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Abstract 18 

19 

The use of adhesively-bonded CFRP laminates is a promising technique to strengthen steel structures that 20 

have been deteriorated due to corrosion, ageing or increasing loads, as in the case of old metallic riveted 21 

bridges. But the relatively short available space between rivets requires the use of adhesively-bonded 22 

CFRP laminates with short bond lengths, which needs to be deeply studied as most previous research 23 

works have focused on large bond lengths. To study the bond behaviour between CFRP laminates and 24 

steel plates in such strengthened structures, a series of tests has been carried out in double-strap joints 25 

under tensile loading, evaluating the influence of CFRP stiffness and adhesive ductility on the strength 26 

and failure mode of short bond length adhesive joints. Based on the experimental results of the present 27 

work, together with a large database collected from literature, a fracture-mechanics model based on 28 

interfacial fracture energy in shear GII is calibrated, and a simple expression is developed to be used in 29 

design for the strength prediction of such adhesive joints. Finally, double-strap joint specimens are 30 

simulated using cohesive zone models (CZM) for the adhesive layers, and the results are compared to the 31 

analytical model and experimental tests. 32 

Keywords: Carbon fibre reinforced polymer; CFRP-steel adhesive joints; Mechanical testing; Fracture 33 
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1. Introduction 39 

 40 

Old metallic railway bridges are subject to a large number of cyclic high loads during their service life, so 41 

many of them experience fatigue damage in certain construction details as a consequence of high stress 42 

concentrations. To extend the service life of these structures, the stress levels in those fatigue-prone 43 

details need to be reduced by the application of strengthening strategies. In recent years, there has been a 44 

large interest in the use of carbon fibre reinforced polymers (CFRP) laminates for steel bridge 45 

strengthening. These laminates can be installed adhesively bonded to the steel surface, or as prestressed 46 

unbonded plates with the ends fixed to the metallic girders using friction clamps, rather than adhesive 47 

bonding [1, 2]. The present work focuses on the adhesively-bonded method, as it is an excellent 48 

alternative to traditional techniques, such as welded or bolted steel plates [3]. It is particularly interesting 49 

in the case of riveted old metallic bridges, since welding the original metal is not always possible, and 50 

drilling holes for bolting can increase localised stresses weakening the structure [4]. Additionally, steel 51 

plates add extra weight and can suffer from corrosion increasing future maintenance costs, while CFRP 52 

laminates have a high strength-to-weight ratio and are resistant to harsh environments. Although creep in 53 

adhesive bonds could be an issue if the joint is going to be under large sustained loads [5, 6], this is not 54 

the case for fatigue strengthening, as loads on the joint are mainly variable (cyclic live loads).  55 

One drawback of adhesively-bonded CFRP laminates for the strengthening of riveted metallic structures 56 

is the relatively short available length between rivets to bond the CFRP laminates (usually few 57 

centimetres). For this reason, the study of CFRP-metal adhesively-bonded joints when the bond length is 58 

short is found interesting, since most previous research works have focused on the behaviour of large 59 

bond lengths [7, 8, 9]. In fact, most experimental works assume that the effective bond length Le (the 60 

bond length beyond which the joint strength does not increase) is guaranteed by using large bond lengths 61 

in the joint, and also in some cases the yielding strain in the steel plate is attained before the joint failure 62 

[10, 11], what is not desirable under the service loads related to fatigue. 63 

For a suitable use of this innovative technology, the behaviour of the bond between the CFRP laminate 64 

and the metallic element to be strengthened needs to be deeply studied. This can be done by testing 65 

CFRP-metal double-strap joints [12, 13, 14, 15, 16, 17], which are formed by two CFRP laminates 66 

bonded with adhesive to both sides of two metallic plates aligned and separated by a gap, simulating a 67 

metallic element with a fatigue crack. As previously reported in [18], there are six failure modes that can 68 

occur in this type of adhesive joints: a) adhesive failure in the steel-adhesive interface; b) adhesive failure 69 

in the CFRP-adhesive interface; c) cohesive failure (rupture of the adhesive); d) delamination in the 70 

CFRP (separation of some carbon fibres from the resin matrix); e) rupture of the CFRP and f) steel 71 

yielding. For the adoption of a proper model to predict the joint strength, the failure mode must be 72 

considered. 73 

Several analytical models are proposed in literature to predict the strength of these double-strap joints [19, 74 

20, 21], but basically they can be grouped into two different failure criteria: continuum mechanics (stress 75 

or strain-based models) and fracture mechanics (fracture energy-based models). Regarding stress or 76 

strain-based models, Hart-Smith analytical model [22] has been commonly used in literature to predict the 77 

failure load Pu in double-strap joint specimens [23, 24, 25]. This model was developed for the analysis of 78 
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joints with elastic-perfect plastic behaviour of the adhesive in shear that fail with a cohesive failure mode 79 

(rupture of the adhesive), so the plastic shear strain γp of the adhesive is a fundamental parameter in this 80 

model. In this sense, some experimental works [23, 24, 25, 26] have focused on the determination of γp 81 

based on experimental results of double-strap joint tests. However, in most cases, especially for short 82 

bond lengths [7, 12, 27, 28], the failure mode is adhesive (at the steel-adhesive or CFRP-adhesive 83 

interface), showing an elastic behaviour of the joint until failure, so authors find that is not convenient to 84 

use Hart-Smith analytical model for the prediction of bond strength in these cases. Consequently, fracture 85 

mechanics approach is found more suitable to predict the debonding strength of double-strap joint 86 

specimens with short bond lengths. 87 

The mechanical properties of the materials used for the strengthening system (CFRP and adhesive) play 88 

an important role in the behaviour of these joints, as previously reported by [29] and [30], and the present 89 

work focuses specially on the CFRP stiffness and the adhesive ductility. To evaluate the influence of 90 

these parameters on the behaviour of double-strap joints with short bond lengths, two different carbon 91 

fibres (FC230 and FC390) and two epoxy adhesives (EP1 and EP2) are studied in the present work, so 92 

that the most efficient combination of strengthening materials can be found for this particular case. Also, 93 

two different short bond lengths L1 have been used for the double-strap joint at one side of the gap (L1 = 94 

30 mm and L1 = 60 mm), being the bond length L2 of the joint at the other side of the gap 50 % larger than 95 

L1, to try to make sure that the failure during testing takes place on the shortest side of the joint. 96 

From the experimental results, a fracture-mechanics based analytical model is calibrated and a simple 97 

expression is developed to be used in design for the strength prediction of double-strap CFRP-steel joints. 98 

Likewise, numerical models with finite elements are performed and results are compared to those 99 

obtained from the analytical model.  100 

 101 

2. Experimental program 102 

 103 

2.1 Specimen preparation and test set-up 104 

A total of 28 double-strap joint tests were carried out, 7 specimens for each combination of adhesive and 105 

carbon fibre: EP1-FC230, EP1-FC390, EP2-FC230 and EP2-FC390. For each group of 7 specimens, 106 

three had a bond length of L1 = 30 mm and the other four had a length of L1 = 60 mm (Fig. 1). All test 107 

specimens were fabricated with an adhesive nominal thickness ta of 0.5 mm, except a specimen with L1 = 108 

60 mm for each combination of adhesive and carbon fibre (4 test specimens), which was manufactured 109 

with a greater thickness (ta = 2.0 mm) to evaluate its effect on the strength of the joint. For each 110 

combination of bond length, adhesive and carbon fibre, three identical specimen repetitions were tested. 111 

The nomenclature used for each specimen begins with the bond length L1 (L30 or L60), followed by the 112 

adhesive type (EP1 or EP2), the carbon fibre used (FC230 or FC390) and finally a number to differentiate 113 

between repetitions (S1, S2 or S3). For example, the specimen L60-EP2-FC390-S2 refers to the second 114 

specimen with bond length L1 = 60 mm, epoxy adhesive EP2, and carbon fibre FC390. 115 

 116 
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Fig. 1. Schematic view of the CFRP-steel double-strap joint specimens (dimensions are not to scale). 117 

 118 

To prepare the double-strap joint specimens, first the surface of steel plates was grit blasted with 119 

aluminium silica, since it has been demonstrated to be the most effective surface treatment for the steel 120 

