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A B S T R A C T

The present study proposes a comprehensive integrity assessment approach for a full-scale adhesively-bonded
bi-material joint for maritime applications. The joint represents a cross-section of the bond-line connection of
a ship with a steel hull and a sandwich composite superstructure. The full-scale joint consists of a sandwich
composite core adhesively bonded to two U-shaped steel brackets. The joint was subjected to a quasi-static
loading profile including 6 load cycles up to the final failure. Each load cycle was followed by a dwell
segment holding the joint at the maximum displacement for 30 s and then unloading to 50% of the maximum
displacement. Three Structural Health Monitoring (SHM) techniques including Acoustic Emission (AE), Fiber
Optic Sensor (FOS), and Digital Image Correlation (DIC) were employed during the test to assess the damage
state of the joint. Moreover, a Finite Element Model (FEM) was developed to simulate the evolution behavior of
different damage mechanisms in the joint and the FE results were compared against the experimental findings.
The obtained results showed that the integration of all the employed techniques could successfully detect the
damage initiation, assess the severity of the damage, localize the critical regions of the joint, and distinguish
the different damage mechanisms.
. Introduction

Traditionally, the shipbuilding industry has focused for decades
ainly on using steel-based structures and components. This always

aised concerns regarding weight, environmental impact, carbon foot-
rint and the interaction between such components and the maritime
nvironment leading to corrosion for instance [1]. All these aspects
ranslate directly into additional energy consumption and associated
osts. Thanks to the emerging developments in the composite mate-
ials industry, more attention has been given towards utilizing such
ightweight, yet stiff and strong, materials in marine structures. This
ransition provides the marine sector with several benefits [2,3], how-
ver to date, the application of these materials is restricted only for
econdary structures, whose failure is not detrimental to the structural
afety. With the use of dissimilar materials (steel and composites)
n shipbuilding, alternative joining techniques are essential. Adhesive
onding is introduced as an alternative solution that can offer the
apability of joining dissimilar materials at no extra weight cost while
ot compromising the structural integrity [3,4]. However, because of
he complexity of these joints, they are susceptible to complex damage

∗ Corresponding author.
E-mail address: m_saeedi@sbu.ac.ir (M. Saeedifar).

modes including adherends failure, adhesive failure, and cohesive fail-
ure. This requires smart and robust structural health monitoring (SHM)
systems to be put in place to always monitor the structural integrity
and provide sufficient information and data about the state of such
adhesively bonded joints in service.

Comprehensive integrity assessment of a full-scale structure is usu-
ally done in a couple of steps to reveal: (a) if there is any damage
in the structure, (b) where the location of the damage is, (c) how
much severe the damage is, and (d) what the type of the damage is.
Usually, an SHM technique cannot satisfy all of these levels solely,
while by combining and fusing the results obtained from different
SHM techniques the integrity state of the structure can be evaluated
comprehensively. Among all the SHM techniques, Acoustic Emission
(AE) has been widely used for the damage detection and classification
in hybrid structures [5–8]. Digital Image Correlation (DIC) and Fiber
Optic Sensor (FOS) are other SHM techniques that have shown good
capabilities for strain measurement in the structures [9–13]. Analyzing
this strain data can provide valuable information regarding the damage
state of the structure. Saeedifar et al. and Saleh et al. [14,15] used
the AE to detect the damage initiation in the bi-material double-lap
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Fig. 1. The proposed test pyramid for the QUALIFY project.
oint coupons. They detected the damage initiation and also tracked
he damage evolution in the joints. In addition, they used a supervised
lassifier to distinguish different damage mechanisms based on their AE
ignal features. The AE results were then compared to the FOS and DIC
indings. Xu et al. [16,17] investigated the effect of joint geometry on
he damage of a bolted hybrid fiber metal laminate (FML) joint using
E and DIC. The proposed method could track the damage initiation
nd propagation within the composite layer and it could also capture
he strain field on the surface of the joint. Dia et al. [18] classified
ifferent damage mechanisms of a metal-composite bi-material lami-
ate by analyzing the AE data using the unsupervised clustering and
upervised classification methods. Saeedifar et al. [7] used the AE to
ssess the damage state of a titanium skin adhesively bonded to CFRP
tiffeners. They detected the damage initiation and also identified the
ifferent damage types using the particle swarm optimization clustering
ethod.

