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Abstract:

The strength and deformation of full-scale adhesively bonded multi-material joints is studied 

in this paper. Four joints with a thick layer of Methyl Methacrylate adhesive (MMA) have been 

manufactured in shipyard conditions. In two specimens, cracks have been introduced at steel-

adhesive and composite-adhesive interfaces. One cracked and one un-cracked specimen were 

subjected to quasi-static tensile testing; the two remaining specimens were stepwise 

loaded/unloaded with increasing load until failure. The strain in the adhesive layers was 

measured with digital image correlation (DIC). This showed a predominant shear deformation 

and dissimilar shear strain patterns for different bond lines. Fibre Bragg (FBG) sensors were 

used to monitor strains at steel and composite constituents and to detect the onset and evolution 

of damage in the un-cracked specimen. Strains measured by FBG sensors correspond well with 

DIC results at nearby regions. All specimens failed by delamination of the composite panel near 

the composite-adhesive interface.
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1. Introduction

The soaring demand of durable, robust and lightweight water vehicles has increased the interest in 

adhesively bonded joints for superstructure assembly to steel hull. The use of structural adhesive 

and composites in the superstructure has the potential to reduce its weight by about 50 % (1). 

This enables a significant reduction in fuel consumption and emissions from the ship (1,2). 

Adhesive bonding is a popular technique for joining dissimilar materials, that further comes 

with the advantage of low-stress concentration in parent materials compared to traditional 

joining techniques (welding, riveting and bolting). The strain distribution in an adhesively 

bonded structure mainly relates to the adhesive layer thickness (3–11), overlap length (12,13), 

global geometry (14–18), adherend thickness (19), type of adhesive and adherend (6,9,20,21), 

surface treatment of adherend (22–26) and bond quality. The strain is usually higher at the edges 

of the joint due to stress concentration (27). Experimental testing of the adhesive joint is the 

best practice to evaluate and understand the strain development in the adhesive (28). Strain 

measurement in adhesive bonded joints for watercraft industries is challenging and can be 

addressed by using non-contact deformation or strain measurement techniques, which allow to 

evaluate the actual strain on the adhesive. 

DIC has demonstrated its excellent potential for strain evaluation in adhesive bond lines (29–

32). Angelopoulos (33) determined void content and distribution in large-scale steel/composite 

adhesive joints based on the local strain evolution characterised using DIC. Saleh et al. (34) 

implemented DIC to evaluate the full-field strain maps and in-plane deformation in steel/CFRP 

adhesive joints bonded with a thick layer of MMA adhesive. Askarinejad et al. (35) successfully 

applied DIC to measure mode II crack initiation and growth in Thick Adherend Shear Test 
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specimens with an MMA adhesive layer. Likewise, Thäsler et al. (36) suggested a method to 

monitor and trace the crack in dynamically loaded single lap shear, double lap shear and crack 

lap shear specimens using 2D DIC. Jaiswal et al. (37) applied DIC to evaluate the deformation 

of single and double lap specimens with thick layers of MMA adhesive subjected to fatigue 

loading.

Another technique that has been increasingly used in monitoring of engineering structures is 

the use of optical fibres with Bragg grating sensor, so-called FBGs. These provide following 

advantages: up to dozens of sensors in one single fibre, ultrathin and lightweight, 

electromagnetic immune, safe in explosive and high radiation environments. Embedding FBGs 

in adhesive is challenging because fibres can break or misalign during manufacturing, and 

embedded sensors can also lead to a decrease in the strength of the adhesive joint (38). FBG 

sensors can also be bonded to the outer surface of the constituents of an adhesive joint. Ning et 

al. (39) measured the dynamic strain distribution during fatigue testing of CFRP/CFRP epoxy-

bonded single lap specimens by means of an FBG sensor embedded into the adhesive at the 

substrate interface. Xavier et al. (40) used DIC and an embedded FBG sensor to measure 

external and internal strain in the epoxy adhesive of wooden double cantilever beam specimens. 

Saha and Sullivan (41) recorded the longitudinal surface strain distribution for a composite 

double lap shear joint subjected to a tension test, by means of embedded FBG sensors (at 

adhesive-adherend interface and in the bulk adhesive) and DIC. Manterola et al. (42) monitored 

mode I crack growth in double cantilever beam specimens bonded with rigid methacrylate 

adhesive and silicone-based flexible adhesive using embedded FBG sensors, DIC, back face 

strain gauges, ultrasonic inspection and acoustic emission sensors. Jaiswal et al. (43) used FBG 

and DIC to evaluate the global deformation and local strain distributions in a tensile loaded 

large-scale joint of a steel bracket and a sandwich panel bonded with thick MMA adhesive. 

