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Abstract Slow crack propagation in adhesive
bonded joints has been characterised using an asym-
metric wedge test. Crack position was evaluated from
strain gauge measurements, both in the debonded part
of the joint and in the bonded zone. Test temperature
was changed during loading, giving insight into bond
evolution. The technique allows accurate, and virtu-
ally continuous, determination of crack position to be
made, and therefore the evaluation of crack speed ver-
sus fracture energy curves, as well as elastic properties
of the adhesive layer. This technique also enables the
monitoring of crack propagation in controlled environ-
mental conditions to be performed, without interrup-
tion of exposure for measurements. By using a Winkler
elastic foundation model to analyse results, the method
seems to be the first to describe a process zone, or region
where the adhesive is significantly strained under load,
and a finite length specimen effect, manifested by crack
front acceleration during the final stage of the test. The
method was found to offer great potential to study in
situ fracture and bulk adhesive properties.
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1 Introduction

The wedge test has become a popular method for assess-
mentof thedurabilityofadhesivelybondedjoints(Bardis
and Kedward 2001; Bujanda et al. 2008; Adams et al.
2009). This inexpensive and reliable method has been
standardised (ASTM D3762) and is frequently used to
determine optimal bonding conditions (adherend, adhe-
sive, cure cycle, surface preparation, etc.) and environ-
mental resistance (Blackman and Kinloch 2001).

The basic test consists of two (thin) planar adh-
erends bonded together. A ‘wedge’ is inserted into
an unbonded end to produce double cantilever beam
geometry, leading to loading at constant imposed
displacement. Elastic (strain) energy in the adher-
ends drives crack initiation and propagation along the
bondline. Energy released rate decreases as a−4, where
a is crack length, making stable crack propagation
possible. The crack propagation is often observed
directly using optical microscopy (Aglan and Abdo
1996; Sargent 2005; Adams et al. 2009), generally
leading to discontinuous measurements. The principal,
quantitative datum is crack position from which energy
release rate is calculated. Other approaches have also
been reported (Crosley and Ripling 1991; Sener et al.
2002; Nayeb-Hashemi et al. 2004; Hwang et al. 2005;
Pardoen et al. 2005).
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Today, the development of composite materials
and other lightweight structures is accompanied by an
increasing use of adhesive of structural joining (Baker
1999; Baldan 2004). This necessitates reliability in
design, and consequently better prediction of damage
and failure time. Up to now, the wedge test has been
regarded as a safe lifetime prediction technique (Boller
et al. 2001). To take advantage of the simple experimen-
tal arrangement and low cost of the wedge test, but in
order to monitor crack propagation more quantitatively,
we developed an instrumented asymmetric wedge test
(one adherend much more rigid than the other Budzik
et al. 2009a,b, 2011a). In this technique, strain gauges
are bonded on the outer skin of the flexible adherend
loaded in simple bending (sometimes referred to as the
backface technique Crocombe et al. 2002; Hadavinia
et al. 2002). Surface strain variation is linear along the
free region (e.g. Budzik et al. 2011a), with the maxi-
mum at the crack front and zero at the wedge position
(no bending moment). Apparent crack length evolution
is determined by monitoring the slope of strain var-
iation along the beam with time. Continuous energy
release rate, G (and therefore fracture energy, Gc),
versus crack speed, (da/dt), data can be obtained.

The simplest analysis considers rigid clamping of
the flexible adherend the bonded zone (Budzik et al.
2009a,b). In the case of a ‘soft’ adhesive joint (thick
bondline, soft adhesive, or short crack), the over-
all sample compliance is higher than expected from
Euler-Bernoulli beam bending theory. The ‘root rota-
tion’ effect, quantitatively taken into account with
Winkler (Winkler 1867; Kanninen 1973) or Paster-
nak (Ma et al. 2009) elastic foundation models, can
be observed with strain gauge or interferometric tech-
niques (Budzik et al. 2011a,b). We have recently shown

that in stationary conditions (no crack growth), exten-
sion of the adhesive near the crack tip normal to
the bondline (referred to as the ‘process zone’) is
directly related to the tensile elastic properties of the
adhesive layer and can be measured. It should be
emphasised that the process zone as described in the
following is a phenomenological description of the
region in which the adhesive is significantly strained
prior to fracture, and not directly related to the known
fracture process zone—FPZ (Shah 1990; Amrutharaj
et al. 1995). This nomenclature was chosen delib-
erately to emphasise the physical similarity of the
process zone, as a constrained zone preceding the
crack.

