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with the same reinforcement.

® Using UHS-ECC to replace UHSC significantly improved the effective strain of FRP.

® Owing to the tensile strain-hardening and multiple cracking behavior, UHS-ECC improved the
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® The load capacities of the developed panels were predicted by an analytical approach.
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ABSTRACT
In this study, Ultra-High-Strength Engineered Cementitious Composites (UHS-ECC) panels with
Fiber-Reinforced Polymer (FRP) reinforcement (i.e., FRP bars and girds) were proposed for the
construction of sustainable marine structures. Based on four-pointed bending tests, the mechanical
performance of FRP-reinforced UHS-ECC [with 2% polyethylene (PE) fibers] and FRP-reinforced
ultra-high-strength concrete (UHSC, without fibers) panels were investigated and compared to
understand the composite action between UHS-ECC and FRP. Compared with the FRP-reinforced
UHSC panel, the FRP-reinforced UHS-ECC panel showed significantly higher ultimate load (139%—
173% higher), stiffness, and deformation capacity. It was also found that the use of seawater as the
raw material had almost no effect on the mechanical performance of FRP-reinforced UHS-ECC
(UHSC) panels. An analytical investigation was conducted to predict the load capacities of the tested
panels, and the prediction error was acceptable. For FRP-reinforced UHS-ECC (UHSC) panels, it
was revealed that using UHS-ECC to replace UHSC improved the stress transfer and deformation
compatibility with FRP because the multiple cracking behavior of UHS-ECC lowered the crack-
induced shear stress concentration along the FRP reinforcement. The developed FRP-reinforced
UHS-ECC system showed great potential in the construction of durable and sustainable marine

infrastructure.

KEYWORDS
Ultra-High-Strength  Engineered Cementitious Composites (UHS-ECC); Strain-Hardening
Cementitious Composites (SHCC); Ultra-High-Performance Concrete (UHPC); Ultra-High-Strength
Concrete (UHSC); Fiber-Reinforced Polymer (FRP); Seawater; Composite Action; Multiple

Cracking
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1 Introduction

Reinforced concrete (RC) structures have been widely used in construction work [1] [2] [3] [4].
By combining concrete and steel reinforcement, the RC system has high cost-efficiency and good
mechanical performance to meet the economical and safety requirements of most engineering
structures. However, for marine and coastal construction [5] [6], the low corrosion resistance of steel
reinforcement and the quasi-brittle behavior of concrete are the major limitations of RC structures [7]
[8] [9]. In addition, marine structures have to sustain complex/extreme loadings (e.g., cyclic, fatigue,
and impact loadings [10] [11] [12] [13] [14]). Therefore, it is meaningful to look for alternative
advanced materials for the substitution of steel reinforcement and conventional concrete to develop

safer, more durable, and more sustainable marine infrastructure.

Fiber Reinforced Polymers (FRP) reinforcement has become a suitable alternative to
conventional steel reinforcement as this material possesses a high strength-to-weight ratio and
excellent corrosion resistance [15] [16] [17] [18] [19] [20]. However, compared to RC members with
the same cross-section and reinforcement details, FRP-reinforced concrete members still face several
problems such as large crack width [21] [22] [23] and abrupt brittle failure [24] [25] [26], owing to
the comparatively low elastic modulus and linear elastic characteristics of FRP materials. To address
challenges, the conventional concrete layer can be replaced by Engineered Cementitious Composites
(ECC) [27] [28] [29] [30] [31] [also termed as Strain-hardening Cementitious Composites (SHCC)
[32] [33] [34] [35] [36] or Ultra-High-Toughness Cementitious Composites (UHTCC) [37] [38]] to

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

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

designed under the guidance of the micromechanical design principle [42] [43] [44] [45] [46].

