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 18 

Abstract 19 

Recently, a promising solution to corroded steel reinforced concrete structures was proposed in which 20 

a dual-functional carbon-fabric reinforced cementitious matrix (carbon-FRCM) composite is used for 21 

Liangliang Wei, Ji-Hua Zhu, Tamon Ueda, Meini Su, Jun Liu, Wei Liu, Luping Tang, Feng Xing, 

(2020), “Tensile behaviour of carbon fabric reinforced cementitious matrix composites as both 

strengthening and anode materials”, Composite Structures, 234:111675. 



impressed current cathodic protection (ICCP) and structural strengthening (SS); this method is referred 22 

to as ICCP-SS. The tensile behaviour of carbon-FRCM must be understood for design purposes. In 23 

this study, the tensile characteristics of carbon-FRCM composites with different fabric reinforcement 24 

ratios were assessed to determine the strengthening capability of the materials. Then, using the 25 

composite as an anode material, the tensile behaviour of carbon-FRCM specimens subjected to anodic 26 

polarization in ICCP was evaluated. Direct tensile tests were conducted to obtain the tensile stress-27 

strain behaviour of the carbon-FRCM specimens. By comparing the results from each case, the 28 

influences of different parameters on the tensile behaviour of the carbon-FRCM composites were 29 

evaluated, and useful information regarding the application of these materials in ICCP-SS was 30 

obtained. 31 

Keywords: FRCM composites; tensile behaviour; cathodic protection; anode material. 32 

 33 

1. Introduction 34 

A promising fabric reinforced cementitious matrix (FRCM) composite composed of fibres in a 35 

fabric mesh shape and an inorganic matrix has been investigated for strengthening masonry and/or 36 

reinforced concrete (RC) structures [1–5]. Textile reinforced mortar (TRM) and textile reinforced 37 

concrete (TRC) are in the same composite family as FRCM. Unlike the well-known fibre reinforced 38 

polymer (FRP) composite, the fabric mesh in an FRCM is typically made of fibres that are individually 39 

coated but are not bonded together by a polymeric resin; i.e., FRCMs use “dry fibres” [6]. Compared 40 

to an FRP using an organic polymeric resin, an inorganic matrix has better inherent heat resistance, 41 

superior compatibility with the substrate and greater long-term durability. These properties have driven 42 



researchers who work mainly on the intervention of existing structures to conduct systematic 43 

investigations on the strengthening performance of FRCM composites. 44 

Several studies [7–11] have been conducted on the mechanical characterization of FRCMs 45 

combining various types of fabrics, such as carbon, glass, polybenzoxazole (PBO), and basalt fabrics, 46 

with different inorganic matrices (cement-based, geo-polymer, lime-based mortar). Arboleda et al. [12] 47 

compared the tensile behaviours of PBO-FRCM, carbon-FRCM and glass-FRCM using both clamping 48 

grip and clevis grip methods. Their results showed that the stress-strain behaviour was trilinear when 49 

using the clamping grip method, whereas the stress-strain behaviour was bilinear when using the clevis 50 

grip method. Donnini et al. [13] performed tensile tests with the clevis grip method by changing the 51 

bonded length of the metallic tabs used to grip the ends of the specimens. They concluded that a 52 

bonded length of 150 mm was suitable for characterizing FRCM composites. The performance and 53 

failure modes of FRCMs reinforced with multiple carbon fabric plies were also investigated by 54 

Donnini et al. [13]. The tested carbon fabric was coated with epoxy resin and quartz sand in 55 

combination with lime-based mortar. Lime-based matrices are generally used for strengthening 56 

masonry structures, while cement-based mortar is suitable for strengthening RC structures [7]. Barhum 57 

et al. [14] addressed the influence of the dispersing short glass and carbon fibres in cement-based 58 

mortar on the tensile behaviour of TRC and the bonding behaviour between yarn and mortar matrix. 59 

In their study, the TRC was reinforced by an alkali-resistant (AR) glass fabric with a polymer coating, 60 

and improvements in both the tensile strength of the TRC and the bond strength between the yarn and 61 

the matrix were achieved. However, a limited number of studies have been performed on carbon-62 

FRCM composites with multiple layers of dry fabric reinforcement and mortar matrix modified by 63 



short, dispersed carbon fibres. 64 

FRCM strengthening is a potential method for rehabilitating and upgrading aged RC structures 65 

[15–18]. Babaeidarabad et al. [19] investigated the feasibility of using FRCMs for strengthening RC 66 

members, and they considered the effect of multiple layers of dry fibre fabric in FRCMs. Yin et al. 67 

[20] investigated the compressive performance of TRC-strengthened concrete columns containing 68 

steel reinforcement with chloride-induced corrosion. The load-bearing capacity and ductility of RC 69 

columns increased with an increasing number of textile layers; however, both the load-bearing 70 

capacity and the ductility decreased after chloride wet-dry cycling due to the corrosion effect of 71 

chloride ions. It is expected that the load-bearing capacity of FRCM-strengthened RC structures could 72 

be continuously reduced from the persistent chloride-induced corrosion of the steel reinforcement in 73 

the concrete. Impressed current cathodic protection (ICCP) has been shown to be one of the most 74 

efficient methods for addressing the chloride-induced corrosion of steels in concrete [21,22]. 75 

Therefore, Zhu et al. [23,24] proposed a promising solution (ICCP-SS) to increase the load-bearing 76 

capacity of aged RC structures and to control the corrosion of steels in concrete by using a dual-77 

functional carbon-FRCM composite. The ICCP technique is compatible with structural strengthening 78 

(SS) when using carbon-FRCM, which serves as the anode material for the ICCP and as a 79 

strengthening material in SS; the combined approach forms the ICCP-SS intervention system. 80 

