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Abstract: Fiber reinforced polymer (FRP) bar reinforced ultra-high-performance concrete (UHPC) members have attracted wide interest due to their excellent durability and mechanical properties. Determining bond strength is of great importance to the design of FRP bar reinforced UHPC members. This study investigates the effects of bar type, concrete type and rib geometry on the bond behavior of helically wound FRP bars embedded within UHPC. Pull-out tests on a total of 48 specimens with three types of concrete (0%, 1% and 2% steel fiber content), three types of bar (steel, basalt FRP and glass FRP) and three types of surface condition (smooth, shallow ribbed and deep ribbed) have been conducted. The results show that the bond strength of FRP bars embedded within UHPC is greatly affected by rib height. Indeed, FRP bars with deep ribs can reach a bond strength comparable to that of ribbed steel bars. A novel bond strength model for FRP bars embedded within UHPC, considering the effect of rib geometry, has been proposed and validated by the experimental results and existing data in the literature.   Keywords: Bond behavior; FRP bars; UHPC; surface condition; bond strength model
1. Introduction
The corrosion of steel reinforcement is a common cause of poor durability in concrete structures [1-8]. The cost of repairing concrete structures deteriorating as a result of steel reinforcement corrosion can exceed 3% of GDP per year [9]. As a result, finding a solution to the problem of steel reinforcement corrosion in concrete is a critical issue at present and the application of corrosion-resistant fiber reinforced polymer (FRP) bars as an alternative to steel reinforcement represents a promising solution [10-14]. 	 The most prominent concern surrounding structures reinforced with FRP bars is their over-large widths and excessive deformation and brittle behaviors [15-17]. FRP bars are generally brittle polymers with a lower modulus of elasticity compared to steel bars, especially in the case of glass FRP (GFRP) bars and basalt FRP (BFRP) bars, whose modulus of elasticity lies between 40-60 GPa – only around one fifth to one quarter that of steel bars. Developing a suitable solution to improve the ductility of concrete members reinforced with FRP bars becomes another challenge. 
Ultra-high-performance concrete (UHPC) is a construction material with excellent durability and ultra-high compressive strength, developed over the past three decades [18‑20]. The combination of UHPC and FRP bars to form FRP reinforced members has gained wide interest [21-24]. It not only makes full use of the high compressive strength of UHPC and the high tensile strength of FRP bars, but also greatly enhances the global structural performance and durability of FRP reinforced members [21]. However, as with conventional concrete, determining the bond strength of FRP bars is a key issue in the design of FRP reinforced UHPC members. 
The bond behavior of FRP bars in normal strength concrete has been investigated by many authors [25-29]. It has been concluded that the surface condition (sand-coated, ribbed, helically wrapped or intended) of FRP bars greatly influences bond strength [26-28]. In addition, limited studies have reported on the bond strength of FRP bars in ultra-high strength concrete. Lee et al. [30] studied the bond strength of sand-coated and helically wrapped GFRP in high strength concrete, and an equation was proposed to estimate bond strength based on the compressive strength of concrete. Yoo et al. [31] compared the bond strength of helically wrapped GFRP bars with that of ribbed steel bars in UHPC with a strength of 190.2 MPa and concluded that the bond strength of helically wrapped GFRP bars was about 70% of that of steel bars. Hossain et al. [32] conducted pull-out tests on 144 GFRP bars helically wrapped in UHPC beams and concluded that, when bond failure commences at the resin layer of FRP bars, the increased compressive strength of the concrete has no effect on the bond strength of those FRP bars. 
Zeng and Liao et al. [33-34] studied the bond behavior of sand-coated-wrapped GFRP bars of different diameters in high-strength and ultra-high-strength fiber-reinforced seawater sea sand concrete, and concluded that a 0.5% content of polyethylene (PE) fiber can slightly improve the bond strength of GFRP compared with fiber-free concrete, but that there is no effect when the dosing is increased. In addition, 	when the diameter of GFRP bars increased from 10 mm to 16 mm, the bond strength declined by around 20%. Yoo et al. [35] investigated the residual bond strength of carbon FRP (CFRP) bars in UHPC after exposure to different temperatures, and concluded that bond strength decreased significantly with increasing temperature. 
The above-mentioned studies have indicated that the surface characteristics of FRP bars greatly influence their bond strength, and that increasing the concrete compressive strength in ultra-high strength concrete has no effect on bond strength. In addition, the previous studies also indicated that the bond strength of FRP bars in ultra-high strength concrete almost entirely depends on the intrinsic properties of FRP bars, especially surface characteristics. However, there is no report on the study of surface characteristics on the bond strength of FRP bars in UHPC. In addition, both the equations for determining the bond strength of FRP bars in the existing codes (for example, ACI 440-1		R-15 [36], CSA S806-02 [37] and CSA S06-06 [38]) and the equations found in previous studies [30,39-40] take concrete compressive strength as the decisive factor, which is not consistent with the previously mentioned test results. 
In this study, a series of pull-out tests were conducted to study the bond behavior of FRP bars embedded in UHPC. Forty-eight specimens with different bar types (steel, GFRP and BFRP), concrete types (based on steel fiber content) and rib geometries (smooth, shallow ribbed and deep ribbed) were fabricated and tested. The effects of certain key factors, such as bar type, fiber content and rib height, on bond strength are discussed in detail. In addition, the applicability of current design codes and previous studies in estimating the bond strength of FRP bars in UHPC was assessed using the experimental data obtained in this study. To conclude, a novel bond strength model that largely accounts for the effect of rib geometry is established. 
2.  Experimental program 
2.1 Materials 
Three types of rebar were used to investigate their bond behavior in UHPC in this study: glass FRP (GFRP) bars, basalt FRP (BFRP) bars and steel bars.  In order to investigate the effect of surface condition on bond behavior, different rebar surface conditions were utilized, as shown in Fig. 1. The surface conditions for steel bars consist of smooth (Fig. 1a) and ribbed (Fig. 1g). For GFRP bars and BFRP bars, three surface conditions – smooth (Figs. 1b and 1c), shallow ribbed (Figs. 1d and 1e) and deep ribbed (Figs. 1f and 1h) – were used in this study. The ribbed BFRP bars and GFRP bars used in this study are normally referred to helically wound bars. They are selected for this study because they represent a widely used surface treatment for FRP bars currently. The ribs for these bars are made by automatically winding a tight strand around the surface of the smooth bar during production, in order to form a helical groove in the bar surface [27].  
The nominal diameter of all the bars in this study is 12 mm. The main geometry parameters for ribbed bars include rib spacing, rib width and rib height, as defined in Figs. 1g and 1h. The detailed properties of the bars are shown in Table 1. It should be noted that the tensile strength of bars in Table 1 were determined through bar tensile test. 
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Fig. 1. Photographs of bars used in this study: (a) smooth steel bar; (b) smooth BFRP bar; (c) smooth GFRP bar; (d) BFRP bar with shallow ribs; (e) GFRP bar with shallow ribs; (f) BFRP bar with deep ribs; (g) ribbed steel bar; and (h) GFRP bar with deep ribs. 

