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ABSTRACT 12 

In this study, Ultra-High-Strength Engineered Cementitious Composites (UHS-ECC) panels with 13 

Fiber-Reinforced Polymer (FRP) reinforcement (i.e., FRP bars and girds) were proposed for the 14 

construction of sustainable marine structures. Based on four-pointed bending tests, the mechanical 15 

performance of FRP-reinforced UHS-ECC [with 2% polyethylene (PE) fibers] and FRP-reinforced 16 

ultra-high-strength concrete (UHSC, without fibers) panels were investigated and compared to 17 

understand the composite action between UHS-ECC and FRP. Compared with the FRP-reinforced 18 

UHSC panel, the FRP-reinforced UHS-ECC panel showed significantly higher ultimate load (139%–19 

173% higher), stiffness, and deformation capacity. It was also found that the use of seawater as the 20 

raw material had almost no effect on the mechanical performance of FRP-reinforced UHS-ECC 21 

(UHSC) panels. An analytical investigation was conducted to predict the load capacities of the tested 22 

panels, and the prediction error was acceptable. For FRP-reinforced UHS-ECC (UHSC) panels, it 23 

was revealed that using UHS-ECC to replace UHSC improved the stress transfer and deformation 24 

compatibility with FRP because the multiple cracking behavior of UHS-ECC lowered the crack-25 

induced shear stress concentration along the FRP reinforcement. The developed FRP-reinforced 26 

UHS-ECC system showed great potential in the construction of durable and sustainable marine 27 

infrastructure. 28 
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1 Introduction 34 

Reinforced concrete (RC) structures have been widely used in construction work [1] [2] [3] [4]. 35 

By combining concrete and steel reinforcement, the RC system has high cost-efficiency and good 36 

mechanical performance to meet the economical and safety requirements of most engineering 37 

structures. However, for marine and coastal construction [5] [6], the low corrosion resistance of steel 38 

reinforcement and the quasi-brittle behavior of concrete are the major limitations of RC structures [7] 39 

[8] [9]. In addition, marine structures have to sustain complex/extreme loadings (e.g., cyclic, fatigue, 40 

and impact loadings [10] [11] [12] [13] [14]). Therefore, it is meaningful to look for alternative 41 

advanced materials for the substitution of steel reinforcement and conventional concrete to develop 42 

safer, more durable, and more sustainable marine infrastructure. 43 

Fiber Reinforced Polymers (FRP) reinforcement has become a suitable alternative to 44 

conventional steel reinforcement as this material possesses a high strength-to-weight ratio and 45 

excellent corrosion resistance [15] [16] [17] [18] [19] [20]. However, compared to RC members with 46 

the same cross-section and reinforcement details, FRP-reinforced concrete members still face several 47 

problems such as large crack width [21] [22] [23] and abrupt brittle failure [24] [25] [26], owing to 48 

the comparatively low elastic modulus and linear elastic characteristics of FRP materials. To address 49 

challenges, the conventional concrete layer can be replaced by Engineered Cementitious Composites 50 

(ECC) [27] [28] [29] [30] [31] [also termed as Strain-hardening Cementitious Composites (SHCC) 51 

[32] [33] [34] [35] [36] or Ultra-High-Toughness Cementitious Composites (UHTCC) [37] [38]] to 52 

enhance the crack resistance and ductility of the FRP-reinforced member [39] [40] [41]. 53 

ECC materials with tensile strain-hardening characteristics and multiple cracking ability are 54 

designed under the guidance of the micromechanical design principle [42] [43] [44] [45] [46]. 55 
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Through the utilization of high-performance synthetic fibers [e.g., polyvinyl alcohol (PVA) fiber and 56 

polyethylene (PE) fiber], ECC can possess a high/ultra-high tensile ductility (typically 3–10%) 57 

several hundred times that of conventional concrete [47] [48] [49] [50]. In recent years, by combining 58 

the Ultra-High-Performance Concrete (UHPC) technology and the micromechanics-based design 59 

method of ECC, high-strength ECC (HS-ECC, 80–150 MPa) and ultra-high-strength ECC (UHS-60 

ECC, 150–210 MPa) have been successfully designed and developed (see Fig. 1) [51] [52] [53]. 61 

These innovative materials successfully overcame the quasi-brittleness of conventional concrete and 62 

possessed higher mechanical performance and better durability due to the densified microstructures 63 

[54] [55] [56] [57]. It should be pointed out that one important advantage of the FRP-reinforced 64 