The mechanical and anodic performance of the dual-functional carbon-FRCM composites are 81 

essential to the ICCP-SS intervention system. Nguyen et al. [25] investigated the performance of 82 

carbon fibre fabric as an ICCP anode in saturated calcium hydroxyl solution (Ca(OH)2). They reported 83 

that the weight loss of the carbon fabric after anodic polarization in ICCP was 2.69%. Hence, it is 84 



necessary to understand the durability of anode materials in ICCP. However, studies have not yet 85 

clarified the durability issues of carbon-FRCMs, such as the degradation in the tensile behaviour and 86 

anodic performance of the materials, due to the influence of anodic polarization in ICCP. 87 

In this paper, 21 tensile tests using the clevis grip method were conducted in two series. For the 88 

first series, 9 tensile tests were performed on carbon-FRCM specimens reinforced with 1, 2, and 4 89 

carbon fabric layers (three specimens for each configuration) to investigate the influence of the fabric 90 

reinforcement ratio on the tensile behaviour. For the second series, carbon-FRCM specimens 91 

reinforced with 2 layers of carbon fabric mesh were used as anode materials in an ICCP procedure. 92 

Then, 12 tensile tests (four anodic polarization cases and three specimens for each case) were 93 

conducted on carbon-FRCM specimens to investigate the influence of anodic polarization in ICCP. 94 

2. Experimental programme 95 

2.1 Materials 96 

2.1.1 Cement-based mortar matrix 97 

A cement-based mortar matrix composition for carbon-FRCM composites is shown in Table 1. 98 

The binder was Portland cement type 52.5 R, and the water-to-cement ratio was 0.35. Quartz sand 99 

with different particle sizes was used; the fine size ranged from 0.1 mm to 0.5 mm, and the moderate 100 

size was smaller than 1.0 mm. The weight ratio between fine and moderate sand was 0.5. The mortar 101 

contained 0.75 wt.% (measured as a percent of the cement weight) short, dispersed carbon fibres with 102 

a nominal length of 3 mm and a diameter of 7 μm. Adequate workability was obtained using a small 103 

amount of superplasticizer. The measured average flexural strength and compressive strength of the 104 



mortar after curing for 28 days were 9.3 MPa and 71.5 MPa, respectively; these values were measured 105 

in accordance with BS EN 196 [26]. 106 

2.1.2 Carbon fabric mesh 107 

Fig. 1 shows the unbalanced carbon fabric mesh used to create the carbon-FRCM composites, in 108 

which the bundle density in the primary and secondary directions is 100 and 130 m-1, respectively. 109 

The nominal number of filaments of one bundle carbon fibre in both directions is 12 thousand, and 110 

each filament has a nominal diameter of 7 μm. Table 2 gives the tensile properties of the carbon fibre 111 

filament obtained from the manufacturer and the measured tensile properties of a dry carbon fibre 112 

bundle in which the fibre filaments are individually coated but are not bonded. Specimen preparation 113 

and testing were conducted in accordance with ASTM D 4018 [27].  114 

2.2 Preparation of carbon-FRCM panels 115 

The specified carbon-FRCM coupons used for the tensile tests were cut from large carbon-FRCM 116 

panels. All panels were squares with side lengths of 650 mm. The panel thickness depended on the 117 

number of layers of carbon fabric mesh: 10 mm for one layer, 15 mm for two layers and 25 mm for 118 

four layers. The fabric reinforcement ratio (ρcfm) was the cross-sectional area of the carbon fabric mesh 119 

(Acfm) in the carbon-FRCM divided by the cross-sectional area of the composite matrix (AFRCM), as 120 

shown in Eq. (1). The fabric reinforcement ratios for one, two and four layers of carbon-FRCM were 121 

0.462%, 0.615% and 0.739%, respectively. The preparation of carbon-FRCM panels with two layers 122 

of carbon fabric mesh is shown in Fig. 2. 123 

cfm cfm FRCMA A =           (1) 124 

Three panels in series Ⅰ, which were prepared to determine the influence of the fabric 125 



reinforcement ratio, were cut as described in section 2.4. Four panels in series II were used for anodic 126 

polarization in the ICCP procedure, as described in section 2.3, and the preparation of the carbon-127 

FRCM coupons for the tensile tests is described in section 2.4. 128 

2.3 ICCP procedure 129 

In series II, we focused on the evolution of the tensile behaviour of the carbon-FRCM composites 130 

after a specified level of anodic polarization in ICCP. It was not possible to conduct direct tensile tests 131 

of the carbon-FRCM composites after bonding to concrete; therefore, the composites were subjected 132 

to a simulated ICCP procedure prior to direct tensile testing. 133 

Fig. 3 shows a setup for the carbon-FRCM composite used as the anode material for achieving 134 

ICCP. First, six deformed steel rebars with diameters of 12 mm, which were placed at intervals of 100 135 

mm, were fixed at the vertical centre of the wooden mould. Next, the mould with steel rebars was 136 

placed at the surface of the carbon-FRCM panel. The longitudinal direction of the rebars was parallel 137 

to the primary direction of the carbon fibre bundles. All joints were bonded and blocked off with a 138 

silica gel. All sides in the thickness of the carbon-FRCM panels were coated with a polymeric resin. 139 

Subsequently, saturated Ca(OH)2 solution was added into the mould, filling more than 80% of the 140 

mould volume. In the simulated ICCP setup, the saturated Ca(OH)2 solution assumed the role of the 141 

concrete, the steel rebars soaking in the solution served as the object requiring protection in the 142 

concrete, and the carbon-FRCM composite acted as the anode material. Finally, the steel rebars were 143 

chained together and connected to the negative terminal of a direct current (DC) power supply, while 144 

the top layer of the carbon fabric mesh close to the solution was connected to the positive terminal of 145 

the DC power supply. Stainless steel strips were used to form an electrically conductive pathway 146 



between the carbon fabric bundles in the primary and secondary directions at the top layer. In addition, 147 

the steel rebars in the mould were kept submerged by adding saturated Ca(OH)2 solution to counteract 148 

the evaporation of water. 149 

Four different current densities (i.e., the anodic current density (ia), which is calculated with Eq. 150 