In the present contribution we show the instru-
mented wedge test to be a reliable, quantitative, yet
still stand alone, and inexpensive technique to charac-
terise the behaviour of adhesively bonded joints. After
temperature change (during the test), both crack growth
and strain properties of the bondline evolve. Finally, we
present analysis of the test geometry with finite length
specimen effects.

2 Experimental

The wedge test used was asymmetric (Budzik et al.
2009a), applied to dissimilar aluminium plates (see
Fig. 1). The thin or flexible adherend was an alumin-
ium copper alloy, AW2024-T3 (Alcoa, Pittsburgh, PA,
USA), of thickness h = 1.6 mm. Young’s modulus E
and Poisson’s ratio ν, as obtained by ultrasound TTM
(through transmission method) were 70 ± 2 GPa and
0.3. The rigid, or thick, plate was of aluminium mag-
nesium alloy AW5754 (Alcoa, Pittsburgh, PA, USA)

Fig. 1 Experimental
arrangement of the wedge
test
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with a thickness of H = 6 mm. Properties of the rigid
substrate material, as given by the supplier, are Young’s
modulus = 67 GPa and Poisson ratio = 0.3. The rela-
tive flexural rigidity (ratio of the cubes of thickness
multiplied by the appropriate Young’s modulus), is
ca. 52, so the terms rigid and flexible are reason-
able.

Prior to bonding, aluminium surfaces were polished
to 2,400 grid emery paper and sand blasted with Salox
Al2O3 105 µm particles. Surfaces were washed in eth-
anol using an ultrasonic cleaner (Tovatech LLC, South
Orange, New Jersey, USA) for 10 min at 35 kHz and
at 25◦C. Subsequently, the flexible adherend of length,
l = 120 mm was bonded to the rigid member of length
L = 180 mm, leaving a free zone, or initial crack
length, a = 35 mm. The initial length of bonded zone
was ladh = 70 mm while width b of the entire system
was 25 mm.

The plates were bonded using a commercial epoxy
resin [Araldite Cristal (Bostik, La Défense, Paris,
France)] consisting of Di-Glycidyl Ether of Bisphenol
A (DGEBA) resin of average molecular weight <700
cured with an amine agent: N(3 dimethylaminopro-
pyl)–1,3 propylenediamine. Crosslinking was effected
at ambient temperature (ca. 23◦C) for a week under
0.3 bar pressure and at ca. 55% RH. Two PTFE strips
were used to ensure sharp bonded zone edges as well as
a bondline thickness e = 0.25 mm, homogenous along
the bonded zone as measured with a digital micro
camera (Dino-Lite Pro-IS Production S.A.01633 St.
Genis Pouilly, France).

2.1 Characterisation of the adhesive

Mechanical properties of the adhesive were estimated
using dynamic mechanical thermal analysis (DMTA).
An Areva MetraVib DMA+150 (Limonest, France)
analyser was used to study tensile properties of the
Araldite Cristal adhesive. Crosslinking of the adhe-
sive sample was conducted as above, while geome-
try was 10 × 5 × 1 mm (length × width × thickness).
Excitation frequency was 1 Hz with a constant ampli-
tude of 40 µm, while the temperature, T , range was
−25 to 100◦C. The properties estimated were stor-
age modulus, E ′, loss modulus E ′′, Young’s modulus,

E A =
√

E ′2 + E ′′2 ≈ E ′, and dissipation factor (or
loss tangent) tan δ = E ′′/E ′. Results of the DMTA
analysis are presented in Fig. 2.

The adhesive has a glass transition at ca. 40◦C
(42.5◦C), as indicated by the maximum of the loss
tangent. Between 30 and 40◦C, Young’s modulus
decreases by a factor of ca. 10.

2.2 Instrumented wedge test in elevated temperature

The instrumented wedge test is based on (time-depen-
dent) strain recorded on the outer surface of the flexible
adherend (Crosley and Ripling 1991). After prepara-
tion, ten strain gauges (Vishay Micro-Measurements,
EA-13-060LZ-120/E, of nominal resistance 120 �,
Vishay, Malvern, PA, USA) were attached to the outer
surface of the flexible adherend along the longitudinal
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axis (see Fig. 1). The sample was pre-cracked with
a 5 mm thick wedge (to produce a sharp, character-
istic crack tip), giving a nominal crack length, a, of ca.
65 mm. Thus, six gauges being initially in the free (unb-
onded) zone and four in the bonded part of the joint.