Three types of ultra-high-performance concrete (UHPC) with design compressive strengths of 100 MPa, 110 MPa and 120 MPa – named C1, C2 and C3 – were utilized in this study.  The concrete mix proportions are detailed in Table 2. C1, C2 and C3 contain 0%, 1% and 2% steel fiber, respectively. A straight copper-plated fiber was used in this study, as shown in Fig. 2, and its properties are listed in Table 3. 
Fig. 2. Steel fiber used in this study. 
 
 

The cement used in this study is CEM I 52.5N ordinary Portland cement, in compliance with BS EN197-1:2000. Silica fume with chemical compositions of 0.38% CaO, 97.51% SiO2, 0.16% Al2O3, 0.88% MgO, 0.29% K2O, 0.25% P2O5 and 0.33% Na2O was utilized in this study. Sand with a maximum particle size not exceeding 2 mm was used as fine aggregate. Coarse aggregates were not used. After 28 days of water curing, a uniaxial compression test and a direct tension test were conducted to determine the compressive strength and direct tension strength of the concrete. Cubic specimens with the dimensions 100 mm× 100 mm× 100 mm were utilized. The compressive strengths for C1, C2 and C3 are 93.7, 110.4 and 122.1 MPa, respectively. Dumbbell-shaped specimens were used to determine tensile strength, as shown in Fig. 3. The direct tension strengths for C1, C2 and C3 are 5.7 MPa, 6.8 MPa and 7.5 MPa, respectively. The differences in values of tensile strength are not significant, while C2 and C3 (with their additional steel fibers) have superior ductility to C1. 
Fig. 3. Direct tensile test of the UHPC used in this study. (a) Direct tensile stress-strain relationship; and (b) direct tensile test specimens.
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2.2 Specimen preparation 
In this study, a total of 48 pull‑out specimens were fabricated and tested. Eight bar types (as shown in Fig. 1) and three types of concrete mix (C1, C2 and C3) were utilized. There were hence 24 specimen types. Two duplicates were cast for each type of rebar. A standard concrete cube with the dimensions 150 × 150 ×150 mm was utilized for all specimens. A schematic of the pull‑out specimens is shown in Fig. 4. The rebars were embedded in the concrete cube through the central axis. That part of the bars embedded in concrete consists of bonded and debonded length. A bonded length of 3.5d (d being the nominal diameter of the bars) was used to investigate the bond behavior. It should be noted that the reason for adopting bonded length of 3.5d instead of a longer bonded length is to avoid rebar yield or rupture. A polyvinyl chloride (PVC) tube was used to minimize stress concentration near the loading plate. 

Fig. 4. Test specimens. 	(a) schematic of pull-out test specimen; (b) cross-section of specimen (unit: mm); and (c) mold used in this study.
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Steel tubes with a length of 150 mm were affixed to the loaded end of the bars using epoxy adhesive, to prevent ultimate rupture during the test. During casting, the rebars were kept vertical to prevent the introduction of a micro-void between the lower edge of the rebar and the concrete, as shown in Fig. 4c. The specimens were demolded two days after casting and cured in 20°C water for 28 days. They were labeled such that the first Latin letter represents the bar type, where S, B and G stand for steel bar, BFRP bar and GFRP bar, respectively. The second letter represents the surface condition where R, S and D stand for ribbed steel bars, and shallow ribbed and deep ribbed FRP bars, respectively. The third letter represents concrete type. It should be noted that, if the bar type letter (S, B or G) is directly followed by concrete type, the specimen is a smooth surface bar.  The last Arabic number represents the number of the two identical specimens.
2.3 Test setup and test procedure 
[bookmark: _Hlk120282394][bookmark: _Hlk120282411]Fig. 5 presents a schematic diagram and photograph of the test setup. An MTS testing machine with a load capacity of 250 kN was utilized in this study. During the test, the specimen was placed on a steel frame, the upper part of which was connected to the grip system by a protruding steel rod. The loaded end of the rebar of the specimen was connected to the lower grip system of the MTS system through a circular hole in the steel plate. Two linear variable displacement transducers (LVDTs) with a range of 50 mm were affixed to both sides of the specimen. One end of the two LVDTs was connected to the loaded end of the rebar through a steel bracket, with the other end (that with the probe) being placed on a right-angled aluminum plate pre-glued to the specimen. Thus, the slip of the rebar can be obtained through the displacement of the probe during testing.  During the test, the pull-out force is applied downward with a displacement control method of 0.3 mm/min. The test ceases when splitting failure occurs or the rebar of the specimen is pulled out from the concrete cube. 
Fig. 5. 	Test setup of pull-out test: (a) schematic diagram; and (b) photograph.
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[bookmark: _Hlk137384064]Table 1 Properties of bars used in this study
	Bar name
	Bar type
	Surface condition
	d (mm)
	hr (mm)
	w (mm)
	Sr (mm)
	fy (MPa)
	fu (MPa)
	E (GPa)