Several FBG sensors were bonded to the outer surfaces of steel and composite panel to monitor 
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the longitudinal strain during the test; DIC was used to monitor strain in the adhesive bond 

lines. The use of a glass fibre reinforced superstructure combined with the conventional steel 

hull is not new in naval industries and several joint designs have been proposed (44). However, 

the use of fibre reinforced plastics has dramatically reduced in vessel design due to rising 

challenges in joining the polymer composites to metals (45). CFRP is nowadays preferred over 

GFRP because of its higher specific strength allowing a lower weight design (46). The present 

work emphasises on a specific joint design that includes a sandwich structure, formed by CFRP 

panels and balsa core, that is bonded to a steel flange using a thick MMA structural adhesive. 

The focus is on the evaluation of global deformation and local strain in the multi-material 

adhesive joint using FBG sensors and DIC, respectively, during quasi-static tensile testing. The 

damage mechanisms of the multi-material specimens are evaluated by visual inspection. 

This work is part of the Qualify project to develop qualification guidelines for real scale 

adhesive joints for lightweight and safe maritime transport, funded by Interreg2Seas Mers 

Zeeën.

2. Materials and specimens

The shipbuilding and repair quality standard IACS 47 was used to manufacture a large-scale 

panel by bonding a sandwich panel (CFRP sheets and balsa wood core) to steel flanges with a 

thick layer of MMA adhesive in shipyard conditions (47). The sandwich panel represents the 

superstructure and the steel flange represents the hull of the ship. A high strength shipbuilding 

structural steel grade AH 36 with 6 mm thickness was used. Four specimens with a width of 

100 mm were sectioned by water jet cutting from the large hybrid panel. Two out of four 

specimens, FsC-1 and FsC-2, had a crack-like flaw introduced at the steel-adhesive interface 

on one end of the specimen and at the composite-adhesive interface on the other end. The 

approximately 30 mm long artificial defects were created during the manufacturing stage by 
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placing thin Teflon sheet inserts at these interfaces before applying the adhesive. The purpose 

hereof was to study the tolerance of the large-scale adhesive joint to potential manufacturing 

defects such as kissing bonds. The two other specimens, Fs-1 and Fs-2, were kept intact. The 

structure, geometry and dimensions of the un-cracked and cracked specimen are shown in 

Figure 1 (a), (b) and (c), respectively. The bond line thicknesses of the sectioned specimens 

were found to vary from 7 to 10 mm, which is a normal consequence of the shipyard 

manufacturing constraints.

(a)

[1:Steel, 2:Foam, 3: Adhesive, 4: Balsa core, 5: Composite, 6: Grip length]

(b)
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(c)

Figure 1 Schematic illustration (a) and the actual appearance of fabricated large scale un-cracked (b) and cracked (c) 
adhesive joint (all dimensions in mm).

A two-component MMA adhesive has been selected because of its high strength to weight ratio 

and ductility, which are essential characteristics for the use of adhesive joints in shipbuilding 

industries (2). This adhesive needs at least 24 hours of curing at room temperature to reach 100 

% of its shear strength. All specimens were tested several weeks following manufacture, thus 

ensuring full curing of the adhesive. The primary mechanical properties of all constituents are 

listed in Table 1.

Table 1 Mechanical properties (37,52).

Steel AH-36 MMA adhesive CFRP Balsa

Tensile strength (MPa) 400-500 12-15 600-700 5-10

Yield stress (MPa) 355 - (brittle 

failure)

Young’s modulus (GPa) 210 0.207-0.276 36 0.279

Poisson's ratio 0.26 - 0.32

Lap shear strength (MPa) - 16-19 -

Shear modulus (GPa) - - 13.7 0.187
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3. Experiments

Figure 2 shows a schematic diagram of the test setup that consists of a servo-hydraulic testing 

machine MTS 810, DIC instrumentation, digital single-lens reflex (DSLR) camera and FBG 

sensor readout system. The MTS 810 has a load cell capacity of 1000 kN and load versus 

crosshead displacement data was recorded at 5 Hz. The deformation and strains of the adhesive 

bond lines at the bottom part of the joint are obtained by post-processing images captured by 

DIC during testing. A DSLR camera is used to monitor the damage in the loaded specimens. 