The aforementioned literature was conducted at coupon-level tests,
hile there are serious concerns regarding the implementation of the
btained results from the coupon-level tests to the full-scale structure.
his is because of the complex geometry and larger size of the real
2

structure that leads to increasing wave attenuation, larger strain and
load levels, and finally, complex interference of damage mechanisms
in the full-scale structures.

The present study is a follow-up to the previous work by the
group [14,15] which was dedicated to the integrity assessment of a
double-lap bi-material adhesively bonded joint. These series of works
are part of the international project, QUALIFY, funded by Interreg2Seas
Mers Zeeën, focusing on providing qualification guidelines for large-
scale adhesively bonded joints for lightweight and safe maritime trans-
port. The main scope of the two previous studies was to establish and
verify an SHM system based on the constituent materials and coupon
level tests (see Fig. 1). In the present study, the effectiveness of the
proposed SHM system to monitor the integrity of the real large-scale
joint is tested and evaluated.

2. Materials and manufacturing

The full-scale joint is depicted in Fig. 2. It represents a segment
along the joining line of the steel hull and the sandwich composite su-
perstructure in the real ship. For producing the joint in actual shipyard
Fig. 2. (a) A schematic of the full-scale joint, and (b) the real view of the joint.
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Fig. 3. (a) The quasi-static tensile test setup, (b) the arrangement of the AE sensors on the joint, and (c) the FOS path on both sides of the joint.
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onditions (Damen Schelde Naval Shipbuilding, the Netherlands), two
nds of a large sandwich panel were placed between two U-shaped steel
rackets (shipbuilding steel AH36). The sandwich section was made
f a balsa core with two carbon-fiber reinforced polymer (CFRP) skins
ith a quasi-isotropic layup. A gap of ∼10 mm between the sandwich

panel and steel brackets was filled with a two-component methyl
methacrylate (MMA) adhesive which provides high toughness to the
joint. The injection of the MMA followed the best standard practice
provided by the industrial partners to mimic the real manufacturing
conditions. Two wooden blocks were placed next to the balsa core at
two ends of the sandwich panel, and the gap between the bottom of the
steel bracket and the wooden block was filled with a filler material. This
was mainly done to avoid the formation of a butt joint at the end of the
specimen which could trigger damage initiation at that location, as the
focus of the test was the overlap shear performance. For the loading of
the joint, a steel flange with a larger thickness (12 mm) was welded to
the two U-shaped steel brackets.

3. Experimental procedures

3.1. Mechanical tensile testing

The joint was subjected to a quasi-static loading profile, including
6 loading cycles up to the final failure using a 250 kN universal
tension/compression Zwick machine. The loading profile consists of
five loading cycles up to 1.1, 2.2, 3.3, 4.4, and 5.5 mm of the crosshead
displacement respectively, followed by the 6th loading cycle up to the
final failure. In each loading cycle, once the displacement reached the
predefined maximum displacement of that cycle, the joint was held at
that displacement level for 30 s, and then the displacement decreased
with the same crosshead rate to 50% of the maximum displacement
of that cycle. The test was performed under the displacement-control
mode with a crosshead rate of 0.75 mm/min. As depicted in Fig. 3(a),
the SHM techniques of AE, DIC, FOS, and visual inspection were used
to identify the damage in the full-scale joint during the tensile test.
Five AE sensors, placed at pre-defined positions on the joint surface,
captured AE signals during the tensile test. The arrangement of the AE
sensors is depicted in Fig. 3(b). Accordingly, two sensors were placed
on both sides of the upper steel bracket (sensors 1 and 2), and one
on the CFRP skin at mid-height of the joint (sensor 5). The last two
sensors were placed on both sides of the lower steel bracket (sensors 3
and 4). The DIC cameras, located at the front side of the joint, took a
picture from the top and bottom parts of the joint every 3 s. The FOS
3

was attached to both lateral sides of the joint along the longitudinal
direction to record the longitudinal strain experienced by the joint
during the tensile test. The path of the FOS on the lateral sides of the
joint is visible in Fig. 3(c).

