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gi 19  composites (ECCs) with strong tensile strain-hardening behavior or ultra-high performance
gg 20  fiber-reinforced cementitious composites (UHPFRCCs) with excellent compressive behavior,
% 21 have been widely used in civil engineering. In cases that UHPFRCC strengthening layer
29 22  without internal reinforcement has an inferior average ultimate tensile stress to UHPFRCC
30

31 23  strengthening layer with internal reinforcement, fiber-reinforced polymer (FRP) bar/grid can
32

33 24 Dbe adopted as internal tension reinforcement. This paper presents a state-of-the-art
35 25  comprehensive review on the characteristics and application of high-performance cementitious
26 composites with and without FRP grid reinforcement. This review discusses the feasibility of
38 27 application of ECC/UHPFRCC to structural strengthening/repairing, and concludes that FRP
40 28  grid-reinforced ECC/UHPFRCC exhibits better potential than ECC/UHPFRCC in improving
42 29 mechanical performance of composite structures. Finally, the application prospect and future
44 30  research on FRP grid-reinforced ECC/UHPFRCC are identified.
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1. Introduction

Fiber-reinforced polymer (FRP) composites are a kind of high performance material with
superior durability and mechanical properties [1-6], and has been widely used in civil
engineering. Externally-bonded FRP strengthening system is one of the most common
techniques for strengthening reinforced concrete (RC) structures. However, externally-bonded
FRP strengthening systems have some disadvantages [7,8]: 1) a relatively poor bond
performance between the concrete substrate and the FRP layer; 2) a poor behavior of epoxy
resin at high temperature, especially when the temperature is higher than the glass transition

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

In recent years, researchers have proposed fabric-reinforced cementitious matrix (FRCM)
strengthening systems to be the alternative to externally-bonded FRP strengthening systems.
FRCM is a class of cementitious composites with dry fiber textiles or FRP/fiber textile grids
embedded in cementitious matrix (see Fig.1). Many experimental studies have been carried out
to confirm the effectiveness of FRCM strengthening systems for flexural and shear
strengthening of RC beams [9-15] and confinement of RC columns [16-19]. Moreover, it has
been proved that the strengthening efficiency of resin-impregnated FRP grid-reinforced
cementitious matrix (FGRCM) is much better than that of un-impregnated fiber textile-
reinforced cementitious matrix [10,20]. The excellent strengthening efficiency of FGRCM is
mainly due to improved bond between the concrete substrate and strengthening systems

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

Engineered cementitious composites (ECCs), also known as ultra-high toughness cementitious
composites (UHTCCs), is a class of high-performance fiber-reinforced cementitious
composites (HPFRCCs). Owing to the addition of fibers, ECCs can exhibit a large tensile strain
capacity ranging from 3% to 8%, with the advantages of high fracture toughness, high tensile
strength, high cracking resistance and superior durability [21-30]. Structures
strengthened/repaired with ECC have an excellent corrosion resistance because invasion of
corrosive media is effectively postponed due to the protection of the durable ECC jackets,
which generally experience favorite multiple microcracking under tension [31-33]. However,
ECCs have a relatively low compressive strength closed to that of conventional concrete.
Recently, some advanced ultra-high performance fiber-reinforced cementitious composites
(UHPFRCCs) were developed to improve the compressive strength of fiber-reinforced

concrete while maintaining the high tensile strength and ductility, such as ultra-high
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performance concrete (UHPC) and ultra-high performance engineered cementitious composite
(UHP-ECC). Both UHPC and UHP-ECC generally has a compressive strength over 120 MPa
[34-37], and a tensile strength over 7 MPa [35,37-40]. With the advantages of ultra-high
compressive strength coupled with excellent tensile properties and high durability, UHPFRCCs
is a promising material for creating a lightweight and durable permanent formwork [41,42] or
strengthening RC structures [43]. Recently, FRP grid-reinforced ECC matrix and FRP grid-
reinforced UHPFRCC matrix, which are abbreviated as “FGREM” and “FGRUM?”,
respectively, have been proposed as efficient FGRCM strengthening systems or to form novel
composite structures with an excellent long-term mechanical behavior. Instead of common
mortar, ECCs/UHPFRCCs with multiple cracking behavior are applied as cementitious matrix
to reduce the stress concentration and suppress the debonding between strengthening layer and
concrete substrate, which contributes to a high strengthening efficiency. Moreover, the FRP
grid is efficient in enhancing both the tensile strength and fracture toughness of FGRCM

composites [44-46].

In recent years, some studies have focused on strengthening structural members using
FGREM/FGRUM composites and developing novel FGRUM composite structures. Currently,
it has been demonstrated that the flexure or shear capacities of RC beams [47-49] and axial
performance of RC columns [50-52] can be effectively improved after strengthening with
FGREM/FGRUM layers. This paper presents a state-of-the-art review on the current studies
that investigate the characteristics and applications of ECCs/UHPFRCCs as well as
FGREM/FGRUM composites (referred to as FRP-reinforced high-performance cementitious
composites) in strengthening structures or constructing new composite structures. Finally,
further research opportunities and application prospects associated with FRP-reinforced high-

performance cementitious composites are identified.

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

Based on the packing density method, to obtain dense packing thus improving the performance
of cementitious matrix, ECCs and UHPFRCCs are produced by removing the coarse aggregate,
replacing a portion of cement with mineral admixtures, and adding superplasticizers to achieve
a relatively low water-binder ratio generally ranged from 0.14 to 0.30 [23-25,35,36].
Additionally, various fibers are added into the mix to enhance the tensile performance. The
basic characteristics of ECCs and UHPFRCCs are mainly determined by the mixing proportion

and the properties of raw materials. The raw materials and mechanical properties of
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ECCs/UHPFRCCs are reviewed in detail, and the bond performance between
ECCs/UHPFRCCs and concrete substrate as well as structural applications of
ECCs/UHPFRCC:s are also introduced below.

2.1 Raw material and Mechanical Properties of ECCs

The ECC is usually obtained by mixing a certain proportion of Portland cement, fly ash, fine
sand, water and water reducer as well as a certain volume ratio of fibers. Some typical mixing
proportions and corresponding mechanical properties of ECCs are shown in Table 1. It has
been confirmed that the mechanical properties of ECCs are mainly influenced by fly ash-binder
ratios (FA/B), water-binder ratios (W/B), sand-binder ratios (S/B), fiber types and fiber volume
fraction [26,53-55]. Note that FA/B, W/B and S/B mean the mass ratio of fly ash, water and

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

Fly ash is the most common mineral admixture that replacing a portion of cement to improve
the qualities of the ECCs including fire resistance [55-57], freeze—thaw resistance [58], fiber-
to-matrix interfacial bonding and matrix toughness [55]. When the mass percentage of fly ash
in cementitious composites exceeds 50% (FA/B>0.5), it is called as high-volume fly ash
(HVFA). By the comparison on mechanical properties of specimen with mixing proportion of
M1, M2 and M3 (see Table 1), it is found that the compressive strength of ECC decreases while
the tensile strain capacity is enhanced by increasing FA/B. As the HVFA increases, the
reduction of compressive strength is due to the increase of porosity in ECC matrix [59], while
the increase of tensile ductility is caused by the decline of fiber-to-matrix interfacial chemical
bonding and matrix toughness [53,60]. Moreover, W/B and S/B are key factors affecting the
mechanical properties of ECCs. ECC with higher S/B and lower W/B, (e.g., specimen M6 and
M13 shown in Table 1), exhibits a higher compressive strength because of a larger matrix
density, but a poorer tensile ductility caused by increasing matrix toughness and fiber-to-matrix
interfacial bonding [53]. Overall, a low FA/B, a low W/B or a high S/B contributes to a higher
compressive strength of ECC, while a high tensile strain capability may not be achieved.
Oppositely, increasing FA/B and W/B and reducing the S/B are in favor of improving ECC’s

strain-hardening and multiple cracking behavior.

Polyvinyl alcohol (PVA) or polypropylene (PP) fibers are usually used to improve the tensile
performance of ECCs. With the addition of PVA or PP fibers, the tensile strength and ultimate
tensile strain of ECCs can reach more than 6 MPa and 2%, respectively [54,61]. The oiled PVA
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fibers are the most commonly utilized fibers in producing ECC due to their good dispersibility,
proper interfacial properties [62] and higher tensile strength than PP fibers [26,63]. With the
oiled surface, PVA fiber-to-matrix interfacial bonding is weakened aiming to improving the
tensile ductility of ECC [53], and the tensile failure of PVA-ECC is governed by fiber being
pulled out from matrix. Different from oiled PVA fibers, PP fibers exhibit strong chemical
bonding to cementitious matrix [61], thus PP-ECCs usually fail by fiber rupture before fiber
pullout. Similar to PVA and PP fibers, polyethylene (PE) fibers have also been adopted to
produce PE-ECC [63]. The PE fiber-to-matrix interface was tailored using plasma treatment to
enhance the tensile strength and ductility of ECC [64].

The tensile and compressive performance of ECC are related to the fiber contents. Lin et al.
[61] found that when the PVA fiber volume fraction increased from 1.0% to 2.0%, the tensile
strength and tensile strain capacity of the ECC were enhanced by about 71% and 103%,
respectively. It was mainly due to the higher fiber pullout resistance and fiber bridging capacity
with the higher fiber content. However, when volume fraction was increased from 2.0% to
2.5%, the tensile and compression strength of ECC were decreased by 26% and 18%,
respectively. The reduction of strength can be attributed to the initial defects in the matrix
caused by uneven fiber distribution, as well as the large porosity caused by excessive fibers
[61]. So, an optimum fiber volume fraction of 2% is commonly applied to make PVA-ECC
[51,55,64]. The compressive and flexural strength of PP-ECC increased with fiber content
increasing from 0% to 2%, and a flexural hardening behavior was observed for PP-ECC
containing 2% fiber while a softening behavior occurred when the fiber content dropped to 1%
[66]. With the increase of fiber content from 1% to 2%, PE-ECC’s tensile strength and strain

capacity increased approximately linearly [67].

The typical tensile stress-strain curve of ECC can be divided into three stage (see Fig.2): 1)
linear elasticity; 2) strain-hardening and 3) fracture failure. In the linear elasticity stage, the
first crack occurs in ECC when tensile stress reaches the initial cracking strength (f;,). With
the increase of tensile stress, ECC exhibits strain-hardening behavior with the appearance of
multiple small cracks. Finally, the ECC fracture failure occurs on the occurrence of a main
crack with fiber pullout or rupture at the main crack surface. Under uniaxial compression, the
compressive stress-strain curve of ECC exhibits a near-linear ascending stage and a near-
bilinear strain-softening stage [65,66]. The compressive strength of ECC is comparable to that
of normal strength concrete (NSC) while the compressive strain capacity of ECC is better than
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that of NSC. Zhou et al. [66] found that the peak strain of ECC under uniaxial compression
was between 0.004 and 0.005 (approximately twice that of NSC’s peak strain).

2.2 Raw materials and Mechanical Properties of UHPFRCCs

The UHPFRCCs typically consist of high-grade Portland cement, fine aggregate, mineral
admixtures, water, high-range water-reducing admixture (HRWR), and high-volume fractions
of fibers. Generally, UHPFRCCs exhibit high tensile and compressive strength (over 7 MPa
and 120 MPa, respectively), as well as superior durability due to its dense micro-structure and
the addition of fibers. Recently, some advanced UHPFRCCs have been developed, including
UHPC and UHP-ECC.