HS/UHS-ECC is that the high/ultra-high compressive strength is beneficial to improve the material 65 

efficiency of FRP reinforcement. 66 

 67 

Fig. 1 (a) Mechanical properties of existing ECC materials; and (b) Schematic diagram of the stay-68 

in-place permanent formwork made by FRP-reinforced UHS-ECC for marine and coastal 69 

applications. 70 

It should be pointed out that FRP-reinforced UHS-ECC members are much more expensive than 71 

conventional RC members. Thus, using FRP-reinforced UHS-ECC as the exterior protective layer 72 
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could be a cost-effective solution for practical applications. As shown in Fig. 1b, FRP-reinforced 73 

UHS-ECC can be used to prefabricate stay-in-place permanent formwork for concrete members. In 74 

this system, the FRP-ECC layer serves as the stay-in-place permanent formwork during concrete 75 

casting, and they are also the exterior protective layer of the concrete member for its remaining life 76 

[58]. This strategic utilization of FRP-reinforced UHS-ECC could minimize the material cost and 77 

improve construction efficiency. It is worth mentioning that in marine and coastal regions, the FRP-78 

ECC formwork system could also be used in the construction of seawater sea-sand concrete structures. 79 

In such a case, the UHS-ECC can be mixed with seawater directly, as the internal FRP reinforcements 80 

are non-corrosive [59]. Thus, the FRP-reinforced UHS-ECC panel shows great potential in the 81 

construction of durable and sustainable marine infrastructure. 82 

It should be pointed out that the stay-in-place permanent formwork made by FRP-reinforced 83 

UHS-ECC in Fig. 1b is a schematic diagram of such potential application. This study focused on the 84 

flexural performance of FRP-reinforced UHS-ECC panels to demonstrate the feasibility of this newly 85 

proposed system. In addition, the understanding of the mechanical behavior and composite action of 86 

FRP-reinforced UHS-ECC panels is critical for the practical application. In the following parts, the 87 

flexural performance of the FRP-reinforced UHS-ECC panel was experimentally and theoretically 88 

investigated to understand the interaction between these two advanced engineering materials. Two 89 

types of FRP reinforcements (i.e., FRP bar and FRP gird) were used to reinforce the UHS-ECC panels, 90 

and their mechanical properties were tested using four-point bending tests with the assistance of 91 

Digital Image Correlation (DIC) techniques. The test results were compared to those of FRP-92 

reinforced Ultra-High-Strength Concrete (UHSC) panels (without fibers). In addition, the influence 93 

of seawater on the mechanical performance of FRP-reinforced UHS-ECC panel systems was also 94 

evaluated. Finally, an analytical investigation was conducted to predict the load capacities of the FRP-95 



6 / 7 

reinforced UHS-ECC (UHSC) panels. 96 

2 Experimental programs 97 

2.1 Ultra-High-Strength ECC (UHS-ECC) 98 

The mix proportions of UHS-ECC and Ultra-High-Strength Concrete (UHSC, without fiber) are 99 

presented in Table 1. It is noted that there is no difference between the mix proportions of fresh water-100 

mixed and seawater-mixed ones except for the water types. Type I ordinary Portland cement 52.5 N, 101 

silica fume with SiO2 content over 92%, silica sand with an average particle size smaller than 300 102 

μm, and polycarboxylate-based super-plasticizer (SP) were used in the matrix of UHS-ECC. The 103 

water-to-binder ratio was 0.20, the sand-to-binder ratio was 0.77, and the superplasticizer-to-binder 104 

ratio was 0.014. Ultra-high-molecular-weight PE fibers were used [60] [61] [62] and the fiber 105 

properties are listed in Table 2. The seawater was artificially produced by mixing tap water and 106 

dissolved commercial sea salt with a concentration of 36 g/L. The chemical composition of this 107 

artificial seawater type was confirmed to be similar to natural seawater in a previous study [63]. 108 

Table 1 Mix proportions (weight ratio). 109 

Raw Materials UHS-ECC UHSC 

Cement 1.000 1.000 

Silica Fume 0.300 0.300 

Silica Sand 1.000 1.000 

Fresh Water (or Seawater) 0.260 0.260 

Superplasticizer (in solid) 0.018 0.018 

PE Fiber (Vol. %) 2.0% 0% 

Table 2 Fiber properties (obtained from the suppliers). 110 

Fiber Properties Values 

Diameter (μm) 24 
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Length (mm) 12 

Strength (MPa) 3000 

Modulus (GPa) 100 

Density (g/cm3) 0.97 

The mixing process of UHS-ECC was as follows: (a) the cement, silica fume, and silica sand 111 

were dry-mixed for 2–3 min; (b) the water and superplasticizer were added into the mixer and stirred 112 

together for 6–8 min; (c) the PE fibers were added and mixed for another 3 min until a uniform 113 

mixture was formed; (d) the prepared mixture was cast into molds. All the specimens were cured in 114 