3.2. Acoustic Emission (AE)

The AE events generated during the tensile loading of the full-scale
joint were recorded by the five broad-band AE sensors,
AE1045SVS900M from Vallen Systeme GmbH, with external 34 dB pre-
amplifiers. The operating frequency of the sensors is 100–900 kHz. The
AE hits were recorded by an AMSY-6 Vallen 8-channel AE system. The
sampling rate was 2 MHz, and the threshold was set at 50 dB, similar
to the coupon-level tests. This threshold level was chosen due to the
fact that for a real ship in operation, because of the high environmental
noises coming from the propulsion system, electronic devices, structural
vibrations, etc., setting a low threshold can lead to capturing too many
noisy signals. A standard pencil lead breakage test [19] was performed
before the tensile test to check the reproducibility of the AE sensors.

3.3. Digital Image Correlation (DIC)

Two-dimensional (2D) DIC was used to visualize the strain contour
map on the surface of both the top and bottom connections of the full-
scale joint (see Fig. 3). The DIC system consisted of two 9MP cameras,
equipped with a ‘‘XENOPLAN 1.4/23’’ lens. The speckle pattern images
were captured and recorded using ViC-Snap 8 software, a product of
‘‘Correlated Solutions Inc.’’. The DIC system was synchronized with the
testing machine using a two-channel analog connection for the applied
displacement and measured force respectively. The used acquisition
rate was 0.2 frames per second (fps). The captured images by ViC-Snap
8 were then post-processed using ViC-2D 6 software. For the processing,
the subset size was set to 75 × 75 pixels with a step size (distance
etween subsets) of 20 pixels. An observation window of (135 × 256)
m2 resulted in an image with dimensions of (2160 × 4096) pixels.

.4. Fiber Optic Sensor (FOS)

An optical fiber connected to the OBR ODiSI-B interrogator, from
una Innovations Inc., was used to measure the longitudinal strain of
he joint. The interrogator measures the strain by capturing and pro-
essing the Rayleigh backscatter radiations. The optical fiber consists
f three sections: (1) LC/APC connector, (2) the measuring section,
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Fig. 4. The FE model for tensile tests. The loading is applied in the gripping region.
Table 1
Summary of the bulk material properties.

Adhesive Young’s modulus: 𝐸 = 242 ± 20 MPa and Poisson’s ratio: 𝜈 = 0.42
Hill’s yielding function is defined by

𝐹
(

𝜎22 − 𝜎33
)2 + 𝐺

(

𝜎33 − 𝜎11
)2 +𝐻

(

𝜎11 − 𝜎22
)2 + 2𝐿𝜎2

23 + 2𝑀𝜎2
31 + 2𝑁𝜎2

12 = 1
With 𝐹 = 𝐺 = 𝐻 = 1∕𝜎𝑛

𝑦 𝐿 = 𝑀 = 𝑁 = 1.9∕𝜎𝑛
𝑦 . Given 𝜎𝑛

𝑦 as the yield limit under
tensile/compression loadings

Composite In-plane tensile modulus: 36 GPa, Shear modulus: 13.7 GPa
Steel Young’s modulus: 206 GPa, Elastic yield limit: 355 MPa
Balsa Tensile modulus perpendicular to the plane: 2791 MPa and a shear modulus: 187 MPa
Fig. 5. Comparison between the response of adhesive under shear and tensile loadings.
The equivalent stress 𝜎𝑒 = 𝜏

√

3 and equivalent strain 𝜀𝑒 =
𝛾
√

3
.

raded-Index Multimode (GIMM) fiber from Plasma Optical Fibre Inc.,
nd (3) a coreless section spliced to the end of the measuring section,
rom THORLABS Inc., to reduce the noise level of the measurements.
he spatial resolution of the strains was 0.65 mm, and the sampling
ate was 23.8 Hz.