	S
	Steel
	Smooth
	12
	-
	-
	-
	355
	460
	199.1

	S-R
	Steel
	Rib bar
	12
	0.85
	2.5
	7.5
	550
	670
	200.4

	G
	GFRP
	Smooth
	12
	-
	-
	-
	-
	1310
	48.3

	G-S
	GFRP
	Shallow rib
	12
	0.31
	6
	9
	-
	1285
	50.2

	G-D
	GFRP
	Deep rib
	12
	0.76
	6.5
	10
	-
	1321
	49.6

	B
	BFRP
	Smooth
	12
	-
	-
	-
	-
	1120
	54.3

	B-S
	BFRP
	Shallow rib
	12
	0.26
	6
	9
	-
	1225
	55.6

	B-D
	BFRP
	Deep rib
	12
	0.75
	6.5
	10
	-
	1287
	54.7


Note: d = nominal diameter; hr = rib height; w = rib width; Sr = rib spacing	; fy = yield strength; fu = tensile strength; E = elastic modulus; and - = not applicable.  
[bookmark: _Hlk112365618][bookmark: _Ref110585898]	Table 2 Proportions and compressive strengths of concrete mixes
	Concrete name
	Steel fiber volume (%)
	Water 
(kg/m3)
	Cement
(kg/m3)
	Silica fume (kg/m3)
	W/B 
ratio
	Sand
(kg/m3)
	Superplasticizer
(%)
	fcu
(MPa)
	Direct tension strength (MPa)

	C1
	0
	287
	920
	276
	0.24
	1012
	2.4
	93.7
	5.7

	C2
	1.0
	287
	920
	276
	0.24
	1012
	2.4
	110.4
	6.8

	C3
	2.0
	287
	920
	276
	0.24
	1012
	2.4
	122.1
	7.5



		Table 3 Properties of steel fiber used in this study
	Type
	Fiber length (mm)
	Diameter (mm)
	Tensile strength (MPa)
	Density
(kg/m3)
	Elastic modulus (GPa)

	Straight
	13
	0.18
	>2850
	7850
	200



3.  Test results  
3.1 Failure modes
Three typical failure modes were observed in this test: pull-out failure, splitting failure and peeling-off failure. The failure modes for all specimens are summarized in Table 4. Figs. 6 and 7 show the cross-sections of typical specimens that failed during pull-out. In this test, all smooth surface bars exhibited pull-out failure in all types of concrete. In Fig. 6, a thin layer of residual concrete can be observed on the surface of the pulled-out bars with a smooth surface. The amount of concrete attached to the surface of the GFRP and BRFP bars is significantly greater than that attached to the surface of the steel bars. This may suggest a greater chemical bond between GRFP and BFRP and concrete than that of steel bars. In the case of the ribbed steel bars and FRP bars, only the specimens with C2 and C3 concrete types exhibited pull-out failure. This phenomenon is consistent with the known conclusion that UHPC without fibers are splitting prone as the fibers arrest the cracks. 
Typical cross-sections of ribbed steel bars and FRP bars are shown in Fig. 7. It can be observed that the concrete lugs for specimens with ribbed steel were completely crushed, resulting in a smooth damaged surface of concrete. For the ribbed FRP bars, the concrete lugs are largely intact and much residue of worn resin is observable between the 	concrete lugs, whereas the ribs of the FRP bars show clear signs of being worn out. Indeed, the ribs were largely worn away and no residual crushed concrete was observed between the ribs. Therefore, damage to the ribbed steel bars in UHPC is primarily concentrated on the concrete when it exhibits pull-out damage; in contrast, damage to the ribbed FRP bars is primarily concentrated on the ribs and the resin coating of the bar surface. 

Fig. 6. 	Cross-sections of typical specimens with smooth surface failure in pull-out failure: (a) S-C2-1; (b) G-C2-1; and (c) B-C2-1.
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Fig. 7. 	Cross-sections of typical ribbed specimen failures in pull-out failure: (a) S‑R‑C2-1; (b) G-S-C2-1; and (c) B-S-C2-1.
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When a rebar is pulled out from concrete, the presence of ribs causes radial stress on the nearby concrete, introducing circumferential tensile stresses. Splitting damage occurs when the circumferential tensile stresses are greater than the concrete's tensile strength. In this test, almost all the ribbed steel bars and FRP bars showed splitting failure in concrete C1, with the exception of Specimen B-S-C1-1, which showed pull-out failure. It can be demonstrated that incorporating macro-steel fiber into UHPC can successfully avoid the occurrence of splitting failure. Fig. 8 presents a typical morphology of splitting failure. 
In this test, three forms of splitting failure occur: the concrete splits into two along the axis with cracks developing 	parallel to the longitudinal direction of the rebar (as shown in Fig. 8a); the concrete splits into three parts, with the splitting surface and direction of the longitudinal axis of the concrete reinforcement occurring at a certain angle (as shown in Fig. 8b); and the concrete splits into two pieces, both at the fastened end and on the face perpendicular to the longitudinal axis of the reinforcement. The first form of failure occurred in FRP specimens with shallow ribs, the second type occurred in FRP specimens with deep ribs, while the third type occurred in specimens with ribbed steel.
The third failure type is actually a combination of cone failure and splitting failure. It can be demonstrated that the splitting pattern differs between FRP bars and steel bars embedded in high strength concrete.
Fig. 8. 	Photographs of typical specimens with splitting failure: (a) G-S-C1-1; (b) B‑D‑C1-1; (c) S-R- C1-1; and (d) S-R-C1-2.
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Typical cross-sections of specimens that have undergone splitting failure are shown in Fig. 9. It can be seen that, for shallow ribbed GFPB Specimen G-S-C1-1 (shown in Fig. 9a), the concrete lug remained intact while the ribs were almost half worn away. For deep ribbed BFRP Specimen B-D-C1-1 (shown in Fig. 9b), only about one-third of the ribs were worn off. For ribbed steel bar Specimen S-R-C1-1 (shown in Fig. 9c), approximately two-thirds of the concrete lugs were worn off.  
Fig. 9. 	Cross-sections of typical specimens with splitting failure: (a) G-S-C1-1, (b) B‑D-C1-1; and (c) S-R-C1-1.
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Peeling failure can also be considered a special kind of pull-out failure; it comes about as a result of shear stress between the resin layer on the surface of FRP bars and the central rod exceeding the adhesive stress provided by the epoxy. The resin layer and the central rod are completely peeled off, resulting in the pull-out of bars from the concrete. In contrast to the continuous slow decrease of the bond strength of a specimen damaged by pull-out, the bond strength of a specimen undergoing peeling-off failure decreases sharply after reaching the peak load, resulting in a rapid increase in the slip of the rebar. Thus, peeling-off is a brittle damage. 
In this study, almost all the FRP bars with deep ribs in C2 and C3 showed peeling-off failure. Typical cross-sections of the specimens exhibiting peeling-off failure are shown in Fig. 10. It can be observed that, similar to the pull-out failure described above, the resin layer pulled off from the FRP bars is retained between the concrete lugs while the concrete lugs mainly remain intact. The distinction is that the remaining resin layer has not completely worn away and remains largely intact. As can be observed, the resin layer's ability to connect to the FRP rod has limited strength. Merely raising the height of the rib that is wrapped in the resin layer would not increase the bond strength of the FRP bars.
 Fig. 10. 	Cross-sections of typical specimens with peeling-off failure: (a) G-D-C3-1; and (b) B-D-C3-1.
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3.2 Bond strength
In this study, the bond stress is calculated by:

		(1)
where τu is the bond strength, Pmax is the maximum load during the pull-out test, d is the nominal bar diameter and L is the bond length (3.5d).  The calculated bond strength is summarized in Table 4. From the calculated bond strength, it can be observed that the type of rebar, geometric properties of the rebar and type of concrete all have an effect on bond strength, and this is discussed below in detail. 
3.2.1 Effect of bar type on bond strength 
Fig. 11 shows the effect of bar type on bond strength in three types of concrete. Fig. 11a compares the bond strength of smooth bars. It can be observed that the bond strength of steel bars with a smooth surface varied between 4 and 6 MPa in all three types of concrete. Smooth-surfaced FRP bars have a bond strength between 10 and 15 MPa, which is two to three times stronger than that of smooth-surfaced steel bars. The cause for this may be twofold. First, smooth FRP bars have a more substantial chemical bond with concrete than do smooth steel bars. This supposition may be supported by the fact that the pulled out smooth FRP bars have more residual attached concrete than the smooth steel bars (as shown in Fig. 7). Second, due to the resin layer attached to the surface during the manufacture of FRP bars, the FRP surface may be rougher than that of steel bars, increasing friction during the pull-out process. 
Fig. 11b compares bond strengths between ribbed steel bars and FRP bars with shallow ribs. It is clear that FRP bars with shallow ribs have a substantially lower bond strength than ribbed steel bars, which accounts for only around 60% of bond strength in concrete C2. Fig. 11c compares bond strengths between ribbed steel bars and FRP bars. It can be seen that the bond strengths of FRP bars with deep ribs and ribbed steel bars are similar, falling between 38 and 41 MPa. It can be concluded that, in UHPC with a compressive strength of 	approximately 120 MPa, the bond strength of FRP bars with a rib height of 1.5% to 2.5% nominal diameter is significantly lower than that of ribbed steel bars; meanwhile, the rib height of FRP bars reaches 6% of nominal diameter and the bond strength can reach a level similar to, or even slightly higher than, that of ribbed steel bars. 
 Fig. 11. Effect of bar types on bond strength. (a) concrete type C1; (b) concrete type C2 and (c) concrete type C3.
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3.2.2 Effect of fiber content on bond strength 
In this test, the compressive strengths of concretes C1, C2 and C3 with 0%, 1% and 2% copper-plated steel bars were 93.7, 110.4 and 122.1 MPa, respectively. It is clear that incorporating steel fibers into UHPC can significantly increase the concrete’s compressive strength. As a result, it may be claimed that it is the effect of concrete strength on bond strength, rather than the effect of fiber additive, that is responsible, and this is discussed in this section. 
Fig. 12. Effect of fiber content on bond strength of smooth bar. Fiber content: (a) 0%; (b) 1.0%; and (c) 2.0%.
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Fig. 12 compares the bond strengths of smooth rebars and ribbed rebars in the three types of concrete. As shown in Fig. 12a, the bond strengths of smooth steel bars and smooth FRP bars are between 5 and 6 MPa and 10 and 15 MPa, respectively, indicating that the effect of fiber dosage on bond strength is not substantial for either BFRP or GFRP bars. 
The bond strength of concrete with 1% fiber content of ribbed steel bars and FRP bars is significantly higher than that of concrete without fiber, as can be seen in Figs. 12b and 12c. This is owing to the fact that splitting is the failure mode of ribbed steel bars and FRP bars in fiber-free concrete (C1). The tensile strength of concrete limits the bond strength of the specimens that have undergone splitting failure, meaning that the bond strength of the ribbed steel and FRP bars will be lower than in the case of pull-out failure, resulting in the bond strength of the ribbed steel bars and FRP bars in concrete C1 being lower than that of concrete C2. Figs. 12b and 12c also show that, once fiber dosage in UHPC reaches a level that can prevent splitting failure, increasing the fiber dosage of ribbed FRP bars has no clear effect on bond strength. This conclusion is supported by the fact that the bond strength of ribbed FRP bars is nearly the same for concrete with a fiber dosage of 1% and 2%. Given that the failure of ribbed FRP bars in UHPC is mostly centered on FRP bars rather than the concrete lug, it is reasonable to conclude that raising the fiber dosage (to improve compressive strength) in UHPC has no major influence on enhancing bond strength. The same conclusion is also reported by [32].
3.2.3 Effect of rib height on bond strength 
Fig. 13 shows the effect of rib height on bond strength in three types of concrete. It can be seen that the bond strength of both steel and FRP bars in all three types of concrete increased rapidly with rib height. Taking the rebars in concrete C2 as an example, smooth GFRP bars and BFRP bars had bond strengths of 12.8 MPa and 10.7 MPa, respectively, and reached 26.5 MPa and 24.8 MPa when the rib heights were 0.31 mm and 0.26 mm, respectively. When compared to smooth bars, the bond strengths of GFRP bars 	and BFRP bars with shallow ribs improved by 107% and 132%, respectively. When the rib height of GFRP bars and BFRP bars reached 0.75 mm and 0.76 mm, respectively, the bond strength reached 41.2 MPa and 38.5 MPa, respectively, increasing by 55.5% and 55% when compared to FRP bars with shallow ribs. This is also true for steel bars, where ribbed steel bars have greater than six times higher bond strength compared with smooth steel bars. 
Fig. 13. Effect of rib height on bond strength. Fiber content: (a) 0%; (b) 1.0%; and (c) 2.0%.
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It can be seen that, for FRP bars and steel bars, the higher rib height would lead to stronger mechanical interlocking, resulting in higher bond strength. In addition, it can be observed from Figs. 12b and 12c that the increase in bond strength with rib height is not linear; this is because 	the mechanical interlocking brought about by the ribs exceeds the adhesion of the contact interface between the resin layer and core rod, resulting in a peel-off failure (mentioned in section 3.1). Therefore, for ribbed FRP bars, when the rib height reaches a certain value, the bond strength may no longer increase.
3.3 Bond stress-slip behavior 
In this study, the slip between the bar and concrete is calculated by subtracting the elongation of the bar segment between the bonded section and the position at which the steel holder for the LVDTs is fixed from the measurement result of the LVDTs:

		(2)
where s is the slip between the bar and concrete, sLVDT  is the average measurement result of two LVDTs, F is the pull-out force measured by the MTS machine, l is the length of the bar segment between the bonded section and the position at which the steel holder for the LVDTs is fixed (105 mm in this study), Eb is the elastic modulus of the bar and Ab is the nominal cross-sectional area of the bar. 
Fig. 14. Typical bond stress-slip curves of FRP bars in UHPC.
 
 

The bond stress-slip curves can be derived through Eqs. (1) and (2). Fig. 14 shows the four typical bond stress-slip curves obtained in this study. The bond stress-slip curve for Specimen B-S-C2-2 is typical for ribbed FRP bars with pull-out failure and is composed of three parts: the first part is a rapid increase in bond stress in the rebar with a nearly infinite slope, followed by a slow increase and a gradual decrease in slope, and finally a wave-like decrease in bond stress. The waves are formed because the ribs are not completely worn out after crossing the first concrete lug, but continue to wear out when passing the later concrete lugs, resulting in a rise in bond stress followed by a fall. Repetition of this process forms the waves. 
The spacing of the slip between two adjacent vertices and the rib spacing sr are roughly equivalent. The bond stress-slip curve for Specimen B-D-C1-1 is typical for ribbed FRP bars with splitting failure. It can be seen that the corresponding slip is small. This is a type of premature splitting failure. The bond strength is not yet at its maximum due to the limitation of the tensile strength of concrete. The bond stress slip curve for Specimen G‑D‑C2-1 is a typical bond stress-slip curve for specimens with peeling-off failure. It can be observed that the peak bond stress is reached during the test process. Peeling-off of the resin layer of the FRP bars occurred during the downward part of the curve. The bond stress-slip curve for Specimen B-D-C2-2 is typical for FRP bars with deep ribs with pull-out failure. It can be observed that, compared to the bond stress-slip curve of FRP bars with shallow ribs, it has no wave-like descending part, which is due to the fact that the ribs of the FRP bars are completely worn off when they first pass through the concrete lug. 
Figs. 15 to 17 show the bond stress-slip curves for steel bars and FRP bars in three types of concrete. Since the bond stress-slip curves of the two identical specimens are very similar, only one is shown for simplicity. The bond stress-slip curves of bars with different rib heights are compared in these figures. From Figs. 15 to 17, it can be observed that, for steel bars with a smooth surface, the slip corresponding to the peak bond stress is limited compared with FRP bars. From Figs. 15b and 15c, it can be observed that, although FRP bars with shallow and deep ribs in concrete C1 exhibited splitting failure, those with shallow ribs exhibited greater slip at maximum bond stress than those with deep ribs. In addition, as can be seen in Figs. 16 and 17, all specimens exhibited pull-out failure (or peeling-off failure). The rank of the slips corresponding to the maximum bond stress is smooth < deep ribbed bar < shallow ribbed bar. Furthermore, it can be observed that none of the bond-stress slip curves for FRP bars with deep ribs have any wave-like descending part, in contrast to those of FRP bars with shallow ribs.
Fig. 15. Bond stress-slip curves of specimens in concrete C1. (a) Steel bars; (b) GFRP bars and (c) BFRP bars.
 
 
(a)
 
 
(b)
 
 
(c)
 
 

Fig. 16. Bond stress-slip curves of specimens in concrete C2: (a) steel bars; (b) GFRP bars; and (c) BFRP bars.
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Fig. 17. Bond stress-slip curves of specimens in concrete C3: (a) steel bars; (b) GFRP bars; and (c) BFRP bars
 
 
(a)
 
 
(b)
 
 
(c)
 
 

[bookmark: _Ref110596665]Table 4 Test results of pull-out test specimens
	Specimen name
	Concrete
type
	Pmax 
(kN)
	sm (mm)
	sma (mm)
	

(MPa)
	