23 ℃ water for 28 days. 115 

2.2 FRP bars and grids 116 

In this study, carbon FRP bars and grids were separately used as reinforcements (see Fig. 2). 117 

FRP grids were manufactured by Nippon Steel & Sumikin Materials Co., Ltd, Japan with a square 118 

mesh size of 50 mm × 50 mm. They are made up of untwisted yarns consisting of continuous carbon 119 

fibers impregnated with thermoset epoxy resin. According to the information provided by the 120 

manufacturer, the properties of the FRP bar/grid are as follows. The cross-sectional area of FRP grids 121 

(Fig. 2a) is 26.4 mm2, and the tensile strength and elastic modulus of FRP grids were 1200 MPa and 122 

165 GPa, respectively. The tensile strength and elastic modulus of 10 mm diameter FRP bars (Fig. 123 

2b) are 1800 MPa and 120 GPa, respectively. 124 

 125 

Fig. 2 Photographs of FRP reinforcements used: (a) FRP grids and (b) FRP bars. 126 
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2.3 FRP-reinforced UHS-ECC panel 127 

A total of eight panels representing eight different groups were prepared for mechanical tests. 128 

The specimen IDs are summarized in Table 3. Four panels were made of Ultra-High-Strength 129 

Concrete (UHSC, without fiber) and the other four panels were prepared with UHS-ECC (2% 130 

UHMWPE fiber). In the specimen IDs, “B” represents the FRP bar; “G” represents the FRP grid; 131 

“SW” represents seawater; “FW” represents fresh water; and “0%” and “2%” stands for concrete 132 

without fiber reinforcement (i.e., UHSC) and with 2% fiber reinforcement (i.e., UHS-ECC), 133 

respectively. The panels had a length of 800 mm and a cross-section of 320 mm (width) × 50 mm 134 

(depth). Fig. 3 shows the details of the geometrical dimensions of FRP-reinforced UHS-ECC panels, 135 

and both FRP bars and grids were placed at the bottom part of the panel with a cover thickness of 10 136 

mm. It should be pointed out that based on the FRP reinforcements shown in Fig. 2 and Fig. 3, the 137 

total stiffness of the FRP bars used in the panel (120 GPa × 78.5 mm2 × 3 = 28260 kN) was close to 138 

that of the FRP grids (165 GPa × 26.4 mm2 × 7 = 30492 kN). 139 

Table 3 Specimen IDs. 140 

Specimen IDs 
Types of Concrete 

(Fiber Volume Fraction) 
Types of FRP 

Reinforcements 
Types of 

Water 

FW-B-0% UHSC (0%) Bar (B) Fresh Water (FW) 

SW-B-0% UHSC (0%) Bar (B) Seawater (SW) 

FW-G-0% UHSC (0%) Grid (G) Fresh Water (FW) 

SW-G-0% UHSC (0%) Grid (G) Seawater (SW) 

FW-B-2% UHS-ECC (2%) Bar (B) Fresh Water (FW) 

SW-B-2% UHS-ECC (2%) Bar (B) Seawater (SW) 

FW-G-2% UHS-ECC (2%) Grid (G) Fresh Water (FW) 

SW-G-2% UHS-ECC (2%) Grid (G) Seawater (SW) 
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 141 

Fig. 3 Dimensions of FRP-reinforced UHS-ECC (UHSC) panels and test setup. 142 

2.4 Testing methods and material properties 143 

According to ASTM C469/C469M [64], the cube strength (50 mm × 50 mm × 50 mm cube) of 144 

fresh water-mixed UHS-ECC, seawater-mixed UHS-ECC, fresh water-mixed UHSC, and seawater-145 

mixed UHSC were 150.4 MPa, 151.0 MPa, 150.9 MPa, and 150.6 MPa, respectively. It can be seen 146 

that the use of seawater and the addition of PE fibers had very limited effects on the cubic compressive 147 

strength. The compressive properties of UHS-ECC were further determined using Φ100 × 200 mm 148 

cylinders, according to the JSCE recommendation [65], and the measurement of elastic modulus also 149 

followed ASTM C469/C469M [64]. The average compressive strength and elastic modulus of fresh 150 

water-mixed UHS-ECC cylinders were 130.0 MPa (with the ultimate strain of 0.368%) and 38.0 GPa, 151 

respectively. For the seawater-mixed UHS-ECC cylinders, the average compressive strength and 152 

elastic modulus were 130.8 MPa (with the ultimate strain of 0.385%) and 38.2 GPa, respectively. 153 

