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Abstract. Adhesive bonding presents many advantages, such as efficient manufacturing and improved
structural performance [1]. However, in structures subjected to fatigue, cracks might initiate and
propagate in joints, leading to in-service failure [2]. Most adhesively bonded joints are subjected to
combination of peel and shear loads, so mixed I+II mode loading conditions are present [3]. In this
work, Cracked Lap Shear specimens, which feature mixed I+II mode loading conditions, were tested
under fatigue loading. During tests, crack growth was monitored using Visual Testing and Digital
Image Correlation. With Digital Image Correlation, opening and sliding displacements in the bondline
were extracted from the substrates’ displacement fields and compared against a Finite Element Model,
revealing a highly strained process zone ahead of the crack tip. Results highlight the usefulness of DIC
in capturing the deformation behaviour of adhesive joints under mixed mode loading conditions.
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1. Introduction

In recent years, there has been an increasing inter-
est in the use of adhesive bonding for manufactur-
ing joints. When compared to mechanically fastened
joints, bonded joints can offer reduced stress concen-
trations, easier manufacturing, reduced weight, and
improved durability [1]. Adhesively bonded joints
have however the issue of reliability because they can
present defects coming from manufacturing or initiat-
ing during service, which can lead to failure [2]. The
ability to detect and locate these defects is crucial for
increasing overall safety. Fracture in an adhesively
bonded joint is usually a mixed-mode problem, as
shear and peel stresses are generally both present in
an adhesive layer [3]. To monitor crack propagation,
Visual Testing (VT) is the standard technique, but
many studies have used Digital Image Correlation
(DIC) to monitor crack propagation in either mode I
or mode II [4, 5], but only few under mixed mode
loading [6].

In this work, we conducted experiments using
Cracked Lap Shear specimens subjected to fatigue
loading, representing a mixed I+II mode loading con-
dition. Crack growth was monitored using Visual
Testing and Digital Image Correlation. DIC results
were compared against a Finite Element Model. The
results highlight the efficacy of DIC in accurately
capturing the deformation behaviour of adhesively
bonded joints under mixed mode loading conditions.

Figure 1. Specimen dimensions.

2. Materials and methods
The CLS specimens were fabricated using 5 mm thick
high strength AISI A514 stainless steel plates. Two
different types of adhesives were used for bonding:
3M DP490 for specimens 1–4 [7] and 3M 9323 for
specimen 5 [8]. The dimensions of the specimens are
illustrated in Figure 1.

To create a 10 mm precrack, Teflon strips with a
thickness of 0.36 mm were applied to both substrates,
ensuring a uniform bondline thickness. Additionally,
1 % by weight of glass microspheres with a diameter of
0.36 mm were added to the 9 323 adhesive to maintain
the desired thickness. After clamping, the specimens
were cured in an oven at 65◦ for a minimum of 2 h.
One side of the specimens was painted with white
brittle paint for visual testing, while the other side was
painted with white paint and then with black speckles
for DIC monitoring. DIC pictures were taken using a
26.2 Megapixel Canon EOS-RP camera equipped with
a Canon RF 85 mm F2 macro IS lens. VT pictures
were taken with a 16 Megapixel phone camera.

Fatigue tests were conducted on the specimens using
an MTS 370 servo-hydraulic testing machine equipped
with a 100 kN load cell (Figure 2). The tests were
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Figure 2. Experimental setup.

Figure 3. Visual testing of specimen 1 at 15 000 and
45 000 cycles. Pictures are taken at the maximum
fatigue load (20 kN).

performed with a maximum load of 20 kN and a load
ratio of 0.1. At regular intervals, the tests were briefly
paused, and the specimen was brought to its maximum
load to acquire DIC images and perform VT. A DIC
picture was also taken before the fatigue test started
at maximum load. In this acquisition (referred as
“0 Cycles” in the rest of the article) the crack length
is known to be the length of the Teflon insert, as no
propagation has occurred, so it was used as a reference
for validating the FEM model.

DIC images were post-processed using GOM Corre-
late 2020. 3-dimensional Finite Element Models of the
CLS specimens were created with Abaqus FEA 2022
software considering three different crack lengths, 10,
25, and 30 mm. The models use quadratic elements
and reduced integration. Both the steel substrates
and the two adhesives were modelled as linear-elastic
materials. The elastic moduli were 260 000 MPa for
the steel, 1 730 MPa for the DP490 [7] and 2600 MPa
for the 9 323 [8]. The adhesive-strap, adhesive-lap, as
well as the tab-strap interfaces were modelled by tie
constraints.

(a). (b).

Figure 4. (A) X and Y displacement fields of speci-
men 1 at 0 and 45 000 cycles; (B) Reference lines from
which the displacement values were extracted.

3. Results and Discussion
Visual Testing is commonly used for crack monitoring
in mode I loading conditions where the crack tip is
easily visible thanks to the opening of the crack. In
mode II loading, identifying the exact crack tip posi-
tion is more challenging. In our mixed-mode setup,
although it is evident that crack propagation is occur-
ring, the predominance of mode II loading makes it
difficult to precisely pinpoint the crack tip position
(see Figure 3).

To overcome this limitation, Digital Image Correla-
tion was used to measure the displacement fields in
both X and Y directions (Figure 4). X-displacements
can provide insights about mode I behaviour, while
Y-displacements can offer information about mode II.

