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18  Abstract
19
20 The use of adhesively-bonded CFRP laminates.is a promisihg technique to strengthen steel structures that
21 have been deteriorated due to corrosion, ageing.or increasing loads, as in the case of old metallic riveted
22 bridges. But the relatively short€available space between rivets requires the use of adhesively-bonded
23 CFRP laminates with shortgbondylengths, which needs to be deeply studied as most previous research
24 works have focused on large bond lengths. To study the bond behaviour between CFRP laminates and
25 steel plates in such Strengthened structures, a series of tests has been carried out in double-strap joints
26 under tensile 1oading;jevaluating the influence of CFRP stiffness and adhesive ductility on the strength
27 and failure mede ofyshort bond length adhesive joints. Based on the experimental results of the present
28  work, together with a large database collected from literature, a fracture-mechanics model based on
29 interfacial fracture energy in shear G, is calibrated, and a simple expression is developed to be used in
30  design for the strength prediction of such adhesive joints. Finally, double-strap joint specimens are
31 simulated using cohesive zone models (CZM) for the adhesive layers, and the results are compared to the
32 analytical model and experimental tests.
33 Keywords: Carbon fibre reinforced polymer; CFRP-steel adhesive joints; Mechanical testing; Fracture
34 mechanics; Finite element analysis; cohesive zone models.
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1. Introduction

Old metallic railway bridges are subject to a large number of cyclic high loads during their service life, so
many of them experience fatigue damage in certain construction details as a consequence of high stress
concentrations. To extend the service life of these structures, the stress levels in those fatigue-prone
details need to be reduced by the application of strengthening strategies. In recent years, there has been a
large interest in the use of carbon fibre reinforced polymers (CFRP) laminates for steel bridge
strengthening. These laminates can be installed adhesively bonded to the steel surface, or as prestressed
unbonded plates with the ends fixed to the metallic girders using friction clamps, rather than adhesive
bonding [1, 2]. The present work focuses on the adhesively-bonded method, as it is anfexcellent
alternative to traditional techniques, such as welded or bolted steel plates [3]. It is particularly interesting
in the case of riveted old metallic bridges, since welding the original metal is not always possible, and
drilling holes for bolting can increase localised stresses weakening the structureg@jnAdditionally, steel
plates add extra weight and can suffer from corrosion increasing future maintenance costs, while CFRP
laminates have a high strength-to-weight ratio and are resistant to harsh environments. Although creep in
adhesive bonds could be an issue if the joint is going to be under large ‘sustained loads [5, 6], this is not
the case for fatigue strengthening, as loads on the joint are mainly/variable (cyelic live loads).

One drawback of adhesively-bonded CFRP laminates for thesstrengthening of riveted metallic structures
is the relatively short available length between rivetsito bond the CFRP laminates (usually few
centimetres). For this reason, the study of CFRP-metal adhesively-bonded joints when the bond length is
short is found interesting, since most previous research works have focused on the behaviour of large
bond lengths [7, 8, 9]. In fact, most experimental works, assume that the effective bond length L. (the
bond length beyond which the jointistrength«d0es,not increase) is guaranteed by using large bond lengths
in the joint, and also in some casestthe yielding'strain in the steel plate is attained before the joint failure
[10, 11], what is not desirable underithe service loads related to fatigue.

For a suitable use of this ifinovative technology, the behaviour of the bond between the CFRP laminate
and the metallic, element todbe strengthened needs to be deeply studied. This can be done by testing
CFRP-metal double-strap joints [12, 13, 14, 15, 16, 17], which are formed by two CFRP laminates
bonded with adhesive to,both sides of two metallic plates aligned and separated by a gap, simulating a
metallic element with'a fatigue crack. As previously reported in [18], there are six failure modes that can
occur in this type of adhesive joints: a) adhesive failure in the steel-adhesive interface; b) adhesive failure
in the- CERP-adhesive interface; ¢) cohesive failure (rupture of the adhesive); d) delamination in the
CRRP (separation of some carbon fibres from the resin matrix); e) rupture of the CFRP and f) steel
yielding. For the adoption of a proper model to predict the joint strength, the failure mode must be
considered.

Several analytical models are proposed in literature to predict the strength of these double-strap joints [19,
20, 21], but basically they can be grouped into two different failure criteria: continuum mechanics (stress
or strain-based models) and fracture mechanics (fracture energy-based models). Regarding stress or
strain-based models, Hart-Smith analytical model [22] has been commonly used in literature to predict the

failure load Py in double-strap joint specimens [23, 24, 25]. This model was developed for the analysis of
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joints with elastic-perfect plastic behaviour of the adhesive in shear that fail with a cohesive failure mode
(rupture of the adhesive), so the plastic shear strain y, of the adhesive is a fundamental parameter in this
model. In this sense, some experimental works [23, 24, 25, 26] have focused on the determination of y,
based on experimental results of double-strap joint tests. However, in most cases, especially for short
bond lengths [7, 12, 27, 28], the failure mode is adhesive (at the steel-adhesive or CFRP-adhesive
interface), showing an elastic behaviour of the joint until failure, so authors find that is not convenient to
use Hart-Smith analytical model for the prediction of bond strength in these cases. Consequently, fracture
mechanics approach is found more suitable to predict the debonding strength of double-strap, joint
specimens with short bond lengths.

The mechanical properties of the materials used for the strengthening system (CFRP and adheSive)play
an important role in the behaviour of these joints, as previously reported by [29] and [30], and the,present
work focuses specially on the CFRP stiffness and the adhesive ductility. To evaluate the influence of
these parameters on the behaviour of double-strap joints with short bond lengthsytwo different carbon
fibres (FC230 and FC390) and two epoxy adhesives (EP1 and EP2) are studied\in the\present work, so
that the most efficient combination of strengthening materials can befound forthis‘particular case. Also,
two different short bond lengths L; have been used for the double-strdp joint at one side of the gap (L; =
30 mm and L; = 60 mm), being the bond length L, of the joint at the otherside"of the gap 50 % larger than
L,, to try to make sure that the failure during testing takes plagegen the shartest side of the joint.

From the experimental results, a fracture-mechanics based analytical model is calibrated and a simple
expression is developed to be used in design for the Strength prediction of double-strap CFRP-steel joints.
Likewise, numerical models with finite elementsiare performed and results are compared to those

obtained from the analytical model.

2. Experimental program

2.1  Specimen preparation and'test Set-up

A total of 28 double-strap joint tests were carried out, 7 specimens for each combination of adhesive and
carbon fibre:p)EPI-FC230,“EP1-FC390, EP2-FC230 and EP2-FC390. For each group of 7 specimens,
three had a bohdhlengthhof L; = 30 mm and the other four had a length of L; = 60 mm (Fig. 1). All test
specimens werg,fabricated with an adhesive nominal thickness t, of 0.5 mm, except a specimen with L; =
60 mm foryeach,combination of adhesive and carbon fibre (4 test specimens), which was manufactured
with a greater thickness (t, = 2.0 mm) to evaluate its effect on the strength of the joint. For each
combination of bond length, adhesive and carbon fibre, three identical specimen repetitions were tested.
Thetnomenclature used for each specimen begins with the bond length L; (L30 or L60), followed by the
adhesive type (EP1 or EP2), the carbon fibre used (FC230 or FC390) and finally a number to differentiate
between repetitions (S1, S2 or S3). For example, the specimen L60-EP2-FC390-S2 refers to the second
specimen with bond length L; = 60 mm, epoxy adhesive EP2, and carbon fibre FC390.
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aluminium silica, since it has been demonstrated to be the most

a neoprene joint, and subsequently an adhesive layer was :
steel and the CFRP laminate. Next, the CFRP lamina
and pressure was applied to remove the excess
achieved. To control the correct alignment of the

alignment tool and a series of separator e used to ma

| 300 mm I 300 mm 4
gap: 2 mm \

Fig. 1. Schematic view of the CFRP-steel double-strap joint specimens (dimen e not to scale).

ce treatment for the steel

To prepare the double-strap joint specimens, first the surface of% rit blasted with

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

rmly on both the surface of the
ned on the surface of the steel plate,
e, until the desired adhesive thickness was
en and the thickness of the adhesive, an

tain a fixed thickness of adhesive during the

preparation (Fig. 2a). One specime tion of parameters was instrumented by strain gauges

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

e numerical models. All tests were carried out in tensile using an

Instron 3382 multitest pres acement control at a loading rate of 0.5 mm/min until failure. Fig. 3

bond length L;.