3/ 4



56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

Compressive Strength (MPa)

Through the utilization of high-performance synthetic fibers [e.g., polyvinyl alcohol (PVA) fiber and
polyethylene (PE) fiber], ECC can possess a high/ultra-high tensile ductility (typically 3—10%)
several hundred times that of conventional concrete [47] [48] [49] [50]. In recent years, by combining
the Ultra-High-Performance Concrete (UHPC) technology and the micromechanics-based design
method of ECC, high-strength ECC (HS-ECC, 80-150 MPa) and ultra-high-strength ECC (UHS-
ECC, 150-210 MPa) have been successfully designed and developed (see Fig. 1) [51] [52] [53].
These innovative materials successfully overcame the quasi-brittleness of conventional concrete and
possessed higher mechanical performance and better durability due to the densified microstructures
[54] [55] [56] [57]. It should be pointed out that one important advantage of the FRP-reinforced
HS/UHS-ECC is that the high/ultra-high compressive strength is beneficial to improve the material

efficiency of FRP reinforcement.

250 Stay-in-Place Casting
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Fig. 1 (a) Mechanical properties of existing ECC materials; and (b) Schematic diagram of the stay-
in-place permanent formwork made by FRP-reinforced UHS-ECC for marine and coastal

applications.

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

conventional RC members. Thus, using FRP-reinforced UHS-ECC as the exterior protective layer
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could be a cost-effective solution for practical applications. As shown in Fig. 1b, FRP-reinforced
UHS-ECC can be used to prefabricate stay-in-place permanent formwork for concrete members. In
this system, the FRP-ECC layer serves as the stay-in-place permanent formwork during concrete
casting, and they are also the exterior protective layer of the concrete member for its remaining life
[58]. This strategic utilization of FRP-reinforced UHS-ECC could minimize the material cost and
improve construction efficiency. It is worth mentioning that in marine and coastal regions, the FRP-
ECC formwork system could also be used in the construction of seawater sea-sand concrete structures.
In such a case, the UHS-ECC can be mixed with seawater directly, as the internal FRP reinforcements
are non-corrosive [59]. Thus, the FRP-reinforced UHS-ECC panel shows great potential in the

construction of durable and sustainable marine infrastructure.

It should be pointed out that the stay-in-place permanent formwork made by FRP-reinforced
UHS-ECC in Fig. 1b is a schematic diagram of such potential application. This study focused on the
flexural performance of FRP-reinforced UHS-ECC panels to demonstrate the feasibility of this newly
proposed system. In addition, the understanding of the mechanical behavior and composite action of
FRP-reinforced UHS-ECC panels is critical for the practical application. In the following parts, the
flexural performance of the FRP-reinforced UHS-ECC panel was experimentally and theoretically
investigated to understand the interaction between these two advanced engineering materials. Two
types of FRP reinforcements (i.e., FRP bar and FRP gird) were used to reinforce the UHS-ECC panels,
and their mechanical properties were tested using four-point bending tests with the assistance of
Digital Image Correlation (DIC) techniques. The test results were compared to those of FRP-
reinforced Ultra-High-Strength Concrete (UHSC) panels (without fibers). In addition, the influence
of seawater on the mechanical performance of FRP-reinforced UHS-ECC panel systems was also

evaluated. Finally, an analytical investigation was conducted to predict the load capacities of the FRP-
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96  reinforced UHS-ECC (UHSC) panels.

97 2 Experimental programs

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

99 The mix proportions of UHS-ECC and Ultra-High-Strength Concrete (UHSC, without fiber) are
100  presented in Table 1. It is noted that there is no difference between the mix proportions of fresh water-
101  mixed and seawater-mixed ones except for the water types. Type I ordinary Portland cement 52.5 N,
102  silica fume with SiO2 content over 92%, silica sand with an average particle size smaller than 300
103  um, and polycarboxylate-based super-plasticizer (SP) were used in the matrix of UHS-ECC. The
104  water-to-binder ratio was 0.20, the sand-to-binder ratio was 0.77, and the superplasticizer-to-binder
105  ratio was 0.014. Ultra-high-molecular-weight PE fibers were used [60] [61] [62] and the fiber
106  properties are listed in Table 2. The seawater was artificially produced by mixing tap water and
107  dissolved commercial sea salt with a concentration of 36 g/L. The chemical composition of this