[31, 32]. After that, two steel plates were aligned, maintaining a gap of 2 mm between them by means of 121 

a neoprene joint, and subsequently an adhesive layer was applied uniformly on both the surface of the 122 

steel and the CFRP laminate. Next, the CFRP laminate was positioned on the surface of the steel plate, 123 

and pressure was applied to remove the excess of adhesive, until the desired adhesive thickness was 124 

achieved. To control the correct alignment of the specimen and the thickness of the adhesive, an 125 

alignment tool and a series of separators were used to maintain a fixed thickness of adhesive during the 126 

preparation (Fig. 2a). One specimen per combination of parameters was instrumented by strain gauges 127 

attached to the CFRP to measure the strains in the CFRP laminates during loading (Fig. 2b), which are 128 

then compared with those obtained in the numerical models. All tests were carried out in tensile using an 129 

Instron 3382 multitest press, in displacement control at a loading rate of 0.5 mm/min until failure. Fig. 3 130 

shows one specimen tested for each bond length L1. 131 

 132 

  

a) Bonding of CFRP laminates b) Instrumentation with strain gauges 

Fig. 2. Preparation of CFRP-steel double-strap joints. 133 

 134 
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a) L1 = 30 mm b) L1 = 60 mm 

Fig. 3. Tensile tests in CFRP-steel double-strap joints. 135 

 136 

2.2 Material properties 137 

The steel plates used were manufactured from hot rolled structural steel S275 JR, with yield stress, tensile 138 

strength and failure strain of 310 MPa, 450 MPa and 37.2%, respectively, according to the manufacturer. 139 

The plates had a length, width and thickness of 300 mm, 50 mm and 10 mm, respectively (Fig. 1). The 140 

dimensions of the steel plates were selected so that the steel does not yield during the test.  141 

CFRP laminates of 1.80 mm nominal thickness and 25 mm width were used (Figure 1), manufactured by 142 

resin infusion with a two-part epoxy resin (Araldite LY 1568/Aradur 3489) on unidirectional carbon fibre 143 

fabrics with Toray T700 fibres (FC230 laminates) and Pyrofil HR40 fibres (FC390 laminates). From 144 

tensile tests on standardized specimens according to ASTM-D3039 [33], the modulus of elasticity Ef, 145 

tensile strength ft,f, strain at failure εt,f and Poisson coefficient νf of CFRP laminates were experimentally 146 

determined, obtaining average values of 117146 MPa, 1932 MPa, 1.65 % and 0.322 for FC230 laminates 147 

(4 specimens tested), and average values of 183605 MPa, 1663 MPa, 0.91 % and 0.328 for FC390 148 

laminates (3 specimens tested), respectively (Table 1).  149 

As structural epoxy adhesives for bonding the CFRP laminates to the steel plates, Araldite AW 4856 150 

(EP1) and Araldite 2031 (EP2) were used, and their mechanical properties were obtained experimentally 151 

from tensile tests (ASTM-D638 standard [34]) with an average modulus of elasticity Ea, tensile strength 152 

ft,a and ultimate tensile strain εt,a of 4951 MPa, 30 MPa and 0.62 % for EP1 (5 specimens tested), and 153 

1451 MPa, 19 MPa and 2.98 % for EP2 (4 specimens tested), respectively. The tensile strain energy Ra of 154 

each adhesive (area under the uniaxial tensile stress-strain curve) is 0.09 MPa mm/mm for EP1 and 0.37 155 

MPa mm/mm for EP2 (Fig. 4b). 156 

As it can be observed in the tensile stress-strain curves of Fig. 4, the two CFRP laminates have different 157 

tensile axial stiffness, being FC390 57 % stiffer than FC230. In the case of epoxy adhesives, EP1 is 3.4 158 

times stiffer than EP2 (in the elastic range), but the most relevant difference is that EP1 is elastic until 159 

failure (fragile behaviour), while EP2 has a ductile behaviour with larger deformation up to failure, with a 160 

tensile strain energy 4 times higher than EP1. 161 

 162 
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a) CFRP b) Adhesive 

Fig. 4. Tensile tests on strengthening materials. 163 

 164 

The average measured material properties of CFRP and adhesives are listed in Table 1 along with those of 165 

steel plates reported by the manufacturer. The mechanical properties of each material specimen tested 166 

(CFRP and adhesive) is presented in Table 2 and Table 3. 167 

 168 

Table 1. Material properties of CFRP, adhesives and steel (average values). 169 

 FC230 FC390 EP1 EP2 Steel** 

Tensile strength (MPa) 1932 1663 30 19 450 

Yield strength (MPa) - - - - 310 

Tensile modulus (MPa) 117146 183605 4951 1451 200000 

Failure strain (%) 1.65 0.91 0.61 2.98 37.20 

Poisson ratio 0.322 0.328 0.350* 0.350* 0.300 

* Assumed values (not measured during tests) 170 
**Properties supplied by manufacturer 171 

 172 

Table 2. Material properties of CFRP specimens tested. 173 

Specimen ft,f (MPa) Ef (MPa) εt,f (%) υf 

FC230 - 1 2060 123036 1.67 0.328 

FC230 - 2 1789 107509 1.66 0.290 

FC230 - 3 1971 120271 1.64 0.284 

FC230 - 4 1908 117769 1.62 0.385 

Mean 1932 117146 1.65 0.322 

COV (%) 5.9 5.8 1.5 14.4 

FC390 -1 1571 175988 0.89 0.331 

FC390 -2 1626 195119 0.83 0.340 

FC390 -3 1791 179708 1.00 0.314 

Mean 1663 183605 0.91 0.328 

COV (%) 6.9 5.5 9.1 4.0 

 174 

0

250

500

750

1000

1250

1500

1750

2000

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

T
en

si
le

 s
tr

es
s 

(M
P

a)

Tensile strain (%)

CFRP tensile tests 

FC230

FC390
0

5

10

15

20

25

30

35

40

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00

T
en

si
le

 s
tr

es
s 

(M
P

a)

Tensile strain (%)

Adhesive tensile tests

EP1

EP2

Auth
or'

s p
os

t-p
rin

t



 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 
61 
62 
63 
64 
65 

7 

 

Table 3. Material properties of adhesive specimens tested. 175 

Specimen ft,a (MPa) Ea (MPa) εt,a (%) 

EP1 - 1 36 4801 0.75 

EP1 - 2 37 4614 0.80 

EP1 - 3 29 5025 0.58 

EP1 - 4 26 5415 0.48 

EP1 - 5 22 4900 0.45 

Mean 30 4951 0.61 

COV (%) 21.3 6.1 25.7 

EP2 - 1 17 1407 2.00 

EP2 - 2 21 1420 3.20 

EP2 - 3 20 1692 3.30 

EP2 - 4 18 1287 3.40 

Mean 19 1451 2.98 

COV (%) 9.0 11.8 22.0 

 176 

 177 

3. Experimental results 178 

 179 

The experimental results are summarized in Table 4 and Table 5, in which for each test, the failure load 180 

Pu, test, the elongation of the specimen measured at failure δu and the stiffness of the joint K, obtained from 181 

the slope of the load P [kN] - elongation δ [mm] curve in the elastic range during the test (Fig. 5a for EP1 182 

and Fig. 5b for EP2), are presented. Table 4 and Table 5 also show the failure mode of the specimen, the 183 

theoretical interfacial fracture energy in shear GII, the theoretical strength of the joint Pu, theo (calculated 184 

from the fracture mechanics strength model presented below) and the failure load from the numerical 185 

models.  186 

Table 4. Experimental results of the CFRP-steel double-strap joint tests with bond length L1 = 30 mm. 187 

L1 

(mm) 
Adh. 

Carbon 

fibre 
Spec. 