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

Fig. 2. Preparation of CFRP-steel double-strap joints.
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Fig. 3. Tensile tests in CFRP-steel double-strap joints. \

2.2 Material properties

The steel plates used were manufactured from hot rolled structural steel S275 JR; Id stress, tensile

strength and failure strain of 310 MPa, 450 MPa and 37.2%, respecti acwin the manufacturer.

The plates had a length, width and thickness of 300 mm, 50 mm 1 respectively (Fig. 1). The
dimensions of the steel plates were selected so that the steel does uring the test.
CFRP laminates of 1.80 mm nominal thickness and 25 mmgWw w ed (Figure 1), manufactured by

resin infusion with a two-part epoxy resin (Araldite LY 15 r 3489) on unidirectional carbon fibre
HR40 fibres (FC390 laminates). From
-D3039 [33], the modulus of elasticity E,

ient v; of CFRP laminates were experimentally

IO

tensile strength fis, strain at failure & an isson coeff

determined, obtaining average val&of Pa, 1932 MPa, 1.65 % and 0.322 for FC230 laminates

(4 specimens tested), and aver alues 83605 MPa, 1663 MPa, 0.91 % and 0.328 for FC390
ively (Table 1).

oonding the CFRP laminates to the steel plates, Araldite AW 4856

e used, and their mechanical properties were obtained experimentally

laminates (3 specimens tested)gtes

(EP1) and Aral
from tensile 8 standard [34]) with an average modulus of elasticity E,, tensile strength
ain g, of 4951 MPa, 30 MPa and 0.62 % for EP1 (5 specimens tested), and

a and 2.98 % for EP2 (4 specimens tested), respectively. The tensile strain energy R, of

fia and ultimate

1451

for EP2 (Fig. 4b).

can be observed in the tensile stress-strain curves of Fig. 4, the two CFRP laminates have different
tensile axial stiffness, being FC390 57 % stiffer than FC230. In the case of epoxy adhesives, EP1 is 3.4
times stiffer than EP2 (in the elastic range), but the most relevant difference is that EP1 is elastic until
failure (fragile behaviour), while EP2 has a ductile behaviour with larger deformation up to failure, with a

tensile strain energy 4 times higher than EP1.
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Fig. 4. Tensile tests on strengthening materials.

The average measured material properties of CFRP and adhesives are listed in
steel plates reported by the manufacturer. The mechanical properti eav'ua :
(CFRP and adhesive) is presented in Table 2 and Table 3.

Table 1. Material properties of CFRP, adhesives and steel (averag

long with those of

lal specimen tested

FC230 FC390 EP2 Steel™
Tensile strength (MPa) 1932 1663 19 450
Yield strength (MPa) - 310
Tensile modulus (MPa) 117146 \ 1 4951 1451 200000
Failure strain (%) 1.65 91 0.61 2.98 37.20
Poisson ratio 0.322 0.3 0.350" 0.350" 0.300
" Assumed values (not measured duringstests
“Properties supplied by manufac Q
Table 2. Mater operties of CFRP specimens tested.
Specimen  fi; (MPa) E; (MPa) &rr (%) o
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 (%) 59 5.8 15 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 55 9.1 40
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Table 3. Material properties of adhesive specimens tested.

Specimen  f;, (MPa) E. (MPa) &ra (%)
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

3. Experimental results

The experimental results are summarized in Table 4 and T@able 5)infwhich for each test, the failure load

Pu. est, the elongation of the specimen measured at failure Jyjand the'stiffness of the joint K, obtained from

the slope of the load P [kN] - elongation 6 [mm] curve in the elastic range during the test (Fig. 5a for EP1

and Fig. 5b for EP2), are presented. Table 4 and Tabley5,.also show the failure mode of the specimen, the

theoretical interfacial fracture energy in shear G,,, the theoretical strength of the joint P, e, (calculated

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

models.

Table 4. Experimental results 0f the CERP-steel double-strap joint tests with bond length L; = 30 mm.

Pu‘lesl

Ju

K

GII

Pu‘theo

Purem

L1 Adh. Ca.rbon Spec, Pu‘test/ Pu‘pgml Failure
(mm) fibre (kN)  (mm)  (KN/mm) (N/mm)  (kN)  Puteo  (kN)  Pumeo  mode
S1° 4218 207 2024 056 2583 163 1924 074 A
S2 4210 216 1928 056 2615 161 A
30 EP, FC230 S3 3581 190 1885 060 2498 143 A
Average 40.03 2.04 19.46 0.57 25.65 1.56 -
COV 009 006 004 004 002 007 -
S1 3481 180 1948 053 3148 111 A
s2 3507 18 1933 053 3139 112 A
30 EP1 FC39% S 3634 18 1984 053 3146 116 2344 075 A
Average 3541 182 1955 053 3144 113 -
cov 002 001 00l 000 000 002 -
S1 288 167 1778 072 2679 108 A
w0 room S2° 2485 162 1634 075 2621 095 1952  0.74 A
S3 2685 158 1733 073 2662 101 A
Average 26.83 162 1715 073 2654 101 -
7
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Ccov 0.07 0.03 0.04 0.02 0.01 0.06 - - -

s1° 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
30 EP2 FC390 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).
Table 5. Experimental results of the CFRP-steel double-strap joint tests with bond length L; = 60 mm.
Ly Carbon Puges du K Gu Puheo Putest/ Purem Purem/ Failure
() A e 5P &N)  (mm)  (N/mm) (Nfmm)  (kN)  Pumeo  kN)  LPumealy mode€
s1° 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
60 EP1 FC230 S3 46.02 2.32 19.64 1.19 37.69 122 - J C

Average 40.73 212 19.18 1.20 37.06 1.10 - - -
cov 0.17 0.16 0.03 0.01 0.02 0.16 - - -
s1° 60.24 291 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
60 EP1  FC390 S3 52.35 2.52 20.09 1.08 47.33 111 - - C
Average 56.92 2.74 19.97 1.07 47.07 121 - - -
cov 0.07 0.07 0.0k 0.01 0.01 0.08 - - -
S1 57.66 3.07 29.95 161 42.08 1.37 - - C
S2° 56.33 2.99 19.84 1.58 41.32 1.36 39.24 0.95 C
60 EP2  FC230 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 0.08 0.05 0.04 0.02 0.01 0.02 - - -
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
60 EP2  FC390 Sge 58.66 297 21.00 1.40 51.24 1.14 50.15 0.98 C
Average 761.85 3.12 21.01 1.43 51.42 1.20 - - -
COV. 0.04 0.04 0.01 0.02 0.01 0.04 - - -

p FC230 S1 2° 4314 2.15 19.90 1.36 40.71 1.06 38.84 0.95 C

60 EPY
FC390 S1.2° 5110 2.46 20.30 1.26 50.90 1.00 46.78 0.92 C
FC230 S1.2" 4957 2.82 19.05 1.85 42.27 117 39.24 0.93 C

60 EP2?

FC390 S1.2° 4841 2.63 19.86 1.73 48.86 0.99 50.15 1.03 C
Notest a. Adhesive thickness t; = 2.0 mm; b. Specimens instrumented with strain gauges; c. Failure mode: A (adhesive) and C

(mixed cohesive-adhesive).

