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Abstract: The primary objective of this study was to develop a new type of hybrid beam with5

excellent durability. This new type of beam was designed to be suitable for rapid in-situ6

construction in an offshore environment. It composed of seawater sea-sand concrete (SWSSC)7

and a prefabricated ultrahigh performance concrete (UHPC) shell, and was reinforced with8

basalt FRP (BFRP) bars or steel-FRP composite bars (SFCBs). Two types of production9

methods for the UHPC shell were designed and compared. The main objective was to test the10

mechanical properties of the proposed hybrid beams and to verify the feasibility of the11

proposed preparation processes. Traditional monotonic four-point bending test methods and12

3D digital image correlation (DIC) measurements were performed simultaneously. The test13

results showed that the shear cracks reduced significantly due to the existence of UHPC shell.14

Because the depths of the UHPC sidewalls were ¾ of the beam depth, the bending strength of15

the test beam was not substantially improved, but the cracking load and energy absorption16

improved by approximately 70% and 24%, respectively. The integrity of the hybrid beam17

prepared by the rotation method was better than that of the hybrid beam prepared with a18

prefabricated U-shaped UHPC shell.19
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1. Introduction24

Unwashed natural sea sand, which contains excessive chloride ions, is not allowed to be25

used directly as fine aggregate for concrete preparation due to the accelerated corrosion effect26

it produces on the embedded steel bars; accordingly, seawater cannot be directly used as27

mixing water. Therefore, even if there exists a large amount of sea-sand and seawater28

resources, these resources cannot be utilized in marine construction directly when considering29

durability requirements. However, what if the inner reinforcements are not steel bars but fiber30

reinforced polymer (FRP) bars? Numerous previous studies [1-3] have stated that chloride31

ions do not induce accelerated degradation effects on FRP materials. Thus, the combination of32

FRP materials and seawater sea-sand concrete (SWSSC) has a broad application prospect in33

oceanic environment, which contains a large number of chloride ions. To date, this research34

topic has attracted extensive research interests [4-13].35

However, for the two most cost-effective FRP bars used in infrastructures, glass FRP36

(GFRP) bars and basalt FRP (BFRP) bars, numerous accelerated aging tests have found that37

their long-term performances in alkaline environments might not be as stable as expected [3,38

14-18]; the interior of moist concrete was precisely a highly alkaline environment. For39

example, Robert [19] has noted that after 8 months of conditioning at 50 °C, 40 °C and 23 °C,40

the strength losses of GFRP bars encased by moist concrete were 16%, 10%, and 9%,41



respectively. Benmokrane [20] has tested the performance change of basalt/vinyl ester (BV)42

bars after immersion in an alkaline solution at 60 °C for 5000 hours, and the test results43

revealed that the transverse shear strength, flexural strength, and inter-laminar shear strength44

were reduced by 33%, 37%, and 22%, respectively. Dong [21] has experimentally studied the45

bond durability of BFRP bars and SWSSC under oceanic environments. After 9 months of46

immersion in 50 °C seawater, the bond stress retentions of the BFRP bars were 78%. Dong47

[13] has also investigated the flexural durability of SWSSC beams completely reinforced with48

BFRP bars in an accelerated oceanic environment. Test results illustrated that the cracks49

became sparse and the load fluctuations became substantial after conditioning. Besides, to50

overcome the brittle failure of FRP materials to some extent, a new type of steel-FRP51

composite bar (SFCB) has been developed [22]. Dong [23] has tested the bond durability52

between the SFCB and sea sand concrete in the marine environment. Test results indicated53

that its maximum bond strength decreased by 4.6% after 90 days of immersion in 40 °C54

seawater. Although a field investigation conducted by Omid [24] has noted that the55

performances of GFRP bars exposed to concrete alkalinity and ambient conditions after 1556

years of service did not show any sign of deterioration, similar data were still unavailable for57

marine environments.58

The authors believed that the method of durability improvement should focus on two59

approaches. The first approach was to improve the inherent alkali resistance property of the60

FRP bar; for example, a resin matrix could be adopted that has better alkali resistance or a61

fiber/resin interface could be developed that was more durable in an alkaline environment.62

