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Abstract: To investigate the shear behavior of FRP (fiber reinforced polymers)-UHPC (ultra-high 7 

performance concrete) composite beams, four-point bending tests were conducted on seven FRP-8 

UHPC specimens and two FRP-NSC (normal strength concrete) specimens, having different width 9 

and depth of concrete flange as well as FRP shear key (FSK) spacing. The slip between FRP profiles 10 

and concrete flange was controlled by employing FSK and epoxy resin bonded hybrid connection. 11 

The failure pattern, load-deflection/strain curves, and sliding response of composite beams were 12 

analyzed to study the influence of concrete type, FSK spacing, width and thickness of concrete slab. 13 

The results indicate that FRP-UHPC composite beams exhibited shear failure, while FRP-NSC 14 

composite beams experienced bending-shear failure. The composite beams demonstrated shear-lag 15 

effect, which became more pronounced with the increasing of the concrete slab width. The use of 16 

UHPC, reducing FSK spacing, and increasing the size of cross-section of concrete flange can 17 

effectively enhance the shear performance and reduce interface sliding. Formulae were developed to 18 

predict the shear capacity and deflection, considering shear deformation. The results predicted by the 19 

formulae developed match well with the experimental results. 20 

Keywords: composite beam; shear performance; FRP profile; UHPC; FRP shear key 21 

1 Introduction 22 

Reinforced concrete (RC) structures are suffering from serious corrosion problems, which not 23 

only significantly reduce their expected lifespan but also lead to increases in maintenance expenses 24 

[1]. Fiber-reinforced polymers (FRP), renowned for its exceptional physical and chemical stability 25 

[2], effectively satisfies structural load requirements while exhibiting outstanding corrosion resistance 26 

[3], leading to its growing application in structural engineering [4]. By reinforcing the tension area 27 

with FRP profiles, the FRP-concrete composite structures not only mitigate the low stiffness of the 28 

individual FRP component but also enhances the overall structural stiffness and durability [5-6]. FRP-29 

concrete composite structures, being both economical and practical compared to pure-FRP 30 

counterparts, combine the excellent corrosion resistance and high tensile strength of FRP while 31 

possessing the good compressive strength and low cost of concrete [7-8]. The load capacity of FRP-32 
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concrete composite beams increased by approximately 50%, while the self-weight decreased by 33 

around 50% [9] when compared with equivalent RC beams. 34 

Despite the numerous advantages associated with FRP-concrete composite structures, they face 35 

a multitude of challenges. Although FRP-concrete composite beams adhere to the overarching 36 

concept of steel-concrete composite beams, there is a significant disparity in the shear strength 37 

exhibited by pultruded FRP compared to steel profiles. Based on the single-fiber failure model, Wang 38 

et al. [10] conducted an analysis on the failure patterns of FRP-concrete composite beams in terms of 39 

bending and shear. By testing eight low shear force connection performance composite beams, 40 

Neagoe et al. [11] developed and validated the FRP-concrete composite beam design method that 41 

considered shear effects. Based on the bending tests, Zou et al. [12] demonstrated that the strength of 42 

the resin and interfacial bond significantly influence the shear performance of FRP profiles. Besides, 43 

the ply angle of fibers also plays a role in determining shear strength. Specifically, FRP profiles with 44 

a 0° ply angle (produced through pultrusion process) exhibited lower shear strength compared to 45 

those with a 45° ply angle, which showed higher shear strength. However, considering the trade-off 46 

between manufacturing cost and advantages associated with pultrusion process, currently, profiles 47 

produced with a 0° ply angle are widely utilized in engineering applications. This characteristic makes 48 

FRP-concrete composite beams prone to shear failure during service, especially at the junction of the 49 

FRP web or web-top flange [13]. 50 

Effective mitigation of bond failure between FRP and concrete can be achieved through the 51 

development of efficient shear connector [14]. For FRP-concrete composite beam, the FRP and 52 

concrete are joined together by interfacial shear connection such as perforated FRP rib, epoxy 53 

adhesive, steel/FRP bolts or steel/FRP shear key [9]. Zhang et al. [15] tested FRP box-concrete 54 

composite beams with different interface treatments. The experimental results demonstrated that the 55 

FRP-concrete composite beam with a box section exhibited enhanced load-bearing capacity and 56 

flexural stiffness in comparison to the pure-FRP box beam, despite both beams exhibiting shear 57 

failure of the FRP web. They also confirmed that the combination of using FRP shear key (FSK) and 58 

bonded interfaces exhibited the best anti-slip performance. Thus, the design process for FRP-concrete 59 

composite sections is typically governed by shear capacity, highlighting the crucial importance of 60 

investigating the shear performance. 61 

The recently developed cement-based composite material, UHPC [16], exhibits exceptional 62 

durability and ultra-high strength [17]. Research studies [18-19] have demonstrated that the rational 63 

utilization of FRP's excellent mechanical properties in conjunction with UHPC can enhance the 64 

loading and durability capacities of structures while reducing the potential risk of microcracks 65 

expanding within structures. By combining FRP and UHPC, the performance shortcomings of 66 
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traditional RC in extreme environments can be mitigated, enabling bridge structures to achieve higher 67 

efficiency, cost-effectiveness, and sustainability. 68 

Currently, there are few studies focusing on the factors influencing the shear performance of 69 