2.2.1 UHPC

The mix components of UHPC generally include sand (used as fine aggregate), water, Portland
cement, fine mineral powders (used as mineral admixtures), superplasticizer and steel fibers
[35,67,68]. To achieve an ultra-high compressive strength, a low water-binder ratio (usually
ranges from 0.14 to 0.20) is usually maintained, and polycarboxylates were found to be the
most effective superplasticizers for UHPC with such low W/B [67]. Courtial et al. [69] reported
that the belite phase content strongly decreased when the dosage of polycarboxylate increased
from 1.8% to 2% because of the activation of the hydration reaction of belite. Moreover, ultra-
fine mineral admixtures (e.g., silica fume, granulated blast furnace slag, fly ash, and limestone
powder) are added in mixture to ensure a highly dense matrix and a low porosity of UHPC
[35,67,68,70]. Particularly, silica fume with particle sizes ranging from 0.1 to 0.7um is
commonly used to significantly reduce the porosity and defects in the UHPC matrix [45,67,71].
It was also found that the optimal silica fume content was between 20% and 30% of cement
mass for the best fiber-to-matrix bond performance [71]. Moreover, the usage of
superplasticizer can significantly decrease the required W/B for a sufficient workability, and
thus effectively reduce the porosity and enhance the strength. The quartz/natural sands with
diameters of less than 0.6 mm are usually used as fine aggregate [45,67], which can
significantly restrain the growth of micro-cracks during the initial crack development of UHPC
[67]. The S/B of UHPC is usually controlled from 0.8 to 1.0 [34,45,72,73].

Steel fibers are the most commonly adopted reinforcement fibers in UHPC matrix because of
their high tensile strength and stiffness [67]. When a load acts on UHPC, the stress on matrix

is transferred to the fibers through the fiber-to-matrix interface. The working mechanism of the
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fibers in matrix is shown in Fig. 3, demonstrating the function of fibers in preventing the
development of cracks. Under tensile loading, the debonding between fiber and matrix occurs
when initial crack appears in the matrix (see Fig.3a). As the stress increases, the crack width is
enlarged, and the matrices on both sides of the crack are connected to each other by the fiber
bridging effect (see Fig.3b). UHPC usually exhibits the failure mode of fiber pullout (see Fig.3c)
due to the relatively low bond strength between steel fiber and matrix [73]. If the fiber-to-
matrix interfacial bonding is strong enough to prevent the fiber pullout, fiber rupture (see
Fig.3d) will occur. Therefore, the tensile performance of UHPC is mainly affected by the fiber-
to-matrix bonding behavior. Steel fibers with a longer length can achieve a higher tensile
strength and strain capacity of UHPC due to the higher fiber pullout load carrying capacity and
slip capacity provided by the larger fiber-to-matrix bond area [35]. Relation between steel fiber
volume ratio and compressive and flexural strengths of UHPC are shown in Fig. 4. It has been
confirmed that flexural and compressive strength of UHPC almost increase linearly with the
increasing fiber volume ratio from 0% to 3% [38,68,73]. The bond stress between fiber and
matrix is reduced with an increase of fiber content, which contributes to suppressing
propagation of cracks and thus resulting in the increase of strength. For cost saving, the steel
fiber volume ratio is usually taken as 1.0 % to 2.0% [45,74]. Recently, synthetic fibers, e.g.,
barchip fibers, polypropylene fibers and nylon fibers, have been confirmed to be promising
substitutes for steel fibers [75,76].

As shown in Fig. 5, the typical tensile stress-strain curve of UHPC can be divided into three
stages: a linear elastic stage, a strain-hardening stage and a strain softening stage. In the linear
elastic stage, the first cracking occurs when the tensile stress achieves the initial crack strength
(fto)- As the stress increases, UHPC exhibits a strain-hardening behavior with the tensile strain
capacity (&;,,) less than 1% [35,45,74]. The poor tensile ductility is attributed to low W/B and
high S/B of UHPC. After the peak stress (f;,), UHPC exhibits an obvious strain-softening

behavior.

2.2.2 UHP-ECC

Recently, UHP-ECC, a novel cementitious material combining the advantages of ECC and
UHPC, have been developed and studied. The difference between UHPC and UHP-ECC is that
UHP-ECC exhibits a tensile strain-hardening behavior. A low W/B ranging from 0.14 to 0.18
is utilized to generate a homogenous cementitious matrix with dense micro-structures, resulting
in a high compressive strength of UHP-ECC [36,37,40]. The blending materials of UHP-ECC
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consist of high-grade Portland cement and mineral admixtures. The reactive powders, e.g.,
ground granulated blast furnace slag (GGBFS), limestone powder (LP) and silica fume (SF),
are usually adopted as mineral admixtures to fill the pores in matrix for achieving a high
strength and a high toughness of the matrix [36,37,77-79]. The content percentage of mineral
admixtures in cementitious composites is usually above 50% [36,40]. Furthermore, a relative
low S/B ranged from 0.29 to 0.30 was usually utilized [36,40,77,79] aiming to improve the
tensile ductility. To achieve a high tensile strength and a high tensile rupture strain,
polyethylene (PE) fibers with a high tensile strength and a high aspect ratio are used as
reinforcing fibers in UHP-ECC [40]. The tensile performance of UHP-ECC is mainly decided
by the fiber aspect ratio (Ls/dy) and fiber volume ratio (V). The initial cracking stress, tensile

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

reinforcement index (V¢ - Ly/dy) which typically ranges from 7.5 to 18 [40,79].

The tensile stress-strain curves of UHP-ECC exhibit the same three-staged behavior as that of
ECC (see Fig. 2). The comparison on typical tensile stress-strain curve of UHPC [74] and that
of UHP-ECC [40] is shown in Fig. 6. The UHP-ECC has a greater initial cracking strength than
UHPC. After the first cracking, UHP-ECC exhibits a strong strain-hardening behavior with the
ultimate tensile strain up to 8%, while the tensile strain capacity of UHPC is very poor. A
bilinear constitutive model with great agreement to the experimental tensile stress-strain curve
of UHP-ECC has been purposed by Yu et al. [40]. Under uniaxial compression, the compressive
stress-strain curve of UHP-ECC has the same shape as that of a normal ECC [79,80]. The
general mechanical properties of ECC, UHPC and UHP-ECC are summarized in Table 2,
indicating that UHP-ECC not only has a higher compressive strength that is comparable to

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

2.3 Bond behavior between ECCs/UHPFRCCs and concrete substrate

Recently, ECC/UHPFRCC layers have been used to repair or strengthen the existing RC
structures. The key issue of this repair/strengthening technology is the interfacial bonding
behavior between the ECC/UHPFRCC layer and the concrete substrate. Many factors affect
the bond behavior of ECC/UHPFRCC-to-concrete, including the construction method of
ECC/UHPFRCC, the surface roughness of concrete substrate, the surface treatment of the
overlays and the strength of concrete, etc. Currently, five different bonding strength test

techniques including slant shear test, splitting tensile test, pull-off test, shear test (single-surface
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or bi-surface), and flexural test (three-point or four-point) are usually used to analyze the bond
strength between ECC/UHPFRCC and concrete (see Fig. 7) [81,82].

2.3.1 ECC-to-concrete interface

The construction method of ECC includes prefabrication, spraying and casting-in-place.
Usually, to achieve stronger interfacial bonding, except for the necessary rough surface, the
bonding materials are also important. For example, the cast-in-place ECC repair/strengthening
system is connected with existing concrete substrate through the primer (e.g., cement paste),
while the prefabricated one is bonded to substrate using bonding agents (e.g., mortar), which
is shown in Fig. 8a and Fig. 8b. Proper primers or thin bonding agents contribute to the
excellent interfacial bonding by strengthening the mechanical interlocking or cohesion between
ECC and concrete [82-85]. Among them, the epoxy resin adhesive between ECC and concrete
could significantly improve the FRP-ECC-concrete interfacial bonding behavior due to the
strong cohesive force on the interfaces [85]. The relations between interfacial bond strengths
and roughness of concrete substrate surface/strength of old concrete are summarized in Fig. 9.
With increasing concrete strength or increasing surface roughness up to 4mm, the bond
strengths increased obviously for both the cast-in-place and prefabricated ECC-to-concrete
interfaces. However, when the surface roughness was increased to 5 mm, the increase in bond
strengths became inconspicuous, even decrease in bond strength was reported in some studies.
Wang et al. [82-84] concluded that the surface roughness around 4 mm had the optimum effect
on improving the bond strength of interfaces. In most instances, the cast-in-place ECC has a

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

For spraying ECC repair/strengthening systems, the interfacial bonding behavior between
spraying ECC and concrete substrate has been studied by conducting splitting tensile tests [86]
and interfacial shear tests [86,87]. It was found that the usage of primer has a marginal effect
on enhancing the bond strengths of spraying ECC-to-concrete interface [86]. The spraying ECC
and existing concrete are usually connected to each other only by the surface-to-surface contact
(see Fig. 8c), and the shear bond strength is mainly resulted from friction and mechanical
interlocking. Thus, the higher roughness of concrete substrate surface will lead to stronger
friction and mechanical interlock effect that enhancing the shear bond strength of spraying
ECC-to-concrete interface [86,87]. Moreover, the construction method of downward spraying
ECC is recommended because of the positive effect of gravity on the bond behavior [86]. Tian

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

Overall, the typical variables affecting the various bond strengths between prefabricated/cast-
in-place/spraying ECC and concrete are summarized in Table 3. Among them, the proper
roughness of concrete substrate and sufficient curing age (above 28 days) are the important
parameters to ensure effective interfacial bonding [82-84,88,89]. The increase of concrete
strength results in a higher bond strength [82-84], which is mainly due to the high strength
concrete suppressing the development of cracks on the interface. As for prefabricated layers,
increasing the roughness of prefabricated ECC surface is an effective method to improve
interfacial bonding [82-84]. Furthermore, a higher ECC strength contributes to higher
interfacial shear bond strength [87].

2.3.2 UHPFRCC-to-concrete interface

A number of slant shear tests, splitting tensile tests and direct shear tests have been conducted
to evaluate the bond strength of UHPC-to-concrete interfaces. It has been confirmed that
surface preparation of concrete substrate, strength of concrete, wettability of concrete substrate
and curing age of UHPC have significant influences on the bond strength of UHPC-to-concrete
interfaces. The surface preparation for concrete substrate can be divided into three categories:
mechanical connector (MC) preparation, roughness degree (RD) preparation and bonding
agent (BA) preparation [81]. There are seven surface RD preparation technologies commonly
used, namely smooth surface (SM), rough surface achieved by exposing coarse aggregates (R),
post-installed rebar (PR), sand blasting (SB), wire brushing (WB), drilling holes (DH) and
grooving (GR). Three common failure modes were found, including interfacial debonding,
partial interfacial debonding and concrete substrate failure. The failure modes are dependent
on the UHPC-to-concrete interfacial bond strength: when the bond strength is low, the
interfacial debonding occurs; when the bond strength is high, the partial interfacial debonding

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

The relations between shear bond strength and different variables and corresponding failure
modes under bi-surface shear tests are concluded in Table 4. The shear bond strength of UHPC-
to-concrete interface is sensitive to the surface roughness of concrete substrate, so the proper
RD preparation is very important. Valikhani et al. [90] investigated the shear bond strength of
cast-in-place UHPC-to-concrete interface using the mechanical connectors to restrict the

relative slip between UHPC and concrete substrates. It was found that the shear bond strength
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was enhanced by 40% to 255% due to the addition of mechanical connectors. When the BA
surface preparation was used, the bond strength between UHPC and concrete reduced because
the UHPC surface and concrete surface were separated by bonding agent which decreased the
cohesion between the two materials [91,92]. Zhang et al. [93] compared the shear bond strength
under various RD preparation including R, SM, DH, GR and PR, and confirmed that the R
preparation for concrete substrate surface had the most significant effect on improving the
interfacial bond strength. Except for the surface treatment, the adequate curing age (above 28
days) of UHPC is necessary for the growth of interfacial bond strength [93,94]. Additionally,

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

To find out the reliable surface preparation, the slant shear bond strengths and the splitting
tensile strengths under various surface preparation for concrete substrate are compared in Fig.
10. Zhang et al. [92] found that the rough surface (R), combination of rough surface with
drilling holes (R+DH) and combination of rough surface with grooving (R+GR) had very close
effect on enhancing UHPC-to-concrete bonding strength. Tayeh et al. [96-98] reported that the
highest slant shear bond strength could be achieved by the SB surface, and the same result was
found by Jafarinejad et al. [99] and Carbonell Mufioz et al. [94]. Tayeh et al. [96-98] also found
that the SB preparation was the most effective method on increasing splitting tensile strength,
while Carbonell Mufioz et al. [94] declared that GR preparation was better than SB preparation.
There is no unified conclusion on the best surface preparation, whereas according to the

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

2.4 Durability of ECCs/UHPFRCCs

Durability of construction materials is highly important for the long-term behavior of civil
engineering structures. The durability of cementitious materials can be evaluated by many
aspects, such as freeze-thaw resistance, chemical attack resistance, abrasion resistance, fire
resistance and etc. [70,100]. The durability of ECC/UHPC is introduced below from the four
significant aspects mentioned above.