The other approach was to minimize the severity of the undesirable internal alkaline63



environment of the concrete. It was believed that the alkaline environment inside concrete64

was closely related to the ambient humidity. The lower the humidity was, the weaker the65

alkaline environment. Therefore, improving the impermeability of the concrete cover layer66

could reduce the severity of the internal alkaline environment to some extent, which reduced67

the damage to the internal FRP bars. As a new cement-based material, ultrahigh performance68

concrete (UHPC) had aroused interest around the world since it was introduced in the early69

1990s. UHPC had many advantageous material properties, such as high strength, low water70

permeability, and excellent chloride penetration resistance [25, 26], and it was also believed71

to have a broad application prospect in marine environments. In recent years, many FRP and72

UHPC combinations have been proposed, such as, FRP-confined UHPC columns [27-29],73

FRP grid reinforced UHPC panels [30, 31], UHPC beams with internal FRP bars [32, 33], and74

hybrid FRP-UHPC beams for bridges [34-38]. For example, Ferrier[33] has tested the75

mechanical properties of four I-shaped UHPC beams reinforced with CFRP rebars or GFRP76

rebars. The results indicated that reinforcing with CFRP bars increased the beam bending77

stiffness, and GFRP bars could provide similar results, but a larger rebar area was required.78

El-Hacha [37] has investigated the behavior of hybrid FRP-UHPC beams subjected to static79

flexural loading. The hybrid beams were made up of pultruded GFRP hollow box section80

beams with a layer of UHPC on top. It was concluded that the hybrid beams had higher81

flexural strength and stiffness than the control beam. In addition, a small number of studies82

have attempted to use prefabricated UHPC panels as permanent formworks for concrete83

members [39-41].84

Based on the above research background, this paper proposed a new hybrid beam that85



was composed of SWSSC and a prefabricated U-shaped UHPC shell, and was reinforced with86

FRP bars or SFCBs. The U-shaped UHPC shell had the following three functions: (i)87

providing a permanent formwork for the rapid in-situ casting of SWSSC in offshore islands;88

(ii) strengthening the flexural strength and the shear strength of the beam by virtue of its89

excellent mechanical properties; and (iii) reducing the humidity of the internal concrete90

environment through its good impermeability, which lowered the long-term degradation of91

the embedded FRP bars or SFCBs. The flexural properties of the hybrid composite beams92

under different production methods (i.e. Prefabricated U-shaped UHPC shell or rotation93

method with the reinforcement cage pre-embedded) and different types of internal94

longitudinal reinforcements (i.e. pure FRP bars or SFCBs) were preliminarily explored. This95

work laid a solid foundation for the development of a new type of ultra-durable composite96

structure for marine environments.97

2. Materials98

2.1 FRP rebars99

As shown in Fig. 1a, the FRP rebars used herein were all produced by Jiangsu Green100

Materials Vally New Material T&D Co., Ltd. (GMV) with a vinyl ester polymer resin matrix101

and a fiber volume fraction of 65%. Each steel-FRP composite bar (SFCB) had a 10 mm inner102

steel bar that was wrapped longitudinally with 49 bundles of 2400 tex basalt fiber reinforced103

vinyl ester polymer. The measured immersion areas of the 10 mm BFRP bar, 13 mm BFRP104

bar and 15 mm SFCB were 75 mm2, 120 mm2, and 165 mm2, respectively. As shown in Fig.105

1b, the ultimate tensile strengths of the 10 mm BFRP bar and the 13 mm BFRP bar were 1141106

MPa and 1142 MPa, and the elastic moduli were 47.6 GPa and 48.6 GPa, respectively. For the107



15 mm SFCB, the yield strength was 256 MPa, the elastic modulus before yielding, EI, was108

108.9 GPa, the ultimate strength was 718 MPa, and the postyield modulus, EII, was 21.8 GPa.109

It should be noted that the calculations performed in this paper were all based on the nominal110

diameter of the reinforcement. The 8 mm BFRP stirrup was produced in the same batch and111

was bent before the resin was cured.112

2.2 UHPC113

The raw materials used to manufacture the UHPC were provided by Jiangsu Sobute New114

