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Abstract 

Infrastructure degradation attributable to concrete deterioration and corrosion of reinforcing 

steel has been a long-standing challenge to the owners and engineers. This problem becomes 

more evident when concrete structures are subject to aggressively corrosive environments. 

The use of advanced materials such as ultra-high performance concrete (UHPC) and carbon 

fiber reinforced polymer (CFRP) bars has a strong potential to overcome this challenge and 

help build new infrastructure that is durable and sustainable. However, structural behavior of 

members using both UHPC and CFRP bars has not been studied thoroughly in the United 

States and overseas, and no codes or specifications are readily available for structural 

engineers to follow. This paper presented an initial attempt to explore this topic by addressing 
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the bond behavior between UHPC and CFRP bars through pullout tests. The test results 

showed that the UHPC specimens exhibited gradually increased slippage after the peak load 

and demonstrated superior bond performance in comparison with the conventional concrete 

specimens. Flexural tests were also conducted to compare the structural behavior of two 

large-scale beams, which were made of conventional concrete reinforced by steel bars and 

UHPC reinforced by CFRP bars, respectively. Test results showed that the UHPC beam did not 

exhibit as much ductility as the conventional beam, as predicted. However, there was still 

sufficient warning of impending failure in a form of extensive cracking and substantial 

deflection attributable to the bridging effect of the steel fibers. Further, flexural strength 

analysis of the UHPC beam using CFRP bars was discussed satisfying strain compatibility and 

force equilibrium, which provided a guidance for structural engineers to design such members. 

The research approach adopted in this paper may be applicable to study UHPC beams using 

other types of FRP materials.  

Keywords  

Ultra-high performance concrete; carbon fiber reinforced polymer bars; pullout; bond 

mechanism; flexural strength; strain compatibility; force equilibrium 

 

1. Introduction 

Infrastructure degradation attributable to concrete deterioration and corrosion of reinforcing 

steel is a major economic and societal issue in the U.S. that costs billions of dollars annually [1]. 

Concrete deteriorates for a variety of reasons, but corrosion of steel reinforcement has been one of 

the most prevalent mechanisms of deterioration since concrete structures were introduced in the 

early 1900s [2]. It affects many types of concrete elements, including marine structures, bridges, 

and other structures subjected to severe environments and weather. Ingress of chloride ions from 

the environment is the predominant cause of concrete structures’ deterioration. Consequently, it 

degrades structures’ durability and reduces their service life severely [3]. For example, steel 

reinforcement used in marine substructures has exhibited corrosion damage within twenty years of 

construction (Figure 1) [4]. 
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Figure 1 Corrosion in precast prestressed concrete piles [4]. 

Numerous failures or deficiencies of reinforced and prestressed concrete structures have been 

reported because of steel corrosion in recent history. These failed or deficient structures include 

buildings, bridges, marine structures, waterways and ports, etc. Further, approximately 13% of the 

nation’s 595,000 bridges have been classified as structurally deficient [5]. The projected average 

cost of maintaining these bridges is $8.3 billion annually, with a cost of upwards of $150 billion to 

improve the condition of existing infrastructure. A significant portion of these deficiencies are 

attributable to corrosion of steel reinforcement because of the use of de-icing salts and/or exposure 

to coastal environments [6]. 

The problem of concrete deterioration is particularly notable in structures subjected to 

aggressively corrosive environments and weather, including wastewater tanks and cooling towers 

in electrical plants. Field assessment of reinforced concrete cooling towers exposed to harsh 

operating environments has found severe corrosion of embedded steel reinforcement, concrete 

delamination and spalling [7]. The use of advanced materials such as ultra-high performance 

concrete (UHPC) and carbon fiber reinforced polymer (CFRP) bars has a strong potential to 

overcome this challenge and help build new infrastructure that is durable and sustainable. The 

following sections briefly describe the primary characteristics and current use of CFRP bars and 

UHPC in the United States. 

1.1 Current Use of CFRP Bars 

CFRP reinforcement is a composite, high-strength, elastic, brittle, and orthotropic material. The 

carbon fibers used commonly have exceptionally high tensile strength–to–weight ratios, with a 

strength ranging from 1,970 to 3,200 MPa [8]. These fibers also have a low coefficient of linear 

expansion and high fatigue strength. However, compared to steel reinforcement, the disadvantages 

of most CFRP reinforcement include weaker shear resistance, lower compressive strength, a lower 

modulus of elasticity, and a higher cost [9, 10]. Design specifications are available today in Canada, 

Japan, China, and Europe. In the U.S., the American Concrete Institute Committee 440 published 

guidelines for the design and construction of FRP-reinforced concrete structures [11]. A significant 

research project funded by the Transportation Research Board entitled, “Guide Specification for the 

Design of Concrete Bridge Beams Prestressed with CFRP Systems” was completed recently and its 
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research findings were incorporated into the AASHTO LRFD Bridge Design Specifications [12, 13]. 