Figure 2 Schematic representation of tensile test setup, including DIC and DSLR camera.

The DIC setup consists of two 5 MPixel monochromatic cameras having a resolution of 14 bits, 

supplemented with Ricoh 70 mm long lenses and two lamps of 20 W capacity. An acrylic matte 

white paint is applied over the specimen's surface area of interest to obtain optimal contrast 

with the black speckle pattern. An optimal speckle size of 0.92 mm was determined based on 

the area of interest of the specimen. Vic-Snap 9 software (Correlated Solutions inc.) is used to 

capture synchronised images at a rate of 5 pictures per second during tensile loading of the 

Page 7 of 45 Strain

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

specimen. A subset size of 27 x 27 pixels and a step size of 7 pixels were selected for post-

processing images in VIC-3D 9 software. 

FBG sensors have been mounted on the front and backside of one specimen. Depending on the 

FBGs' grating period, light with a specific wavelength is reflected. When the fibre is being 

elongated, a positive Bragg peak shift is induced, and the shift in reflected wavelength can then 

be used to calculate the strain:

𝜖 =
1
𝑘ln

𝜆
𝜆0

With λ the wavelength, λ0 the wavelength at the start of the measurements and a calibration 

factor k = 0.776e-6. Two sensor lines containing respectively 12 and 14 FBG sensors with 1 

cm spacing were used. The optical fibre was reinforced with 2 rovings of TEX600 glass fibre 

in a pultrusion process resulting in a strip of approximately 5 mm wide and 1 mm thick. The 2 

lines were placed on flanges of the upper and lower steel brackets. In addition, 6 reference 

FBGs were placed, i.e. 2 on the composite parts and 4 on the steel flanges. The FBGs were read 

out at 200 Hz using an interrogator 804D (FBGS) with 4 channels.  

Initially, quasi-static tensile tests up to failure are conducted on one cracked (FsC-1) and one 

un-cracked (Fs-1) specimen. Tests are performed at room temperature and a constant cross-

head displacement rate of 1 mm/min. The other specimens (i.e., Fs-2 and FsC-2) are subjected 

to stepwise loading/unloading tensile tests with a load increase of 15 kN in each step until 

failure, as depicted in Figure 3. These tests are performed in force control mode with a load rate 

of 15 kN/min. The steel flanges are fixed in hydraulic clamps. 
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Figure 3 Scheme for stepwise loading/unloading tensile test.

4. Results and discussion

Figure 4 depicts the load versus crosshead displacement curves of all experiments. Both curves 

of the quasi-static tensile tests present a close to linear behaviour from the start of the test until 

elastic failure of the specimen. The curves of the stepwise loading/unloading tests show 

hysteresis in the mechanical response. The unloading curves do not follow the same trajectory 

of the loading curves (close to linear) since mechanical energy is being dissipated. The un-

cracked specimens (i.e., Fs-1 and Fs-2) demonstrated higher stiffness (ratio of load over 

extension) than the cracked specimens (i.e., FsC-1 and FsC-2) in both types of test. In 3 out of 

4 tests, failure occurred by CFRP delamination (see further) at an almost identical maximum 

load (76.5kN, 79.7kN and 78.7kN for specimens Fs-1, FsC-1 and Fs-2 respectively). The 

cracked specimen tested in stepwise loading mode (FsC-2) failed at a higher force, i.e. 89.6 kN
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(a) (b)

Figure 4 Mechanical behaviour of large scale specimens subjected to quasi-static tensile testing: (a) monotonically loaded, 
(b) stepwise loaded/unloaded.The circles refer to load levels used in the next figure.

4.1 Characterisation of strain evolution

The strain distribution in the adhesive is obtained by the DIC technique introduced above. 

Figure 5 and Figure 6 present surface distributions of in-plane shear strain (εxy) at the lower 

joints of all specimens at various load levels indicated in Figure 4 Mechanical behaviour of large 

scale specimens subjected to quasi-static tensile testing: (a) monotonically loaded, (b) stepwise 

loaded/unloaded.The circles refer to load levels used in the next figure.Figure 4. The strain 

distribution pattern in the bond lines at both sides of the specimen are similar for monotonic 

and stepwise loaded specimens. Naturally, a general trend of increasing shear strain with 

increasing load can be observed in all tests.