Materials Co., Ltd., Nanjing, China. The detailed mix ratio of the UHPC was premixed115

compound: steel fiber: admixture: tap water = 1000 g: 80 g: 12 g: 96 g. The type of premixed116

compound was SBT-UDC (II), which was commercially available. The UHPC was cast and117

cured in an indoor ambient environment without additional heat and humidity treatment,118

which led to lower performance than the manufacturer’s design. The performance indicators119

provided by the manufacturer are shown in Table 1. The actual compressive strength, tensile120

strength, and elastic modulus at 28 days were 101.8 MPa, 6.4 MPa and 41.2 GPa,121

respectively.122

2.3 SWSSC123

The seawater and the sea-sand adopted in this paper was the same batch as that used in124

the authors’ previous publications [13, 21, 42]. The seawater was taken from Lianyungang125

harbor, Jiangsu Province, and it was shipped to the laboratory in large plastic tanks. The126

sea-sand was purchased from Zhangzhou, Fujian Province. The sea-sand was determined to127

be the medium sand category after a grading analysis, and the chloride ion concentration in128

the sea-sand was 0.08%. Portland cement with a grade of 42.5 in Chinese standard and coarse129



aggregate with a particle size of 5~20 mm was used for concrete casting. The detailed mix130

ratio of the SWSSC was cement: seawater: sea-sand: coarse aggregate = 1: 0.45: 1.50: 2.50.131

The measured compressive strength of the SWSSC at 28 days was 50.5 MPa. It should be132

noted that, due to the chloride ions contained in the natural seawater, the chloride ion133

concentration in the sea-sand was increased to 0.65% after mixing.134

3. Experimental program135

3.1 Design of the hybrid composite beams136

The test matrix of this experimental study consisted of four SWSSC beams, which had137

2400 mm lengths, 120 mm widths and 240 mm depths. All four beams were exclusively138

reinforced by FRP reinforcements. As shown in Fig. 2, three different types of cross-sections139

were considered:140

(1) Cross-section type A was a traditional type of cross-section without UHPC formwork.141

The thickness of the concrete cover was 20 mm.142

(2) Cross-section type B was a hybrid cross-section with a U-shaped UHPC shell as143

permanent formwork. The preparation process used for this cross-section is shown in Fig. 3.144

First, the U-shaped UHPC shell was precast with a specific timber formwork (Fig. 3a).145

Because of the discrete sizes of the BFRP stirrups, the thickness of the UHPC side plate was146

reduced to 15 mm to ensure that the reinforcement cage could be smoothly placed inside the147

UHPC formwork; the thickness of the bottom plate was still 20 mm. It should also be noted148

that the depth of the UHPC shell was 180 mm instead of 240 mm. This reduced depth was149

based on the need for field prefabricated construction, wherein a 60 mm thick postcasting150

layer would be cast together with the floor. As shown in Fig. 3c, after the FRP reinforcement151



cage was placed inside, the SWSSC beam would be cast with the help of additional timber152

formworks.153

(3) Cross-section type C was also a hybrid cross-section with a U-shaped UHPC permanent154

formwork but with a different preparation process. As shown in Fig. 4, the preparation155

process, which was referred to as the rotation method, comprised three steps: Step 1 - casting156

one side plate, Step 2 - casting the other side plate, and Step 3 - casting the bottom plate. The157

side plates and bottom plate were prepared with thicknesses of 20 mm plus 0.5 times the FRP158

diameter (BFRP or SFCB). The actual tested thicknesses were all approximately 25 mm after159

casting. The motivation for designing cross-section type C was to improve the interfacial160

bonding performance between the UHPC and the postcasted SWSSC, wherein half of the FRP161

was in the UHPC and the other half was in the SWSSC. In addition, because the162

reinforcement cage was pre-embedded in the UHPC permanent formwork, it could further163

improve the field construction efficiency. Because this type of cross-section was still in the164

exploratory stage, only the SFCB reinforced beam was investigated herein.165

The beam designation IDs are shown in Table 2, wherein BFRP or SFCB represent the166

type of longitudinal tensile reinforcement of the beam, and A, B, and C represent the167

cross-section type of the beam. The top reinforcements and the stirrups of all four beams were168

