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Abstract: High-performance cementitious composites, such as engineered cementitious 18 

composites (ECCs) with strong tensile strain-hardening behavior or ultra-high performance 19 

fiber-reinforced cementitious composites (UHPFRCCs) with excellent compressive behavior, 20 

have been widely used in civil engineering. In cases that UHPFRCC strengthening layer 21 

without internal reinforcement has an inferior average ultimate tensile stress to UHPFRCC 22 

strengthening layer with internal reinforcement, fiber-reinforced polymer (FRP) bar/grid can 23 

be adopted as internal tension reinforcement. This paper presents a state-of-the-art 24 

comprehensive review on the characteristics and application of high-performance cementitious 25 

composites with and without FRP grid reinforcement. This review discusses the feasibility of 26 

application of ECC/UHPFRCC to structural strengthening/repairing, and concludes that FRP 27 

grid-reinforced ECC/UHPFRCC exhibits better potential than ECC/UHPFRCC in improving 28 

mechanical performance of composite structures. Finally, the application prospect and future 29 

research on FRP grid-reinforced ECC/UHPFRCC are identified. 30 

 31 

Keywords: engineered cementitious composites (ECCs), ultra-high performance fiber-32 
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1. Introduction 69 

Fiber-reinforced polymer (FRP) composites are a kind of high performance material with 70 

superior durability and mechanical properties [1-6], and has been widely used in civil 71 

engineering. Externally-bonded FRP strengthening system is one of the most common 72 

techniques for strengthening reinforced concrete (RC) structures. However, externally-bonded 73 

FRP strengthening systems have some disadvantages [7,8]: 1) a relatively poor bond 74 

performance between the concrete substrate and the FRP layer; 2) a poor behavior of epoxy 75 

resin at high temperature, especially when the temperature is higher than the glass transition 76 

temperature; 3) incompatibly of epoxy resins with the substrate material. 77 

 78 

In recent years, researchers have proposed fabric-reinforced cementitious matrix (FRCM) 79 

strengthening systems to be the alternative to externally-bonded FRP strengthening systems. 80 

FRCM is a class of cementitious composites with dry fiber textiles or FRP/fiber textile grids 81 

embedded in cementitious matrix (see Fig.1). Many experimental studies have been carried out 82 

to confirm the effectiveness of FRCM strengthening systems for flexural and shear 83 

strengthening of RC beams [9-15] and confinement of RC columns [16-19]. Moreover, it has 84 

been proved that the strengthening efficiency of resin-impregnated FRP grid-reinforced 85 

cementitious matrix (FGRCM) is much better than that of un-impregnated fiber textile-86 

reinforced cementitious matrix [10,20]. The excellent strengthening efficiency of FGRCM is 87 

mainly due to improved bond between the concrete substrate and strengthening systems 88 

provided by mechanical interlocking effect of the bidirectional FRP strips in grids. 89 

 90 

Engineered cementitious composites (ECCs), also known as ultra-high toughness cementitious 91 

composites (UHTCCs), is a class of high-performance fiber-reinforced cementitious 92 

composites (HPFRCCs). Owing to the addition of fibers, ECCs can exhibit a large tensile strain 93 

capacity ranging from 3% to 8%, with the advantages of high fracture toughness, high tensile 94 

strength, high cracking resistance and superior durability [21-30]. Structures 95 

strengthened/repaired with ECC have an excellent corrosion resistance because invasion of 96 

corrosive media is effectively postponed due to the protection of the durable ECC jackets, 97 

which generally experience favorite multiple microcracking under tension [31-33]. However, 98 

ECCs have a relatively low compressive strength closed to that of conventional concrete. 99 

Recently, some advanced ultra-high performance fiber-reinforced cementitious composites 100 

(UHPFRCCs) were developed to improve the compressive strength of fiber-reinforced 101 

concrete while maintaining the high tensile strength and ductility, such as ultra-high 102 
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performance concrete (UHPC) and ultra-high performance engineered cementitious composite 103 

(UHP-ECC). Both UHPC and UHP-ECC generally has a compressive strength over 120 MPa 104 

[34-37], and a tensile strength over 7 MPa [35,37-40]. With the advantages of ultra-high 105 

compressive strength coupled with excellent tensile properties and high durability, UHPFRCCs 106 

is a promising material for creating a lightweight and durable permanent formwork [41,42] or 107 

strengthening RC structures [43]. Recently, FRP grid-reinforced ECC matrix and FRP grid-108 

reinforced UHPFRCC matrix, which are abbreviated as “FGREM” and “FGRUM”, 109 

respectively, have been proposed as efficient FGRCM strengthening systems or to form novel 110 

composite structures with an excellent long-term mechanical behavior. Instead of common 111 

mortar, ECCs/UHPFRCCs with multiple cracking behavior are applied as cementitious matrix 112 

to reduce the stress concentration and suppress the debonding between strengthening layer and 113 

concrete substrate, which contributes to a high strengthening efficiency. Moreover, the FRP 114 

grid is efficient in enhancing both the tensile strength and fracture toughness of FGRCM 115 

composites [44-46]. 116 

 117 

In recent years, some studies have focused on strengthening structural members using 118 

FGREM/FGRUM composites and developing novel FGRUM composite structures. Currently, 119 

it has been demonstrated that the flexure or shear capacities of RC beams [47-49] and axial 120 

performance of RC columns [50-52] can be effectively improved after strengthening with 121 

FGREM/FGRUM layers. This paper presents a state-of-the-art review on the current studies 122 

that investigate the characteristics and applications of ECCs/UHPFRCCs as well as 123 

FGREM/FGRUM composites (referred to as FRP-reinforced high-performance cementitious 124 

composites) in strengthening structures or constructing new composite structures. Finally, 125 

further research opportunities and application prospects associated with FRP-reinforced high-126 

performance cementitious composites are identified. 127 

 128 

2. ECCs and UHPFRCCs: Raw material, Characteristic and Application 129 

Based on the packing density method, to obtain dense packing thus improving the performance 130 

of cementitious matrix, ECCs and UHPFRCCs are produced by removing the coarse aggregate, 131 

replacing a portion of cement with mineral admixtures, and adding superplasticizers to achieve 132 

a relatively low water-binder ratio generally ranged from 0.14 to 0.30 [23-25,35,36]. 133 

Additionally, various fibers are added into the mix to enhance the tensile performance. The 134 

basic characteristics of ECCs and UHPFRCCs are mainly determined by the mixing proportion 135 

and the properties of raw materials. The raw materials and mechanical properties of 136 
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ECCs/UHPFRCCs are reviewed in detail, and the bond performance between 137 

ECCs/UHPFRCCs and concrete substrate as well as structural applications of 138 

ECCs/UHPFRCCs are also introduced below. 139 

 140 

2.1 Raw material and Mechanical Properties of ECCs 141 

The ECC is usually obtained by mixing a certain proportion of Portland cement, fly ash, fine 142 

sand, water and water reducer as well as a certain volume ratio of fibers. Some typical mixing 143 

proportions and corresponding mechanical properties of ECCs are shown in Table 1. It has 144 

been confirmed that the mechanical properties of ECCs are mainly influenced by fly ash-binder 145 

ratios (FA/B), water-binder ratios (W/B), sand-binder ratios (S/B), fiber types and fiber volume 146 

fraction [26,53-55]. Note that FA/B, W/B and S/B mean the mass ratio of fly ash, water and 147 

sand to binder (including cement and mineral admixtures), respectively. 148 

 149 

Fly ash is the most common mineral admixture that replacing a portion of cement to improve 150 

the qualities of the ECCs including fire resistance [55-57], freeze–thaw resistance [58], fiber-151 

to-matrix interfacial bonding and matrix toughness [55]. When the mass percentage of fly ash 152 

in cementitious composites exceeds 50% (FA/B≥0.5), it is called as high-volume fly ash 153 

(HVFA). By the comparison on mechanical properties of specimen with mixing proportion of 154 

M1, M2 and M3 (see Table 1), it is found that the compressive strength of ECC decreases while 155 

the tensile strain capacity is enhanced by increasing FA/B. As the HVFA increases, the 156 

reduction of compressive strength is due to the increase of porosity in ECC matrix [59], while 157 

the increase of tensile ductility is caused by the decline of fiber-to-matrix interfacial chemical 158 

bonding and matrix toughness [53,60]. Moreover, W/B and S/B are key factors affecting the 159 

mechanical properties of ECCs. ECC with higher S/B and lower W/B, (e.g., specimen M6 and 160 

M13 shown in Table 1), exhibits a higher compressive strength because of a larger matrix 161 

density, but a poorer tensile ductility caused by increasing matrix toughness and fiber-to-matrix 162 

interfacial bonding [53]. Overall, a low FA/B, a low W/B or a high S/B contributes to a higher 163 

compressive strength of ECC, while a high tensile strain capability may not be achieved. 164 

Oppositely, increasing FA/B and W/B and reducing the S/B are in favor of improving ECC’s 165 

strain-hardening and multiple cracking behavior. 166 

 167 

Polyvinyl alcohol (PVA) or polypropylene (PP) fibers are usually used to improve the tensile 168 

performance of ECCs. With the addition of PVA or PP fibers, the tensile strength and ultimate 169 

tensile strain of ECCs can reach more than 6 MPa and 2%, respectively [54,61]. The oiled PVA 170 
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fibers are the most commonly utilized fibers in producing ECC due to their good dispersibility, 171 

proper interfacial properties [62] and higher tensile strength than PP fibers [26,63]. With the 172 

oiled surface, PVA fiber-to-matrix interfacial bonding is weakened aiming to improving the 173 

tensile ductility of ECC [53], and the tensile failure of PVA-ECC is governed by fiber being 174 

pulled out from matrix. Different from oiled PVA fibers, PP fibers exhibit strong chemical 175 

bonding to cementitious matrix [61], thus PP-ECCs usually fail by fiber rupture before fiber 176 

pullout. Similar to PVA and PP fibers, polyethylene (PE) fibers have also been adopted to 177 

produce PE-ECC [63]. The PE fiber-to-matrix interface was tailored using plasma treatment to 178 

enhance the tensile strength and ductility of ECC [64].  179 

 180 

The tensile and compressive performance of ECC are related to the fiber contents. Lin et al. 181 

[61] found that when the PVA fiber volume fraction increased from 1.0% to 2.0%, the tensile 182 

strength and tensile strain capacity of the ECC were enhanced by about 71% and 103%, 183 

respectively. It was mainly due to the higher fiber pullout resistance and fiber bridging capacity 184 

with the higher fiber content. However, when volume fraction was increased from 2.0% to 185 

2.5%, the tensile and compression strength of ECC were decreased by 26% and 18%, 186 

respectively. The reduction of strength can be attributed to the initial defects in the matrix 187 

caused by uneven fiber distribution, as well as the large porosity caused by excessive fibers 188 

[61]. So, an optimum fiber volume fraction of 2% is commonly applied to make PVA-ECC 189 

[51,55,64]. The compressive and flexural strength of PP-ECC increased with fiber content 190 

increasing from 0% to 2%, and a flexural hardening behavior was observed for PP-ECC 191 

containing 2% fiber while a softening behavior occurred when the fiber content dropped to 1% 192 

[66]. With the increase of fiber content from 1% to 2%, PE-ECC’s tensile strength and strain 193 

capacity increased approximately linearly [67].  194 

 195 

The typical tensile stress-strain curve of ECC can be divided into three stage (see Fig.2): 1) 196 

linear elasticity; 2) strain-hardening and 3) fracture failure. In the linear elasticity stage, the 197 

first crack occurs in ECC when tensile stress reaches the initial cracking strength (𝑓𝑡0). With 198 

the increase of tensile stress, ECC exhibits strain-hardening behavior with the appearance of 199 

multiple small cracks. Finally, the ECC fracture failure occurs on the occurrence of a main 200 

crack with fiber pullout or rupture at the main crack surface. Under uniaxial compression, the 201 

compressive stress-strain curve of ECC exhibits a near-linear ascending stage and a near-202 

bilinear strain-softening stage [65,66]. The compressive strength of ECC is comparable to that 203 

of normal strength concrete (NSC) while the compressive strain capacity of ECC is better than 204 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



that of NSC. Zhou et al. [66] found that the peak strain of ECC under uniaxial compression 205 

was between 0.004 and 0.005 (approximately twice that of NSC’s peak strain).  206 

 207 

2.2 Raw materials and Mechanical Properties of UHPFRCCs 208 

The UHPFRCCs typically consist of high-grade Portland cement, fine aggregate, mineral 209 

admixtures, water, high-range water-reducing admixture (HRWR), and high-volume fractions 210 

of fibers. Generally, UHPFRCCs exhibit high tensile and compressive strength (over 7 MPa 211 

and 120 MPa, respectively), as well as superior durability due to its dense micro-structure and 212 

the addition of fibers. Recently, some advanced UHPFRCCs have been developed, including 213 

UHPC and UHP-ECC.  214 

 215 

2.2.1 UHPC 216 

The mix components of UHPC generally include sand (used as fine aggregate), water, Portland 217 

cement, fine mineral powders (used as mineral admixtures), superplasticizer and steel fibers 218 

[35,67,68]. To achieve an ultra-high compressive strength, a low water-binder ratio (usually 219 

ranges from 0.14 to 0.20) is usually maintained, and polycarboxylates were found to be the 220 

most effective superplasticizers for UHPC with such low W/B [67]. Courtial et al. [69] reported 221 

that the belite phase content strongly decreased when the dosage of polycarboxylate increased 222 

from 1.8% to 2% because of the activation of the hydration reaction of belite. Moreover, ultra-223 

fine mineral admixtures (e.g., silica fume, granulated blast furnace slag, fly ash, and limestone 224 

powder) are added in mixture to ensure a highly dense matrix and a low porosity of UHPC 225 

[35,67,68,70]. Particularly, silica fume with particle sizes ranging from 0.1 to 0.7μm is 226 

commonly used to significantly reduce the porosity and defects in the UHPC matrix [45,67,71]. 227 

It was also found that the optimal silica fume content was between 20% and 30% of cement 228 

mass for the best fiber-to-matrix bond performance [71]. Moreover, the usage of 229 

superplasticizer can significantly decrease the required W/B for a sufficient workability, and 230 

thus effectively reduce the porosity and enhance the strength. The quartz/natural sands with 231 

diameters of less than 0.6 mm are usually used as fine aggregate [45,67], which can 232 

significantly restrain the growth of micro-cracks during the initial crack development of UHPC 233 

[67]. The S/B of UHPC is usually controlled from 0.8 to 1.0 [34,45,72,73]. 234 

 235 

Steel fibers are the most commonly adopted reinforcement fibers in UHPC matrix because of 236 

their high tensile strength and stiffness [67]. When a load acts on UHPC, the stress on matrix 237 

is transferred to the fibers through the fiber-to-matrix interface. The working mechanism of the 238 
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fibers in matrix is shown in Fig. 3, demonstrating the function of fibers in preventing the 239 

development of cracks. Under tensile loading, the debonding between fiber and matrix occurs 240 

when initial crack appears in the matrix (see Fig.3a). As the stress increases, the crack width is 241 

enlarged, and the matrices on both sides of the crack are connected to each other by the fiber 242 

bridging effect (see Fig.3b). UHPC usually exhibits the failure mode of fiber pullout (see Fig.3c) 243 

due to the relatively low bond strength between steel fiber and matrix [73]. If the fiber-to-244 

matrix interfacial bonding is strong enough to prevent the fiber pullout, fiber rupture (see 245 