Page 10 of 45Strain

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

Figure 5 Shear strain (εxy) distributions at the lower joint of  the un-cracked (Fs-1) and the cracked ( FsC-1) specimens at 
different load levels during the quasi-static tensile test.
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Figure 6 Shear strain (εxy) distributions at the lower joint of the un-cracked (Fs-2) and the cracked (FsC-2) specimens at 
different load levels during the stepwise tensile test.

The first image in every row of the above figures is the reference image captured just before 

the start of the test and hence refers to zero strain. At a load level of 40 kN during the quasi-

static tensile test (second column in Figure 5), the bond line at the gripped side of the joint 

shows significant strain development with maximum values occurring at the centre of the bond 

line. Similar observations can be made for the 30 and 60 kN load levels in the cyclic tensile test 

(Figure 6). At the maximum load, the gap between balsa and the bottom of the steel profile 

increases and the magnitude of the shear strain decreases from top to bottom of the bond line. 

Simultaneously, minor damage has initiated at the adhesive-composite interface at the gripped 

side of specimens FsC-1 and Fs-2. Eventually, the last images show the tearing of the adhesive 
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at specimen FsC-1 and delamination of the composite near the adhesive-composite interface 

was observed in all specimens. For specimen Fs-1, failure occurred at the side of the component 

that was not monitored by DIC. The shear strain distribution in the bond line at the free side of 

the joint remains almost negligible throughout the test. Due to transverse asymmetry and thus 

load eccentricity in the specimens, higher strain values occurred at the gripped side of the 

specimen. A similar analysis of peel and longitudinal strain distributions allows to conclude 

that the adhesive at the gripped side is predominantly loaded in shear mode.

The observed non-homogeneous strain distribution has also been reported by Saleh et al. (34) 

who studied the strain distribution in a double lap adhesive joint subjected to tensile load. The 

double lap joints consisted of steel adherends bonded to two CFRP straps using both epoxy and 

MMA based adhesive with a thickness of 8 mm. DIC measurements revealed that the shear 

strain distribution along the bondline was highly non-uniform  and FEM results showed that 

the highest peel stresses occur at the centre of the specimen (i.e., at the discontinuity between 

steel adherends). 

 Figure 7 shows shear, longitudinal and peel strain distributions at different locations in the 

adhesive for specimens Fs-1 and FsC-1. Similarly, Figure 8 presents local strain plots for 

specimens Fs-2 and FsC-2. Six different regions (i.e. R0 to R5) were defined at the adhesive 

surface to calculate and plot the average strain in these regions till maximum load. Comparing 

the strain values obtained for cracked and un-cracked specimens respectively, an almost similar 

order of strain magnitude is found, both at the gripped and free sides of the joints. 
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(a) shear strain (b) shear strain

  

 
(c) longitudinal strain

 

 
(d) longitudinal strain

 

 
(e) peel strain

 

 
(f) peel strain

Figure 7 Load versus local strain plots for six different regions at the adhesive surface of un-cracked (Fs-1; a,c,e) and cracked 
(FsC-1; b,d,f) specimens subjected to monotonic tensile load. R0 to R5 refer to DIC inspection blocks.
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(a)

 

 
(b)

 
(c)

 
(d)

 
(e)

 
(f)

Figure 8 Load versus local strain plots for six different regions at the adhesive surface of un-cracked (Fs-2; a,c,e) and cracked 
(FsC-2; b,d,f) specimens subjected to stepwise loading/unloading tensile load ( shear strain a,b; normal c,d; peel strain e,f). 

R0 to R5 refer to DIC inspection blocks.

Analysing Figure 7 and Figure 8, it is apparent that all failure strain values are considerably 

higher at the gripped side of the specimen as compared to its free side. The shear, longitudinal 

and peel strain in the adhesive at the free side of the joints have an almost negligible magnitude. 

This shows, not unexpectedly, that the maximum percentage of tensile load is carried by the 

gripped side of the specimen. The distributions of shear, longitudinal and peel strain at the 

gripped side of each specimen are similar but not identical. The strain value decreases from top 
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to bottom of the bond line; inspection blocks R1 and R3 showed higher strain magnitude in 

each plot of load versus local strain. This observation is attributed to two different reasons. 