. FE simulations

The joint was modeled as a 3D model using the Finite element (FE)
ethod with the commercial software, ABAQUS®2020 (see Fig. 4). The

E simulations were used to provide a better understanding of the ob-
ained experimental results by the different techniques. The solids were
eshed with second-order hexahedral continuum elements (C3D20)
herever possible, especially for the adhesive layers, to accurately cap-

ure the material shear behavior. For the composite panels, continuum
hell elements (SC8R) were used to also improve the computational
fficiency.

Several modeling assumptions were considered for the behavior
f the bulk materials and the different interfaces. For modeling the
onlinear behavior of the used adhesive, an elastoplastic constitutive
ehavior model is used. To choose the yielding criteria, the adhesive
esponses under the tensile and the shear loadings were compared using
4

Fig. 6. Graphical representation of the bilinear cohesive law: 𝐺𝐶 is the critical fracture
energy, 𝑇𝑀𝑎𝑥 is the maximum traction, 𝐾 is the initial stiffness, 𝛿𝑖𝑛𝑖 and 𝛿𝑐 correspond
respectively to the initial and the critical separation values.

the Von Mises (VM) equivalent stress in Fig. 5. The comparison shows a
stronger material response under shear loading compared to the tensile
loading using VM equivalent stress. From the modeling point of view,
this will forbid the VM criteria to be used as a yielding criterion, re-
quiring instead an anisotropic yielding criterion such as Hill’s yielding
criterion [20] to describe the adhesive behavior. A reminder of the
yielding function expression is given in Table 1.

The quasi-isotropic composite panels are assumed to be composed
of transverse isotropic elastic plies. Steel parts are modeled as an
elastoplastic material, to consider possible yielding, and the balsa
wood is assumed to have an isotropic elastic behavior. A summary of
the used material properties for the different constituents is given in
Table 1.

The different interfaces (i.e., steel to adhesive and adhesive to
composite) are modeled using bilinear cohesive laws (see Fig. 6 for
illustration). The mode-mixity is considered using a power law with
a coefficient of 1.

The cohesive law for the steel to adhesive was calibrated using TAST
tests (see paper [21] for details of the tests) and DCB test. In both
types of tests, the selected adhesive layer thickness was 8 to 10 mm
corresponding to the thickness used in the joint. For the interfaces
between the adhesive and the composite, a DCB test was performed
and used to calibrate the cohesive law. Skin failure of the composite
was observed as the main failure mechanism of the joint. Since the
shear fracture mode (Mode II) test was difficult to perform in the case
of composite substrates, it was assumed that the corresponding material
parameters for the cohesive law are the same as the ones obtained

from the DCB test (Mode I). This simplification is expected to give a
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Fig. 7. (a) The load–displacement curve, and (b) load–time curve of the joint.
Fig. 8. The final failure mode of the joint.
onservative estimation of the joint failure under some loading cases
specially if the fracture Mode II is dominant. For both the TAST and
he DCB tests, FE models were built to simulate the tests, and the
aterial parameters for the cohesive law were obtained by reverse

ngineering. The used material parameters for the different cohesive
aws are given in Table 2.

. Results and discussion

.1. Experimental results

The load–displacement and load–time curves of the joint are de-
icted in Fig. 7. The maximum load of the joint was 86.8 kN.

The image of the final failure of the joint is shown in Fig. 8. The joint
ailed close to the upper steel bracket because of large delamination
ithin the CFRP skin. The delamination is followed by the damage in

he wooden block next to the balsa core. The damage in the wooden
lock is not further investigated hereafter because as already stated,
5

the wooden blocks were auxiliary components in the tested joint.
Experimental observations revealed that the joint failed because of the
induced bending in the joint, which refers to the asymmetry of the joint
under loading conditions to mimic the real-life loading condition of the
joint. The measured strain by the FOS clearly indicates the bending
induced at the CFRP skin of the joint (see Fig. 9). As it is clear, there is
a large tension strain at the left CFRP skin (Section 2), while the right
CFRP skin is under a compression strain (Section 5). Finally, the joint
failed at the side which is under tension stress (see Fig. 9).