Pu,test δu K GII Pu,theo Pu,test/ 

Pu,theo 

Pu,FEM Pu,FEM/ 

Pu,theo 

Failure 

mode c (kN) (mm) (kN/mm) (N/mm) (kN) (kN) 

30 EP1 FC230 

S1b 42.18 2.07 20.24 0.56 25.83 1.63 19.24 0.74 A 

S2 42.10 2.16 19.28 0.56 26.15 1.61 - - A 

S3 35.81 1.90 18.85 0.60 24.98 1.43 - - A 

Average 40.03 2.04 19.46 0.57 25.65 1.56 - - - 

COV 0.09 0.06 0.04 0.04 0.02 0.07 - - - 

30 EP1 FC390 

S1 34.81 1.80 19.48 0.53 31.48 1.11 - - A 

S2 35.07 1.82 19.33 0.53 31.39 1.12 - - A 

S3b 36.34 1.85 19.84 0.53 31.46 1.16 23.44 0.75 A 

Average 35.41 1.82 19.55 0.53 31.44 1.13 - - - 

COV 0.02 0.01 0.01 0.00 0.00 0.02 - - - 

30 EP2 FC230 

S1 28.80 1.67 17.78 0.72 26.79 1.08 - - A 

S2b 24.85 1.62 16.34 0.75 26.21 0.95 19.52 0.74 A 

S3 26.85 1.58 17.33 0.73 26.62 1.01 - - A 

Average 26.83 1.62 17.15 0.73 26.54 1.01 - - - 
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COV 0.07 0.03 0.04 0.02 0.01 0.06 - - - 

30 EP2 FC390 

S1b 29.67 1.57 19.42 0.68 33.04 0.90 21.91 0.66 A 

S2 27.86 1.62 17.62 0.66 33.37 0.83 - - A 

S3 27.88 1.50 18.71 0.69 32.27 0.86 - - A 

Average 28.47 1.56 18.58 0.68 32.89 0.86 - - - 

COV 0.04 0.04 0.05 0.02 0.02 0.04 - - - 

b. Specimens instrumented with strain gauges; c. Failure mode: A (adhesive) and C (mixed cohesive-adhesive). 188 

 189 

Table 5. Experimental results of the CFRP-steel double-strap joint tests with bond length L1 = 60 mm. 190 

 191 

L1 

(mm) 
Adh. 

Carbon 

fibre 
Spec. 

Pu,test δu K GII Pu,theo Pu,test / 

Pu,theo 

Pu,FEM Pu,FEM / 

Pu,theo 

Failure 

mode c (kN) (mm) (kN/mm) (N/mm) (kN) (kN) 

60 EP1 FC230 

S1b 32.67 1.72 19.36 1.22 36.46 0.90 38.84 1.07 C 

S2 43.51 2.32 18.53 1.19 37.03 1.18 - - C 

S3 46.02 2.32 19.64 1.19 37.69 1.22 - - C 

Average 40.73 2.12 19.18 1.20 37.06 1.10 - - - 

COV 0.17 0.16 0.03 0.01 0.02 0.16 - - - 

60 EP1 FC390 

S1b 60.24 2.91 19.83 1.07 46.50 1.30 46.78 1.01 C 

S2 58.18 2.80 19.98 1.06 47.39 1.23 - - C 

S3 52.35 2.52 20.09 1.08 47.33 1.11 - - C 

Average 56.92 2.74 19.97 1.07 47.07 1.21 - - - 

COV 0.07 0.07 0.01 0.01 0.01 0.08 - - - 

60 EP2 FC230 

S1 57.66 3.07 19.95 1.61 42.08 1.37 - - C 

S2b 56.33 2.99 19.84 1.58 41.32 1.36 39.24 0.95 C 

S3 59.23 3.31 18.66 1.56 42.30 1.40 - - C 

Average 57.74 3.12 19.48 1.58 41.90 1.38 - - - 

COV 0.03 0.05 0.04 0.02 0.01 0.02 - - - 

60 EP2 FC390 

S1 63.63 3.20 21.17 1.44 51.23 1.24 - - C 

S2 63.25 3.18 20.86 1.46 51.79 1.22 - - C 

S3b 58.66 2.97 21.00 1.40 51.24 1.14 50.15 0.98 C 

Average 61.85 3.12 21.01 1.43 51.42 1.20 - - - 

COV 0.04 0.04 0.01 0.02 0.01 0.04 - - - 

60 EP1a 
FC230 S1_2b 43.14 2.15 19.90 1.36 40.71 1.06 38.84 0.95 C 

FC390 S1_2b 51.10 2.46 20.30 1.26 50.90 1.00 46.78 0.92 C 

60 EP2a 
FC230 S1_2b 49.57 2.82 19.05 1.85 42.27 1.17 39.24 0.93 C 

FC390 S1_2b 48.41 2.63 19.86 1.73 48.86 0.99 50.15 1.03 C 

Notes: a. Adhesive thickness ta = 2.0 mm; b. Specimens instrumented with strain gauges; c. Failure mode: A (adhesive) and C 192 

(mixed cohesive-adhesive). 193 

 194 

In the case of the joint strength, for the specimen geometry tested (bond lengths and adhesive thicknesses 195 

used), the highest strength (Pmax = 63.63 kN) was obtained for bond length L1 = 60 mm using adhesive 196 

EP2 and carbon fibre FC390, with adhesive thickness of 0.50 mm. However, in this case, the failure load 197 

was only 7 % higher compared to the same specimen with FC230. A similar increase (6 %) was reported 198 

when changing from FC230 to FC390 for bond length L1 = 30 mm with EP2 adhesive. Therefore, it can 199 

be concluded that in the case of using EP2 adhesive (ductile adhesive), the joint strength was hardly 200 
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increased by using a stiffer carbon fibre (FC 390). One reason for this can be that, in the case of the short 201 

bond lengths tested, the maximum strength of the joint was not attained (the effective bond length Le is 202 

expected to be higher than L1 = 60 mm), so the ductile behaviour of the adhesive EP2 was not fully 203 

developed. 204 

However, when using EP1 adhesive, the strength increased 40 % when going from FC230 to FC 390 for 205 

bond length L1 = 60 mm, while it decreased by 13 % for bond length L1 = 30 mm. In this case, it can be 206 

concluded that when using adhesive EP1 (fragile adhesive), it is convenient to use a stiffer carbon fibre in 207 

the case of bond length L1 = 60 mm, not being so for bond lengths shorter, such as L1 = 30 mm. Based on 208 

a previous experimental work by the authors with similar EP1 specimens and bond lengths L1 = 50 mm 209 

and L1 = 100 mm [31], it could be expected that Le was around 50-60 mm for these specimens with EP1, 210 

so the maximum strength of the joint was attained for L1 = 60 mm. 211 

For short bond lengths L1 = 30 mm, the increase of adhesive ductility (changing from EP1 to EP2) 212 

reduced the joint strength 49% and 24% when using FC230 and FC390, respectively (the strength 213 

reduction was more pronounced when using FC230). On the contrary, for bond lengths L1 = 60 mm, the 214 

increase of adhesive ductility (changing from EP1 to EP2) increased the joint strength 42% and 9% when 215 

using FC230 and FC390, respectively (the strength increase was more pronounced when using FC230). 216 

In case of short bond lengths L1 = 30 mm must be used (for example, due to lack of space in the element 217 

to be strengthened), the highest strengths were obtained with adhesive EP1 (fragile) and carbon fibre 218 

FC230 (less stiff fibre), with 49 % higher failure load than that obtained with the same carbon fibre 219 

(FC230) and ductile adhesive (EP2).  220 

Therefore, the use of one type or another of carbon fibre and adhesive will be motivated by the 221 

geometrical restrictions of the detail to be strengthened, especially by the available length to bond the 222 

CFRP patches to strengthen the metallic element. For short bond lengths (L1 = 30 mm) it is better to use 223 

EP1 adhesive with FC230 carbon fibre, while for longer bond lengths (L1 = 60 mm) EP2 adhesive with 224 

FC390 carbon fibre could be more efficient. 225 

As shown in Table 4 and Table 5, the stiffness of the joint was similar in all tests (between 17.15 and 226 

21.01 kN/mm), regardless of the bond length L1, the CFRP or the adhesive used, although it was slightly 227 

higher when using a stiffer carbon fibre (FC 390) and longer bond lengths (L1 = 60 mm) in the case of 228 

ductile adhesive EP2. With ductile adhesive (EP2) and L1 = 30 mm, the effect of CFRP stiffness is clear 229 

on the slope of the load-elongation curve. In this case, the failure load was slightly higher for FC390, but 230 

the elongation at failure was smaller than in specimen with FC230. 231 

In some experimental works carried out by other authors [7, 8, 9], bond lengths were long enough to 232 

develop the maximum strength of the joint (that is to say, the bond length was higher than the effective 233 

bond length Le). Also, sometimes the steel yielded before the failure of the adhesive joint [10, 35], so in 234 

some cases the load-elongation curves showed a ductile behaviour (after reaching the maximum load, the 235 

force could not increase anymore but the specimen was still able to withstand displacement increments 236 

showing a plateau). For EP2 specimens the bond length L1 = 60 mm was assumed to be shorter than Le, 237 

and also the steel remained elastic until joint failure (as measured by strain gauges), so the ductile 238 

behaviour observed in other research works [10, 35] was not observed in this case. If L1 < Le, the 239 
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maximum force Pmax cannot be transferred and the rupture is of brittle type, i.e., without any horizontal 240 

plateau, as it can be seen in Fig. 5. 241 

  

a) Adhesive EP1 b) Adhesive EP2 

Fig. 5. Load P [kN] - elongation δ [mm] curves during the CFRP-steel double-strap joint tests  (only 242 

instrumented specimens are shown). 243 

 244 

3.1 Failure modes 245 

In the present work, it is generally observed that the failure mode did not depend on the type of carbon 246 

fibre used nor the type of adhesive, but the bond length. In the case of short bond lengths L1 = 30 mm, the 247 

failure mode was always produced by the separation of the adhesive layer from the steel surface, so that 248 

an adhesive failure mode in the steel-adhesive interface was observed (Fig. 6a).  249 