In the case of the joint strength, for the specimen geometry tested (bond lengths and adhesive thicknesses
used), the highest strength (P = 63.63 kN) was obtained for bond length L; = 60 mm using adhesive
EP2 and carbon fibre FC390, with adhesive thickness of 0.50 mm. However, in this case, the failure load
was only 7 % higher compared to the same specimen with FC230. A similar increase (6 %) was reported
when changing from FC230 to FC390 for bond length L; = 30 mm with EP2 adhesive. Therefore, it can

be concluded that in the case of using EP2 adhesive (ductile adhesive), the joint strength was hardly
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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
bond lengths tested, the maximum strength of the joint was not attained (the effective bond length L, is
expected to be higher than L; = 60 mm), so the ductile behaviour of the adhesive EP2 was not fully
developed.

However, when using EP1 adhesive, the strength increased 40 % when going from FC230 to FC 390 for
bond length L; = 60 mm, while it decreased by 13 % for bond length L; = 30 mm. In this case, it can be
concluded that when using adhesive EP1 (fragile adhesive), it is convenient to use a stiffer carbon fibre in
the case of bond length L; = 60 mm, not being so for bond lengths shorter, such as L; = 30 mm. Based on
a previous experimental work by the authors with similar EP1 specimens and bond lengths L; = 50"mm
and L, = 100 mm [31], it could be expected that L, was around 50-60 mm for these specimens/Wwith"EP1,
so the maximum strength of the joint was attained for L; = 60 mm.

For short bond lengths L; = 30 mm, the increase of adhesive ductility (changing ffom EPL to"EP2)
reduced the joint strength 49% and 24% when using FC230 and FC390, respectively, (the strength
reduction was more pronounced when using FC230). On the contrary, for bondilengths L; = 60 mm, the
increase of adhesive ductility (changing from EP1 to EP2) increased the joint stfength.42% and 9% when
using FC230 and FC390, respectively (the strength increase was more pranounced when using FC230).

In case of short bond lengths L; = 30 mm must be used (for example, due to“lack of space in the element
to be strengthened), the highest strengths were obtained withpadhesive ' EP1 (fragile) and carbon fibre
FC230 (less stiff fibre), with 49 % higher failure load than that obtained with the same carbon fibre
(FC230) and ductile adhesive (EP2).

Therefore, the use of one type or another of carbon fibre and adhesive will be motivated by the
geometrical restrictions of the detail to be_strengthenedyespecially by the available length to bond the
CFRP patches to strengthen the meétallic_elementy For short bond lengths (L; = 30 mm) it is better to use
EP1 adhesive with FC230 carbon fibre, whidegfor longer bond lengths (L; = 60 mm) EP2 adhesive with
FC390 carbon fibre could be more‘efficient.

As shown in Table 4 and [Table 5)the"stiffness of the joint was similar in all tests (between 17.15 and
21.01 kN/mm), regardless ofithe bond length L;, the CFRP or the adhesive used, although it was slightly
higher when using-a stifferiearbon fibre (FC 390) and longer bond lengths (L; = 60 mm) in the case of
ductile adhesive'EP2. With ductile adhesive (EP2) and L; = 30 mm, the effect of CFRP stiffness is clear
on the slope ofithe load-elongation curve. In this case, the failure load was slightly higher for FC390, but
the elongation at failure was smaller than in specimen with FC230.

In somexexperimental works carried out by other authors [7, 8, 9], bond lengths were long enough to
develop the maximum strength of the joint (that is to say, the bond length was higher than the effective
bond’length L,). Also, sometimes the steel yielded before the failure of the adhesive joint [10, 35], so in
some cases the load-elongation curves showed a ductile behaviour (after reaching the maximum load, the
force could not increase anymore but the specimen was still able to withstand displacement increments
showing a plateau). For EP2 specimens the bond length L; = 60 mm was assumed to be shorter than L,
and also the steel remained elastic until joint failure (as measured by strain gauges), so the ductile

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

plateau, as it can be seen in Fig. 5.
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3.1 Failure modes

In the present work, it is generally observed that the fail

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

partly due to an adhesive failure mode (steel-adhesive interface and CFRP-adhesive interface), and partly

4.0 0.0

a) L; =30 mm

did not depend on the type of carbon
heicase of short bond lengths L; = 30 mm, the
e adhesive layer from the steel surface, so that

as observed (Fig. 6a).

L30-EP2-FC230-S1

L60-EP1-FC230-S3

L60-EP2-FC230-S1

b) L; =60 mm

Fig. 6. Failure modes of the test specimens with different bond lengths.
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due to a cohesive failure mode (adhesive breaks). Failure mode of each specimen tested is reported in
Table 4 and Table 5.

4.  Design model calibration

For the adoption of a proper model to predict the strength of double-strap joints, the failure mode must be
analysed. As previously discussed, authors consider that strain-based models (e.g Hart-Smith model [22])
are not convenient when failure mode is adhesive (failure at adhesive-steel interface), which was
observed in specimens with L; = 30 mm in the present study. Also, for specimens with L; = 60 mm and
adhesive EP2, the ductile behaviour of the adhesive was not fully developed, so plastic shear stfainswere
not attained and the parameter y, in Hart-Smith model could not be determined.

Consequently, a fracture energy-based model was found more suitable to predict the debonding, strength
of double-strap joints with short bond lengths with adhesive failure mode. This appreachtis,based on the
ultimate energy that the adhesive joint can absorb during failure by cracking. Inithis sense, the interfacial
fracture energy in shear G, associated with the propagation of a crack,in thefadhesive layer (or at the
interface between adherents, or a combination of both) is used to characterise the strength of the joint.
When debonding starts from the gap between the steel plates {as iagthe Specimens of this study) an

estimation of the failure load P e, may be [36]:

2
Pu,theo = a S \/Es As ba G][ (5 + I) (1)
Where ¢ is a measure of the stiffness,unbalanee’between adherents:

0= . 2

E, and A, are the elastic madulus and the cross-section area of the steel plates, respectively; E; and As are
the elastic modulus andythe cross-section area of the CFRP laminates, respectively; b, is the width of the
adhesive layeryandthe corrector factor o is inserted in order to take account of the real bond length L; of
the adhesive joint36]:

, G, (1 2
o= I1-e*t with 1= |— [=—+ 3
ta \Efty Et,

Where G, is the shear modulus of the adhesive. The definition of a reliable strength model for the
adhesive joint is fundamental for the estimation of the CFRP strengthening effectiveness in a steel
structural element. Based on the results of this experimental campaign, an expression for the parameter
that characterizes the shear behaviour of the joint, the interfacial fracture energy in shear G, was

calibrated until the theoretical strength of the joint P, .0, from the fracture mechanics model in Eq. (1),
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was adjusted to the experimental value obtained from test (Py, teo / Py, test = 7). The value of this parameter
G, for each specimen tested is shown in Table 4 and Table 5.