The fire resistant of ECC/UHPC is affected by the behavior of matrix, fiber and fiber-to-matrix
interface under high temperatures. The mechanical properties of concrete subjected to elevated
temperatures usually degrade accompanied with spalling failure of matrix caused by the
excessive internal tensile stress. Sahmaran et al. [56] found that the explosive spalling failure

of ECC matrix was suppressed due to the addition of PVA fibers. The residual mechanical
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properties of ECC under temperatures ranging from 200 to 600 °C was significantly enhanced
with the increase of fly ash content [56]. However, the degeneration of fiber properties under
high temperatures would lead to the decrease or disappearance of the strain-hardening capacity.
Bhat et al. [101] found that ECC lost its strain-hardening behavior and excellent ductility for
temperature above 300 °C due to the decomposition of PVA fibers. Zhang et al. [102] reported
that the tensile properties of ECC suddenly decreased at 200 °C due to the strength loss of PVA
fibers and the increase of matrix toughness. It was also found that the fiber-to-matrix interfacial
bond, which contributed to the high ductility of ECC, was reduced at 200 °C. Moreover, the
compressive strength and stiffness of ECC exhibited a linear declination when temperature was
above 200 °C[103].

UHPC has an excellent fire resistance characterized by the high residual mechanical properties
and an excellent spalling resistance. The loss of compressive strength for UHPC begins at the
temperature ranging from 350 to 400 °C, and when reaching 800 °C, the UHPC strength dropped
to zero [104]. A study reported that 30% to 50% strength loss was observed for UHPC when
temperature was higher than 1000 °C [105]. The damage on steel fibers is much less than that
of PVA or PP fibers under elevated temperatures because of the higher melting point of steel
fibers, which helps maintain the high tensile performance of UHPC effectively after exposure
to elevated temperatures. The steel fibers can improve not only the residual mechanical
properties but also the spalling resistance of heat-damaged UHPC. According to current
statistics, the spalling temperature of UHPC with steel fibers ranged from 260 °Cto 550 °C[104].

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

To compare the fire resistance of ECC and UHPC, the effect of temperature on mass loss
[56,102,103,106,107], relative compressive strength [56,102,103,106,108-111], relative tensile
strength [57,102,111-115] and relative stiffness [56,103,107,108,110,116] on ECC/UHPC is
illustrated in Fig. 11. After 200 °C, the mass loss rate of UHPC was lower than that of ECC (see
Fig.11a), indicating that less damage on UHPC matrix under high temperatures. In most cases,
compared with ECC, UHPC has a lager relative compressive strength at 200 °C~800 °C (see
Fig.11b) but a lower relative stiffness after 400 °C (see Fig.11d). Moreover, it should be noted
that the relative tensile strength of ECC could be above 1.0 at 50°C~200°C (see Fig.11c). When
the FA/B reached above 80% [57,102], the HVFA accelerated hydration process and pozzolanic
reaction thus leading to a stronger fiber-to-matrix interfacial bonding, which resulted in the

enhancement of tensile strength under 50°C~200°C.
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The relative dynamic elastic modulus and mass loss of matrix are usually used to evaluate the
freeze-thaw resistance. The larger relative dynamic modulus and less matrix mass loss rate
after more freeze-thaw cycles indicate a higher freeze-thaw resistance. The addition of PVA
fiber, fly ash and slag contributes to the high freeze-thaw resistance of ECC. The ECC with
PVA fiber survived after 300 freeze-thaw cycles with a mass loss rate less than 8% [117] while
premature failure of ECC without fibers occurred, indicating that PVA fiber could prevent the
damage of matrix under freeze-thaw cycles. By mixing fly ash and slag in matrix, the relative
dynamic elastic modulus of ECC could be above 100% after water or salt 200 freeze-thaw
cycles [118].

UHPC has a more superior freeze-thaw resistance than ECC. Wang et al. [119] found that the
mass loss rate of UHPC was only 0.62% after 1500 freeze-thaw cycles. With proper hot or
steam curing for UHPC, the relative dynamic elastic modulus of UHPC subjected to 1000 or
1500 freeze-thaw cycles could reach over 100% [120]. Fig. 12 shows the comparison on the
freeze-thaw resistance between ECC and UHPC. After 300 freeze-thaw cycles, the mass loss
rate of ECC has reached about 8% [117], while UHPC had a much lower mass loss rate (under
0.3%) even after 700 freeze-thaw cycles [121]. In addition, the relative dynamic modulus of
ECC without slag was less than 90% [118] after 200 freeze-thaw cycles while the relative
dynamic modulus of UHPC subjected to 600 freeze-thaw cycles could reach over 100% [121].

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

The chemical attack resistance, especially the salt corrosion resistance, is very important to the
concrete structures serving in harsh environment. Liu et al. [122] reported that the ECC
exposed to long-term sulfate and mixed sulfate-chloride environment had higher compressive
and tensile strength than of those exposed to water. The increase of strength was due to some
hydration products filled the pores thus leading to the decrease of porosity in ECC. Despite of
the reduction of tensile ductility under sulfate and sulfate-chloride environment, ECC can still
exhibit the strain-hardening behavior that are characterized by multiple cracking development
and tensile strain capacity above 2%. The superior salt corrosion resistance of UHPC mainly
involves in two aspects: high residual compressive strength and high permeability resistance.
UHPC has superior chloride ion permeability resistance, inhibiting the penetration of chloride
ions into the concrete, and thus restrain the corrosion of steel fibers or reinforcement [70]. Ye

et al. [123] found the percentage of compressive strength of UHPC after exposure to various
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corrosive solutions to the original value ranged from 42% to 98%, among which strong acid
solution caused the greatest damage to UHPC. A study reported that the mass and compressive
strength of UHPC were reduced by less than 9.2% after exposure to various concentrations of
sulphuric acid, sodium chloride, and sulphate solution for 60 days [124].

The abrasion resistance of concrete is a key durability property for structures bearing friction
loading, especially for the bridge decks. The addition of PVA fibers could effectively improve
the abrasion resistance of ECC. Abid et al. [125] found that the smaller abrasive mass loss
occurred in ECC with the larger PVA fiber volume ratio. However, when PVA fiber content
exceeded 3%, the decline of abrasion resistance was observed because of the large void ratio
caused by excessive fiber [126]. Mohamed et al. [127] reported that the abrasion mass loss of
ECC tended to follow a negative correlation with the compressive strength, indicating that the
denser matrix leaded to the higher abrasion resistance. Lee et al. [128] compared the abrasion
resistance of NSC, HSC, and UHPC and concluded that UHPC had the highest abrasion
resistance. The excellent abrasion resistance of ECC/UHPC mainly relies on the compactness
of matrix and fiber bridging capabilities.

2.5 Applications of ECCs and UHPFRCCs
With excellent tensile properties and high durability, ECC and UHPFRCCs are promising
material in strengthening/repairing RC structures, making permanent formworks and structural

elements and etc.

2.5.1 RC beams strengthened with ECCs/UHPFRCCs

Fig. 13 shows the four existing ECC/UHPC strengthening forms: C-sided, T-sided, 2-sided and
3-sided strengthening. C-sided strengthening means that the ECC/UHPC is located at the
compressive zone. T-sided strengthening means that the ECC/UHPC is located at the tensile
zone, which is commonly used to enhance the flexure behavior of RC beams. 2-sided
strengthening means that the ECC/UHPC is placed on both sides of the cross section to improve
the shear behavior of members. 3-sided strengthening is the combination of T-sided and 2-sided

strengthening providing both shear and flexure strengthening for members.

The T-sided and 3-sided ECC layers are usually adopted in strengthening RC beams. Shang et
al. [129] reported that the 3-sided stirrups-reinforced ECC layers effectively enhanced the shear
load capacity, stiffness and ductility of fire damaged RC beams. However, the interfacial
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debonding between ECC layers and concrete substrate was observed. Similar debonding failure
also occurred in some FRP-ECC composite strengthening systems. Wu and Li [130]
investigated the flexure behavior of RC beams strengthened with T-sided CFRP-ECC hybrid
layer. The results showed that the strengthening effectiveness of CFRP-ECC hybrid layer was
limited due to the premature debonding between ECC and concrete. Subsequently, Hou et al.
[32] found that the T-sided BFRP bar-reinforced ECC layer incorporating the steel bolts at the
end could effectively mitigate the ECC-to-concrete interfacial debonding. Overall, the bond
behavior between ECC layer and concrete significantly impacts the strengthening efficiency. It
has been confirmed that the addition of mechanical connectors (e.g., shear studs and bolts) can
significantly enhance the interfacial bonding [32,131]. For fully utilization of ECC, mechanical
connectors are recommended to be installed in ECC strengthening systems (see Fig. 14). The
function of mechanical connectors is to prevent interfacial separation, meanwhile the FRP/steel
reinforcement is utilized to enhance the strengthening effect [132-134]. However, RC beams
strengthened with such ECC strengthening systems need further studies, especially in the
design of mechanical connector (number and location) and the optimal reinforcement ratio in
ECC layer.

Recently, many studies have focused on the flexural behavior of strengthened RC beams/slabs
with UHPC layer, with the effects of key parameters, such as strengthening forms, thickness of
UHPC layer (t,,), reinforcement ratio of UHPC layer (p,,), reinforcement ratio of RC beam (p;)
and surface treatment for concrete substrate, being investigated. The findings are summarized
in Table 5. Among them, the proper surface treatment is the most important factor to achieve
an effective strengthening. It has been confirmed that the combination of roughness degree
(RD) preparation and epoxy bonding agent [135-137], as well as adding mechanical connectors
[135,138] can ensure the sufficient interfacial bonding for an effective strengthening. The T-
sided strengthening enhances the ultimate moment through the tensile contribution provided
by UHPC layer located in the tensile zone, and thus the increases of t, and p, lead to the
more increase in flexure capacities of composite members [135-137,139]. Nevertheless, the

increase of pg; may reduce the strengthening effect of UHPC layer [136].

Fig. 15 depicts the typical failure modes observed in RC beams strengthened with T-sided
UHPC layer. The ideal failure is governed by concrete crushing [140] (see Fig. 15a), under
which the compressive strength of NSC and tensile strength of UHPC are fully utilized.



©CO~NOOOTA~AWNPE

543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576

Without internal reinforcement of UHPC and a strong interfacial bonding, the premature
rupture of UHPC layer associated with partial debonding occurs [135] (see Fig.15b), thus the
UHPC layer is separated into two parts and lose its function. Without an end anchorage system,
the large concentrated load at support may break the concrete cover, causing UHPC layer being

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

As for C-sided configuration, the strengthening effect of UHPC is approximate to that of NSC
[138,141], indicating that high strength concrete is not necessary when strengthening in the
compressive zone. Compared with the C-sided and T-sided strengthening, the 3-sided one was
the most effective method on enhancing the flexural capacity of composite beams owing to the
larger cross-sectional area of UHPC and the perfect bonding between U-shaped jacket and
concrete [141,142], but it may also lead to a less ductility due to the brittleness of UHPC and
a higher cost. Overall, the T-sided UHPC layer is the most cost-effective flexural strengthening

form.