The cumulative number of AE events recorded by the five AE sensors
is depicted in Fig. 10. As it is clear, the first significant AE activities of
the joint started in the 2nd load cycle (at a load of ∼22.5 kN). These
AE activities show the damage initiation in the joint. By comparing
the corresponding load to the initiation of the AE activities to the
final fracture load (22.5 kN vs. 86.5 kN), it is revealed that the AE
detected the early-stage damage in the joint at a load of ∼25% of
the final fracture load. The AE curve shows a step-by-step increasing
trend that indicates the progressive damage in the joint. According to
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Fig. 9. The FOS longitudinal strain distribution in the joint.

Fig. 10. Cumulative AE events curve of the joint.

the AE profile of the first load cycles, the AE curve is plateau during
the unloading phase. In the next reloading phase, as long as the load
level is less than the maximum load of the previous load cycle, the
AE curve is still plateau, while once the load crosses the maximum
load of the previous load cycle, the cumulative number of AE events
increases. This phenomenon is called the Kaiser effect that shows the
joint is still healthy. During the reloading phase, if the AE activities
increase at load levels less than the maximum load of the previous
load cycle, it indicates the occurrence of the critical damage in the joint
that adversely affected the integrity of the joint. This phenomenon is
named Felicity effect [7,22] and it can be seen for the last load cycles. If
the load corresponding to the initiation of the new AE activities in the
reloading phase is divided by the maximum load of the previous load
cycle, it can be used as an indication of Kaiser or Felicity effects [7,22].
The index larger than or equal to 1 indicates the Kaiser effect, while
the index smaller than 1 indicates the Felicity effect. This index is
depicted in Fig. 11 for the joint. As it is clear, the Felicity effect is
obvious at the 4th load cycle. This indicates that the critical damage
of the joint started in the 4th load cycle. The load level corresponds to
the critical damage detected by the AE is ∼65% of the final fracture
6

Fig. 11. Kaiser and Felicity ratios for the joint.

Fig. 12. The cumulative AE energy curve of the different damage mechanisms of the
joint.

Table 2
Summary of the material properties for the cohesive laws.

Interface
steel to adhesive

Damage initiation: 𝑇𝑡 = 10 MPa; 𝑇𝑠1 = 𝑇𝑠2 = 16.0 MPa
Damage evolution: 𝐺𝐼 = 1.5;𝐺𝐼𝐼 = 𝐺𝐼𝐼𝐼 = 16.77 kJ/m2

Interface
composite to adhesive

Damage initiation: 𝑇𝑡 = 𝑇𝑠1 = 𝑇𝑠2 = 6.5 MPa
Damage evolution: 𝐺𝐼 = 𝐺𝐼𝐼 = 𝐺𝐼𝐼𝐼 = 1.8 kJ/m2

load which offers a good margin for reacting to damage once captured
by the AE by conducting corrective actions in real life applications via
maintenance or repair to avoid the catastrophic final failure. Therefore,
as a summary, the AE could detect the damage initiation and assess the
severity of the damage in the full-scale joint.

The next step of the damage assessment of the full-scale joint is
identifying the damage type. In our previous work [14], an ensemble-
bagged-tree supervised classifier was developed to classify the damage
mechanisms of the standard double-lap joint coupons. The model was
first trained by the AE data collected from the tests of the constituent
materials of the joint. The AE signals of the four damage mechanisms,
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Fig. 13. Shear strain contours of the top and bottom parts of the joint during the tensile loading.
ncluding cohesive failure, adhesive failure, steel deformation, and
FRP skin failure were collected from the fracture tests of the adhesive
aterial, fracture tests of adhesively bonded steel-to-steel and CFRP-

o-CFRP DCB specimens, tensile and shear tests of steel, and tensile
ests of CFRP skin material, respectively. Eight appropriate AE features
ere extracted for each AE signal and the classifier was trained by the

abeled AE data. Afterward, the classifier was used to classify different
amage mechanisms in the Double-Lap Joint (DLJ) coupons made of
7

the same constituent materials. The classified damages by the AE were
consistent with the damages observed in the DLJ visually.