Fig.3d) will occur. Therefore, the tensile performance of UHPC is mainly affected by the fiber-246 

to-matrix bonding behavior. Steel fibers with a longer length can achieve a higher tensile 247 

strength and strain capacity of UHPC due to the higher fiber pullout load carrying capacity and 248 

slip capacity provided by the larger fiber-to-matrix bond area [35]. Relation between steel fiber 249 

volume ratio and compressive and flexural strengths of UHPC are shown in Fig. 4. It has been 250 

confirmed that flexural and compressive strength of UHPC almost increase linearly with the 251 

increasing fiber volume ratio from 0% to 3% [38,68,73]. The bond stress between fiber and 252 

matrix is reduced with an increase of fiber content, which contributes to suppressing 253 

propagation of cracks and thus resulting in the increase of strength. For cost saving, the steel 254 

fiber volume ratio is usually taken as 1.0 % to 2.0% [45,74]. Recently, synthetic fibers, e.g., 255 

barchip fibers, polypropylene fibers and nylon fibers, have been confirmed to be promising 256 

substitutes for steel fibers [75,76].  257 

 258 

As shown in Fig. 5, the typical tensile stress-strain curve of UHPC can be divided into three 259 

stages: a linear elastic stage, a strain-hardening stage and a strain softening stage. In the linear 260 

elastic stage, the first cracking occurs when the tensile stress achieves the initial crack strength 261 

(𝑓𝑡0). As the stress increases, UHPC exhibits a strain-hardening behavior with the tensile strain 262 

capacity (𝜀𝑡𝑢) less than 1% [35,45,74]. The poor tensile ductility is attributed to low W/B and 263 

high S/B of UHPC. After the peak stress (𝑓𝑡𝑢), UHPC exhibits an obvious strain-softening 264 

behavior. 265 

 266 

2.2.2 UHP-ECC 267 

Recently, UHP-ECC, a novel cementitious material combining the advantages of ECC and 268 

UHPC, have been developed and studied. The difference between UHPC and UHP-ECC is that 269 

UHP-ECC exhibits a tensile strain-hardening behavior. A low W/B ranging from 0.14 to 0.18 270 

is utilized to generate a homogenous cementitious matrix with dense micro-structures, resulting 271 

in a high compressive strength of UHP-ECC [36,37,40]. The blending materials of UHP-ECC 272 
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consist of high-grade Portland cement and mineral admixtures. The reactive powders, e.g., 273 

ground granulated blast furnace slag (GGBFS), limestone powder (LP) and silica fume (SF), 274 

are usually adopted as mineral admixtures to fill the pores in matrix for achieving a high 275 

strength and a high toughness of the matrix [36,37,77-79]. The content percentage of mineral 276 

admixtures in cementitious composites is usually above 50% [36,40]. Furthermore, a relative 277 

low S/B ranged from 0.29 to 0.30 was usually utilized [36,40,77,79] aiming to improve the 278 

tensile ductility. To achieve a high tensile strength and a high tensile rupture strain, 279 

polyethylene (PE) fibers with a high tensile strength and a high aspect ratio are used as 280 

reinforcing fibers in UHP-ECC [40]. The tensile performance of UHP-ECC is mainly decided 281 

by the fiber aspect ratio (𝐿𝑓/𝑑𝑓) and fiber volume ratio (𝑉𝑓). The initial cracking stress, tensile 282 

strength and tensile strain capacity of UHP-ECC would increase with the rise of fiber 283 

reinforcement index (𝑉𝑓 · 𝐿𝑓/𝑑𝑓) which typically ranges from 7.5 to 18 [40,79]. 284 

 285 

The tensile stress-strain curves of UHP-ECC exhibit the same three-staged behavior as that of 286 

ECC (see Fig. 2). The comparison on typical tensile stress-strain curve of UHPC [74] and that 287 

of UHP-ECC [40] is shown in Fig. 6. The UHP-ECC has a greater initial cracking strength than 288 

UHPC. After the first cracking, UHP-ECC exhibits a strong strain-hardening behavior with the 289 

ultimate tensile strain up to 8%, while the tensile strain capacity of UHPC is very poor. A 290 

bilinear constitutive model with great agreement to the experimental tensile stress-strain curve 291 

of UHP-ECC has been purposed by Yu et al. [40]. Under uniaxial compression, the compressive 292 

stress-strain curve of UHP-ECC has the same shape as that of a normal ECC [79,80]. The 293 

general mechanical properties of ECC, UHPC and UHP-ECC are summarized in Table 2, 294 

indicating that UHP-ECC not only has a higher compressive strength that is comparable to 295 

UHPC, but also higher tensile strength and tensile strain capacity than those of ECC. 296 

 297 

2.3 Bond behavior between ECCs/UHPFRCCs and concrete substrate 298 

Recently, ECC/UHPFRCC layers have been used to repair or strengthen the existing RC 299 

structures. The key issue of this repair/strengthening technology is the interfacial bonding 300 

behavior between the ECC/UHPFRCC layer and the concrete substrate. Many factors affect 301 

the bond behavior of ECC/UHPFRCC-to-concrete, including the construction method of 302 

ECC/UHPFRCC, the surface roughness of concrete substrate, the surface treatment of the 303 

overlays and the strength of concrete, etc. Currently, five different bonding strength test 304 

techniques including slant shear test, splitting tensile test, pull-off test, shear test (single-surface 305 
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or bi-surface), and flexural test (three-point or four-point) are usually used to analyze the bond 306 

strength between ECC/UHPFRCC and concrete (see Fig. 7) [81,82]. 307 

 308 

2.3.1 ECC-to-concrete interface 309 

The construction method of ECC includes prefabrication, spraying and casting-in-place. 310 

Usually, to achieve stronger interfacial bonding, except for the necessary rough surface, the 311 

bonding materials are also important. For example, the cast-in-place ECC repair/strengthening 312 

system is connected with existing concrete substrate through the primer (e.g., cement paste), 313 

while the prefabricated one is bonded to substrate using bonding agents (e.g., mortar), which 314 

is shown in Fig. 8a and Fig. 8b. Proper primers or thin bonding agents contribute to the 315 

excellent interfacial bonding by strengthening the mechanical interlocking or cohesion between 316 

ECC and concrete [82-85]. Among them, the epoxy resin adhesive between ECC and concrete 317 

could significantly improve the FRP-ECC-concrete interfacial bonding behavior due to the 318 

strong cohesive force on the interfaces [85]. The relations between interfacial bond strengths 319 

and roughness of concrete substrate surface/strength of old concrete are summarized in Fig. 9. 320 

With increasing concrete strength or increasing surface roughness up to 4mm, the bond 321 

strengths increased obviously for both the cast-in-place and prefabricated ECC-to-concrete 322 

interfaces. However, when the surface roughness was increased to 5 mm, the increase in bond 323 

strengths became inconspicuous, even decrease in bond strength was reported in some studies. 324 

Wang et al. [82-84] concluded that the surface roughness around 4 mm had the optimum effect 325 

on improving the bond strength of interfaces. In most instances, the cast-in-place ECC has a 326 

higher bond strength compared with the prefabricated ECC (see Fig. 9).  327 

 328 

For spraying ECC repair/strengthening systems, the interfacial bonding behavior between 329 

spraying ECC and concrete substrate has been studied by conducting splitting tensile tests [86] 330 

and interfacial shear tests [86,87]. It was found that the usage of primer has a marginal effect 331 

on enhancing the bond strengths of spraying ECC-to-concrete interface [86]. The spraying ECC 332 

and existing concrete are usually connected to each other only by the surface-to-surface contact 333 

(see Fig. 8c), and the shear bond strength is mainly resulted from friction and mechanical 334 

interlocking. Thus, the higher roughness of concrete substrate surface will lead to stronger 335 

friction and mechanical interlock effect that enhancing the shear bond strength of spraying 336 

ECC-to-concrete interface [86,87]. Moreover, the construction method of downward spraying 337 

ECC is recommended because of the positive effect of gravity on the bond behavior [86]. Tian 338 

et al. [87] also found that the spraying ECC generally had a lower interfacial shear strength 339 
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compared with the casting ECC.  340 

 341 

Overall, the typical variables affecting the various bond strengths between prefabricated/cast-342 

in-place/spraying ECC and concrete are summarized in Table 3. Among them, the proper 343 

roughness of concrete substrate and sufficient curing age (above 28 days) are the important 344 

parameters to ensure effective interfacial bonding [82-84,88,89]. The increase of concrete 345 

strength results in a higher bond strength [82-84], which is mainly due to the high strength 346 

concrete suppressing the development of cracks on the interface. As for prefabricated layers, 347 

increasing the roughness of prefabricated ECC surface is an effective method to improve 348 

interfacial bonding [82-84]. Furthermore, a higher ECC strength contributes to higher 349 

interfacial shear bond strength [87]. 350 

 351 

2.3.2 UHPFRCC-to-concrete interface 352 

A number of slant shear tests, splitting tensile tests and direct shear tests have been conducted 353 

to evaluate the bond strength of UHPC-to-concrete interfaces. It has been confirmed that 354 

surface preparation of concrete substrate, strength of concrete, wettability of concrete substrate 355 

and curing age of UHPC have significant influences on the bond strength of UHPC-to-concrete 356 

interfaces. The surface preparation for concrete substrate can be divided into three categories: 357 

mechanical connector (MC) preparation, roughness degree (RD) preparation and bonding 358 

agent (BA) preparation [81]. There are seven surface RD preparation technologies commonly 359 

used, namely smooth surface (SM), rough surface achieved by exposing coarse aggregates (R), 360 

post-installed rebar (PR), sand blasting (SB), wire brushing (WB), drilling holes (DH) and 361 

grooving (GR). Three common failure modes were found, including interfacial debonding, 362 

partial interfacial debonding and concrete substrate failure. The failure modes are dependent 363 

on the UHPC-to-concrete interfacial bond strength: when the bond strength is low, the 364 

interfacial debonding occurs; when the bond strength is high, the partial interfacial debonding 365 

occurs; when the bond strength is ultra-high, the concrete substrate failure occurs. 366 

 367 

The relations between shear bond strength and different variables and corresponding failure 368 

modes under bi-surface shear tests are concluded in Table 4. The shear bond strength of UHPC-369 

to-concrete interface is sensitive to the surface roughness of concrete substrate, so the proper 370 

RD preparation is very important. Valikhani et al. [90] investigated the shear bond strength of 371 

cast-in-place UHPC-to-concrete interface using the mechanical connectors to restrict the 372 

relative slip between UHPC and concrete substrates. It was found that the shear bond strength 373 
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was enhanced by 40% to 255% due to the addition of mechanical connectors. When the BA 374 

surface preparation was used, the bond strength between UHPC and concrete reduced because 375 

the UHPC surface and concrete surface were separated by bonding agent which decreased the 376 

cohesion between the two materials [91,92]. Zhang et al. [93] compared the shear bond strength 377 

under various RD preparation including R, SM, DH, GR and PR, and confirmed that the R 378 

preparation for concrete substrate surface had the most significant effect on improving the 379 

interfacial bond strength. Except for the surface treatment, the adequate curing age (above 28 380 

days) of UHPC is necessary for the growth of interfacial bond strength [93,94]. Additionally, 381 

the adequate wetting of concrete substrate [94,95] contribute to the increase of bond strength. 382 

 383 

To find out the reliable surface preparation, the slant shear bond strengths and the splitting 384 

tensile strengths under various surface preparation for concrete substrate are compared in Fig. 385 

10. Zhang et al. [92] found that the rough surface (R), combination of rough surface with 386 

drilling holes (R+DH) and combination of rough surface with grooving (R+GR) had very close 387 

effect on enhancing UHPC-to-concrete bonding strength. Tayeh et al. [96-98] reported that the 388 

highest slant shear bond strength could be achieved by the SB surface, and the same result was 389 

found by Jafarinejad et al. [99] and Carbonell Muñoz et al. [94]. Tayeh et al. [96-98] also found 390 

that the SB preparation was the most effective method on increasing splitting tensile strength, 391 

while Carbonell Muñoz et al. [94] declared that GR preparation was better than SB preparation. 392 

There is no unified conclusion on the best surface preparation, whereas according to the 393 

existing studies, the WB and DH surface preparation have a relatively poor effect (see Fig. 10). 394 

 395 

2.4 Durability of ECCs/UHPFRCCs  396 

Durability of construction materials is highly important for the long-term behavior of civil 397 

engineering structures. The durability of cementitious materials can be evaluated by many 398 

aspects, such as freeze-thaw resistance, chemical attack resistance, abrasion resistance, fire 399 

resistance and etc. [70,100]. The durability of ECC/UHPC is introduced below from the four 400 

significant aspects mentioned above.  401 

 402 

The fire resistant of ECC/UHPC is affected by the behavior of matrix, fiber and fiber-to-matrix 403 

interface under high temperatures. The mechanical properties of concrete subjected to elevated 404 

temperatures usually degrade accompanied with spalling failure of matrix caused by the 405 

excessive internal tensile stress. Şahmaran et al. [56] found that the explosive spalling failure 406 

of ECC matrix was suppressed due to the addition of PVA fibers. The residual mechanical 407 
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properties of ECC under temperatures ranging from 200 to 600 ℃ was significantly enhanced 408 

with the increase of fly ash content [56]. However, the degeneration of fiber properties under 409 

high temperatures would lead to the decrease or disappearance of the strain-hardening capacity. 410 

Bhat et al. [101] found that ECC lost its strain-hardening behavior and excellent ductility for 411 

temperature above 300 ℃ due to the decomposition of PVA fibers. Zhang et al. [102] reported 412 

that the tensile properties of ECC suddenly decreased at 200 ℃ due to the strength loss of PVA 413 

fibers and the increase of matrix toughness. It was also found that the fiber-to-matrix interfacial 414 

bond, which contributed to the high ductility of ECC, was reduced at 200 ℃. Moreover, the 415 

compressive strength and stiffness of ECC exhibited a linear declination when temperature was 416 

above 200 ℃ [103].  417 

 418 

UHPC has an excellent fire resistance characterized by the high residual mechanical properties 419 

and an excellent spalling resistance. The loss of compressive strength for UHPC begins at the 420 

temperature ranging from 350 to 400 ℃, and when reaching 800 ℃, the UHPC strength dropped 421 

to zero [104]. A study reported that 30% to 50% strength loss was observed for UHPC when 422 

temperature was higher than 1000 ℃ [105]. The damage on steel fibers is much less than that 423 

of PVA or PP fibers under elevated temperatures because of the higher melting point of steel 424 

fibers, which helps maintain the high tensile performance of UHPC effectively after exposure 425 

to elevated temperatures. The steel fibers can improve not only the residual mechanical 426 

properties but also the spalling resistance of heat-damaged UHPC. According to current 427 

statistics, the spalling temperature of UHPC with steel fibers ranged from 260 ℃ to 550 ℃ [104]. 428 

The excellent spalling resistance of UHPC is owe to the strong fiber bridging effect. 429 

 430 

To compare the fire resistance of ECC and UHPC, the effect of temperature on mass loss 431 

[56,102,103,106,107], relative compressive strength [56,102,103,106,108-111], relative tensile 432 

strength [57,102,111-115] and relative stiffness [56,103,107,108,110,116] on ECC/UHPC is 433 

illustrated in Fig. 11. After 200 ℃, the mass loss rate of UHPC was lower than that of ECC (see 434 

Fig.11a), indicating that less damage on UHPC matrix under high temperatures. In most cases, 435 

compared with ECC, UHPC has a lager relative compressive strength at 200 ℃~800 ℃ (see 436 

Fig.11b) but a lower relative stiffness after 400 ℃ (see Fig.11d). Moreover, it should be noted 437 

that the relative tensile strength of ECC could be above 1.0 at 50℃~200℃ (see Fig.11c). When 438 

the FA/B reached above 80% [57,102], the HVFA accelerated hydration process and pozzolanic 439 

reaction thus leading to a stronger fiber-to-matrix interfacial bonding, which resulted in the 440 

enhancement of tensile strength under 50℃~200℃. 441 
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 442 

