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 10 

Abstract 11 

Steel structures strengthened with CFRP composite may have potential galvanic corrosion 12 

issue. It was recommended that a layer of glass fiber sheet (GFS) be embedded in the adhesive 13 

layer to protect the CFRP-steel bonded system against galvanic corrosion. But the inclusion of 14 

GFS in the adhesive may negatively affect the bond behaviour between steel and CFRP. This 15 

paper investigated the effects of GFS on the corrosion behaviour and bond characteristics 16 

between steel and CFRP. Three types of experimental testing on CFRP-steel double strap joints 17 

with/without GFS were conducted, including accelerated corrosion testing, static and fatigue 18 

testing. Accelerated corrosion testing was carried out to justify the effectiveness of GFS in 19 

preventing galvanic corrosion of CFRP-steel bonded system. Static tension testing and fatigue 20 

testing were carried out to quantify the effect of GFS on the static and fatigue bond behaviour 21 

between steel and CFRP. The effects of GFS on the corrosion rate, failure mode, joint capacity 22 

and fatigue life were reported. Experimental results suggested that GFS may reduce the fatigue 23 

performance of the bond between steel and CFRP, although GFS may slightly improve the 24 

static bond behaviour. It is recommended that GFS can be included in the adhesive layer as an 25 
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additional protection against the galvanic corrosion hazard in the CFRP-steel bonded system, 26 

provided that the system has no concern of fatigue loading.   27 

Keywords: Double strap joint; bond; CFRP; glass fiber sheet; galvanic corrosion  28 
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1. Introduction 30 

Strengthening of steel structures using carbon fiber-reinforced polymer (CFRP) has attracted 31 

increasing interests in the construction industry [1-3]. It is convenient to install CFRP onsite 32 

due to its lightweight, and excellent strengthening performance can be achieved due to the high 33 

strength of CFRP composite [4-6]. Although CFRP itself has excellent corrosion resistance, 34 

when bonded to steel, the CFRP-steel system may be subjected to galvanic corrosion issue [7]. 35 

This is because CFRP and steel have very different electrical potentials. When CFRP is in 36 

contact with steel in the wet environment, the galvanic reaction takes place and the electric 37 

current is formed leading to corrosion of the steel substrate. This galvanic corrosion becomes 38 

worse in de-icing salts and other aggressive environmental conditions. Therefore, how to 39 

mitigate the potential galvanic corrosion issue becomes one of the key research questions for 40 

CFRP strengthening technique when applied to steel structures.  41 

There have been research in the literature investigating the galvanic corrosion of CFRP-42 

steel bonded system. Kim et al. [8] carried out an experimental program to investigate the effect 43 

of galvanic current on the physical and mechanical characteristics of CFRP-steel bonded joints. 44 

The specimens were exposed to galvanic current for different periods of time and then 45 

tensioned to failure. It indicated that the exposure time did not affect the failure mode but did 46 

influence the stress-slip behaviour of the joints. Tavakkolizadeh and Saadatmanesh [9] studied 47 
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the corrosion rates of CFRP-steel bonded samples with different thicknesses of epoxy bondline 48 

in different electrolytes. The experimental results showed that the rate of galvanic corrosion 49 

could be significantly decreased by epoxy layer. Dawood and Rizkalla [10] introduced a silane 50 

coupling agent and a glass fiber layer within the adhesive to enhance the durability of the 51 

CFRP-steel double lap joints. The research found that the glass fiber layer did not improve the 52 

durability of the bonded joints but helped to enhance the initial bond strength between CFRP 53 

and steel. Some other studies [11, 12] suggested that embedding a layer of glass fibers in the 54 

adhesive between steel and CFRP helped to prevent electrical contact between the two 55 

materials.  56 

From the previous research, it seems that embedding a layer of glass fiber sheet (GFS) is 57 

recommended to reduce the potential galvanic corrosion of CFRP-steel bonded system. 58 

However, the effectiveness of this method in terms of corrosion mitigation has not been 59 

explicitly justified in the literature. In addition, the bond behaviour between CFRP and steel 60 

may be affected by the GFS in the adhesive, when the CFRP-steel bonded system is subjected 61 

to static or fatigue loading conditions. Unfortunately, there has been no information in the 62 

literature about how the bond will be affected by GFS layer in the adhesive.  63 

This paper presents an investigation on how effective the GFS in the adhesive can be to 64 

mitigate the galvanic corrosion of CFRP-steel bonded system. The effects of GFS in the 65 

adhesive are also explicitly studied in this paper on the bond behaviour between CFRP and 66 

steel under static and fatigue loading conditions. Three types of experimental testing were 67 

conducted, including (a) accelerated corrosion testing on CFRP-steel bonded samples 68 

with/without GFS in the adhesive. This is to study whether GFS is effective or not to suppress 69 
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the potential galvanic corrosion of the CFRP-steel bonded system. (b) static tension testing on 70 