The significant variation in Y-displacements across
the thickness of each substrate (Figure 4a) indicates
significant shear deformation in the adherends. As
fatigue crack growth progresses, the variation in joint
stiffness leads to changes in the displacement fields.
The displacement values were extracted from parallel
lines along the substrates, as illustrated in Figure 4b.
Figure 5a demonstrates the change in displacements
between 0 and 45 000 cycles for specimen 1.

Analysing the X-displacements reveals that, as fa-
tigue progresses, the separation between lap and strap
increases (Figure 5a). The opening (i.e., mode I)
displacement in the bondline was obtained from the
difference between the mean displacement in each
substrate. All five specimens exhibit similar trends,
which align with the finite element model (Figure 5b).
A few millimetres ahead of the crack tip the opening
displacement becomes negative, which is indicative
of compressive stresses resulting from bending of the
substrates [9]. FEM results show that as the crack
length increases, the trend remains similar, but is
shifted to the right (Figure 6a). A similar shift is
observed in the experimental results (Figure 6b). To
monitor crack propagation, two reference points were
established: the 0-opening point, where opening dis-
placement was equal to 0, and the position of the
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(a). X displacements

(b). Opening Displacement in the Bondline, 0 Cycles,
Crack length 10 mm

Figure 5. (A) X-Displacements of specimen 1 at 0
and 45 000 cycles; (B) Opening displacement in the
bondline for all specimens at 0 cycles.

minimum displacement. The two points are shown in
Figure 6.

While X-displacements are virtually constant across
the thickness of each adherend (Figure 5a), Y-
displacements vary significantly (Figure 7a) due to the
shear deformation in the substrates. For this reason,
taking the difference between the mean displacement
in each substrate,as done for the opening displacement,
would not be representative of the displacement at the
bondline (i.e., between lines 5 in Figure 4b). The slid-
ing (mode II) displacement in the bondline was instead
estimated by linearly extrapolating the displacements
in each substrate, as shown in Figure 7b. Once again,
the five specimens and the FEM show very similar
results (Figure 7c), and as the crack length increases,
the trend is replicated but shifted to the right (Figures
8a and 8b). In the cracked part of the specimen the
sliding displacement shows a linear trend, while in the
bonded area far away from the crack tip, the sliding
displacement is small and almost constant. Between

(a). Bondline Opening Displacement

(b). Opening Displacement, Specimen 1

Figure 6. (A) Bondline opening displacement for
three different crack lengths obtained by FEM; (B)
Evolution of the bondline opening displacement during
fatigue of specimen 1 obtained by DIC.

these two regions, a nonlinear trend is observed. To
monitor crack propagation, a linear regression was
performed in the linear part of the trend, and the
point of deviation from linearity was established as a
reference point (Figure 8).

Figure 9 compares the crack length estimations ob-
tained experimentally from Digital Image Correlation
and Visual Testing for all specimens, and numerically
from the Finite Element Models. Crack length estima-
tions are plotted against the 0-opening point of each
acquisition.

The reference points derived from both FEM and
DIC are very consistent with each other. FEM results
suggests that the 0-opening point is the closest one
to the real crack position, while both the minimum
opening displacement and the point of non-linearity
are a few millimiters further away (i.e., they indicate
a longer crack length). However, the distance between
the different reference points remains almost constant
for all crack lengths considered, so they still provide
a reliable, albeit slightly conservative, estimation of
crack length. On the other hand, Visual Testing con-
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(a). Y displacements

(b). Sliding Displacement

(c). Sliding Displacement in the Bondline, 0 Cycles, Crack
length 10 mm

Figure 7. (A) Y-Displacements of specimen 1 at
0 and 45 000 cycles; (B) How the bondline sliding
displacement was obtained; (C) Sliding displacement
in the bondline.

(a). Bondline Sliding Displacement

(b). Bondline Sliding Displacement, Specimen 1

Figure 8. (A) Bondline sliding displacement for
three different crack lengths obtained by FEM; (B)
Evolution of the bondline sliding displacement during
fatigue of specimen 1 obtained by DIC

sistently underestimates crack length when compared
to DIC, and as the fatigue test progresses, this dis-
parity between VT and the other methods becomes
more pronounced. This difference is likely due to
the predominance of mode II loading, which makes
identifying the exact crack tip location difficult.

4. Conclusions
Fatigue tests were conducted on CLS specimens to
investigate the effectiveness of DIC and VT in locating
and monitoring the crack tip position.

Digital Image Correlation allowed for effective mon-
itoring of crack propagation in adhesive bonded joints
under mixed-mode loading conditions.

Using Digital Image Correlation, the opening and
sliding displacements in the bondline were obtained
from the displacements of the substrates. Good agree-
ment was found between the displacements obtained
by Finite Element Modelling and DIC.
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Figure 9. Experimental and Numerical crack length estimations plotted against the 0-opening point for all five
specimens.

On the other hand, it was found that identifying the
exact location of the crack tip with VT was quite chal-
lenging due to the predominance of mode II loading.
Additionally, VT measurements consistently yielded
lower values than DIC measurements, indicating po-
tential limitations for VT in mixed-mode loading con-
ditions.
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