2.5.2 RC columns/joints strengthened with ECCs/UHPFRCCs

ECC jackets have been proposed to strengthen RC columns/joints. Zhang et al. [143] used the
ECC jackets with steel reinforcement to strengthen the RC columns and found that the
composite columns exhibited more excellent ductility hysteresis response, plastic deformation
ability and energy dissipation compared with RC columns. The same result was also concluded
by Deng et al. [144]. Similarly, ECC jackets are also effective for seismic strengthening for
beam-column joints. Esmaeeli et al. [145] reported that the lateral load capacity and energy
dissipation capacity of RC beam-column joints were significantly increased with the presence
of the 4-sided CFRP-ECC hybrid jackets. Except using ECC jackets, replacing the
conventional concrete with ECC in the joint region is an effective method to improving the
cyclic behavior of joints [146]. It was found that the ECC strengthening layer could enhance
the lateral load capacity and the energy dissipation, and alleviate the pinching behavior of
conventional RC beam-column joints [148]. The excellent seismic strengthening effect of ECC
is owe to the excellent mechanical properties of ECC. On the one hand, with high tensile
strength and strong strain-hardening behavior of ECC, the crack development in ECC jackets
is effectively restrained and the effective confinement provided by the jackets for core concrete
can be achieved, which contributes to high load bearing capacities. On the other hand, the
rotational capacity of plastic hinge in composite members is improved due to the high

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

Compared with the ECC jackets, the UHPC jackets are more suitable for strengthening RC
columns with high axial compression ratio due to the ultra-high compressive strength of UHPC.
Due to the extra axial contribution offered by UHPC jackets, the load carrying capacities of
UHPC-strengthened columns are higher than those of GFRP-confined columns [147,148].
With a higher strength and elastic modulus than ECC, UHPC exhibits satisfactory effects on
seismic strengthening of columns [149] or joints [150], especially in terms of enhancing the
lateral stiffness and the load carrying capacity. The composite action of UHPC jackets and core
concrete directly affects the seismic/axial performance of composite columns or joints, so the
UHPC-to-concrete interfacial bonding and construction method of UHPC are key issues for a
reliable strengthening. Dadvar et al. [148] reported that the longitudinal grooving surface
treatment was more effective in enhancing load carrying capacities and energy absorption of
UHPC jacket-strengthened RC columns compared to the sand blasting and horizontal grooving.
Notably, without sufficient lateral reinforcement inside jacket to provide confinement,
separation between UHPC jacket and concrete core may occur due to the large lateral dilation
under high axial load [149]. So, Tian et al. [151] used high-strength steel spiral stirrup to
provide continuous sufficient confinement and successfully avoided the detachment of the
UHPC jacket from the concrete core under loading. Furthermore, it should be pointed out that
the segmental prefabrication method caused discontinuity of the prefabricated jackets, thus
significantly reducing the strengthening efficiency [149]. Thus, the problem of joint splicing
for segmental prefabricated jackets needs to be addressed to improve the continuity of jackets
and achieve an effective assembled strengthening. Alternatively, the research focus can be
shifted to developing integral assembled jackets.

2.5.3 ECCs/UHPFRCCs permanent formwork

With the superior durability and tensile properties, ECC and UHPC show great potential on
making U-shaped permanent formwork for RC beams. Note that the permanent formwork can
also be regarded as a strengthening layer for RC beams. The roughness of prefabricated
ECC/UHPC surface contributes to the good interfacial bonding to concrete substrate, so the
proper treatment for formwork surface is necessary. Li et al. [152] and Huang et al. [153] firstly
designed the assembled ECC formwork with distributed grooves on the inner surface.
Subsequently, Qiao et al. [154] developed the ECC permanent formworks with three different
surface treatments (SM, SB and GR) and embedded L-shaped reinforcement (see Fig. 16a).
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The experimental results showed that the GR surface led to the best ductility of strengthened
beam because of the best interfacial bonding, followed by the SB surface and SM surface.
Similarly, Zhang et al. [155] compared the ECC formworks using three different surface
treatments (SM, shear keys on the surface and using steel bars as mechanical connectors). It
was found that the surface with shear keys exhibited the highest interfacial bonding thus
resulting in a stable strengthening effect. They also proposed a predictive model for shear
capacity of concrete beams strengthened with U-shaped ECC permanent formwork. It should
be mentioned that the effect of ECC thickness on angle of critical inclined crack has been
accounted for in their model. However, different formwork surface treatment caused different
shear behavior of composite beams, so their model had some limitations because the influence

of surface treatment was not considered in the equation.

Currently, few studies have focused on U-shaped UHPC permanent formworks for RC beams.
To author’s best knowledge, only Dong et al. [41] purposed the U-shaped UHPC permanent
formworks with or without pre-embedded half of BFRP stirrup for seawater sea-sand concrete
(SWSSC) beams. The former (see Fig. 16b) exhibited better cracking resistance than the latter
(see Fig. 16c) because the pre-embedded stirrup limited the relative slippage between UHPC
and SWSSC and improved the interfacial bonding. Similar to ECC formworks, the key issue
of developing novel UHPC formworks is how to achieve a good interfacial bonding. Thus,
development of U-shaped UHPC formworks with different types of surface treatment and their

corresponding strengthening effects are of great concern in future research.

Several researchers have devoted to developing novel ECC permanent formworks for concrete
columns. Li et al. [156] developed a PP-ECC formwork to strengthen the NSC column (namely
hybrid ECC-NSC column shown in Fig. 17a). The results showed that the hybrid ECC-NSC
column with sufficient confinement (decided by the ECC thickness and the transverse
reinforcement ratio) delivered the most excellent deformability compared with RC or
reinforced PP-ECC columns. It should be highlighted that they considered the confinement
contributions from the stirrups and ECC when analyzing the confining effect of hybrid column.
Zhang et al. [157] used precast PP-ECC permanent formwork to strengthen the plastic hinges
region of RC columns (see Fig. 17b) subjected to the combination of axial and unilateral cyclic
load. It was found that the RC columns reinforced with PP-ECC in the plastic hinge region
exhibited higher load carrying capacity, ductility and energy dissipation capacity than RC

columns under cyclic loading. Pan et al. [158] studied the seismic behavior of ECC formwork
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reinforced short rectangular concrete column (see Fig. 17c), reporting that a proper ECC
thickness (selected as the depth of compression zone) was required to obtain a cost-effective

flexural behavior of composite columns.

Recently, some UHPC formworks for RC columns have been invented. Tian et al. [50] studied
the axial behavior of RC column reinforced with pure UHPC formwork (see Fig. 18a). To
further enhance the strengthening effect of formwork, they used the stainless steel (SS) grid-
reinforced UHPC formwork to strengthen RC columns (see Fig. 18b). Subsequently, Zeng et
al. [159] proposed the FRP-UHPC tubular formwork to strengthen the RC columns (namely
concrete-filled FRP-UHPC tube column shown in Fig. 18c). The typical axial load-strain
curves of concrete columns confined with above UHPC formworks are shown in Fig. 19. The
axial load-strain curve of the column confined with pure or SS-grid-reinforced UHPC
formwork can be divided into 5 stages by the feature points: 1) a linear ascending stage; 2) a
post-peak descending stage; 3) a strength recovery stage; 4) a secondary descending stage; 5)
a strain softening stage. The axial load-strain curve of concrete-filled FRP-UHPC tube column
exhibits linear ascending behavior and post-peak descending behavior, and subsequently
performs a strength recovery behavior (confinement type Il) or a strain softening behavior
(confinement type 1). In the linear ascending stage, the distinct reduction of stiffness is not
found in concrete columns confined with UHPC formwork because the axial contribution of
UHPC layer is dominant. After the peak load, the sudden strength loss occurs due to the
brittleness of UHPC and insufficient lateral confinement. The ratio of residual strength to peak
strength is determined by the ratio of the cross-sectional area of UHPC formwork to that of the
overall column (p,.). The larger p,. means more significant axial contribution of UHPC
formwork, thus leading to more strength loss caused by the brittle behavior of UHPC. So, the
thicker the UHPC formwork was, the more significant strength loss after the peak load was
observed [50,159]. After the strength loss, the confinement effect of UHPC formwork begins
to function, thus leading to strength recovery until the steel fibers being pullout from UHPC
matrix or the fracture of the reinforcement in the formwork. It should be noted that the strain
softening will occur instead of strength recovery if the confinement is not strong enough, which
is shown in Fig .17b (the axial load-strain curve of confinement type I). In conclusion, the
confinement level greatly affects the post-peak behavior of composite columns. The addition
of internal FRP grids [50] or external FRP jackets [159] for UHPC formwork has been proved
to be the effective approach to provide strong confinement.
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2.5.4 Repairing structures with ECCs/UHPFRCCs

Different from the strengthening technology introduced in section 2.5.1, ECC/UHPFRCC
repairing RC structures are constructed by replacing certain portion of concrete in RC members
with ECC/UHPFRCC, which means no increase in cross-sectional area (see Fig. 20).
Kobayashi and Rokugo [33] firstly purposed using ECC as the repair material for corroded RC
members. They reported that no secondary corrosion was observed on the rebar in the corroded
beams repaired with ECC because ECC’s multiple micro-cracking behavior reduced the
penetration of chloride ions. The ECC patching could contribute to the strength recovery of
corroded beams with less than 10% mass loss of steel reinforcement. Hou et al. [31] reported
that using ECC to replace the damaged concrete could effectively recover the flexure strength
of corroded RC beams with corrosion ratios less than 11.2%, but it was suggested to add extra
reinforcement when corrosion ratios were above 13.9%. So, if the corrosion loss is relatively
large, external or internal reinforcement for ECC repair system is recommended. Thus, Hu et
al. [160] proposed a RC beam repaired with ECC layer bonding with CFRP strips, namely
hybrid CFRP-ECC retrofitted RC beam. It was found that the hybrid CFRP-ECC repair system
could recover up to 114.7% of initial flexure capacity. Similarly, Kobayashi and Rokugo [33]
used fiber net as internal reinforcement of ECC and obtained the good recovery capacity for

beams subjected to severe corrosion.

ECC/UHPC-NSC composite members render structures with higher durability, larger spans,
lighter weights, and lower maintenance costs. The main design variables of composite beam
include ECC/UHPC layer thickness (height replacement ratio) and the reinforcement ratio. Fig.
21 show the relation between the ECC/UHPC height replacement ratio (the ratio of layer
thickness to the effective height of beam) and increase in flexural capacity (compared with the
beam with zero height replacement ratio). With increasing height replacement ratio, more
increase in flexural capabilities can be obtained [161]. The increase in flexure capacity varied
from 0 to 47% for ECC-NSC composite beams with height replacement ratio of 0.15 to 0.6
[161-163] and ranged from 0 to 90% for UHPC-NSC composite beams with height replacement
ratio of 0.05 to 0.7 [164,165]. The failure of composite beam with low and high reinforcement
ratio is govern by the rupture of reinforcement (tensile failure) and concrete crushing
(compressive failure), respectively. With the increase of height replacement ratio, the ductility
essentially remains unchanged in the case of tensile failure, while decreases in the case of
compressive failure [161]. However, Qin et al. [163] found that the ductility of ECC-NSC

composite beam subjected to compressive failure was enhanced with increasing height
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replacement ratio, which was in contrary to the Ge et al.’s conclusion [161]. Therefore, the
relation between ductility and height replacement ratio of ECC/UHPC-NSC composite
members need to be further studied.