FRP-UHPC composite beams. The applicability of existing design theories and specifications for 70 

FRP-NSC composite structures to FRP-UHPC composite structures has not been verified. In addition, 71 

the anisotropic characteristics of FRP make the failure patterns of composite beams more diverse and 72 

complex [20], posing challenges in the derivation of design theories and universally accepted 73 

specifications for FRP-UHPC composite structures. Therefore, it is necessary to conduct systematic 74 

experimental and theoretical research to explore the shear behavior of FRP-UHPC composite beams 75 

with a single web. 76 

In this paper, the FRP-UHPC composite beams were subjected to four-point bending tests by 77 

varying the concrete type, FSK spacing, concrete slab width, and thickness as the main parameter 78 

variables. According to the findings presented by Zhang et al. [15], a hybrid treatment of FSK and 79 

epoxy resin was applied to the interface between concrete and FRP top flange in order to further 80 

mitigate interfacial slip-induced failure. Based on the tested results, including failure pattern, load-81 

displacement response, strain response, and slip response, the mechanism of FRP-UHPC composite 82 

beams enhanced by FSKs under shear failure was thoroughly investigated. Additionally, the formulae 83 

for shear bearing capacity and deflection considering shear deformation were derived based on 84 

appropriate assumptions. The output results can provide a valuable technological reference for the 85 

design of FRP-UHPC composite beams. 86 

2 Experimental programs 87 

The FRP-UHPC composite beams enhanced by FSK were designed and fabricated at a 1/2 scale, 88 

as show in Fig. 1. The total length of specimens is 1800 mm, bending-shear span is 600 mm, and pure 89 

bending span is 400 mm. Specimen S1 has FRP profiles with dimensions of 180 × 100 × 10 × 10 mm 90 

(hfw × bfw × tfw × tfw) and UHPC slab with cross-sectional dimension of 200 × 60 mm (bc × tc), was 91 

taken as control specimen. The dimensions of FSK are 3 × 40 × 40 mm (ts × bs × hs) and the spacing 92 

df is 200 mm. To study the influence of FSK spacing on the shear performance of FRP-UHPC 93 

composite beams, the FSK spacing of beams S4, S1 and S5 is set to 100 mm, 200 mm and 300 mm, 94 

respectively. The specific layout details are shown in Fig. 1(d), (e) and (f). A hybrid connection of 95 

epoxy resin and FSK was used for the composite interfaces of all specimens [15]. First, the surfaces 96 

of the bottom of FSK and the FRP upper flange were roughened by a grinding machine, then cleaned 97 

by industrial-grade alcohol. Second, the FSKs were adhered onto the upper flange surface of the FRP 98 

profile by modified epoxy resin (E-44). After securely attached, epoxy resin was brushed onto the 99 



4 

surface of upper flange, and concrete was directly poured into the formwork. After 28 days of natural 100 

curing, formwork was removed. 101 

 
(a) Front view 

  

 

(b) Cross-section of mid span (c) Dimension of FSK 

 
(d) Layout of FSK spacing of 100 mm (df = 100 mm) 

 
(e) FSK spacing of 200 mm (df = 200 mm) 

 
(f) FSK spacing of 300 mm (df = 300 mm) 

Fig. 1. Dimension of FRP-UHPC composite beams enhanced by FSK (unit: mm). 

Tab. 1. Parameters of specimens designed. 102 

No. Type of concrete tc (mm) bc (mm) df (mm) 

S1 UHPC 60 200 200 

S2 C40 60 200 200 

S3 C60 60 200 200 

S4 UHPC 60 200 100 

S5 UHPC 60 200 300 

S6 UHPC 60 100 200 

S7 UHPC 60 300 200 

S8 UHPC 80 200 200 

S9 UHPC 100 200 200 
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2.1 Mechanical properties of materials 103 

Table 2 delineates the mixture compositions for NSC and UHPC, adhering to the specifications 104 

outlined in Chinese standards JGJ 55-2019 [21] and GB/T 31387-2015 [22], respectively. Both NSC 105 

and UHPC formulations feature manufactured sand characterized by an average particle size of 0.5 106 

mm and employ Portland cement, with NSC utilizing P.Ⅱ 42.5 grade and UHPC employing P.Ⅱ 52.5 107 

grade cement. NSC incorporates coarse aggregates ranging from 5 to 20 mm in particle size. The 108 

composition of UHPC includes active mineral admixtures such as 400 mesh silica fumes (the number 109 

of holes in the screen per inch is 400 particles, and the particle diameter is about 37 microns), grade 110 

II fly ash, and grade S95 slag powder. Additionally, straight copper-plated steel fibers, possessing a 111 

tensile strength of 2850 MPa and dimensions of 13.0 mm in length and 0.22 mm in diameter, are 112 

integrated into the UHPC mixture. Mixing water sourced locally and a polycarboxylate 113 

superplasticizer with a solid content of 20% and a water reduction rate of 32% are employed in both 114 

formulations. 115 

Tab. 2 Mixture proportions by weight of NSC and UHPC. 116 

No. Cement  Sand  Stone  
Slag 

powder  

Silica 

fume  

Fly 

ash  

ρs 

(%) 
Superplasticizer (%) w/b 

C40 1.0 1.64 2.67 / / / / 1.05 0.42 

C50 1.0 1.11 2.59 / / / / 1.2 0.32 

UHPC 0.55 1.2 / 0.1 0.25 0.1 1.0 1.5 0.19 

Note: ρs is the volume fraction of steel fiber, and w/b is the water-binder ratio. 117 