The relative dynamic elastic modulus and mass loss of matrix are usually used to evaluate the 443 

freeze-thaw resistance. The larger relative dynamic modulus and less matrix mass loss rate 444 

after more freeze-thaw cycles indicate a higher freeze-thaw resistance. The addition of PVA 445 

fiber, fly ash and slag contributes to the high freeze-thaw resistance of ECC. The ECC with 446 

PVA fiber survived after 300 freeze-thaw cycles with a mass loss rate less than 8% [117] while 447 

premature failure of ECC without fibers occurred, indicating that PVA fiber could prevent the 448 

damage of matrix under freeze-thaw cycles. By mixing fly ash and slag in matrix, the relative 449 

dynamic elastic modulus of ECC could be above 100% after water or salt 200 freeze-thaw 450 

cycles [118].  451 

 452 

UHPC has a more superior freeze-thaw resistance than ECC. Wang et al. [119] found that the 453 

mass loss rate of UHPC was only 0.62% after 1500 freeze-thaw cycles. With proper hot or 454 

steam curing for UHPC, the relative dynamic elastic modulus of UHPC subjected to 1000 or 455 

1500 freeze-thaw cycles could reach over 100% [120]. Fig. 12 shows the comparison on the 456 

freeze-thaw resistance between ECC and UHPC. After 300 freeze-thaw cycles, the mass loss 457 

rate of ECC has reached about 8% [117], while UHPC had a much lower mass loss rate (under 458 

0.3%) even after 700 freeze-thaw cycles [121]. In addition, the relative dynamic modulus of 459 

ECC without slag was less than 90% [118] after 200 freeze-thaw cycles while the relative 460 

dynamic modulus of UHPC subjected to 600 freeze-thaw cycles could reach over 100% [121]. 461 

The excellent freeze-thaw resistance of UHPC mainly benefits from its dense microstructures. 462 

 463 

The chemical attack resistance, especially the salt corrosion resistance, is very important to the 464 

concrete structures serving in harsh environment. Liu et al. [122] reported that the ECC 465 

exposed to long-term sulfate and mixed sulfate-chloride environment had higher compressive 466 

and tensile strength than of those exposed to water. The increase of strength was due to some 467 

hydration products filled the pores thus leading to the decrease of porosity in ECC. Despite of 468 

the reduction of tensile ductility under sulfate and sulfate-chloride environment, ECC can still 469 

exhibit the strain-hardening behavior that are characterized by multiple cracking development 470 

and tensile strain capacity above 2%. The superior salt corrosion resistance of UHPC mainly 471 

involves in two aspects: high residual compressive strength and high permeability resistance. 472 

UHPC has superior chloride ion permeability resistance, inhibiting the penetration of chloride 473 

ions into the concrete, and thus restrain the corrosion of steel fibers or reinforcement [70]. Ye 474 

et al. [123] found the percentage of compressive strength of UHPC after exposure to various 475 
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corrosive solutions to the original value ranged from 42% to 98%, among which strong acid 476 

solution caused the greatest damage to UHPC. A study reported that the mass and compressive 477 

strength of UHPC were reduced by less than 9.2% after exposure to various concentrations of 478 

sulphuric acid, sodium chloride, and sulphate solution for 60 days [124].  479 

 480 

The abrasion resistance of concrete is a key durability property for structures bearing friction 481 

loading, especially for the bridge decks. The addition of PVA fibers could effectively improve 482 

the abrasion resistance of ECC. Abid et al. [125] found that the smaller abrasive mass loss 483 

occurred in ECC with the larger PVA fiber volume ratio. However, when PVA fiber content 484 

exceeded 3%, the decline of abrasion resistance was observed because of the large void ratio 485 

caused by excessive fiber [126]. Mohamed et al. [127] reported that the abrasion mass loss of 486 

ECC tended to follow a negative correlation with the compressive strength, indicating that the 487 

denser matrix leaded to the higher abrasion resistance. Lee et al. [128] compared the abrasion 488 

resistance of NSC, HSC, and UHPC and concluded that UHPC had the highest abrasion 489 

resistance. The excellent abrasion resistance of ECC/UHPC mainly relies on the compactness 490 

of matrix and fiber bridging capabilities.  491 

 492 

2.5 Applications of ECCs and UHPFRCCs 493 

With excellent tensile properties and high durability, ECC and UHPFRCCs are promising 494 

material in strengthening/repairing RC structures, making permanent formworks and structural 495 

elements and etc. 496 

 497 

2.5.1 RC beams strengthened with ECCs/UHPFRCCs 498 

Fig. 13 shows the four existing ECC/UHPC strengthening forms: C-sided, T-sided, 2-sided and 499 

3-sided strengthening. C-sided strengthening means that the ECC/UHPC is located at the 500 

compressive zone. T-sided strengthening means that the ECC/UHPC is located at the tensile 501 

zone, which is commonly used to enhance the flexure behavior of RC beams. 2-sided 502 

strengthening means that the ECC/UHPC is placed on both sides of the cross section to improve 503 

the shear behavior of members. 3-sided strengthening is the combination of T-sided and 2-sided 504 

strengthening providing both shear and flexure strengthening for members. 505 

 506 

The T-sided and 3-sided ECC layers are usually adopted in strengthening RC beams. Shang et 507 

al. [129] reported that the 3-sided stirrups-reinforced ECC layers effectively enhanced the shear 508 

load capacity, stiffness and ductility of fire damaged RC beams. However, the interfacial 509 
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debonding between ECC layers and concrete substrate was observed. Similar debonding failure 510 

also occurred in some FRP-ECC composite strengthening systems. Wu and Li [130] 511 

investigated the flexure behavior of RC beams strengthened with T-sided CFRP-ECC hybrid 512 

layer. The results showed that the strengthening effectiveness of CFRP-ECC hybrid layer was 513 

limited due to the premature debonding between ECC and concrete. Subsequently, Hou et al. 514 

[32] found that the T-sided BFRP bar-reinforced ECC layer incorporating the steel bolts at the 515 

end could effectively mitigate the ECC-to-concrete interfacial debonding. Overall, the bond 516 

behavior between ECC layer and concrete significantly impacts the strengthening efficiency. It 517 

has been confirmed that the addition of mechanical connectors (e.g., shear studs and bolts) can 518 

significantly enhance the interfacial bonding [32,131]. For fully utilization of ECC, mechanical 519 

connectors are recommended to be installed in ECC strengthening systems (see Fig. 14). The 520 

function of mechanical connectors is to prevent interfacial separation, meanwhile the FRP/steel 521 

reinforcement is utilized to enhance the strengthening effect [132-134]. However, RC beams 522 

strengthened with such ECC strengthening systems need further studies, especially in the 523 

design of mechanical connector (number and location) and the optimal reinforcement ratio in 524 

ECC layer. 525 

 526 

Recently, many studies have focused on the flexural behavior of strengthened RC beams/slabs 527 

with UHPC layer, with the effects of key parameters, such as strengthening forms, thickness of 528 

UHPC layer (𝑡𝑢), reinforcement ratio of UHPC layer (𝜌𝑢), reinforcement ratio of RC beam (𝜌𝑠) 529 

and surface treatment for concrete substrate, being investigated. The findings are summarized 530 

in Table 5. Among them, the proper surface treatment is the most important factor to achieve 531 

an effective strengthening. It has been confirmed that the combination of roughness degree 532 

(RD) preparation and epoxy bonding agent [135-137], as well as adding mechanical connectors 533 

[135,138] can ensure the sufficient interfacial bonding for an effective strengthening. The T-534 

sided strengthening enhances the ultimate moment through the tensile contribution provided 535 

by UHPC layer located in the tensile zone, and thus the increases of 𝑡𝑢 and 𝜌𝑢 lead to the 536 

more increase in flexure capacities of composite members [135-137,139]. Nevertheless, the 537 

increase of 𝜌𝑠 may reduce the strengthening effect of UHPC layer [136].  538 

 539 

Fig. 15 depicts the typical failure modes observed in RC beams strengthened with T-sided 540 

UHPC layer. The ideal failure is governed by concrete crushing [140] (see Fig. 15a), under 541 

which the compressive strength of NSC and tensile strength of UHPC are fully utilized. 542 
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Without internal reinforcement of UHPC and a strong interfacial bonding, the premature 543 

rupture of UHPC layer associated with partial debonding occurs [135] (see Fig.15b), thus the 544 

UHPC layer is separated into two parts and lose its function. Without an end anchorage system, 545 

the large concentrated load at support may break the concrete cover, causing UHPC layer being 546 

peeled off [135] (see Fig.15c), which is regarded as special interfacial debonding failure.  547 

 548 

As for C-sided configuration, the strengthening effect of UHPC is approximate to that of NSC 549 

[138,141], indicating that high strength concrete is not necessary when strengthening in the 550 

compressive zone. Compared with the C-sided and T-sided strengthening, the 3-sided one was 551 

the most effective method on enhancing the flexural capacity of composite beams owing to the 552 

larger cross-sectional area of UHPC and the perfect bonding between U-shaped jacket and 553 

concrete [141,142], but it may also lead to a less ductility due to the brittleness of UHPC and 554 

a higher cost. Overall, the T-sided UHPC layer is the most cost-effective flexural strengthening 555 

form. 556 

 557 

2.5.2 RC columns/joints strengthened with ECCs/UHPFRCCs 558 

ECC jackets have been proposed to strengthen RC columns/joints. Zhang et al. [143] used the 559 

ECC jackets with steel reinforcement to strengthen the RC columns and found that the 560 

composite columns exhibited more excellent ductility hysteresis response, plastic deformation 561 

ability and energy dissipation compared with RC columns. The same result was also concluded 562 

by Deng et al. [144]. Similarly, ECC jackets are also effective for seismic strengthening for 563 

beam-column joints. Esmaeeli et al. [145] reported that the lateral load capacity and energy 564 

dissipation capacity of RC beam-column joints were significantly increased with the presence 565 

of the 4-sided CFRP-ECC hybrid jackets. Except using ECC jackets, replacing the 566 

conventional concrete with ECC in the joint region is an effective method to improving the 567 

cyclic behavior of joints [146]. It was found that the ECC strengthening layer could enhance 568 

the lateral load capacity and the energy dissipation, and alleviate the pinching behavior of 569 

conventional RC beam-column joints [148]. The excellent seismic strengthening effect of ECC 570 

is owe to the excellent mechanical properties of ECC. On the one hand, with high tensile 571 

strength and strong strain-hardening behavior of ECC, the crack development in ECC jackets 572 

is effectively restrained and the effective confinement provided by the jackets for core concrete 573 

can be achieved, which contributes to high load bearing capacities. On the other hand, the 574 

rotational capacity of plastic hinge in composite members is improved due to the high 575 

compressive and tensile strain capabilities of ECC, thus enhancing the lateral deformation 576 
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capacity.  577 

 578 

Compared with the ECC jackets, the UHPC jackets are more suitable for strengthening RC 579 

columns with high axial compression ratio due to the ultra-high compressive strength of UHPC. 580 

Due to the extra axial contribution offered by UHPC jackets, the load carrying capacities of 581 

UHPC-strengthened columns are higher than those of GFRP-confined columns [147,148]. 582 

With a higher strength and elastic modulus than ECC, UHPC exhibits satisfactory effects on 583 

seismic strengthening of columns [149] or joints [150], especially in terms of enhancing the 584 

lateral stiffness and the load carrying capacity. The composite action of UHPC jackets and core 585 

concrete directly affects the seismic/axial performance of composite columns or joints, so the 586 

UHPC-to-concrete interfacial bonding and construction method of UHPC are key issues for a 587 

reliable strengthening. Dadvar et al. [148] reported that the longitudinal grooving surface 588 

treatment was more effective in enhancing load carrying capacities and energy absorption of 589 

UHPC jacket-strengthened RC columns compared to the sand blasting and horizontal grooving. 590 

Notably, without sufficient lateral reinforcement inside jacket to provide confinement, 591 

separation between UHPC jacket and concrete core may occur due to the large lateral dilation 592 

under high axial load [149]. So, Tian et al. [151] used high-strength steel spiral stirrup to 593 

provide continuous sufficient confinement and successfully avoided the detachment of the 594 

UHPC jacket from the concrete core under loading. Furthermore, it should be pointed out that 595 

the segmental prefabrication method caused discontinuity of the prefabricated jackets, thus 596 

significantly reducing the strengthening efficiency [149]. Thus, the problem of joint splicing 597 

for segmental prefabricated jackets needs to be addressed to improve the continuity of jackets 598 

and achieve an effective assembled strengthening. Alternatively, the research focus can be 599 

shifted to developing integral assembled jackets. 600 

 601 

2.5.3 ECCs/UHPFRCCs permanent formwork 602 

With the superior durability and tensile properties, ECC and UHPC show great potential on 603 

making U-shaped permanent formwork for RC beams. Note that the permanent formwork can 604 

also be regarded as a strengthening layer for RC beams. The roughness of prefabricated 605 

ECC/UHPC surface contributes to the good interfacial bonding to concrete substrate, so the 606 

proper treatment for formwork surface is necessary. Li et al. [152] and Huang et al. [153] firstly 607 

designed the assembled ECC formwork with distributed grooves on the inner surface. 608 

Subsequently, Qiao et al. [154] developed the ECC permanent formworks with three different 609 

surface treatments (SM, SB and GR) and embedded L-shaped reinforcement (see Fig. 16a). 610 
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The experimental results showed that the GR surface led to the best ductility of strengthened 611 

beam because of the best interfacial bonding, followed by the SB surface and SM surface. 612 

Similarly, Zhang et al. [155] compared the ECC formworks using three different surface 613 

treatments (SM, shear keys on the surface and using steel bars as mechanical connectors). It 614 

was found that the surface with shear keys exhibited the highest interfacial bonding thus 615 

resulting in a stable strengthening effect. They also proposed a predictive model for shear 616 

capacity of concrete beams strengthened with U-shaped ECC permanent formwork. It should 617 

be mentioned that the effect of ECC thickness on angle of critical inclined crack has been 618 

accounted for in their model. However, different formwork surface treatment caused different 619 

shear behavior of composite beams, so their model had some limitations because the influence 620 

of surface treatment was not considered in the equation.  621 

 622 

Currently, few studies have focused on U-shaped UHPC permanent formworks for RC beams. 623 

To author’s best knowledge, only Dong et al. [41] purposed the U-shaped UHPC permanent 624 

formworks with or without pre-embedded half of BFRP stirrup for seawater sea-sand concrete 625 

(SWSSC) beams. The former (see Fig. 16b) exhibited better cracking resistance than the latter 626 

(see Fig. 16c) because the pre-embedded stirrup limited the relative slippage between UHPC 627 

and SWSSC and improved the interfacial bonding. Similar to ECC formworks, the key issue 628 

of developing novel UHPC formworks is how to achieve a good interfacial bonding. Thus, 629 

development of U-shaped UHPC formworks with different types of surface treatment and their 630 

corresponding strengthening effects are of great concern in future research. 631 

 632 

Several researchers have devoted to developing novel ECC permanent formworks for concrete 633 

columns. Li et al. [156] developed a PP-ECC formwork to strengthen the NSC column (namely 634 

hybrid ECC-NSC column shown in Fig. 17a). The results showed that the hybrid ECC-NSC 635 

column with sufficient confinement (decided by the ECC thickness and the transverse 636 

reinforcement ratio) delivered the most excellent deformability compared with RC or 637 

reinforced PP-ECC columns. It should be highlighted that they considered the confinement 638 

contributions from the stirrups and ECC when analyzing the confining effect of hybrid column. 639 