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

109 Table 1 Mix proportions (weight ratio).
Raw Materials UHS-ECC UHSC
Cement 1.000 1.000
Silica Fume 0.300 0.300
Silica Sand 1.000 1.000
Fresh Water (or Seawater) 0.260 0.260
Superplasticizer (in solid) 0.018 0.018
PE Fiber (Vol. %) 2.0% 0%
110 Table 2 Fiber properties (obtained from the suppliers).
Fiber Properties Values
Diameter (um) 24
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125
126

Length (mm) 12

Strength (MPa) 3000
Modulus (GPa) 100
Density (g/cm?) 0.97

The mixing process of UHS-ECC was as follows: (a) the cement, silica fume, and silica sand
were dry-mixed for 2-3 min; (b) the water and superplasticizer were added into the mixer and stirred
together for 68 min; (c) the PE fibers were added and mixed for another 3 min until a uniform
mixture was formed; (d) the prepared mixture was cast into molds. All the specimens were cured in

23 °C water for 28 days.

2.2 FRP bars and grids

In this study, carbon FRP bars and grids were separately used as reinforcements (see Fig. 2).
FRP grids were manufactured by Nippon Steel & Sumikin Materials Co., Ltd, Japan with a square
mesh size of 50 mm % 50 mm. They are made up of untwisted yarns consisting of continuous carbon
fibers impregnated with thermoset epoxy resin. According to the information provided by the
manufacturer, the properties of the FRP bar/grid are as follows. The cross-sectional area of FRP grids
(Fig. 2a) is 26.4 mm?, and the tensile strength and elastic modulus of FRP grids were 1200 MPa and
165 GPa, respectively. The tensile strength and elastic modulus of 10 mm diameter FRP bars (Fig.

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

FRP Gird — 50 mm FRP Bar — 50 mm

Fig. 2 Photographs of FRP reinforcements used: (a) FRP grids and (b) FRP bars.

778



127

128

129

130

131

132

133

134

135

136

137

138

139

140

2.3 FRP-reinforced UHS-ECC panel

A total of eight panels representing eight different groups were prepared for mechanical tests.
The specimen IDs are summarized in Table 3. Four panels were made of Ultra-High-Strength
Concrete (UHSC, without fiber) and the other four panels were prepared with UHS-ECC (2%
UHMWPE fiber). In the specimen IDs, “B” represents the FRP bar; “G” represents the FRP grid;
“SW” represents seawater; “FW” represents fresh water; and “0%” and “2%"” stands for concrete
without fiber reinforcement (i.e., UHSC) and with 2% fiber reinforcement (i.e., UHS-ECC),
respectively. The panels had a length of 800 mm and a cross-section of 320 mm (width) x 50 mm
(depth). Fig. 3 shows the details of the geometrical dimensions of FRP-reinforced UHS-ECC panels,
and both FRP bars and grids were placed at the bottom part of the panel with a cover thickness of 10
mm. It should be pointed out that based on the FRP reinforcements shown in Fig. 2 and Fig. 3, the

total stiffness of the FRP bars used in the panel (120 GPa x 78.5 mm? x 3 = 28260 kN) was close to

that of the FRP grids (165 GPa x 26.4 mm? x 7 = 30492 kN).

Table 3 Specimen IDs.

Specimen IDs .Types of Concreté T}.lpes of FRP Types of
(Fiber Volume Fraction) Reinforcements Water
FW-B-0% UHSC (0%) Bar (B) Fresh Water (FW)
SW-B-0% UHSC (0%) Bar (B) Seawater (SW)
FW-G-0% UHSC (0%) Grid (G) Fresh Water (FW)
SW-G-0% UHSC (0%) Grid (G) Seawater (SW)
FW-B-2% UHS-ECC (2%) Bar (B) Fresh Water (FW)
SW-B-2% UHS-ECC (2%) Bar (B) Seawater (SW)
FW-G-2% UHS-ECC (2%) Grid (G) Fresh Water (FW)
SW-G-2% UHS-ECC (2%) Grid (G) Seawater (SW)
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Fig. 3 Dimensions of FRP-reinforced UHS-ECC (UHSC) panels and test setup.