The direct tensile tests of UHS-ECC were conducted by using 13-mm thick dumbbell specimens 154 

(according to the JSCE’s recommendation [65]) under the loading rate of 0.5 mm/min [66] [67] [68]. 155 

Linear variable differential transformers (LVDTs) were used to measure the tensile deformation of 156 

the central part (80-mm length) [69] [70]. The tensile stress-strain curves of UHS-ECC are presented 157 

in Fig. 4. From the figure, no obvious differences were observed in the tensile performances of these 158 

two types of UHS-ECC (i.e., FW-ECC and SW-ECC). Generally speaking, both UHS-ECC achieved 159 
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a tensile strain capacity of over 3.0% and a tensile strength of over 6.0 MPa showing significant 160 

tensile strain-hardening behaviors. 161 

 162 

Fig. 4 Tensile stress-strain curves of UHS-ECC mixed with fresh water (FW-ECC) and seawater 163 

(SW-ECC). The use of seawater had a limited effect on the tensile behavior of UHS-ECC. 164 

Four-point bending tests were carried out to evaluate the flexural behavior of FRP-reinforced 165 

UHS-ECC panels. The distance between the loading points was 140 mm, and the span was 740 mm. 166 

The specimens were tested using 150-kN hydraulic actuators under displacement control modes with 167 

a loading speed of 0.5 mm/min. A pair of LVDTs were used to measure the mid-span deflection of 168 

the specimens. Digital image correlation (DIC) method [71] [72] [73]was applied to analyze the 169 

tensile strain field and cracking behavior of FRP-reinforced UHS-ECC panels. The whole surface 170 

(800×50 mm2) of the specimen was monitored using DIC, and the speckle pattern of black spots was 171 

applied onto the surface as a region of interest before the formal test. A digital camera was used to 172 

capture photographs at an interval of 3 s. For the DIC data processing, a subset size of 30 pixels and 173 

a step size of 15 pixels were chosen. 174 
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3 Test results and discussions 175 

3.1 Flexural performance 176 

The load-deflection curves of FRP-reinforced UHS-ECC (UHSC) panels are shown in Fig. 5 and 177 

the values of load capacities are summarized in Fig. 6. The ultimate load and deflection of FRP bar-178 

reinforced UHSC panel (FW-B-0% in Fig. 5a) were 19.7 kN and 9.4 mm, respectively, while those 179 

of FRP bar-reinforced UHS-ECC panel (FW-B-2% in Fig. 5a) increased by 173% (53.8 kN) and 167% 180 

(25.1 mm), respectively. For the FRP grid-reinforced UHS-ECC panel (FW-G-2% in Fig. 5b), the 181 

load capacity and deflection were 62.5 kN and 19.6 mm, respectively, which were 139% and 54% 182 

larger than those of UHSC panels (FW-G-0%, 26.2 kN and 12.7 mm), respectively. As summarized 183 

in Fig. 5c, compared with the FRP-reinforced UHSC panel, the load capacity and stiffness of the 184 

FRP-reinforced UHS-ECC panel significantly increased. It should be pointed out that in accordance 185 

with the Chinese Standard GB 50666-2011 [74], the flexural capacity of the developed FRP bar-186 

reinforced UHS-ECC panel was found to exceed the required capacity for a one-meter-high cast-in-187 

site concrete by over 20 times. In future studies, the FRP-reinforced UHS-ECC panel can be further 188 

designed as a formwork panel, and the loading scheme needs be determined based on the shape and 189 

size of the concrete member produced by the designed formwork. 190 
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 191 

Fig. 5 Load-deflection curves of FRP-reinforced UHS-ECC (UHSC) panels. The flexural 192 

performance of the FRP-reinforced UHS-ECC panel showed significantly higher load capacity and 193 

stiffness than the FRP-UHSC counterpart, and the use of seawater had a limited effect on the 194 

flexural behavior. 195 

Fig. 5a and Fig. 5b also show the load-deflection curves of FRP-reinforced panels using seawater. 196 

In general, the use of seawater as raw material had no obvious effect on the flexural performance of 197 

FRP-reinforced UHS-ECC (UHSC) panels. This phenomenon can be explained as follows: seawater 198 

had a negligible effect on the compressive and tensile performance of UHSC and UHS-ECC (as 199 

presented in Section 2.4), which was also reported in many papers [63] [75]. 200 
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 201 