10 mm BFRP bars and 8 mm BFRP stirrups. For the BFRP bars reinforced beam, the169

calculated ρf > ρfb, where ρf was the tensile reinforcement ratio and ρfb was the balanced170

tensile reinforcement ratio. As such, the BFRP reinforced beam was a typical overreinforced171

beam, and the designed failure mode was concrete crushing. For the SFCB reinforced beam,172

the calculated ρf < ρfb, which was a typical underreinforced beam, and thus the designed173



failure mode was the SFCB yielding prior to the concrete crushing.174

3.2 Test setup and instrumentation175

Figure 5 shows the test setup and the instrumentation layout. As shown in Fig. 5a, the176

four beams were all tested with four-point bending after 28 days curing over a 2100 mm177

simply supported clear span and a 750 mm shear span. The load was applied in a178

displacement-control mode at a rate of 1.0 mm/min. Five linear variable differential179

transducers (LVDTs) were set to measure the deformations at the midspan, the two loading180

points, and the two end supports. Strain gauges were attached on the tensile rebars at the181

midspan. For the SFCB-B and SFCB-C beams, 14 strain gauges were attached on the 14182

BFRP stirrups, which were sequentially numbered from the loading points to the supports at183

each shear span. All measurements, including the loads, displacements, and strains, were184

recorded by a TDS530 data acquisition system. In addition, as shown in Fig. 5b, the185

deformation fields of the beam at the shear span and the pure bending span were measured186

synchronously via 3D digital image correlation (DIC) method.187

4. Test results and analysis188

4.1 Failure modes189

Figure 6 shows the final crack distributions in the four tested beams and photos of the190

pure bending section after the beams failed. The failure modes of the four beams were all191

concrete crushing, while the bottom tensile BFRP bars or SFCBs did not fracture. As shown192

in Fig. 6a, the cracks in the BFRP-A beam, which had a traditional cross-section, were fully193

developed, especially in the shear spans. However, as shown in Fig. 6b, for the BFRP-B beam,194

which had a prefabricated U-shaped UHPC shell, the final crack distribution was not as195



extensive as that in the BFRP-A beam. Fewer and shorter cracks were observed in the196

BFRP-B beam, especially in the shear span. In addition, during the loading process of the197

BFRP-B beam, there was a continuous clacking sound produced by the cracking of the UHPC198

shell.199

Figure 6c and Fig. 6d show the failure modes of the two SFCB-reinforced beams, which200

both had a UHPC shell but were produced via different methods. As shown in Fig. 6c, the201

crack lengths in the SFCB-B beam were short, especially in the shear span. Moreover, a202

continuous horizontal crack appeared in the ¾ depth of the SFCB-B beam, which was the203

connection area of the SWSSC and UHPC shell. As shown in Fig. 6d, due to the increased204

thicknesses of the UHPC sidewall compared to those of the SFCB-B beam (i.e., increased205

from 15 mm to 25 mm), the shear resistance of the SFCB-C beam was further improved. The206

cracks appeared in the shear span of the SFCB-C beam were mainly developed in the vertical207

direction. Moreover, because the BFRP stirrups in the SFCB-C beam were half embedded in208

the UHPC shell and half embedded in the SWSSC, no continuous horizontal cracks similar to209

the SFCB-B beam appeared in the failure stage, which proved that the integrity of the210

SFCB-C beam was very good.211

4.2 Load vs. midspan displacement curves212

The load vs. midspan displacement (LD) curves of all four beams are shown in Fig. 7,213

and their characteristic loads, characteristic midspan displacements, energy absorption values,214

and failure modes are listed in Table 3. In Table 3, Pcr is the value of the load when the cracks215

first appeared, Py is the load value when the SFCB beam yielded (the yielding point is216

determined via a graphical method), Pmax is the maximum load in the LD curves,  y is the217



corresponding midspan displacement when the SFCB beam yielded, u is the corresponding218

midspan displacement when the beam failed, Ey is the yield energy, which is the triangular219

area under the LD curve, Eu is the ultimate energy, which is the total area under the LD curve,220

u/y is the displacement ductility coefficient, and Eu/Ey is the energy ductility coefficient.221

As shown in Table 3, compared to the traditional BFRP-A beam, the cracking load,222

ultimate load, ultimate deflection, and energy absorption of the BFRP-B beam, which has a223

prefabricated U-shaped UHPC shell, were all increased. Among these enhancements, the224

variations in the cracking load and the energy absorption were particularly outstanding, as225

they were increased by 70% and 24%, respectively. Comparing the curves in Fig. 7a and Fig.226