In previous research works [35, 37] the interfacial fracture energy G, in shear (pure mode II) in double-
strap joint tests was found to be related to the thickness t, of the adhesive and also to mechanical
parameters of the adhesive, such as the tensile strain energy R, (area under the uni-axial tensile stress-
strain curve), the tensile strength f;, or the shear modulus G,. Also, some authors [36] indicate that the
maximum transferable load is a function of the adhesive thickness. In the present work, it was considered
that the parameter R, can be the most representative of the mechanical behaviour of the adhesive impterms
of ductility and energy accumulation until failure, so this parameter was adopted for the analytical model
instead of the tensile strength f;,. As well as in previous research works, different CFRP laminatesiwere
tested in the present study, so the axial stiffness of the CFRP laminate K; = A E; was alsayincluded. For
relatively short bond lengths, fracture mechanics analytical models overestimate the failure load of
bonded interfaces [38]. As the bond lengths L; were presumably shorter or arouneythe effective bond
length L., authors considered including the parameter L,/L. (relation between band length and theoretical
effective bond length) in the empirical expression for the interfacial fracture energy.G,, calibrated in this
work. In this way, for short bond lengths (typically with L,/L, < 1), theiaterfacial fracture energy G, for
bond lengths L; < L, could be reduced. A nonlinear function relating.the interfacial fracture energy and
the parameters mentioned above was chosen to approximatesthe,test data, with the unknown coefficients
A, B, C and D of this function varied to minimise the errors between the theoretical predictions Py, e, and

the test results Py, . This process led to an expression inithe form:

I
Gy= A (L—’) FBR.C K2 (Nl - mm) @)
e

Where, according to [36]:
5
L,= 7 (mm) 5)

4.1 Database

In order to ‘have ajhigher number of experimental results to adjust the parameters of the proposed
analyticabhmodel; @large database (115 tests) was created (see Annex 1) with results of double-strap joints
tests‘eonsulted in the literature [23, 24, 27, 28, 36]. Specimens from database have similar geometries and
configurations comparable to the tests performed in the present work (only specimens with short bond
lengths under L; = 80 mm are considered). The aim is to develop a model that includes not only the
results obtained in the present experimental campaign, but also the results from tests performed by other
authors. The following best-fit equation is proposed to predict G, based on the test results from this

database, including the results of the present study:

L
Gy = 0.1 (L—’) V@ R)? K™ (N/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
steel (such as grit blasting) that fail in a cohesive or adhesive mode. This means that the strength
prediction in specimens with no proper surface preparation or different failure modes
(delamination/rupture of CFRP, steel yielding, etc.) may not fit precisely this expression.

This explicit formula provides a method to predict the average bond strength of CFRP-steel double-strap
joint specimens with short bond lengths, including a range of values for CFRP plate and adhesive
properties commonly available, as shown in Table 6. As it can be seen in Fig. 7, the above expression
provides acceptable predictions of the experimental failure loads of the specimens not only of the present

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

200
175
150 :
125
z !
X * o0
— 100
f s Jifnenez-Vicaria
& 5 Lam [22]
50 * Wu [23]
Al-Mosawe [26]
25 Al-Zubaidy [27]
* Bocciarelli [35]
0

0 25 50 75 100 125 150 175 200
Pu,exp [kN]

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

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

model.
L, ta Ra K¢ bs ts by t; E; Ea
MPa
mm mm N mm mm mm mm N/mm? N/mm?
mm/mm
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

For design purposes, the coefficients A, B, C and D in Eq. (4) were recalculated to obtain a formula that
can predict the characteristic bond strength of double-strap joints. This characteristic value is usually
considered as the 95 percentile of the probability distribution of the test data, which means that 95 % of

the experimental results lie above this value. Assuming normality of joint strength data, the characteristic
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values were obtained by using the same data fitting method as for Eq. (6), but the experimental debonding
load was substituted by this experimental value minus 1.645 times the standard deviation of specimens
with the same CFRP, adhesive and bonded area. In Fig. 8, both the predictions of the average and
characteristic (95 %) bond strength are plotted against the experimental failure loads. The following best-

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

L
Gy = 0.03 (L—’) (R K (Nl - mm) 0

200

175

150

I:)u,theo [kN]

o5 | gscx X T M h * Average data
* 95 % data

0 25 B0 _75 100% 125 150 175 200
Puep [KN]

Fig. 8. Comparisen,between average and characteristic predicted bond strength

5. Numerical'simulation

Analytical madels cangprovide a good overall measure of joint strength in simple geometries and simple
loading“cenditions)(as the one of these double-strap joint tests). But these analytical models are not able
to provide detailed information in the regions of high stresses where failure initiation occurs, especially
when complex geometries and loading conditions are used. Authors consider interesting to validate that
numerical models of the adhesive joints based on cohesive elements could be used for the prediction of
bond strength in more complex joints.

Using Abaqus finite element software, the double-strap joint specimens were simulated using cohesive
zone models (CzZM) for the adhesive layers, which are common in literature for the simulation of
adhesive bonds [39, 40, 41]. In the present work, a continuum-based approach, i.e. using the cohesive
elements to model solids rather interfaces, was considered to model the finite thickness of the adhesive
layer. In this case, three-dimensional continuous elements C3D8R were used for the modelling of the

adherents (steel plates and CFRP laminates), with an elastic behaviour with the mechanical properties

14



OCoO~NOUAWNE

364
365
366
367
368
369
370
371
372
373
374
375
376
377

378

379
380
381
382
383
384
385
386

387
388
389
390
391
392

previously described (the steel plates are simulated with a linear-elastic behaviour since the maximum
stresses in the steel are below vyielding in all cases during testing). For the adhesive layer, COH3D8
cohesive elements were used, with a behaviour governed by a traction-separation law, and with the
following parameters to be introduced in the model: interfacial stiffness (pre-damage behaviour),
maximum stresses before damage (criterion of damage initiation) and the damage evolution law in the
cohesive zone. The strength predictions of CZM modelling were expected to be mesh independent, as
demonstrated in previous research works [42].

The FEM meshes were built with horizontal symmetry (XZ plane) to reduce the total number of elements.
Restraining and loading conditions were introduced to faithfully model the real testing conditions,
consisting on clamping of the joint at one end and applying a tensile load at the opposite end (Fig. 9)aThe
meshes were constructed taking advantage of the automatic meshing algorithms of ABAQUS®, from
a manual seeding procedure that includes biasing towards the overlap edges, sincegthese theoretically

singular regions show large stress gradients, thus allowing to accurately capture theseyphenomena.

loaded end

CFRP laminate

steel pldte

clamped end
horizontal symmetry

Fig. 9. 3D view offFEM model of the double-strap joint (L; = 60 mm).

The traction-separation law assumes an'initial linear elastic behaviour, and the stiffness parameters of the
adhesive layer are giveniby Kammlss and Ky. A suitable approximation for thin adhesive layers is provided
with Ky, = EpKss =\G, K= G, being E and G the longitudinal and transverse elastic moduli of the
adhesive, respectively [42]. For the initiation of damage, the quadratic nominal stress criterion (Quads
damage,in ABAQUS®™) was considered, as it is shown to give accurate results in previous works [43]. The

Criterion isexpressed as:

WY (Y (o)
AR r R I ©

where t,, ts and t; represent the pure mode nominal stresses (mode-I, mode-Il and mode-I11, respectively),
and t,°, t” and t? represent the corresponding pure mode nominal strengths. « are the Macaulay brackets,
indicating that damage is not initiated by a purely compressive stress state. Since the values of the
interface mode-I and mode-I11 strengths t,” and t° have a negligible influence on the numerical results in

double-strap joints (mode-11 governs), the same value adopted for t.’ was assumed for these parameters.
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As an approximation, the pure mode-11 nominal shear strength t,” to use in the model was selected based
on the tensile strength of the adhesive, t> = 30 MPa for EP1 and t.” = 19 MPa for EP2.

The material stiffness is degraded under a linear softening law, and complete separation is predicted by
the critical fracture energy required for pure mode-I1 failure, which is equal to the area under the traction—
separation law (Fig. 10). The values of critical fracture energy used in the numerical models were those
predicted by the model calibrated in the present work, G, (Table 4 and Table 5). In this way, the
analytical model (calibrated from experimental results) was compared with the numerical results to
validate their suitability for failure load prediction. Table 7 shows the values introduced in ABAQUS® for
the simulation of the traction-separation law in the adhesive layers (specimens L30-EP1-FC230 and‘C'60-
EP2-FC390 are considered).

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

interfacial stiffness damage initiation damage evolution
Kn Ks K t° td t Gu
(N/mm?) (N/mm®  (N/mm®)  (N/mm?)  (Nfmm?) ~ (N/mm?) " (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
T
t _() ______
s H
= |
2 K I
5 58
£ I
i
| G”
I
I
1
(5.\’0 . o\.\"/. (5
separation

Fig. 10.4kraction—separation law with linear softening available in ABAQUS® (for pure mode-11).