 250 

  

L30-EP1-FC230-S3 L30-EP2-FC230-S1 

a) L1 = 30 mm 

  

L60-EP1-FC230-S3 L60-EP2-FC230-S1 

b) L1 = 60 mm 

Fig. 6. Failure modes of the test specimens with different bond lengths. 251 

In the case of bond lengths L1 = 60 mm (Fig. 6b), a mixed failure mode was reported: the failure occurred 252 

partly due to an adhesive failure mode (steel-adhesive interface and CFRP-adhesive interface), and partly 253 
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due to a cohesive failure mode (adhesive breaks). Failure mode of each specimen tested is reported in 254 

Table 4 and Table 5. 255 

 256 

4. Design model calibration  257 

 258 

For the adoption of a proper model to predict the strength of double-strap joints, the failure mode must be 259 

analysed. As previously discussed, authors consider that strain-based models (e.g Hart-Smith model [22]) 260 

are not convenient when failure mode is adhesive (failure at adhesive-steel interface), which was 261 

observed in specimens with L1 = 30 mm in the present study. Also, for specimens with L1 = 60 mm and 262 

adhesive EP2, the ductile behaviour of the adhesive was not fully developed, so plastic shear strains were 263 

not attained and the parameter γp in Hart-Smith model could not be determined. 264 

Consequently, a fracture energy-based model was found more suitable to predict the debonding strength 265 

of double-strap joints with short bond lengths with adhesive failure mode. This approach is based on the 266 

ultimate energy that the adhesive joint can absorb during failure by cracking. In this sense, the interfacial 267 

fracture energy in shear GII associated with the propagation of a crack in the adhesive layer (or at the 268 

interface between adherents, or a combination of both) is used to characterise the strength of the joint. 269 

When debonding starts from the gap between the steel plates (as in the specimens of this study) an 270 

estimation of the failure load Pu,theo may be [36]: 271 

 272 

   t eo      
 

δ
           a      δ      (1) 

 273 

Where δ is a measure of the stiffness unbalance between adherents: 274 

 275 

δ    
     

       

 (2) 

 276 

Es and As are the elastic modulus and the cross-section area of the steel plates, respectively; Ef and Af are 277 

the elastic modulus and the cross-section area of the CFRP laminates, respectively; ba is the width of the 278 

adhesive layer; and the corrector factor   is inserted in order to take account of the real bond length L1 of 279 

the adhesive joint [36]: 280 

 281 

         e         it        
 a

ta
  

 

   t 
  

 

   t 
  (3) 

 282 

Where Ga is the shear modulus of the adhesive. The definition of a reliable strength model for the 283 

adhesive joint is fundamental for the estimation of the CFRP strengthening effectiveness in a steel 284 

structural element. Based on the results of this experimental campaign, an expression for the parameter 285 

that characterizes the shear behaviour of the joint, the interfacial fracture energy in shear GII, was 286 

calibrated until the theoretical strength of the joint Pu, theo, from the fracture mechanics model in Eq. (1), 287 
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was adjusted to the experimental value obtained from test (Pu, theo / Pu, test ≈  ). The value of this parameter 288 

GII for each specimen tested is shown in Table 4 and Table 5. 289 

In previous research works [35, 37] the interfacial fracture energy GII in shear (pure mode II) in double-290 

strap joint tests was found to be related to the thickness ta of the adhesive and also to mechanical 291 

parameters of the adhesive, such as the tensile strain energy Ra (area under the uni-axial tensile stress-292 

strain curve), the tensile strength ft,a or the shear modulus Ga. Also, some authors [36] indicate that the 293 

maximum transferable load is a function of the adhesive thickness. In the present work, it was considered 294 

that the parameter Ra can be the most representative of the mechanical behaviour of the adhesive in terms 295 

of ductility and energy accumulation until failure, so this parameter was adopted for the analytical model 296 

instead of the tensile strength ft,a. As well as in previous research works, different CFRP laminates were 297 

tested in the present study, so the axial stiffness of the CFRP laminate Kf = Af Ef was also included. For 298 

relatively short bond lengths, fracture mechanics analytical models overestimate the failure load of 299 

bonded interfaces [38]. As the bond lengths L1 were presumably shorter or around the effective bond 300 

length Le, authors considered including the parameter L1/Le (relation between bond length and theoretical 301 

effective bond length) in the empirical expression for the interfacial fracture energy GII calibrated in this 302 

work. In this way, for short bond lengths (typically with L1/Le < 1), the interfacial fracture energy GII for 303 

bond lengths L1 < Le could be reduced. A nonlinear function relating the interfacial fracture energy and 304 

the parameters mentioned above was chosen to approximate the test data, with the unknown coefficients 305 

A, B, C and D of this function varied to minimise the errors between the theoretical predictions Pu, theo and 306 

the test results Pu, test. This process led to an expression in the form: 307 

 308 

          
  

 e

  ta
     a

      
         mm    mm  (4) 

Where, according to [36]: 309 

 310 

 e    
 

 
    mm  (5) 

 311 

4.1 Database 312 

In order to have a higher number of experimental results to adjust the parameters of the proposed 313 

analytical model, a large database (115 tests) was created (see Annex 1) with results of double-strap joints 314 

tests consulted in the literature [23, 24, 27, 28, 36]. Specimens from database have similar geometries and 315 

configurations comparable to the tests performed in the present work (only specimens with short bond 316 

lengths under L1 = 80 mm are considered). The aim is to develop a model that includes not only the 317 

results obtained in the present experimental campaign, but also the results from tests performed by other 318 

authors. The following best-fit equation is proposed to predict GII based on the test results from this 319 

database, including the results of the present study: 320 

 321 

            
  

 e

    ta  a 
  
   

           mm    mm  (6) 
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It is important to note that this expression is valid for joints with an adequate surface preparation of the 322 

steel (such as grit blasting) that fail in a cohesive or adhesive mode. This means that the strength 323 

prediction in specimens with no proper surface preparation or different failure modes 324 

(delamination/rupture of CFRP, steel yielding, etc.) may not fit precisely this expression. 325 

This explicit formula provides a method to predict the average bond strength of CFRP-steel double-strap 326 

joint specimens with short bond lengths, including a range of values for CFRP plate and adhesive 327 

properties commonly available, as shown in Table 6. As it can be seen in Fig. 7, the above expression 328 

provides acceptable predictions of the experimental failure loads of the specimens not only of the present 329 

work, but also of the data base considered, with a coefficient of determination R
2
 = 0.82.  330 

 331 

  

Fig. 7. Comparison between test and predicted ultimate loads (115 tests) 332 

 333 

Table 6. Range of values in the main parameters of the CFRP-steel double-strap joint tests used to calibrate the 334 

model. 335 

 
L1 ta Ra Kf bs ts bf tf Ef Ea 

 
mm mm 

MPa 

mm/mm 
N mm mm mm mm N/mm2 N/mm2 

Min 10 0.34 0.068 1.9E+06 30 5 10 0.17 76652 1451 

Max 80 2.16 0.433 3.5E+07 60 20 60 3.66 478730 4951 

 336 

For design purposes, the coefficients A, B, C and D in Eq. (4) were recalculated to obtain a formula that 337 

can predict the characteristic bond strength of double-strap joints. This characteristic value is usually 338 

considered as the 95 percentile of the probability distribution of the test data, which means that 95 % of 339 

the experimental results lie above this value. Assuming normality of joint strength data, the characteristic 340 
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values were obtained by using the same data fitting method as for Eq. (6), but the experimental debonding 341 

load was substituted by this experimental value minus 1.645 times the standard deviation of specimens 342 

with the same CFRP, adhesive and bonded area. In Fig. 8, both the predictions of the average and 343 

characteristic (95 %) bond strength are plotted against the experimental failure loads. The following best-344 

fit equation is proposed to predict GII to be used in the design expression for joint strength in Eq. (1): 345 