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

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

3. FGREM/FGRUM: Mechanical Behavior and Application

Currently, the FRCM systems can be divided into two major categories: cementitious matrix
reinforced with dry fiber sheets/textiles and cementitious matrix reinforced with resin-
impregnated fiber (FRP) grid. It has been proved that the FRP grid-based systems was more
effective than dry fiber textiles-based systems on shear strengthening of RC beams [10]. The
ineffectiveness of dry FRP fabric is mainly due to poor bonding between the FRP without
impregnating resin and the matrix [49], which leads to less efficiency of FRCM systems than
FRP jackets [166]. It has been confirmed that the epoxy impregnation could highly enhance
the bond strength between FRP fabric and cementitious materials [167]. Using ECC/UHPC as
the matrix in FRCM helps overcome the disadvantages of poor crack resistance and the low
ductility of traditional FRCM, and to achieve a fully utilization of high tensile strength of the
FRP. Based on the application of ECC/UHPC introduced in section 2.5 and the advantages of
FRP grid, FGREM and FGRUM were proposed to further promote the development of
ECC/UHPC strengthening and FRCM strengthening. The existing studies on the application of
FGREM/FGRUM are reviewed below.

3.1 Flexural Strengthening

3.1.1 Flexural behavior of RC beams strengthened with FGREM

Some studies have focused on FGREM-strengthened RC beams. Using ECC as matrix for FRP
grid to form the FGREM may reduce the stress concentration and suppress the interfacial
debonding between the strengthening layer and the concrete substrate. The reinforcement ratio
of FRP grid and the reinforcement ratio of RC beam are important factors affecting the
strengthening efficiency. Zheng et al. [168] first studied the flexural behavior of RC beams
strengthened with T-sided FGREM layers and found that the cracking resistance, yield and
ultimate loads of RC beams were enhanced due to the effective strengthening provided by
FGREM layers. Afterwards, Yang et al. [49] reported that the ultimate load capacity would be
enhanced with a larger cross-sectional area of FRP grid, but significantly decreased due to the
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steel reinforcement ratio increment. The results indicated that the enhancement effect of FRP
grid on flexure capacity was determined by the ratio of tensile stiffness of FRP grid to steel
reinforcement. Usually, to prevent the plate end debonding, proper end anchorage systems
should be used in cast-in-place FGREM layers, such as steel bolts [168] and U-wrapped CFRP
anchorages [49]. As for prefabricated FGREM layers, using epoxy as bonding agent could
completely suppress both the interfacial debonding and plate end debonding, thus resulting in

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

3.1.2 The analytical models for flexural capacity

The common flexural failure modes of RC beams strengthened with T-sided FGREM layer can
be divided into two cases [49,168]: 1) the concrete crushing (CC) occurs prior to the rupture of
FRP grid after the yield of steel reinforcement; 2) the rupture of FRP grid (RG) occurs prior to
the concrete crushing after the yield of steel reinforcement. To predict the flexural capacity of
RC beams strengthened with T-sided FGREM layer, some assumptions and simplifications, as
proposed by the authors of this paper, are listed below: i) Plane section assumption; ii) No
interfacial debonding between strengthening layer and concrete substrate; iii) The bond
between the FRP grid and the cementitious matrix is prefect; iv) The ultimate and peak
compressive strain of NSC are assumed to be 0.0033 and 0.002, respectively; v) The stress-
strain relationship of steel bars is elastic-perfectly plastic; vi) The tensile contribution of NSC
and epoxy resin is ignored; vii) The tensile contribution of ECC is considered. Similar

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

The analytical models for flexural capacity are shown in Table 6, which are proposed based on
a cross-section analysis. The comparison between experimental results [49,168] and
predictions of the proposed models is depicted in Fig. 22. It is indicated that the model
predictions are relatively conservative but show good agreement with experimental results.
However, due to the lack of the experimental data on flexural strengthening with T-sided
FGREM layer, the accuracy of the proposed model needs further verification.

3.2 Shear Strengthening

3.2.1 Shear behavior of RC beams strengthened with FGREM/FGRUM

Some studies have been conducted to confirm the effectiveness of 2-sided bonded FGREM
layer in shear strengthening of RC beams with the variables of shear span ratio, the

reinforcement ratio of FRP grids and FRP type being investigated, as shown in Table 7. Zheng
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et al. [169] found that the shear capacities of RC beams were greatly improved by the 2-sided
FGREM strengthening and the partial debonding between concrete and FGREM layer induced
by diagonal cracks was also observed. With increasing FRP grid’s thickness, more shear
contribution offered by FGREM was obtained, but the FRP grids with a large thickness (5 mm)
resulted in a lower effective strain than those with a small thickness (3 mm). Yang et al. [170]
compared the strengthening efficiency of cast-in-place and prefabricated FGREM. It was found
that the prefabricated FGREM using epoxy as bonding agent led to a higher utilization rate of
FRP’s tensile strength, and thus enhanced the strengthening effectiveness. They also reported
that BFRP grids were more effective than CFRP grids on shear strengthening. Guo et al. [171]
highlighted that both the vertical and horizontal grids could provide shear contribution.
Furthermore, it was found that the shear contribution of FRP grids reduced with increasing
shear span ratio [170,171].

The FGREM/FGRUM have been successfully applied in strengthening corrosion-damaged
structures. Zheng et al. [47] confirmed the effectiveness of FGREM on shear strengthening for
RC beams with corrosion-damaged stirrups. It was also found that the BFRP grid exhibited a
lager effective strain at limit state compared to CFRP grid, indicating the better strengthening
efficiency of basalt-FGREM than carbon-FGREM. Chen et al. [48] investigated the shear
behavior of corroded RC beams strengthened with U-shaped FGRUM jackets and found that
the FGRUM jackets effectively improved the shear capacity and the crack control behavior of
the beams. The good interfacial bonding between the CFRP grid and the UHPC jacket led to
an excellent composite action. However, under the same corrosion level, the shear contribution

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

3.2.2 Existing predictive models for shear capacity

The failure of shear-strengthened RC beams using FRCM composites is usually governed by
premature debonding of the FRCM strengthening layers. In the case of debonding failure, the
effectiveness of FRCM strengthening systems is very close to that of FRP jackets [172].
Therefore, some models for predicting shear capacity of FRCM systems have been proposed
based on the effective stress determined by the models of FRP strengthening systems. Among
them, Chen and Teng’s model [173] is one of the most accurate models for predicting the shear
contribution of the FRP jackets, which was also available for predicting the shear contribution
of the FGRCM jackets. In this model, the effective stress of FGRCM jacket is mainly
determined by the available bond length (L,,4), the effective bond length (L.), the axial
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stiffness (pEf) of FRP grids, and the concrete compressive strength (f.). Subsequently, Tetta
et al. [174] modified the Chen and Teng’s model by introducing some correction factors and
proposed two modified models on the basis of Chen and Teng’s model. It should be highlighted
that the above three models are only available for strengthened beams failed by interfacial
debonding of FGRCM layers. Sometimes, the strengthened beams may fail from the rupture of
FGRCM jackets [175]. In this case, Tetta et al. [174] suggested using the ultimate strength of
FRP (f7,) instead of effective stress to calculate the shear contribution of FGRCM jacket. To
develop a design-oriented model, the effective tensile strain in FRCM is limited to be less than
0.004 conservatively based on the ACI code [176]. Recently, a novel model for shear
contribution of FGRCM has been proposed by Guo et al. [171]. In their model, the shear
contribution of the vertical and horizontal grids was considered. The effective strain of vertical
grids (&, ) Was determined by the ratio of cross-sectional area to the spacing of FRP grids.
The effective strain of horizontal grids (&, pn.,-) Was defined as ¢, .., multiplied by a
comparison coefficient (k) which was related to the shear span ratio of the beams. Without
considering the shear resistance of horizontal grids, Cai et al. [177] proposed a model with an
effective strain of vertical grids related to the mortar thickness, the shear span ratio and the
ratio of tensile strength of mortar to concrete through regression analysis. However, the
experimental data used for regression analysis were very few (only 5 data), and the regression
coefficient was 0.79 (not close to 1.00), so their model had some limitations. The models

mentioned above are summarized in Table 8.

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

V=Vc+Vs+Vecc+Vf 1)
where V;, Vs, Veee, V is the shear contribution of the concrete, the steel stirrups, the ECC

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

2fypAspd
S

Vs = )
where f,,, isthe yield strength of stirrups; Ag, isthe cross-sectional area of single-leg stirrup;
d is the effective depth of beam; s is the stirrup spacing. In the existing studies, the partial
debonding between FGREM layer and concrete substrate always occurs before the rupture of
FRP grid [47,171], so the tensile strength of grid could not be fully utilized. The V, can be

calculated according to ACI 549.4R-20 [171], Guo et al.’s model [166] or Cai et al.’s model
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[172]. The V,.. and V. can be calculated according to the JSCE code [178,179] (for Guo et
al.’s model [166] and ACI 549.4R-20 [171]) or the Chinese code [180] (for Cai et al.’s model
[172]), as shown in Table 9. The comparison between experimental results (see Table 7) and
model predictions are depicted in Fig. 23. The Guo et al.’s model [166] shows better agreement
with the experimental results compared with ACI549.4R-20[171] and Cai et al.’s model [172].
However, for BFRP grid-reinforced ECC strengthening systems, the predictions from the three
models are all conservative, especially for the BFRP grid with low elastic modulus. Note that
both the Guo et al.’s [166] and Cai et al.’s model [172] were proposed based on the carbon-
FGREM strengthening, thus the effective strain of BFRP grids may be underestimated.

3.3 Confined Concrete Column

3.3.1 Axial behavior of FGREM/FGRUM-confined concrete columns

Recently, FGREM/FGRUM has been successfully used to confine short cylindrical concrete
columns, as shown in Table 10. AL-Gemeel and Zhuge [177-178] have investigated
compressive behavior of circular and square columns strengthened with basalt FGREM. They
found that the load carrying capacity and the ductility of concrete columns can be enhanced by
basalt textile-reinforced ECC, whereas it was found that using textile reinforced mortar may
result in a lower ultimate axial stain due to the cracking of the mortar caused by premature
failure of the textile. Yan et al. [64] strengthened the concrete-filled steel-tube (CFST) columns
using carbon-FGREM with number of FRP grid layers as the main variable. It was found that
the confined CFST columns had a higher peak stress than unconfined CFST columns,
meanwhile the confined CFST columns exhibited an excellent ductility due to the progressive
failure instead of the brittle failure observed in FRP sheet-confined columns. With increasing
grid layer number, the confined CFST columns exhibited improved ductility. Chen et al. [181]
studied the compressive behavior of concrete column confined with basalt-FGREM, and
reported that the FGREM composites were more effective on confining concrete columns than
textile reinforced mortar, which was also documented in other literatures [52]. Increasing the
number of grid layers and decreasing the grid spacing have obvious effect on improving the
peak load of confined columns. Moreover, FGREM jackets were proved to be effective on
enhancing peak load and ductility of square concrete columns [51], but the non-uniform
confining effect of FGREM was not analyzed and the confinement model for FGREM-

confined square columns has not been proposed yet.

Currently, there is few studies on FGRUM-confined columns. Only Tian et al. [50] investigated
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the axial behavior of RC columns confined with FGRUM jacket. It was found that the CFRP
grid can provide a sufficient lateral confinement to increase the peak load and ductility of the
RC column. Compared with the pure/SS-grid-reinforced UHPC formwork, the FGRUM
formwork provided stronger confinement which suppressed the brittle behavior and reduced

the stress degradation after the peak load.