7b, it can be clearly seen that the transition section of the BFRP-B beam was smoother than227

that of the BFRP-A beam. This was due to the fact that in the transition section, part of the228

tensile force was held by the bottom UHPC shell. As the curvature of the section increasing,229

the UHPC would eventually quit working, and after that, the load-displacement curve would230

be in a linear form [40, 43, 44]. According to the results in Table 3 and the curves in Fig. 7c231

and Fig. 7d, the cracking load, yield load and ultimate load of the SFCB-C beam were232

basically the same as those of the SFCB-B beam. It should be noted that the thickness of the233

U-shaped UHPC shell of the SFCB-C beam was slightly thicker than that of the SFCB-B234

beam: the bottom plate was 5 mm thicker in the SFCB-C beam, and its sidewalls were235

approximately 10 mm thicker. The 5 mm increase in the thickness of the bottom plate had236

little effect on the flexural load values because the effective depth of the tensile reinforcement237

was not changed. However, the total 20 mm increase in the thicknesses of the two sidewalls238

increased the shear resistance significantly. In accordance with the failure modes exhibited in239



Fig. 6d, the number of shear oblique cracks of the SFCB-C beam were significantly reduced,240

and the midspan displacement was mainly induced by the bending deformation. As shown in241

Table 3, compared to the SFCB-B beam, the displacement ductility coefficient u/y and the242

energy ductility coefficient Eu/Ey of the SFCB-C beam were decreased by 28% and 26%,243

respectively.244

4.3 Strain contours obtained by 3D DIC method245

Figure 8 shows the strain contours in the shear spans of the four beams at different load246

levels obtained via 3D DIC method. The oblique cracks in the BFRP-A beam were more247

apparent than those in the other three beams, which have UHPC shells, under the same load248

level.249

Comparing the obtained strain contours in the failure stages of Fig. 8a and Fig. 8b, it can250

be seen that there were six fully developed oblique cracks in the shear span of the BFRP-A251

beam, whereas there were no obvious oblique shear cracks in the shear span of the BFRP-B252

beam and its cracks were mainly concentrated near the loading point. Similarly, comparing253

the strain contours in the failure stages of Fig. 8c and Fig. 8d, it can be seen that a relatively254

large oblique crack appeared in the shear span of the SFCB-B beam, and it extended to the top255

of the UHPC shell. Although an oblique crack also appeared in the shear span of the SFCB-C256

beam, the length of the crack was smaller than that in the SFCB-B beam, and the crack was257

mainly concentrated in the bottom region of the SFCB-C beam.258

Figure 9 shows the strain contours in the middle bending span of the four beams at259

different load levels obtained via 3D DIC method. It can be intuitively noted that, under the260

same load level, the BFRP-A beam had a greater number of flexural cracks than the beams261



with UHPC shells.262

Comparing the obtained strain contours in the failure stages of Fig. 9a and Fig. 9b, only263

three wide main cracks were generated in the pure bending section of the BFRP-B beam,264

which had a UHPC shell. However, for the BFRP-A beam, which had a traditional265

cross-section, a large number of flexural cracks were developed. Similarly, by comparing the266

strain contours in the failure stages of Fig. 9c and Fig. 9d, a continuous horizontal crack was267

observed in the SFCB-B beam at the connection surface of the SWSSC and UHPC (located at268

¾ depth of the beam), which indicated that the deformations of the UHPC shell and the269

SWSSC were not synchronized. However, no horizontal crack appeared at the connection270

surface of the SWSSC and UHPC in the SFCB-C beam, which suggested that the UHPC shell271

and the SWSSC had relatively good cooperative performance.272

4.4 Moment vs. curvature responses in the pure bending section273

According to the results in Table 3, the tested ultimate displacement value (24.3 mm) of274

the SFCB-C beam was significantly less than that of the SFCB-B beam (39.0 mm).275