(2)) were considered for the carbon fabric mesh during the ICCP procedure. The area of carbon fabric 151 

mesh (Aa) is defined as the geometric surface area of carbon fiber bundles in the two sides of one layer 152 

of carbon fabric mesh embedded in the mortar matrix. Through the analysis of image processing, the 153 

percentage of the geometric surface area of carbon fiber bundles in the one side is approximately 57.6% 154 

of the total surface area of carbon fabric mesh that includes the area of spacing between bundles (i.e. 155 

equal to 42.4%). Aa was calculated to 0.415 m2 in the carbon-FRCM panel. The constant currents (I) 156 

were 51.9 mA, 155.7 mA, 207.6 mA, and 311.4 mA, which correspond to anodic current densities of 157 

125 mA/m2, 375 mA/m2, 500 mA/m2, and 750 mA/m2, respectively.  158 

a ai I A=           (2) 159 

During the ICCP procedure, the cell voltages between the carbon fabric mesh and the steel rebars 160 

were recorded using a digital datalogger. In addition, the instant-off potentials of the steel rebars and 161 

the carbon fabric mesh were measured using an Ag/AgCl reference electrode (RE). The anodic 162 

polarization process was maintained for approximately 60 days, and the cell voltages and instant-off 163 

potentials were tracked throughout. It was important to calculate the accumulated charge densities (q) 164 

when the anodic polarization process finished. This parameter can be obtained from Eq. (3), which is 165 

the product of the anodic current density and the test duration ( t ). 166 

aq i t=            (3) 167 



2.4 Preparation of carbon-FRCM coupons for the tensile tests 168 

The dimensions of the carbon-FRCM coupons used for the direct tensile tests were set in 169 

accordance with ICC-ES AC434 [28]. First, a 25-mm strip around the edge of each carbon-FRCM 170 

panel (650 mm × 650 mm) should be removed with a cutting machine. Subsequently, six carbon-171 

FRCM coupons with a nominal dimension of 600 mm × 100 mm were obtained from the trimmed 172 

panel (600 mm × 600 mm). Next, metallic tabs with a thickness of 2 mm and a bond length of 200 173 

mm were bonded to the ends of the carbon-FRCM coupons with polymeric resin. The middle region 174 

of the coupons, which was 200 mm in length, was tested. Finally, the carbon-FRCM coupons with 175 

metallic tabs, as shown in Fig. 4(a), can be used to conduct tensile tests after the resin solidifies for at 176 

least 48 hours. 177 

Table 3 gives the overall test parameters of the carbon-FRCM coupons used in the tensile tests. 178 

In series Ⅰ, the carbon-FRCM coupons were named L (layer), followed by the number of layers of 179 

carbon fabric mesh. In series II, the coupons were denoted L2 (two layers of carbon fabric mesh)-AP 180 

(anodic polarization)-i (current density) followed by the value of applied current density during the 181 

ICCP procedure. Based on the monitored cell voltages and instant-off potentials, the current density 182 

of 125 mA/m2 ran constantly for 62 days, and the specified current densities of 375 and 500 mA/m2 183 

ran for 34 days; the latter current densities were then adjusted to 125 mA/m2 for 24 days. The specified 184 

current density of 750 mA/m2 ran for 23 days, which was reduced to 125 mA/m2 for 17 days and then 185 

further reduced to 62.5 mA/m2 for 14 days. The accumulated charge densities in each current density 186 

scenario were calculated with Eq. (3); the results are shown in Table 3. 187 

2.5 Direct tensile tests 188 



Fig. 4(b) shows the direct tensile tests performed in this paper, the test method detailed in ICC-189 

ES AC434 [28] was adopted, in which clevis grips were used to connect the coupons and the loading 190 

heads. A test frame with a maximum capacity of 50 kN was used with a controlled displacement rate 191 

of 0.2 mm/min. Two clip-on extensometers with gauge lengths of 200 mm were placed at the middle 192 

of the coupon on two sides to measure the deformation of the carbon-FRCM during tensile loading. 193 

The global deformation measurements permitted us to account for all the cracks developed along the 194 

carbon-FRCM coupons. 195 

3. Results and discussion in series I 196 

3.1 Results overview 197 

Fig. 5(a) shows the stress-strain behaviour of the carbon-FRCM coupons regarding the overall 198 

cross-sectional area of the carbon fabric mesh. The stress in the vertical axis of the carbon-FRCM 199 

coupon was calculated with Eq. (4), in which the tensile force (F) was divided by the nominal cross-200 

sectional area of the carbon fibre mesh (Acfm). The strain in the horizontal axis of the carbon-FRCM 201 

was the deformation measured within the 200-mm gauge length of the extensometer. 202 

cf cfmF A =           (4) 203 

As expected, the tensile behaviour of the carbon-FRCM composites was characterized by three 204 

stages in all specimens. Fig. 6 shows a typical stress-strain relation of the FRCM composites. The first 205 

stage, i.e., the uncracked stage (OA) is characterized by linear behaviour, and this stage ends with the 206 

formation of the first crack in the mortar matrix. The average strain at the end of the uncracked stage 207 

was very limited, but the average tensile stress of the carbon fabric was rather high, ranging from 572 208 

MPa in the L4 specimens to 776 MPa in the L1 specimens. The utilization efficiency (δcf) was defined 209 



as the percentage of the tested average tensile strength of the carbon fabric (fcf_test) in the carbon-FRCM 210 

with respect to the tensile strength of the dry carbon fibre bundle (fcfb = 2125 MPa), as shown in Eq. 211 

(5). The utilization efficiency increased to 36.5% at the end of the uncracked stage. The stiffness values 212 

of the L1, L2, and L4 specimens in the uncracked stage were 4557 GPa, 5656 GPa and 4619 GPa, 213 

respectively. These figures were considerably higher than the elastic modulus of carbon fibre (Ecf = 214 

196.4 GPa). This high initial stiffness illustrates the advantage of FRCM over FRP. 215 

After the first crack, during the second stage (crack development stage (AB)), the composite 216 

exhibited nonlinear behaviour with both a sudden reduction in stiffness and multiple cracks occurring 217 

in the mortar matrix. The stress in the carbon-FRCM dropped instantaneously several times as new 218 

cracks formed. The cracks propagated across the carbon fabric mesh and widened as the load increased. 219 