First, the closer proximity of regions R1 and R3 to the stress concentration zone of the joint, 

and second the bending of the specimen during testing as a result of the joint asymmetry. This 

bending phenomenon is also visible in the evolution of peel strain shown in  Figure 7 (e and f) 

and Figure 8 (e and f). The curves display a linear evolution of compressive strain until a load 

of ~50 kN after which they significantly diverge from a linear evolution due to bending of the 

specimen. 

4.2 FBG measurement of (longitudinal) strain

Figure 9 shows a schematic diagram and photographs of the un-cracked specimen (Fs-2) 

instrumented with 32 FBG sensors that measure longitudinal strain (in the direction of the 

applied load). Twenty-nine sensors are bonded to the front face (i.e., S1 to S26 and S31 to S33) 

and three sensors are bonded to the back face (i.e., S2-1 to S2-3) of the specimen. Sensors S1 

to S13 and S13 to S26 are placed at a pitch distance of 1 cm on the top and bottom steel brackets 

respectively. Likewise, two sensors (S31, S33) are installed on the flange and two sensors (S2-2, 

S3-2) on the composite skin of the sandwich panel. DIC inspection blocks with reference 

S22R3, S32R2, S23R1 and S20R0 are defined at the side of the specimen and on the composite 

(near the beginning of the bond) and at the centre of the steel flange adjacent to the bond, which 

are close to the positions of FBG sensors S2-2, S3-2, S23 and S20 respectively. The length and 

centre distance between DIC inspection blocks have been defined to be nearly the same as for 

the FBG sensors.; they also report longitudinal strain. Their close proximity to the edges will 

have a negative influence on the measurement quality but they merely serve as benchmark for 

the FBGs.
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(a)

 

(b)

Figure 9 Location of (a) FBG sensors (red dots on the schematics) and (b) DIC inspection blocks.

 

(a) FBG sensors S2-2, S3-2 and S31. (b) FBG sensors S1 to S13 and S2-1.

 

 

(c) FBG sensors S14 to S26 and S2-3.

Figure 10 Load versus longitudinal strain curves for FBG sensors (a) S2-2, S3-2 and S31 , (b) S1 to S13 and S2 and (d) S14 to 
S26 and S2-3.
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Figure 10  displays the evolution of longitudinal strain during stepwise loading for each FBG 

sensor. At the beginning of the test, the strain data was not recorded properly due to technical 

difficulties in the FBG data acquisition system; hence only the strain values starting from a load 

of 40 kN are reported. In Figure 10 Figure 10 (a), the sensor mounted on the composite sheet 

(S3-2) i.e. at the free side of the joint, shows significantly high tensile strain values, while the 

sensor mounted on the gripped side of the composite (S2-2 ) shows a negligible compressive 

strain evolution. This observation is again attributed to the bending of the gripped side specimen 

during the test and confirmed earlier in Figure 8 (e). As a result, the sensor S3-1 mounted on 

the steel flange exhibited significant compressive strain values. The sensor S33 failed during 

the test; hence the strain response is not presented in Figure 10 Figure 10(a). The strain 

responses of FBG sensors applied on the steel bracket at the top of the front, and back faces of 

the specimen (S1 to S13) show a stable, increasing evolution during the first two load blocks 

(45kN and 60kN). After that, the strain values significantly decrease till failure load; see Figure 

10 (b). This strain evolution of sensors S1 to S13 can be directly related to their proximity to 

the location of internal damage at the gripped side of the lower joint of the specimen just before 

failure. Since sensors S1 to S5 are close to the damaged region of the joint, strain values dropped 

significantly due to loss of  load transfer during the 75 kN load block. In contrast, sensors S6 

to S10 showed stable, increasing evolution due to their distant location from the damage and 

bending zone of the joint. Sensor S13 is positioned close to the connection between steel flange 

and steel bracket where significant bending takes place. Therefore, it shows considerable 

compressive strain compared to sensors S11 and S12. Sensor S2-1 showed negligible strain 

during the entire test since it is positioned on the non damaged (free) side of the joint. 

A similar type of joint has been tensile tested in (43), but using a limited number of FBG sensors 

for deformation measurements and using acoustic emission sensors for direct damage detection. 