Therefore, CFRP reinforcement is becoming a recognized alternative to traditional steel 

reinforcement with a wide range of applications.  

1.2 Current Use of UHPC 

Advances in concrete materials technology have led to the development of a new generation of 

cementitious materials referred to as UHPC, which has mechanical and durability properties that far 

exceed those of conventional concrete. Conventional concrete’s compressive strength generally 

ranges from 27.5 to 55 MPa, while UHPC’s compressive strength is greater than 124.1 MPa, 2 to 5 

times higher than that of conventional concrete [14]. UHPC is a cementitious composite material 

composed of an optimized gradation of granular constituents, a water-to-cementitious materials 

ratio less than 0.25, and a high percentage of discontinuous internal fiber reinforcement. UHPC 

formulations often consist of a combination of Portland cement, fine sand, silica fume, high-range 

water-reducing admixture (HRWR), fibers (usually steel), and water. More importantly, UHPC’s 

dense microstructure decreases its porosity and consequently, its permeability. Researchers have 

conducted extensive laboratory and field tests and confirmed UHPC’s exceptionally high durability. 

Chloride penetration tests on UHPC specimens have indicated that corrosion of discontinuous steel 

fibers in the concrete mix occurs typically on and very close to the surface, and it does not progress 

into the interior of the UHPC specimens [15]. Thus, the use of UHPC can improve durability 

properties and increase the service life of structures. 

UHPC has been used successfully in several countries, including Canada, the UK, Germany, Japan, 

South Korea, and Malaysia, and has been proven to improve structures’ durability properties and 

increase their service life. Therefore, UHPC’s use has the strong potential to overcome the long-

lasting challenge of infrastructure deterioration. The Federal Highway Administration (FHWA) has 

led the efforts to promote UHPC’s implementation in bridges. UHPC has been used successfully in 

buildings, bridges, marine structures, and underground facilities. 

1.3 Bond Characteristics between UHPC and CFRP Rebar  

The bond characteristics of reinforcement are of paramount importance in achieving a 

fundamental understanding of the structural behavior of concrete members. The introduction of 

UHPC is expected to enhance the bond behavior of reinforcement in concrete structures. 

Experimental studies have been conducted for steel bars embedded in UHPC. Tests on steel bars 

revealed that the bridging effect provided by the steel fibers in UHPC after cracking could provide 

effective post-cracking tensile capacity to the concrete matrix and limit crack widths, thereby 

resulting in improved bond resistance [16].  

Numerous researchers have investigated the bond behavior of CFRP bars embedded in 

conventional concrete. The mode of CFRP bars’ bond failure differs substantially from that of 

deformed steel bars because of damage to the resin-rich surface of the bars when pullout occurs 

[17]. The interlaminar shear strength just below the resin-rich surface layer of the bar affects a CFRP 

bar’s bond strength. Several researchers have studied the effect of concrete compressive strength 

on CFRP bars’ bond strength [18, 19] and found that an increase in concrete strength results in 

increased bond strength.  
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1.4 Need for a Combined Use of UHPC and CFRP Bars 

A successful use of UHPC and CFRP bars in civil infrastructure, particularly structures subjected 

to severely corrosive environments and weather, can mitigate or eliminate concrete deterioration 

and corrosion of steel reinforcement, which has major economic and societal ramifications in the 

United States. Successful implementation of these advanced materials allows significant 

enhancement of long-term structural durability and sustainability, potential cost savings in future 

maintenance, repair, and rehabilitation, and substantial improvement in public safety. Possible 

examples of applications include coastal bridge substructures, marine structures, wastewater tanks, 

and cooling towers in electrical power plants. 

Justifications of using members made of UHPC and CFRP in structures subjected to severely 

corrosive environments and weather are summarized below: 

● CFRP reinforcement features noncorrosive characteristics, a high strength–to–weight ratio, 

and good fatigue properties [20]. Thus, its use can eliminate steel reinforcement corrosion 

completely. 

● UHPC is recognized for its exceptional strength, ductility, and durability. Its dense matrix 

prevents deleterious solutions from penetrating into the matrix, which results in greater 

resistance to deterioration compared to conventional concrete. 