According to Chinese codes GB/T 50081-2019 [23] and T/CBMF 37-2018, T/CCPA 7-2018 [24], 118 

respectively, three dumbbell-shaped concrete specimens for tension test and three cubic concrete 119 

specimens for compression test (100 × 100 × 100 mm) were prepared under the same condition as 120 

the beam specimens. Table 3 lists the mechanical properties of UHPC and NSC, where fcu is the cubic 121 

compressive strength tested, Ec, fc and ft are the calculated modulus of elasticity, compressive and 122 

tensile strength, respectively [25]. 123 

Tab. 3 Mechanical performance of NSC and UHPC. 124 

No. fcu (MPa) fc (MPa) ft (MPa) Ec (GPa) 

C40 45.8 34.8 2.8 33.8 

C50 57.5 43.7 3.2 35.7 

UHPC 106.4 93.6 7.9 43.2 

The FRP profiles with an apparent density of 1920 kg/m3 were manufactured by using the 125 

pultrusion process method (glass fiber and unsaturated polyester resin). Symmetric and balanced 126 

laying plans were adopted for the fibers at the flange and web. Accordance to the ASTM 127 

D3039/D3039M-14 [26] and GB/T 1448-2005 [27], material performance tests were carried out on 128 

the FRP profiles. The test results show that the uniaxial tensile and compressive strength are 375 MPa 129 

and 328 MPa, respectively, while the tensile and compressive modulus of elasticity are 33.8 and 30.4 130 
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GPa, respectively. The shear performance data was acquired from manufacturer tests conducted in 131 

accordance with ASTM D3518/D3518M-18 [28]. The results indicate that the in-plane shear strength 132 

along the fiber direction is 35.8 MPa, while the corresponding shear modulus is measured to be 3.7 133 

GPa. 134 

According to the testing report offered by the manufacturer, the epoxy resin has a tensile strength 135 

of 40.5 MPa, shear strength of 12.7 MPa, a modulus of elasticity of 3.4 GPa, its bond strength with 136 

concrete (cohesive failure) is 3.7 MPa and elongation is 2.3%. It has a curing time of 4 to 6 hours, 137 

and a temperature resistance of -60 ℃ ~ 120 ℃. 138 

2.2 Test setup and measurements 139 

Figure 2 exhibits the experimental configuration, loading apparatus, and measurement layout 140 

utilized in the four-point flexural testing procedure. The vertical deformation was monitored by 141 

displacement gauges placed at the bottom of the specimen and two supports. Dial gauges were used 142 

to assess the longitudinal slip between the concrete slab and FRP profiles. The recorded end slip of 143 

the beam specimen was determined by calculating the differential longitudinal displacements between 144 

the top flange of the FRP profile and the concrete slab. The measurement of strain distribution was 145 

achieved by bonding strain gauges on both the concrete slab and FRP profiles of mid-span sections. 146 

In order to evaluate web shear strain within the shear span, three rows of three-directional rosette 147 

gauges were uniformly placed at sections located 200 mm and 400 mm away from the support. After 148 

polishing the paste position, it is recommended to thoroughly clean it with alcohol before attaching 149 

the strain gauge. To mitigate any potential impact of hydration heat generated by UHPC during the 150 

hydration process on the electric couples of the strain gauge, all surfaces of the strain gauge are coated 151 

with epoxy resin adhesive. Furthermore, prior to conducting bending tests, it is essential to 152 

meticulously verify the validity of all measuring points in order to prevent data errors caused by strain 153 

damage. Load, strain, and displacement were captured throughout the loading process using a TDS 154 

540 data acquisition instrument. Additionally, four wooden pads with dimensions of 100 × 45 × 200 155 

mm (width × thickness × height) were positioned at the bottom support to mitigate failure resulting 156 

from localized stress concentration on the bottom flange of the FRP profiles. 157 
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Fig. 2. Test setup (unit: mm). 

3 Experimental results 158 

3.1 Failure modes 159 

The general failure patterns of all specimens are illustrated in Figure 3, and these patterns have 160 

been summarized in Table 4. All specimens cracked at the lower edge of concrete slab at the mid span 161 

during the initial bending stage, accompanied with slight noises, and significant increase of the end 162 

slips. With the increase of load, tearing occurred at the web-flange connections at the ends of beams 163 

(Fig. 3a). Blisters appeared on the matrix of FRP profiles, and the interlayer adhesive layers began to 164 

delaminate. Due to the low compressive strength of NSC, the top of concrete slab at mid-span crushed 165 