CFRP-steel bonded double strap joints with/without GFS in the adhesive. The effects of GFS 71 

on the bond strength and effective bond length are reported. (c) fatigue testing on CFRP-steel 72 

bonded double strap joints with/without GFS in the adhesive. The effects of GFS on the fatigue 73 

life, residue bond strength and stiffness after fatigue testing are presented. The experimental 74 

results suggest that the adhesive layer alone is sufficient enough to prevent galvanic corrosion 75 

of the CFRP-steel bonded system, while GFS can serve as an additional protection. This 76 

observation is only valid when the quality of the bonding process is well controlled and good. 77 

It is also found that GFS in the adhesive can marginally improve the bond strength and effective 78 

bond length of the CFRP-steel double strap joints. However, the inclusion of GFS in the 79 

adhesive may weaken the bond behaviour under fatigue loading. It is recommended that GFS 80 

can be used for CFRP strengthening of steel structures to provide additional protection against 81 

galvanic corrosion, provided fatigue loading is not a concern in such applications.  82 

2. Accelerated Corrosion Testing 83 

2.1 Materials 84 

CFRP plate was 1.32 mm thick and 30 mm wide. The steel plate was hot rolled structural steel 85 

Q345 with a thickness of 15 mm and a width of 30 mm. A two-part epoxy, Araldite 420, was 86 

used as the adhesive to bond CFRP on steel. The material properties of CFRP, steel and 87 

adhesive were measured through coupon tests according to ASTM D3039, ASTM E8 and 88 

ASTM D638-01 [13-15], respectively. The detailed dimensions of the coupons are shown in 89 

Fig. 1, and the tested material properties are listed in Table 1.  90 
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 91 

Fig. 1. Coupon test specimens of (a) CFRP plate; (b) steel plate and (c) adhesive (dimension 92 

in mm, not to scale) 93 

Table 1 Material properties of CFRP, steel and adhesive  94 

Properties CFRP steel Araldite 420 

Tensile strength (MPa) 2659 539 30 

Yield stress (MPa) N/A 381  N/A 

Tensile modulus (GPa) 155.9 219.6 1744 

2.2 Specimens 95 

Three types of coupons were prepared to find out the effect of the adhesive and GFS on the 96 

anti-corrosive behaviour of CFRP-steel joints. As for the control specimen, the CFRP was 97 

directly put on the steel surface without adhesive or GFS, as shown in Fig. 2a. The epoxy, 98 

Araldite 420, was employed to bond the CFRP plate and GFS to the steel substrate. For the 99 

bonded specimens, a thin layer of adhesive as large as the steel surface was firstly applied. For 100 

all the bonded specimens, the steel surface was sandblasted with grade 80 sand and 0.4MPa 101 

pressure at first and then cleaned with acetone before applying the adhesive to get a better 102 

bonded surface. For the specimen without GFS in the adhesive, after the first layer of adhesive 103 

was applied, another thin layer of adhesive was evenly applied with CFRP plate laid on top. 104 

For the specimen with GFS in the adhesive, after the first layer of adhesive was applied, the 105 
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GFS was laid on top. Then the adhesive and CFRP were applied as the same procedures as the 106 

specimen without GFS in the adhesive. 107 

 108 

Fig. 2. Schematic view of specimens for corrosion tests (a) control specimen with CFRP 109 

directly put on top of the steel plate; (b) CFRP was bonded on top of the steel plate without 110 

GFS in the adhesive layer; (c) CFRP was bonded on to the steel plate with GFS in the 111 

adhesive layer 112 

2.3 Test setup 113 

Four essential elements are required for the galvanic corrosion to take place, including anode, 114 

cathode, electrolyte, and electrical connection. Therefore, galvanic corrosion becomes an issue 115 

for steel structures strengthened with CFRP composite especially when corrosive environment 116 

exists. It has been proposed to embed a layer of GFS in the adhesive before bonding CFRP on 117 

steel to completely separate them to avoid potential galvanic corrosion. However, few 118 

experimental evidences have been reported to verify the effectiveness of this method. In this 119 

paper, accelerated corrosion tests were conducted to show how effective it could be to suppress 120 

galvanic corrosion.  121 

The test setup is shown in Fig. 3, which has been used in similar research [16,17] in the 122 

literature to investigate the effect of galvanic current on the physical and mechanical 123 
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characteristics of CFRP sheets bonded to a steel substrate. In order to accelerate the corrosion 124 

of the CFRP-steel specimens, an external power resource was provided with the CFRP-steel 125 

specimen connected to the anode. And another pure steel block was connected to the cathode. 126 