In thetnumerical model, fracture took place in the adhesive layer, first at the joint gap between the steel
platés, and then propagating quickly (brittle failure) towards the CFRP end of the shortest bond lengths
L,, @s shown experimentally. Complete damage was attained in a cohesive element of the adhesive layer
when the parameter SDEG (corresponding to the stiffness degradation) equalled 1.0, as seen in the
examples of Fig. 11 and Fig. 12 for specimens L30-EP1-FC230 and L60-EP2-FC390 (specimens with the
highest experimental failure load for each bond length L,). While the parameter SDEG = 0, the material is
undamaged, and more load can be sustained. A numerical model was carried out for each combination of
parameters (bond length L;, carbon fibre and adhesive), modelling the specimens monitored with strain
gauges during experimental tests, and the failure loads were obtained (Table 4 and Table 5). The results

were close to those computed from the analytical model for specimens with L; = 60 mm (the maximum
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difference is 7 % in specimen L60-EP2-FC390). For specimens with L; = 30 mm the biggest difference
was obtained (34 % in specimen L30-EP2-FC390), so for bond lengths L; = 30 mm the numerical model
did not fit the analytical predictions. This may be attributed to the use of an imprecise value of K (shear
modulus G,) of the adhesive in the numerical model, which in the case of short bond lengths L; = 30 mm

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

] i G

SDEG ] SDEG ;
(Avg: 75%) : (Avg: 75%)
1.0 1.0
0.9 0.9
i i
06 ¥ 06 Y
H .
03 X 03 X L 2
02 02
0.1 0.1
00 ; TEEHH 00 e
[ T 1 | | [ [ [ ] LT
) I I | [ [ [T [T
a) Damage initiation near the joint gap b) Propagation to'the CFRP end

Fig. 11. Progressive failure in the adhesive layer for specimen L P‘:23 ing CZMs.

SDEG
(Avg: 75%)

COOOCOOoOoO—
1 o~Nwruaaxoo

ation ¢ [mm] curves obtained from the numerical models are presented for the

0 mm in Fig. 13, being the elongation the longitudinal displacement of the
e the load was applied in the model. It is observed that the slope of the curves was
for specimens with stiffer carbon fibre (FC390), and this was more pronounced in
ens with ductile adhesive EP2. Also, elongation at failure was higher for specimens with ductile
ive EP2. At damage initiation near the joint gap (first cohesive elements reach SDEG = 1) a change
in the slope of the load-elongation curve was observed (points A in Fig. 13). When damage propagated to
the CFRP end (all cohesive elements in the joint had SDEG = 1) there was a sudden drop in the load

(points B in Fig. 13), and the joint failure was attained.
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Fig. 13. Load P [kN] - elongation 6 [mm] curves from the numerical models of L; = 60fmm ‘CERP=steel

As an example, the results obtained for the numerical model of the specimen
EP2-FC390 are shown in Fig. 14 and Fig. 15, respectively, where the

Pu, num = 45.28 kN were obtained in each case. It must be considered t e
Newtons, should be doubled as the model represents the

applied. Also the values of the parameter SDEG in the ad

a) Stiffnes ra

a) Stiffness degradation (SDEG) of the adhesive layer

cooococooooo~

ooLcooocoooo~

double-strap joints.
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e load Py num = 19.24 kN and
ue shown in the figure, in
ecimen due to the symmetry

er and the stresses in the CFRP in the
oads. A more detailed study on the

@

ates is presented in the next section.
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(SDEG) of the adhesive layer b) Longitudinal stresses S11 (in MPa) at failure load

Fig. 14. Numerical model of the specimen L30-EP1-FC230.
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b) Longitudinal stresses S11 (in MPa) at failure load
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Fig. 15. Numerical model of the specimen L60-EP2-FC390.

5.1  Stress distribution in the CFRP

For each combination of parameters (bond length, adhesive and CFRP), one specimen (indicated in Table
4 and Table 5) was instrumented by strain gauges attached to the CFRP to measure the strains in the
CFRP laminates during testing. The gauges were placed in the centre of the specimen (in correspondence
with the joint, gauge G3), and symmetrically at a distance of L;/2 from the joint (gauges G2 and G4), as
shown in Fig. 16. The measured strains were multiplied by the modulus of elasticity of the P

laminate to compute the corresponding stresses, which are then compared with those obtain

numerical models. The strain monitoring points in the numerical models were sel@ed
possible to the experimental locations where the strain gauges were placed, and at th
CFRP laminates, where strain gauges were attached. In Fig. 17, for different load levelsi(until re load

in numerical models), the experimental stresses are compared with the stresses ob

Also, the stresses S11 along the centreline of the CFRP laminate in the numerica
the stresses measured experimentally, at the maximum load obtaine he w
18a-d that the numerical models simulate the stress distributio longythe centreline of the CFRP
laminate reasonably well, especially for specimens with L; = 60 ver, it is evident that there is a

pronounced difference between the predicted and measur, s at the joint location (G3) for

specimens with stiffer adhesive EP1 and carbon fibre FC3

L,/2 L2

 b=25mm

G2 G3 G4
300 mm 300 mm

gap: 2 mm

&..Insﬂumented specimens with strain gauges on the CFRP laminates.

LL30_EP1_FC230 L60_EP2_FC390
25 50
+ G2_FEM .w/; o L, 8 ‘ GMZ_FE
0 40 . . S I
®y ., P —G2_Test / X G2_Test
A : * A G3_FE
é 15 A /l ",‘ A A + G3_FEM g 30 c/ e T M_
4 el - * oA
2 of N I < - - G3_Test
S 10 ./'," . - - G3_Test St W/ -
/' . . G4 FEM ./ A o G4_FE
5 o, - 10 1/ A M
A . -
i‘ll‘ - -G4_Test R G4_Test
0 0
0 50 100 150 200 250 300 0 100 200 300 400 500 600
Stress S11 (MPa) Stress S11 (MPa)
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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
specimens L30-EP1-FC230 and L60-EP2-FC390.
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Fig. 18. Numerical model and test axial stress S11 in CFRP plates at maximum load.

6. Conclusions

From the work presentedyin this paper, the following conclusions can be derived:

The highest experimental joint strength (P...x = 63.63 kN) was obtained for bond length L; = 60 mm using
ductile adhesive’ EP2 and stiffer carbon fibre FC390. However, when using EP2 adhesive, the joint
strength“was, hardly increased by using a stiffer carbon fibre (FC 390) compared to FC230. This could be
prabably because the effective bond length L, was expected to be higher than L; = 60 mm, so the ductile
behaviour of adhesive EP2 was not fully developed and the potential maximum strength of the joint was
not attained.

When using adhesive EP1 (fragile adhesive), it is convenient to use a stiffer carbon fibre (FC390) in the
case of bond length L; = 60 mm, not being so for shorter bond lengths L; = 30 mm. In case short bond
lengths L; = 30 mm must be used, the highest strengths were obtained with adhesive EP1 and carbon fibre
FC230 (less stiff fibre), with 49 % higher failure load compared to that obtained with the same carbon
fibre (FC230) and ductile adhesive (EP2).
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The available length to bond the CFRP patches to strengthen the metallic element will motivate the
selection of the best combination of carbon fibre and adhesive to obtain the highest joint strength. Based
on experimental results, for the shortest bond lengths tested (L, = 30 mm) it is better to use EP1 adhesive
with FC230 carbon fibre, while for bond lengths L, = 60 mm EP2 adhesive with FC390 carbon fibre
could be more efficient.