3.3.2 Existing predictive models for peak stress

The axial stress-strain behavior of FRCM-confined columns is affected by many factors
including the type of fabric, the characteristic of cementitious matrix, and the fiber-to-matrix
interfacial bonding. The poor tensile properties of matrix and weak fiber-to-matrix interfacial
bonding are responsible for the post-peak softening behavior of FRCM-confined columns [18]
(see the red solid curve in Fig. 24), indicating the weak confinement provided by FRCM.
Conversely, the FGREM/FGRUM composites could effectively restrain the development of
cracks and maintain the structural integrity due to the excellent tensile properties of
ECC/UHPC and superior bond performance between FRP grid and ECC/UHPC, thus resulting
in the post-peak ascending curve (see the blue solid curve in Fig. 24), which indicates the
effective confinement provided by FGREM/FGRUM. Some predictive models for peak stress
of FRCM-confined concrete have been proposed. Ombres et al. [182] established a model by
regression analysis based on a database of 152 experimental results of different types of FRCM.
A design-oriented model was presented in ACI 549.4R-20 [176], where the effective tensile
strain of FRP was kept below 0.012. It should be noted that the confinement provided by
cementitious matrix was not considered in the above two models. Recently, Chen et al. [181]
proposed a novel model accounting for the lateral confining stress provided by FRP grid and
cementitious matrix (see Fig. 25). Table 11 summarizes the aforementioned peak strength

models.

The comparison on predictive and experimental results of peak stress is shown in Table 12. To
evaluate the axial contribution provided by the confinement of FGREM/FGRUM jackets, the
axial contribution of ECC/UHPC layer was estimated by P,, = 0.9f,,A4.,, Where f,,, and
A,, are the compressive strength and the cross-sectional area of the ECC/UHPC, respectively.
As for the CFST columns confined with FGREM, the predictive results obtained by Ombres et
al.’s model [177] and the ACI code [171] have good agreements with the experimental results,
but those from Chen et al.’s model [176] overestimate the confinement effect of FGREM.

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

3.4 Comparison of ECC and UHPFRCC on effects of strengthening

As introduced in chapter 2, the tensile properties of ECC and UHPFRCC are greatly different,
thus causing different strengthening effects by using ECC and UHPFRCC. The flexural and
shear contribution of strengthening layers are positively correlated to their tensile strength, and
thus higher flexural or shear capacities of composite members can be obtained when using the
UHPFRCC strengthening layers than the ECC strengthening layer because UHPFRCC
generally has a higher tensile strength than that of ECC. For example, the flexural capacity of
RC beams was enhanced by 47.8% (specimen C3B) [32] after strengthening with T-sided
BFRP bars-reinforced ECC layer, and increased by 57% when using the T-sided UHPC layer
without any additional reinforcement (specimen BEAM-2 shown in Table 5) [135]. It can be
concluded that the UHPC strengthening is more effective than ECC strengthening in term of
increasing load carrying capabilities. Nevertheless, the poor tensile strain capabilities and the
high brittleness under compression of UHPFRCC lead to reduction of ductility of UHPFRCC
strengthened beams. Strengthening with 3-sided UHPC jackets greatly decreased the
deformation capacities of beams, resulting in original ductile failure turning into brittle failure
[142]. Conversely, with excellent tensile ductility, 3-sided ECC strengthening was effective on

improving the ductility of strengthened beams [129].

3.5 Novel FRP-ECC/UHPFRCC structures

Currently, some researchers have proposed FRP grid-reinforced ECC/UHPC plates (i.e.,
referred to as FRP-ECC/UHPC composite plates) combining the advantages of FRP grid and
ECC/UHPC, which is depicted in Fig. 26. FRP grid-reinforced ECC/UHPC plates can not only
be used for strengthening structures, but also be used for composite structural elements. The
typical tensile stress-strain curves of FRP-ECC/UHPC composites are shown in Fig. 27. Before
first cracking, the FRP grid has insignificant effect on tensile performance. After the first
cracking, the composite plates exhibited multiple cracking behavior until the fracture of the
FRP grid. The addition of the FRP grid can highly improve the ultimate tensile strength of the

composite plates.

The FRP-ECC composite plates have a large tensile strength which can be more than two times
higher that of pure ECC due to the tensile contribution of FRP gird. Zheng et al. [46] found

that no debonding between BFRP grid and ECC was observed in their tests, indicating a good
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FRP-to-ECC interfacial bonding. Recently, the mechanical properties of FRP-UHPC
composite plates have also been studied. Meng et al. [44] firstly studied the flexural behavior
of FRP-UHPC composite plates and found that the composite plates exhibited excellent
flexural capacities and deformation capacities. Subsequently, Ye et al. [45] studied the uniaxial
tensile and flexural performances of FRP-UHPC composite plates. They concluded that the
combination of steel fibers and FRP grids were most effective on enhancing the tensile and
flexural capacities of the composite plates. On one hand, the steel fibers with bridging effect
could prevent the UHPC cover from peel-off, and to restrain the relative slippage between FRP

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

The application prospects of FRP-UHPC (also called FGRUM) composites are illustrated in
Fig. 28. Based on the superior mechanical properties of FRP-UHPC composite plates, the
authors have proposed a novel thin-walled FRP-UHPC composite box girder consisting of FRP
grid, FRP bars and box-shaped UHPC matrix. Obviously, the combination of FRP and UHPC
can not only ensure the excellent mechanical performance but also highly enhance the
durability of the structures. Therefore, the FRP-UHPC composite box girder is a promising
flexural member that are applicable in highway bridges and prefabricated submarine immersed
tube. Furthermore, the FGRUM composites are potential strengthening materials for enhancing
the axial and seismic performance of bridge piers, meanwhile providing shear and flexural
strengthening for bridge abutment girders.

3.6 Theoretical Models for FRP-ECC/UHPFRCC Strengthened Structures

In this section, theoretical models for FRP-ECC/UHPFRCC strengthened structures are
summarized. The analytical models based on a cross-section analysis for flexural capacity of
ECC/UHPFRCC strengthened beams are summarized in Table 6. The comparisons have shown
that predicted values of conservative. Also, models for predicting shear capacity of FRCM
strengthened beams under shear have been proposed, as can be seen in Tables 8-9. The
validations presented in Section 3.2 show that the models are in various accuracies.
Additionally, Table 11 summarizes the peak strength models for ECC/UHPFRCC strengthened
RC columns and the validation results are given in Table 12. Particularly, further studies on

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

4. Conclusions

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

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

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

(1) Reducing FA/B ratios and W/B ratios and increasing S/B ratios of ECC contribute to a
higher compressive strength but lead to a lower tensile strain capability. Common fibers
utilized in ECC are PVA and PP fibers, and the PVA fibers with volume fraction of 2% are
more widely used.

(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
higher compressive strength but lead to a poor tensile ductility of UHPC. The steel fibers
with volume fraction ranging from 1.0% to 2.0% are commonly applied to enhance the
tensile properties of UHPC.

(3) UHP-ECC has low W/B ratios (from 0.14 to 0.18) to achieve a higher compressive strength,
and low S/B ratios (from 0.29 to 0.30) to improve the tensile ductility. PE fibers are
commonly used as reinforcing fibers in UHP-ECC. The tensile performance of UHP-ECC
is enhanced with increasing fiber reinforcement index.

(4) The roughness around 4 mm of concrete substrate and the usage of primer (for cast in place
ECC) or bonding agent (for prefabricated ECC) effectively enhanced the ECC-to-concrete
interfacial bonding. Mechanical connector (e.g., shear studs) and SB or R surface
preparation for concrete substrate are effective on enhancing UHPC-to-concrete interfacial
bonding.

(5) ECC and UHPFRCC exhibit superior freeze-thaw resistance, chemical attack resistance,
abrasion resistance and fire resistance. Generally, the freeze-thaw and fire resistance of
UHPFRCC are better than those of ECC.

(6) The T-sided and 3-sided ECC strengthening can effectively enhance the flexural and shear
behavior of RC beams, respectively. Compared with C-sided and 3-sided strengthening, T-
sided UHPFRCC layers are more cost-effective for flexural strengthening. The mechanical
connectors located at the interface can suppress the premature debonding between
UHPFRCC/ECC layer and concrete. Furthermore, UHPFRCC/ECC layers should be
moderately reinforced to prevent the premature failure in the strengthening layer.

(7) The 4-sided ECC/UHPFRCC jackets show great potential in seismic strengthening of RC
columns or beam-column joints. The interfacial bonding between the NSC and the
ECC/UHPFRCC plays a key role in improving the seismic performance of composite
members. Sufficient reinforcement inside the jackets is required to provide a strong

confinement for the core of the column to prevent the interfacial detachment. Moreover,
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the integrity and continuity of prefabricated jackets is important for a good composite
action between the jacket and the core concrete.

(8) The formwork surface treatment has a great influence on the strengthening efficiency of U-
shaped ECC/UHPFRCC formwork for strengthening RC beams. How to quantify the effect
of different surface treatments on strengthening efficiency has become a key issue.

(9) The ECC/UHPFRCC permanent formwork can effectively provide confinement for RC
columns to enhance the load capacity and ductility. Whether the confinement provided by
formwork is strong enough (which is depend on the ECC/UHPFRCC layer thickness, the
transverse reinforcement type and the transverse reinforcement ratio) becomes the most
key issue to develop an efficient formwork.

(10) The ECC/UHPFRCC-NSC composite beams exhibit higher load carrying capability,
ductility and energy absorption capability than NSC beams. But there are some
contradictions on the relation between ductility and height replacement ratio in existing
studies.

(11) The T-sided FGREM layers can effectively improve the flexural behavior of RC beams.
The proposed predictive model for flexural capacities of FGREM strengthened RC beams
is accurate in predicting the flexural capacities of the specimens in the existing
experimental studies.

(12) The 2-sided FGREM layers can effectively improve the shear behavior of RC beams. The
Guo et al.’s model considering the shear contribution of bidirectional strips shows the best
agreement with the experimental results of carbon-FGREM strengthened RC beams.
However, for basalt-FGREM strengthening, the results from all existing models are
conservative.

(13) FGREM/FGRUM-confined columns exhibit higher peak stress and ductility than
unconfined column. The Chen et al.’s model considering both the confinement from the
FRP grid and the cementitious matrix provides more accurate predictions on the peak
stresses of FGREM/FGRUM-confined NSC columns.

(14) The FGREM/FGRUM composites exhibit superior tensile and flexural performance
combining the advantages of the FRP grid and the ECC/UHPFRCC, making them
promising candidates in strengthening/repairing existing RC structures or constructing

novel composite structures.

5. Further Research Opportunities

On one hand, there are some deficiencies or limitations in the existing studies on
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ECC/UHPFRCC with and without FRP reinforcement. On the other hand, in order to widely

exploit the advantages of FGREM/FGRUM composites and promote the applications of

FGREM/FGRUM composites in engineering structures, it is necessary to gain a comprehensive

insight to the load carrying capacities and the ductility of strengthened/composite members

with FGREM/FGRUM composites subjected to various forms of loading. Future research
needs are identified and discussed below based on the above state-of-the-art review:

(1) Although it is found that the addition of mechanical connectors has a satisfactory effect on
preventing the interfacial debonding, future efforts can also focus on the optimum design
of mechanical connectors, especially the impact of the number and location of mechanical
connectors on the strengthening effect.

(2) To further promote the assembled seismic strengthening technology, the issue of joint
splicing for segmental prefabricated ECC/UHPFRCC jackets needs to be addressed to
enhance the continuity of prefabricated jackets. The impact of different types of preparation
for substrate surface (e.g., SB, R and GR surface) and the transverse reinforcement ratio
inside the jacket on the efficiency of seismic strengthening needs to be investigated.

(3) Existing studies on 2-sided and 3-sided ECC/UHPFRCC strengthening are still limited.
Effectiveness of 2-sided or 3-sided ECC/UHPC layers on shear strengthening of RC beams
needs to be further studied, especially the impact of surface treatment for the concrete
substrate and the reinforcement ratio of UHPFRCC layers on the strengthening efficiency.