Zhang et al. [157] used precast PP-ECC permanent formwork to strengthen the plastic hinges 640 

region of RC columns (see Fig. 17b) subjected to the combination of axial and unilateral cyclic 641 

load. It was found that the RC columns reinforced with PP-ECC in the plastic hinge region 642 

exhibited higher load carrying capacity, ductility and energy dissipation capacity than RC 643 

columns under cyclic loading. Pan et al. [158] studied the seismic behavior of ECC formwork 644 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



reinforced short rectangular concrete column (see Fig. 17c), reporting that a proper ECC 645 

thickness (selected as the depth of compression zone) was required to obtain a cost-effective 646 

flexural behavior of composite columns. 647 

 648 

Recently, some UHPC formworks for RC columns have been invented. Tian et al. [50] studied 649 

the axial behavior of RC column reinforced with pure UHPC formwork (see Fig. 18a). To 650 

further enhance the strengthening effect of formwork, they used the stainless steel (SS) grid-651 

reinforced UHPC formwork to strengthen RC columns (see Fig. 18b). Subsequently, Zeng et 652 

al. [159] proposed the FRP-UHPC tubular formwork to strengthen the RC columns (namely 653 

concrete-filled FRP-UHPC tube column shown in Fig. 18c). The typical axial load-strain 654 

curves of concrete columns confined with above UHPC formworks are shown in Fig. 19. The 655 

axial load-strain curve of the column confined with pure or SS-grid-reinforced UHPC 656 

formwork can be divided into 5 stages by the feature points: 1) a linear ascending stage; 2) a 657 

post-peak descending stage; 3) a strength recovery stage; 4) a secondary descending stage; 5) 658 

a strain softening stage. The axial load-strain curve of concrete-filled FRP-UHPC tube column 659 

exhibits linear ascending behavior and post-peak descending behavior, and subsequently 660 

performs a strength recovery behavior (confinement type II) or a strain softening behavior 661 

(confinement type I). In the linear ascending stage, the distinct reduction of stiffness is not 662 

found in concrete columns confined with UHPC formwork because the axial contribution of 663 

UHPC layer is dominant. After the peak load, the sudden strength loss occurs due to the 664 

brittleness of UHPC and insufficient lateral confinement. The ratio of residual strength to peak 665 

strength is determined by the ratio of the cross-sectional area of UHPC formwork to that of the 666 

overall column (𝜌𝑢𝑐 ). The larger 𝜌𝑢𝑐  means more significant axial contribution of UHPC 667 

formwork, thus leading to more strength loss caused by the brittle behavior of UHPC. So, the 668 

thicker the UHPC formwork was, the more significant strength loss after the peak load was 669 

observed [50,159]. After the strength loss, the confinement effect of UHPC formwork begins 670 

to function, thus leading to strength recovery until the steel fibers being pullout from UHPC 671 

matrix or the fracture of the reinforcement in the formwork. It should be noted that the strain 672 

softening will occur instead of strength recovery if the confinement is not strong enough, which 673 

is shown in Fig .17b (the axial load-strain curve of confinement type I). In conclusion, the 674 

confinement level greatly affects the post-peak behavior of composite columns. The addition 675 

of internal FRP grids [50] or external FRP jackets [159] for UHPC formwork has been proved 676 

to be the effective approach to provide strong confinement. 677 

 678 
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2.5.4 Repairing structures with ECCs/UHPFRCCs 679 

Different from the strengthening technology introduced in section 2.5.1, ECC/UHPFRCC 680 

repairing RC structures are constructed by replacing certain portion of concrete in RC members 681 

with ECC/UHPFRCC, which means no increase in cross-sectional area (see Fig. 20). 682 

Kobayashi and Rokugo [33] firstly purposed using ECC as the repair material for corroded RC 683 

members. They reported that no secondary corrosion was observed on the rebar in the corroded 684 

beams repaired with ECC because ECC’s multiple micro-cracking behavior reduced the 685 

penetration of chloride ions. The ECC patching could contribute to the strength recovery of 686 

corroded beams with less than 10% mass loss of steel reinforcement. Hou et al. [31] reported 687 

that using ECC to replace the damaged concrete could effectively recover the flexure strength 688 

of corroded RC beams with corrosion ratios less than 11.2%, but it was suggested to add extra 689 

reinforcement when corrosion ratios were above 13.9%. So, if the corrosion loss is relatively 690 

large, external or internal reinforcement for ECC repair system is recommended. Thus, Hu et 691 

al. [160] proposed a RC beam repaired with ECC layer bonding with CFRP strips, namely 692 

hybrid CFRP-ECC retrofitted RC beam. It was found that the hybrid CFRP-ECC repair system 693 

could recover up to 114.7% of initial flexure capacity. Similarly, Kobayashi and Rokugo [33] 694 

used fiber net as internal reinforcement of ECC and obtained the good recovery capacity for 695 

beams subjected to severe corrosion.  696 

 697 

ECC/UHPC-NSC composite members render structures with higher durability, larger spans, 698 

lighter weights, and lower maintenance costs. The main design variables of composite beam 699 

include ECC/UHPC layer thickness (height replacement ratio) and the reinforcement ratio. Fig. 700 

21 show the relation between the ECC/UHPC height replacement ratio (the ratio of layer 701 

thickness to the effective height of beam) and increase in flexural capacity (compared with the 702 

beam with zero height replacement ratio). With increasing height replacement ratio, more 703 

increase in flexural capabilities can be obtained [161]. The increase in flexure capacity varied 704 

from 0 to 47% for ECC-NSC composite beams with height replacement ratio of 0.15 to 0.6 705 

[161-163] and ranged from 0 to 90% for UHPC-NSC composite beams with height replacement 706 

ratio of 0.05 to 0.7 [164,165]. The failure of composite beam with low and high reinforcement 707 

ratio is govern by the rupture of reinforcement (tensile failure) and concrete crushing 708 

(compressive failure), respectively. With the increase of height replacement ratio, the ductility 709 

essentially remains unchanged in the case of tensile failure, while decreases in the case of 710 

compressive failure [161]. However, Qin et al. [163] found that the ductility of ECC-NSC 711 

composite beam subjected to compressive failure was enhanced with increasing height 712 
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replacement ratio, which was in contrary to the Ge et al.’s conclusion [161]. Therefore, the 713 

relation between ductility and height replacement ratio of ECC/UHPC-NSC composite 714 

members need to be further studied. 715 

 716 

Please note that ECCs/UHPFRCCs have also been used with other structural purposes [155-717 

160], whereas they are in within scope of this review. 718 

 719 

3. FGREM/FGRUM: Mechanical Behavior and Application 720 

Currently, the FRCM systems can be divided into two major categories: cementitious matrix 721 

reinforced with dry fiber sheets/textiles and cementitious matrix reinforced with resin-722 

impregnated fiber (FRP) grid. It has been proved that the FRP grid-based systems was more 723 

effective than dry fiber textiles-based systems on shear strengthening of RC beams [10]. The 724 

ineffectiveness of dry FRP fabric is mainly due to poor bonding between the FRP without 725 

impregnating resin and the matrix [49], which leads to less efficiency of FRCM systems than 726 

FRP jackets [166]. It has been confirmed that the epoxy impregnation could highly enhance 727 

the bond strength between FRP fabric and cementitious materials [167]. Using ECC/UHPC as 728 

the matrix in FRCM helps overcome the disadvantages of poor crack resistance and the low 729 

ductility of traditional FRCM, and to achieve a fully utilization of high tensile strength of the 730 

FRP. Based on the application of ECC/UHPC introduced in section 2.5 and the advantages of 731 

FRP grid, FGREM and FGRUM were proposed to further promote the development of 732 

ECC/UHPC strengthening and FRCM strengthening. The existing studies on the application of 733 

FGREM/FGRUM are reviewed below. 734 

 735 

3.1 Flexural Strengthening 736 

3.1.1 Flexural behavior of RC beams strengthened with FGREM 737 

Some studies have focused on FGREM-strengthened RC beams. Using ECC as matrix for FRP 738 

grid to form the FGREM may reduce the stress concentration and suppress the interfacial 739 

debonding between the strengthening layer and the concrete substrate. The reinforcement ratio 740 

of FRP grid and the reinforcement ratio of RC beam are important factors affecting the 741 

strengthening efficiency. Zheng et al. [168] first studied the flexural behavior of RC beams 742 

strengthened with T-sided FGREM layers and found that the cracking resistance, yield and 743 

ultimate loads of RC beams were enhanced due to the effective strengthening provided by 744 

FGREM layers. Afterwards, Yang et al. [49] reported that the ultimate load capacity would be 745 

enhanced with a larger cross-sectional area of FRP grid, but significantly decreased due to the 746 
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steel reinforcement ratio increment. The results indicated that the enhancement effect of FRP 747 

grid on flexure capacity was determined by the ratio of tensile stiffness of FRP grid to steel 748 

reinforcement. Usually, to prevent the plate end debonding, proper end anchorage systems 749 

should be used in cast-in-place FGREM layers, such as steel bolts [168] and U-wrapped CFRP 750 

anchorages [49]. As for prefabricated FGREM layers, using epoxy as bonding agent could 751 

completely suppress both the interfacial debonding and plate end debonding, thus resulting in 752 

better strengthening effect than cast-in-place systems [49].  753 

 754 

3.1.2 The analytical models for flexural capacity 755 

The common flexural failure modes of RC beams strengthened with T-sided FGREM layer can 756 

be divided into two cases [49,168]: 1) the concrete crushing (CC) occurs prior to the rupture of 757 

FRP grid after the yield of steel reinforcement; 2) the rupture of FRP grid (RG) occurs prior to 758 

the concrete crushing after the yield of steel reinforcement. To predict the flexural capacity of 759 

RC beams strengthened with T-sided FGREM layer, some assumptions and simplifications, as 760 

proposed by the authors of this paper, are listed below: i) Plane section assumption; ii) No 761 

interfacial debonding between strengthening layer and concrete substrate; iii) The bond 762 

between the FRP grid and the cementitious matrix is prefect; iv) The ultimate and peak 763 

compressive strain of NSC are assumed to be 0.0033 and 0.002, respectively; v) The stress-764 

strain relationship of steel bars is elastic-perfectly plastic; vi) The tensile contribution of NSC 765 

and epoxy resin is ignored; vii) The tensile contribution of ECC is considered. Similar 766 

approaches have also been adopted in existing studies (e.g., [49,170]) 767 

 768 

The analytical models for flexural capacity are shown in Table 6, which are proposed based on 769 

a cross-section analysis. The comparison between experimental results [49,168] and 770 

predictions of the proposed models is depicted in Fig. 22. It is indicated that the model 771 

predictions are relatively conservative but show good agreement with experimental results. 772 

However, due to the lack of the experimental data on flexural strengthening with T-sided 773 

FGREM layer, the accuracy of the proposed model needs further verification. 774 

 775 

3.2 Shear Strengthening 776 

3.2.1 Shear behavior of RC beams strengthened with FGREM/FGRUM 777 

Some studies have been conducted to confirm the effectiveness of 2-sided bonded FGREM 778 

layer in shear strengthening of RC beams with the variables of shear span ratio, the 779 

reinforcement ratio of FRP grids and FRP type being investigated, as shown in Table 7. Zheng 780 
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et al. [169] found that the shear capacities of RC beams were greatly improved by the 2-sided 781 

FGREM strengthening and the partial debonding between concrete and FGREM layer induced 782 

by diagonal cracks was also observed. With increasing FRP grid’s thickness, more shear 783 

contribution offered by FGREM was obtained, but the FRP grids with a large thickness (5 mm) 784 

resulted in a lower effective strain than those with a small thickness (3 mm). Yang et al. [170] 785 

compared the strengthening efficiency of cast-in-place and prefabricated FGREM. It was found 786 

that the prefabricated FGREM using epoxy as bonding agent led to a higher utilization rate of 787 

FRP’s tensile strength, and thus enhanced the strengthening effectiveness. They also reported 788 

that BFRP grids were more effective than CFRP grids on shear strengthening. Guo et al. [171] 789 

highlighted that both the vertical and horizontal grids could provide shear contribution. 790 

Furthermore, it was found that the shear contribution of FRP grids reduced with increasing 791 

shear span ratio [170,171]. 792 

 793 

The FGREM/FGRUM have been successfully applied in strengthening corrosion-damaged 794 

structures. Zheng et al. [47] confirmed the effectiveness of FGREM on shear strengthening for 795 

RC beams with corrosion-damaged stirrups. It was also found that the BFRP grid exhibited a 796 

lager effective strain at limit state compared to CFRP grid, indicating the better strengthening 797 

efficiency of basalt-FGREM than carbon-FGREM. Chen et al. [48] investigated the shear 798 

behavior of corroded RC beams strengthened with U-shaped FGRUM jackets and found that 799 

the FGRUM jackets effectively improved the shear capacity and the crack control behavior of 800 

the beams. The good interfacial bonding between the CFRP grid and the UHPC jacket led to 801 

an excellent composite action. However, under the same corrosion level, the shear contribution 802 

provided by FRP grids reduced slightly with increasing layers of FRP grids. 803 

 804 

3.2.2 Existing predictive models for shear capacity 805 

The failure of shear-strengthened RC beams using FRCM composites is usually governed by 806 

premature debonding of the FRCM strengthening layers. In the case of debonding failure, the 807 

effectiveness of FRCM strengthening systems is very close to that of FRP jackets [172]. 808 

Therefore, some models for predicting shear capacity of FRCM systems have been proposed 809 

based on the effective stress determined by the models of FRP strengthening systems. Among 810 

them, Chen and Teng’s model [173] is one of the most accurate models for predicting the shear 811 

contribution of the FRP jackets, which was also available for predicting the shear contribution 812 

of the FGRCM jackets. In this model, the effective stress of FGRCM jacket is mainly 813 

determined by the available bond length (𝐿𝑚𝑎𝑥), the effective bond length (𝐿𝑒), the axial 814 
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stiffness (𝜌𝑓𝐸𝑓) of FRP grids, and the concrete compressive strength (𝑓𝑐). Subsequently, Tetta 815 

et al. [174] modified the Chen and Teng’s model by introducing some correction factors and 816 

proposed two modified models on the basis of Chen and Teng’s model. It should be highlighted 817 

that the above three models are only available for strengthened beams failed by interfacial 818 

debonding of FGRCM layers. Sometimes, the strengthened beams may fail from the rupture of 819 

FGRCM jackets [175]. In this case, Tetta et al. [174] suggested using the ultimate strength of 820 

FRP (𝑓𝑓𝑢) instead of effective stress to calculate the shear contribution of FGRCM jacket. To 821 

develop a design-oriented model, the effective tensile strain in FRCM is limited to be less than 822 

0.004 conservatively based on the ACI code [176]. Recently, a novel model for shear 823 

contribution of FGRCM has been proposed by Guo et al. [171]. In their model, the shear 824 

contribution of the vertical and horizontal grids was considered. The effective strain of vertical 825 

grids (𝜀𝑢,𝑣𝑒𝑟) was determined by the ratio of cross-sectional area to the spacing of FRP grids. 826 

The effective strain of horizontal grids ( 𝜀𝑢,ℎ𝑜𝑟)  was defined as 𝜀𝑢,𝑣𝑒𝑟  multiplied by a 827 

comparison coefficient (𝑘) which was related to the shear span ratio of the beams. Without 828 

considering the shear resistance of horizontal grids, Cai et al. [177] proposed a model with an 829 

effective strain of vertical grids related to the mortar thickness, the shear span ratio and the 830 

ratio of tensile strength of mortar to concrete through regression analysis. However, the 831 

experimental data used for regression analysis were very few (only 5 data), and the regression 832 

coefficient was 0.79 (not close to 1.00), so their model had some limitations. The models 833 

mentioned above are summarized in Table 8. 834 

 835 

The shear capacity of RC beams strengthened with FGREM jackets can be calculated by Eq. 836 