2.4 Testing methods and material properties

According to ASTM C469/C469M [64], the cube strength (50 mm X 50 mm x 50 mm cube) of
fresh water-mixed UHS-ECC, seawater-mixed UHS-ECC, fresh water-mixed UHSC, and seawater-
mixed UHSC were 150.4 MPa, 151.0 MPa, 150.9 MPa, and 150.6 MPa, respectively. It can be seen
that the use of seawater and the addition of PE fibers had very limited effects on the cubic compressive
strength. The compressive properties of UHS-ECC were further determined using @100 x 200 mm
cylinders, according to the JSCE recommendation [65], and the measurement of elastic modulus also
followed ASTM C469/C469M [64]. The average compressive strength and elastic modulus of fresh
water-mixed UHS-ECC cylinders were 130.0 MPa (with the ultimate strain of 0.368%) and 38.0 GPa,
respectively. For the seawater-mixed UHS-ECC cylinders, the average compressive strength and

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

The direct tensile tests of UHS-ECC were conducted by using 13-mm thick dumbbell specimens
(according to the JSCE’s recommendation [65]) under the loading rate of 0.5 mm/min [66] [67] [68].
Linear variable differential transformers (LVDTs) were used to measure the tensile deformation of
the central part (80-mm length) [69] [70]. The tensile stress-strain curves of UHS-ECC are presented
in Fig. 4. From the figure, no obvious differences were observed in the tensile performances of these

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

161 tensile strain-hardening behaviors.

10.0
g
=
£
w
i
FW-ECC_1
20 F —— FW-ECC_2
SW-ECC_1
—— SW-ECC_2
00 i 1 I 1 1 1 I 1
0.0 1.0 2.0 3.0 40 5.0
162 Tensile Strain (%)
163 Fig. 4 Tensile stress-strain curves of UHS-ECC mixed with fresh water (FW-ECC) and seawater
164 (SW-ECC). The use of seawater had a limited effect on the tensile behavior of UHS-ECC.
165 Four-point bending tests were carried out to evaluate the flexural behavior of FRP-reinforced

166 ~ UHS-ECC panels. The distance between the loading points was 140 mm, and the span was 740 mm.
167  The specimens were tested using 150-kN hydraulic actuators under displacement control modes with
168  a loading speed of 0.5 mm/min. A pair of LVDTs were used to measure the mid-span deflection of
169  the specimens. Digital image correlation (DIC) method [71] [72] [73]was applied to analyze the
170  tensile strain field and cracking behavior of FRP-reinforced UHS-ECC panels. The whole surface
171 (800x50 mm?) of the specimen was monitored using DIC, and the speckle pattern of black spots was
172 applied onto the surface as a region of interest before the formal test. A digital camera was used to
173 capture photographs at an interval of 3 s. For the DIC data processing, a subset size of 30 pixels and

174  astep size of 15 pixels were chosen.
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3 Test results and discussions

3.1 Flexural performance

The load-deflection curves of FRP-reinforced UHS-ECC (UHSC) panels are shown in Fig. 5 and
the values of load capacities are summarized in Fig. 6. The ultimate load and deflection of FRP bar-
reinforced UHSC panel (FW-B-0% in Fig. Sa) were 19.7 kN and 9.4 mm, respectively, while those
of FRP bar-reinforced UHS-ECC panel (FW-B-2% in Fig. 5a) increased by 173% (53.8 kN) and 167%
(25.1 mm), respectively. For the FRP grid-reinforced UHS-ECC panel (FW-G-2% in Fig. 5b), the
load capacity and deflection were 62.5 kN and 19.6 mm, respectively, which were 139% and 54%
larger than those of UHSC panels (FW-G-0%, 26.2 kN and 12.7 mm), respectively. As summarized
in Fig. 5S¢, compared with the FRP-reinforced UHSC panel, the load capacity and stiffness of the
FRP-reinforced UHS-ECC panel significantly increased. It should be pointed out that in accordance
with the Chinese Standard GB 50666-2011 [74], the flexural capacity of the developed FRP bar-
reinforced UHS-ECC panel was found to exceed the required capacity for a one-meter-high cast-in-
site concrete by over 20 times. In future studies, the FRP-reinforced UHS-ECC panel can be further
designed as a formwork panel, and the loading scheme needs be determined based on the shape and

size of the concrete member produced by the designed formwork.
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Fig. 5 Load-deflection curves of FRP-reinforced UHS-ECC (UHSC) panels. The flexural
performance of the FRP-reinforced UHS-ECC panel showed significantly higher load capacity and
stiffness than the FRP-UHSC counterpart, and the use of seawater had a limited effect on the

flexural behavior.