(Fig. 3b), and specimens S2 and S3 (FRP-NSC composite beams) reached ultimate failure, with 166 

bottom cracks extending near the loading points. The shear failure at the web-flange connections 167 

gradually worsened and spread from the ends to the loading points. Besides, when specimen S2 failed 168 

due to severe tearing of the web, the bonding of the interface weakened, and delamination occurred 169 

between the top flange of FRP profile and end concrete slab (Fig. 3d). As a result, the FRP-NSC 170 

composite beam experienced a cooperative failure involving both bending and shear. The concrete 171 

slabs in FRP-UHPC composite beams showed diagonal cracks in the shear span, extended from shear 172 

span to pure flexural span (Fig. 3c). When the interlayer shear at the web-flange connection extended 173 

to the pure bending span, the end web suddenly cracked, and the composite beam collapsed, gradually 174 

recovering after unloading. Therefore, the FRP-UHPC composite beam exhibited mainly shear failure. 175 

The development of internal microcracks and macroscopic cracks were effectively restricted by the 176 

steel fibers distributed in UHPC matrix. The crack widths of FRP-UHPC composite beams are smaller 177 

and denser than those of FRP-NSC composite beams. Steel fibers slowly pulled out from the matrix 178 

before the failure of specimens, indicating the bridging effect of UHPC with random distributed steel 179 

fibers improved the deformation capacity and ductility of composite beams. 180 

Displacement gauge Dial gauge Strain gauge for FRP Strain gauge for concrete 
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Spreading beam
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Concrete/UHPC

FRP profile
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cross-section

Wood stiffness
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Fig. 3. General failure modes. 

Tab. 4. Summarization of all the specimens' failure modes. 181 

Failure mode Specimen 

Debonding failure S2 

Concrete compression failure S2, S3 

Concrete shear failure S1, S4, S5, S6, S7 

Web-flange junction shear failure S1, S2, S3, S4, S5, S6, S7, S8, S9 

3.2 Load response 182 

3.2.1 Load-deflection curve 183 

Figure 4 displays the load-deflection (P-δ) curves, and the comparison of test results of is listed 184 

in Table 5. Pcr and Pu are the cracking and ultimate load, respectively, δcr and δu are their corresponding 185 

deflections, respectively; sl and sr are the maximum slips at the left and right ends of concrete slab, 186 

respectively. According to the code JGJ 138-2016 [29], the deflection at the mid-span of the beam 187 

under serviceability limit state is considered as the deflection limit (δlimit = 6 mm), that is 1/300 of the 188 

total span. It can be observed that when the deflection reaches the deflection limit in such the state, 189 

the FRP-UHPC composite beam reinforced by FSKs still has a large load reserve. Thus, the FRP-190 

UHPC composite beam with FSK meets the requirements for serviceability limit state. 191 

As illustrated in Fig. 4, the load-deflection curves of both FRP-UHPC and FRP-NSC composite 192 

beams demonstrate elastic behavior till the cracking of concrete slab. After cracking, the load-193 

deflection curves of FRP-UHPC composite beams maintain an almost linear progression until failure, 194 

whereas the curves for FRP-NSC composite specimens exhibit a nonlinear pattern. This difference in 195 

behavior can be attributed to the contrasting material performance between NSC and UHPC. In FRP-196 

NSC composite beams, the bending process leads to a concrete crushing stage, followed by interlayer 197 

shear failure, primarily due to the lower strength of NSC compared to UHPC. Conversely, FRP-198 

UHPC composite beams tend to develop small and dense shear cracks during bending, eventually 199 

leading to failure primarily due to shear at the web-flange connection. These distinct failure modes 200 

result in different characteristics during failure. When shear failure occurs, the FRP-NSC composite 201 

beams can exhibit pseudo-ductile behavior [30], allowing some deformation and load redistribution.  202 

(b)  Concrete crushing (d) Debonding failure(c)  Concrete shear failure(a) Web-flange junction shear failure

(a) (d)(b) (c)
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However, FRP-UHPC composite beams, with their higher strength and more rigid response, tend to 203 

fail in a more brittle pattern. 204 

After comparing specimens S1, S2, and S4, it can be observed that the ultimate load of specimen 205 

S1 is enhanced by 15.1% and 11.3%, while the ultimate deflection is reduced by 3.6% and 1.3%, 206 

respectively, in comparison with S2 and S4. This suggests that the utilization of UHPC instead of 207 

NSC can enhance the shear performance of composite beams to a certain extent; however, it may 208 

expedite the shear failure of FRP profiles and diminish the deformation capacity of composite beams 209 

[31]. As the FSK spacing is reduced, the cracking and ultimate loads together with their respective 210 

corresponding deflections improved (Fig. 4b). This indicates that reducing the spacing of FSK can 211 

moderately improve the synergetic performance of FRP profiles and UHPC slab, thereby enhancing 212 

the shear contribution of UHPC slab [32]. As the thickness and width of concrete slab increase, the 213 

cracking and ultimate loads increase, while their respective corresponding deflections decrease (Fig. 214 

4c and Fig. 4d). The bearing capacity of specimen with a slab width of 300 mm is improved by 2.1% 215 

and 6.0%, respectively, compared with those of specimens with slab widths of 200 and 100 mm. The 216 

load bearing capacity of the specimen with a slab thickness of 100 mm is improved by 15% and 29%, 217 

respectively, compared with counterparts having slab thickness of 80 and 60 mm. This finding 218 

illustrates that enlarging the slab thickness of specimen has a certain extent effect on its shear 219 

performance. This can be attributed to the ratio of shear span to depth decrease with the increase of 220 

concrete slab thickness, thereby enhancing the shear performance of specimen accordingly. 221 

  
(a) Effect of concrete slab strength (b) Effect of FSK spacing 
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(c) Effect of concrete slab width (d) Effect of concrete slab thickness 

Fig. 4. Load-deflection curves. 