In the present work, it is generally observed that the failure mode did not depend on the type of carbon
fibre used nor the type of adhesive, but the bond length. The failure mode was adhesive (failure in the
steel-adhesive interface) for L; = 30 mm, and a mixed adhesive-cohesive failure mode for L; = 60 mm.
An explicit formula to predict the bond strength of CFRP-steel double-strap joint specimens with‘short
bond lengths was calibrated based on experimental results from a large database, including the tésts ofithe
present work. This model is based on interfacial fracture energy in shear G,, which isgrelated to the
thickness and tensile strain energy of adhesive layer, the axial stiffness of the CFRP.!laminate and the
bond length.

The results from the numerical models were close to those computed from“the analytical model for
specimens with L; = 60 mm (the maximum difference was 7 % jin specimén L60-EP2-FC390). For
specimens with shorter bond lengths L; = 30 mm the biggest differencewas obtained (34 % in specimen
L30-EP2-FC390), so in this case (L; = 30 mm) the CZM developed did.net fit'the analytical predictions.
Numerical models simulated the stress distributions along theseentreline of the CFRP laminate reasonably
well, especially for specimens with L, = 60 mm. However, there was a pronounced difference between
the predicted and measured stress values at the joint'location®(G3) for specimens with the shortest bond
lengths tested L; = 30 mm. This may be attributed t@\the use of an imprecise value of K (shear modulus
G,) of the adhesive in the numerical model, which in this case of bond lengths L; = 30 mm may be the

control parameter.

Acknowledgements

The research leadingtoythese, results has received partial funding from the European Union's Horizon
2020 Programme in'the framework of the research project IN2TRACK under grant agreement n° 730841.
The authors alsopwishito thank the laboratory technicians of ACCIONA Construction Technological

Centre, where‘all thetests were carried out.

Refergnces

1 Hesseini A., Ghafoori E., Al-Mahaidi R., Zhao X.L., Motavalli M. Strengthening of a 19th-century
roadway metallic bridge using nonprestressed bonded and prestressed unbonded CFRP plates,
Construction and Building Materials 209 (2019) 240-259.

2 Ghafoori E., Motavalli M., Nussbaumer A., Herwig A., Prinz G.S., Fontana M. Design criterion for
fatigue strengthening of riveted beams in a 120-year-old railway metallic bridge using pre-stressed CFRP
plates. Composites Part B, 2015. 68: p. 1-13.

21



OCoO~NOUAWNE

532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571

3 Teng, J.G., Yu, T., and Fernando, D. 2012. Strengthening of steel structures with FRP composites.
Journal of Constructional Steel Research, 78, 131-143.

4 Robert J. Dexter and Justin M. Ocel. Manual for repair and retrofit of fatigue cracks in steel bridges.
FHWA Publication No. FHWA-IF-13-020. March 2013.

5 Mohammad Ali Saeimi Sadigh. Creep simulation of adhesively bonded joints using modified
generalized time hardening model. Journal of Mechanical Science and Technology 30(4):1555-1561,
April 2016.

6 Arash Reza; Mohammad Shishesaz; Khosro Naderan-Tahan. The effect of viscoelasticity onpcreep
behavior of double-lap adhesively bonded joints. Latin American Journal of Solids and Structures, vol.id1
no.1 Rio de Janeiro Jan. 2014.

7 Fawzia, S. 2013. Evaluation of shear stress and slip relationship of composite lap joints. Composite
Structures, 100, pp. 548-553.

8 Yu, T., Fernando, D., Teng, J.G., and Zhao, X.L. 2012. Experimental study ons€ERP-to-steel bonded
interfaces. Composites Part B: Engineering, 43(5), 2279-2289.

9Y. Yu, Static and Cyclic Behavior of Steel Beams Retrofitted with Biber Reinforced Polymer Laminates
PhD thesis, Nanyang Technological University, Singapore, 2008.

10 M. Bocciarelli, P. Colombi, G. Fava, C. Poggi, Interaction offinterfage defamination and plasticity in
tensile steel members reinforced by CFRP plates, Int. J. Fractas®46 (2007)'79-92.

11 Colombi, P. and Poggi, C. 2006. Strengthening of tensile steel members and bolted joints using
adhesively bonded CFRP plates. Construction and Béilding, Materials, 20 (1-2), pp. 22-33.

12 Al-Mosawe, A., Al-Mahaidi, R. and Zhao, X.L2016. Bond behaviour between CFRP laminates and
steel members under different loading rates..Composite ‘Structures, 148, pp. 236-251

13 Y.J. Kim, J. LaBere, I. Yoshitake, Hybrid*epoxy-silyl modified polymer adhesives for CFRP sheets
bonded to a steel substrate, ComposiPart B 515(2013) 233-245.

14 S.P. Chiew, Y. Yu, C.K. Lee, Bond failure of steel beams strengthened with FRP laminates — Part 1:
Model development, Comp@s. PartB 42'(2011) 1114-1121.

15 H.B. Liu, X.L. ZhaepR. 'Al-Mahaidi, Effect of fatigue loading on bond strength between CFRP sheets
and steel plates, Int.J. StructyStab. Dyn. 10 (2010) 1-20.

16 Fawzia, S.Zhao,»X.L., and Al-Mahaidi, R. 2010. Bond-slip models for double strap joints
strengthened by, CFRP. Composite Structures, 92(9), pp. 2137-2145.

17 Fawzia)S., Al-Mahaidi, R., and Zhao, X.L. 2006. Experimental and finite element analysis of a double
strap jointbetween steel plates and normal modulus CFRP. Composite Structures, 75(1-4), 156-162.

18 Xiao-Ling Zhao and Lei Zhang. 2007. State-of-the-art review on FRP strengthened steel structures.
Engineering Structures, 29, 1808-1823.

19 Adams RD, Mallick V. A method for the stress analysis of lap joints. The Journal of Adhesion
1992;38(3-4):199-217.

20 Silva, L.F.M.; Neves, P.; Adams, R.; Wang, A. and Spelt, J. (2009). Analytical models of adhesively
bonded joints-Part II: Comparative study. International Journal of Adhesion and Adhesives, 29(3):331-
341,

21 Raul D. S. G. Campilho. Strength Prediction of Adhesively-Bonded Joints. CRC Press. 2017.

22



OCoO~NOUAWNE

572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611

22 Hart-Smith L. Adhesive-bonded double-lap joints. In: Technical report, National Aeronautics and
Space Administration CR-112235: Washington DC, USA,; 1973.

23 A. Lam, J.J.R. Cheng, M.C.H. Yam, G.D. Kennedy, Repair of steel structures by bonded carbon fiber
reinforced polymer patching: experimental and numerical study of carbon fiber reinforced polymer, Can.
J. Civ. Eng. 34. (2007) 1542-1553.

24 Wu, C., Zhao, X.L., Duan, W.H. and Al-Mabhaidi, R. Bond characteristics between ultra-high modulus
CFRP laminates and steel, Thin-Walled Structures, 51 (2012), 147-157.

25 Fawzia, S., Zhao, X.L., Al-Mahaidi, R. and Rizkalla, S. 2005. Bond characteristics between CFRP and
steel plates in double strap joints. Advanced Steel Construction, 1(2), pp. 17-27.

26 Peiris, N. 2011. Steel beams strengthened with Ultra High Modulus CFRP laminates. PhD thesis,
College of Engineering at the University of Kentucky, Lexington, Kentucky.

27 Al-Mosawe, A., Al-Mahaidi, R. and Zhao, X.L. Effect of CFRP properties on the hond characteristics
between steel and CFRP laminate under quasi-static loading, Construction andsBuildingyMaterials, 98
(2015), 489-501.

28 H. Al-Zubaidy, R. Al-Mahaidi, X.L. Zhao, Experimental investigation of bond characteristics between
CFRP fabrics and steel plate joints under impact tensile loads, Compos: Steuct. 94 (2012) 510-518.

29 Fernando, D., Yu, T. and Teng, J. G. 2014. Behavior of CFRR Laminates‘Bonded to a Steel Substrate
Using a Ductile Adhesive, Journal of Composites for Construetien, 18(2)404013040.