(MPa)
	Failure mode

	S-C1-1
	C1
	8.3
	0.14
	0.17

	5.24
	5.04
	P

	S-C1-2
	C1
	7.66
	0.19
	
	4.84
	
	P

	S-R-C1-1
	C1
	50.9
	0.09
	0.11
	32.16
	32.28
	S+C

	S-R-C1-2
	C1
	51.26
	0.12
	
	32.39
	
	S+C

	B-C1-1
	C1
	20.9
	2.36
	2.68
	13.21
	14.25
	P

	B-C1-1
	C1
	24.2
	3.0
	
	15.29
	
	P

	G-C1-1
	C1
	17.5
	1.53
	1.47
	11.06
	11.53
	P

	G-C1-2
	C1
	19
	1.41
	
	12.01
	
	S

	B-S-C1-1
	C1
	38.07
	2.32
	2.35
	24.06
	23.84
	S

	B-S-C1-2
	C1
	37.4
	2.38
	
	23.63
	
	S

	G-S-C1-1
	C1
	40.2
	2.86
	2.75
	25.40
	25.47
	P

	G-S-C1-1
	C1
	40.4
	2.63
	
	25.53
	
	P

	B-D-C1-1
	C1
	45.5
	0.41
	0.52
	28.75
	29.29
	S

	B-D-C1-1
	C1
	47.2
	0.62
	
	29.83
	
	S

	G-D-C1-1
	C1
	47.1
	0.29
	0.29
	29.76
	28.21
	S

	G-D-C1-1
	C1
	42.2
	0.29
	
	26.67
	
	S

	S-C2-1
	C2
	10
	0.11
	0.10
	6.32
	6.51
	P

	S-C2-2
	C2
	10.6
	0.09
	
	6.70
	
	P

	S-R-C2-1
	C2
	66.6
	3.0
	2.25
	42.08
	41.01
	P

	S-R-C2-2
	C2
	63.2
	1.5
	
	39.94
	
	P

	B-C2-1
	C2
	17.5
	2.68
	2.52
	11.06
	10.71
	P

	B-C2-2
	C2
	16.4
	2.35
	
	10.36
	
	P

	G-C2-1
	C2
	22
	1.2
	1.35
	13.90
	12.8
	P

	G-C2-2
	C2
	18.5
	1.49
	
	11.69
	
	P

	B-S-C2-1
	C2
	38.7
	3.36
	3.59
	24.45
	24.8
	P

	B-S-C2-2
	C2
	39.8
	3.82
	
	25.15
	
	P

	G-S-C2-1
	C2
	39.4
	3.3
	3.17
	24.90
	26.48
	P

	G-S-C2-2
	C2
	44.4
	3.04
	
	28.06
	
	P

	B-D-C2-1
	C2
	63.5
	1.48
	1.64
	40.12
	38.45
	P

	B-D-C2-2
	C2
	58.2
	1.79
	
	36.78
	
	P

	G-D-C2-1
	C2
	65.9
	1.29
	1.41
	41.64
	41.20
	PO

	G-D-C2-2
	C2
	64.5
	1.53
	
	40.76
	
	P

	S-C3-1
	C3
	8.4
	0.12
	0.13
	5.31
	4.87
	P

	S-C3-2
	C3
	7
	0.14
	
	4.42
	
	P

	S-R-C3-1
	C3
	64.5
	1.06
	1.28
	40.76
	41.67
	P

	S-R-C3-1
	C3
	67.4
	1.5
	
	42.59
	
	P

	B-C3-1
	C3
	24.1
	2.4
	1.98
	15.23
	14.60
	P

	B-C3-2
	C3
	19.1
	1.55
	
	13.96
	
	P

	G-C3-1
	C3
	16.5
	1.35
	1.34
	10.43
	10.05
	P

	G-C3-2
	C3
	15.3
	1.33
	
	9.67
	
	P

	B-S-C3-1
	C3
	41
	3.0
	3.06
	25.91
	25.24
	P

	B-S-C3-2
	C3
	38.9
	3.11
	
	24.58
	
	P

	G-S-C3-1
	C3
	41
	3.34
	3.26
	25.91
	26.67
	P

	G-S-C3-2
	C3
	43.4
	3.18
	
	27.42
	
	P

	B-D-C3-1
	C3
	60.5
	1.37
	1.48
	38.23
	38.48
	P

	B-D-C3-2
	C3
	61.3
	1.59
	
	38.73
	
	PO

	G-D-1%-1
	C3
	66.1
	1.26
	1.24
	41.77
	41.17
	PO

	G-D-1%-2
	C3
	64.2
	1.21
	
	40.57
	
	P




Note: Pmax = peak load; sm = slip at peak load; sma = average slip at peak load; = bond strength; = average bond strength for duplicate specimens; P is pull-out failure; S is splitting failure; P-O is peeling-off failure; and C is cone failure. S+C means that the specimen has undergone both splitting failure and cone failure. 

4. Comparison and assessment of bond strength models in design codes and previous study    
4.1 Codes-based bond strength analysis and comparison
In this paper, the equations calculating the bond strength of FRP bars in concrete from three design codes are compared and analyzed for their applicability to UHPC, namely ACI 440.1R-15 [36], CSA S806-02 [37] and CSA S06-06 [38]. The following is a brief description of these three equations.
According to ACI 440.1R-15 [36], the bond strength of FRP bars can be calculated from the following equation:
	

	(3)







where  is concrete cover;  is bar diameter;  shall not be taken as larger than 3.5;  is embedment length; and is the compressive strength of concrete in MPa. It should be noted that the maximum limitation of the compressive strength of concrete in this equation is not specified.
According to CSA S806-02 [37], bond strength can be determined from Eq. (4):
	

	(4)









where is bar location factor (taken as 1.0 in this study); is concrete density factor (taken as 1.0 in this study);  is bar size factor (taken as 0.8 in this study);  is bar fiber factor (taken as 1.0 for both GFRP bars and BRFP bars in this study);  is bar surface factor (taken as 1.0 and 1.05, respectively, for smooth and ribbed bars in this study); and  is the smaller of (a) the distance from the closest concrete surface to the center of the bar being developed and (b) two-thirds of the center-to-center spacing of the bars being developed, and shall not be taken as greater than 2.5. The upper limit of concrete compressive strength is set to 64 MPa in this formula, which means that, when the concrete compressive strength exceeds 64 MPa, it is calculated in accordance with 64 MPa.
According to CSA S6-06 [38], bond strength can be determined from Eq. (5):
	

	(5)









where  is bar surface factor (taken as 0.8 in this study); and are the modulus of elasticity of FRP and steel in MPa, respectively;  is the flexural strength of concrete in MPa (usually taken as 0.4 );  is transverse reinforcement index (taken as 0 in this study);  is the elastic modulus of FRP bars in MPa; and Es is the elastic modulus of steel in MPa. 
Fig. 18 compares the calculated bond strengths using the above-mentioned equations and the experimental results obtained in this study. It should be noted that the cylinder compressive strength is taken as 0.8 times the cubic compressive strength in this study. It can be seen that CSA S806-02 [37] and CSA S06-06 [38] greatly underestimate the bond strength of FRP bars in UHPC. The bond strength calculated by these two equations is even lower than that for smooth FRP bars. As for ACI 440.1R-15 [36], it can accurately predict the bond strength of FRP bars with shallow ribs but not that of smooth FRP bars or FRP bars with deep ribs. In summary, the equations in these design codes do not provide a good prediction of the bond strength of FRP bars. 
Fig. 18. Comparison of bond strengths derived from equations in previous studies. 
 