Tab. 5. Characteristic load, deflection and failure mode. 222 

No. Pcr / kN Pu / kN δcr / mm δu / mm sl / mm sr / mm Failure pattern 

S1 20.2 168 0.84 8.26 0.97 0.95 Shear 

S2 9.33 146 0.41 8.56 1.72 1.76 Flexural & shear 

S3 15.2 149 0.64 8.37 1.56 1.52 Flexural & shear 

S4 25.8 180 1.05 8.39 0.79 0.80 Shear 

S5 17.5 153 0.77 7.79 1.18 1.16 Shear 

S6 19.6 162 0.96 8.88 0.64 0.66 Shear 

S7 23.8 172 0.89 8.06 1.20 1.18 Shear 

S8 25.8 190 0.79 7.39 1.27 1.29 Shear 

S9 28.7 218 0.66 6.92 1.42 1.39 Shear 

3.2.2 Stiffness degeneration 223 

The stiffness degradation curves are illustrated in Fig. 5. Before the concrete cracking, the 224 

stiffness of all specimens almost unchanged. After concrete cracking, the interfacial slip gradually 225 

increases, resulting in nonlinear stiffness degradation. Before the concrete slab cracks, the initial 226 

stiffness of specimens with UHPC slab is slightly higher than that of specimen with C40 concrete 227 

slab, but close to that of specimen made of C60 slab. After reaching the serviceability limit state, the 228 

stiffness degradation of FRP-UHPC composite beams is more gradual, while that of FRP-NSC 229 

composite beams is more rapid. Therefore, although UHPC cannot obviously enhance the initial 230 

stiffness of composite beams, it can moderately delay the degradation of stiffness in composite beams. 231 

This can be attributed to the higher bonding strength of UHPC with FSK and FRP profiles than that 232 

of NSC, and the composite coefficient of FRP-UHPC composite beam is larger, resulting in improved 233 

overall integrity. The stiffness degradation of specimens with different spacing of FSK shows no 234 

significant difference. With the decrease of spacing of FSK, the stiffness increases. As the width and 235 

thickness of concrete slab increase, the stiffness also improves. Increasing the slab thickness exhibits 236 

a more significant influence on stiffness improvement, but the stiffness degradation rate also 237 

gradually increases. This is because as the section size of concrete slab increases, which accelerates 238 
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the development of FRP profiles shear damage, leading to a significant improvement in interfacial 239 

bond slip and a decrement in composite coefficient. 240 

  
(a) Effect of concrete slab strength (b) Effect of FSK spacing 

  
(c) Effect of concrete slab width (d) Effect of concrete slab thickness 

Fig. 5. Stiffness degradation curves. 
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Figure 6 illustrates the load- longitudinal strain (P-ε) curve of the bottom of FRP profile and top 243 
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and elastoplastic stages. All FRP-UHPC composite beams exhibited approximately elastic behavior 245 

until failure, while FRP-NSC composite beams displayed non-linear behavior when the top concrete 246 
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FRP profiles strain in some specimens decreased at the ultimate load due to the elastic-brittle property 253 

of FRP profiles, resulting in a rebound during unloading. Under the same loading, improving concrete 254 

strength, reducing the spacing of FSK and increasing the sectional dimension of concrete slab not 255 

only reduce strains in FRP profiles and concrete slab but also improve the stiffness of composite 256 

beams. 257 

  
(a) Effect of concrete slab strength (b) Effect of FSK spacing 

  
(c) Effect of concrete slab width (d) Effect of concrete slab thickness 

Fig. 6. Load-longitudinal strain curves. 

3.3.2 Load-shear strain curve 258 

Assuming that the FRP web of composite beams is in a state of plane stress during the bending 259 

process, the shear strain γxy in FRP web could be calculated by using Eq. (1) [33], where, ε0°, ε45°, and 260 

ε90° represent the strains measured at 0°, 45° and 90° directions of the web in the shear span, as 261 

exhibited in Fig. 2. 262 
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Figure 7 shows the load-shear strain (P-γxy) curves for the webs of all specimens. As all shear 264 

failures occurred at the connection between the flange and web of FRP profile, the shear strain at all 265 

measured points did not reach the ultimate shear strain of FRP web of 0.0097. With the increasing of 266 
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concrete strength, the maximum shear strain at the measuring points also increases. Under the same 267 

load, the shear strain at measured point A in the web of FRP-UHPC composite beam is lower than 268 

that in FRP-NSC composite beam. Furthermore, it can be observed that the same outcome is achieved 269 

when comparing the shear strain of point B in both groups of composite beams. Therefore, UHPC 270 

can effectively enhance the shear stiffness of specimens, share the shear stress of FRP profiles, and 271 