30 Schnerch, D., Dawood, M., Rizkalla, S., Sumner, E. and Stanford, K. 2006. Bond behavior of CFRP
Strengthened Steel Structures. Advances in StructuralEngineering, 9 (6), 805-817.

31 Jimenez-Vicaria, J. David, G. Pulido, M. Dolores,and Castro-Fresno, Daniel. Evaluation of the bond
behaviour in CFRP-steel double-strap joints. In: Proceedings of the 7th Euro-American Congress on
Construction Pathology, Rehabilitation| Teehnglogy and Heritage Management, REHABEND 2018,
Caceres, Spain.

32 Fernando, D., Teng, J. G., Yu;iL. and Zhao, X. L. 2013. Preparation and Characterization of Steel
Surfaces for Adhesive Bonding. Jaurnal’of Composites for Construction, 17(6), 04013012.

33 ASTM D3039/D3039M=17. sStandard Test Method for Tensile Properties of Polymer Matrix
Composite Materials.

34 ASTM D 638214. Standard Test Method for Tensile Properties of Plastics.

35 Xia, S.H.,"and Teng, J.G. 2005. Behavior of FRP-to-steel bond joints. In Proceedings of International
Symposium,on Bond Behaviour of FRP in Structures (BBFS 2005), Hong Kong, December, pp. 419-426.
86 M. -Bocciarelli, P. Colombi, G. Fava, C. Poggi, Prediction of debonding strength of tensile steel/CFRP
joints using fracture mechanics and stress based criteria, Eng. Frac. Mech. 76 (2009) 299-313.

37 RFernando ND. Bond behaviour and debonding failures in CFRP-strengthened steel members. PhD
Thesis, The Hong Kong Polytechnic University. Hong Kong, China; 2010.

38 P. Cornetti, V. Manti¢, A. Carpinteri. Finite Fracture Mechanics at elastic interfaces. International
Journal of Solids and Structures. Volume 49, Issues 7-8, April 2012, Pages 1022-1032.

39 Baltasar Pérez, N. Andlisis mediante elementos finitos de uniones adhesivas en materiales metalicos y
compuestos. Universidad Politécnica de Valencia, Escuela Técnica Superior de Ingenieria del Disefio.
Septiembre 2016.

23



OCoO~NOUAWNE

612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651

40 Teng, J.G., Fernando, D. and Yu, T. 2015. Finite element modelling of debonding failures in steel
beams flexurally strengthened with CFRP laminates. Engineering Structures, 86, 213-224.

41 De Lorenzis, L., Fernando, D., and Teng, J.G. 2013. Coupled mixed-mode cohesive zone modeling of
interfacial stresses in plated beams. International Journal of Solids and Structures, 50 (14-15), 2477-2494.
42 R.D.S.G. Campilho, M.D. Banea, A.M.G. Pinto, L.F.M. da Silva, A.M.P. de Jesus. Strength prediction
of single- and double-lap joints by standard and extended finite element modelling. International Journal
of Adhesion & Adhesives 31 (2011) 363-372.

43 R.D.S.G. Campilho, de Moura MFSF, Pinto AMG, Morais JJL, Domingues JIMS. Modelling the
tensile fracture behaviour of CFRP scarf repairs. Composites: Part B-Engineering 2009; 40: 149-57.

¢

)
O
e

24



R
RPOOVWONOUAWNER

D000 DIADIMDINDNOWWWWWWWWWWNNNNNNNNNNRERPRPRPEPREREREPR
APRPWNPFPOOONOOPRAWNRPFPOOONOUOBAWNPFPOOONOOOBAWNPFPOOONOOOITRAWNPEPOOONOOORAWDN

652

Annex 1. Database
Average Design
bs ts by t E¢ ta Ga Ra Ly Le Giheo Py theo Gineo Py theo Puexp
Specimen mm mm mm mm Nmm’ mm Nmm? Mpa | mm mm | N/mm N N/mm N kN
Jimenez-Vicaria
L30-EP1-FC230-S1 50.0 10.0 25.0 192 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 25.0 198 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 10.0 250 191 183605 0.71 1834 0.09 30 50 0.53 31.48 0.36 25/16 34.81
L30-EP1-FC390-S2 50.0 10.0 250 190 183605 0.67 1834 0.09 30 49 0.53 31.39 0.35 25.51 35.07
L30-EP1-FC390-S3 50.0 10.0 250 191 183605 0.65 1834 0.09 30 48 0.53 31.46 0.34 25.48 36.34
L30-EP2-FC230-S1 50.0 100 250 1.84 117146 0.4 537 037 | 30 60 0.72 26.79 0.57 23.83 1128.80
L30-EP2-FC230-S2 500 100 250 1.77 117146 054 537 037 | 30 66 0.75 26.21 062 23184 | 24.85
L30-EP2-FC230-S3 500 100 250 1.83 117146 051 537 037 | 30 65 0.73 26.62 0.60 24.09 | 26.85
L30-EP2-FC390-S1 500 100 250 2.06 183605 0.50 537 037 | 30 80 0.68 33.04 0:58 30.61 | 29.67
L30-EP2-FC390-S2 500 100 250 2.05 183605 0.43 537 037 | 30 74 0.66 33.37 0.55 30.36 | 27.86
L30-EP2-FC390-S3 500 100 250 1.97 183605 0.53 537 037 | 30 ,81 0.69 32.27 0.60 30.03 | 27.88
L60-EP1-FC230-S1 500 100 250 1.70 117146 097 1834 0.09 | 60 47 1422 36.46 0.83 30.17 | 32.67
L60-EP1-FC230-S2 500 100 250 1.78 117146 090 1834  0.09 | 60gmp46 1.19 37.03 0.81 3043 | 4351
L60-EP1-FC230-S3 500 100 250 1.85 117146 090 1834  0.09 | (60 47 1.19 37.69 0.80 31.03 | 46.02
L60-EP1-FC390-S1 500 100 250 1.89 183605 0.71 1834  0097m60 , 50 1.07 46.50 0.71 38.03 | 60.24
L60-EP1-FC390-S2 500 100 250 1.97 183605 0.69 1834 [0.09 [ 60\ 50 1.06 47.39 0.70 38.70 | 58.18
L60-EP1-FC390-S3 500 100 250 1.93 183605 0.78  1834Wn, 0.09,(60 53 1.08 47.33 0.74 39.17 | 52.35
L60-EP2-FC230-S1 500 100 250 1.80 117146 0.86 537 0:37 | 60 83 161 42.08 1.48 40.45 | 57.66
L60-EP2-FC230-S2 500 100 250 1.75 117146 0.75 537 037 | 60 77 1.58 41.32 141 39.03 | 56.33
L60-EP2-FC230-S3 500 100 250 1.85 117146090.74 537 0.37 | 60 78 1.56 42.30 1.40 40.00 | 59.23
L60-EP2-FC390-S1 50.0 100 25.0 1.82) 1836054 0.66 537 037 | 60 88 1.44 51.23 1.30 4875 | 63.63
L60-EP2-FC390-S2 50.0 100 25.0 1.86% 183605 4,043 537 037 | 60 93 1.46 51.79 1.36 4991 | 63.25
L60-EP2-FC390-S3 500 100 25.0 1'84, 183605 0.56 537 037 | 60 81 1.40 51.24 1.22 4785 | 58.66
L60-EP1-FC230-S1_2 | 50.0 10.0 250 <193 217146 216 1834 0.09 | 60 74 1.36 40.71 1.14 37.20 | 43.14
L60-EP1-FC390-S1_2 | 50.0 10.0 250 2.01 183605 206 1834  0.09 | 60 87 1.26 50.90 1.09 4728 | 51.10
L60-EP2-FC230-S1_2 |460.0 4£10.00), 250184 117146 2.05 537 037 | 60 130 1.85 42.27 2.10 45.02 | 49.57
L60-EP2-FC390-S1_2A [ 50.00 100 25.0 171 183605 1.93 537 037 | 60 146 1.73 48.86 2.01 52.57 | 4841
Lam [23]
P-2-50-1/2 50.8W )24 50.8 244 176061 061 1679 007 | 50 54 0.76 94.24 0.50 76.11 | 95.48
P-3-50-1/2 508 124 50.8 3.66 176061 059 1679 007 | 50 61 0.73 118.80 | 0.49 97.34 | 111.70
P-1250-1/2 508 124 50.8 1.22 176061 055 1679 007 | 50 39 0.83 65.61 0.50 50.75 | 70.32
P-1-75-1/2 50.8 124 50.8 122 176061 0.49 1679 0.07 75 37 1.22 79.71 0.71 60.83 70.91
P:2-50-1/4 508 6.1 50.8 244 176061 060 1679 007 | 50 48 0.85 112.29 | 0.55 90.52 | 93.86
Wu24]
AT0 50.0 20.0 50.0 145 478730 0.34 699 0.43 70 79 1.89 185.85 1.73 177.70 | 178.88
A50 50.0 20.0 50.0 145 478730 0.36 699 0.43 50 81 1.37 152.31 1.27 146.61 | 137.23
A30 50.0 20.0 50.0 145 478730 0.35 699 0.43 30 80 0.82 104.36 0.75 100.12 72.97
S50 50.0 20.0 50.0 145 478730 0.43 1679 0.07 50 57 0.64 107.66 0.40 85.23 136.35
S30 500 200 50.0 1.45 478730 0.34 1679 007 | 30 51 0.37 78.45 0.22 60.43 | 58.51
S80 500 200 50.0 1.45 478730 035 1679 007 | 80 52 0.98 135.56 | 0.59 | 104.77 | 158.07
S70 500 200 50.0 1.45 478730 040 1679 007 | 70 55 0.88 128.04 | 0.54 | 100.52 | 126.44
Bocciarelli [36]
25