(1). 837 

                           𝑉 = 𝑉𝑐 + 𝑉𝑠 + 𝑉𝑒𝑐𝑐 + 𝑉𝑓                         (1) 838 

where 𝑉𝑐, 𝑉𝑠, 𝑉𝑒𝑐𝑐, 𝑉𝑓 is the shear contribution of the concrete, the steel stirrups, the ECC 839 

and the FRP grid, respectively. The 𝑉𝑠 can be expressed as follow: 840 

                              𝑉𝑠 =
2𝑓𝑦𝑣𝐴𝑠𝑣𝑑

𝑠
                                (2) 841 

where 𝑓𝑦𝑣 is the yield strength of stirrups; 𝐴𝑠𝑣  is the cross-sectional area of single-leg stirrup; 842 

𝑑 is the effective depth of beam; 𝑠 is the stirrup spacing. In the existing studies, the partial 843 

debonding between FGREM layer and concrete substrate always occurs before the rupture of 844 

FRP grid [47,171], so the tensile strength of grid could not be fully utilized. The 𝑉𝑓 can be 845 

calculated according to ACI 549.4R-20 [171], Guo et al.’s model [166] or Cai et al.’s model 846 
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[172]. The 𝑉𝑒𝑐𝑐 and 𝑉𝑐 can be calculated according to the JSCE code [178,179] (for Guo et 847 

al.’s model [166] and ACI 549.4R-20 [171]) or the Chinese code [180] (for Cai et al.’s model 848 

[172]), as shown in Table 9. The comparison between experimental results (see Table 7) and 849 

model predictions are depicted in Fig. 23. The Guo et al.’s model [166] shows better agreement 850 

with the experimental results compared with ACI 549.4R-20 [171] and Cai et al.’s model [172]. 851 

However, for BFRP grid-reinforced ECC strengthening systems, the predictions from the three 852 

models are all conservative, especially for the BFRP grid with low elastic modulus. Note that 853 

both the Guo et al.’s [166] and Cai et al.’s model [172] were proposed based on the carbon-854 

FGREM strengthening, thus the effective strain of BFRP grids may be underestimated. 855 

 856 

3.3 Confined Concrete Column 857 

3.3.1 Axial behavior of FGREM/FGRUM-confined concrete columns   858 

Recently, FGREM/FGRUM has been successfully used to confine short cylindrical concrete 859 

columns, as shown in Table 10. AL-Gemeel and Zhuge [177-178] have investigated 860 

compressive behavior of circular and square columns strengthened with basalt FGREM. They 861 

found that the load carrying capacity and the ductility of concrete columns can be enhanced by 862 

basalt textile-reinforced ECC, whereas it was found that using textile reinforced mortar may 863 

result in a lower ultimate axial stain due to the cracking of the mortar caused by premature 864 

failure of the textile. Yan et al. [64] strengthened the concrete-filled steel-tube (CFST) columns 865 

using carbon-FGREM with number of FRP grid layers as the main variable. It was found that 866 

the confined CFST columns had a higher peak stress than unconfined CFST columns, 867 

meanwhile the confined CFST columns exhibited an excellent ductility due to the progressive 868 

failure instead of the brittle failure observed in FRP sheet-confined columns. With increasing 869 

grid layer number, the confined CFST columns exhibited improved ductility. Chen et al. [181] 870 

studied the compressive behavior of concrete column confined with basalt-FGREM, and 871 

reported that the FGREM composites were more effective on confining concrete columns than 872 

textile reinforced mortar, which was also documented in other literatures [52]. Increasing the 873 

number of grid layers and decreasing the grid spacing have obvious effect on improving the 874 

peak load of confined columns. Moreover, FGREM jackets were proved to be effective on 875 

enhancing peak load and ductility of square concrete columns [51], but the non-uniform 876 

confining effect of FGREM was not analyzed and the confinement model for FGREM-877 

confined square columns has not been proposed yet. 878 

 879 

Currently, there is few studies on FGRUM-confined columns. Only Tian et al. [50] investigated 880 
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the axial behavior of RC columns confined with FGRUM jacket. It was found that the CFRP 881 

grid can provide a sufficient lateral confinement to increase the peak load and ductility of the 882 

RC column. Compared with the pure/SS-grid-reinforced UHPC formwork, the FGRUM 883 

formwork provided stronger confinement which suppressed the brittle behavior and reduced 884 

the stress degradation after the peak load. 885 

 886 

3.3.2 Existing predictive models for peak stress 887 

The axial stress-strain behavior of FRCM-confined columns is affected by many factors 888 

including the type of fabric, the characteristic of cementitious matrix, and the fiber-to-matrix 889 

interfacial bonding. The poor tensile properties of matrix and weak fiber-to-matrix interfacial 890 

bonding are responsible for the post-peak softening behavior of FRCM-confined columns [18] 891 

(see the red solid curve in Fig. 24), indicating the weak confinement provided by FRCM. 892 

Conversely, the FGREM/FGRUM composites could effectively restrain the development of 893 

cracks and maintain the structural integrity due to the excellent tensile properties of 894 

ECC/UHPC and superior bond performance between FRP grid and ECC/UHPC, thus resulting 895 

in the post-peak ascending curve (see the blue solid curve in Fig. 24), which indicates the 896 

effective confinement provided by FGREM/FGRUM. Some predictive models for peak stress 897 

of FRCM-confined concrete have been proposed. Ombres et al. [182] established a model by 898 

regression analysis based on a database of 152 experimental results of different types of FRCM. 899 

A design-oriented model was presented in ACI 549.4R-20 [176], where the effective tensile 900 

strain of FRP was kept below 0.012. It should be noted that the confinement provided by 901 

cementitious matrix was not considered in the above two models. Recently, Chen et al. [181] 902 

proposed a novel model accounting for the lateral confining stress provided by FRP grid and 903 

cementitious matrix (see Fig. 25). Table 11 summarizes the aforementioned peak strength 904 

models. 905 

 906 

The comparison on predictive and experimental results of peak stress is shown in Table 12. To 907 

evaluate the axial contribution provided by the confinement of FGREM/FGRUM jackets, the 908 

axial contribution of ECC/UHPC layer was estimated by 𝑃𝑢𝑒 = 0.9𝑓𝑒𝑢𝐴𝑒𝑢, where 𝑓𝑒𝑢 and 909 

𝐴𝑒𝑢 are the compressive strength and the cross-sectional area of the ECC/UHPC, respectively. 910 

As for the CFST columns confined with FGREM, the predictive results obtained by Ombres et 911 

al.’s model [177] and the ACI code [171] have good agreements with the experimental results, 912 

but those from Chen et al.’s model [176] overestimate the confinement effect of FGREM. 913 

Additionally, Chen et al.’s model [176] has a higher accuracy in predicting the peak stress of 914 
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FGREM/FGRUM-confined NSC columns than the other two models [171,177]. 915 

 916 

3.4 Comparison of ECC and UHPFRCC on effects of strengthening 917 

As introduced in chapter 2, the tensile properties of ECC and UHPFRCC are greatly different, 918 

thus causing different strengthening effects by using ECC and UHPFRCC. The flexural and 919 

shear contribution of strengthening layers are positively correlated to their tensile strength, and 920 

thus higher flexural or shear capacities of composite members can be obtained when using the 921 

UHPFRCC strengthening layers than the ECC strengthening layer because UHPFRCC 922 

generally has a higher tensile strength than that of ECC. For example, the flexural capacity of 923 

RC beams was enhanced by 47.8% (specimen C3B) [32] after strengthening with T-sided 924 

BFRP bars-reinforced ECC layer, and increased by 57% when using the T-sided UHPC layer 925 

without any additional reinforcement (specimen BEAM-2 shown in Table 5) [135]. It can be 926 

concluded that the UHPC strengthening is more effective than ECC strengthening in term of 927 

increasing load carrying capabilities. Nevertheless, the poor tensile strain capabilities and the 928 

high brittleness under compression of UHPFRCC lead to reduction of ductility of UHPFRCC 929 

strengthened beams. Strengthening with 3-sided UHPC jackets greatly decreased the 930 

deformation capacities of beams, resulting in original ductile failure turning into brittle failure 931 

[142]. Conversely, with excellent tensile ductility, 3-sided ECC strengthening was effective on 932 

improving the ductility of strengthened beams [129]. 933 

 934 

3.5 Novel FRP-ECC/UHPFRCC structures 935 

Currently, some researchers have proposed FRP grid-reinforced ECC/UHPC plates (i.e., 936 

referred to as FRP-ECC/UHPC composite plates) combining the advantages of FRP grid and 937 

ECC/UHPC, which is depicted in Fig. 26. FRP grid-reinforced ECC/UHPC plates can not only 938 

be used for strengthening structures, but also be used for composite structural elements. The 939 

typical tensile stress-strain curves of FRP-ECC/UHPC composites are shown in Fig. 27. Before 940 

first cracking, the FRP grid has insignificant effect on tensile performance. After the first 941 

cracking, the composite plates exhibited multiple cracking behavior until the fracture of the 942 

FRP grid. The addition of the FRP grid can highly improve the ultimate tensile strength of the 943 

composite plates. 944 

 945 

The FRP-ECC composite plates have a large tensile strength which can be more than two times 946 

higher that of pure ECC due to the tensile contribution of FRP gird. Zheng et al. [46] found 947 

that no debonding between BFRP grid and ECC was observed in their tests, indicating a good 948 
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FRP-to-ECC interfacial bonding. Recently, the mechanical properties of FRP-UHPC 949 

composite plates have also been studied. Meng et al. [44] firstly studied the flexural behavior 950 

of FRP-UHPC composite plates and found that the composite plates exhibited excellent 951 

flexural capacities and deformation capacities. Subsequently, Ye et al. [45] studied the uniaxial 952 

tensile and flexural performances of FRP-UHPC composite plates. They concluded that the 953 

combination of steel fibers and FRP grids were most effective on enhancing the tensile and 954 

flexural capacities of the composite plates. On one hand, the steel fibers with bridging effect 955 

could prevent the UHPC cover from peel-off, and to restrain the relative slippage between FRP 956 

grid and UHPC matrix because of some fibers passing through the grid openings.  957 

 958 

The application prospects of FRP-UHPC (also called FGRUM) composites are illustrated in 959 

Fig. 28. Based on the superior mechanical properties of FRP-UHPC composite plates, the 960 

authors have proposed a novel thin-walled FRP-UHPC composite box girder consisting of FRP 961 

grid, FRP bars and box-shaped UHPC matrix. Obviously, the combination of FRP and UHPC 962 

can not only ensure the excellent mechanical performance but also highly enhance the 963 

durability of the structures. Therefore, the FRP-UHPC composite box girder is a promising 964 

flexural member that are applicable in highway bridges and prefabricated submarine immersed 965 

tube. Furthermore, the FGRUM composites are potential strengthening materials for enhancing 966 

the axial and seismic performance of bridge piers, meanwhile providing shear and flexural 967 

strengthening for bridge abutment girders. 968 

 969 

3.6 Theoretical Models for FRP-ECC/UHPFRCC Strengthened Structures 970 

In this section, theoretical models for FRP-ECC/UHPFRCC strengthened structures are 971 

summarized. The analytical models based on a cross-section analysis for flexural capacity of 972 

ECC/UHPFRCC strengthened beams are summarized in Table 6. The comparisons have shown 973 

that predicted values of conservative. Also, models for predicting shear capacity of FRCM 974 

strengthened beams under shear have been proposed, as can be seen in Tables 8-9. The 975 

validations presented in Section 3.2 show that the models are in various accuracies. 976 

Additionally, Table 11 summarizes the peak strength models for ECC/UHPFRCC strengthened 977 

RC columns and the validation results are given in Table 12. Particularly, further studies on 978 

theoretical models for FRP- ECC/UHPFRCC strengthened RC members are necessary. 979 

 980 

4. Conclusions 981 

This paper presents a state-of-the-art comprehensive review on the components, basic 982 
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characteristics and applications of ECC/UHPFRCC with and without FRP reinforcements in 983 

structural strengthening/repairing. The applications and mechanical behaviors of FRP-984 

ECC/UHPFRCC composites were further introduced. Several key conclusions can be drawn: 985 

(1) Reducing FA/B ratios and W/B ratios and increasing S/B ratios of ECC contribute to a 986 

higher compressive strength but lead to a lower tensile strain capability. Common fibers 987 

utilized in ECC are PVA and PP fibers, and the PVA fibers with volume fraction of 2% are 988 

more widely used. 989 

(2) Low W/B ratios (from 0.14 to 0.20) and high S/B ratios (from 0.8 to 1.0) contribute to a 990 

higher compressive strength but lead to a poor tensile ductility of UHPC. The steel fibers 991 

with volume fraction ranging from 1.0% to 2.0% are commonly applied to enhance the 992 

tensile properties of UHPC. 993 

(3) UHP-ECC has low W/B ratios (from 0.14 to 0.18) to achieve a higher compressive strength, 994 

and low S/B ratios (from 0.29 to 0.30) to improve the tensile ductility. PE fibers are 995 

commonly used as reinforcing fibers in UHP-ECC. The tensile performance of UHP-ECC 996 

is enhanced with increasing fiber reinforcement index. 997 

(4) The roughness around 4 mm of concrete substrate and the usage of primer (for cast in place 998 

ECC) or bonding agent (for prefabricated ECC) effectively enhanced the ECC-to-concrete 999 

interfacial bonding. Mechanical connector (e.g., shear studs) and SB or R surface 1000 

preparation for concrete substrate are effective on enhancing UHPC-to-concrete interfacial 1001 

bonding. 1002 

(5) ECC and UHPFRCC exhibit superior freeze-thaw resistance, chemical attack resistance, 1003 

abrasion resistance and fire resistance. Generally, the freeze-thaw and fire resistance of 1004 

UHPFRCC are better than those of ECC. 1005 

(6) The T-sided and 3-sided ECC strengthening can effectively enhance the flexural and shear 1006 

behavior of RC beams, respectively. Compared with C-sided and 3-sided strengthening, T-1007 

sided UHPFRCC layers are more cost-effective for flexural strengthening. The mechanical 1008 

connectors located at the interface can suppress the premature debonding between 1009 

UHPFRCC/ECC layer and concrete. Furthermore, UHPFRCC/ECC layers should be 1010 

moderately reinforced to prevent the premature failure in the strengthening layer. 1011 

(7) The 4-sided ECC/UHPFRCC jackets show great potential in seismic strengthening of RC 1012 

columns or beam-column joints. The interfacial bonding between the NSC and the 1013 

ECC/UHPFRCC plays a key role in improving the seismic performance of composite 1014 

members. Sufficient reinforcement inside the jackets is required to provide a strong 1015 

confinement for the core of the column to prevent the interfacial detachment. Moreover, 1016 
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the integrity and continuity of prefabricated jackets is important for a good composite 1017 

action between the jacket and the core concrete. 1018 

(8) The formwork surface treatment has a great influence on the strengthening efficiency of U-1019 

shaped ECC/UHPFRCC formwork for strengthening RC beams. How to quantify the effect 1020 

of different surface treatments on strengthening efficiency has become a key issue. 1021 

(9) The ECC/UHPFRCC permanent formwork can effectively provide confinement for RC 1022 

columns to enhance the load capacity and ductility. Whether the confinement provided by 1023 

formwork is strong enough (which is depend on the ECC/UHPFRCC layer thickness, the 1024 

transverse reinforcement type and the transverse reinforcement ratio) becomes the most 1025 

key issue to develop an efficient formwork. 1026 

(10)  The ECC/UHPFRCC-NSC composite beams exhibit higher load carrying capability, 1027 

ductility and energy absorption capability than NSC beams. But there are some 1028 

contradictions on the relation between ductility and height replacement ratio in existing 1029 

studies.  1030 

(11)  The T-sided FGREM layers can effectively improve the flexural behavior of RC beams. 1031 