improve the shear capacity of composite beams. In addition, reducing the spacing between FSKs and 272 

increasing the cross-section size of concrete slab also have similar effect. Among them, increasing 273 

the thickness of concrete slab results in the most significant influence on improving the shear 274 

performance. 275 

  
(a) Effect of concrete slab strength (b) Effect of FSK spacing 

  
(c) Effect of concrete slab width (d) Effect of concrete slab thickness 

Fig. 7. Load-shear strain curves. 
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The mid-span sectional strain distribution curves along the height direction of all specimens are 277 
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distribution along the height direction is approximately linear before the composite beam reaches 279 
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between the concrete slab and FRP profile flange when the composite beam reached ultimate load. 281 
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As the interfacial slip severely weakened the composite action, stress redistribution occurred for both 282 

the FRP and concrete sections. Therefore, prior to the occurrence of interfacial slip, the mid-span 283 

strain of test specimens was in a coordinated and continuous state, representing one composite section. 284 

However, once interfacial slip occurred, the bottom of concrete slab began to sustain greater tensile 285 

strains, and the FRP flange started to bear greater compressive strains. 286 

 
Fig. 8. Strain distributions along the sectional height direction. 

3.3.4 Strain distributions along beam width direction 287 

Figure 9 shows the mid-span transverse distribution curves of compressive strain on top of 288 

concrete slab for specimens S1, S6 and S7. In the elastic stage, the surface compressive strain of 289 

UHPC and the tensile strain of FRP bottom flange are uniformly distributed. But the strains mentioned 290 

above are no longer evenly distributed in elastic-plastic stage. Under different load levels, the strains 291 

at mid-axis are slightly greater than those at the ends, confirming the existence of shear lag effect in 292 

FRP-UHPC composite beams under bending moment [34]. By comparing specimens S1, S6, and S7, 293 

it can be found that the shear lag effect of specimens S1 (bc = 200 mm) and S7 (bc = 300 mm) are 294 

more significant than that of specimen S6 (bc = 100 mm), indicating that with the increasing of 295 

concrete slab width, the shear lag effect is more pronounced. Therefore, the shear lag effect of 296 

composite beams cannot be ignored at higher loading. 297 
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(a) bc = 100 mm (S6) 

 
(b) bc = 200 mm (S1) 

 
(c) bc = 300 mm (S7) 

Fig. 9. Mid-span sectional strain distributions along beam width direction. 

3.3.5 Strain distribution of the bottom and top flanges along beam length direction 298 

Figure 10 illustrates the longitudinal strain distributions along the bottom and top flanges of FRP 299 
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follows a linear ascending or descending trend over the half span. The strain distribution of top flange 305 

is uneven, caused by shear-interface action of FSKs that are distributed at intervals. The interlayer 306 
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flange. 309 
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(a) Top flange (b) Bottom flange 

Fig. 10. Strain distribution of the bottom and top flanges along the beam length (Beam S1). 

3.4 Slip response 310 

3.4.1 Relative slip along the length direction of beam 311 

The distribution curve of the relative slip along the length direction of specimen S1 is illustrated 312 

in Fig. 11. Given the symmetical nature of the specimens, displacement gauges were installed only 313 

over half the beam's span. The slip remained relatively small and developed slowly during the elastic 314 

stage, but exhibited a marked increase as the beam transitioned to the elastic-plastic stage. 315 

Additionally, the slip was generally smaller within the pure flexural span but increased and exhibited 316 

a more uneven distribution in the flexural-shear span [35]. This phenomenon can be attributed to the 317 

localized anti-shear action of the FSKs, which effectively mitigate slip in spans incorporating FSKs 318 

compared to those without them. In summary, FSKs significantly enhance shear resistance at the 319 

interface, thereby improving overall structural integrity of composite beams. 320 

 
Fig. 11. Interfacial slip distribution along the length direction of specimen S1. 
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The vertical deflection-slip (δ-s) curves for all tested specimens is shown in Fig. 12. It is evident 322 

that for composite beams occurring the same deflection, the end slip in FRP-NSC specimens is greater 323 

than in FRP-UHPC specimens. Furthermore, the end slip tends to decrease as the strength of the NSC 324 

increases (Fig. 12a). This suggests that UHPC demonstrates superior bond performance with FRP, 325 

indicating stronger interface shear resistance at the FRP-UHPC composite interface compared to the 326 

FRP-NSC interface. According to the findings of Lu et al. [36], the enhanced tensile strength and 327 

crack resistance of UHPC contribute to its improved bonding performance with FRP. In terms of 328 

specimens with the same deflection, the maximum end slip was observed in the specimen having FSK 329 

spacing of 300 mm, while the specimen having FSK spacing of 200 mm showed a moderate level of 330 

end slip, and the specimen having FSK spacing of 100 mm exhibited the least end slip (Fig. 12b). 331 

This observation suggests that reducing the FSK spacing increases the interface shear resistance, 332 

thereby reducing end slip at a given deflection. This is because the greater the FSK spacing, the less 333 

composite action achieved, thus the larger the end slip. As the size of concrete slab increases, the end 334 

slip increases gradually (Fig. 12c and Fig. 12d). This is because increasing the size of concrete slab 335 

improves the flexural stiffness of specimens, which causes the curvature inconsistency between the 336 

concrete and FRP section and reduces their collaborative action. 337 
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Fig. 12. Deflection-end slip strain curves. 