Fig. 6 Load capacities of FRP-reinforced UHS-ECC/UHSC panels. The FRP-reinforced UHS-ECC 202 

panel showed 139%–173% higher load capacity than the FRP-UHSC counterpart. 203 

Fig. 7 shows the crack patterns of FRP-reinforced UHS-ECC (UHSC) panels at the ultimate 204 

stage. During the tests, shear failure occurred in all the UHSC panels (without PE fibers), the 205 

compression failure of UHS-ECC occurred in FW-B-2% and SW-B-2% with multiple narrowed 206 

cracks along the panel span, and the rupture of the FRP grid occurred in FW-G-2% and SW-G-2%. 207 

Compared to FW-B-2%, much fewer cracks were observed in FW-B-0%, showing that adding PE 208 

fibers can significantly improve the energy absorption and ductility of the structural members. Fig. 8 209 

presents the photographs of FW-B-0% and FW-B-2% after bending tests. It can be seen that the UHSC 210 

panel broke into pieces and cracks occurred along the FRP bars (Fig. 8a), while the integrity of the 211 

UHS-ECC panel is good (Fig. 8b). It is noted that the abrupt drop of load-bearing capacity in FRP 212 

grid-reinforced UHS-ECC panels (Fig. 5b) was caused by the rupture of FRP grid, indicating that 213 

UHS-ECC and FRP grid had good deformation compatibility and interaction. 214 
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 215 

Fig. 7 Crack patterns of FRP-reinforced UHS-ECC (UHSC) panels at the ultimate stage. For UHS-216 

ECC and UHSC panels, flexural and shear failure occurred, respectively. 217 

 218 

Fig. 8 Photographs of (a) UHS-ECC (FW-B-0%) and (b) UHSC (FW-B-2%) panels after bending 219 

tests. The integrity of the UHS-ECC panel is good, but the UHSC panel broke into pieces. 220 

A comparison between the load-deflection curves of FRP bar- and grid-reinforced panels is 221 

presented in Fig. 5c. The flexural capacities of FW-G-2% and FW-G-0% were 16% and 33% higher 222 

than that of FW-B-2% and FW-B-0%, respectively. In FRP grid-reinforced UHS-ECC panels, the 223 

UHS-ECC passing through the openings of the FRP grid worked as “shear keys”, and the interaction 224 

between the FRP grid and UHS-ECC could transfer stresses in the longitudinal FRP strips to the UHS-225 

ECC through the transverse strips. Also, the cracks of FRP grid-reinforced panels were more evenly 226 

distributed than those of FRP bar-reinforced ones (Fig. 7). It should be remembered that the total 227 

stiffness of FRP bars and grids used in the panels was close, leading to the similar stiffness of FW-G-228 
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0% and FW-B-0% as shown in Fig. 5c. For FW/SW-G-2% in Fig. 5b, the panel stiffness remained 229 

almost unchanged after cracking load. However, for FW/SW-B-2% in Fig. 5a, the panel stiffness 230 

decreased as the load approached the peak value, indicating that the debonding of FRP bars occurred. 231 

3.2 Strain profiles 232 

 233 

Fig. 9 The strain profiles of FRP-reinforced UHS-ECC/UHSC panels almost remained a linear 234 

variation, indicating that the plane section could be assumed in the sectional analysis of the panels. 235 

The strain profiles of panels at four different load levels are summarized in Fig. 9. It is noted 236 

that the results in Fig. 9 were obtained from DIC analysis following the method in Ref. [76]. It is seen 237 

that during the loading process, all the strain profiles were linearly distributed along the section height, 238 

indicating that the plane section assumption could be adopted in sectional analysis (Section 5). In Fig. 239 

9a–d, the strain profiles of seawater-mixed specimens were close to those of fresh water-mixed ones, 240 

which was in accordance with the results that using seawater had almost no effect on the flexural 241 
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behavior of the FRP-reinforced panels. The comparison under the similar load level between FRP 242 

bar- and grid-reinforced panels is shown in Fig. 9f. The strains of FRP grid-reinforced UHS-ECC 243 

panels were smaller than those of FRP bar-reinforced UHS-ECC panels at high load levels, due to the 244 

reduction of the panel stiffness of FW-B-2% caused by the debonding of FRP bars. 245 

3.3 Evolution of the maximum crack width 246 

The maximum crack width vs. load relations of the FRP-reinforced panels (Fig. 10) were 247 

measured by DIC techniques according to the method in Ref. [76]. Compared with the UHSC panels, 248 

the addition of PE fibers in UHS-ECC reduced the maximum crack width significantly due to the 249 

fiber-bridging effect. In Fig. 10, it can be seen that when the load level was over 10 kN, the FRP grid-250 

reinforced UHS-ECC panels (i.e., FW/SW-G-2%) possessed a better crack control ability than FRP 251 

bar-reinforced UHS-ECC panels (i.e., FW/SW-B-2%), which could be attributed to the stronger bond 252 

interaction between FRP grid and UHS-ECC. 253 

 254 

Fig. 10 Evolution of the maximum crack width of FRP-reinforced panel: (a) Freshwater (FW) series 255 

and (b) seawater (SW) series. Using UHS-ECC to replace UHSC significantly enhanced the crack 256 

resistance of the FRP-reinforced panel. 257 
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4 DIC analysis and failure process 258 