 

4.2 Previous studies-based bond strength analysis and comparison
An equation determining the bond strength of FRP bars has been proposed in previous studies. In this section, three representative equations are selected to analyze and validate their applicability to UHPC. 
According to Okelo et al. [39], the bond strength of FRP bars can be calculated by considering the compressive strength of concrete and the diameter of FRP bars, and the following equation was proposed:
	

	(6)


Lee et al. [30] proposed that the bond strength of FRP bars can be roughly estimated by the strength of concrete, and the following equation was proposed:
	

	(7)


Yoo et al. [40] mentioned that the bond strength of FRP bars in UHPC calculated through equations in traditional codes may be overestimated, because these equations are proportional to the exponent of the compressive strength of concrete. The following equation was then proposed:
	

	(8)


Fig. 19. Comparison of bond strengths derived from equations in previous studies 
 
 

Fig. 19 compares the calculated bond strengths with the experimental results in this study. It can be seen that the bond strengths calculated by the three above-mentioned equations are similar. Comparing the predicted bond strengths with the test results, it can be seen that the predicted bond strength for smooth bars agrees well with the test results, whereas the bond strength for ribbed FRP bars is greatly underestimated. Indeed, the predicted bond strength for FRP bars with deep ribs is only around 30% of that shown in the test results of this study. Therefore, these three equations do not accurately predict the bond strength of FRP bars in UHPC; particularly ribbed FRP bars.
Consequently, neither the equations in the design codes nor those proposed in the previous studies accurately predict the bond strength of FRP bars in UHPC and there are two key reasons for this. Firstly, when FRP bars are pulled out from UHPC, the main damage is concentrated on the bar and not the concrete and so the ribs exert a decisive influence on bond strength. However, this influence is not well considered in these equations. Secondly, it can be seen that these equations are all presented as multiplying the exponential form of the compressive strength of concrete by other parameters. The implication is that bond strength increases with increased concrete strength, and so will the bond strength of FRP bars. However, from the test results in this paper and a previous study [32], it is known that increased UHPC strength does not significantly affect the bond strength of FRP bars. Hence, a new equation for calculating the bond strength of FRP bars embedded in high-strength concrete needs to be proposed.
5.  Bond strength model of helically wound FRP bars in UHPC    
In this section, a simplified model to calculate the bond strength of helically wound FRP bars in UHPC is proposed, as shown in Fig. 20. In this model, deformation of the UHPC is neglected, based on the fact that the lateral modulus of elasticity of the FRP bars is smaller than the UHPC [27]. In addition, the concrete lug is considered a rigid body and the damage is concentrated entirely on the ribs of FRP bars, based on the fact that the concrete lug remains almost intact whereas the ribs of FRP bars are almost completely worn off when FRP bars are pulled out from UHPC (or ultra-high strength concrete), which is the result obtained in this study and reported in the literature [32]. 
(c)
 
 
(b)
 
 
(a)
 
 
Fig. 20. Simplified model calculating bond strength of FRP bars in UHPC. 
 
 

Meanwhile, the model considers that the bond strength of ribbed rebar mainly arises from the mechanical interlocking between the rib and the concrete rather than from chemical adhesion or friction. In addition, this model suggests that the damage to helically wound FRP bars is mainly due to the crushing of the ribs rather than direct slip at the contact surface between the ribs and the rod of FRP bars. The reason for this assumption is that the ribs of the helically wound FRP bar are generally sufficiently wide and strong. 
Fig. 20a depicts the scenario at the initial stage of the pull-out process, when the FRP bars are not yet deformed with respect to the UHPC and the bond strength is primarily determined by chemical adhesion and static friction. Fig. 20b shows the scenario whereby FRP bars begin to deform when the pull-out force is sufficiently large to overcome chemical adhesion and static friction. The magenta colored area depicts the deformation of the FRP bars. The yellow line in this figure is the boundary after the deformation of FRP bars. Fig. 20c is a force schematic for the scenario set out in Fig. 20b. In this figure, the magenta area denotes the deformation of the FRP bars where the longitudinal force component can be generated, which is the main source of bond stress of ribbed FRP bars.
Fig. 21 shows the schematic of force diagram of deformed FRP bars when pulling out from UHPC. Fig. 21a represent the initial state of FRP bar. Fig. 21b represents the state of FRP bars after a slip of m occurred. Fig. 21c illustrates the force diagram of FRP bars corresponding to the state shown in Fig. 21b. In Fig. 21b, both orange area and magenta area represent the deformed area of FRP bars to ensure that the FRP bars can pass through the narrowest part of the concrete lug. Among these two deformed regions, only the orange region capable of generating longitudinal component force. The approach to obtain the bond strength of FRP bars in UHPC is described as follows. 
Fig. 21. Force diagram of deformed FRP bars.  
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(b)
 
 
(c)
 
 

First, a purely elastic case is discussed. When a slip of m occurs, the length of the contact surface capable of generating longitudinal component forces (The orange area in Fig. 21b) can be roughly obtained by Eq. (9) according to geometric relationship as shown in Fig. 22.  It should be noted that the simplified contact line is adopted, as shown in Fig. 22. Considering the fact that the rib width wr is generally much higher than the rib height hr, it is believed that this simplification is reasonable.  
	

	(9)





where  is rib width,  is the angle between the rib surface and the longitudinal of the bars; and is slip. 
Fig. 22. Schematic diagram of geometric relationship. 
 
 

The maximum vertical deformation of the contact surface with respect to the initial state (h) can be roughly calculated by E		q. (10) according to geometry relationship, as shown in Fig. 22. It should be noted that outer contour line of the rib is also simplified as a straight line based on the same reason with Eq. (9). 
	

	(10)



where is rib height. 


It is assumed that the vertical deformation on the contact surface changes linearly along the longitudinal direction of FRP bar, that is, the orange region is simplified as a triangle in this study. Then, the average vertical deformation  on the contact surface can be taken as . The average vertical strain on the contact surface can be obtained from Eq. (11).
	

	(11)



where  is the nominal radius of the rebar. 
The average vertical stress on the contact surface can be derived through Eq. (12):
	

	(12)





where  is the transverse elastic modulus of FRP bars. Considering that 	FRP bar is an anisotropic material, its transverse modulus of elasticity is generally smaller than its longitudinal modulus of elasticity, and thus the transverse modulus of elasticity in this study is taken as, where  is the discount factor of the transverse modulus of elasticity.

In addition, considering that the deformation of the FRP rib is not completely elastic, part of the deformation that is not elastic will be worn off when passing through the sharp edges of the concrete lug. In this study, this process is considered by introducing discount factor . Hence, the discounted stress can be calculated through Eq. (13):
	

	(13)


Then, the vertical force generated by a single rib can be calculated by Eq. (14):
	

	(14)


The horizontal component forces generated by the ribs can be calculated by Eq. (15):
	

	(15)



The friction at unit length can be obtained through Eq. (16):
	

	(16)




where  is the width of the concrete lug and is the friction stress between FRP bars and UHPC. In this study, the friction stress between FRP bars and UHPC was taken from the test results of specimens with smooth FRP bars (Specimens B-C1, G-C1, B-C2, G-C2, B-C3 and G-C3), as can be found in Table 4.  According to the test results, the range of the friction stress (s) between FRP bars and UHPC is around 10 MPa to 14 MPa.  