The wedge test was initiated at 27◦C and at a rela-
tive humidity of 60% in a Memmert D 06061 Model
500 oven cabin (Memmert GmbH + Co. KG, Schwa-
bach, Germany), by inserting a wedge between the
plates. The asymmetric, aluminium wedge, of thick-
ness �w = 6.8 mm (thus, the effective mouth opening
distance is given by: � = �w −e), was inserted whilst
strain gauge recordings were made using a Wheatstone
bridge arrangement (Vishay Micromeasures 2100 Sys-
tem Multi Channel Signal Conditioner/Amplifier with
ten modules of Model 2120 B and one module of Model
2110 B Power Supply). The crack was left to propa-
gate at its self-determined rate until this decreased to
ca. 0.01 mmh−1. The temperature was then increased
to 40◦C at 0.5◦C/min.

3 Theory

In the instrumented wedge test, the flexible adherend
effectively becomes a load cell, its curvature being mea-
sured by surface strain gauges. As previously shown,
limiting the gauges to the free part of the joint only,
and assuming encastré cantilever beam boundary con-
ditions with Euler-Bernoulli (EB) formalism, an esti-
mate of crack length may be made. However, the result
overestimates the real value (Budzik et al. 2011a), but
more importantly, useful information from the process
zone is lost. The rudiments are presented below.

3.1 Simple Euler-Bernoulli (EB) beam

From the Euler-Bernoulli (EB) beam equation (E I
d2z/dx2 = M = Fx , where E is beam Young’s modu-
lus, I its 2nd moment of area, z the beam displacement
with respect to its unloaded position (deflection), M
bending moment, F force exerted by the wedge and x
distance along the undeformed beam from the origin at
wedge contact) we obtain:

z(x) = F

E I

(
1

6
x3 − 1

2
a2x + 1

3
a3

)

= �

2

[( x

a

)3 − 3
( x

x

)
+ 2

]
, (1)

where a is separation, or crack length. For a rectangu-
lar section, I = bh3/12, where b and h are width and
thickness. In Eq. (1), no allowance is made for shear in
the z direction due to F (Crosley and Ripling 1991), but
given the inherent flexibility due to a low ratio of h/a,
this is considered to be reasonably negligible. Stan-
dard boundary conditions of z(a) = dz/dx(a) = 0
and z(0) = � (wedge thickness at contact) are used,
neglecting effects of elastic foundation (Williams 1989;
Cotterell et al. 2006). (In this treatment, transverse
shear may be neglected since the ratio h/a is small.)

The second differential of z(x) is, to a good approx-
imation, equal to local adherend curvature at x , i.e.
R−1(x). Assuming the adherend to be isotropic and
homogeneous, and of constant thickness, h, its strain
on the outer (i.e. unbonded) surface, εs = ε h/2) (gen-
erally negative), is directly related to local curvature
and can be given by:

|εs(x)| = 3�hx

2a3 . (2)

The linear relationship (2) between |εs(x)| and x , for a
given crack length, a, allows us, in principle, to ascer-
tain a, and its evolution, a(t), with time, t , from mea-
surements of |εs(x)|, with a knowledge of �, h and a
single value of x , and with the proviso that the value of
x in question is in the unbonded section of the adherend,
and greater than 0. (Young’s modulus is not required,
as long as it remains constant). However, it is clearly
wiser to estimate crack length from several measure-
ments of |εs(x)|, at different values of x , both in order
to check the reproducibility of the procedure and to
consider potential errors. With several strain gauges in
place, at positions defined by xi , this may be done using
a statistical treatment. The apparent crack length, aapp,
thus found is given by:

aapp = 3

√
3

2
h�

1

|dε/dx | = 3

√
3

2
h�

∑
x2

i∑ |εi | xi
, (3)

aapp(t) = 3

√
3h�

2α(t)
, (4)

where α(t) is the time-dependent slope of ε versus x .
Energy release rate can be found from the standard
energy balance expression:

G + 1

b

∂U

∂a
= 0, (5)

leading to:

GEB = 3E�2h3

8a4
app

, (6)
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Fig. 3 Representation of adhesive joint as beam on elastic foun-
dation (Winkler)

where the suffix EB refers to this simple derivation
based on the Euler-Bernoulli model.

3.2 Winkler (W) elastic foundation

The rigid clamping condition of the beam at the crack
tip is incorrect, strictly speaking, although it may suf-
fice as a good approximation for a relatively rigid bond-
line (thin, high modulus adhesive, etc.). It does not
account for compliance due to adhesive layer elastic-
ity. When the system is loaded in mode I [in reality, a
small axial component (mode II) will be present since
the force introduced by the wedge acts perpendicular
to the neutral axis, however this effect can be neglected
(Budzik et al. 2009a)], a one parameter Winkler elastic
foundation model, as shown schematically in Fig. 3,
is adequate for modelling the stress redistribution near
the crack tip (process zone).