The proposed predictive model for flexural capacities of FGREM strengthened RC beams 1032 

is accurate in predicting the flexural capacities of the specimens in the existing 1033 

experimental studies. 1034 

(12)  The 2-sided FGREM layers can effectively improve the shear behavior of RC beams. The 1035 

Guo et al.’s model considering the shear contribution of bidirectional strips shows the best 1036 

agreement with the experimental results of carbon-FGREM strengthened RC beams. 1037 

However, for basalt-FGREM strengthening, the results from all existing models are 1038 

conservative.  1039 

(13)  FGREM/FGRUM-confined columns exhibit higher peak stress and ductility than 1040 

unconfined column. The Chen et al.’s model considering both the confinement from the 1041 

FRP grid and the cementitious matrix provides more accurate predictions on the peak 1042 

stresses of FGREM/FGRUM-confined NSC columns. 1043 

(14)  The FGREM/FGRUM composites exhibit superior tensile and flexural performance 1044 

combining the advantages of the FRP grid and the ECC/UHPFRCC, making them 1045 

promising candidates in strengthening/repairing existing RC structures or constructing 1046 

novel composite structures. 1047 

  1048 

5. Further Research Opportunities 1049 

On one hand, there are some deficiencies or limitations in the existing studies on 1050 
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ECC/UHPFRCC with and without FRP reinforcement. On the other hand, in order to widely 1051 

exploit the advantages of FGREM/FGRUM composites and promote the applications of 1052 

FGREM/FGRUM composites in engineering structures, it is necessary to gain a comprehensive 1053 

insight to the load carrying capacities and the ductility of strengthened/composite members 1054 

with FGREM/FGRUM composites subjected to various forms of loading. Future research 1055 

needs are identified and discussed below based on the above state-of-the-art review: 1056 

(1) Although it is found that the addition of mechanical connectors has a satisfactory effect on 1057 

preventing the interfacial debonding, future efforts can also focus on the optimum design 1058 

of mechanical connectors, especially the impact of the number and location of mechanical 1059 

connectors on the strengthening effect. 1060 

(2) To further promote the assembled seismic strengthening technology, the issue of joint 1061 

splicing for segmental prefabricated ECC/UHPFRCC jackets needs to be addressed to 1062 

enhance the continuity of prefabricated jackets. The impact of different types of preparation 1063 

for substrate surface (e.g., SB, R and GR surface) and the transverse reinforcement ratio 1064 

inside the jacket on the efficiency of seismic strengthening needs to be investigated. 1065 

(3) Existing studies on 2-sided and 3-sided ECC/UHPFRCC strengthening are still limited. 1066 

Effectiveness of 2-sided or 3-sided ECC/UHPC layers on shear strengthening of RC beams 1067 

needs to be further studied, especially the impact of surface treatment for the concrete 1068 

substrate and the reinforcement ratio of UHPFRCC layers on the strengthening efficiency. 1069 

(4) The surface treatment of precast U-shaped ECC/UHPFRCC formwork is the key to obtain 1070 

a sufficient bond strength and thus ensure an excellent strengthening effect. More studies 1071 

are required to quantify the impact of various surface treatments on the strengthening 1072 

efficiency of U-shaped ECC/UHPFRCC formwork. 1073 

(5) The influences of ECC/UHPFRCC layer thickness, the transverse reinforcement types (e.g., 1074 

steel stirrups, FRP spirals and FRP grid), and the transverse reinforcement ratio on the 1075 

confinement efficiency of ECC/UHPFRCC permanent formworks need to be studied. 1076 

(6) The relation between the ductility and the replacement ratio of ECC/UHPFRC-NSC 1077 

composite members need to be further studied to clarify the contradictions in existing 1078 

research. 1079 

(7) The studies on flexural strengthening with T-sided FGREM layer is still very limited, so 1080 

the accuracy of the proposed model for predicting the flexural capabilities of strengthened 1081 

RC beams with FGREM needs further verifications. 1082 

(8) The shear strength models for RC beams with FRP-ECC strengthening should consider the 1083 

impact of shear span ratio, the ratio of cross-sectional area to spacing of FRP grids, the 1084 
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ECC thickness, and the ratio of tensile strength of ECC to concrete on the effective strain 1085 

of FRP grids at ultimate state. 1086 

(9) The predictive model for ultimate compressive strain of FGREM/FGRUM-confined NSC 1087 

columns should be developed. 1088 

(10)  UHP-ECC strengthened/repaired RC structures and UHP-ECC permanent formwork are 1089 

worth further development and continuous investigation in the future. 1090 
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Table 1. Typical mixing proportions and corresponding mechanical properties of ECCs 20 

Reference 
Mixture 

ID 

 Mixing proportion (kg/m3) 

W/B FA/B S/B 

 Mechanical properties 

OPC 
Fly 

ash 
Sand Water 

PVA Fiber 

(VF) 

Water 

reducer  
 

Compressive 

strength 

(MPa) 

Tensile strain 

capacity 

 (%)  

Tensile 

strength 

(MPa) 

Pan et al. 

[53] 

M1 1.0 1.2 0.79 0.66 1.3% 0.0054 0.30 0.55 0.36  42 0.33 - 

M2 1.0 1.8 1.01 0.84 1.3% 0.0052 0.30 0.64 0.36  34 0.48 - 

M3 1.0 2.4 1.22 1.02 1.3% 0.0050 0.30 0.71 0.36  28 0.51 - 

M6 1.0 1.8 1.01 0.78 1.3% 0.0083 0.28 0.64 0.36  45 0.17 - 

M7 1.0 1.8 1.01 0.90 1.3% 0.0045 0.32 0.64 0.36  33 0.50 - 

M12 1.0 2.4 1.02 1.02 1.3% 0.0050 0.30 0.71 0.30  25 0.65 - 

M13 1.0 2.4 1.43 1.02 1.3% 0.0050 0.30 0.71 0.42  42 0.16 - 

Lin et al. 

[61] 

1.0% PVA 1.0 2.33 1.20 0.78 1.0% 0.0470 0.23 0.70 0.36  61 1.13 4.44 

1.5% PVA 1.0 2.33 1.20 0.78 1.5% 0.0470 0.23 0.70 0.36  65 1.76 7.54 

2.0% PVA 1.0 2.33 1.20 0.78 2.0% 0.0470 0.23 0.70 0.36  62 2.29 7.60 

2.5% PVA 1.0 2.33 1.20 0.78 2.5% 0.0470 0.23 0.70 0.36  46 3.30 6.27 

Note: OPC—— Ordinary Portland cement; VF —— Volume fraction; W/B —— Water-to-binder ratio; FA/B —— Flay ash-to-binder ratio; S/B —— Sand-to-binder ratio.21 
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Table 2. Comparison on general mechanical properties of ECC, UHPC and UHP-ECC 22 

Cementitious material 
Compressive strength 

(MPa) 

Tensile strength 

 (MPa) 

Ultimate tensile strain 

 (%) 

ECC 20~60 3~7 2~8 

UHPC 120~200 7~10 0.1~0.8 

UHP-ECC 120~200 10~18 6~10 

 23 
 24 
 25 

Table 3. Summary of variables affecting the bond strengths of ECC-to-concrete interface 26 

Strength 

type 

Variable 

Construction 

method of ECC 
RC SC RP Primer 

Bonding  

agent 
ES 

Curing 

age 

SBS 

Prefabrication ＋ ＋ ＋ - ＋ Ο ＋ 

Cast-in-place ＋ ＋ - ＋ - ＋ ＋ 

Spraying ＋ Ο - ＋ - ＋ ＋ 

TBS 

Prefabrication ＋ ＋ ＋ - ＋ Ο ＋ 

Cast-in-place ＋ ＋ - ＋ - Ο ＋ 

FBS 

Prefabrication ＋ ＋ ＋ - ＋ Ο ＋ 

Cast-in-place ＋ ＋ - ＋ - Ο ＋ 

STB 

Cast-in-place ＋ ＋ - ＋ - Ο ＋ 

Spraying ＋ Ο - ＋ - Ο ＋ 

SSB Cast-in-place ＋ ＋ - ＋ - Ο ＋ 

Note: “＋” indicates the positive relationship between variables and bond strengths; “Ο” means that the 27 
relationship between variables and bond strengths is still unclear; “-” means that there is no relationship between 28 
variables and bond strengths; RC — The roughness of concrete substrate surface; SC — The strength of 29 
concrete substrate; RP — The roughness of prefabricated ECC surface; ES — The strength of ECC; SBS — The 30 
shear bond strength; TBS — The tensile bond strength; FBS — The flexure bond strength; STB — The splitting 31 
tensile strength; SSB — The slant shear bond strength. 32 
 33 
 34 
 35 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



Table 4. Summary of variables affecting the shear bond strength of UHPC-to-concrete 36 

interface 37 

Reference 

Variable Bond 

strength 

(MPa) 

Failure 

mode 
SP CU (Day) SC (MPa) WC 

Valikhani et al. [90] SM 28 35 Dry 1.26 ID 

 SM+MC    1.77~ 4.47 PD 

 SB    2.86 ID 

 SB+MC    4.25~ 8.05 PD 

Valikhani et al. [91] SM 28 35 Dry 2.80 PD 

 SM+BA    2.40 ID 

 SB    6.30 CF 

 SB+MC    7.40 CF 

 SB+BA    3.20 PD 

Zhang et al. [93] R 28 55.14 Saturated 6.55 CF 

 SM    4.24 PD 

 DH    5.93 PD 

 GR    5.50 PD 

 PR    6.12 PD 

 R 2 55.14 Saturated 3.06 ID 

 R 3   5.96 PD 

 R 7   6.28 PD 

 
R 180   6.74 CF 

 
R 28 34.25 Saturated 4.54 PD 

 
R 28 46.77 Saturated 5.21 PD 

 
R 28 55.14 Dry 4.35 PD 

 
R 28 55.14 Wet 5.71 PF 

Note: SP — The surface preparation of concrete substrate; CU — The curing age of UHPC; SC — The strength 38 
of concrete; WC — The wettability of concrete substrate; ID — Interfacial debonding; PD — Partial interfacial 39 
debonding; CF — Concrete substrate failure; SM — Smooth surface; MC — Mechanical connector; SB — 40 
Sand blasting; BA — Bonding agent; R — rough surface; DH — Drilling holes; GR — grooving; PR — 41 
post-installed rebar.42 
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Table 5. Database for strengthened RC beams/slabs with an UHPC layer 43 

Reference Specimen ID 

Beam 

 

UHPC  

 
Surface treatment 

(roughness)  

Result 

𝐻 × 𝐵 
(mm×mm) 

 𝑓𝑐 
(MPa) 

𝜌𝑠 
(%) 

Strengthening 

form 

𝑡𝑢 
(mm) 

𝑓𝑐,𝑢 
(MPa) 

VF 

(%) 

𝜌𝑢 
(%) 

𝑀𝑢/𝑀𝑐 − 1 
(%) 

Failure mode 

Lampropoulos 

et al. [141] 

ST_UHPFRC_TS 250 × 150 39.5 0.60  T-sided 50 164 3 0  RD (2~3mm) 31 CC 

ST_UHPFRC_CS     C-sided       28 CC 

ST_UHPFRC_3SJ     3-sided       178 UC 

Tanarslan [135] 

BEAM-2 250 × 150 20.4 0.90  T-sided 30 200 3 0  RD+BA 57 UR 

BEAM-3         0  MC 32 UR 

BEAM-4         3.35  RD+BA 116 DB* 

BEAM-5         3.35  MC 107 CC 

Prem and 

Murthy [136] 

A2 200 × 100 35 0.57  T-sided 15 170 2 0  RD (2~3mm) +BA 23.50 CC 

A3   0.57   20      34.80 CC 

B2   0.90   15      11.57 CC 

B3   0.90   20      18.45 CC 

C2   1.30   15      10.60 CC 

C3   1.30   20      15.12 CC 

Paschalis et al. 

[139] 

Average U1,2 200 × 150 30.9 0.75  T-sided 50 136.5 3 0  RD (2~2.5mm) 1.5 UR 

Average UB1,2         2.10   90 CC 

Ramachandra RB5 200 × 100 35 0.80  T-sided 10 122.5 2 0  RD (3mm) +BA 8.5 CC 
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Murthy et al. 

[137] 

RB6      12      13.0 CC 

RB7      15      19.6 CC 

Al-Osta et al. 

[142] 

RC-SB-BOTSJ 230 × 140 54 0.49  T-sided 30 128 2 0  RD (2mm) 16 CC 

RC-SB-2SJ     2-sided      RD (2mm) 46 CC 

RC-SB-3SJ     3-sided      RD (2mm) 89 UC 

RC-EP-BOTSJ     T-sided      BA 8 CC 

RC-EP-2SJ     2-sided      BA 36 CC 

RC-EP-3SJ     3-sided      BA 85 UC 

Zhang et al. 

[138] 

N-UC 280 × 2000 60.2 0.73  T-sided 50 130 3.5 4.16  RD (1~4mm) +MC 98 CC 

H-UC-1     T-sided  140     85 CC 

H-UC-2     C-sided  140     27 CC 

Note: 𝐻 and 𝐵 — The height and width of the beam; 𝑓𝑐  — The compressive strength of concrete; 𝜌𝑠 — The reinforcement ratio of RC member; tu — The thickness of 44 
UHPC layer; 𝑓𝑐,𝑢 — The compressive strength of UHPC; VF — The volume fraction of steel fiber; 𝜌𝑢 — The reinforcement ratio of UHPC layer; 𝑀𝑢 — The ultimate 45 
moment of strengthened RC beam; 𝑀𝑐  — The ultimate moment of RC beam; RD — Roughness degree preparation for concrete surface; BA — Bonding agent (epoxy 46 
adhesion) ; MC — Mechanical connector; CC — The concrete crushing; UC — The UHPC crushing; UR — The rupture of UHPC layer; DB* — The interfacial debonding 47 
near the support.   48 
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Table 6. Analysis models for flexure-strengthened RC beams using T-sided FGREM 49 

Failure mode Model Diagrammatic sketch 

CC 

 
𝜀𝑓

𝜀𝑐𝑢
=

𝜀𝑓

0.0033
=
ℎ − 𝜉ℎ0 + 𝑡/2

𝜉ℎ0
 

 
𝜀𝑒𝑐𝑐
𝜀𝑐𝑢

=
𝜀𝑒𝑐𝑐
0.0033

=
ℎ − 𝜉ℎ0 + 𝑡

𝜉ℎ0
 

 𝑓𝑓 = 𝐸𝑓𝜀𝑓 

 𝛼1𝑓𝑐𝛽1𝜉𝑏ℎ0 = 𝑓𝑦𝐴𝑠 + 𝑓𝑓𝐴𝑓 + 𝑓𝑡𝑒𝑡𝑏 

Ultimate moment: 

 𝑀𝑢 = 𝑓𝑦𝐴𝑠 (ℎ0 −
𝛽1𝜉ℎ0

2
) + 𝑓𝑓𝐴𝑓 (ℎ −

𝛽1𝜉ℎ0

2
+

𝑡

2
) +

 𝑓𝑡𝑒𝑡𝑏 (ℎ −
𝛽1𝜉ℎ0

2
+

𝑡

2
)  

   

RG 

  
𝜀𝑐
𝜀𝑓𝑢

=
𝜉ℎ0

ℎ − 𝜉ℎ0 + 𝑡/2
 

 
𝜀𝑒𝑐𝑐
𝜀𝑓𝑢

=
ℎ − 𝜉ℎ0 + 𝑡

ℎ − 𝜉ℎ0 + 𝑡/2
 

  𝑓𝑓𝑢 = 𝐸𝑓𝜀𝑓𝑢 

  𝛼1𝑓𝑐𝛽1𝜉𝑏ℎ0 = 𝑓𝑦𝐴𝑠 + 𝑓𝑓𝑢𝐴𝑓 + 𝑓𝑡𝑒𝑡𝑏 

 Ultimate moment: 