 346 

             
  

 e

  ta  a 
      

            mm    mm  (7) 

 347 

 

Fig. 8. Comparison between average and characteristic predicted bond strength 348 

 349 

5. Numerical simulation 350 

 351 

Analytical models can provide a good overall measure of joint strength in simple geometries and simple 352 

loading conditions (as the one of these double-strap joint tests). But these analytical models are not able 353 

to provide detailed information in the regions of high stresses where failure initiation occurs, especially 354 

when complex geometries and loading conditions are used. Authors consider interesting to validate that 355 

numerical models of the adhesive joints based on cohesive elements could be used for the prediction of 356 

bond strength in more complex joints. 357 

Using Abaqus finite element software, the double-strap joint specimens were simulated using cohesive 358 

zone models (CZM) for the adhesive layers, which are common in literature for the simulation of 359 

adhesive bonds [39, 40, 41]. In the present work, a continuum-based approach, i.e. using the cohesive 360 

elements to model solids rather interfaces, was considered to model the finite thickness of the adhesive 361 

layer. In this case, three-dimensional continuous elements C3D8R were used for the modelling of the 362 

adherents (steel plates and CFRP laminates), with an elastic behaviour with the mechanical properties 363 
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previously described (the steel plates are simulated with a linear-elastic behaviour since the maximum 364 

stresses in the steel are below yielding in all cases during testing). For the adhesive layer, COH3D8 365 

cohesive elements were used, with a behaviour governed by a traction-separation law, and with the 366 

following parameters to be introduced in the model: interfacial stiffness (pre-damage behaviour), 367 

maximum stresses before damage (criterion of damage initiation) and the damage evolution law in the 368 

cohesive zone. The strength predictions of CZM modelling were expected to be mesh independent, as 369 

demonstrated in previous research works [42]. 370 

The FEM meshes were built with horizontal symmetry (XZ plane) to reduce the total number of elements. 371 

Restraining and loading conditions were introduced to faithfully model the real testing conditions, 372 

consisting on clamping of the joint at one end and applying a tensile load at the opposite end (Fig. 9). The 373 

meshes were constructed taking advantage  of  the  automatic  meshing  algorithms  of  ABAQUS
®
,  from  374 

a manual seeding procedure that includes biasing towards the overlap edges, since these theoretically 375 

singular regions show large stress gradients, thus allowing to accurately capture these phenomena. 376 

 377 

 

Fig. 9. 3D view of FEM model of the double-strap joint (L1 = 60 mm). 378 

 379 

The traction-separation law assumes an initial linear elastic behaviour, and the stiffness parameters of the 380 

adhesive layer are given by Knn, Kss and Ktt. A suitable approximation for thin adhesive layers is provided 381 

with Knn = E, Kss = G, Ktt = G, being E and G the longitudinal and transverse elastic moduli of the 382 

adhesive, respectively [42]. For the initiation of damage, the quadratic nominal stress criterion (Quads 383 

damage in ABAQUS
®
) was considered, as it is shown to give accurate results in previous works [43]. The 384 

criterion is expressed as: 385 

 386 

  
 tn 

tn
 

  

 

    
t 

t 
 
  

 

    
tt

tt
 
  

 

      (8) 

 387 

where tn, ts and tt represent the pure mode nominal stresses (mode-I, mode-II and mode-III, respectively), 388 

and tn
0
, ts

0
 and tt

0
 represent the corresponding pure mode nominal strengths. ‹› are the Macaulay brackets  389 

indicating that damage is not initiated by a purely compressive stress state. Since the values of the 390 

interface mode-I and mode-III strengths tn
0
 and tt

0
 have a negligible influence on the numerical results in 391 

double-strap joints (mode-II governs), the same value adopted for ts
0
 was assumed for these parameters. 392 
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As an approximation, the pure mode-II nominal shear strength ts
0
 to use in the model was selected based 393 

on the tensile strength of the adhesive, ts
0
 = 30 MPa for EP1 and ts

0
 = 19 MPa for EP2. 394 

The material stiffness is degraded under a linear softening law, and complete separation is predicted by 395 

the critical fracture energy required for pure mode-II failure, which is equal to the area under the traction–396 

separation law (Fig. 10). The values of critical fracture energy used in the numerical models were those 397 

predicted by the model calibrated in the present work, GII (Table 4 and Table 5). In this way, the 398 

analytical model (calibrated from experimental results) was compared with the numerical results to 399 

validate their suitability for failure load prediction. Table 7 shows the values introduced in ABAQUS
®
 for 400 

the simulation of the traction-separation law in the adhesive layers (specimens L30-EP1-FC230 and L60-401 

EP2-FC390 are considered). 402 

 403 

Table 7. Parameters of the traction-separation behaviour for the cohesive elements to model adhesive layer. 404 

 interfacial stiffness damage initiation damage evolution 

 
Knn 

(N/mm3) 

Kss 

(N/mm3) 

Ktt 

(N/mm3) 

tn
0 

(N/mm2) 

ts
0 

(N/mm2) 

tt
0 

(N/mm2) 

GII 

(N/mm) 

L30-EP1-FC230 4951 1834 1834 30.0 30.0 30.0 0.56 

L60-EP2-FC390 1451 537 537 19.0 19.0 19.0 1.40 

 405 

 

Fig. 10. Traction–separation law with linear softening available in ABAQUS
®
 (for pure mode-II). 406 

 407 

In the numerical model, fracture took place in the adhesive layer, first at the joint gap between the steel 408 

plates, and then propagating quickly (brittle failure) towards the CFRP end of the shortest bond lengths 409 

L1, as shown experimentally. Complete damage was attained in a cohesive element of the adhesive layer 410 

when the parameter SDEG (corresponding to the stiffness degradation) equalled 1.0, as seen in the 411 

examples of Fig. 11 and Fig. 12 for specimens L30-EP1-FC230 and L60-EP2-FC390 (specimens with the 412 

highest experimental failure load for each bond length L1). While the parameter SDEG = 0, the material is 413 

undamaged, and more load can be sustained. A numerical model was carried out for each combination of 414 

parameters (bond length L1, carbon fibre and adhesive), modelling the specimens monitored with strain 415 

gauges during experimental tests, and the failure loads were obtained (Table 4 and Table 5). The results 416 

were close to those computed from the analytical model for specimens with L1 = 60 mm (the maximum 417 
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difference is 7 % in specimen L60-EP2-FC390). For specimens with L1 = 30 mm the biggest difference 418 

was obtained (34 % in specimen L30-EP2-FC390), so for bond lengths L1 = 30 mm the numerical model 419 

did not fit the analytical predictions. This may be attributed to the use of an imprecise value of Kss (shear 420 

modulus Ga) of the adhesive in the numerical model, which in the case of short bond lengths L1 = 30 mm 421 

may be the decisive parameter, instead of the interfacial fracture energy GII in shear. 422 

 423 

  

a) Damage initiation near the joint gap b) Propagation to the CFRP end 

Fig. 11. Progressive failure in the adhesive layer for specimen L30-EP1-FC230 using CZMs. 424 

 425 

 
 

a) Damage initiation near the joint gap b) Propagation to the CFRP end 

Fig. 12. Progressive failure in the adhesive layer for specimen L60-EP2-FC390 using CZMs. 426 

 427 

The load P [kN] - elongation δ [mm] curves obtained from the numerical models are presented for the 428 

specimens with L1 = 60 mm in Fig. 13, being the elongation the longitudinal displacement of the 429 

specimen end where the load was applied in the model. It is observed that the slope of the curves was 430 

slightly higher for specimens with stiffer carbon fibre (FC390), and this was more pronounced in 431 

specimens with ductile adhesive EP2. Also, elongation at failure was higher for specimens with ductile 432 

adhesive EP2. At damage initiation near the joint gap (first cohesive elements reach SDEG = 1) a change 433 

in the slope of the load-elongation curve was observed (points A in Fig. 13). When damage propagated to 434 

the CFRP end (all cohesive elements in the joint had SDEG = 1) there was a sudden drop in the load 435 