Then, the total longitudinal component force of FRP bars at unit length  can be obtained through E	q. (17):
	

	(17)


Bond strength can be obtained by Eq. (18):
	

	(18)


The collated equation is shown as Eq. (19):
	

	(19)


where Sr is the rib spacing. 
The first term of Eq. (19) is due to the bond stress provided by the mechanical interlocking, and the final two terms are due to the bond stress provided by friction. Since it is known that mechanical interlocking dominates the bond stress in ribbed FRP bars, the maximum value in Eq. (19) can be simplified to a case in which the first term obtains the maximum value. Hence, the maximum bond stress can be obtained through the following equation:
	

	(20)









Eqs. (19) and (20) demonstrate that bond stress arises from mechanical interlocking, and the bond stress of ribbed FRP bars is proportional to (). The relationship between the bond stress due to mechanical occlusion, as obtained by substituting the data from this test into Eqs. (11) to (19), is presented in Fig. 23. It can be seen that the experimental relationship between () and the bond stress due to the mechanical interlocking agreed with the rule described in Eqs. (19) and (20). The parameter  in Eqs. (19) and (20) was then obtained by regression analysis as , with an R-square of 0.99. In addition, since the bond strength of ribbed FRP bars is also limited by the adhesion strength between the resin layer and the fiber rod, as mentioned above, an upper limit  should be added to Eq. (20).  is the adhesion strength of the interface between the resin layer and the core fiber rod. According to the experimental results,  can be roughly taken as 40 MPa (the bond strength for specimens with peeling-off failure). 
Fig. 23. Relationship between                              and bond stress                                      due to mechanical interlocking.
 
 

Table 5 compares the experimental results and data in the literature [41] with values predicted through Eq. (20) proposed in this study. It should be noted that only limited studies are available on the bond strength of helically wound FRP bars in ultra-high strength concrete, and the parameters of rib geometry are not available in these studies [30‑35]. Therefore, only a set of experimental data with relatively high concrete strength (64.5 MPa) was selected for verification. It can be seen that the average mean value of the ratio of predicted bond strength to the test value reached 0.98, compared to 0.76, 0.17 and 0.26 for ACI 440.1R-15 [36], CSA S806-02 [37] and CSA S06-06 [38], respectively. In addition, even in concrete with a compressive strength of 64.5 MPa, the average predicted bond strength calculated by the model proposed in this study to experimental data also reached 1.06. 
It can be concluded that, even when concrete strength is only 64.5 MPa, the equation proposed in this paper can predict the bond strength of ribbed FRP bars in UHPC more accurately than the equations in the existing design codes. However, there are some limitations of the proposed model because the tested data in previous studies is limited. In future study, more tests should be conducted. When more relevant experimental results become available, they can be utilized to further validate the proposed model. 
Table 5 Comparisons of bond strengths
	Ref.
	Specimen name
	
 (MPa)
	
	
	
	

	
	
	Experiment
	ACI 440.1R-15
	CSA S806-02
	CSA S06-06
	Proposed model

	This study
	B-S-C1-1
	24.45
	26.2
	5.27
	8.31
	20.4

	
	B-S-C1-2
	25.15
	26.2
	5.27
	8.31
	20.4

	
	G-S-C1-1
	24.90
	26.2
	5.27
	8.31
	25.2

	
	G-S-C1-2
	28.06
	26.2
	5.27
	8.31
	25.2

	
	B-D-C1-1
	40.12
	26.2
	5.27
	8.31
	40

	
	B-D-C1-2
	36.78
	26.2
	5.27
	8.31
	40

	
	G-D-C1-1
	41.64
	26.2
	5.27
	8.31
	40

	
	G-D-C1-2
	40.76
	26.2
	5.27
	8.31
	40

	[34]
	B-S-1.5%
	19.90
	14.9
	4.73
	6.35
	15.9

	
	G-S-1.5%
	19.84
	14.9
	4.73
	6.35
	24.6

	
	B-D-1.5%
	35.83
	14.9
	4.73
	6.35
	40

	
	G-D-1.5%
	35.83
	14.9
	4.73
	6.35
	40

	

	
Average 
	
	0.76
	0.17
	0.26
	0.98



6. Conclusion 
In this paper, an experimental study on the bond behavior of steel bars, GFRP bars and BFRP bars in UHPC is conducted. Based on the experimental results, a theoretical model to determine the bond strength of helically wound FRP bars in UHPC (or ultra-high-strength concrete) is developed, considering the rib geometry of FRP bars. Key conclusions can be drawn as follows:
 (1) The geometric parameters of the ribs have a significant effect on the bond strength of FRP bars in UHPC. The bond strength of FRP bars with deep ribs in UHPC is almost three to four times higher than that of bars with a smooth surface. 
(2) The bond strength of FRP bars with deep ribs in UHPC with a compressive strength of around 120 MPa is similar to that of ribbed steel bars, while that of FRP bars with shallow ribs is only around 60% of that of ribbed bars.
(3) In UHPC, when the rebar is pulled out, damage to ribbed FRP bars is concentrated on the ribs rather than the concrete lugs, while it is the opposite for ribbed steel bars. This also leads to the conclusion that increased UHPC strength has almost no effect on the bond strength of FRP bars.
(4) Equations within existing codes and previous studies inaccurately predict the bond strength of FRP bars in UHPC (or ultra-high strength concrete) directly. The calculated results using these equations greatly underestimate the bond strength of FRP bars, especially those with deep ribs.
(5) The developed theory, considering the effect of the rib geometry of FRP bars on bond strength, can better predict the bond strength of FRP bars in UHPC compared with equations in existing codes and previous studies.  
It should be noted that the diameter of FRP bars in this study belongs to small diameter bar (12 mm). However, as for large diameter bars (16 mm to 50 mm), some conclusion might be not suitable. Further studies need to be conducted for large diameter bars. 
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