In this work, the number of FBG sensors has been significantly increased to evaluate the 
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feasibility of deformation measurements for an indirect assessment of damage. The above 

discussion indeed demonstrates that the applied configuration of installed FBGs also allows to 

detect changes in the adhesive bond due to the occurrence of damage. Therefore, FBG sensors 

can be considered as key instrumentation for a ship joint monitoring system, not only focussing 

on deformation measurements (53,54) but also monitoring structural health of critical joints.

Unaffected strain evolutions can be observed for sensors S14 to S26 and S2-3, which are placed 

at the lower side of the joint; see Figure 10 (c). The strain magnitudes measured by these sensors 

are less than 500 microstrain due to elastic deformation of the steel flange during the tensile 

test. The FBG sensors allow to accurately measure these small to very small elastic strains. 

(a) (b)
Figure 11 Load versus longitudinal strain curve for FBG sensors and DIC inspection blocks placed on (a) composite and (b) 

steel.

Turning to the comparison of DIC and FBG measurements, Figure 11 (a) and (b) shows the 

evolution of longitudinal strain obtained from FBG sensors and DIC inspection blocks located 

on the composite skin and steel surface adjacent to the adhesive. The results show functional 

coherence between both types of measurements, in line with the observations reported in (41) 

for composite joints and in (43) for multi-material joints. 

The difference in strain magnitude measured on composite and steel using DIC and recorded 

by FBG sensors at the gripped side of the specimen is limited to around 10% and 20 % 
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respectively (see Figure 11 (a) and (b)). The relative differences between DIC and FBG data 

for composite and steel at the opposite side of the specimen are significantly higher, which is 

attributed to the fact that DIC measurements are less accurate at those low strain values. The 

results display a linear strain evolution during the loading part of the curve in the cyclic tensile 

test, as expected from the load versus displacement plot in Figure 4 (b). The high dispersion 

visible in the DIC values is since shallow elastic strain values in composite and steel are 

evaluated. The quality of the FBG sensor values is very high, also at low strain values. 

5. Damage characterisation

All specimens showed sudden failure at maximum load, without any warning prior to failure. 

A number of images captured by DSLR cameras during the tensile test on specimen Fs-1 

illustrate the global bending and sudden failure at four different moments, see Figure 12.

Figure 13 shows photographs of failed un-cracked and cracked specimens. The failure modes 

of each specimen can be clearly observed visually. As discussed above, load eccentricity due 

to joint asymmetry has led to stress concentration at the gripped sides of the specimens. Hence 

failure occurred at that side near the adhesive-composite interface. At maximum load, 

delamination (or interfacial failure) of the composite panel was observed. This damage also led 

to reinforced fibres peeling off, as indicated by the green box in 

Figure 13. Similar failure phenomena in large scale joints have been reported in (44,55).In all 

cases, no failure was observed at the interface between steel and adhesive, nor within the 

adhesive itself (44,55).
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Figure 12 Photographs illustrating global bending and sudden failure of  an un-cracked specimen (Fs-1) at different load 
levels during the static tensile test.

 (a) (b)

 (c) (d) 

Figure 13 Failure modes of un-cracked (a) Fs-1 (c) Fs-2 and cracked (b) FsC-1 (d) FsC-2 large scale joint specimens.

SF: Skin failure by delamination of 

the composite
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6. Conclusions 

This study addressed an experimental analysis of deformation and strain of large scale cracked 

and un-cracked multi-material joints. A sandwich panel of CFRP sheets and balsa core has been 

bonded to steel brackets using a thick layer of MMA adhesive. In two specimens, crack-like 

flaws were intentionally introduced at adhesive-composite and adhesive-steel interfaces. Both 

monotonic and stepwise loading tensile tests were performed, supported with DIC 

instrumentation and FBG sensors mounted on the front and back side of the steel brackets and 

composite panels of the specimen. The DIC technique was applied to measure strain at the 

surface of the bulk adhesive while strain at the external surface of the steel and composite was 

measured by FBG sensors. The following conclusions can be formulated.

1) DIC proved to be an effective method for characterising the evolution and distribution 

of local strain in the adhesive bond lines. The measured shear, longitudinal and peel 

strains reveal that the bond line of the joint was predominantly subjected to shear load. 