The adhesive is taken as elastic (perpendicular to
the bondline) and produces a tensile reaction q(x) =
−kz(x) per unit length, proportional to and opposite to
the local beam deflection z(x) in the bonded zone. The
stiffness k is characteristic of the elastic properties of
the adhesive:

k ≈ E A

e
b, (7)

where E A is adhesive Young’s modulus, e its thickness
and b the sample width.

The equilibrium relation within the bonded zone is
as follows (Budzik et al. 2011a):

d4z

dx4 + k

E I
z = 0, a < x < +∞. (8)

The same equation, but with k = 0, applies in the
unbonded section (0 < x < a). (There is no reaction
from the adhesive.) It is assumed that the process zone

size is small compared to the sample total length to
avoid any interaction with the free end of the specimen
(see below).

For the free part, the deflection is given by a 3rd
order polynomial:

z(x)|a0 = A2x3 + B2x2 + C2x + D2 0 < x < a,

(9)

while in the bondline, the deflection decreases expo-
nentially with a sinusoidal period:

z(x)|+∞
a = eλ(a−x) [A1 cos λ(a − x)

+B1 sin λ(a − x)] a < x < ∞. (10)

The characteristic dimension of the process zone in the
following is directly related to the coefficient λ (char-
acteristic wave number) equal to:

λ =
√

2

2

(
k

E I

)1/4

, (11)

which, in turn, depends on the ratio between the ten-
sile rigidity of the elastic layer and the bending rigidity
of the flexible adherend. An important consequence is
that the process zone size depends on the geometry of
the test sample. We should note that the reciprocal of
the wave number, λ−1, expressed in units of distance,
is part of the process zone, where significant adhesive
strain in the opening direction occurs, and which may
be referred to as the high strain zone.

The coefficients A1, B1, A2, B2, C2, and D2 are
found which satisfy the continuity conditions of func-
tions (9) and (10) at the crack tip location (x = a)

up to the third order derivative, as well as the bound-
ary conditions at the wedge position [z(0) = �, and
d2z/dx2 = 0] and are detailed in (Budzik et al. 2011a).

From these formulae are derived the important rela-
tions necessary to analyse instrumented wedge test
measurements. Firstly, we have the macroscopic data
corresponding to the real energy release rate, G, as pre-
dicted by the Winkler elastic foundation model:

G = 4c4 (1 + c)2

(3 + 6c + 6c2 + 2c3)2 G E B . (12)

Secondly, the apparent crack tip length, aapp , as esti-
mated from the slope of the linear strain variation in the
free zone is given by:

aapp = a
3

√
3 + 6c + 62 + 2c3

2c3 . (13)

In these expressions, the coefficient c = aλ, is an
adimensional coefficient representing the product of
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the geometrical (real, intrinsic) crack length a, and the
parameter indicating the process zone size, λ. For high
values of λ (equivalently small process zone), the clas-
sical fracture mechanics simple beam theory is suf-
ficiently accurate. In crack propagation experiments,
the important point is that the conventional root rota-
tion correction methods are approximate since c varies
with a, and therefore so does the correction coefficient!
Surprisingly, when estimating the energy release rate
from simple beam theory with the apparent crack
length, the errors compensate approximately (Budzik
et al. 2011a). Although there is some doubt about
whether the adhesive (polymeric) properties remain
stable under applied load, this self-compensation can
be used to find fracture parameters with much simpler
Euler-Bernoulli approach.

Yet, we wish to take advantage of the complemen-
tary information given by strain measurement to obtain
information about the process zone. To do this, strain
gauges are also used to monitor strain evolution in the
bonded area (where strain would be zero, assuming EB
theory).

From relations (9) to (11) and appropriate constants,
the theoretical strain evolution along the sample in the
free part can be found:

|εS(x)| = 3h�

a3

c3

(3 + 6c + 6c2 + 2c3)
x 0 < x < a.

(14)

In the bonded zone the strain evolution is given by:

|εS(x)| = h

2R
= h

2

∣
∣
∣
∣
d2z

dx2

∣
∣
∣
∣

= 3h�

a2

c2

(3 + 6c + 6c2 + 2c3)
eλ(a−x)

× (−(1 + c) sin λ(a − x) + c cos λ(a − x)),

(15)

Let us consider Eq. (15) in more detail. The bending
moment increases linearly from the wedge towards the
bonded area, and thus maximal strain may be expected
at the crack front, just before the resistance of the adhe-
sive layer partially offsets effects of bending (totally
with the assumptions of the EB model!). The value of
x for maximal strain within the Winkler model is sim-
ply found by differentiation of Eq. (15) and setting the
result equal to zero. This leads to:

(2c + 1) sin λ(a − x) + cos λ(a − x) = 0. (16)

With the (reasonable) simplification that c�1, Eq. (16)
suggests that maximal strain is to be found at a = x ,

the fact that it is indeed a maximum verified by the
second derivative being negative. However, to be more
precise, although Eq. (16) has no exact solution, it is
readily shown that:

tan λ(a − x) = −1

(2c + 1)
≈ λ(a − x), (17a)

equivalent to:

x ≈ a + 1

λ(2c + 1)
. (17b)

Thus interestingly, and counter intuitively, the maxi-
mal strain, and therefore curvature, are not exactly at
the crack front, but at a very small distance within the
intact bond. In fact, relative to the crack length, a, the
distance from the crack front is 1/[c(2c + 1)]. The dis-
tance is very small and so we may take maximal strain
to be at x ≈ a. At the other extreme, since, in gen-
eral, c � 1, it can be seen that surface strain becomes
zero at a value of x , or more specifically, (a − x), cor-
responding to sin λ(a − x) ≈ cos λ(a − x), leading
to:

λ = π

4(a − x0)
, (18)

where x0 is the required value. Use can be made of
these formulae to estimate λ. Consider a given strain
gauge, at a given (known) distance, xi , from the origin,
during crack propagation. We assume that the value
of xi is sufficiently great for this position to be well
within the bonded zone. When the crack has propa-
gated to such an extent that xi = x0 (still within the
bonded joint), local surface strain will be zero. If the
position of the crack front, x = a, is known at this
moment [from strain gauge measurements in the unb-
onded zone and use of Eq. (4), or alternatively more
precisely with the Winkler equivalent], then λ can be
calculated from Eq. (18). This is shown schematically
in Fig. 4 for the crack moving from position a1 to a2.

Having developed the required theoretical back-
ground we now present experimental findings.

4 Results

4.1 Fracture

In the basic EB treatment, crack growth is described
by one variable—the strain slope α(t). In Fig. 5, α is
shown for different times. The linear relation between
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strain, −εs , and strain gauge position, x , as given by
Eq. (4) is clear.

Change of the strain slope with time is directly con-
verted to crack length, aapp viz. Equation (4), from
which crack growth, δa, kinetics can be deduced. In
Fig. 6a, crack growth with time is shown. In Fig. 6b,
crack speed da/dt is given as a function of time t .

Up to ca. 25 h, crack growth seems fairly classic,
with rate decreasing due to reduced G(∼ a−4), the
final value of da/dt being ca. 0.01 mm/h. At this stage,
the temperature was increased from 27 to 40◦C (bold,
vertical lines in Fig. 6). Crack acceleration is clear.
Since strain energy release rate, G, remains constant
(substrate elasticity and geometry being effectively
unchanged over the small period needed to change tem-
perature), whereas fracture resistance of the polymeric
adhesive generally decreases with increasing temper-
ature, thus more rapid crack growth may be expected.
This is corroborated by the DMTA results presented
in Fig. 2, where it can be seen that a significant drop
in modulus occurs near 40◦C. Following this, once the
new, higher temperature, regime has been stabilised,
crack growth decelerates, again due to decreasing G.
(The apparent increase, starting from ca. 125 h, is dis-
cussed below.)

Using Eq. (6), energy release rate/fracture energy
can be presented as a function of crack speed (Fig. 7).
This representation emphasises results shown in Fig. 6.
A rapid increase of da/dt (note logarithmic scale)
is seen at constant G (at ca. 110 Jm−2), correspond-
ing to the temperature increase. Before and hereafter,
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da/dt decreases concomitantly with G, apart from
a ‘hump’ towards 80 Jm−2. This type of continuous
monitoring test is capable of picking up such local
behaviour, possibly due to bond imperfections. More
interestingly, the crack accelerates below a value of G
of ca. 40 Jm−2, with decreasing G! this effect will be
discussed below.

4.2 Evolution of strain

Results described to present have been limited to treat-
ment of global fracture properties of the joint, obtained
from data pertaining to the unbonded part. However,
strain evolution can be followed with the instrumented
wedge. In Fig. 8, strain, −εs , is plotted against time,
t . Note that in order to keep the presentation clear the
number of gauges shown is limited.
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Fig. 9 Strain, −εs , versus apparent crack length, aapp . The
dashed line indicating defined gauge positions does not corre-
spond to the value of the apparent crack length