The crack development stage finished when the cracks in the mortar matrix caused by tension were 220 

saturated.  221 

The third stage is the cracked stage (BC) in which the carbon fabric mesh governed the tensile 222 

behaviour of the carbon-FRCM composite, and the contribution of the mortar matrix was limited but 223 

nonnegligible. The width of the cracks increased as the applied load increased, and one of the cracks 224 

became the major crack that controlled the failure. The maximum load reached at the end of the third 225 

stage caused the failure of the carbon-FRCM composites; the failure was a result of sudden crack 226 

widening, which led to a distinct slippage of continuous carbon fibre bundles within the mortar matrix, 227 

as shown in Fig. 7. The average maximum tensile strength was 1474 MPa in the L1 specimens, 1630 228 

MPa in the L2 specimens and 1303 MPa in the L4 specimens; the corresponding utilization efficiency 229 

δcf values at the end of cracked stage were 72.8%, 80.5%, and 64.3% of the tensile strength of the dry 230 



carbon fibre bundle, respectively. The average stiffness in the cracked stage, which was 92.4 GPa in 231 

the L1 specimens, 77.3 GPa in the L2 specimens and 69.0 GPa in the L4 specimens, decreased as the 232 

fabric reinforcement ratio increased. Comparing to the tensile strength and tensile elastic modulus of 233 

dry carbon fiber bundles (i.e. fcfb = 2125 MPa, Ecf = 196.4 GPa), the maximum tensile strength and 234 

cracked tensile elastic modulus of carbon-FRCM (i.e. σu = 1630 MPa, Epost-cr = 77.3 GPa) with two 235 

layers of carbon fabric mesh was lower. The possible explanation is the difference of tensile failure 236 

between dry carbon fiber bundles and carbon-FRCM composite material. The tensile failure of carbon 237 

fiber bundles was almost rupture of carbon fibers, while the tensile failure of carbon-FRCM was the 238 

slippage of carbon fiber bundles within the mortar matrix. In addition, there were ten carbon fiber 239 

bundles in each layer of carbon fabric mesh in carbon-FRCM composite that possibly results in an 240 

unevenly tensile stress after the cracking of mortar matrix. The above two points could possibly 241 

explain that the tensile strength and cracked tensile elastic modulus of carbon-FRCM composite was 242 

lower than that of dry carbon fiber bundles. 243 

To characterize the overall tensile behaviour of the carbon-FRCM composites, the post-peak load 244 

stage (CE) should be described. A progressive decrease (CD) in stress was maintained after the 245 

maximum load, which was followed by a sudden drop (DE) in stress. The post-peak behaviour took 246 

place due to the further slippage of the carbon fibres within the bundles. 247 

_cf cf test cfbf f =          (5) 248 

The tensile behaviour of the carbon-FRCM was complicated due to a complex microstructural 249 

behaviour between the dry carbon fabric mesh and the mortar matrix. It is possible to characterize the 250 

mechanical behaviour of the carbon-FRCM on a macroscopic level by considering the uncracked and 251 



cracked states. Regarding the design of the strengthening system using carbon-FRCM as a composite 252 

material, both strength and stiffness should be evaluated by considering the entire area of the 253 

composite, including the matrix and fabric reinforcement; the stress and total cross-sectional area of 254 

the carbon-FRCM can be calculated by Eqs. (6) and (7), respectively. Fig. 5(b) shows the stress-strain 255 

behaviour of carbon-FRCM regarding the entire cross-sectional area of the composite. The trend was 256 

the same as that shown in Fig. 5(a); however, the values of the tensile stress of the composite depicted 257 

on the vertical axis are different in the two figures. The following discussion of the influence of the 258 

fabric reinforcement ratio on the mechanical behaviour of carbon-FRCM was performed on the basis 259 

of the stress-strain relationship shown in Fig. 5(b). 260 

FRCM FRCMF A =          (6) 261 

FRCM FRCM FRCMA b t=          (7) 262 

Here, σFRCM is the stress in the carbon-FRCM with respect to the total cross-sectional area of the 263 

FRCM composite, F is the tensile force applied to the carbon-FRCM, AFRCM is the total cross-sectional 264 

area of the carbon-FRCM composite, bFRCM is the width of the carbon-FRCM, and tFRCM is the 265 

thickness of the carbon-FRCM. 266 

3.2 Discussion of the fabric reinforcement ratio 267 

Fig. 8 shows the critical points in the stress-strain curve of the carbon-FRCM composites 268 

regarding the entire cross-sectional area of the composite, where the points are the average values 269 

from the three repeated specimens shown in Fig. 5(b). The critical points at 60%, 90% and 100% of 270 

the ultimate stress in the third stage are shown in Fig. 8(a). According to ICC-ES AC434 [28], the 271 

tensile modulus of elasticity in the third stage can be determined with Eq. (8). In addition, the critical 272 



points at the formation of each crack in the second stage are shown in Fig. 8(b). Table 4 summarizes 273 

the tensile testing results of the carbon-FRCM composites, in which the tensile stress and tensile elastic 274 

modulus before and after cracking were calculated with Eqs. (4), (6) and (8), respectively. 275 

@0.9 @0.6

0.9 0.6

u u

u u
fE

 

 

 

−
=

−
         (8) 276 

3.2.1 Strength and stiffness of the carbon-FRCM composites 277 

It is evident that the stress-strain behaviours of the L2 and L4 specimens were almost identical 278 

but different from the stress-strain behaviour of the L1 specimens (see Fig. 8(a)). In the first stage, the 279 

average stress of each carbon-FRCM composite at cracking ranged from 3.59 MPa to 4.34 MPa, which 280 

was close to the tensile strength of the mortar matrix. This finding demonstrated that the cracking load 281 

of the carbon-FRCM composites mainly depended on the mechanical properties of the matrix material. 282 