The specimen and the steel block were immersed in an electrolyte which was a 3.5% sodium 127 

chloride solution. It should be noted in Fig. 3 that, for the CFRP-steel specimen, only the steel 128 

adherent was partially immersed in the electrolyte while the CFRP and adhesive were not in 129 

contact with the electrolyte. Also, the anode of the power source was connected to CFRP layer 130 

of the specimen and not in contact with the steel adherend. In this way, galvanic corrosion will 131 

occur to the steel adherend if the CFRP contacts the steel. On the other hand, the steel adherend 132 

will not corrode if the CFRP and steel are successfully separated by the adhesive layer 133 

with/without GFS. This is because the path for the flow of electrons is cut. The steel block is 134 

connected to the cathode so it will never corrode. Each corrosion test was carried out at room 135 

temperature and lasted for 48 hours. During the test, the electric current in the system was 136 

recorded by an electrochemical workstation (CHI 660e) which was used to represent the 137 

corrosion speed. 138 

 139 
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 140 

Fig. 3. Setup of accelerate corrosion test  141 

2.4 Results and discussions 142 

The bottom surfaces of the steel adherends of all specimens after the tests are shown in Fig. 4. 143 

It is obvious that the specimen with CFRP directly contacting steel (no adhesive, no GFS) was 144 

severely corroded. On the other hand, very little corrosion was observed on the other two 145 

specimens with CFRP bonded to steel using adhesive with/without GFS. These observations 146 

indicate that both adhesive layer and GFS were very effective to suppress the corrosion of the 147 

steel adherend. In other words, if carefully prepared, the adhesive layer alone can sufficiently 148 

separate CFRP and steel without using GFS. In engineering practice, the inclusion of GFS in 149 

the adhesive layer can provide another protection to galvanic corrosion. 150 

 151 

Fig. 4. Corrosion status of the steel adherends after the corrosion test: (a) control specimen 152 

with CFRP in direct contact with steel plate; (b) specimen with CFRP separated from steel 153 
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plate by adhesive layer; (c) specimen with CFRP separated from steel plate by both adhesive 154 

and GFS 155 

The electric current in the system was recorded to analyse the corrosion speed. According 156 

to the Faraday’s law [18], the corrosion speed can be calculated as: 157 

Mi
Cr C

n
=                                       (1) 158 

where Cr  is the corrosion speed in mm/year; C is a conversion constant (0.00327 for 159 

mm/year [19]); M is the atomic weight in g/mol which is 55.9 g/mol for steel; i is the electric 160 

current density in A /cm2; n is the number of electrons for the iron ion which is 2 for Fe2+; 161 

and   is the density of the steel which is 7.85 g/cm3.  162 

The corrosion speed Cr curves of the three specimens are plotted in Fig. 5. For the 163 

specimen with CFRP in direct contact with steel, the corrosion speed initially increased fast 164 

with time up to a peak. After the peak the corrosion speed slowed down. This is because with 165 

the corrosion progressed, the rust gradually accumulated on the surface of the steel adherent 166 

which became a protection layer and impeded electrochemical reaction. For the specimens with 167 

CFRP separated from steel through adhesive with/without GFS, the corrosion speed was 168 

maintained almost zero with time. This indicates that there was almost no electric current in 169 

the system thus the corrosion is much less than that of specimen with direct contact between 170 

CFRP and steel. Therefore, it can be said that both adhesive and GFS are effective to mitigate 171 

the galvanic corrosion hazard of CFRP-steel bonded system.  172 
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 173 

Fig. 5. Corrosion speed curves of different CFRP-steel specimens 174 

3. Static Tension Testing of CFRP-Steel Double Strap Joints 175 

The experimental results of the accelerated corrosion tests in Section 2 have shown that GFS 176 

can be effective to suppress the potential galvanic corrosion of CFRP-steel bonded system. 177 

However, the inclusion of GFS in the adhesive layer may affect the bond behaviour between 178 

CFRP and steel. In this study, static tension tests were conducted on CFRP-steel double strap 179 

joints with/without GFS in the adhesive layer. This is to experimentally quantify the effect of 180 

GFS on the static bond behaviour between CFRP and steel.  181 

3.1 Specimens and test setup 182 

Two types of CFRP-steel double strap joints with/without GFS in the adhesive were prepared 183 

as shown in Fig. 6. All the steel plates are 30 mm wide and 15 mm thick. Both types of 184 

specimens were prepared with five different bond lengths (L1 in Fig. 6), including 50 mm, 70 185 

mm, 90 mm, 110 mm and 130 mm. The bond length L2 in Fig. 6 on the other side of the joint 186 
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was 1.5 times of L1 in order to ensure that the failure only occurred on one side of the joint (L1 187 

side). The details of two types of joints are shown in Figs. 6a and b. All the specimens are listed 188 

in Table 2. The specimen ID starts with a letter of ‘C’ or ‘G’, with ‘C’ referring to joint without 189 