4.1 FRP bar/grid-reinforced UHSC (without fiber) 259 

Fig. 11 and Fig. 12 show the failure processes of FRP bar/grid-reinforced panels using fresh 260 

water/seawater-mixed UHSC. The DIC results at four load levels (i.e., 0.25Pu, 0.50Pu, 0.75Pu, 1.00Pu, 261 

Pu is the peak load) are compared. At the load level of 0.25Pu, several cracks were initiated at the 262 

panel bottom. Then, the crack number increased with the increasing load. At the ultimate load, the tip 263 

of the major crack was very close to the top side of the member, and the shear failures occurred at 264 

both FRP bar- and grid-reinforced UHSC panels (see also Fig. 7). The load capacity of FW-G-0% 265 

was 16% higher than that of FW-B-0%, indicating a better interaction between UHSC and FRP grids. 266 

It should be noted that transverse cracks in the FRP grid-reinforced panels propagated along the 267 

longitudinal direction of panels, which is possibly due to the stress concentration occurring at the grid 268 

knots. 269 

 270 

Fig. 11 Failure processes of FRP bar-reinforced panels using fresh water and seawater-mixed 271 

UHSC. 272 
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 273 

Fig. 12 Failure processes of FRP grid-reinforced panels using fresh water and seawater-mixed 274 

UHSC. 275 

4.2 FRP bar/grid-reinforced UHS-ECC (2% PE fibers) 276 

The failure processes of FW/SW-B-2% and FW/SW-G-2% are presented in Fig. 13 and Fig. 14, 277 

respectively. At the load level of 0.25Pu, more cracks were observed in FRP-reinforced UHS-ECC 278 

panels, compared to FRP-reinforced UHSC panels in Fig. 11 and Fig. 12. The crack number of all 279 

the panels increased with the increasing load level. Different from the FRP-UHSC panels, the shear 280 

failure did not occur in UHS-ECC panels. Instead, flexural failure occurred in all the UHS-ECC 281 

specimens. The compressive failure of UHS-ECC was observed at FW/SW-B-2% (see also Fig. 7), 282 

and the debonding of FRP bars led to a more ductile failure mode after the ultimate load than FW/SW-283 

G-2% in Fig. 14. For the FRP grid-reinforced UHS-ECC panel, multiple vertical cracks initiated from 284 

the bottom of the panel and started to turn into transverse cracks when they approached the grid knots 285 

(Fig. 14). Finally, the tip of the major crack almost reached the top of the panel, but the crushing 286 

failure of concrete did not occur. Instead, the failure of FW/SW-G-2% was governed by the rupture 287 

of FRP grids, indicating that this system took full advantage of the tensile strength of FRP material. 288 
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 289 

Fig. 13 Failure processes of FRP bar-reinforced panels using fresh water and seawater-mixed UHS-290 

ECC. 291 

 292 

Fig. 14 Failure processes of FRP grid-reinforced panels using fresh water and seawater-mixed 293 

UHS-ECC. 294 

For the FRP grid-reinforced UHS-ECC panel, the tensile strength of the FRP grid can be used to 295 

determine the stress level at the ultimate load, because the rupture failure of the FRP grid occurred 296 

(i.e., the strength of the FRP gird was fully utilized). For the FRP bar-reinforced UHS-ECC panel, the 297 
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actual stress level remained unknown, because the debonding of the FRP bar occurred and the rupture 298 

failure of the FRP bar was not observed. In future studies, the local tensile strain of the FRP bar/grid 299 

can be measured by strain gauges or optical fibers to calculate the actual stress level. 300 