(4) The surface treatment of precast U-shaped ECC/UHPFRCC formwork is the key to obtain
a sufficient bond strength and thus ensure an excellent strengthening effect. More studies
are required to quantify the impact of various surface treatments on the strengthening
efficiency of U-shaped ECC/UHPFRCC formwork.

(5) The influences of ECC/UHPFRCC layer thickness, the transverse reinforcement types (e.g.,
steel stirrups, FRP spirals and FRP grid), and the transverse reinforcement ratio on the
confinement efficiency of ECC/UHPFRCC permanent formworks need to be studied.

(6) The relation between the ductility and the replacement ratio of ECC/UHPFRC-NSC
composite members need to be further studied to clarify the contradictions in existing
research.

(7) The studies on flexural strengthening with T-sided FGREM layer is still very limited, so
the accuracy of the proposed model for predicting the flexural capabilities of strengthened
RC beams with FGREM needs further verifications.

(8) The shear strength models for RC beams with FRP-ECC strengthening should consider the

impact of shear span ratio, the ratio of cross-sectional area to spacing of FRP grids, the
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ECC thickness, and the ratio of tensile strength of ECC to concrete on the effective strain
of FRP grids at ultimate state.

(9) The predictive model for ultimate compressive strain of FGREM/FGRUM-confined NSC
columns should be developed.

(10) UHP-ECC strengthened/repaired RC structures and UHP-ECC permanent formwork are

worth further development and continuous investigation in the future.
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20 Table 1. Typical mixing proportions and corresponding mechanical properties of ECCs
Mixing proportion (kg/m3) Mechanical properties

0T e T g wae PAR wa WO TR SS Gl Tedewn T
(MPa) (%) (MPa)

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 -

Pa'[‘Sgt]a" M6 10 18 101 078  13% 00083 028 064 036 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 -

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

Linetal 15%PVA 10 233 120 078 1.5% 0.0470 023 070 0.36 65 1.76 7.54
[61] 20%PVA 10 233 120 0.78 2.0% 0.0470 023 070 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

21 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.
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Table 2. Comparison on general mechanical properties of ECC, UHPC and UHP-ECC

Cementitious material Compressive strength Tensile strength Ultimate tensile strain
(MPa) (MPa) (%)
ECC 20~60 3~7 2~8
UHPC 120~200 7~10 0.1~0.8
UHP-ECC 120~200 10~18 6~10

Table 3. Summary of variables affecting the bond strengths of ECC-to-concrete interface

Variable
Strength
type Construction . Bonding Curing
method of ECC RC SC RP Primer agent ES age
Prefabrication + + + - + @) +
SBS Cast-in-place + + - + - + +
Spraying + 0] - + - + +
Prefabrication + + + - + 0] +
TBS
Cast-in-place + + - + - @) +
Prefabrication + + + - + O +
FBS
Cast-in-place + + - + - 0] +
Cast-in-place + + - + - O +
STB
Spraying + 0] - + - O +
SSB Cast-in-place + + - + - 0] +

Note: “+” indicates the positive relationship between variables and bond strengths; “O” means that the
relationship between variables and bond strengths is still unclear; “-” means that there is no relationship between
variables and bond strengths; RC — The roughness of concrete substrate surface; SC — The strength of
concrete substrate; RP — The roughness of prefabricated ECC surface; ES — The strength of ECC; SBS — The
shear bond strength; TBS — The tensile bond strength; FBS — The flexure bond strength; STB — The splitting
tensile strength; SSB — The slant shear bond strength.
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Table 4. Summary of variables affecting the shear bond strength of UHPC-to-concrete

interface
Reference M st?gnngq[h Failure
SP CU(ay) SC(MPa)  WC (MPa) mode
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
of concrete; WC — The wettability of concrete substrate; ID — Interfacial debonding; PD — Partial interfacial
debonding; CF — Concrete substrate failure; SM — Smooth surface; MC — Mechanical connector; SB —
Sand blasting; BA — Bonding agent; R — rough surface; DH — Drilling holes; GR — grooving; PR —
post-installed rebar.
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43 Table 5. Database for strengthened RC beams/slabs with an UHPC layer
Beam UHPC Result
Reference Specimen 1D HXB f p Strengthening  t f. VF  p Sur(iiie Hﬁggem My /M, —1 :
(mmxmm) (MPa) (%) form  (mm) (MPa) (%) (%) : * (%) Failure mode

ST UHPFRC TS 250x150 395 0.60 T-sided 50 164 3 0 RD (2~3mm) 31 CcC
Lampropoulos ST_UHPFRC_CS C-sided 28 cc
etal. [141] ST_UHPFRC_3SJ 3-sided 178 uc
BEAM-2 250 x 150 204 0.90 T-sided 30 200 3 0 RD+BA 57 UR
Tanarslan [135] BEAM-3 0 Me 32 R
BEAM-4 3.35 RD+BA 116 DB*
BEAM-5 3.35 MC 107 cC
A2 200 x 100 35 0.57 T-sided 15 170 2 0 RD (2~3mm) +BA 23.50 CcC
A3 0.57 20 34.80 CC
Prem and B2 0.90 15 11.57 CcC
Murthy [136] B3 0.90 20 18.45 cc
C2 1.30 15 10.60 CcC
C3 1.30 20 15.12 CC
Paschalis et al. Average U1,2 200x 150 309 0.75 T-sided 50 1365 3 0 RD (2~2.5mm) 15 UR
[139] Average UB1,2 2.10 90 cc
Ramachandra RB5 200 x 100 35 0.80 T-sided 10 1225 2 0 RD (3mm) +BA 8.5 cC
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44
45
46
47
48

Murthy et al. RB6 12 13.0 cc
[137] RB7 15 19.6 CcC
RC-SB-BOTSJ 230 x 140 54 0.49 T-sided 30 128 2 0 RD (2mm) 16 CcC
RC-SB-2SJ 2-sided RD (2mm) 46 cC
Al-Osta et al. RC-SB-3SJ 3-sided RD (2mm) 89 ucC
[142] RC-EP-BOTSJ T-sided BA 8 cc
RC-EP-2SJ 2-sided BA 36 CcC
RC-EP-3SJ 3-sided BA 85 uc
N-UC 280 x 2000 60.2 0.73 T-sided 50 130 35 416 RD(1~4mm)+MC 98 CcC

Zhang et al.
[138] H-UC-1 T-sided 140 85 CcC
H-UC-2 C-sided 140 27 CcC

Note: H and B — The height and width of the beam; f. — The compressive strength of concrete; p, — The reinforcement ratio of RC member; t, — The thickness of

UHPC layer; f.,, — The compressive strength of UHPC; VF — The volume fraction of steel fiber; p, — The reinforcement ratio of UHPC layer; M,, — The ultimate
moment of strengthened RC beam; M, — The ultimate moment of RC beam; RD — Roughness degree preparation for concrete surface; BA — Bonding agent (epoxy
adhesion) ; MC — Mechanical connector; CC — The concrete crushing; UC — The UHPC crushing; UR — The rupture of UHPC layer; DB* — The interfacial debonding
near the support.
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Table 6. Analysis models for flexure-strengthened RC beams using T-sided FGREM

failure mode Model

Diagrammatic sketch

CcC

Ef _ gf _h—5h0+t/2
£, 0.0033 Ehy
€ecc — Eecc — h — S;ho +t
€, 0.0033 hy

fr = Er¢s
a1fcB1ébhg = fyAs + frAf + freth
Ultimate moment:

i =B 0 (-85

o (- 25+

h

ecc

E 2 €&,

£, <&

1

<f;9

RG

g Sho
ra  h—Ehy + /2

Soce  h—Eho+t
gy h—¢&hg+1t/2

fru = Eféry

a1fcf1$bhy = fyAs + fquf + fteth

Ultimate moment:

My, = f,Ag (ho - ﬁlih") + fruAy (h - Builo )+

o (- 13

h

hy

50
51
52
53
54
55
56
57

58
59

60
61

62
63
64

Note: CC — Concrete crushing; RG — FRP grid rupture; &, €. and &5 — The tensile strain of FRP grid,
ECC edge and steel reinforcement, respectively; €.— The compressive strain of concrete at the top of
compression zone; &, — The ultimate compressive strain of concrete; e, — The yield strain of steel
reinforcement; &r,,— The ultimate tensile strain of FRP grid; A and Af — The cross-sectional area of steel
reinforcement and FRP grid, respectively; Eg and Ey — The elastic modulus of steel reinforcement and FRP
grid, respectively; f.— The compressive strength of concrete; f,, — The yield strength of steel reinforcement;
frand fr,— The tensile stress and ultimate tensile strength of FRP grid, respectively; fi.— The tensile
strength of ECC; h, hyand b — The height, effective height and width of RC beam; t — The thickness of
FGREM layer; & — The ratio of the height of compression zone to effective height of beam; a; and f; — The

coefficient of equivalent rectangular stress block of cconcrete.
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38 65 Table 7. Database for shear-strengthened RC beams using 2-sided FGREM layers

22

23 Beam FRP grid ECC Result

24 i
-5 Reference  Specimen ID d x b, £ fi a/d

26 (mmxmm) (MPa) (MPa)
27

Bottom Sf tf Ef ffu

_ A t J fi |7/ Failure
f m mt mc exp
bars  Surup (mm) (mm) (GPa) (MPa) 7 (mm?) vp

(mm) (MPa) (MPa) (kN) mode

28 EF1S0 160x120 316 2.2 3.13 3418 ¢p6@250 50 - 90 900 1 6.6 CFRP 30 46 365 80.5 PD
29
30 EF'1S0 75 - 1 76.5 PD
g% Guo et al.

EF2S0 50 - 2 83.5 PD
33 [171]

gg EF1S1 2.81 50 - 1 78 PD

2‘73 EF1S2 3.44 50 - 1 75 PD

gg SB1 260x200 32 22 240 4420 ¢6@200 5 1 52 357 1 3 BFRP 60 2.7 27 188 PD

40 Zheng et

j; al. [169] SB2 3 53 386 12 2245 PD

43 SB3 5 57 416 20 235.5 PD

44
45 b-B-E-Pre  265x150 32.7 2.2 226 3¢20 - 50 - 80 1760 1 6.34 BFRP 40 72 25 147.6 PD
46

47 Yangetal. b-C-E-Pre - 100 1400 13.2 CFRP 142.4 PD
48

gg [1701  y BE-Cast - 80 1760 6.34 BFRP 95.5 DB

g% c-C-E-Pre 3.02 - - 100 1400 13.2 CFRP 129 PD

53 66 Note: V.., — The total shear capacity of strengthened RC beams; PD — The partial debonding; DB — The interfacial debonding. a — The shear span; d and b,, — The

gg 67  effective height and width of the beam; f. and f; — The compressive and tensile strength of concrete, respectively; s — The spacing of FRP grid; t; — The nominal
56 68  thickness of FRP grid; E; — Elastic modulus of FRP grid; ny — The number of FRP grid layers; A; — The cross-sectional area of FRP grids; fr, — The ultimate

57 69  tensile strength of FRP strip; t,,, — The total thickness of ECC; f,,,; — The tensile strength of the ECC; f,,,. — The compressive strength of the ECC.