As crack length increases, gauges initially corre-
sponding to the bonded joint, starting from the gauge
at x = 71 mm, traverse a maximal value of (absolute)
strain as the crack front passes near, or ‘over’. Temper-
ature increase is manifested by drop of the strain after
ca. 25 h (indicated with a bold line). Also final accel-
eration is clearly visible. For further analysis and to
take full advantage of the gauges initially placed in the
bonded zone, it is convenient to the replace time scale
by the apparent crack length, aapp, as obtained from
EB treatment. Also, the change in coordinates renders
the strain signal evolution independent of crack prop-
agation kinetics. In Fig. 9, strain is plotted as func-
tion of apparent crack position, from which various
observations may be made. Change of temperature is
now represented by a small signal perturbation, but
more intriguing, by the extension of the signal peak
region and longer process zone (loaded zone in front
of the gauge). Accordingly, signal peaks, expected
when the crack tip is exactly at the gauge position,
(dashed line in Fig. 9) do not match the apparent crack
position.

5 Analysis and discussion

5.1 Temperature impact

Consider an adhesive joint subjected to a tempera-
ture increase and loaded sufficiently lightly for fracture
not to occur (immediately). Strain along the flexible
beam is recorded by the strain gauges bonded (virtually
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Fig. 10 Effect of change of adhesive modulus or equivalently
temperature on measured surface strain. Bold line corresponds
to the EB solution for actual crack position while points and
squares to Winkler model solutions. Accordingly, dashed lines
corresponds to the EB solutions and apparent crack positions

continuously) on both, unbonded and bonded parts of
the beam like shown schematically in Fig. 10.

Increased temperature leads to lower adhesive mod-
ulus, as observed in DMTA experiments. Applying EB
analysis, this will be manifested by apparent crack
length growth, without real fracture! Strain record-
ings decrease (in absolute value), since the more sup-
ple adhesive allows higher root rotation (at the crack
tip), thus decreasing the strain/distance slope: the only
variable available in the EB model (see Fig. 10 where
dashed lines corresponds to EB strain distribution). If
the real crack length is not yet known, and limiting
gauge readings to those in the free zone, the Winkler
treatment cannot be used without knowledge of adhe-
sive properties. Strain recorded in free zone is nec-
essarily the same for both EB and Winkler models.
However, strain gauges beyond the crack front, in the
bonded zone, supply information about the process
zone. Data from both zones of the joint allow the strain
peak at the crack front to be isolated (maximum of
bending moment, as observed for ‘passed over’ gauges
in Fig. 9). When the temperature increases, the strain
distribution changes. However, applying the Winkler
model to strain values gathered from the entire sam-
ple length leads to the same intrinsic crack position,
but with reduced adhesive properties to follow the
corrected strain trend (see Fig. 10). There is, however,
a simpler procedure, described below.
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Fig. 11 Strain versus apparent crack position together with the-
oretical evolution

5.2 Theoretical and experimental strain distribution:
crack length correction

It has been ascertained that the EB treatment leads to
an incorrect estimate of crack length, aapp. This has
little bearing on estimated fracture energy (da/dt is
only slightly affected). However if, for example, envi-
ronmental effects are of interest, it is of major concern
to find the real crack length, a. In principle, this can
be found using the Winkler model [Eq. (13)], but this
requires yet unknown properties of the adhesive.

From EB theory, the theoretical strain distribu-
tion for gauges in the unbonded section is accessible
(x ≤ a). Strain evolution of the gauge placed at x
depending on crack position a is given by Eq. (3).

In Fig. 11, strain data are plotted together with
the theoretical trend. At the lower of temperature,
the theoretical curve fits experimental data very well,
while at increased temperature, some disparity is seen
although acceptable and still validating the elastic
approximation. More importantly, the dashed line, indi-
cating apparent position, does not correspond to the
maximum of the strain signal as expected (εs≈Fx).
Clearly, apparent crack length is not the actual value
and requires appropriate correction. This can be done
using Eq. (13), although it is not straightforward, due to
the cubic form. In Eq. (13), c is a function of tempera-
ture [cf. Equations (7) and (11)]. This is actually visible
since the temperature increased at about the time that
the crack was passing over the gauge at x = 79 mm.
This reveals a change in process zone size: the ‘hump’ is
more spread out at the higher temperature, while sharp
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for the lower temperature. It may be assumed that the
strain maximum is incorrect for the gauge at 95 mm.

Knowing the position of strain gauges in the bonded
zone, we can find the correct crack length. This can
be done by direct comparison between the apparent
position of the maximal strain signal (and strain distri-
bution) and the strain recorded by the gauge at a known
position. This leads to the simple expression:

a = x

aapp(x)
aapp, (19)

where x is gauge position and aapp(x) is a correspond-
ing apparent crack length at x .