The stress at the formation of the first crack in the L2 and L4 specimens was slightly higher than that 283 

in the L1 specimens because there were more cross-links between the short, dispersed carbon fibres 284 

in the mortar matrix and continuous carbon fabric mesh reinforcement [14]. The stiffness of the 285 

carbon-FRCM composites at the cracked stage increased from 0.42 GPa at a fabric reinforcement ratio 286 

of 0.462% (L1) to 0.59 GPa and 0.51 GPa at fabric reinforcement ratios of 0.615% (L2) and 0.739% 287 

(L4), respectively. 288 

The average ultimate tensile strengths of the L2 and L4 specimens were 10.03 MPa and 9.62 289 

MPa, which were 47.3% and 41.3% higher than that of the L1 specimens. The average stiffness of the 290 

L1 specimens at the cracked stage was also slightly less than that of the L2 and L4 specimens. Donnini 291 

et al. [13] also confirmed the identical results regarding the effect of number of layers of fabric mesh 292 

on the tensile behaviour of FRCM. A possible explanation for this phenomenon is the deficiency of 293 



the premature filament failure at cracking, which leads to the slip of the fibre bundle within the mortar 294 

matrix. The cement-based mortar matrix cannot fully penetrate the dry fibre bundle. Häußler-Combe 295 

et al. [29] proposed a mechanical model that segments the total number of filaments in a fibre bundle 296 

embedded in a cement matrix into two parts: outer filaments and central filaments. The outer filaments 297 

are fully bonded with the matrix, whereas the central filaments of a bundle have no connection to the 298 

matrix but contact neighbour filaments. It is reasonable that the cracking of the mortar matrix caused 299 

the brittle failure of a partial volume of outer filaments in the L1 specimens, activating the friction and 300 

bonding among the central filaments. The loss of bonding around the outer filaments and the activation 301 

of friction between the central filaments led to substantial slippage of the fibre bundle within the matrix. 302 

The numerical modelling results indicated that the deficiency of premature filament failure and the 303 

slippage of the fibre bundle could lead to reductions in the ultimate strength and stiffness of textile 304 

reinforced composites [29]. This notion was confirmed in the discussion on crack propagation in 305 

section 3.2.2. 306 

3.2.2 Crack propagation 307 

For the L1 specimens, a drastic decrease in the tensile stress from 3.58 MPa to 1.83 MPa was 308 

observed after the formation of the first crack in the mortar; the drop was less substantial in the L2 309 

and L4 specimens, as shown in Fig. 8(b). Moreover, the average cracking strain in the L1 specimens 310 

was 0.02%, and the strain increased to 0.13% after the first crack. The average strains were 0.03% and 311 

0.015% for the L2 and L4 specimens, respectively, after the first crack. This strain increase was 312 

observed not only at the occurrence of the first crack but also in the subsequent cracks under further 313 

loading (see Fig. 8(b)). The mechanism of the influence of the fabric reinforcement ratio on the 314 



transition from the uncracked to the cracked state is that the fracture energy had to be released when 315 

the mortar cracked during tensile loading. The roles of the carbon fabric mesh in the FRCM composites 316 

were not only to bear the load transferred from the mortar but also to absorb the fracture energy as the 317 

mortar cracked. Increasing the fabric reinforcement ratio by increasing the number of fabric mesh 318 

layers enhances the ability of the composite to absorb the fracture energy. 319 

4. Results and discussion in series Ⅱ 320 

4.1 Results of the ICCP procedure 321 

Fig. 9 shows the results of the feeding voltage (Efeed) between the carbon-FRCM anode and the 322 

steel cathode, the anode potential (Ean), and the steel potential (Ecat) as a function of the testing time. 323 

The instant-off steel potentials (Ecat) in all specimens were more negative than -800 mV with respect 324 

to the Ag/AgCl RE. According to BS EN 12696-2000 [30], the results of Ecat in the present paper meet 325 

the criteria for successful protection of steels in concrete, which indicates the efficiency of ICCP using 326 

carbon-FRCM as an anode material. A constant current density of 125 mA/m2 was applied 327 

continuously in the L2-AP-i125 specimen, in which both Efeed and Ean increased gradually as the 328 

testing time increased. The feeding voltage in the L2-AP-i125 specimen started at 1.74 V and ended 329 

at 8.30 V. Compared with the results of the L2-AP-i125 specimen, a higher rate of increase in the 330 

feeding voltage was found in the L2-AP-i375, L2-AP-i500 and L2-AP-i750 specimens during the first 331 

month (see Fig. 9(b)-(d)). Although the current density was subsequently reduced to 125 mA/m2 in 332 

the L2-AP-i375, L2-AP-i500 and L2-AP-i750 specimens, the increasing rate in the feeding voltage 333 

did not slow in these specimens. It is possible that some deterioration could have occurred in the 334 

carbon-FRCM composites. 335 



When the ICCP procedure finished after approximately two months, macroscopic deterioration 336 

was observed in the vicinity of the top layer of carbon fabric mesh, as shown in Fig. 10. The lateral 337 

section of the carbon-FRCM composites subjected to a current density of 375 mA/m2 was sprayed 338 

with a phenolphthalein indicator to investigate the causes of deterioration. Visual acidification was 339 

detected around the carbon fibre bundles in the top layer. Similar deterioration was also found in the 340 

other specimens subjected to anodic polarization in the ICCP procedure. This phenomenon can be 341 

explained by the anodic reactions occurring at the interface between the carbon fibres and the mortar 342 

matrix, as shown in Eq. (9) [31]. In these zones, the conductive cement-based mortar matrix and 343 

carbon fibre bundle appeared to be damaged (see Fig. 10), which could result in the loss of electrical 344 

continuity between them; hence, the increasing feeding voltage could be caused by the loss of 345 

electrical continuity [31]. Thus, the feeding voltage can be assumed as an implicit parameter to 346 

evaluate the damage of the carbon-FRCM anode. 347 

-

2 22 H O - 4 e   4 H   O+→ +        (9) 348 

4.2 Overview of the tensile test results 349 

Fig. 11 shows the stress-strain behaviour of the carbon-FRCM composites subjected to anodic 350 