Fig. 5a and Fig. 5b also show the load-deflection curves of FRP-reinforced panels using seawater.
In general, the use of seawater as raw material had no obvious effect on the flexural performance of
FRP-reinforced UHS-ECC (UHSC) panels. This phenomenon can be explained as follows: seawater
had a negligible effect on the compressive and tensile performance of UHSC and UHS-ECC (as

presented in Section 2.4), which was also reported in many papers [63] [75].
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Fig. 6 Load capacities of FRP-reinforced UHS-ECC/UHSC panels. The FRP-reinforced UHS-ECC

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

Fig. 7 shows the crack patterns of FRP-reinforced UHS-ECC (UHSC) panels at the ultimate
stage. During the tests, shear failure occurred in all the UHSC panels (without PE fibers), the
compression failure of UHS-ECC occurred in FW-B-2% and SW-B-2% with multiple narrowed
cracks along the panel span, and the rupture of the FRP grid occurred in FW-G-2% and SW-G-2%.
Compared to FW-B-2%, much fewer cracks were observed in FW-B-0%, showing that adding PE
fibers can significantly improve the energy absorption and ductility of the structural members. Fig. 8
presents the photographs of FW-B-0% and FW-B-2% after bending tests. It can be seen that the UHSC
panel broke into pieces and cracks occurred along the FRP bars (Fig. 8a), while the integrity of the
UHS-ECC panel is good (Fig. 8b). It is noted that the abrupt drop of load-bearing capacity in FRP
grid-reinforced UHS-ECC panels (Fig. 5b) was caused by the rupture of FRP grid, indicating that

UHS-ECC and FRP grid had good deformation compatibility and interaction.
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Fig. 7 Crack patterns of FRP-reinforced UHS-ECC (UHSC) panels at the ultimate stage. For UHS-

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

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

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

A comparison between the load-deflection curves of FRP bar- and grid-reinforced panels is
presented in Fig. Sc¢. The flexural capacities of FW-G-2% and FW-G-0% were 16% and 33% higher
than that of FW-B-2% and FW-B-0%, respectively. In FRP grid-reinforced UHS-ECC panels, the
UHS-ECC passing through the openings of the FRP grid worked as “shear keys”, and the interaction
between the FRP grid and UHS-ECC could transfer stresses in the longitudinal FRP strips to the UHS-
ECC through the transverse strips. Also, the cracks of FRP grid-reinforced panels were more evenly
distributed than those of FRP bar-reinforced ones (Fig. 7). It should be remembered that the total

stiffness of FRP bars and grids used in the panels was close, leading to the similar stiffness of FW-G-

14 / 15



229

230

231

232

233
234

235

236

237

238

239

240

241

0% and FW-B-0% as shown in Fig. Sc¢. For FW/SW-G-2% in Fig. Sb, the panel stiffness remained
almost unchanged after cracking load. However, for FW/SW-B-2% in Fig. Sa, the panel stiffness

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

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

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

The strain profiles of panels at four different load levels are summarized in Fig. 9. It is noted
that the results in Fig. 9 were obtained from DIC analysis following the method in Ref. [76]. It is seen
that during the loading process, all the strain profiles were linearly distributed along the section height,
indicating that the plane section assumption could be adopted in sectional analysis (Section 5). In Fig.
9a—d, the strain profiles of seawater-mixed specimens were close to those of fresh water-mixed ones,

which was in accordance with the results that using seawater had almost no effect on the flexural
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behavior of the FRP-reinforced panels. The comparison under the similar load level between FRP
bar- and grid-reinforced panels is shown in Fig. 9f. The strains of FRP grid-reinforced UHS-ECC
panels were smaller than those of FRP bar-reinforced UHS-ECC panels at high load levels, due to the