From Fig. 11, for the bond extremity, we find that the
apparent crack length leads to a value of 125 mm when
the entire plate is of only of length 120 mm! The con-
tact line between wedge and plate was also not exactly
at the plate tip and moreover we inserted PTFE strips
to define the bonded zone. These facts together lead to
maximum possible crack length of ca. 110 mm (and so
at this stage, the apparent length is greater than possi-
ble by 15 mm!). Comparing real and apparent values,
we found that the correction x/aapp(x) is not constant
and the empirical relationship found was:

a = A ln(aapp) − B, (20)

where A = 81.7, B = 284.1 (with a coefficient of
determination R2 = 99.9%). This interesting finding
shows that λ changes during the test, (a/aapp is not
constant). In Fig. 12, strain evolution versus corrected
crack length is plotted.

At this stage, it is good to appreciate some of the
experimental facts. Using the EB model, the strain
versus crack position curve will not show any change
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Fig. 12 Strain −εs evolution as a function of intrinsic crack
length a

of the signal up to the gauge position [εs(a < x < ∞)]
indicated by the dashed lines. After this point, evolution
will follow Eq. (3) which is shown with a bold contin-
uous line. The experimental curves do not follow this
rule. First of all, due to the adhesive elasticity (and pos-
sibly other effects), the strain increases when the crack
is close to the gauge. Thus, no sharp transition between
free and bonded parts is observed. Several explanations
are possible. The theoretical curve is limited to the elas-
tic case while some adhesive plasticity can be expected
(Tvergaard and Hutchinson 1993, 1994, 1996). More-
over, the test is conducted (partially) at a temperature
close to Tg , thus time-dependent flow and relaxation are
possible. The sheer physical size of strain gauge grid is
of about 2 mm (represented schematically by the grey
rectangle in Fig. 12), so that the signal recorded is not
explicitly the actual value of strain at x , being aver-
aged over the length (although this effect is very small
compared to the others). Notwithstanding, this results
leads, to our knowledge, to the most precise informa-
tion about joint fracture and bulk properties yet given.

5.3 Properties of the adhesive

Analysis to present has been global. The method and
analysis proposed could be used to follow the evolution
of bulk adhesive properties. This could be particularly
important for following such things as environmental
degradation of the adhesive. Application of Eqs. (14)
and (15) is made to experimental data to get the best fit,
by minimising overall errors (regression). This proce-
dure requires finding two, in the present conditions non
stationary, variables λ and a. Successful application has
been made in stationary, non-destructive applications
(Budzik et al. 2011c), and can be applied virtually at
any stage of the test. Results of fitting of the theoretical
curve [Eqs. (14) and (15)] to the experimental strains
is shown in Fig. 13a.

Notwithstanding, the present method can be used
to evaluate bulk adhesive properties. Directly from the
strain measurements having corrected, intrinsic, crack
position now and defined gauge position we can use
the fact that the characteristic wave length λ−1 (assum-
ing that the process zone is small comparing to crack
length) can be given simply by:

λ−1 = 4(a − x0)

π
, (21)

with x0 being position of the 0 strain as recorded by the
gauge passed by the crack front at a = x .
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A disadvantage of this method is the need to wait
until the crack front ‘passes over’ the gauge position.

In Fig. 13a, surface strain for different times and dif-
ferent temperatures are shown. The two methods used,
viz. fitting Eqs. (14) and (15), and applying Eq. (21),
give good agreement. In Fig. 13b the size of the pro-
cess zone, as obtained from both methods is plotted as a
function of crack propagation time. An additional point
is given for fitted λ−1 at t = 100 h to follow more pre-
cisely the trend of the process zone growth. As stated
above, this fitting procedure can be applied virtually
continuously. Accordingly, at the lower temperature
(t < 25 h) λ−1 is evaluated at about 5.6–6 mm. DMTA
results show a rapid change of the adhesive properties
in the temperature range of interest. This is observed at
between 25–30 h, when λ−1 rapidly increased from 6.2
to 10 mm (N .B. this corresponds to a ca. 10 × change
of the adhesive Young’s modulus, which is consistent
with DMTA). Estimations were, in fact, not made con-
tinuously, and probably this increase (estimations made
with 5 h intervals) was indeed during the time of tem-
perature increase only. More importantly, this effect
is visible with both methods, regardless of the prop-
agating crack front! After ca. 30 h, when the gauge at
x = 79 mm is passed (and new conditions are set), λ−1

varies following a logarithmic trend. There are two pos-
sible scenarios, first: the adhesive may undergo further
modifications in its structure, leading to some degrada-
tion, or more probably, the adhesive undergoes viscous
flow. Of course, such situations are not considered in
our purely elastic analysis. However we have showed

that λ−1 and advanced analysis of this parameter can
be used to provide good crack length estimations, and
potentially lead to further developments, an example
of which is the ‘apparent’ λ concept (Chauffaille et al.
2011).