 𝑀𝑢 = 𝑓𝑦𝐴𝑠 (ℎ0 −
𝛽1𝜉ℎ0

2
) + 𝑓𝑓𝑢𝐴𝑓 (ℎ −

𝛽1𝜉ℎ0

2
+

𝑡

2
) +

  𝑓𝑡𝑒𝑡𝑏 (ℎ −
𝛽1𝜉ℎ0

2
+

𝑡

2
) 

    

Note: CC — Concrete crushing; RG — FRP grid rupture; εf, εecc and εs — The tensile strain of FRP grid, 50 
ECC edge and steel reinforcement, respectively; εc— The compressive strain of concrete at the top of 51 
compression zone;  𝜀𝑐𝑢— The ultimate compressive strain of concrete; 𝜀𝑦— The yield strain of steel 52 
reinforcement; 𝜀𝑓𝑢— The ultimate tensile strain of FRP grid;  𝐴𝑠 and 𝐴𝑓  — The cross-sectional area of steel 53 
reinforcement and FRP grid, respectively; 𝐸𝑠 and 𝐸𝑓  — The elastic modulus of steel reinforcement and FRP 54 

grid, respectively; 𝑓𝑐 — The compressive strength of concrete; 𝑓𝑦 — The yield strength of steel reinforcement; 55 

𝑓𝑓 and 𝑓𝑓𝑢 — The tensile stress and ultimate tensile strength of FRP grid, respectively; 𝑓𝑡𝑒 — The tensile 56 

strength of ECC; ℎ, ℎ0 and 𝑏  — The height, effective height and width of RC beam; 𝑡 — The thickness of 57 
FGREM layer; 𝜉 — The ratio of the height of compression zone to effective height of beam; 𝛼1 and 𝛽1  — The 58 
coefficient of equivalent rectangular stress block of cconcrete. 59 
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Table 7. Database for shear-strengthened RC beams using 2-sided FGREM layers 65 

Reference Specimen ID 

Beam 

 

FRP grid 

 

ECC 

 

Result 

𝑑 × 𝑏𝑤 
(mm×mm) 

 𝑓𝑐 
(MPa) 

 𝑓𝑡  
(MPa) 

𝑎/𝑑 
Bottom 

bars 
Stirrup 

 

𝑠𝑓 

(mm) 

𝑡𝑓 

(mm) 

𝐸𝑓 

(GPa) 

𝑓𝑓𝑢 

(MPa) 
𝑛𝑓 

𝐴𝑓 
(mm2) 

Type 
 𝑡𝑚 

(mm) 
𝑓𝑚𝑡 

(MPa) 
𝑓𝑚𝑐 

(MPa) 
𝑉𝑒𝑥𝑝 
(kN) 

Failure 

mode 

Guo et al. 

[171] 

EF1S0 160×120 31.6 2.2 3.13 3ϕ18 ϕ6@250  50 - 90 900 1 6.6 CFRP  30 4.6 36.5  80.5 PD 

EF′1S0        75 -   1        76.5 PD 

EF2S0        50 -   2        83.5 PD 

EF1S1    2.81    50 -   1        78 PD 

EF1S2    3.44    50 -   1        75 PD 

Zheng et 

al. [169] 

SB1 260×200 32 2.2 2.40 4ϕ20 ϕ6@200  50 1 52 357 1 3 BFRP  60 2.7 27  188 PD 

SB2         3 53 386  12       224.5 PD 

SB3         5 57 416  20       235.5 PD 

Yang et al. 

[170] 

b-B-E-Pre 265×150 32.7 2.2 2.26 3ϕ20 -  50 - 80 1760 1 6.34 BFRP  40 7.2 25  147.6 PD 

b-C-E-Pre         - 100 1400  13.2 CFRP      142.4 PD 

b-B-E-Cast         - 80 1760  6.34 BFRP      95.5 DB 

c-C-E-Pre    3.02  -   - 100 1400  13.2 CFRP      129 PD 

Note: 𝑉𝑒𝑥𝑝  — The total shear capacity of strengthened RC beams; PD — The partial debonding; DB — The interfacial debonding. a — The shear span; 𝑑 and 𝑏𝑤 — The 66 

effective height and width of the beam; 𝑓𝑐  and 𝑓𝑡  — The compressive and tensile strength of concrete, respectively; 𝑠𝑓 — The spacing of FRP grid; 𝑡𝑓 — The nominal 67 

thickness of FRP grid;  𝐸𝑓 — Elastic modulus of FRP grid; 𝑛𝑓 — The number of FRP grid layers; 𝐴𝑓 — The cross-sectional area of FRP grids;  𝑓𝑓𝑢 — The ultimate 68 

tensile strength of FRP strip; 𝑡𝑚 — The total thickness of ECC; 𝑓𝑚𝑡 — The tensile strength of the ECC; 𝑓𝑚𝑐 — The compressive strength of the ECC.69 
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Table 8. Existing analysis models for shear-strengthened RC beams using FGRCM 70 

Reference Model Failure mode 

Chen and Teng [173] 

 

 

Chen and Teng’s Model: 

𝑉𝑓 = 2𝑓𝑓𝑒𝑑𝑛𝑓𝑡𝑓 ℎ𝑓𝑒 (𝑐𝑜𝑡𝜃𝑠𝑖𝑛𝛽 + 𝑐𝑜𝑠𝛽) 
𝑤𝑓

𝑠𝑓
 

𝑓𝑓𝑒𝑑 = 𝐷𝑓 𝑓𝑓𝑒𝑑,𝑚𝑎𝑥 

ℎ𝑓𝑒 = 0.9𝑑 − (ℎ − 𝑑𝑓𝑏) − 𝑑𝑓𝑡 

𝑓𝑓𝑒𝑑,𝑚𝑎𝑥 = 0.427𝛽𝑤𝛽𝑙√
𝐸𝑓√𝑓𝑐
𝑡𝑓

 ≤ 𝑓𝑓𝑢   (units of MPa and mm) 

𝛽𝑤 = √

2−
𝑤𝑓

(𝑠𝑓𝑠𝑖𝑛𝛽)

1 +
𝑤𝑓

(𝑠𝑓𝑠𝑖𝑛𝛽)

         

𝐿𝑒 = √
𝐸𝑓𝑡𝑓

√𝑓𝑐
   (units of MPa and mm) 

𝛽𝑙 = {

1                    𝜆 ≥ 1
  

𝑠𝑖𝑛 (
𝜋𝜆

2
)      𝜆 < 1

                   

D𝑓 =

{
 
 

 
 2

𝜋𝜆
[
1 − 𝑐𝑜𝑠 (

𝜋𝜆
2 )

𝑠𝑖𝑛 (
𝜋𝜆
2 )

]     𝜆 ≤ 1

  

1 −
𝜋 − 2

𝜋𝜆
                   𝜆 > 1

 

𝜆 =
𝐿𝑚𝑎𝑥
𝐿𝑒

=

{
 
 

 
 ℎ𝑓𝑒/𝑠𝑖𝑛𝛽

𝐿𝑒
            for 𝑈 − 𝑤𝑟𝑎𝑝𝑝𝑒𝑑 FRCM jacket

ℎ𝑓𝑒/2𝑠𝑖𝑛𝛽

𝐿𝑒
      for 𝑠𝑖𝑑𝑒 − 𝑏𝑜𝑛𝑑𝑒𝑑 FRCM jacket

 

Interfacial 

debonding 

Tetta et al. [174] 

Modified Chen and Teng’s Model-version Ⅰ: 

It differs from Chen and Teng’s model in 𝑓𝑓𝑒𝑑,𝑚𝑎𝑥   

𝑉𝑓 = 2𝑓𝑓𝑒𝑑𝑛𝑓𝑡𝑓 ℎ𝑓𝑒  (𝑐𝑜𝑡𝜃𝑠𝑖𝑛𝛽 + 𝑐𝑜𝑠𝛽) 
𝑤𝑓
𝑠𝑓

 

𝑓𝑓𝑒𝑑,𝑚𝑎𝑥 = 0.58𝛽𝑤𝛽𝑙√
𝐸𝑓√𝑓𝑐

𝑡𝑓
 ≤ 𝑓𝑓𝑢 (units of MPa and mm) 

Interfacial 

debonding 
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Tetta et al. [175] 

Modified Chen and Teng’s Model-version Ⅱ: 

It differs from Chen and Teng’s model in 𝑓𝑓𝑒𝑑,𝑚𝑎𝑥 and 𝐿𝑒   

𝑉𝑓 = 2𝑓𝑓𝑒𝑑𝑛𝑓𝑡𝑓 ℎ𝑓𝑒  (𝑐𝑜𝑡𝜃𝑠𝑖𝑛𝛽 + 𝑐𝑜𝑠𝛽) 
𝑤𝑓

𝑠𝑓
 

𝑓𝑓𝑒𝑑,𝑚𝑎𝑥 = 8.67𝛽𝑤𝛽𝑙√
1000√𝑓𝑐

𝑡𝑓
 ≤ 𝑓𝑓𝑢  (units of MPa and mm) 

𝐿𝑒 = 15√
1000𝑡𝑓

√𝑓𝑐
  (units of MPa and mm) 

Interfacial 

debonding 

Tetta et al. [174] 
𝑉𝑓 = 2𝑓𝑓𝑢𝑛𝑓𝑡𝑓 ℎ𝑓𝑒 (𝑐𝑜𝑡𝜃𝑠𝑖𝑛𝛽 + 𝑐𝑜𝑠𝛽) 

𝑤𝑓
𝑠𝑓

 

ℎ𝑓𝑒 = 0.9𝑑 − (ℎ − 𝑑𝑓𝑏) − 𝑑𝑓𝑡 

Fracture of FRP 

ACI 549.4R-20 [176] 

𝑉𝑓 = 2𝑓𝑓𝑣𝑛𝑓𝑡𝑓 ℎ𝑓𝑒  
𝑤𝑓

𝑠𝑓
 

𝑓𝑓𝑣 = 𝐸𝑓𝜀𝑓𝑣 

𝜀𝑓𝑣=𝜀𝑓𝑢 ≤ 0.004 

- 

Guo et al. [171] 

𝑉𝑓 =
2𝐸𝑓(𝜌𝑣𝑒𝑟𝜀𝑢,𝑣𝑒𝑟 + 𝜌ℎ𝑜𝑟𝜀𝑢,ℎ𝑜𝑟)𝑑

1.15
 

𝜀𝑢,𝑣𝑒𝑟 = (
1

0.0352𝜌𝑣𝑒𝑟 + 0.0079
)
2

× 10−6 

𝜀𝑢,ℎ𝑜𝑟 = 𝑘𝜀𝑢,𝑣𝑒𝑟 

𝑘 = 𝑒𝑥𝑝[−0.612 ∙ (𝑎/𝑑) + 0.365] ≥ 0.23 

𝜌𝑣𝑒𝑟 =
𝑛𝑓𝑡𝑓𝑤𝑓

𝑠𝑓
 

Partial 

Debonding 

Cai et al. [177] 

𝑉𝑓 = 2𝐸𝑓𝜌𝑣𝑒𝑟𝜀𝑢,𝑣𝑒𝑟𝑑𝑓                𝜌𝑣𝑒𝑟 =
𝑛𝑓𝑡𝑓𝑤𝑓

𝑠𝑓
 

𝑑𝑓 = ℎ𝑓 − 𝑑𝑐 

𝜀𝑢,𝑣𝑒𝑟 = 78𝛾 (
𝑡𝑚

𝜂𝜌𝑣𝑒𝑟2
)
0.70

(
𝑎

𝑑
∙
𝑓𝑚𝑡
𝑓𝑡
)
0.46

× 10−6 ≤ 0.7𝜀𝑓𝑢 

𝛾 = 1.3    𝜂 = 23.4 

Partial 

Debonding 

Note: 𝑉𝑓 — The contribution of the FGRCM to the shear resistance of the beam; 𝑡𝑓 — The nominal thickness 71 

of FRP grid; ℎ𝑓𝑒 — The effective height of FGRCM jacket; 𝜃 — The angle of critical inclined crack to the 72 

member axis; 𝛽 — Inclination angle of fiber with respect to the longitudinal axis of the beam; 𝑤𝑓 — The 73 

width of FRP grid; 𝑛𝑓 — The number of FRP grid layers; 𝑠𝑓 — The spacing of grids measured along the 74 

longitudinal axis; ℎ — The height of the beam; 𝑑𝑓𝑏 and 𝑑𝑓𝑡 — The distance from the top of beam to the 75 

bottom and top end of the effective jacket, respectively; 𝐸𝑓 — Elastic modulus of FRP grids; 𝑓𝑐 — The 76 

compressive strength of concrete; 𝜀𝑓𝑢 — The ultimate tensile strain of FRP grids;  𝑎 and 𝑑— The shear span 77 

and effective depth of beam, respectively; 𝑓𝑓𝑢 — The ultimate tensile strength of FRP grids;  𝜌𝑣𝑒𝑟  and 𝜌ℎ𝑜𝑟  — 78 

The cross-sectional area of vertical and horizontal grids per unit length, respectively;  𝑓𝑡  and 𝑓𝑚𝑡 — The 79 
tensile strength of concrete and ECC, respectively; ℎ𝑓 — The bond depth of the FRP grid; 𝑑𝑐 — The thickness 80 
of concrete cover. 81 
 82 
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 83 

Table 9. The design formulae for shear contribution of ECC and concrete  84 

Reference Model 

JSCE code [178,179] 

The shear contribution of concrete: 

𝑉𝑐 = 0.2 ∙ √𝑓𝑐
3 ∙ √1000/𝑑

4 ∙ √100𝜌𝑤
3 ∙ 𝑡 ∙ 𝑑  

The shear contribution of ECC matrix: 

𝑉𝑐,𝑒𝑐𝑐 = 0.7 × 0.2 ∙ √𝑓𝑐,𝑒𝑐𝑐
3 ∙ √1000/𝑑

4 ∙ √100𝜌𝑤
3 ∙ 𝑡 ∙ 𝑑                𝜌𝑤 = 𝐴𝑠/(𝑏𝑤𝑑)  

The shear contribution of fiber in ECC:           

𝑉𝑓,𝑒𝑐𝑐 = (𝑓𝑡,𝑒𝑐𝑐/𝑡𝑎𝑛𝛽𝑢) ∙ 𝑡 ∙
𝑑

1.15
   ( 𝛽𝑢 =45° is recommended conservatively) 

The total shear contribution of fiber in ECC: 

𝑉𝑒𝑐𝑐 = 𝑉𝑐,𝑒𝑐𝑐 + 𝑉𝑓,𝑒𝑐𝑐       

√1000/𝑑
4 ≤ 1.5; 0.2 ∙ √𝑓𝑐,𝑒𝑐𝑐

3 ≤ 0.72MPa; √100𝜌𝑤
3 ≤ 1.5 

Chinese code [180] 

The shear contribution of concrete: 

𝑉𝑐 =
1.75

𝜆+1
 𝑓𝑡𝑏𝑤𝑑 

The shear contribution of ECC: 

𝑉𝑒𝑐𝑐 =
1.75

𝜆+1
 𝑓𝑚𝑡𝑡𝑑 

Note: 𝑉𝑒𝑐𝑐 — The contribution of ECC layer to the shear resistance of the beam; 𝑉𝑐 — The shear contribution 85 
of concrete; 𝑓𝑐  and 𝑓𝑐,𝑒𝑐𝑐 — The compressive strength of concrete and ECC, respectively; 𝑓𝑡  and 𝑓𝑡,𝑒𝑐𝑐 — 86 
The tensile yield strength of concrete and ECC, respectively; 𝑓𝑚𝑡 — The tensile strength ECC; 𝐴𝑠 — the 87 
cross-sectional area of the tension reinforcement; 𝑏𝑤 — The width of web; 𝑑 — The effective depth of beam; 88 
𝑡 — The total thickness of the ECC; 𝛽𝑢 — The angle of the diagonal crack surface to the member axis. 89 
 90 
 91 
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 92 

Table 10. Database for FGREM/FGRUM jacket-confined short cylindrical columns  93 

Reference Specimen ID 

Column  FRP grid  Matrix  Result 

𝐷 
(mm) 

 
𝑡𝑓 

(mm) 
𝑛𝑓 

𝐸𝑓 

(GPa) 

𝑓𝑓 

(MPa) 
𝑤 

(mm) 
𝑠 

(mm) 
𝐴𝑓 

(mm2) 
Type  

 𝑡𝑚 
(mm) 

𝑓𝑚,𝑐 
(MPa) 

𝑓𝑚,𝑡 
(MPa) 

Type  
𝑓𝑐𝑐
′  

(MPa) 
𝑓𝑐𝑜
′  

(MPa) 
𝑓𝑐𝑐
′ /𝑓𝑐𝑜

′  

Yan et al. 