4 Theoretical analysis 338 

4.1 Shear capacity 339 

The formulae for shear capacity of FRP-UHPC composite beams are established on the base of 340 

following assumptions. The interaction between the sectional shear force and bending moment can 341 

be ignored. The contribution of FRP profile flanges to shear performance is neglected. When the 342 

specimen reaches its ultimate shear capacity, the shear stress at FRP web is uniformly distributed 343 

along the height direction. The shear strain of web reaches its ultimate state at shear failure. Based on 344 

the assumptions, the shear capacity Vu is provided by both the FRP profile and UHPC slab, as 345 

presented by Eq. (2), where Vf and Vc are the shear resistance capacities of FRP profile and concrete, 346 

respectively. 347 

u c fV V V= +                                  (2) 348 

The shear capacity of UHPC flexural members in a skewed cross-section can be calculated 349 

according to the code CECS 38-2004 [37], as shown in Eq. (3). Where, λ is the ratio of shear span to 350 

depth, ft is the tensile strength of UHPC, and βh is the effective thickness coefficient of concrete slab. 351 

The value of βt = 1.0, (800 / t0)1/4 and 0.8, for t0 < 800 mm, 800 < t0 < 2000 mm, and t0 > 2000 mm, 352 

respectively, where t0 (= tc) is the effective thickness of UHPC slab. βv is the influential coefficient of 353 

steel fibers distributed in UHPC. For irregular steel fibers, βv = 0.7, for bow-shaped steel fibers, βv = 354 

0.6, and for straight steel fibers, βv = 0.5; λf (= ρflf/df) is the influence coefficient of steel fibers, where 355 

lf, df, and ρf are the length, diameter and volume fraction of steel fibers, respectively. 356 

c h t c 0 v f0.7 (1 )V f b t  = +                            (3) 357 

The shear capacity of FRP web is given by Eq. (4), where Aw, Gfw and γfw are the cross-sectional 358 

area, shear modulus and shear strain of FRP web, respectively. 359 

f fw fw fwV A G =                                (4) 360 

4.2 Deflection 361 

4.2.1 Bending deformation 362 

Since FRP primarily bear tensile stress while concrete slabs bear compressive stress, even if 363 

cracks occur in the concrete under normal service loads, the concrete in the cracked region has a 364 

limited effect on the overall stiffness and deflection of the composite beam. Therefore, it is reasonable 365 

to disregard the effects of concrete cracking during calculations, simplifying the analysis process and 366 
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ensuring accurate and safe deflection predictions during the service stage. From the results tested, it 367 

can be observed that the load-deflection curve of the FRP-UHPC composite beams exhibits overall 368 

linearity under shear failure, and the interfacial slip is negligible. Therefore, in analyzing the bending 369 

deformation of composite beams experiencing shear failure, it is assumed that the bending 370 

deformation is the overall deformation of the combination of concrete slab and FRP profiles under 371 

full connection, while neglecting the reduction in bending stiffness due to the slip effect [15]. Based 372 

on the assumptions, the formula for bending deformation δf of FRP-UHPC composite beams under 373 

two-point loads is expressed by Eq. (5), where B is the flexural stiffness, P is the concentrated load 374 

applying on the specimen, L is the length of span, a is the length of shear span. 375 

( )2 2

f 3 4
48

Pa
L a

B
 = −                              (5) 376 

The formula for flexural stiffness B is given by Eq. (6), where I is the inertia moment of the 377 

transformed section, I0 is the sum of the inertia moment of FRP profiles and UHPC slab transformed 378 

by modulus of elasticity; If and Ic are the inertia moment of FRP profile and UHPC slab, respectively; 379 

Ef is the modulus of elasticity of FRP profile; A0 is the sectional area transformed by modulus of 380 

elasticity, Af and Ac are the sectional areas of FRP profile and UHPC slab; d0 is the distance between 381 

the centroid of FRP profile and UHPC slab, and αE is the ratio of elastic modulus of FRP to that of 382 

UHPC. 383 

fB E I=                                   (6) 384 

2

0 0 0I I A d= +                                (7) 385 

0 Ef c /I I I = +                               (8) 386 

( )c0 c f E f/A A A A A= +                            (9) 387 

4.2.2 Shear deformation 388 

As the failure pattern of FRP-UHPC composite beams are shear failure, it is necessary to take 389 

the additional deformation caused by shear deformation into consideration. To simplify the analysis, 390 

it is assumed that the deformation of FRP flange occurs only in the plane and does not extend 391 

perpendicular to the neutral axis [38]. According to the Timoshenko beam theory, the shear 392 

deformation of specimens can be obtained by integrating along the length direction of the half-span, 393 

as presented in Eq. (10), where γfw and δs are the in-plane shear strain and deformation, respectively. 394 

Gfw is the shear modulus of FRP flange, V is the shear force applied on the element and τ is the 395 

corresponding shear stress. 396 
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2/
f

s 
0

fw fw fwfw

( )