(points B in Fig. 13), and the joint failure was attained. 436 
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a) Adhesive EP1 b) Adhesive EP2 

Fig. 13. Load P [kN] - elongation δ [mm] curves from the numerical models of L1 = 60 mm CFRP-steel 438 

double-strap joints. 439 

 440 

As an example, the results obtained for the numerical model of the specimens L30-EP1-FC230 and L60-441 

EP2-FC390 are shown in Fig. 14 and Fig. 15, respectively, where the failure load Pu, num = 19.24 kN and 442 

Pu, num = 45.28 kN were obtained in each case. It must be considered that the value shown in the figure, in 443 

Newtons, should be doubled as the model represents the half of the specimen due to the symmetry 444 

applied. Also the values of the parameter SDEG in the adhesive layer and the stresses in the CFRP in the 445 

longitudinal direction S11 (in MPa) are represented for these loads. A more detailed study on the 446 

distribution of longitudinal stresses S11 in the CFRP laminates is presented in the next section. 447 

 448 

  

a) Stiffness degradation (SDEG) of the adhesive layer b) Longitudinal stresses S11 (in MPa) at failure load 

Fig. 14. Numerical model of the specimen L30-EP1-FC230. 449 

 450 

  

a) Stiffness degradation (SDEG) of the adhesive layer b) Longitudinal stresses S11 (in MPa) at failure load 
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Fig. 15. Numerical model of the specimen L60-EP2-FC390. 451 

 452 

5.1 Stress distribution in the CFRP 453 

For each combination of parameters (bond length, adhesive and CFRP), one specimen (indicated in Table 454 

4 and Table 5) was instrumented by strain gauges attached to the CFRP to measure the strains in the 455 

CFRP laminates during testing. The gauges were placed in the centre of the specimen (in correspondence 456 

with the joint, gauge G3), and symmetrically at a distance of L1/2 from the joint (gauges G2 and G4), as 457 

shown in Fig. 16. The measured strains were multiplied by the modulus of elasticity of the CFRP 458 

laminate to compute the corresponding stresses, which are then compared with those obtained in the 459 

numerical models. The strain monitoring points in the numerical models were selected as close as 460 

possible to the experimental locations where the strain gauges were placed, and at the top face of the 461 

CFRP laminates, where strain gauges were attached. In Fig. 17, for different load levels (until failure load 462 

in numerical models), the experimental stresses are compared with the stresses obtained in the FEM.  463 

Also, the stresses S11 along the centreline of the CFRP laminate in the numerical models are compared to 464 

the stresses measured experimentally, at the maximum load obtained in the FEM. It can be seen in Fig. 465 

18a-d that the numerical models simulate the stress distributions along the centreline of the CFRP 466 

laminate reasonably well, especially for specimens with L1 = 60 mm. However, it is evident that there is a 467 

pronounced difference between the predicted and measured stress values at the joint location (G3) for 468 

specimens with stiffer adhesive EP1 and carbon fibre FC390. 469 

 470 

 

 

Fig. 16. Instrumented specimens with strain gauges on the CFRP laminates. 471 
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a) L30-EP1-FC230 b) L60-EP2-FC390 

Fig. 17. Comparison of numerical model and test load versus axial stress in CFRP plates for the test 473 

specimens L30-EP1-FC230 and L60-EP2-FC390. 474 

 475 

  

a) L60-FC230 b) L60-FC390 

  

c) L30-FC230 d) L30-FC390 

Fig. 18. Numerical model and test axial stress S11 in CFRP plates at maximum load. 476 

 477 

6. Conclusions 478 

 479 

From the work presented in this paper, the following conclusions can be derived: 480 

The highest experimental joint strength (Pmax = 63.63 kN) was obtained for bond length L1 = 60 mm using 481 

ductile adhesive EP2 and stiffer carbon fibre FC390. However, when using EP2 adhesive, the joint 482 

strength was hardly increased by using a stiffer carbon fibre (FC 390) compared to FC230. This could be 483 

probably because the effective bond length Le was expected to be higher than L1 = 60 mm, so the ductile 484 

behaviour of adhesive EP2 was not fully developed and the potential maximum strength of the joint was 485 

not attained. 486 

When using adhesive EP1 (fragile adhesive), it is convenient to use a stiffer carbon fibre (FC390) in the 487 

case of bond length L1 = 60 mm, not being so for shorter bond lengths L1 = 30 mm. In case short bond 488 

lengths L1 = 30 mm must be used, the highest strengths were obtained with adhesive EP1 and carbon fibre 489 

FC230 (less stiff fibre), with 49 % higher failure load compared to that obtained with the same carbon 490 

fibre (FC230) and ductile adhesive (EP2).  491 
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The available length to bond the CFRP patches to strengthen the metallic element will motivate the 492 

selection of the best combination of carbon fibre and adhesive to obtain the highest joint strength. Based 493 

on experimental results, for the shortest bond lengths tested (L1 = 30 mm) it is better to use EP1 adhesive 494 

with FC230 carbon fibre, while for bond lengths L1 = 60 mm EP2 adhesive with FC390 carbon fibre 495 

could be more efficient. 496 

In the present work, it is generally observed that the failure mode did not depend on the type of carbon 497 

fibre used nor the type of adhesive, but the bond length. The failure mode was adhesive (failure in the 498 

steel-adhesive interface) for L1 = 30 mm, and a mixed adhesive-cohesive failure mode for L1 = 60 mm. 499 

An explicit formula to predict the bond strength of CFRP-steel double-strap joint specimens with short 500 

bond lengths was calibrated based on experimental results from a large database, including the tests of the 501 

present work. This model is based on interfacial fracture energy in shear GII, which is related to the 502 

thickness and tensile strain energy of adhesive layer, the axial stiffness of the CFRP laminate and the 503 

bond length.  504 

The results from the numerical models were close to those computed from the analytical model for 505 

specimens with L1 = 60 mm (the maximum difference was 7 % in specimen L60-EP2-FC390). For 506 

specimens with shorter bond lengths L1 = 30 mm the biggest difference was obtained (34 % in specimen 507 

L30-EP2-FC390), so in this case (L1 = 30 mm) the CZM developed did not fit the analytical predictions. 508 

Numerical models simulated the stress distributions along the centreline of the CFRP laminate reasonably 509 

well, especially for specimens with L1 = 60 mm. However, there was a pronounced difference between 510 

the predicted and measured stress values at the joint location (G3) for specimens with the shortest bond 511 

lengths tested L1 = 30 mm. This may be attributed to the use of an imprecise value of Kss (shear modulus 512 

Ga) of the adhesive in the numerical model, which in this case of bond lengths L1 = 30 mm may be the 513 

control parameter. 514 
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Annex 1. Database 652 

           
Average Design 

 