4.3 Composites action of FRP reinforcement and UHS-ECC 301 

Considering that strong stress concentration and large crack width are difficult to avoid in 302 

conventional FRP bar/grid-reinforced concrete structures (Fig. 15), the replacement of conventional 303 

concrete with UHS-ECC can be an effective way to overcome the above drawbacks. As UHS-ECC 304 

possesses excellent mechanical properties, superior tensile ductility, and multiple cracking behavior, 305 

the deformation compatibility between FRP and UHS-ECC was much better than that between FRP 306 

and concrete (Fig. 15). In detail, under flexural (Fig. 15a) or shear (Fig. 15b) loadings, the cracking 307 

of conventional concrete (i.e., comparatively large cracks) results in a strong interfacial shear stress 308 

concentration along FRP reinforcement, while the multiple cracking behavior of UHS-ECC (i.e., 309 

multiple fine cracks) can effectively lower such stress concentration, leading to a better composite 310 

action between UHS-ECC and FRP. It means that the strain localization in the FRP bar/grid could be 311 

effectively alleviated, but could not be avoided in UHS-ECC, owing to the existence of the multiple 312 

fine cracks. According to the experimental results and the composite action revealed in this study, the 313 

combination of FRP reinforcement and UHS-ECC is proved to have excellent mechanical 314 

performance, showing great potential in the applications of marine and coastal structures. It should 315 

be remembered that for FRP-reinforced ECC systems in marine and coastal construction, seawater 316 

and sea-sand can be used in ECC to improve material sustainability, as FRP reinforcement is non-317 

corrosive. 318 
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 319 

Fig. 15 Influence of cracking behavior on the interfacial stress of FRP bar/grid-reinforced panel. 320 

The multiple cracking behavior of ECC materials lowered the crack-induced shear stress 321 

concentration along the FRP reinforcement. 322 

5 Theoretical analysis 323 

5.1 Calculation of load capacity 324 

Based on the stress and strain distribution shown in Fig. 16, sectional analysis was conducted to 325 

calculate the ultimate loads of the FRP-reinforced UHS-ECC panels. Here, b and h are the width and 326 

height of the section, respectively; m is the location of the FRP reinforcement; c is the location of the 327 

neutral axis; εc, εf, and εt are the strains of UHS-ECC in compression zone, FRP in tension zone, and 328 

UHS-ECC in tension zone, respectively; σc and σt are the stresses of UHS-ECC in compression and 329 

tension, respectively; and εcu is the ultimate compressive strain of UHS-ECC, respectively. The tensile 330 

force of the panel was determined by combining the tensile contribution provided by both FRP 331 

reinforcement and UHS-ECC. It is noted that the UHS-ECC crushing failure occurred in FRP bar-332 

reinforced UHS-ECC panels, while the FRP rupture occurred in FRP gird-reinforced UHS-ECC 333 

panels. Thus, two different ultimate conditions were applied to estimate the load capacities. 334 
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 335 

Fig. 16 Stress and strain distributions of FRP-reinforced UHS-ECC panel at the ultimate stage. 336 

For UHS-ECC, the compressive stress-strain relationship recommended by the specification of 337 

the Japan Society of Civil Engineers (JSCE) [77] was used. 338 
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where Ec and fc are the measured elastic modulus (38.0 GPa) and compressive strength (130.0 MPa), 339 

respectively; εce and εcu are 0.342% and 0.368%, respectively. 340 

For the sectional analysis, the tensile behavior of the FRP reinforcement was assumed to be 341 

linear elastic, the material properties can be found in Section 2. The equilibrium equations of the 342 

conditions in Fig. 16 can be expressed as follows: 343 

0
0

h c

c f f f tc
N σ bdx E A σ bdxε= ⇒ = +∑ ∫ ∫  (2) 

( ) ( ) ( )Calcu 0
0

h c

c f f f tc
M M σ x c bdx E A c m σ c x bdxε= ⇒ = − + − + −∑ ∫ ∫  (3) 

where Af is the total area of FRP reinforcement in the tension zone; Ef is the elastic modulus of FRP 344 

reinforcement. For FRP bar-reinforced UHS-ECC at the ultimate load, the strain of UHS-ECC at the 345 

top of the panel was set to εcu (0.368%), because the compressive failure of UHS-ECC occurred. For 346 

FRP grid-reinforced UHS-ECC at the ultimate load, the rupture of FRP grids occurred, and thus the 347 

strain of FRP in tension was set to the rupture strain εfu (0.73%). The tensile strength and strain 348 

capacity of UHS-ECC were assumed to be 6.0 MPa and 3.0%, respectively. 349 
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As shear failure occurred in all the UHSC panels (Fig. 7), the load capacities of FW/SW-B-0% 350 

and FW/SW-G-0% were contributed by the shear force of UHSC (Vc), and the contribution of 351 

longitudinal FRP reinforcement was neglected. The shear capacities of FRP-reinforced UHSC panels 352 

can be estimated based on the equation given in ACI318M-14 [78]: 353 

(0.16 17 )c c
dV f bd
a

= λ + ρ  (4) 

where λ is a modification factor (taken as 1.0 here); ρ is the longitudinal reinforcement ratio; a and d 354 

are the length of the shear span (300.0 mm) and effective depth (40.0 mm) of the panel, respectively. 355 