GFS and ‘G’ meaning specimen with GFS embedded in the adhesive. The digit after the first 190 

letter of the specimen ID means the bond length of the joint. For the same joint, three identical 191 

specimens were tested for repeating purpose. The repeating time is indicated by the last digit 192 

of the specimen ID. For example, specimen C70-3 means the third repeating specimen of a 193 

joint with a bond length of 70 mm, and without GFS in the adhesive. 194 

 195 

Fig. 6. Schematic view of the typical double strap joint specimen (a) with and (b) without 196 

GFS in the adhesive  197 

The materials of CFRP, GFS, steel and adhesive of the double strap joints are the same 198 

as those of the specimens in the accelerated corrosion tests. The material properties can be 199 

found in Table 1. For the specimen preparation, the same process as introduced in [20] was 200 

used. Firstly, two steel plates were sand blasted and aligned in position on a flat table after 201 
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which a thin layer of adhesive was uniformly applied on the steel surfaces. For specimens 202 

without GFS, CFRP plate was directly attached on the steel plates with adhesive. While for 203 

specimens with GFS, the GFS was impregnated with Araldite 420 and placed on top of the first 204 

adhesive layer. Then the CFRP plate was placed on top of GFS. After the adhesive became 205 

hardened after 24 hours, the other side of the two steel plates was prepared following the same 206 

procedure. The whole specimen was then cured at room temperature for at least one week 207 

before test. The adhesive thickness of every specimen was measured with the method 208 

mentioned in [20] and listed in Table 2. It can be seen in Table 2 that the adhesive thickness of 209 

every specimen was consistent because all specimens were prepared using the same procedure.  210 

All the specimens were tested in tension using an Instron 8802 hydraulic testing machine by 211 

displacement control at a loading rate of 1 mm/min. The test was continued until the failure of 212 

the specimen. 213 

Table 2. Experimental results of double strap joints in static tensile tests 214 

Specimen 

label 

Measured 

ta 

mm 

L1 

mm 

Fult 

kN 

Average 

Fu,average 

kN 

failure mode 

C50-1 0.38 50 73.50 

75.79 

steel and adhesive interface debonding 

&CFRP delamination 

C50-2 0.34 50 75.26 
steel and adhesive interface debonding 

&CFRP delamination 

C50-3 0.41 50 78.61 CFRP delamination 

C70-1 0.44 70 107.41 

109.62 

steel and adhesive interface debonding 

&CFRP delamination 

C70-2 0.44 70 113.92 CFRP delamination 

C70-3 0.48 70 107.54 CFRP delamination 

C90-1 0.40 90 125.04 

122.93 

CFRP delamination 

C90-2 0.46 90 120.92 CFRP delamination 

C90-3 0.42 90 122.84 CFRP delamination 

C110-1 0.42 110 118.49 
121.41 

CFRP delamination 

C110-2 0.42 110 123.19 CFRP delamination 
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C110-3 0.45 110 122.55 CFRP delamination 

C130-1 0.50 130 117.23 

128.26 

CFRP delamination 

C130-2 0.41 130 136.08 CFRP delamination 

C130-3 0.42 130 131.47 CFRP delamination 

G50-1 0.32 50 74.91 

80.03 

steel and adhesive interface debonding & 

CFRP delamination & GFS fragments 

G50-2 0.44 50 84.71 
steel and adhesive interface debonding & 

CFRP delamination & GFS fragments  

G50-3 0.46 50 80.48 
steel and adhesive interface debonding & 

CFRP delamination & GFS fragments  

G70-1 0.44 70 109.40 

107.93 

CFRP delamination & GFS fragments  

G70-2 0.43 70 110.96 CFRP delamination & GFS fragments  

G70-3 0.45 70 103.43 CFRP delamination & GFS fragments  

G90-1 0.45 90 128.18 

125.97 

CFRP delamination & GFS fragments  

G90-2 0.41 90 120.80 CFRP delamination & GFS fragments  

G90-3 0.44 90 128.93 CFRP delamination & GFS fragments  

G110-1 0.41 110 142.90 

134.70 

CFRP delamination & GFS fragments  

G110-2 0.47 110 136.14 CFRP delamination & GFS fragments  

G110-3 0.44 110 125.05 CFRP delamination & GFS fragments  

G130-1 0.49 130 142.56 

139.74 

CFRP delamination & GFS fragments  

G130-2 0.45 130 140.01 CFRP delamination & GFS fragments  

G130-3 0.41 130 136.64 CFRP delamination & GFS fragments  

G150-1 0.43 150 128.13 

134.50 

CFRP delamination & GFS fragments  

G150-2 0.42 150 134.58 CFRP delamination & GFS fragments  

G150-3 0.43 150 140.79 CFRP delamination & GFS fragments  

 215 

3.2 Failure mode 216 

Two failure modes of double strap joints were observed as shown in Fig. 7. The failure mode 217 