58
59
60
61
62
63
64
65
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Table 8. Existing analysis models for shear-strengthened RC beams using FGRCM

Reference

Model Failure mode

Chen and Teng’s Model:

w
Vi = 2freansty hre (cotBsinf + cosp) S—;

ffed = Df ffed,max
hee = 0.9d — (h— dyp) — dyy

E
freamax = 0427, ft Je < ffu (units of MPa and mm)
f
R
(sfsinﬁ)
B = 1—Wf
_|_ —_—
(sfsin[)’)
Chen and Teng [173] Ejt; Interfacial
L, = |[— (units of MPa and mm) .
\/E debonding
1 A=1
B = )
sin (—) A<1
2
( 2 |1—rcos (%)
[ = 1<1
A . (A
Dy = { sin (T)
b T2 1>1
il
(heo/sin
L |M for U — wrapped FRCM jacket
1= max _ 4 Le
L hre/2sin
¢ l# for side — bonded FRCM jacket
e
Modified Chen and Teng’s Model-version I:
It differs from Chen and Teng’s model in freq max
. Wr Interfacial
Tetta et al. [174] Vr = 2freatists hye (cotdsinf + cosp) —= _
! debonding
Ef fc .
freamax = 0.58B,,6; n < ffu (units of MPa and mm)
f
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71
72
73
74
75
76
77
78
79
80

81
82

Modified Chen and Teng’s Model-version II:

It differs from Chen and Teng’s model in freqmax and L,

. w.
Vi = 2ffeanyts heo (cotBsinf + cosp) S—;

Tetta et al, [175] Interfacial
etta et al.
_ 1000/ /¢ . debonding
freamax = 8.67Bw b — < ffu (units of MPa and mm)
f
1000t |
L,=15 (units of MPa and mm)
N
, Wr
Vi = 2fpunsts hep (cot@sinf + cosp) —
Tetta et al. [174] Sf Fracture of FRP
hee = 0.9d — (h —dyp) — dyy
Wr
Vf = fovnftf hfe —
Sf
ACI 549.4R-20 [176 -
[176] frv = Erépy
Efv=€fu < 0.004
V. = 2Ef (pvergu,ver + phorgu,hor)d
r- 1.15
1 2
= x 107°
Fuper (0.0352pm + 0.0079) 0 Partial
Guoetal. [171] ]
Ewhor = kgu,ver Debondlng
k = exp[—0.612 - (a/d) + 0.365] = 0.23
netew
Pver = At ek
St
netew
Vf = ZEfpvergu,verdf Pyer = fS]; !
. df = hy —d, Partial
Caietal. [177] 070 046 Debondi
tm \°7°ra fine\" ebonding
€ = 78)/( ) (——) x 107° < 0.7¢
wver Nover?)  \d T

y =13 n =234

Note: V; — The contribution of the FGRCM to the shear resistance of the beam; t; — The nominal thickness
of FRP grid; hr, — The effective height of FGRCM jacket; & — The angle of critical inclined crack to the
member axis; f — Inclination angle of fiber with respect to the longitudinal axis of the beam; wy — The
width of FRP grid; ny; — The number of FRP grid layers; s; — The spacing of grids measured along the
longitudinal axis; h — The height of the beam; dfj and df; — The distance from the top of beam to the
bottom and top end of the effective jacket, respectively; Er — Elastic modulus of FRP grids; f. — The
compressive strength of concrete; ¢, — The ultimate tensile strain of FRP grids; a and d— The shear span
and effective depth of beam, respectively; f,, — The ultimate tensile strength of FRP grids; p,., and p; o —
The cross-sectional area of vertical and horizontal grids per unit length, respectively; f; and f,,; — The
tensile strength of concrete and ECC, respectively; hy— The bond depth of the FRP grid; d.— The thickness

of concrete cover.
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Table 9. The design formulae for shear contribution of ECC and concrete

Reference

Model

JSCE code [178,179]

The shear contribution of concrete:

V. =0.2-3/f.-3/1000/d - 3/100p,, - t - d
The shear contribution of ECC matrix:

Veece = 0.7 X 0.2+ 3/fecc - 1/1000/d - 3/100p,, - t - d pw = Ag/(b,,d)
The shear contribution of fiber in ECC:

Viece = (frece/tanBy,) - t - 1% (B, =45° is recommended conservatively)

The total shear contribution of fiber in ECC:
Vece = Vc,ecc + Vf,ecc

*/1000/d < 1.5;0.2* 3/f; occ < 0.72MPa; 3/100p,, < 1.5

Chinese code [180]

The shear contribution of concrete:
1.75

Ve =55 febwd

The shear contribution of ECC:

1.75
Vece = 41 fmetd

Note: V.. — The contribution of ECC layer to the shear resistance of the beam; V. — The shear contribution
of concrete; f. and f, ... — The compressive strength of concrete and ECC, respectively; f; and f; occ —
The tensile yield strength of concrete and ECC, respectively; f;,: — The tensile strength ECC; A, — the
cross-sectional area of the tension reinforcement; b,, — The width of web; d — The effective depth of beam;
t — The total thickness of the ECC; B, — The angle of the diagonal crack surface to the member axis.
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Table 10. Database for FGREM/FGRUM jacket-confined short cylindrical columns

FRP grid Result
Specimen 1D o fr s r o Type fee  fdo £LIf
(mm) (GPa) (MPa) (mm) (mm) (mm?) (mm) (MPa) (MPa) (MPa) (MPa) Jec//co
N1-t2-C30 1 3400 20 CFRP 774 734 1.054
N2-t2-C30 2 833 734 1.135
N3-t2-C30 3 855 734 1.165
N1-t2-C40 1 87.0 84.6 1.028
N2-t2-C40 2 920 84.6 1.087
N3-t2-C40 3 954 84.6 1.128
N1-t2-C50 1 973 922 1.055
N2-t2-C50 2 100.2 92.2 1.087
N3-t2-C50 3 99.4 922 1.078
T20C1 1 3459 16 CFRP 72 UHPC  39.0 293 1.331
ET-C1 1 658.7 25 BFRP 38.8 32.2 1.205
ET-C2 1 658.7 25 BFRP 220 158 1.392
Al-Gemeel C-ECC-TB-O (1) 1 658.7 25 BFRP 208 15.8 1.316
C-ECC-TB-OC (1) 1 658.7 25 BFRP 212 158 1.342
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94
95
96
97

[52] C-ECC-TB-O (2) - 1 - 658.7 - 25 2.03 BFRP 371 322 1.152

C-ECC-TB-0OC (2) - 1 - 658.7 - 25 2.03 BFRP 378 322 1.174

Note: f/. — The peak stress of the confined column; f., — The peak stress of the unconfined column; n; — The number of FRP textile layers; w and t; — The width
and thickness of FRP strip; Ef — The elastic modulus of FRP; Ay — The cross-sectional area of FRP strip; fr — The tensile strength of FRP strip; t,, — The thickness
of the matrix; f,, - and f,,,  — The compressive strength and tensile strength of the jacketing matrix, respectively; D— The diameter of the core column; w — The width
of FRP strip; s — The space between the center of FRP strips.
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Table 11. Existing strength prediction models of FGRCM-confined short cylindrical columns

Reference Model Illustration

fee = feo +3.1f;

2newtcEre Only accounting for the
ACI 549.4R-20 [176] f = — L [~/7Te
78] fi Ds confinement of FRP

&re = & < 0.012

/ 0.5
fif =1+0.913 (i)
fCO c0
2k teE
1= il e e Only accounting for the
Ombres et al. [182] Ds

For FRP grids embedded in mortar, the value of k, confinement of FRP

was assumed to be 0.5:
k. =0.5

fc,c = fc,o +3.3f;

_ 2ksnswtsfy N 2t fmt Accounting for the
Chenetal. [181] : Ds D confinement of cementitious
It is assumed that the FRP grids are fully utilized: matrix and FRP

Note: fi. — The peak stress of the confined column; f;, — The peak stress of the unconfined column; n
— The number of FRP textile layers; t; — The thickness of FRP strip; Ef — The elastic modulus of FRP;
&r, — The ultimate tensile strain of FRP; fr — The tensile strength of FRP strip; t,, — The thickness of the
matrix; f,,: — The tensile strength of the jacketing matrix; D— The diameter of the core column; w — The
width of FRP strip; s — The space between the center of FRP strips.
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127 Table 12. Results of the peak stress of the confined short cylindrical columns from models

128 and experiments
129
feelfeo
Reference  Specimen ID
Experiment  ACI 549.4R-20 [171] Ombres etal. [177] Chenetal. [176]

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)

Yan et al.
[64] 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)
Chenetal. ET-C1 1.205 1.094 (0.91) 1.112 (0.92) 1.238 (1.03)
[181] ET-C2 1.392 1.191 (0.86) 1.160 (0.83) 1.484 (1.07)
C-ECC-TB-0 (1) 1.316 1.191 (0.92) 1.160 (0.88) 1.484 (1.13)

Al-Gemeel
C-ECC-TB-OC (1) 1.342 1.191 (0.89) 1.160 (0.86) 1.484 (1.10)

and Zhuge
[52] C-ECC-TB-0 (2) 1.152 1.094 (0.95) 1.112 (0.97) 1.238 (1.07)
C-ECC-TB-0OC (2) 1.174 1.094 (0.93) 1.112 (0.95) 1.238 (1.05)

130 Note: The numbers in brackets mean the ratio of predictive results using models to experimental results.
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FIGURE CAPTIONS

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
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Fig.

Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.
Fig.

1. The formation of FRCM composites

2. Typical tensile stress-strain curve of ECCs

3. The working mechanism of the fibers in matrix

4. Relation between fiber volume ratio and compressive and flexural strength of UHPC

5. Typical tensile stress-strain curve of UHPC

6. Tensile stress-strain curve of UHPFRCCs: experimental results of UHPC coupons
from B.-T. Huang et al. [74] versus experimental results of UHP-ECC coupons from
K.-Q. Yu et al. [40]

7. The bonding strength testing techniques: (a) Slant shear test; (b) Splitting tensile test;
(c) Pull-off test; (d) Shear test; (e) Flexural test

8. The usual bonding form of ECC to existing concrete

9. Relations between the bond strength of the interface and the roughness/strength of
concrete

10. Effects of different surface preparation methods on the UHPC-to-concrete bond
strength

11. Material properties of ECC/UHPC at different temperatures

12. The comparison on the freeze-thaw resistances of ECC and UHPC

13. Four different forms of strengthening schemes using ECC/UHPC layers for RC
beams

14. ECC strengthening systems for RC beams

15. Typical failure modes of T-sided UHPC layer reinforced RC beams

16. Typical U-shaped ECC/UHPFRCC permanent formwork for RC beams

17. Typical ECC permanent formwork for RC columns

18. Typical UHPC permanent formwork for RC columns

19. Typical axial load-strain curves of concrete columns confined with UHPC formwork

20. The ECC/UHPC repairing RC beams

21. The relation between height replacement ratio and increase in flexure capacity

22. The comparison on experimental with predictive results of ultimate load capacities

23. Experimental versus predicted total shear capacities for the: (a) Guo et al.’s model,
(b) ACI 549.4R-20.

24. Typical axial stress-strain curves of columns confined with FRCM

25. Diagram of a circular cross-section confined with FRP grid reinforced matrix

26. FRP-ECC/UHPC composite plates
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Fig. 27. Typical tensile stress-strain curves of FRP grid-reinforced ECC/UHPC composites
Fig. 28. Application prospects of FRP-UHPC composites
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Fig. 1. The formation of FRCM composites
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Fig. 2. Typical tensile stress-strain curve of ECCs
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(a) Fiber debonding (b) Fiber bridging (c) Fiber pullout (d) Fiber rupture
Fig. 3. The working mechanism of fibers in matrix
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Fig. 4. Relation between fiber volume ratio and compressive and flexural strength of UHPC
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Fig. 5. Typical tensile stress-strain curve of UHPC
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Fig. 6. Tensile stress-strain curve of UHPFRCCs: experimental results of UHPC coupons

from Huang et al. [74] and experimental results of UHP-ECC coupons from Yu et al. [40]
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Fig. 7. The bonding strength test techniques: (a) Slant shear test; (b) Splitting tensile test;
(c) Pull-off test; (d) Shear test; (e) Flexural test
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