● Using UHPC or CFRP reinforcement alone may not completely resolve the corrosion issues. 

Reasons include: 1) Due to the low water–binder ratio and highly exothermic hydration 

reaction, early-age cracking of UHPC has been reported during the manufacturing process [21, 

22]. As a result, conventionally reinforced (or non-prestressed) UHPC members using steel 

reinforcement are subject to corrosion risk under corrosive environments; and 2) If UHPC is 

not included, the regular concrete can deteriorate and impair the bond between the concrete 

and CFRP reinforcement. Therefore, the use of CFRP reinforcement in UHPC members appears 

to be a necessary solution in fully eliminating the corrosion concerns. 

● UHPC’s exceptional properties can mitigate the disadvantages of CFRP reinforced concrete 

members because extensive cracking is expected prior to the sudden failure of the CFRP 

reinforcement, which provides additional warning and contributes to enhancing structural 

safety. 

● Without resorting to prestressing, production of the UHPC members reinforced by CFRP bars 

eliminates the need for special pretensioning facilities and, therefore, simplifies and 

accelerates the production. 

Currently, the costs of UHPC and CFRP bars are significantly higher than that of conventional 

concrete and steel reinforcement. However, the use of UHPC and CFRP reinforcement can be cost-

competitive if the life-cycle cost of a structure is considered. The entire life cost of a structure 

encompasses future maintenance, repair, and rehabilitation costs, in addition to the initial cost [23]. 

For example, the Michigan Department of Transportation used CFRP bars and strands in all 

superstructure elements of the M-102 over Plum Creek Bridge recently. The use of CFRP 

reinforcement cost 23% more than did steel reinforcement. Nevertheless, this additional cost can 

be justified readily because the use of CFRP reinforcement offsets the future maintenance and 

repair costs appreciably.  

The combined use of UHPC and CFRP in structural members has not been studied thoroughly in 

the U.S. and overseas [24-26]. This paper presents an initial attempt to study the structural behavior 
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of such members. It describes the bond behavior between UHPC and CFRP through pullout tests, 

and discusses the large-scale beam tests in the lab. Two types of beams were tested: 1) a beam 

made of conventional concrete and steel rebar that serves as a baseline for comparison purposes; 

and 2) a beam made of UHPC and CFRP rebar. In addition, the flexural strength analysis of beams 

consisting of UHPC and CFRP bars is discussed.  

2. Materials and Methods 

2.1 Bond Behavior between UHPC and CFRP Rebar 

2.1.1 Material Properties of Pullout Specimens 

The bond mechanisms of CFRP reinforcement differ from those of steel reinforcement because 

CFRP materials are anisotropic [27-29]. The interface bond mechanisms between CFRP bars and 

UHPC are attributable to chemical and friction bonds. Pullout tests were conducted to understand 

the interface bond mechanisms of CFRP bars embedded in UHPC by formulating the bond stress 

versus slip characteristics of CFRP reinforcement. 

The mechanical properties of CFRP bars and UHPC affect the bond mechanisms. According to the 

CFRP supplier, sand-coated Aslan #10 bars had a tensile strength of 2,817.3 MPa and modulus of 

elasticity of 130.9 GPa. A commercial UHPC product, Ductal JS1000 premix with 2% steel fibers (by 

volume), was used. Figures 2a and 2b show the IMER 750 mixer and steel fibers, respectively. The 

steel fibers had a nominal diameter of 0.2 mm and a nominal length of 13 mm. Figure 2c depicts the 

UHPC during mixing. Figures 3a and 3b show a 76 mm × 152 mm cylinder before and after 

compression tests, respectively. Compression tests of the UHPC cylinders were performed using a 

modified version of ASTM C39/C39M [30]. Cylinders were untreated, stripped at 48 hours, and 

achieved a compressive strength of 130.9 MPa at 14 days when pullout tests were performed.  

 

Figure 2 UHPC production. (a) IMER 750 mixer. (b) Steel fibers. (c) UHPC during mixing. 
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Figure 3 Compression tests of a UHPC cylinder. (a) 76 mm × 152 mm cylinder before 

testing. (b) cylinder after testing. 