Preliminary analysis suggested that this may be because the total thickness of the UHPC276

sidewall of the SFCB-C beam (50 mm) was greater than that of the SFCB-B beam (30 mm),277

which largely increased the shear stiffness and resulted in a reduction in the total midspan278

displacement. To verify the inference, this section compares the moment-curvature responses279

of the pure bending sections of the two SFCB-reinforced beams. Experimental280

moment-curvature diagrams were obtained from the tested deflections in the pure bending281

sections of the beams. Assuming a circular arc shape of the deflection curve along the pure282

bending zone[45], the average curvature over this zone could be obtained from the deflection283



readings by using the following expressions:284
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where κ is the obtained curvature; lb is the length of the bending zone (600 mm in the287

present study); and Δ1, Δ2, and Δ3 are the deflections measured by LVDTs at the left loading288

point, midspan, and right loading point, respectively.289

The calculation results are shown in Fig. 10. The two curves were basically consistent.290

The ultimate curvature at beam failure was 84.4 km-1 for the SFCB-B beam and 78.3 km-1 for291

the SFCB-C beam. The difference in the ultimate curvature was significantly smaller than the292

difference in the aforementioned ultimate midspan displacement.293

4.5 Load vs. strain curves of the tensile rebars294

The tested load-strain curves of the bottom tensile rebars at the midspans are shown in295

Fig. 11. As shown in Fig. 11a, for the BFRP-A beam, which had a traditional cross-section,296

the load-strain curves were consistent with the load-deflection curve in Fig. 8a and the297

observed cracking load (here was the first inflection point on the curve) was also298

approximately 10 kN. The strains increased suddenly after cracking and then increased299

linearly. The obtained average ultimate tensile strain value at the beam failure stage was300

0.0131 for the BFRP-A beam. For the BFRP-B beam, due to the existence of the U-shaped301

UHPC shell, the cracking loads measured by the strain gauges attached on the inner tensile302

BFRP bars were increased to approximately 17 kN, and there was no sudden strain increase303

after the cracking load.304

As shown in Fig. 11b, for the SFCB-B beam, which was made with a prefabricated305



U-shaped UHPC shell, the cracking loads measured by the strain gauges were approximately306

12 kN, and there was a substantial inflection point after cracking on the curve. However, for307

the SFCB-C beam, which was made by the rotation method, the load-strain curves were308

similar to the moment-curvature responses in Fig. 10, and there was no obvious inflection309

point in the cracking stage. The obtained ultimate tensile strain value at the beam failure stage310

was 0.00845 for the SFCB-C beam.311

4.6 Load vs. strain curves of the stirrups312

To monitor the interfacial properties of the UHPC and the postpoured SWSSC under313

different manufacturing processes, the strains of the stirrups in the SFCB-B and SFCB-C314

beams were measured as an example. As shown in Fig. 12, for both the SFCB-B and SFCB-C315

beams, only the strain values at S-3, S-4, S-5, and S-6 were obvious (the positions of the316

stirrups are shown in Fig. 12), and the strain values of the other stirrups were not significant.317

As shown in Fig. 12a, there were two obvious inflection points observed for the stirrup318

strains of the SFCB-B beam. One occurred at a load level of approximately 27 kN due to319

shear cracking. This phenomenon occurred because once the cracks form at the bottom of the320

shear span, the deformation was prone to concentrate around the cracks. Therefore, the321

detected increasing strain rate would slightly decrease because the strain gauges were322

attached on the ½ depth of the stirrups. The second inflection point was at a load level of323

approximately 45 kN due to the beam yielding. The increasing rate of the stirrup strain324

increased with the rapid increase of the beam deflection. As shown in Fig. 12b, for the325

SFCB-C beam, because the stirrup was partially embedded in the UHPC, its deformation was326

coordinated with that of the UHPC. The curves in Fig. 12b were smooth, and there were no327



obvious inflection points. Comparing the S-3 and S-9 curves in Fig. 12a and 12b, it can be328

seen that the stirrups in the SFCB-B beam were stressed earlier than in the SFCB-C beam.329

It should be noted that this paper only explored one of the three functions of the UHPC330

shell, i.e. strengthening the flexural strength and the shear strength of the beam. For the other331

two functions, i.e., providing a permanent formwork, and increasing the long-term durability,332

related researches will be conducted in follow-up studies.333

5. Conclusions334

In this paper, a hybrid beam composed of SWSSC and a prefabricated U-shaped UHPC shell335

reinforced with FRP bars or SFCBs was proposed, and its flexural performance was336

preliminarily tested. Based on the tested results, the following main findings can be drawn:337