The bond lines at the free side of the cracked and un-cracked specimens showed an 

identical shear strain pattern with negligible strain magnitude. The shear, longitudinal 

and peel strain values are significantly higher (up to 96% higher) at the gripped side due 

to the asymmetrical design of the steel brackets. These findings can support future joint 

design improvements.

2) FBG sensors effectively measured the longitudinal strain responses at the front and back 

sides of the specimen. Based on this strain response, FBG instrumentation allows to 

detect the onset of damage in the adhesive bond line of the specimen. The load-

longitudinal strain curves recorded by DIC inspection blocks placed in close proximity 

to FBG sensors showed a close correspondence with FBG measurements. 
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3) The un-cracked and cracked specimens showed sudden failure due to delamination of 

the composite panel near the interface of adhesive and composite. The failure strength 

of the cracked specimens was similar to the strength of the un-cracked specimens, 

demonstrating the damage tolerance of the adhesive bonds.
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(a)

[1:Steel, 2:Foam, 3: Adhesive, 4: Balsa core, 5: Composite, 6: Grip length]

(b)

(c)
Figure 1 Schematic illustration (a) and the actual appearance of fabricated large scale un-cracked (b) and cracked (c) 

adhesive joint (all dimensions in mm).
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Figure 2 Schematic representation of tensile test setup, including DIC and DSLR camera.
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Figure 3 Scheme for stepwise loading/unloading tensile test.
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(a) (b)

Figure 4 Mechanical behaviour of large scale specimens subjected to quasi-static tensile testing: (a) monotonically loaded, 
(b) stepwise loaded/unloaded.The circles refer to load levels used in the next figure.

Figure 5 Shear strain (εxy) distributions at the lower joint of  the un-cracked (Fs-1) and the cracked ( FsC-1) specimens at 
different load levels during the quasi-static tensile test.
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Figure 6 Shear strain (εxy) distributions at the lower joint of the un-cracked (Fs-2) and the cracked (FsC-2) specimens at 
different load levels during the stepwise tensile test.
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(a) shear strain (b) shear strain

  

 
(c) longitudinal strain

 

 
(d) longitudinal strain

 

 
(e) peel strain

 

 
(f) peel strain

Figure 7 Load versus local strain plots for six different regions at the adhesive surface of un-cracked (Fs-1; a,c,e) and cracked 
(FsC-1; b,d,f) specimens subjected to monotonic tensile load. R0 to R5 refer to DIC inspection blocks.
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(a)

 

 
(b)

 
(c)

 
(d)

 
(e)

 
(f)

Figure 8 Load versus local strain plots for six different regions at the adhesive surface of un-cracked (Fs-2; a,c,e) and cracked 
(FsC-2; b,d,f) specimens subjected to stepwise loading/unloading tensile load ( shear strain a,b; normal c,d; peel strain e,f). 

R0 to R5 refer to DIC inspection blocks.
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(a)

 

(b)

Figure 9 Location of (a) FBG sensors (red dots on the schematics) and (b) DIC inspection blocks.
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(a) FBG sensors S2-2, S3-2 and S31. (b) FBG sensors S1 to S13 and S2-1.

 

 

(c) FBG sensors S14 to S26 and S2-3.

Figure 10 Load versus longitudinal strain curves for FBG sensors (a) S2-2, S3-2 and S31 , (b) S1 to S13 and S2 and (d) S14 to 
S26 and S2-3.
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(a) (b)

Figure 11 Load versus longitudinal strain curve for FBG sensors and DIC inspection blocks placed on (a) composite and (b) 
steel.
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Figure 12 Photographs illustrating global bending and sudden failure of  an un-cracked specimen (Fs-1) at different load 
levels during the static tensile test.
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 (a) (b)

 (c) (d) 

Figure 13 Failure modes of un-cracked (a) Fs-1 (c) Fs-2 and cracked (b) FsC-1 (d) FsC-2 large scale joint specimens.

SF: Skin failure by delamination of 

the composite
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Table 1 Mechanical properties (37,52).

Steel AH-36 MMA adhesive CFRP Balsa

Tensile strength (MPa) 400-500 12-15 600-700 5-10

Yield stress (MPa) 355 - (brittle 

failure)

Young’s modulus (GPa) 210 0.207-0.276 36 0.279

Poisson's ratio 0.26 - 0.32

Lap shear strength (MPa) - 16-19 -

Shear modulus (GPa) - - 13.7 0.187
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