 
bs ts bf tf Ef ta Ga Ra L1 Le Gtheo Pu,theo Gtheo Pu,theo Pu,exp 

Specimen mm mm mm mm N/mm2 mm N/mm2 Mpa mm mm N/mm N N/mm N kN 

Jimenez-Vicaria 
               

L30-EP1-FC230-S1 50.0 10.0 25.0 1.92 117146 0.67 1834 0.09 30 41 0.56 25.83 0.36 20.58 42.18 

L30-EP1-FC230-S2 50.0 10.0 25.0 1.98 117146 0.65 1834 0.09 30 41 0.56 26.15 0.35 20.79 42.10 

L30-EP1-FC230-S3 50.0 10.0 25.0 1.74 117146 0.91 1834 0.09 30 46 0.60 24.98 0.41 20.54 35.81 

L30-EP1-FC390-S1 50.0 10.0 25.0 1.91 183605 0.71 1834 0.09 30 50 0.53 31.48 0.36 25.76 34.81 

L30-EP1-FC390-S2 50.0 10.0 25.0 1.90 183605 0.67 1834 0.09 30 49 0.53 31.39 0.35 25.51 35.07 

L30-EP1-FC390-S3 50.0 10.0 25.0 1.91 183605 0.65 1834 0.09 30 48 0.53 31.46 0.34 25.48 36.34 

L30-EP2-FC230-S1 50.0 10.0 25.0 1.84 117146 0.44 537 0.37 30 60 0.72 26.79 0.57 23.83 28.80 

L30-EP2-FC230-S2 50.0 10.0 25.0 1.77 117146 0.54 537 0.37 30 66 0.75 26.21 0.62 23.84 24.85 

L30-EP2-FC230-S3 50.0 10.0 25.0 1.83 117146 0.51 537 0.37 30 65 0.73 26.62 0.60 24.09 26.85 

L30-EP2-FC390-S1 50.0 10.0 25.0 2.06 183605 0.50 537 0.37 30 80 0.68 33.04 0.58 30.61 29.67 

L30-EP2-FC390-S2 50.0 10.0 25.0 2.05 183605 0.43 537 0.37 30 74 0.66 33.37 0.55 30.36 27.86 

L30-EP2-FC390-S3 50.0 10.0 25.0 1.97 183605 0.53 537 0.37 30 81 0.69 32.27 0.60 30.03 27.88 

L60-EP1-FC230-S1 50.0 10.0 25.0 1.70 117146 0.97 1834 0.09 60 47 1.22 36.46 0.83 30.17 32.67 

L60-EP1-FC230-S2 50.0 10.0 25.0 1.78 117146 0.90 1834 0.09 60 46 1.19 37.03 0.81 30.43 43.51 

L60-EP1-FC230-S3 50.0 10.0 25.0 1.85 117146 0.90 1834 0.09 60 47 1.19 37.69 0.80 31.03 46.02 

L60-EP1-FC390-S1 50.0 10.0 25.0 1.89 183605 0.71 1834 0.09 60 50 1.07 46.50 0.71 38.03 60.24 

L60-EP1-FC390-S2 50.0 10.0 25.0 1.97 183605 0.69 1834 0.09 60 50 1.06 47.39 0.70 38.70 58.18 

L60-EP1-FC390-S3 50.0 10.0 25.0 1.93 183605 0.78 1834 0.09 60 53 1.08 47.33 0.74 39.17 52.35 

L60-EP2-FC230-S1 50.0 10.0 25.0 1.80 117146 0.86 537 0.37 60 83 1.61 42.08 1.48 40.45 57.66 

L60-EP2-FC230-S2 50.0 10.0 25.0 1.75 117146 0.75 537 0.37 60 77 1.58 41.32 1.41 39.03 56.33 

L60-EP2-FC230-S3 50.0 10.0 25.0 1.85 117146 0.74 537 0.37 60 78 1.56 42.30 1.40 40.00 59.23 

L60-EP2-FC390-S1 50.0 10.0 25.0 1.82 183605 0.66 537 0.37 60 88 1.44 51.23 1.30 48.75 63.63 

L60-EP2-FC390-S2 50.0 10.0 25.0 1.86 183605 0.73 537 0.37 60 93 1.46 51.79 1.36 49.91 63.25 

L60-EP2-FC390-S3 50.0 10.0 25.0 1.84 183605 0.56 537 0.37 60 81 1.40 51.24 1.22 47.85 58.66 

L60-EP1-FC230-S1_2 50.0 10.0 25.0 1.93 117146 2.16 1834 0.09 60 74 1.36 40.71 1.14 37.20 43.14 

L60-EP1-FC390-S1_2 50.0 10.0 25.0 2.01 183605 2.06 1834 0.09 60 87 1.26 50.90 1.09 47.28 51.10 

L60-EP2-FC230-S1_2 50.0 10.0 25.0 1.84 117146 2.05 537 0.37 60 130 1.85 42.27 2.10 45.02 49.57 

L60-EP2-FC390-S1_2 50.0 10.0 25.0 1.71 183605 1.93 537 0.37 60 146 1.73 48.86 2.01 52.57 48.41 

Lam [23] 
               

P-2-50-1/2 50.8 12.4 50.8 2.44 176061 0.61 1679 0.07 50 54 0.76 94.24 0.50 76.11 95.48 

P-3-50-1/2 50.8 12.4 50.8 3.66 176061 0.59 1679 0.07 50 61 0.73 118.80 0.49 97.34 111.70 

P-1-50-1/2 50.8 12.4 50.8 1.22 176061 0.55 1679 0.07 50 39 0.83 65.61 0.50 50.75 70.32 

P-1-75-1/2 50.8 12.4 50.8 1.22 176061 0.49 1679 0.07 75 37 1.22 79.71 0.71 60.83 70.91 

P-2-50-1/4 50.8 6.1 50.8 2.44 176061 0.60 1679 0.07 50 48 0.85 112.29 0.55 90.52 93.86 

Wu [24] 
               

A70 50.0 20.0 50.0 1.45 478730 0.34 699 0.43 70 79 1.89 185.85 1.73 177.70 178.88 

A50 50.0 20.0 50.0 1.45 478730 0.36 699 0.43 50 81 1.37 152.31 1.27 146.61 137.23 

A30 50.0 20.0 50.0 1.45 478730 0.35 699 0.43 30 80 0.82 104.36 0.75 100.12 72.97 

S50 50.0 20.0 50.0 1.45 478730 0.43 1679 0.07 50 57 0.64 107.66 0.40 85.23 136.35 

S30 50.0 20.0 50.0 1.45 478730 0.34 1679 0.07 30 51 0.37 78.45 0.22 60.43 58.51 

S80 50.0 20.0 50.0 1.45 478730 0.35 1679 0.07 80 52 0.98 135.56 0.59 104.77 158.07 

S70 50.0 20.0 50.0 1.45 478730 0.40 1679 0.07 70 55 0.88 128.04 0.54 100.52 126.44 

Bocciarelli [36] 
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D1 30.0 10.0 30.0 1.40 197000 0.65 1679 0.07 30 46 0.44 31.94 0.27 24.88 39.73 

D2 30.0 10.0 30.0 1.40 197000 0.65 1679 0.07 30 46 0.44 31.94 0.27 24.88 42.16 

D3 30.0 10.0 30.0 1.40 197000 0.65 1679 0.07 30 46 0.44 31.94 0.27 24.88 43.39 

E1 30.0 10.0 30.0 1.40 197000 0.80 1679 0.07 60 51 0.91 47.65 0.58 38.04 48.75 

E2 30.0 10.0 30.0 1.40 197000 0.80 1679 0.07 60 51 0.91 47.65 0.58 38.04 44.40 

E3 30.0 10.0 30.0 1.40 197000 0.80 1679 0.07 60 51 0.91 47.65 0.58 38.04 45.23 

L1 60.0 10.0 60.0 1.40 197000 0.80 1679 0.07 60 51 1.08 103.92 0.73 85.59 91.21 

L2 60.0 10.0 60.0 1.40 197000 0.80 1679 0.07 60 51 1.08 103.92 0.73 85.59 96.70 

L3 60.0 10.0 60.0 1.40 197000 0.80 1679 0.07 60 51 1.08 103.92 0.73 85.59 96.78 

Al-Mosawe [27] 
               