of each specimen was also recorded in Table 2. It can be seen in Table 2, for specimens with a 218 

short bond length of 50 mm, the failure mode was a mixture of steel and adhesive interface 219 

debonding and CFRP delamination (see Figs. 7a and c). For specimens with longer bond length, 220 

only CFRP delamination was observed (see Figs. 7b and d). This observation was the same for 221 

both specimens with/without GFS in the adhesive layer, which indicates that the failure mode 222 

of the CFRP-steel joint was not affected by the GFS. It should also be noted that GFS fragments 223 
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can be observed on the fracture surface of specimens with CFRP delamination failure mode 224 

(see Figs. 7c and d). This indicates that the GFS fractured in the test which may affect the bond 225 

strength of the joint. This will be further discussed in the following sections.  226 

 227 

Fig. 7. Typical failure modes of CFRP-steel double strap joints (a) short bond length 228 

without GFS (C50); (b) long bond length without GFS (C130); (c) short bond length 229 

with GFS (G50); (d) long bond length with GFS (G150) 230 

3.3 Bond strength and effective bond length 231 

The bond strength is defined as the ultimate failure load of the double strap joint (Fult). The 232 

bond strengths of all the specimens are plotted against the corresponding bond lengths in Fig. 233 

8. It can be seen for all specimens with/without GFS in the adhesive, the bond strength initially 234 

increased with the bond length and then reached a plateau. The bond length beyond which no 235 

more bond strength can be achieved is defined as ‘effective bond length’ or Le. As can be seen 236 

in Fig. 8., Le is approximately 110 mm for CFRP-steel joints with GFS, which is longer than 237 

that of joints without GFS (90 mm).  238 
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It can also be observed in Fig. 8 that the bond strength of the joints with GFS is a little 239 

higher than that of specimens without GFS, especially for specimens with a bond length longer 240 

than Le. For example, the average bond strength of G130 is 139.74 kN which is 8.95% higher 241 

than that of C130 (128.26 kN). Therefore, it indicates that the inclusion of GFS in the adhesive 242 

may have positive effect on the bond behaviour between CFRP and steel, i.e. longer Le and 243 

higher bond strength. This may be related to the failure mode of joint with GFS. As shown in 244 

Figs. 7c and d, GFS fragments can be observed on the fracture surface of the bond, indicating 245 

GFS fracture in the test. Therefore, GFS may contribute to the load carrying mechanism of the 246 

bond thus the bond strength of joint is slightly increased.  247 

 248 

Fig. 8. Relationship of bond strength and bond length of double strap joints with/without GFS 249 

4. Fatigue Testing of CFRP-Steel Double Strap Joints 250 

From the experimental results of the static tension testing, it can be seen that inclusion of GFS 251 

in the adhesive is beneficial to increase the bond strength and effective bond length of CFRP-252 



16 

 

steel joint. It is also necessary to understand how GFS will affect the bond between CFRP and 253 

steel under fatigue loading. Two types of fatigue tests were conducted to evaluate the effect of 254 

GFS on the bond behaviour between CFRP and steel under fatigue loading. In the first fatigue 255 

tests, CFRP-steel double strap joints with/without GFS were tested under fatigue loading with 256 

various load ranges until failure of the specimens. The fatigue lives of specimens with/without 257 

GFS were compared to see how GFS would affect the fatigue life of CFRP-steel joints. In the 258 

second fatigue tests, CFRP-steel double strap joints with/without GFS were tested under the 259 

same fatigue loading but with different number of cycles. When the fatigue loading stopped, 260 

the specimens were statically tensioned to failure. The failure load was defined as the residual 261 

bond strength. By comparing the experimental results of joints with/without GFS, the effect of 262 

GFS on the residual bond strength and residual bond stiffness between CFRP and steel can be 263 

investigated.  264 

4.1 Fatigue life testing of CFRP-steel double strap joints 265 

CFRP-steel double strap joints with/without GFS were prepared. All specimens had a bond 266 

length of 50 mm, which was shorter than the corresponding Le. The selection of this bond 267 

length was to eliminate the effect of Le on the fatigue behaviour of the joints. For the fatigue 268 

loading, a stress ratio of 0.1 was adopted which is the ratio between the min and max fatigue 269 

loads (Fmin and Fmax) applied on the joint. Two load ratios of 0.5 and 0.8 were used which is 270 

the ratio between the max fatigue load (Fmax) and the ultimate static failure load (bond strength 271 