2.1.2 Pullout Test Setup 

As shown in Figure 4a, a concrete block was held in position under a pair of channels that were 

anchored to a structural steel frame using two vertical threaded rods. An MTS machine was used to 

apply the load at a rate of 0.0254 mm per second. The pullout tests included four specimens made 

of UHPC blocks and CFRP bars (Figure 4b). Each specimen consisted of a #10 CFRP bar centrally 

embedded in a UHPC block with dimensions of 152 mm × 152 mm × 102 mm. The bar embedment 

length is 102 mm. Because the MTS machine grip was unable to hold the CFRP tightly, one end of 

the CFRP bar was housed in a steel pipe filled by high-strength grout. One pipe end was welded to 

a steel T-section connected with the grip using a bolt. For comparison purposes, four specimens 

made of conventional concrete and steel rebar (Grade 414 MPa, #13) were also tested. Figure 4c 

shows a photo of one specimen, in which the concrete had a compressive strength of 41.4 MPa.  

 

Figure 4 Pullout tests. (a) test setup. (b) specimens made of UHPC and CFRP bar. (c) 

specimen made of conventional concrete and steel bar. 
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2.2 Large-scale Testing of Beams 

2.2.1 Descriptions of Large-scale Tests  

Pullout tests are accepted widely to evaluate the bond behavior because of their simplicity and 

ability to isolate various parameters’ effects on bond performance. Flexural tests of large-scale 

beams, however, are essential to supplement the pullout tests because beam tests represent the 

actual stress state in a concrete structure as closely as possible [31]. Further, flexural tests of large-

scale beams are more reliable than pullout tests because they account for the global effect, 

including influence of flexural cracks. 

The authors tested two beams consisting of one normal-strength concrete beam reinforced by 

steel bars and one UHPC beam reinforced by CFRP bars. The conventional (or normal-strength) 

beam served as a control specimen for comparison purposes. Both beams had a rectangular section 

of 203 mm (width) × 254 mm (depth) and were 4,270 mm long. The clear span of the beams between 

faces of bearings was 3,500 mm. A vertical force was applied at the beam midspan using a servo-

controlled hydraulic actuator with a capacity of 978.6 kN.   

2.2.2 Conventional Beam 

As illustrated in Figure 5a, Grade 414 steel bars were provided consisting of two #22 bars at the 

bottom, two #13 bars at the top, and #10 stirrups spaced at 305 mm throughout the beam length. 

The compressive strength of concrete was 23.8 MPa at the time of testing. Figure 5b shows the 

beam prior to the test.  

 

Figure 5 Conventional beam. (a) beam section and reinforcement detail. (b) beam prior 

to testing.  

2.2.3 UHPC Beam Using CFRP Bars 

The UHPC beam included two #10 Aslan CFRP bars at the bottom and two Grade 414 #13 steel 

bars at the top (Figure 6a). The size of the CFRP bars was identified to provide a comparable tension 

capacity to the #22 steel rebar in the conventional beam. Because the top reinforcement was not 

expected to contribute to the flexural strength substantially, steel bars were provided to allow for 

saving of material cost and ease of reinforcement placement. #10 steel stirrups were placed at half 
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of the span only with a spacing of 305 mm to study the effect of shear reinforcement on shear 

strengths between two beam ends. The compressive strength of UHPC was 130.9 MPa at the time 

of testing. Figure 6b shows the reinforcement placement in timber forms. Figure 7a presents the 

beam right after form removal. Figures 7b shows the beam prior to the test; the beam was painted 

to easily capture any cracks during the test. 

 

Figure 6 UHPC beam reinforcement detail. (a) beam section. (b) reinforcement 

placement. 

 

Figure 7 UHPC beam after concrete pour. (a) beam after form removal. (b) beam erected 

on supports. 

3. Results and Discussions 

3.1 Pullout Test Results 

The bond stress versus slip relationship of the interface was developed to show the bond 

resistance corresponding to any given slip. Bond was quantified by the average bond strength (a 

stress unit), corresponding to the average shear strength achieved along the interface between the 

reinforcement and concrete matrix. The confinement effect in the loading direction was minimized 

by avoiding using a bearing plate at the prism face, because both reinforcement and its surrounding 

concrete were subject to tension in actual beams [32]. The applied load was monitored by a load 

cell and the slip data was recorded using a linear variable differential transducer (LVDT). The bond 

stress, σ, was determined using the following equation: 𝜎 = 𝑃/(𝑃𝑝𝑠𝐿), where P = applied load, L = 

embedment length, and Pps = bar perimeter.  
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Plots of the bond stress versus slip for both conventional concrete (CC) and UHPC blocks were 

illustrated in Figure 8. In the plot for the UHPC specimen, the beginning of the diagram shows that 

the free-end slip occurred when the threshold shear stress reached approximately 5 MPa; chemical 