S2-30 40.0 10.0 10.0 1.40 159400 0.50 699 0.43 30 57 0.73 10.88 0.57 9.62 15.52 

S2-40 40.0 10.0 10.0 1.40 159400 0.50 699 0.43 40 57 0.98 13.14 0.76 11.62 20.43 

S2-50 40.0 10.0 10.0 1.40 159400 0.50 699 0.43 50 57 1.22 14.96 0.95 13.23 25.70 

S3-30 40.0 10.0 20.0 1.40 159400 0.50 699 0.43 30 57 0.87 24.35 0.72 22.21 41.00 

S3-40 40.0 10.0 20.0 1.40 159400 0.50 699 0.43 40 57 1.16 29.40 0.96 26.81 50.70 

S3-50 40.0 10.0 20.0 1.40 159400 0.50 699 0.43 50 57 1.45 33.47 1.21 30.53 60.00 

NS-30 40.0 10.0 20.0 1.40 203000 0.50 699 0.43 30 63 0.84 26.76 0.71 24.67 41.90 

NS-40 40.0 10.0 20.0 1.40 203000 0.50 699 0.43 40 63 1.12 32.62 0.95 30.08 51.70 

NS-50 40.0 10.0 20.0 1.40 203000 0.50 699 0.43 50 63 1.40 37.34 1.19 34.43 60.70 

NS-60 40.0 10.0 20.0 1.40 203000 0.50 699 0.43 60 63 1.68 41.34 1.43 38.12 69.80 

UHS-30 40.0 10.0 20.0 1.20 457800 0.50 699 0.43 30 80 0.78 35.36 0.70 33.59 31.76 

UHS-40 40.0 10.0 20.0 1.20 457800 0.50 699 0.43 40 80 1.04 44.26 0.94 42.04 43.30 

UHS-50 40.0 10.0 20.0 1.20 457800 0.50 699 0.43 50 80 1.30 51.54 1.17 48.95 54.40 

UHS-60 40.0 10.0 20.0 1.20 457800 0.50 699 0.43 60 80 1.56 57.66 1.41 54.76 64.10 

UHS-70 40.0 10.0 20.0 1.20 457800 0.50 699 0.43 70 80 1.82 62.97 1.64 59.81 73.20 

UHS-80 40.0 10.0 20.0 1.20 457800 0.50 699 0.43 80 80 2.08 67.71 1.88 64.32 73.20 

S2-60 40.0 10.0 10.0 1.40 159400 0.50 699 0.43 60 57 1.46 16.51 1.14 14.60 27.63 

S2-70 40.0 10.0 10.0 1.40 159400 0.50 699 0.43 70 57 1.71 17.89 1.33 15.82 32.62 

S2-80 40.0 10.0 10.0 1.40 159400 0.50 699 0.43 80 57 1.95 19.15 1.52 16.93 30.43 

S3-60 40.0 10.0 20.0 1.40 159400 0.50 699 0.43 60 57 1.74 36.94 1.45 33.69 69.10 

S3-70 40.0 10.0 20.0 1.40 159400 0.50 699 0.43 70 57 2.03 40.02 1.69 36.50 76.50 

NS-70 40.0 10.0 20.0 1.40 203000 0.50 699 0.43 70 63 1.96 44.87 1.66 41.37 75.00 

Al-Zubaidy [28] 
               

CF-1-MB-1 50.0 5.0 50.0 0.17 227000 0.50 832 0.31 10 23 0.46 17.12 0.33 14.42 19.30 

CF-1-MB-1 50.0 5.0 50.0 0.17 227000 0.50 832 0.31 20 23 0.93 26.94 0.66 22.69 33.40 

CF-1-MB-2 50.0 5.0 50.0 0.17 227000 0.50 832 0.31 20 23 0.93 26.94 0.66 22.69 31.70 

CF-3-MB-1 50.0 5.0 50.0 1.50 76652 0.50 832 0.31 10 37 0.37 23.86 0.29 21.13 30.50 

CF-3-MB-2 50.0 5.0 50.0 1.50 76652 0.50 832 0.31 10 37 0.37 23.86 0.29 21.13 24.20 

CF-3-MB-1 50.0 5.0 50.0 1.50 76652 0.50 832 0.31 20 37 0.75 42.64 0.59 37.76 42.10 

CF-3-MB-2 50.0 5.0 50.0 1.50 76652 0.50 832 0.31 20 37 0.75 42.64 0.59 37.76 56.20 

CF-3-MB-3 50.0 5.0 50.0 1.50 76652 0.50 832 0.31 20 37 0.75 42.64 0.59 37.76 49.70 

CF-3-MB-1 50.0 5.0 50.0 1.50 76652 0.50 832 0.31 30 37 1.12 55.09 0.88 48.79 60.80 

CF-3-MB-2 50.0 5.0 50.0 1.50 76652 0.50 832 0.31 30 37 1.12 55.09 0.88 48.79 69.70 

CF-3-MB-3 50.0 5.0 50.0 1.50 76652 0.50 832 0.31 30 37 1.12 55.09 0.88 48.79 72.00 

CF-1-MB-1 50.0 5.0 50.0 0.17 227000 0.50 832 0.31 30 23 1.39 33.37 0.98 28.10 29.50 

CF-1-MB-2 50.0 5.0 50.0 0.17 227000 0.50 832 0.31 30 23 1.39 33.37 0.98 28.10 50.40 

CF-1-MB-3 50.0 5.0 50.0 0.17 227000 0.50 832 0.31 30 23 1.39 33.37 0.98 28.10 39.30 

CF-1-MB-1 50.0 5.0 50.0 0.17 227000 0.50 832 0.31 40 23 1.85 38.58 1.31 32.49 36.10 
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CF-1-MB-2 50.0 5.0 50.0 0.17 227000 0.50 832 0.31 40 23 1.85 38.58 1.31 32.49 40.90 

CF-1-MB-3 50.0 5.0 50.0 0.17 227000 0.50 832 0.31 40 23 1.85 38.58 1.31 32.49 45.00 

CF-1-MB-1 50.0 5.0 50.0 0.17 227000 0.50 832 0.31 50 23 2.31 43.14 1.64 36.33 33.80 

CF-1-MB-2 50.0 5.0 50.0 0.17 227000 0.50 832 0.31 50 23 2.31 43.14 1.64 36.33 45.40 

CF-1-MB-3 50.0 5.0 50.0 0.17 227000 0.50 832 0.31 50 23 2.31 43.14 1.64 36.33 43.80 

CF-1-MB-1 50.0 5.0 50.0 0.17 227000 0.50 832 0.31 60 23 2.78 47.25 1.97 39.80 32.70 

CF-1-MB-2 50.0 5.0 50.0 0.17 227000 0.50 832 0.31 60 23 2.78 47.25 1.97 39.80 44.10 

CF-1-MB-3 50.0 5.0 50.0 0.17 227000 0.50 832 0.31 60 23 2.78 47.25 1.97 39.80 43.80 

CF-1-MB-1 50.0 5.0 50.0 0.17 227000 0.50 832 0.31 70 23 3.24 51.04 2.30 42.99 33.60 

CF-1-MB-2 50.0 5.0 50.0 0.17 227000 0.50 832 0.31 70 23 3.24 51.04 2.30 42.99 45.60 

CF-1-MB-3 50.0 5.0 50.0 0.17 227000 0.50 832 0.31 70 23 3.24 51.04 2.30 42.99 44.50 

CF-1-MB-1 50.0 5.0 50.0 0.17 227000 0.50 832 0.31 80 23 3.70 54.57 2.63 45.96 29.10 

CF-1-MB-2 50.0 5.0 50.0 0.17 227000 0.50 832 0.31 80 23 3.70 54.57 2.63 45.96 45.10 

CF-1-MB-3 50.0 5.0 50.0 0.17 227000 0.50 832 0.31 80 23 3.70 54.57 2.63 45.96 44.40 

CF-3-MB-1 50.0 5.0 50.0 1.50 76652 0.50 832 0.31 40 37 1.50 64.49 1.17 57.12 80.60 

CF-3-MB-2 50.0 5.0 50.0 1.50 76652 0.50 832 0.31 40 37 1.50 64.49 1.17 57.12 74.20 

CF-3-MB-3 50.0 5.0 50.0 1.50 76652 0.50 832 0.31 40 37 1.50 64.49 1.17 57.12 81.80 

CF-3-MB-1 50.0 5.0 50.0 1.50 76652 0.50 832 0.31 50 37 1.87 72.36 1.47 64.09 78.60 

CF-3-MB-2 50.0 5.0 50.0 1.50 76652 0.50 832 0.31 50 37 1.87 72.36 1.47 64.09 69.20 

CF-3-MB-3 50.0 5.0 50.0 1.50 76652 0.50 832 0.31 50 37 1.87 72.36 1.47 64.09 83.00 

CF-3-MB-1 50.0 5.0 50.0 1.50 76652 0.50 832 0.31 60 37 2.24 79.34 1.76 70.27 74.00 

CF-3-MB-2 50.0 5.0 50.0 1.50 76652 0.50 832 0.31 60 37 2.24 79.34 1.76 70.27 78.20 

CF-3-MB-3 50.0 5.0 50.0 1.50 76652 0.50 832 0.31 60 37 2.24 79.34 1.76 70.27 72.50 

CF-3-MB-1 50.0 5.0 50.0 1.50 76652 0.50 832 0.31 70 37 2.62 85.71 2.05 75.92 80.30 

CF-3-MB-2 50.0 5.0 50.0 1.50 76652 0.50 832 0.31 70 37 2.62 85.71 2.05 75.92 70.70 

CF-3-MB-3 50.0 5.0 50.0 1.50 76652 0.50 832 0.31 70 37 2.62 85.71 2.05 75.92 75.50 

CF-3-MB-1 50.0 5.0 50.0 1.50 76652 0.50 832 0.31 80 37 2.99 91.64 2.35 81.16 77.00 

CF-3-MB-2 50.0 5.0 50.0 1.50 76652 0.50 832 0.31 80 37 2.99 91.64 2.35 81.16 74.50 

CF-3-MB-3 50.0 5.0 50.0 1.50 76652 0.50 832 0.31 80 37 2.99 91.64 2.35 81.16 77.80 
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