[64] 

N1-t2-C30 140  - 1 230 3400 - 20 1.16 CFRP  15 32 4.3 ECC  77.4 73.4 1.054 

N2-t2-C30   - 2   -          83.3 73.4 1.135 

N3-t2-C30   - 3   -          85.5 73.4 1.165 

N1-t2-C40   - 1   -          87.0 84.6 1.028 

N2-t2-C40   - 2   -          92.0 84.6 1.087 

N3-t2-C40   - 3   -          95.4 84.6 1.128 

N1-t2-C50   - 1   -          97.3 92.2 1.055 

N2-t2-C50   - 2   -          100.2 92.2 1.087 

N3-t2-C50   - 3   -          99.4 92.2 1.078 

Tian et al. 

[50] T20C1 200  0.27 1 167 3459 3 16 0.812 CFRP  20 139.3 7.2 UHPC  39.0 29.3 1.331 

Chen et al. 

[181] 

ET-C1 110  - 1 - 658.7 - 25 2.03 BFRP  20 65 3.7 ECC  38.8 32.2 1.205 

ET-C2   - 1 - 658.7 - 25 2.03 BFRP       22.0 15.8 1.392 

Al-Gemeel 

and Zhuge 

C-ECC-TB-O (1) 110  - 1 - 658.7 - 25 2.03 BFRP  20 65 3.7 ECC  20.8 15.8 1.316 

C-ECC-TB-OC (1)   - 1 - 658.7 - 25 2.03 BFRP       21.2 15.8 1.342 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



[52] 
C-ECC-TB-O (2)   - 1 - 658.7 - 25 2.03 BFRP       37.1 32.2 1.152 

C-ECC-TB-OC (2)   - 1 - 658.7 - 25 2.03 BFRP       37.8 32.2 1.174 

Note: 𝑓𝑐𝑐
′  — The peak stress of the confined column; 𝑓𝑐𝑜

′  — The peak stress of the unconfined column; 𝑛𝑓 — The number of FRP textile layers; 𝑤 and 𝑡𝑓 — The width 94 

and thickness of FRP strip; 𝐸𝑓 — The elastic modulus of FRP; 𝐴𝑓 — The cross-sectional area of FRP strip; 𝑓𝑓 — The tensile strength of FRP strip; 𝑡𝑚 — The thickness 95 

of the matrix; 𝑓𝑚,𝑐  and 𝑓𝑚,𝑡 — The compressive strength and tensile strength of the jacketing matrix, respectively; 𝐷— The diameter of the core column; 𝑤 — The width 96 
of FRP strip; 𝑠 — The space between the center of FRP strips. 97 
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Table 11. Existing strength prediction models of FGRCM-confined short cylindrical columns   98 

Reference Model Illustration 

ACI 549.4R-20 [176] 

𝑓𝑐𝑐
′ = 𝑓𝑐𝑜

′ + 3.1𝑓𝑙      

𝑓𝑙 =
2𝑛𝑓𝑤𝑡𝑓𝐸𝑓𝜀𝑓𝑒

𝐷𝑠
 

𝜀𝑓𝑒 = 𝜀𝑓𝑢 ≤ 0.012 

Only accounting for the 

confinement of FRP 

Ombres et al. [182] 

𝑓𝑐𝑐
′

𝑓𝑐𝑜
′
= 1 + 0.913(

𝑓𝑙
𝑓𝑐0
)
0.5

 

𝑓𝑙 =
2𝑘𝑒𝑛𝑓𝑤𝑡𝑓𝐸𝑓𝜀𝑓𝑢

𝐷𝑠
 

For FRP grids embedded in mortar, the value of 𝑘𝑒 

was assumed to be 0.5: 

𝑘𝑒 = 0.5 

Only accounting for the 

confinement of FRP 

Chen et al. [181] 

𝑓𝑐𝑐
′ = 𝑓𝑐𝑜

′ + 3.3𝑓𝑙 

𝑓𝑙 =
2𝑘𝑓𝑛𝑓𝑤𝑡𝑓𝑓𝑓

𝐷𝑠
+
2𝑡𝑚𝑓𝑚,𝑡
𝐷

 

It is assumed that the FRP grids are fully utilized: 

𝑘𝑓 = 1.0  

Accounting for the 

confinement of cementitious 

matrix and FRP 

Note: 𝑓𝑐𝑐
′  — The peak stress of the confined column; 𝑓𝑐𝑜

′  — The peak stress of the unconfined column; 𝑛𝑓 99 

— The number of FRP textile layers; 𝑡𝑓 — The thickness of FRP strip; 𝐸𝑓 — The elastic modulus of FRP; 100 

𝜀𝑓𝑢 — The ultimate tensile strain of FRP; 𝑓𝑓 — The tensile strength of FRP strip; 𝑡𝑚 — The thickness of the 101 

matrix; 𝑓𝑚,𝑡 — The tensile strength of the jacketing matrix; 𝐷— The diameter of the core column; 𝑤 — The 102 
width of FRP strip; 𝑠 — The space between the center of FRP strips. 103 
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Table 12. Results of the peak stress of the confined short cylindrical columns from models 127 

and experiments 128 

 129 

Reference Specimen ID 

𝑓𝑐𝑐
′ /𝑓𝑐𝑜

′  

Experiment ACI 549.4R-20 [171] Ombres et al. [177] Chen et al. [176] 

Yan et al. 

[64] 

N1-t2-C30 1.054 1.097 (1.04) 1.126 (1.07) 1.168 (1.11) 

N2-t2-C30 1.135 1.193 (1.05) 1.179 (1.04) 1.295 (1.14) 

N3-t2-C30 1.165 1.290 (1.11) 1.219 (1.05) 1.421 (1.22) 

N1-t2-C40 1.028 1.084 (1.05) 1.118 (1.09) 1.146 (1.11) 

N2-t2-C40 1.087 1.168 (1.07) 1.167 (1.07) 1.256 (1.16) 

N3-t2-C40 1.128 1.251 (1.11) 1.204 (1.07) 1.366 (1.21) 

N1-t2-C50 1.055 1.077 (1.02) 1.113 (1.05) 1.134 (1.07) 

N2-t2-C50 1.087 1.154 (1.06) 1.160 (1.07) 1.234 (1.14) 

N3-t2-C50 1.078 1.231 (1.15) 1.195 (1.11) 1.335 (1.24) 

Tian et al. 

[50] T20C1 1.330 1.107 (0.83) 1.158 (0.87) 1.360 (1.02)  

Chen et al. 

[181] 

ET-C1 1.205 1.094 (0.91) 1.112 (0.92) 1.238 (1.03) 

ET-C2 1.392 1.191 (0.86)  1.160 (0.83) 1.484 (1.07) 

Al-Gemeel 

and Zhuge  

[52] 

C-ECC-TB-O (1) 1.316 1.191 (0.91)  1.160 (0.88) 1.484 (1.13) 

C-ECC-TB-OC (1) 1.342 1.191 (0.89) 1.160 (0.86) 1.484 (1.10) 

C-ECC-TB-O (2) 1.152 1.094 (0.95) 1.112 (0.97) 1.238 (1.07) 

C-ECC-TB-OC (2) 1.174 1.094 (0.93) 1.112 (0.95) 1.238 (1.05) 

Note: The numbers in brackets mean the ratio of predictive results using models to experimental results.130 
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FIGURE CAPTIONS 131 

Fig. 1. The formation of FRCM composites 132 

Fig. 2. Typical tensile stress-strain curve of ECCs 133 

Fig. 3. The working mechanism of the fibers in matrix 134 

Fig. 4. Relation between fiber volume ratio and compressive and flexural strength of UHPC 135 

Fig. 5. Typical tensile stress-strain curve of UHPC 136 

Fig. 6. Tensile stress-strain curve of UHPFRCCs: experimental results of UHPC coupons 137 

from B.-T. Huang et al. [74] versus experimental results of UHP-ECC coupons from 138 

K.-Q. Yu et al. [40] 139 

Fig. 7. The bonding strength testing techniques: (a) Slant shear test; (b) Splitting tensile test; 140 

(c) Pull-off test; (d) Shear test; (e) Flexural test 141 

Fig. 8. The usual bonding form of ECC to existing concrete 142 

Fig. 9. Relations between the bond strength of the interface and the roughness/strength of 143 

concrete 144 

Fig. 10. Effects of different surface preparation methods on the UHPC-to-concrete bond 145 

strength 146 

Fig. 11. Material properties of ECC/UHPC at different temperatures 147 

Fig. 12. The comparison on the freeze-thaw resistances of ECC and UHPC 148 

Fig. 13. Four different forms of strengthening schemes using ECC/UHPC layers for RC 149 

beams 150 

Fig. 14. ECC strengthening systems for RC beams 151 

Fig. 15. Typical failure modes of T-sided UHPC layer reinforced RC beams 152 

Fig. 16. Typical U-shaped ECC/UHPFRCC permanent formwork for RC beams 153 

Fig. 17. Typical ECC permanent formwork for RC columns 154 

Fig. 18. Typical UHPC permanent formwork for RC columns 155 

Fig. 19. Typical axial load-strain curves of concrete columns confined with UHPC formwork 156 

Fig. 20. The ECC/UHPC repairing RC beams 157 

Fig. 21. The relation between height replacement ratio and increase in flexure capacity 158 

Fig. 22. The comparison on experimental with predictive results of ultimate load capacities  159 

Fig. 23. Experimental versus predicted total shear capacities for the: (a) Guo et al.’s model; 160 

(b) ACI 549.4R-20. 161 

Fig. 24. Typical axial stress-strain curves of columns confined with FRCM 162 

Fig. 25. Diagram of a circular cross-section confined with FRP grid reinforced matrix 163 

Fig. 26. FRP-ECC/UHPC composite plates 164 
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Fig. 27. Typical tensile stress-strain curves of FRP grid-reinforced ECC/UHPC composites 165 

Fig. 28. Application prospects of FRP-UHPC composites 166 
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 169 

Fig. 1. The formation of FRCM composites 170 
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 175 

Fig. 2. Typical tensile stress-strain curve of ECCs 176 
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 183 

(a) Fiber debonding     (b) Fiber bridging     (c) Fiber pullout        (d) Fiber rupture 184 

Fig. 3. The working mechanism of fibers in matrix 185 

 186 

 187 

 188 

 189 

 190 

 191 

 192 

 193 

 194 

(a) Compressive strength                    (b) Flexure strength 195 

Fig. 4. Relation between fiber volume ratio and compressive and flexural strength of UHPC 196 
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 198 

Fig. 5. Typical tensile stress-strain curve of UHPC 199 

 200 
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 202 

 203 

 204 

Fig. 6. Tensile stress-strain curve of UHPFRCCs: experimental results of UHPC coupons 205 

from Huang et al. [74] and experimental results of UHP-ECC coupons from Yu et al. [40] 206 
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 210 

 211 

 212 

 213 

 214 

 215 

Fig. 7. The bonding strength test techniques: (a) Slant shear test; (b) Splitting tensile test;  216 

(c) Pull-off test; (d) Shear test; (e) Flexural test 217 
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 223 

 224 

Fig. 8. The typical bonding forms of ECC to existing concrete 225 
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(a) Cast-in-place (b) Prefabrication (c) Spraying 

(a) 
) 

(b) 
) 

(c) 
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(d) 
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(e) 
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 232 

(a) Pull off tests [83] 233 

 234 

(b) Bi-surface shear tests [84] 235 

 236 

(c) Four-point flexural tests [82] 237 

Fig. 9. Relations between the bond strength of the interface and the roughness/strength of 238 

concrete 239 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 240 

 241 

 242 

Fig. 10. Effects of different surface preparation methods on the UHPC-to-concrete bond 243 

strength 244 
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 245 

(a) Mass loss rate                  (b) Relative compressive strength 246 

 247 

(c) Relative tensile strength                 (d) Relative stiffness 248 

Fig. 11. Material properties of ECC/UHPC at different temperatures 249 

 250 

 251 

(a) Mass loss rate                    (b) Relative dynamic modulus  252 

Fig. 12. The comparison on the freeze-thaw resistances of ECC and UHPC 253 
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 254 

 255 

(a) C-sided         (b) T-sided           (c) 2-sided             (d) 3-sided 256 

 257 

Fig. 13. Four different forms of strengthening schemes using ECC/UHPC layers for RC 258 

beams 259 

        260 

 261 

Fig. 14. ECC strengthening systems for RC beams 262 

(a) Flexure strengthening 

(b) Flexure-shear strengthening 
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 263 

 264 

(a) CC failure [140]           (b) UR failure [135]      (c) Debonding failure [135] 265 

Fig. 15. Typical failure modes of T-sided UHPC layer reinforced RC beams 266 

 267 

 268 

 269 

 270 

 271 

(a)                       (b)                     (c) 272 

Fig. 16. Typical U-shaped ECC/UHPFRCC permanent formwork for RC beams 273 
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 276 

(a)                                (b)                         (c) 277 

Fig. 17. Typical ECC permanent formwork for RC columns 278 

 279 

 280 

(a)                             (b)                            (c) 281 

Fig. 18. Typical UHPC permanent formwork for RC columns 282 

 283 
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 284 

(a) Pure/SS-grid-reinforced UHPC formwork [50]  (b) FRP-UHPC tubular formwork [159] 285 

Fig. 19. Typical axial load-strain curves of concrete columns confined with UHPC formwork 286 

 287 

 288 

 289 

Fig. 20. The ECC/UHPC repairing RC beams 290 

 291 

 292 

 293 

(a) ECC-NSC composite beam             (b) UHPC-NSC composite beam  294 

Fig. 21. The relation between height replacement ratio and increase in flexure capacity 295 
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 296 

Fig. 22. The comparison between experimental results and model predictions for the ultimate 297 

load capacities  298 

 299 

 300 

 301 

Fig. 23. The comparison between experimental results and model predictions for the shear 302 

capacity: (a) Guo et al.’s model [171] and JSCE code [178,179]; (b) ACI 549.4R-20 [176] 303 
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and JSCE code [178,179]; (b) Cai et al.’s model [177] and Chinese code [180] 304 

 305 
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 307 

Fig. 24. Typical axial stress-strain curves of columns confined with FRCM 308 

 309 

 310 

Fig. 25. Diagram of a circular cross-section confined with FRP grid reinforced matrix [181] 311 
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 313 

Fig. 26. FRP-ECC/UHPC composite plates 314 
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 319 

(a) FRP-ECC                          (b) FRP-UHPC 320 

Fig. 27. Typical tensile stress-strain curves of FRP grid-reinforced ECC/UHPC composites 321 
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     335 

Fig. 28. Application prospects of FRP-UHPC composites 336 
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