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

3.3 Evolution of the maximum crack width

The maximum crack width vs. load relations of the FRP-reinforced panels (Fig. 10) were
measured by DIC techniques according to the method in Ref. [76]. Compared with the UHSC panels,
the addition of PE fibers in UHS-ECC reduced the maximum crack width significantly due to the
fiber-bridging effect. In Fig. 10, it can be seen that when the load level was over 10 kN, the FRP grid-
reinforced UHS-ECC panels (i.e., FW/SW-G-2%) possessed a better crack control ability than FRP
bar-reinforced UHS-ECC panels (i.e., FW/SW-B-2%), which could be attributed to the stronger bond

interaction between FRP grid and UHS-ECC.
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Fig. 10 Evolution of the maximum crack width of FRP-reinforced panel: (a) Freshwater (FW) series
and (b) seawater (SW) series. Using UHS-ECC to replace UHSC significantly enhanced the crack

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

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

260 Fig. 11 and Fig. 12 show the failure processes of FRP bar/grid-reinforced panels using fresh
261  water/seawater-mixed UHSC. The DIC results at four load levels (i.e., 0.25Py, 0.50Py, 0.75Py, 1.00Px,
262  Pu is the peak load) are compared. At the load level of 0.25Py, several cracks were initiated at the
263  panel bottom. Then, the crack number increased with the increasing load. At the ultimate load, the tip
264  of the major crack was very close to the top side of the member, and the shear failures occurred at
265  both FRP bar- and grid-reinforced UHSC panels (see also Fig. 7). The load capacity of FW-G-0%
266  was 16% higher than that of FW-B-0%, indicating a better interaction between UHSC and FRP grids.
267 It should be noted that transverse cracks in the FRP grid-reinforced panels propagated along the

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

269  knots.
24
;
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0 i | i 1 A
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270 Mid-Span Deflection (mm) 0.0% 1.5% 3.0%
271 Fig. 11 Failure processes of FRP bar-reinforced panels using fresh water and seawater-mixed
272 UHSC.
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Fig. 12 Failure processes of FRP grid-reinforced panels using fresh water and seawater-mixed

UHSC.

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

The failure processes of FW/SW-B-2% and FW/SW-G-2% are presented in Fig. 13 and Fig. 14,
respectively. At the load level of 0.25Pu, more cracks were observed in FRP-reinforced UHS-ECC
panels, compared to FRP-reinforced UHSC panels in Fig. 11 and Fig. 12. The crack number of all
the panels increased with the increasing load level. Different from the FRP-UHSC panels, the shear
failure did not occur in UHS-ECC panels. Instead, flexural failure occurred in all the UHS-ECC
specimens. The compressive failure of UHS-ECC was observed at FW/SW-B-2% (see also Fig. 7),
and the debonding of FRP bars led to a more ductile failure mode after the ultimate load than FW/SW-
G-2% in Fig. 14. For the FRP grid-reinforced UHS-ECC panel, multiple vertical cracks initiated from
the bottom of the panel and started to turn into transverse cracks when they approached the grid knots
(Fig. 14). Finally, the tip of the major crack almost reached the top of the panel, but the crushing
failure of concrete did not occur. Instead, the failure of FW/SW-G-2% was governed by the rupture

of FRP grids, indicating that this system took full advantage of the tensile strength of FRP material.
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293 Fig. 14 Failure processes of FRP grid-reinforced panels using fresh water and seawater-mixed
294 UHS-ECC.
295 For the FRP grid-reinforced UHS-ECC panel, the tensile strength of the FRP grid can be used to

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

297  (i.e., the strength of the FRP gird was fully utilized). For the FRP bar-reinforced UHS-ECC panel, the
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actual stress level remained unknown, because the debonding of the FRP bar occurred and the rupture
failure of the FRP bar was not observed. In future studies, the local tensile strain of the FRP bar/grid