2

L V aV x
dx

G A G A
 = =                         (10) 397 

Therefore, the total deformation δu can be obtained by adding the shear deformation δs to the 398 

bending deformation δf, as shown in Eq. (11). 399 

( )2 2 f
u f s

fw fw

3 4
48 2

V aPa
L a

B G A
  = + = − +                   (11) 400 

4.3 Validation 401 

The comparison between the predicted and experimental shear capacity Vu as well as their 402 

corresponding deflection δu is listed in Table 6. Since specimens S4 and S5 have the same mid-span 403 

section as S1 and only their FSK spacing differs, thus, only the results of S1 is presented here as the 404 

effect of FSK spacing on shear capacity is not considered. The subscripts "Exp" and "Cal" represent 405 

the experimental and calculated results, respectively, "Mean" and "CoV" represent the average value 406 

and coefficient of variation, respectively. The average value of the ratio of predicted to experimental 407 

shear capacities is 1.04, with a coefficient of variation of 0.09. Similarly, the average ratio of predicted 408 

to experimental deflections at the peak load is 1.03, with a coefficient of variation of 0.10. The 409 

predicted shear capacity of beams S2 and S3 (FRP-NSC composite beams) is lower than the 410 

experimental results due to the combined flexural and shear failure, whereas Eq. (2) only calculated 411 

the concrete shear capacity while ignoring the compression contribution of concrete. In all, the above 412 

calculation methods well predict the shear capacity and deflection. The composition of shear capacity 413 

and deflection of the specimens is illustrated in Fig. 13. In the case of FRP-UHPC composite beam, 414 

UHPC contributes to an average shear capacity accounting for 44%. On the other hand, for the FRP-415 

NSC composite beam, NSC accounts for an average shear capacity of 20%. Therefore, when 416 

evaluating the shear capacity of FRP-UHPC composite beams, it is necessary to consider the 417 

contribution made by UHPC. 418 
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Fig. 13. Composition of the shear capacity and deflection. 

Tab. 6. Comparison of the predicted and experimental shear capacity and deflection. 419 

No. Vu,Exp (kN) Vu,Cal (kN) Vu,Exp / Vu,Cal δu,Exp (mm) δu,Cal (mm) δu,Exp / δu,Cal 

S1 168 168 1.00 8.26 8.20 1.01 

S2 146 124 1.18 8.56 7.26 1.18 

S3 149 133 1.12 8.27 7.30 1.13 

S6 162 146 1.11 8.88 7.90 1.12 

S7 172 193 0.89 8.06 8.71 0.92 

S8 190 191 0.99 7.39 7.97 0.93 

S9 218 214 1.02 6.92 7.68 0.90 

Mean   1.04   1.03 

CoV   0.09   0.10 

5 Conclusions 420 

Four-point flexural testing was carried out on FRP-UHPC composite beams enhanced by FSK 421 

to investigate the effects of strength of concrete, spacing of FSK, width and thickness of concrete slab. 422 

(1) The failure mode of FRP-UHPC composite beams enhanced by FSK is mainly attributed to 423 

shear, whereas FRP-NSC composite beams typically exhibit flexural-shear synergistic failure. Both 424 

types of beams demonstrate linear-elastic behavior in their load-deflection curves prior to concrete 425 

cracking. However, after cracking occurs, FRP-UHPC beams maintain a near-linear progression until 426 

failure, while FRP-NSC beams display a nonlinear response. 427 

(2) Prior to failure, the mid-span distribution of longitudinal strain along the sectional height 428 

direction tends to follow a linear pattern, which is basically fit the plane-section assumption. However, 429 

upon reaching ultimate load, a noticeable interface slip occurs between the bottom of concrete slab 430 

and upper flange of FRP profile. 431 

(3) In elastic stage, the compressive strain on the top of UHPC slab and tensile strain on the 432 

bottom flange of FRP profile are uniformly distributed; when moving into the elastic-plastic stage, 433 

the strain is no longer uniform for the shear lag effect. And the shear lag effect becomes more evident 434 

with the increase of concrete slab width. 435 

(4) Using UHPC slab, decreasing the spacing of FSK, and increasing the size of concrete slab 436 

can effectively improving the shear performance and reduce interface slip of composite beams. Due 437 

to the limited shear strength of FRP, the strong compressive performance of UHPC cannot be fully 438 

utilized, and the deflection is determined by shear failure. It is necessary to increase the thickness of 439 

web or provide local reinforcement to enhance the shear performance. 440 

(5) Based on the reasonable assumptions, the formulae for shear capacity and deflection of FRP-441 

UHPC composite beams considering shear deformation is proposed. The predicted results coincide 442 

well with the test results. 443 
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Overall, the FRP-concrete composite beams enhanced by FSKs designed in this study exhibited 444 

good interfacial bonding performance, and their shear performance was sufficient under serviceability 445 

limit state. Although the use of UHPC instead of NSC improved the initial stiffness and shear capacity 446 

of the composite beams to some extent, the improvement was not significant. Given the high cost of 447 

UHPC, the FRP-UHPC composite beams showed poor cost-effectiveness. Therefore, future research 448 

should focus on enhancing the shear performance of FRP web to fully leverage the superior 449 

mechanical properties of UHPC. 450 
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