(1) Since the U-shaped UHPC shell only covered the lower ¾ depth of the beam, all of the338

tested hybrid beams failed in the concrete crushing mode, which is consistent with the339

failure mode exhibited by the beam without UHPC shell.340

(2) Compared to the tested traditional BFRP-A beam in this paper, the BFRP-B beam, which341

has a U-shaped UHPC shell, had increased cracking load, ultimate load, ultimate342

deflection, and energy absorption. Among these enhancements, the variations in the343

cracking load and energy absorption were particularly outstanding, as they were increased344

by 70% and 24%, respectively.345

(3) There were few differences between the characteristic loads of the two types of346

SFCB-reinforced beams, which were produced via different methods. However, the347

number of shear cracks and the shear deformation of the SFCB-C beam, which has348

thicker UHPC sidewalls, are smaller than those of the SFCB-B beam.349



(4) A continuous horizontal crack appeared at the connection surface of the SWSSC and350

UHPC in the ¾ depth of the SFCB-B beam. However, similar phenomena were not351

observed in the SFCB-C beam. The intergrity of the SFCB-C beam was good.352

It should be noted that since only four beam samples (one for each parameter) were tested in353

this paper, the above conclusions were limited to the experimental results of this paper. The354

authors are planning to conduct durability testing on SWSSC with UHPC shell reinforced355

with FRP bars.356
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Fig. 6. Failure modes and crack distributions: (a) BFRP-A; (b) BFRP-B; (c) SFCB-B; and (d)539
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Fig. 7. Tested load vs. midspan displacement curves: (a) BFRP-A; (b) BFRP-B; (c) SFCB-B;542

and (d) SFCB-C543
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Fig. 8. Strain contours in the shear spans under different loading levels: (a) BFRP-A; (b)546
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Fig. 9. Strain contours in the pure bending spans under various stages of loading: (a) BFRP-A;550
(b) BFRP-B; (c) SFCB-B; and (d) SFCB-C551
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Fig. 10.Moment vs. curvature responses of the SFCB reinforced beams553
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Fig. 11. Tested load vs. tensile strain curves of the rebar: (a) BFRP bar reinforced beams and556

(b) SFCB reinforced beams557
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Fig. 12. Tested strains of the BFRP stirrups: (a) SFCB-B and (b) SFCB-C559
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565

Table 1. Physical and mechanical properties of SBT-UHPC566

Item Value Item Value
Slump extension (mm) 800 Flexural strength (MPa) 24.8
1-hour slump extension (mm) 700 Tensile strength (MPa) 9.75 (6.4)
Compressive strength (MPa) 161 (101.8) Tensile modulus (GPa) 47.6 (41.2)
Flexural strength at first crack
(MPa)

13.5 Chloride diffusion coefficient
(10-13)

≤0.01

Note that the values in parentheses are the actual mechanical properties.567

568
569

Table 2. Beam designation IDs570

Beam ID. Tensile rebars Cross-section type UHPC shell Casting method
BFRP-A 13 mm BFRP Type A None Tradition method
BFRP-B 13 mm BFRP Type B Yes Precast U-shape UHPC shell as permanent formwork
SFCB-B 15 mm SFCB Type B Yes Precast U-shape UHPC shell as permanent formwork
SFCB-C 15 mm SFCB Type C Yes Rotation method with FRP embedded in UHPC shell
571
572

Table 3. Summary of test results573

Beam
ID.

Pcr
(kN)

Py
(kN)

Pmax
(kN)

y
(mm)

u
(mm)

u/y
Ey

(kNmm)
Eu

(kNmm)
Eu/Ey

Failure
modes

BFRP-A 10.0 N/A 73.4 N/A 37.0 N/A N/A 1731 N/A CC
BFRP-B 17.0 N/A 75.5 N/A 40.9 N/A N/A 2142 N/A CC
SFCB-B 16.0 45.0 68.3 8.3 39.0 4.7 251 2126 8.5 CC
SFCB-C 17.0 45.0 62.8 7.1 24.3 3.4 211 1324 6.3 CC

Note that “N/A” means not available and “CC” means concrete crushing.574

575
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