DO UIUIUIUUIUICICTUUDAANARNRNDNARNARNWWWWWWWOWWWWWNNNNNNNNNNRPRPRRERRRPRRRER
ARONPRPOOONONROMNROOOMVNOUTRWNROOONONRONROOO~NOUNRWNROOO~NOURNWNROOONOUONWNER

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

E1l 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]
$2-30 40.0 100 10.0 1.40 159400 0.50 699 0.43 30 57 0.73 10.88 0.57 9.62 15.52
$2-40 40.0 100 10.0 1.40 159400 0.50 699 0.43 | 40 57 0.98 13.14 0.76, 11.62 20.43
$2-50 40.0 100 10.0 1.40 159400 0.50 699 0.43 50 57 1.22 14.96 0.95 13.23 25.70
$3-30 40.0 100 20.0 1.40 159400 0.50 699 0.43 30 57 0.87 24.35 0.72 22.21 41.00
$3-40 40.0 100 20.0 1.40 159400 0.50 699 0.43 | 40 57 1.16 29.40 0.96 26.81 50.70
$3-50 40.0 100 20.0 1.40 159400 0.50 699 0.43 50 57 1.45, 33.47 1.21 30.53 60.00
NS-30 40.0 100 20.0 1.40 203000 0.50 699 0.43 30 63 0.84 26.76 0.71 24.67 41.90
NS-40 40.0 100 20.0 1.40 203000 0.50 699 0.43 | 40 63 1.12 32.62 0.95 30.08 51.70
NS-50 40.0 100 20.0 1.40 203000 0.50 699 0.43 50 63 1.40 37.34 1.19 34.43 60.70
NS-60 40.0 100 20.0 1.40 203000 0.50 699 0.43 60 63 1’68 41.34 1.43 38.12 69.80
UHS-30 40.0 100 20.0 1.20 457800 0.50 699 0.43 30 80 0.78 35.36 0.70 33.59 31.76
UHS-40 40.0 100 20.0 1.20 457800 0.50 699 0.43 | 40 80 1.04 44.26 0.94 42.04 43.30
UHS-50 40.0 100 20.0 1.20 457800 0.50 699 0.43 50 80 1.30 51.54 1.17 48.95 54.40
UHS-60 40.0 100 20.0 1.20 457800 0.50 699 0.43 60 80 1.56 57.66 1.41 54.76 64.10
UHS-70 40.0 100 20.0 1.20 457800 0.50 699 0.43 70 80 1.82 62.97 1.64 59.81 73.20
UHS-80 40.0 100 20.0 1.20 457800 0.50 699 0.43 80 80 2.08 67.71 1.88 64.32 73.20
$2-60 40.0 100 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
$2-80 40.0 100 10.0 &40 159400 0.50 699 0.43 80 57 1.95 19.15 1.52 16.93 30.43
$3-60 40.0 10.0  20.0gmpl.407 159400 0.50 699 0.43 60 57 1.74 36.94 1.45 33.69 69.10
$3-70 40.0 100 [20.0 140, 159400 0.50 699 0.43 70 57 2.03 40.02 1.69 36.50 76.50
NS-70 40.0 100, 20.0, 140 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
€F-3-MB-1 500 5.0 50.0 150 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 50.0 150 76652  0.50 832 0.31 10 37 0.37 23.86 0.29 21.13 24.20
CF<3-MB-1 500 5.0 50.0 150 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 50.0 150 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 50.0 150 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 50.0 150 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 50.0 150 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 50.0 150 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 38.58 131 32.49 36.10
26
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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 38.58 131 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 38.58 131 32.49 45.00

CF-1-MB-1 50.0 5.0 50.0 0.17 227000 0.50 832 0.31 50 23 231 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 23 231 43.14 1.64 36.33 45.40

CF-1-MB-3 500 5.0 50.0 0.17 227000 0.50 832 0.31 50 23 231 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

CF-1-MB-2 500 5.0 50.0 0.17 227000 0.50 832 0.31

CF-1-MB-3 50.0 5.0 50.0 0.17 227000 0.50 832 0.31

CF-1-MB-1 500 5.0 50.0 0.17 227000 0.50 832 0.31

CF-1-MB-2 50.0 5.0 50.0 0.17 227000 0.50 832 0.31

CF-1-MB-3 50.0 5.0 50.0 0.17 227000 0.50 832 0.31

CF-3-MB-1 50.0 5.0 500 150 76652 0.50 832 0.31

CF-3-MB-2 50.0 5.0 500 150 76652 0.50 832 0.31

CF-3-MB-3 50.0 5.0 500 150 76652 0.50 832 0.31

CF-3-MB-1 50.0 5.0 500 150 76652 0.50 832 0.31

CF-3-MB-2 50.0 5.0 500 150 76652 0.50 832 0.31

CF-3-MB-3 50.0 5.0 500 150 76652 0.50 832 0.31

CF-3-MB-1 500 5.0 500 150 76652 0.50 832 0.3

CF-3-MB-2 50.0 5.0 500 150 76652 0.50 832

CF-3-MB-3 50.0 5.0 500 150 76652 0.50 832 6 37 2.24 79.34 1.76 70.27 72.50

CF-3-MB-1 50.0 5.0 50.0 150 76652 0.50 31 70 37 2.62 85.71 2.05 75.92 80.30

CF-3-MB-2 50.0 5.0 50.0 150 76652 0.50 1 70 37 2.62 85.71 2.05 75.92 70.70

CF-3-MB-3 50.0 5.0 50.0 83 031 70 37 2.62 85.71 2.05 75.92 75.50

CF-3-MB-1 50.0 5.0 50.0 832 .31 80 37 2.99 91.64 2.35 81.16 77.00

CF-3-MB-2 50.0 5.0 50.0 832 031 80 37 2.99 91.64 2.35 81.16 74.50

CF-3-MB-3 50.0 5.0 50.0 832 031 80 37 2.99 91.64 2.35 81.16 77.80
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