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

4.3 Composites action of FRP reinforcement and UHS-ECC

Considering that strong stress concentration and large crack width are difficult to avoid in
conventional FRP bar/grid-reinforced concrete structures (Fig. 15), the replacement of conventional
concrete with UHS-ECC can be an effective way to overcome the above drawbacks. As UHS-ECC
possesses excellent mechanical properties, superior tensile ductility, and multiple cracking behavior,
the deformation compatibility between FRP and UHS-ECC was much better than that between FRP
and concrete (Fig. 15). In detail, under flexural (Fig. 15a) or shear (Fig. 15b) loadings, the cracking
of conventional concrete (i.e., comparatively large cracks) results in a strong interfacial shear stress
concentration along FRP reinforcement, while the multiple cracking behavior of UHS-ECC (i.e.,
multiple fine cracks) can effectively lower such stress concentration, leading to a better composite
action between UHS-ECC and FRP. It means that the strain localization in the FRP bar/grid could be
effectively alleviated, but could not be avoided in UHS-ECC, owing to the existence of the multiple
fine cracks. According to the experimental results and the composite action revealed in this study, the
combination of FRP reinforcement and UHS-ECC is proved to have excellent mechanical
performance, showing great potential in the applications of marine and coastal structures. It should
be remembered that for FRP-reinforced ECC systems in marine and coastal construction, seawater
and sea-sand can be used in ECC to improve material sustainability, as FRP reinforcement is non-

corrosive.

20/ 21



FRP-Concrete FRP-ECC

Crackin .
M - J Shear Stress <. M M = Multiple 4 M
\ Concentration Cracking Lower Shear Stress

l * \ Concentration

FRP FRP

FRP-Concrete FRP-ECC

Cracking ——
ultiple
M = Shear Stress N T M M = Lower Shear Stress Cracking - M

Concentration Concentration ‘l * \
FRP M v FRP /\ /(1/ / / ( A

319 AR A [

320 Fig. 15 Influence of cracking behavior on the interfacial stress of FRP bar/grid-reinforced panel.
321 The multiple cracking behavior of ECC materials lowered the crack-induced shear stress
322 concentration along the FRP reinforcement.

323 5 Theoretical analysis

324 5.1 Calculation of load capacity

325 Based on the stress and strain distribution shown in Fig. 16, sectional analysis was conducted to
326  calculate the ultimate loads of the FRP-reinforced UHS-ECC panels. Here, b and 4 are the width and
327  height of the section, respectively; m is the location of the FRP reinforcement; ¢ is the location of the
328  neutral axis; &, &, and ¢, are the strains of UHS-ECC in compression zone, FRP in tension zone, and
329  UHS-ECC in tension zone, respectively; o. and o, are the stresses of UHS-ECC in compression and
330 tension, respectively; and &c is the ultimate compressive strain of UHS-ECC, respectively. The tensile
331  force of the panel was determined by combining the tensile contribution provided by both FRP
332  reinforcement and UHS-ECC. It is noted that the UHS-ECC crushing failure occurred in FRP bar-
333  reinforced UHS-ECC panels, while the FRP rupture occurred in FRP gird-reinforced UHS-ECC

334  panels. Thus, two different ultimate conditions were applied to estimate the load capacities.
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Fig. 16 Stress and strain distributions of FRP-reinforced UHS-ECC panel at the ultimate stage.

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

the Japan Society of Civil Engineers (JSCE) [77] was used.

O =

C

{Ecg (0<e<e,)
0y

f. (e.<e<¢,)

where E. and f. are the measured elastic modulus (38.0 GPa) and compressive strength (130.0 MPa),

respectively; ece and ecu are 0.342% and 0.368%, respectively.

For the sectional analysis, the tensile behavior of the FRP reinforcement was assumed to be
linear elastic, the material properties can be found in Section 2. The equilibrium equations of the

conditions in Fig. 16 can be expressed as follows:
h c
S N=0=[obdc=E:s A, +] obds )

dYM=0=M, =J‘Ch0'0(x—c)bdx+Efngf(c—m)+jocat(c—x)bdx A3

Calcu

where Ay is the total area of FRP reinforcement in the tension zone; Er is the elastic modulus of FRP
reinforcement. For FRP bar-reinforced UHS-ECC at the ultimate load, the strain of UHS-ECC at the
top of the panel was set to ec. (0.368%), because the compressive failure of UHS-ECC occurred. For
FRP grid-reinforced UHS-ECC at the ultimate load, the rupture of FRP grids occurred, and thus the
strain of FRP in tension was set to the rupture strain & (0.73%). The tensile strength and strain