polarization in the ICCP procedure; note that the stress-strain behaviour of the L2 specimen is also 351 

shown in this figure as a reference. All specimens showed bilinear behaviour. However, the anodic 352 

polarization had a significant difference on the tensile performance of the samples, including the 353 

ultimate tensile strength and strain and the stiffness at the cracked stage. The tensile strength and strain 354 

decreased when the carbon-FRCM was subjected to anodic polarization in the ICCP procedure. The 355 

strain-hardening behaviour of the carbon-FRCM composites was unremarkable as the applied current 356 



density increased. However, unlike the sudden drop in the tensile stress in the L2 specimen, a 357 

significant progressive drop in the tensile stress after the peak strength was observed in the L2-AP-358 

i125, L2-AP-i375, L2-AP-i500 and L2-AP-i750 specimens; however, the failure mode was the 359 

slippage of the carbon fibre bundle within the mortar matrix, as in the case without anodic polarization, 360 

as shown in Fig. 6. 361 

4.3 Mechanical properties of the carbon-FRCM composites subjected to anodic polarization in the 362 

ICCP procedure 363 

The tensile test results of all specimens are presented in Table 4. Fig. 12(a) shows the effect of 364 

current density on the tensile strength of the test specimens. The vertical axis of this figure shows the 365 

percentage of tensile strength retained after anodic polarization, which is a ratio of the maximum 366 

tensile stress of the test specimens subjected to anodic polarization to the tensile strength of the L2 367 

specimen. A significant reduction was found in the L2-AP-i125 and L2-AP-i375 specimens, where 368 

75.0% and 49.9% of the tensile strength was retained, respectively. When the current density was 369 

increased to 500 and 750 mA/m2, the tensile strength was slightly less than that of the L2-AP-i375 370 

specimen. Fig. 12(b) shows the change in the tensile strain at the peak stress and cracked tensile elastic 371 

modulus, which was calculated with Eq. (8). Because 0.6σu and ε@0.6σu in Eq. (8) were in the uncracked 372 

stage (i.e., these values did not conform to the definition of cracked tensile modulus of elasticity), the 373 

results of the tensile strain at the peak stress and the cracked tensile modulus of elasticity of the L2-374 

AP-i500 and L2-AP-i750 specimens in Fig. 12(b) were not comparable. The modulus of elasticity of 375 

the L2 specimen was 0.59 GPa. However, the modulus of elasticity significantly decreased after 376 

applying the current density, in which the lowest elastic modulus was 0.09 GPa in the L2-AP-i375 377 



specimen. The tensile strain at the peak stress in the L2 specimen without anodic polarization was 378 

1.29%, which decreased to 0.84% in the L2-AP-i125 specimen and 0.78% in the L2-AP-i375 specimen. 379 

The tensile strains of the carbon-FRCM composites subjected to anodic polarization in the ICCP 380 

procedure were less than the design strain of 1.2% for strengthening provided by ACI 549 [6]. This 381 

finding can be explained by a broken bond between the carbon fibre filaments and the mortar matrix. 382 

Due to the attack of anodic polarization during ICCP, the outer single filament was not continuously 383 

connected to the mortar matrix but had partial connections around its surface, which means that the 384 

attack of the anodic polarization during ICCP at the interface between the outer fibres and the 385 

surrounding mortar was non-uniform. The local damage in between the carbon fabric mesh and the 386 

mortar matrix resulted in a reduction in the tensile strength and strain of the samples [29]. Subsequently, 387 

a combination of partially broken bonds and central filament slippage caused the degradation in 388 

mechanical properties of the carbon-FRCM composites subjected to anodic polarization during ICCP. 389 

In particular, the tensile strength of the carbon-FRCM composites decreased as the accumulated 390 

charge density increased during the ICCP procedure, as shown in Fig. 13. Although the applied current 391 

densities were different for the L2-AP-i500 and L2-AP-i750 specimens, the accumulated charge 392 

densities (Eq. (3)) were identical, which could cause the same level of degradation in the tensile 393 

strength. A prediction formula indicating a linear reduction in the tensile strength with respect to the 394 

accumulated charge density, q, was proposed (Eq. (10)), in which q was 106 C/m2. 395 

( 0.33 0.99)u u_FRCMq = − +        (10) 396 

4.4 Discussion of the service life of carbon-FRCM as a dual-functional material in ICCP-SS 397 

In general, the current densities in practical ICCP for concrete structures are limited between 0.2 398 



and 2 mA/m2 for cathodic prevention and between 2 and 20 mA/m2 for cathodic protection [22]. To 399 

investigate the long-term performance of carbon-FRCM as a dual-functional material in ICCP-SS 400 

within an acceptable testing time in the laboratory, the adopted current densities of 125, 375, 500 and 401 

750 mA/m2 in this paper accelerate the ICCP procedure. Research has been conducted to determine 402 

the relationship between accelerated tests using a large current density and practical conditions using 403 

a small current density. Chang et al. [32] proposed converting the accelerated and practical conditions 404 

by the principle of equal cumulative charge, wherein if the cumulative charge in the accelerated and 405 

practical conditions are the same, it was assumed that the polarization effects are identical. This 406 

relationship has been adopted in many studies for accelerated tests [33,34]. Recently, Zhang et al. [35] 407 

reported that a large current density has overestimated effects on the degradation of anode materials. 408 