Fult) of the joint.  272 

The specimens for testing the fatigue lives are listed in Table 3. The name of each 273 

specimen consists of three parts. The first letter of ‘C’ or ‘G’ represents specimens with or 274 
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without GFS in the adhesive layer respectively. The following number after the first letter 275 

means the load ratio of the fatigue loading. The last digit stands for the repeating time of the 276 

same specimen. For repeating purpose, three identical specimens were tested under the same 277 

loading condition.  278 

Table 3 Specimens and experimental results for fatigue life testing of double strap joints  279 

Specimen 

label 

Measured 

ta 

mm 

Fatigue 

load range 

kN 

Fatigue life 

cycles 

Average 

fatigue 

life 

Failure mode 

C0.5-1 0.49 3.79-37.90 20201 

24812 

CFRP delamination & 

cohesive failure 

C0.5-2 0.47 3.79-37.90 30998 
CFRP delamination & 

cohesive failure 

C0.5-3 0.49 3.79-37.90 23238 
CFRP delamination & 

cohesive failure 

C0.8-1 0.42 6.06-60.64 1346 

1191 

CFRP delamination & 

cohesive failure 

C0.8-2 0.48 6.06-60.64 1043 
CFRP delamination & 

cohesive failure 

C0.8-3 0.43 6.06-60.64 1184 
CFRP delamination & 

cohesive failure 

G0.5-1 0.41 4.00-40.02 19540 

15363 

cohesive failure & GFS 

fragments 

G0.5-2 0.42 4.00-40.02 12598 
cohesive failure & GFS 

fragments 

G0.5-3 0.41 4.00-40.02 13952 
cohesive failure & GFS 

fragments 

G0.8-1 0.44 6.40-64.02 523 

631 

cohesive failure & GFS 

fragments 

G0.8-2 0.43 6.40-64.02 685 
cohesive failure & GFS 

fragments 

G0.8-3 0.41 6.40-64.02 684 
cohesive failure & GFS 

fragments 

 280 

 281 
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4.1.1 Failure modes 282 

As shown in Fig. 9, the failure mode of each specimen is a mixture of CFRP delamination, 283 

steel-adhesive interface debonding. Cohesive failure was observed for all specimens regardless 284 

with/without GFS. CFRP delamination was only observed for specimens without GFS (Fig. 285 

9a). While for specimens with GFS, the fragmentation of GFS can be clearly observed on the 286 

fracture surface (Fig. 9b). The fracture surfaces of all failed double strap joints were finally 287 

investigated using a BJMICRO industrial digital camera. Typical microscope images of 288 

fracture surfaces are shown in Figs. 9(c) and (d) for specimens without and with GFS, 289 

respectively. From Fig. 9(c), delaminated carbon fibers and exposed adhesive can be observed 290 

on the fracture surface of specimen without GFS. The delaminated carbon fibers are uniformly 291 

distributed on the surface in the loading direction. On the other hand, in Fig. 9(d), the glass 292 

fibers from GFS can be clearly observed in addition to the delaminated carbon fibers. In GFS, 293 

the glass fibers are woven in orthotropic directions. Therefore, the fibers vertical to the loading 294 

direction in Fig. 9(d) are glass fibers from GFS. It can be seen in Fig.9(d) that, carbon fibers 295 

become nonuniform and interrupted by glass fibers, indicating that the integrity of the bondline 296 

was violated by GFS and defects are introduced into the interface. 297 
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 298 

Fig. 9. Typical failure modes of CFRP-steel double strap joints under fatigue loading (a) 299 

without GFS, (b) with GFS, (c) microscope image of fracture surface without GFS, (d) 300 

microscope image of fracture surface with GFS. The numbers in the figures mean: number 1 301 

is exposed adhesive in the bondline, number 2 is carbon fiber delamination from CFRP plate, 302 

number 3 is glass fibers delamination from GFS 303 

4.1.2 Fatigue lives  304 

The number of loading cycles until failure (i.e., fatigue life) for each specimen in the fatigue 305 

tests are presented in Table 3. The fatigue lives of specimens with/without GFS are compared 306 

in Fig. 10. It can be seen in Fig. 10 that, under the same load ratio, the specimens with GFS 307 

generally exhibited shorter fatigue life comparing to specimens without GFS. For example, the 308 

average fatigue life of G0.5 was 15363 cycles and that of G0.8 was 631 cycles. They were 309 