In order to upscale the results and apply them to the full-scale level,
the developed classifier is used here to classify different damage mech-
anisms of the full-scale joint. Therefore, the same eight AE features,
which were used for training the classifier, i.e., amplitude, rise time,
duration, counts, energy, RMS, centroid frequency, and peak frequency,
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Fig. 14. The contribution of different damage mechanisms per each AE sensor for the joint.
a

Fig. 15. Comparison between the force predicted by the FE simulations and the

easured experimental values for the joint.

re extracted for the full-scale joint’s AE signals. Then, this data is fed
nto the classifier to be labeled and classified.

The cumulative AE energy curves of the classified AE signals are
epicted in Fig. 12. From the progressive damage point of view, ir-
espective of the instantaneous jump at the end of the test (at the
inal failure moment), the dominant damage mechanisms are CFRP
kin failure, which is obvious in Fig. 8, and shear deformation of the
dhesive layer, ‘‘cohesive failure’’, which is obviously visible in the
IC results (see Fig. 13). These two figures indicate the shear stress
istribution in the joint at the maximum load of each cycle. As it is
bvious, by increasing the load, a considerable plastic shear strain is
ormed at the adhesive layer of the joint that confirms the presence of

huge amount of cohesive failure signals in the classified AE results
see Fig. 12).

In order to specify the critical regions of the joint where most of
he damages occur, the distribution of the recorded AE signals among

he five AE sensors is plotted in Fig. 14. The AE sensors Ch1 and

8

Ch2, which were close to the final failure location (top side), recorded
most of the AE signals, while AE sensors Ch3 and Ch4, which were
far from the final failure location, recorded a few AE signals. The AE
sensor Ch5, which was located at mid-height of the joint, on the CFRP
skin, recorded a few AE signals that means the damage zone is far
from the middle of the joint and the critical parts of the joint are two
adhesively-bonded ends of the sandwich structure.

5.2. FE results

The FE results are presented in this section, and they are compared
against the macroscopic load–displacement curves, FOS strain data for
the lateral sides of the joint, DIC strain contours on the front surface
of the joint, and the classified AE data. Fig. 15 shows a comparison
between the predicted forces by the FE models for joint and the
experimental measurements. The stiffness of the joint is predicted well.
Regarding the values of forces at failure, an underestimation of the
force at failure is obtained. As already stated, this is expected because
for the interface between the composite and adhesive, the CZM cali-
bration was done using the mode I fracture energy release rate (𝐺IC),
nd 𝐺IIC was considered equal to 𝐺IC, while in practice 𝐺IIC is higher

than 𝐺IC. Therefore, because the shear traction seems to be dominant
in the joint, an underestimation of the force at failure is obtained.
Regarding the dominant damage mechanisms, there is good consistency
between the predicted damage modes and the damages observed in the
experiments.

Fig. 16 shows the longitudinal strain on the lateral sides of the
simulated joint in comparison with the true longitudinal strain mea-
sured by the FOS during the tests. Again, a good agreement is obtained
for low global displacements corresponding to the first cycles, while
an overestimation similar to the global response in terms of force is
observed. This may also be related to possible damage in the welding
between the steel flanges and the U-shaped steel parts.

Besides comparing the global strain of the joint, local strains mea-
surements in the adhesive section obtained from the DIC are compared
to the predicted strains at this section by the FE model (see Fig. 17). The
comparison is done for eight points on the adhesive part of the joint,
as depicted in Fig. 17. A good correlation between the experimental
measurements and the FE predictions is obtained. The majority of the
load seems to be carried out by one side of the joint, because of its
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Fig. 16. Comparison between the predicted strains by the FE simulations and the experimental measurements obtained by FOS for the joint.
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asymmetric geometry and the loading conditions imposed. The results
show that the dominant strains in the adhesive are shear strains.