It was concluded that using the principle of equal cumulative charge in accelerated tests will obtain 409 

more severe degradation than that from the practical condition [35,36]. 410 

An assessment of the service life of the carbon-FRCM composites used in the ICCP-SS was 411 

conducted based on the principle of equal cumulative charge. Taking the L2-AP-i375 specimen into 412 

consideration, the total charge density was 15750 mA•d/m2. If current densities of 2 and 20 mA/m2 413 

are applied in practical ICCP, the convertible service life could be approximately 22 and 2 years, 414 

respectively, which means that the carbon-FRCM could maintain the tensile strength and strain for 415 

strengthening when used as an anode in ICCP over a range of 2 to 22 years. In fact, the service life of 416 

the dual-functional carbon-FRCM composite could be longer due to overestimated degradation in the 417 

accelerated tests.  418 

In addition, methods are available to improve the ICCP scheme to extend the service life of dual-419 



functional composites. For instance, intermittent ICCP [37] is a useful technique for balancing the 420 

efficiency of cathodic protection and the degradation of mechanical properties. Intermittent ICCP is a 421 

kind of strategy of cathodic protection for preventing steel re-bars in concrete from corrosion in which 422 

the protection currents are occasionally rather than continuously applied [38]. The intermittent ICCP 423 

is developed due to the contribution of both the re-alkalization of the steel-concrete interface and 424 

aggressive ions such as chloride away from the steel when ICCP is “on” period. During the ICCP “off” 425 

period, chloride ions present in the concrete disrupt the passive film to accelerate the corrosion reaction, 426 

lower the steel-concrete interfacial pH, and move the steel potential into the corrosion region. Under 427 

these conditions, the corrosion current will increase, eventually requiring the re-application of ICCP 428 

to the rebar. However, Christodoulou et al. [39] found that when ICCP was “off” after five or more 429 

years, the steel re-bars remained passive for another year. Therefore, the effect of successful 430 

application of intermittent ICCP will be a decrease in the average current density for the ICCP system 431 

and as associated increase in the service life of anodes material. 432 

5. Conclusions 433 

Carbon-FRCM composites are a promising dual-functional material in ICCP-SS intervention 434 

systems, in which these composites can be used for SS and as the anode materials in ICCP systems. 435 

The influences of the carbon fabric reinforcement ratio and anodic polarization in ICCP on the tensile 436 

behaviour of multiple layers of carbon-FRCM were investigated. The tensile strength, deformation, 437 

crack pattern and stiffness based on the stress-strain curves obtained from direct tensile tests were 438 

analysed and discussed. From the experimental results, the following conclusions can be drawn: 439 

(1) Increasing the number of fabric layers slightly improved the first cracking stress due to 440 



additional cross-links between the carbon fabric mesh and the short, dispersed carbon fibres in the 441 

mortar matrix. Increasing the fabric reinforcement ratio in the carbon-FRCM composites improved 442 

the ability of the composites to absorb the energy released during the formation of the first crack in 443 

the mortar matrix and mitigated the premature filament failures in carbon fabric mesh reinforcement. 444 

(2) The tensile stress-strain behaviours of the carbon-FRCM composites with two layers and four 445 

layers of carbon fabric mesh were identical; the maximum tensile strength was 10.03 MPa with respect 446 

to the overall cross-sectional area of the carbon-FRCM composites. The reduction in tensile strength 447 

and stiffness in the carbon-FRCM composites with one layer of carbon fabric mesh was caused by 448 

premature filament failure during crack formation. The typical failure mode of the carbon-FRCM 449 

composites with multiple layers of carbon fabric was slippage of the carbon fibre bundles within the 450 

mortar matrix. 451 

(3) The macroscopic deterioration of acidification was found around the carbon fabric mesh due 452 

to the anodic reactions. The loss of electrical continuity between the carbon fabric mesh and the 453 

conductive mortar matrix caused the increases in the feeding voltage and the anode potential. 454 

(4) The local damage between the bonded carbon filaments and the mortar matrix induced by the 455 

anodic polarization in ICCP resulted in the degradation of the mechanical properties of the carbon-456 

FRCM composites, including the tensile strength, post-cracking stiffness and ultimate tensile strain. 457 

In particular, the tensile strength decreased linearly as the accumulated charge density increased in the 458 

ICCP procedure. 459 

(5) The long-term effectiveness of ICCP with carbon-FRCM as an anode was verified because 460 

the steel rebars were protected cathodically through the accelerated ICCP procedure. The conservative 461 



estimate made herein suggested that the carbon-FRCM composites used as both anode and 462 

strengthening materials could serve for 22 years at least and that the service life could be extended if 463 

an appropriate cathodic protection scheme, such as intermittent ICCP, was adopted. 464 
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Figure Captions: 

Fig. 1. Dimensions of the carbon fabric mesh for preparing carbon-FRCM composites. 

Fig. 2. Preparation of carbon-FRCM panels (units: mm). 

Fig. 3. A simulated ICCP setup for carbon-FRCM composites. 

Fig. 4. Tensile tests of carbon-FRCM coupons: (a) preparation of carbon-FRCM coupons for the 

tensile tests; (b) tensile tests setup. 

Fig. 5. Stress-strain behaviour of the carbon-FRCM coupons for two different evaluations: (a) the 

cross-sectional area of the carbon fabric mesh; (b) the entire cross-sectional area of the composite. 

Fig. 6. Typical stress-strain relation of the FRCM composites. 

Fig. 7. Typical slippage failure mode of the carbon-FRCM composites. 

Fig. 8. Critical points in the stress-strain curves obtained from the direct tensile tests: (a) cracked 

stage; (b) crack development stage. 

Fig. 9. Feeding voltage (■, Efeed), anode potential (▲, Ean) and steel potential (○, Ecat) in the ICCP 

procedure: (a) L2-AP-i125; (b) L2-AP-i375; (c) L2-AP-i500; (d) L2-AP-i750. 

Fig. 10. Acidification detection around the carbon fabric mesh. 

Fig. 11. Stress-strain behaviour of the carbon-FRCM composites subjected to anodic polarization 

in the ICCP procedure. 

Fig. 12. Effect of current density on the tensile strength, maximum strain and cracked tensile elastic 

modulus: (a) tensile strength; (b) maximum strain and cracked tensile elastic modulus. 

Fig. 13. Prediction of the tensile strength as a function of the accumulated charge density. 

 

 



 

Fig. 1. Dimensions of the carbon fabric mesh for preparing carbon-FRCM composites. 