61.5% and 88.7% shorter than the average fatigue lives of C0.5 (24812cycles) and C0.8 (1191 310 
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cycles) respectively. It can be found that when the load ratio increased to 0.8, the fatigue lives 311 

of specimens with/without GFS decreased by 95.89% and 95.12%, respectively. This 312 

phenomenon indicates that regardless of GFS in the adhesive, the fatigue lives of the joints 313 

always sharply decrease when undergoing extreme load level (0.8 of ultimate static failure 314 

load). It should be noted that in real structures, the load ratio of 0.8 will not be experienced in 315 

service condition. Therefore, the short fatigue lives of 1191 and 631 in Table 3, which are 316 

outside the high cycle fatigue region, are only for comparison purpose in the current study.     317 

Therefore, from the experimental results shown in Fig. 10, it seems the GFS has negative 318 

effect on the fatigue behaviour of the bond between CFRP and steel. This may be associated 319 

with the failure modes shown in Fig. 9. Because of the inclusion of GFS in the adhesive, more 320 

defects at the interfaces between GFS and adhesive were introduced in the bond. Under fatigue 321 

loading, the damage may accumulate at the interfaces between GFS and adhesive and 322 

propagates until the fracture of the GFS within the joint. Although the fragment of GFS is 323 

helpful to increase the static bond capacity, the fatigue behaviour of the bond seems more 324 

sensitive to the bond defects introduced by GFS.  325 
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 326 

Fig. 10. Fatigue lives of double strap joints with/without GFS 327 

4.2 Residual strength and stiffness testing of CFRP-steel double strap joints 328 

The same CFRP-steel double strap specimens with/without GFS as those in the first batch 329 

fatigue tests were prepared with a 50 mm bond length. Firstly, all specimens were statically 330 

tensioned upto 50% of corresponding joint capacity then unloaded. This loading and unloading 331 

process was repeated for three times. This first step was to measure the static stiffness of the 332 

joint before it was put under fatigue loading. Then all specimens were tested under a fatigue 333 

loading with a load ratio of 0.5 and a stress ratio of 0.1. After a certain number of fatigue cycles, 334 

the fatigue tests were stopped and all the specimens were statically tensioned to failure. By 335 

comparing the static behaviour before and after the fatigue loading, the effect of GFS on the 336 

residual bond behaviour between CFRP and steel could be investigated. All specimens are 337 

listed in Table 4. The names of the specimens have two parts. The first part, ‘Cft’ or ‘Gft’, refers 338 
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to joints with or without GFS respectively. Two identical specimens were tested for repeating 339 

purpose. 340 

4.2.1 Failure modes 341 

Typical failure modes of specimens with/without GFS are shown in Fig. 11. It can be seen that 342 

all specimens exhibited a mixture of CFRP delamination and steel-adhesive interface 343 

debonding regardless of the inclusion of GFS. For specimens with GFS, the fragment of GFS 344 

can also be observed on the fracture surface (Fig. 11b).  345 

 346 

Fig. 11. Typical failure modes of CFRP-steel double strap joints (a) without GFS and (b) with 347 

GFS  348 

Table 4 Specimens and residual strength and residual stiffness of double strap joints after 349 

fatigue loading 350 

Specimen 

label 

Fatigue 

load 

range 

kN 

Fatigue 

loading 

cycles 

Residual 

bond 

strength 

Ff 

kN 

Stiffness  

before/after fatigue 

loading  

Kbefore / Kafter 

kN/mm 

Failure mode 

Cft-1 
3.79-

37.90 
15000 73.99 117.54/111.83 

CFRP delamination 

& steel-adhesive 

debonding 

Cft-2 
3.79-

37.90 
15000 77.33 137.48/114.13 

CFRP delamination 

& steel-adhesive 

debonding 
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Gft-1 
4.00-

40.02 
9000 73.13 144.78/104.44 

CFRP delamination 

& steel-adhesive 

debonding & GFS 

fragments  

Gft-2 
4.00-

40.02 
9000 76.65 145.99/104.68 

CFRP delamination 

& steel adhesive 

debonding & GFS 

fragments 

 351 

4.2.2 Residual bond strength after fatigue loading 352 

As shown in Table 4, it should be noted that for specimens without GFS, the fatigue tests were 353 

continued for 15000 cycles, while for 9000 cycles for specimens with GFS. These number of 354 

cycles were selected because they were 60% of the corresponding fatigue lives of those 355 

specimens (see Table 3).  356 

The residual bond strengths of the specimens after fatigue loading, Ff, are listed in Table 357 

4. The bond strength ratio between the residual bond strength (Ff) and the corresponding static 358 

bond strength without fatigue loading (Fult, in Table 1), Ff/Fult, can be used to assess the effect 359 

of GFS on the residual bond strength of the double strap joints. The bond strength ratios (Ff/Fult) 360 

are plotted in Fig. 12.  361 

It can be seen from Fig. 12 that the fatigue loading has very limited effect on the bond 362 

strength of specimens without GFS. The residual bond strength of Cft-2 was even slightly 363 

higher than the static bond strength of the same joint without fatigue loading. This negligible 364 

effect of fatigue loading on the bond strength was attributed to the limited fatigue damage zone 365 

in the bondline. More details regarding the associated mechanism can be found in [21].   366 