According to the dominant damage modes indicated by the AE
results (see Figs. 12 and 14) and the visual inspection and DIC (see
Figs. 8 and 13), the failure of the composite skin in contact with the
adhesive part, which experiences high shear stress, is the main failure
mechanism. The location of the crack initiation was also confirmed by
the FE simulations as showed in Fig. 18.

The FE results were compared to the experimental results from
the load–displacement curve, global strains, and local strains points
of view. The predicted damage mechanisms by the FE model can be
also compared to the classified damage mechanisms by the AE. To this
aim, based on the FE results, the accumulated plastic deformations in
critical regions of the adhesive (cohesive failure) and the steel (steel
deformation), and the adhesive failure at the interface of the adhesive
part to the composite near the failure initiation location, are plotted in
Fig. 19. On the other hand, the cumulative AE energy for these damage
mechanisms recorded by the closest AE sensor to that critical region
(Ch1) is plotted and they are compared together. The average ‘‘adhesive
failure’’ around the crack initiation location is plotted in Fig. 19(a). The
value of 1 corresponds to the propagation of the crack leading to the
final failure of the joint. This damage value can be correlated with the
cumulative energy of ‘‘adhesive failure’’ AE signals.

The adhesive material around the crack initiation location experi-
ences some plastic deformations (cohesive failure) due to the complex
stress state: the combination of the shear stress and peel stress. The
value of the average plastic accumulations in these regions is given in
Fig. 19(b), and it is compared to the cumulative energy of ‘‘cohesive
failure’’ AE signals.

Plastic deformations of the steel parts were also predicted by the FE
model, mainly at the connection region between the U-shaped part and
the flange. The plastic deformation accumulations plotted in Fig. 19(c)
show similarities to the cumulative energy of ‘‘steel deformation’’ AE
signals.

As it is clear, the general trend of the FE curves and cumulative
AE energy curves is almost consistent confirming the acceptable per-
formance of the supervised classifier. In some cases, the AE detected
the damage initiation earlier than the FE model which refers to the

high sensitivity of the AE technique to the micro-damages.
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6. Conclusion

The present study was dedicated to the Structural Health Monitoring
(SHM) of an adhesively bonded bi-material full-scale joint. The SHM
techniques of Acoustic Emission (AE), Fiber Optic Sensor (FOS), and
Digital Image Correlation (DIC) were employed to assess the integrity of
the joint while it was subjected to a quasi-static load to the final failure.
The results showed that AE could detect the early-stage damage in the
joint at load levels around 25% of the failure load. It also determined
the critical damage that significantly affected the integrity of the joint
at load levels around 65% of the failure load. The supervised classifier,
which was developed and verified based on the constituent materials
tests and the coupon-level tests, was employed to classify the AE
signals of the damage mechanisms of the full-scale joint. The classified
damages were consistent with the damages observed in the fractured
joint, and FOS and DIC results. In addition, a FE model was proposed
to help to interpret the AE results and present a better understanding
of the joint response under the applied loading conditions, and to
predict the failure mechanism for the joint. There was good consistency
between the results obtained from different SHM techniques and the FE
results. This study showed that the integration of the employed SHM
techniques could successfully monitor the integrity of the full-scale
adhesively-bonded bi-material joints.
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Fig. 17. Comparison between the predicted strains by the FE simulations and the experimental measurement obtained by DIC for the joint.
Fig. 18. Location of the crack initiation leading to the final failure of the joint. (a)
the experimental test, (b) FE simulation prediction, and (c) graphical illustration.
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Fig. 19. (a) Average adhesive failure in the region around the crack initiation location of the joint, (b) average plastic accumulation in the adhesive region around the crack
nitiation location (cohesive failure) of the joint, and (c) average plastic accumulation in the steel around the welding region of the joint.
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