bond was the primary resisting mechanism in this stage. When the pullout load kept increasing, the 

slip started to grow and the friction bond mechanism became dominant. The pullout tests showed 

a first peak pullout load of about 40.6 kN corresponding to a slip of 0.5 mm, indicating exceptional 

bond behavior. These findings were comparable to the test results reported by Ahmad et al. [33], 

who further suggested a development length of approximately 40 times bar diameter for sand-

coated CFRP bars. Also shown in Figure 8 was a plot for the conventional concrete specimen for 

comparison purposes. The free-end slip occurred when the threshold shear stress reached 

approximately 3 MPa, substantially lower than the UHPC specimen. Further, the conventional 

concrete failed abruptly when a maximum load of 27.7 kN was reached, while the UHPC specimen 

exhibited gradually increased slippage after the peak load, which attributed to the bridging effect 

of the steel fibers. Figure 9a shows the failure pattern in one specimen made of a UHPC block and a 

CFRP bar. Figures 9b and 9c show the plan and side views of the failure patterns in the conventional 

concrete block, respectively. 

 

Figure 8 Stress versus slip diagrams. 

 

Figure 9 Pullout tests. (a) failure pattern of a UHPC specimen with a CFRP. (b) failure 

pattern of a conventional concrete specimen (plan view). (c) failure pattern of a 

conventional concrete specimen (side view). 

0

3

6

9

12

15

0 1 2 3 4 5

Slip (mm)

UHPC-CFRP bar

CC-Steel bar

B
o
n

d
 S

tr
es

s 
(M

P
a
)



Recent Progress in Materials 2023; 5(2), doi:10.21926/rpm.2302019 
 

Page 11/17 

3.2 Test Results of the Large-scale Beams 

The conventional beam failed when the load reached 90.3 kN after the tension reinforcement 

yielded and concrete at midspan crushed (Figures 10a and 10b). The UHPC beam started to crack 

near its midspan when the applied force reached 34.7 kN, which corresponded to a resulting tensile 

stress of approximately 13.8 MPa at the beam bottom (Figure 11a). The UHPC beam failed under an 

applied load of 101.9 kN when the CFRP bars reached its tensile strength (Figure 11b). The shear 

strength did not control the test over the flexural strength and neither beam ends exhibited any 

sign of shear failure even though half span did not include stirrups. As shown in Figure 12, the UHPC 

beam exhibited a higher loading capacity than the conventional beam, although only 2-#10 CFRP 

bars were used as compared to 2-#22 steel bars in the conventional beam. Prior to the flexural 

failure, the crack locations in the UHPC beam extended to a larger portion of the beam as compared 

to the conventional beam. Also, no concrete crushing occurred in the UHPC beam. As expected, the 

UHPC beam did not exhibit ductility as observed in the conventional beam because of the nonductile 

behavior of the CFRP bars. However, there was still sufficient warning of impending failure in a form 

of extensive cracking and substantial deflection because of the introduction of UHPC.  

 

Figure 10 Conventional beam test. (a) beam during testing. (b) beam failure. 

 

Figure 11 UHPC beam test. (a) beam during testing. (b) beam failure. 
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Figure 12 Force-deflection diagrams. 

3.3 Analytical Study of the UHPC Beam Using CFRP Bars 

The simply supported UHPC beam in Figures 6 and 7 was analyzed accounting for the CFRP and 

steel bars at the section bottom and top, respectively. Its flexural strength was determined following 

strain compatibility and force equilibrium [34]. Eq. 1 shows the strain compatibility approach 

accounting for both layers of steel and CFRP bars, and Eq. 2 provides the force equilibrium in the 

section. The stresses of steel and CFRP bars are given in Eqs. 3 and 4 following the elastic-plastic and 

elastic relationships, respectively. Variables in the equations are defined in the notations section. 

𝜀𝑠𝑖 = 𝜀𝑐 (
𝑑𝑖

𝑐
− 1) (Eq. 1) 

∑ 𝑓𝑠𝑖 𝐴𝑠𝑖 + ∑ 𝑓𝑐𝑗𝐴𝑐𝑗 = 0 (Eq. 2) 

𝑓𝑠1 = 𝐸𝑠1𝜀𝑠1 ≤ 𝑓𝑦 (Eq. 3) 

𝑓𝑠2 = 𝐸𝑠2𝜀𝑠2 (Eq. 4) 

Two methods were taken to determine the flexural strength: Graybeal’s and ACI 544’s methods 

[35-37]. Figure 13 illustrates a cross section of the beam, strain diagram, and stress and force 

diagrams using both methods. The analyses adopted Graybeal’s simplified UHPC stress-strain 

diagram for a commercial product (Figure 14), which has a compressive strength up to 165.4 MPa 

and a tensile strength of 10.3 MPa [35]. The concrete strain in Eq. 1 is related to modulus of elasticity, 

which is shown in Eq. 5 [35]. 

