of the bond area for single-lap joints, and at
the centerline for scarf joints suggested that an optimised intermediate profile could be
found.

Through appropriate design of the bonded beam profiles, it was possible to level the
stress field and thus produce joints with uniform torsional strength. The stress field in the
adhesive of the optimised joint is constant along the length, and thus has no stress peaks.

This result is of considerable practical utility and, once brittle failure of the joint has
been ruled out technologically, makes it possible to produce adhesive bonded joints
which are both lighter and stronger under torsion.
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