 

 

 

 

 

 

 

Fig. 2. Preparation of carbon-FRCM panels (wFRCM = width of FRCM panel; lFRCM = length of 

FRCM panel; tm = thickness of each layer of cementitious mortar matrix. units: mm). 

 

 

 

 

 



 

 

 

Fig. 3. A simulated ICCP setup for carbon-FRCM composites. 

 

 

 

 

 

 

     

(a)                             (b) 

Fig. 4. Tensile tests of carbon-FRCM coupons: (a) preparation of carbon-FRCM coupons for the 

tensile tests; (b) tensile tests setup. 

 

 



 

 

  

(a)                                     (b) 

Fig. 5. Stress-strain behaviour of the carbon-FRCM coupons under different evaluations: (a) the 

cross-sectional area of the carbon fabric mesh; (b) the entire cross-sectional area of the composite. 

 

 

 

 

 

 

 

Fig. 6. Typical stress-strain relation of the FRCM composites [28]. 

 

 

 

 



 

 

 

Fig. 7. Typical slippage failure mode of the carbon-FRCM composites. 

 

 

 

 

 

 

  

(a)                                     (b) 

Fig. 8. Critical points in the stress-strain curves obtained from the direct tensile tests: (a) cracked 

stage; (b) crack development stage. 

 

 

 

 



 

 

  

(a)                                     (b) 

  

(c)                                     (d) 

Fig. 9. Feeding voltage (■, Efeed), anode potential (▲, Ean) and steel potential (○, Ecat) in the ICCP 

procedure: (a) L2-AP-i125; (b) L2-AP-i375; (c) L2-AP-i500; (d) L2-AP-i750. 

 

 

 

 

 

 

 

 

 

 



 

 

 

Fig. 10. Acidification detection around the carbon fabric mesh. 

 

 

 

 

 

 

 

Fig. 11. Stress-strain behaviour of the carbon-FRCM composites subjected to anodic polarization 

in the ICCP procedure. 

 

 

 

 



 

 

  

Fig. 12. Effect of current density on the tensile strength, maximum strain and cracked tensile elastic 

modulus: (a) tensile strength; (b) maximum strain and cracked tensile elastic modulus. 

 

 

 

 

 

 

 

Fig. 13. Prediction of tensile strength as a function of the accumulated charge density. 

 

 



Table 1 

Cement-based mortar composition (units: kg/m3). 

Cement Water 
Quartz sand 

Superplasticizer Short carbon fibres 
Fine size Moderate size 

851 298 284 567 0.85 6.38 

 

 

Table 2 

Tensile properties of carbon fibres. 

Carbon fibres 
Tensile strength 

(MPa) 

Elastic modulus 

(GPa) 

Strain-to-

failure (%) 

Nominal cross-

sectional area  

(mm2) 

Fibre filament * 4900 230 2.1 3.85×10-5 

Fibre bundle # 2125 196.4 1.1 0.462 

Note: * represents the tensile properties of the carbon fibre filament provided by the manufacturer; 

# represents the tensile properties of the dry carbon fibre bundle obtained from the direct tensile 

tests conducted by the authors. 

 

 

Table 3 

Test parameters of the carbon-FRCM coupons. 

Series 

Carbon-

FRCM 

coupons 

Layers 

of 

carbon 

fabric 

mesh 

Fabric 

reinforcement 

ratio 

(ρcfm, %) 

Anodic polarization 

Number 

of test 

coupons 

Current 

density 

(ia, mA/m2) 

Duration 

(t, days) 

Accumulated 

charge density 

(q, ×106 C/m2) 

I 

L1 1 0.462 N/A 3 

L2 2 0.615 N/A 3 

L4 4 0.739 N/A 3 

II 

L2-AP-i125 2 0.615 125 62 0.70 3 

L2-AP-i375 2 0.615 375/125 34/24 1.36 3 

L2-AP-i500 2 0.615 500/125 34/24 1.73 3 

L2-AP-i750 2 0.615 750/125/62.5 23/17/14 1.74 3 

 

 



Table 4 

Average tensile testing results of the carbon-FRCM composites in series I and II. 

Specimens 
Data 

analysis 
Fu (kN) εu (%) 

Regarding the carbon fabric mesh  

(Eq. (4)) 

Regarding the carbon-FRCM composite 

(Eq. (6)) 

σcr 

(MPa) 

Epre-cr 

(GPa) 

σu 

(MPa) 

Epost-cr 

(GPa) 

σcr 

(MPa) 
Epre-cr (GPa) 

σu 

(MPa) 
Epost-cr (GPa) 

L1 
Average 6.81 1.69 776 4557 1474 92.4 3.59 21.0 6.81 0.42 

Cov 0.08  0.02  0.25  0.54  0.08  0.42  0.25  0.54  0.08  0.43  

L2 
Average 15.05 1.29 705 5656 1630 77.3 4.34 34.8 10.03 0.59 

Cov 0.04  0.16  0.16  0.15  0.03  0.15  0.16  0.15  0.03  0.44  

L4 
Average 24.05 1.23 572 4619 1303 69.0 4.22 34.2 9.62 0.51 

Cov 0.02  0.17  0.19  0.38  0.02  0.02  0.19  0.38  0.02  0.02  

L2-AP-i125 
Average 11.28 0.84 808 6202 1222 52.1 4.97 39.9 7.52 0.32 

Cov 0.03  0.15  0.15  0.16  0.03  0.35  0.15  0.15  0.03  0.34  

L2-AP-i375 
Average 7.50 0.78 710 6348 813 14.1 4.37 37.1 5.00 0.09 

Cov 0.04  0.28  0.04  0.13  0.04  0.52  0.04  0.15  0.04  0.44  

L2-AP-i500 
Average 6.31 0.85 434 3123 683 / 2.67 19.2 4.20 / 

Cov 0.12  0.07  0.08  0.83  0.12  / 0.08  0.83  0.12  / 

L2-AP-i750 
Average 6.50 0.14 596 4806 704 / 3.67 29.58 4.33 / 

Cov 0.23  0.86  0.17  0.28  0.23  / 0.17  0.28  0.23  / 

 

 