𝐸𝐶 = 3834√𝑓𝑐
′ (Eq. 5) 

where 𝑓𝑐
′ is the UHPC compressive strength and its unit is in MPa. 
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Figure 13 Flexural strength analysis per Graybeal and ACI 544 methods. 

 

Figure 14 Simplified uniaxial stress-strain diagram for UHPC [35]. 

The calculated flexural strengths using Graybeal and ACI 544 methods were 68.5 kN-m and 72.9 

kN-m, respectively, which were comparable. The calculated flexural strengths corresponded to a 

concentrated force of 78.3 kN and 83.3 kN at midspan, which were 23% and 18% lower than the 

actual loading capacity (101.9 kN) based on the laboratory test. It indicated that the assumed 

material properties and analysis methods were reasonably conservative.  

To further evaluate the flexural strength analyses using Graybeal and ACI 544 methods, plots on 

the nominal flexural strengths versus steel ratios were provided in Figure 15 for a singly reinforced 

UHPC beam using CFRP bars. It was assumed that the UHPC beam was 203 mm wide by 254 mm 

deep. Reinforcement in the UHPC beam was the same as what was shown in Figure 6 except that 

no top reinforcement was included for simplicity. The steel ratios ranged from approximately 0.5% 

to 2.5%. Three compressive strengths of UHPC were accounted for: 144.8, 131.0, and 117.2 MPa. 

The dashed and solid lines in Figure 15 represent the strengths following the ACI 544 and Graybeal 

methods, respectively. It was found that both methods generated comparable results (up to 7% 

difference), while the ACI 544 method mostly resulted in slightly higher flexural strengths than the 

Graybeal method. 
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Figure 15 UHPC beam’s nominal flexural strengths using ACI 544 and Graybeal methods. 

4. Conclusions 

This paper presents experimental and analytical studies of a UHPC beam reinforced by CFRP bars. 

Bond characteristics between the UHPC and CFRP bars were evaluated through pullout tests. 

Laboratory tests were conducted for large-scale UHPC and conventional beams to study their 

flexural behavior. This paper also addressed the flexural strength analysis of the UHPC beam 

accounting for strain compatibility and force equilibrium. The following conclusions were made: 

1) In comparison with the conventional specimens made of normal strength concrete and steel 

rebar, pullout tests of the UHPC specimens showed that exceptional bond performance was 

achieved between the CFRP bar and UHPC prism.  

2) Laboratory testing of both UHPC and conventional beams demonstrated that the UHPC beam 

did not exhibit as much ductility as observed in the conventional beam because of the 

nonductile behavior of the CFRP bars. However, there was still sufficient warning of impending 

failure in a form of extensive cracking and substantial deflection attributable to the bridging 

effect of the steel fibers in UHPC.  

3) The flexural strength analyses using both Graybeal and ACI 544 methods accounted for strain 

compatibility and force equilibrium, which resulted in comparable flexural strengths. The 

predicted loading capacities of the UHPC beam using these methods were 18 to 23% lower 

than the test result, indicating that both methods were conservatively acceptable for design 

purposes.  

Notations 

𝜀𝑠𝑖 = Strain of steel 

𝜀𝑐 = Strain of concrete 

𝑑𝑖 = Distance from extreme compressive fiber to the center of steel bar  

𝑐 = Distance from extreme compressive fiber to the neutral axis  
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𝛴𝑓𝑠𝑖𝐴𝑠𝑖  = Total tension force 

𝛴𝑓𝑐𝑗𝐴𝑐𝑗  = Total compression force 

𝑓𝑠1 = Tensile stress of steel at elastic range 

𝐸𝑠1 = Modulus of elasticity of steel  

𝜀𝑠1 = Strain of steel at elastic range 

𝑓𝑦 = Tensile strength of steel 

𝑓𝑠2 = Tensile stress of steel at plastic range 

𝜀𝑠2 = Strain of steel at plastic range 

𝐸𝐶  = Modulus of elasticity of concrete  

𝑓𝑐
′ = Compressive strength of concrete 

𝑓𝑡 = Tensile strength of concrete 
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