5.4 Finite length effect

In the classic asymmetric wedge test, we generally
assume that the flexible beam is long enough so that
the process zone is small compared to the sample size.
In the present experiment, the calculated crack front
position ‘exceeds’ the limit of the bonded zone at the
very end of the experiment (see Fig. 11) so that the
process zone, in advance of the crack front, may cover
the entire length of the remaining bonded zone! This
problem has already been observed but not recognised
(Karac et al. 2011). Indeed, the speed versus time plot
(Fig. 6b) reveals clear crack acceleration starting from
the middle of the test, ca. 100 h, which continued up to
the end. To evaluate this effect, the elastic foundation
model must be extended to take into account the finite
length of the sample. In this case, the beam deflection
is given by the relations:

z(x)|a0 = A′x3 + B ′x2 + C ′x + D, (22)

z(x)|+∞
a = eλ(a−x)

[
A′′ cos λ(a − x)

+B ′′ sin λ(a − x)
] + e−λ(a−x)

× [
C ′′ cos λ(a − x) + D′′ sin λ(a − x)

]
. (23)
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Expressions for the coefficients from A′ to D′′ are too
complicated to be given here. Two additional terms
which enables us to take into account the free edge
condition of the flexible beam at x = L are:

d2z

dx2 = 0, (24)

d3z

dx3 = 0. (25)

The situation now becomes the case when the process
zone is approaching the far end of the plate, giving rise
to deflection in that place and consequently increasing
cleavage stress acting on the adhesive. In Fig. 14, crack
speed da/dt is plotted versus crack position.

The acceleration starts about 15 mm from the bond
far end, which is about the length of the characteris-
tic wave λ−1. Therefore, a deflection axis is added to
show what is the corresponding cleavage stress state

(assuming linear elasticity z ∼ σ ). At a = 95 mm we
have maximal adhesive deflection and thus maximal
cleavage stress is expected at the crack front. However,
at the sample edge (ca. 110 mm) there is already some
stress. Naturally, the closer the crack gets to the end, the
smaller is the remaining bonded surface, and thus the
higher is the average stress acting on it. Consequently,
this leads to the crack acceleration. The scenario is
schematically shown in Fig. 15, where in (a), deflec-
tion distribution for the new crack positions is plotted
with the filled area indicating the remaining bonded
zone under cleavage load. In Fig. 15b, end displacement
(stress) is plotted as a function of actual crack position.

6 Conclusions

The wedge test is an easy and useful technique to study
the impact of environment and/or technological pro-
cesses on the fracture properties of adhesive joints.
However it often tends to be used as a qualitative rather
than quantitative tool. In this contribution, an asym-
metric bonded joint, made from two aluminium alloy
plates bonded with a commercial epoxy resin adhe-
sive, was analysed using the newly developed instru-
mented wedge test procedure, in which strain gauges
are bonded along, and on the outside of, the joint, effec-
tively converting the bonded flexible substrate into a
specific load cell. In addition, during the test, the joint
was submitted to a change (increase) in temperature.
This causes modifications of the adhesive mechani-
cal properties, which can now be treated quantitatively

(a) (b)

Fig. 15 a Deflection in the bonded part for different crack positions. b End deflection as a function of actual crack position
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by the wedge test. In situ measurement of adhesive
properties is not easy, but the present analysis sheds
considerable light on possibilities. By studying strain
gauge recordings, we have obtained information, not
only about the global fracture properties of the joint,
viz. crack growth increment, crack speed and fracture
energy, but also about bulk properties of the adhesive
used to form the joint. The method introduced gives
direct information about the process zone created in
front of the crack, in which the adhesive is under sig-
nificant strain and which can be followed during the
test allowing estimates of the adhesive state to be made.
Moreover, using the process zone characteristic param-
eter we have not only obtained bulk adhesive proper-
ties but also successfully analysed and explained finite
specimen length effects, which lead to crack accelera-
tion at the end of mode I fracture tests. As a perspective,
we conclude that the instrumented wedge test method
offers potentially much more than a simple compara-
tive technique. By using raw strain data as a function
of the crack length, we are effectively getting access to
local deflection and load distributions, and thus linking
global fracture energy considerations with local load
singularities.

Open Access This article is distributed under the terms of the
Creative Commons Attribution Noncommercial License which
permits any noncommercial use, distribution, and reproduction
in any medium, provided the original author(s) and source are
credited.
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