capacity of UHS-ECC were assumed to be 6.0 MPa and 3.0%, respectively.
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As shear failure occurred in all the UHSC panels (Fig. 7), the load capacities of FW/SW-B-0%
and FW/SW-G-0% were contributed by the shear force of UHSC (V%), and the contribution of
longitudinal FRP reinforcement was neglected. The shear capacities of FRP-reinforced UHSC panels

can be estimated based on the equation given in ACI318M-14 [78]:
d
V. =(0.161f. +17p—)bd 4)
a

where 4 is a modification factor (taken as 1.0 here); p is the longitudinal reinforcement ratio; @ and d

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

Based on Eq. (2), Eq. (3), and Eq. (4), the ultimate load capacities of FRP-reinforced UHS-ECC
and FRP-reinforced UHSC panels can be calculated and the results are summarized in Table 4. The
comparison of the experimental and predicted results is shown in Fig. 17. In general, the prediction
error was acceptable with a maximum variation of around 20%. It can be found in Table 4 that all the
calculated load capacities of FRP grid-reinforced panels (i.e., FW-G-0%, SW-G-0%, FW-G-2%, and
SW-G-2%) showed smaller prediction errors than those of FRP bar-reinforced panels (i.e., FW-B-0%,
SW-B-0%, FW-B-2%, and SW-B-2%). This phenomenon is related to the fact that FRP grids showed
better interaction with UHS-ECC (UHSC) than FRP bars and the debonding of FRP bars occurred
during the tests. It should be noted that as only one specimen of each group was adopted in this work,
the test results were not enough to provide a reliable structural design recommendation. In the future
study, additional experimental results are needed to propose a design method for FRP bar/grid-

reinforced UHS-ECC panels.

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

Ultimate Load (kN)

Specimen IDs
Test (kN) Calculation (kN) Variation (%)

FW-B-0% 19.7 23.8 +20.8
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Fig. 17 Comparison of test and calculated load capacities. The prediction error was acceptable with

6 Conclusions

In this study, a novel Ultra-High-Strength Engineered Cementitious Composites (UHS-ECC)
panel with Fiber-Reinforced Polymer (FRP) reinforcement (i.e., FRP bar or grid) was proposed for
the construction of sustainable marine structures. The flexural performance and composite action of

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

can be summarized as follows.
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® In the four-point bending test, the flexural failure occurred in the FRP-reinforced UHS-ECC
panels, while the shear failure occurred in the FRP-reinforced Ultra-High-Strength Concrete
(UHSC, without fibers) panels. Compared with the FRP-reinforced UHSC panel, the FRP-
reinforced UHS-ECC panel showed significantly higher ultimate load (139%—173% higher),
stiffness, and deformation capacity. It was also found that the use of seawater had almost no

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

® The results showed that the combination of FRP grid and UHS-ECC had the potential to take full
advantage of the tensile strength of FRP material. Compared with the FRP gird-reinforced UHS-
ECC panel, the use of FRP bars lowered the stiffness and load capacity of the panel owing to the

debonding of FRP bars in UHS-ECC.

® An analytical investigation was conducted to predict the load capacities of the tested panels. In
general, the calculated ultimate loads of FRP grid-reinforced panels showed better agreement

with the experimental results than FRP bar-reinforced panels.

® |t was revealed that using UHS-ECC to replace UHSC improved the stress transfer and
deformation compatibility with FRP because the multiple cracking behavior of UHS-ECC

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

This study provides the first trial of the combined use of UHS-ECC and FRP reinforcement in
structural members, and the results demonstrated the feasibility of this novel system. It should be
pointed out that the developed FRP-reinforced UHS-ECC system can be used for stay-in-place
permanent formwork, high-performance strengthening layer, and thin-wall structural members (e.g.,
tubular column and box beam). Currently, an experimental investigation is being carried out by the

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

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