24 

 

On the other hand, more reduction in the residual bond strength was observed for 367 

specimens with GFS after being subjected to fatigue loading. The maximum reduction was 368 

8.62%. Since the specimens with GFS were only subjected to 9000 cycles of fatigue loading, 369 

it is expected to have more accumulated fatigue damages and consequently more reductions in 370 

residual bond strength if they should have been subjected to the same number of cycles of 371 

fatigue loading (15000 cycles) as those specimens without GFS.  372 

According to the experimental results, it seems the inclusion of GFS in the adhesive layer 373 

has negative effects on the residual bond strength which may decrease when subjected to 374 

fatigue loading. Similarly, this is most probably attributed to the interface defects in the 375 

bondline introduced by the GFS. As can be seen from the failure mode in Fig. 11b, GFS 376 

fragments were observed on the fracture surface. This may be due to the damage propagation 377 

from the interface defects between GFS and adhesive.  378 

 379 

Fig. 12. Effect of GFS on the residual bond strength of double strap joints 380 
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4.2.3 Residual stiffness after fatigue loading 381 

The stiffness is defined as the slope of the load-displacement curve of the double strap joint 382 

under tension. Comparing the joint stiffness before and after fatigue loading provides another 383 

angle for understanding the effect of GFS on the bond behaviour between CFRP and steel. The 384 

ratios of the stiffness after and before the fatigue loading are compared in Fig. 13. It can be 385 

seen from Fig. 13 that the average stiffness reduction of specimen without GFS is 10.92%. On 386 

the other hand, more reductions in joint stiffness was observed for specimen with GFS (28.08% 387 

in average). It seems that the inclusion of GFS in the adhesive also has negative effect on the 388 

stiffness of the CFRP-steel double strap joint. The reason is the same as that for residual bond 389 

strength of the joint, which is due to the defects in the bond introduced by the GFS.   390 

 391 

Fig. 13. Effect of fatigue loading on the residue stiffness of CFRP-steel double strap joint 392 

 393 

 394 
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5. Conclusions 395 

The effect of GFS on the galvanic corrosion and bond behaviours of CFRP-steel bonded system 396 

is investigated in this paper. Three types of experimental testing were conducted including 397 

accelerated corrosion test, static tension test and fatigue test with CFRP-steel double strap 398 

joints with/without GFS in the adhesive. Based on the experimental results and observations in 399 

this paper, the following conclusions can be drawn: 400 

a. The adhesive layer alone can be effective to suppress the potential galvanic corrosion of 401 

CFRP-steel bonded system. Embedding GFS in the adhesive can provide one additional 402 

protection to reduce the galvanic corrosion hazard. However, this conclusion is only valid 403 

when the quality of bonding process of CFRP to steel is strictly controlled and no contact 404 

between carbon fiber and steel exists. If the bonding quality is not well controlled, neither 405 

the adhesive nor GFS can be effective and the galvanic corrosion is inevitable;  406 

b. Under either static or fatigue loading, GFS has little effect on the failure modes of CFRP-407 

steel double strap joints, except that GFS fragments can be observed on the fracture 408 

surface of specimens with GFS;  409 

c. The inclusion of GFS in the adhesive can be useful to slightly increase the effective bond 410 

length and bond strength of CFRP-steel double strap joints under static loading;  411 

d. On the other hand, the inclusion of GFS may reduce the fatigue life of CFRP-steel double 412 

strap joints under fatigue loading; and more reductions in residual bond strength and 413 

residual stiffness of the joints after being subjected to fatigue loading were observed 414 

when GFS was embedded in the bond line.  415 
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e. The negative effect of the GFS on the fatigue behaviour of the bond between CFRP and 416 

steel can be attributed to the defects which were introduced by the GFS in the adhesive.  417 

The experimental results indicate that the inclusion of GFS can only slightly increase the 418 

bond strength and effective bond length under static loading, but will negatively affect the bond 419 

behaviour under fatigue loading. Considering the adhesive alone can be effective to suppress 420 

potential galvanic corrosion of CFRP-steel bonded system provided good quality control of the 421 

bonding process, it seems not necessary to use GFS for the protection of the galvanic corrosion. 422 

Therefore, for engineering practice, it is recommended to strictly control the quality of the 423 

bonding process. If the project budget allows, GFS can be embedded in the adhesive to provide 424 

additional protection in projects which are not sensitive to fatigue loading.  425 
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