Based on Eq. (2), Eq. (3), and Eq. (4), the ultimate load capacities of FRP-reinforced UHS-ECC 356 

and FRP-reinforced UHSC panels can be calculated and the results are summarized in Table 4. The 357 

comparison of the experimental and predicted results is shown in Fig. 17. In general, the prediction 358 

error was acceptable with a maximum variation of around 20%. It can be found in Table 4 that all the 359 

calculated load capacities of FRP grid-reinforced panels (i.e., FW-G-0%, SW-G-0%, FW-G-2%, and 360 

SW-G-2%) showed smaller prediction errors than those of FRP bar-reinforced panels (i.e., FW-B-0%, 361 

SW-B-0%, FW-B-2%, and SW-B-2%). This phenomenon is related to the fact that FRP grids showed 362 

better interaction with UHS-ECC (UHSC) than FRP bars and the debonding of FRP bars occurred 363 

during the tests. It should be noted that as only one specimen of each group was adopted in this work, 364 

the test results were not enough to provide a reliable structural design recommendation. In the future 365 

study, additional experimental results are needed to propose a design method for FRP bar/grid-366 

reinforced UHS-ECC panels. 367 

Table 4 Test and calculated load capacities of FRP-reinforced panels. 368 

Specimen IDs 
Ultimate Load (kN) 

Test (kN) Calculation (kN) Variation (%) 

FW-B-0% 19.7 23.8 +20.8 
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SW-B-0% 20.9 23.8 +13.9 

FW-G-0% 26.2 23.7 -9.5 

SW-G-0% 24.6 23.7 -3.7 

FW-B-2% 53.8 64.5 +19.9 

SW-B-2% 54 64.5 +19.4 

FW-G-2% 62.5 64.2 +2.7 

SW-G-2% 58.7 64.2 +9.4 

 369 

Fig. 17 Comparison of test and calculated load capacities. The prediction error was acceptable with 370 

the maximum variation around 20%. 371 

6 Conclusions 372 

In this study, a novel Ultra-High-Strength Engineered Cementitious Composites (UHS-ECC) 373 

panel with Fiber-Reinforced Polymer (FRP) reinforcement (i.e., FRP bar or grid) was proposed for 374 

the construction of sustainable marine structures. The flexural performance and composite action of 375 

FRP-reinforced UHS-ECC panels were experimentally and analytically investigated. The findings 376 

can be summarized as follows. 377 
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 In the four-point bending test, the flexural failure occurred in the FRP-reinforced UHS-ECC 378 

panels, while the shear failure occurred in the FRP-reinforced Ultra-High-Strength Concrete 379 

(UHSC, without fibers) panels. Compared with the FRP-reinforced UHSC panel, the FRP-380 

reinforced UHS-ECC panel showed significantly higher ultimate load (139%–173% higher), 381 

stiffness, and deformation capacity. It was also found that the use of seawater had almost no 382 

effect on the mechanical performance of FRP-reinforced UHS-ECC (UHSC) panels. 383 

 The results showed that the combination of FRP grid and UHS-ECC had the potential to take full 384 

advantage of the tensile strength of FRP material. Compared with the FRP gird-reinforced UHS-385 

ECC panel, the use of FRP bars lowered the stiffness and load capacity of the panel owing to the 386 

debonding of FRP bars in UHS-ECC. 387 

 An analytical investigation was conducted to predict the load capacities of the tested panels. In 388 

general, the calculated ultimate loads of FRP grid-reinforced panels showed better agreement 389 

with the experimental results than FRP bar-reinforced panels. 390 

 It was revealed that using UHS-ECC to replace UHSC improved the stress transfer and 391 

deformation compatibility with FRP because the multiple cracking behavior of UHS-ECC 392 

lowered the crack-induced shear stress concentration along the FRP reinforcement. 393 

This study provides the first trial of the combined use of UHS-ECC and FRP reinforcement in 394 

structural members, and the results demonstrated the feasibility of this novel system. It should be 395 

pointed out that the developed FRP-reinforced UHS-ECC system can be used for stay-in-place 396 

permanent formwork, high-performance strengthening layer, and thin-wall structural members (e.g., 397 

tubular column and box beam). Currently, an experimental investigation is being carried out by the 398 

authors to use FRP-reinforced UHS-ECC as the stay-in-place permanent formwork and strengthening 399 
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layer for reinforced concrete structures, and the results will be reported in the future. In addition, the 400 

durability performance of this novel system is suggested to be systematically investigated. 401 
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