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Abstract  

The durability of reinforced concrete structures is an ongoing challenge for engineers, 

particularly in harsh environments. In these conditions, concrete is susceptible to 

excessive cracking which allows water or other aggressive agents to penetrate the 

structure, thereby accelerating the deterioration, mainly through corrosion, of the steel 

reinforcement. The deteriorated concrete structures require frequent maintenance to 

achieve and extend their service life and may need expensive rehabilitation measures. The 

use of fibre-reinforced polymer (FRP) rebars, such as carbon and glass FRPs, can be an 

effective, sustainable and durable solution to enhance the durability of reinforced concrete 

structures in aggressive environments. Another type of FRP that has gained popularity in 

construction in the last two decades is basalt fibre-reinforced polymer (BFRP), which is 

the subject of the current paper. In order to investigate their behaviour, an experimental 

programme comprising five reinforced concrete beams and seven one-way spanning slabs 

has been conducted, and is described herein in detail. Three different types of 

reinforcement were included in the tests, namely sand-coated BFRP bars, ribbed BFRP 

bars as well as regular carbon steel reinforcement, for comparison. All of the members 

were tested up until failure.  The test results are presented and analysed, with particular 

focus given to the cracking moment, ultimate moment capacity, deflections and also crack 

opening widths. The results are compared with the guidance currently available in several 

international design codes. In addition, based on the results and analysis presented herein, 

design recommendations for reinforced concrete with BFRP rebars are proposed. 

Keyword: Basalt-fibre-reinforced-polymer (BFRP); durability; Eurocode 2; flexural 

capacity; sustainability; design guidance. 



2 

 

1. Introduction 

The development of cracks is an inevitable phenomenon in concrete structural elements, 

which are subjected to tensile stresses. Cracking can reduce the load bearing capacity of 

the structure and also accelerate deterioration, thereby shortening the service life and 

increasing the inspection and maintenance costs. For reinforced concrete (RC), excessive 

cracking reduces the overall durability by allowing water and other aggressive agents to 

penetrate, thus accelerating the deterioration, mainly through corrosion, of the reinforcing 

steel. The corroded reinforcing steel has a reduced cross-sectional area which results in a 

loss in the bearing capacity of the steel reinforced concrete member, as well as a reduction 

in the composite action between the constituent materials.  

Research studies have shown that under excessive corrosion, reinforcing steel may suffer 

a significant loss of ductility [1] as well as a reduction in yield and ultimate strength [2]. 

In addition, there is likely to be a loss of bond strength, which may result in excessive 

cracking and spalling of the concrete, as well as pull-out failure of the rebars. In this 

respect, cracking of concrete and reduction in the cross-sectional area of the rebar can 

endanger the safety and serviceability of RC structures. Chloride–induced corrosion may 

occur in marine environments where the reinforced concrete structures are exposed to 

ocean salts, and may also occur inland when deicing salts come in to contact with the 

concrete surface of pavements and floors of parking garages [3]. The UK’s Department 

of Transport (DoT) estimates that salt-induced corrosion damage costs around £616.5 

million per year on motorway and trunk road bridges in England and Wales alone [4].  

Unsatisfactory durability of concrete structures has not only severe economic impacts, 

since repairing deteriorated structures can cost almost as much as replacing them entirely, 

but also industrial, environmental and social challenges due to the reduction of reliability 

and safety [3]. With this in mind, construction and infrastructure faces a real challenge to 

improve the resilience, maintenance and rehabilitation of RC structures to minimise the 

cumulative cost to society. The use of fibre reinforced polymer (FRP) reinforcement, such 

as carbon (CFRP) and glass (GFRP), can be an effective, sustainable and durable solution 

to enhance the performance of RC structures in aggressive environments. Another type 

of FRP that has gained popularity in construction in the recent years is basalt fibre 

reinforced polymer (BFRP), which is the main subject of interest in the current paper. 
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BFRP does not require the addition of any special additives during production; therefore, 

it is easier and cheaper to produce than other fibre types such as glass fibre [5].  

The chemical stability of BFRPs is better than glass FRPs, especially under exposure to 

acids, and they have very good resistance to alkaline exposure [6] as well as corrosion 

from seawater [7]. There are many economic benefits of using BFRP in construction. The 

density of basalt is approximately one third of that of steel, which means less cost for 

transportation and lifting, and other associated construction costs. The tensile strength of 

BFRP rebars is much higher that the tensile strength of steel reinforcement and 

consequently, smaller concrete sections can potentially be designed. Furthermore, BFRP 

rebars do not corrode or absorb water in aggressive environments and therefore the 

concrete cover distance can be reduced. This is particularly useful in marine and bridge 

applications which currently require relatively large concrete cover distances, and 

therefore significant savings in construction and maintenance costs can be achieved. It 

has been estimated that the energy required for basalt fibre production is around 5 kWh/kg 

in an electric furnace, whereas the energy required to produce steel is around 14 kWh/kg 

[8]. It is expected that this saving in energy consumption will have an impact on the 

environmental performance of BFRP. BFRP reinforcement bars are therefore a promising 

material in concrete as a replacement for at least some steel and other types of FRP 

reinforcement. 

There have been many studies into the behaviour of carbon and glass FRP reinforced 

concrete structures. Both have been shown to provide effective flexural and shear 

reinforcement for various reinforced concrete elements including RC beams (e.g. [9,10]) 

and slabs (e.g. [11, 12]). On the other hand, there has been quite limited research into the 

behaviour of basalt BFRP rebars as a reinforcing material, and there is therefore very little 

design guidance available for engineers. One of the few studies that has been conducted 

found that the flexural capacity of simply-supported BFRP RC beams is higher than that 

of steel RC beams with a similar reinforcement ratio, geometry and concrete strength [13] 

and BFRP RC beams exhibit higher deflections than steel RC beams due to the lower 

elastic modulus of BFRP compared with steel. Duic et al. [14] tested BFRP RC beams 

and found that the BFRP RC beams are able to exhibit significant deformation before 

failure (i.e. deformability) and meet the Canadian highway bridge design code CSA-S6-

14 [15] requirements for deformability. 
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There are a number of international design codes for FRP reinforced concrete including 

the American ACI 440.1 R-06 [16], Canadian CSA S806-02 [17] and Russian SP295 [18] 

standards. These are applicable for the design of concrete members reinforced with 

carbon, glass and aramid FRP bars and do not yet include any recommendations for BFRP 

reinforcement because of the lack of available performance data. There is no existing 

European or British standard for the design of RC elements reinforced with FRP rebar. 

The closest technical document is the fib Bulletin No. 40 [19], which adopts the 

framework of Eurocode 2 [20] for the evaluation of ultimate moment capacity of FRP RC 

members. Nevertheless, the fib Bulletin does not yet include any design recommendations 

for BFRP RC members.  

In general, like standard reinforced concrete beams, the failure mode of BFRP RC beams 

is governed by the reinforcement ratio. When the reinforcement ratio is increased beyond 

the balanced reinforcement ratio (that is, the ratio where concrete crushing and FRP 

rupture occur simultaneously) according to the ACI design standard [16], the beam fails 

by concrete crushing [21]. This type of failure is not sudden since the beam exhibits some 

ductility before the limit is reached [22]. Also, over-reinforced BFRP RC beams exhibit 

fewer shear cracks compared with standard carbon steel reinforced concrete beams [14]. 

On the other hand, when the reinforcement ratio is relatively low, and below the balanced 

reinforcement ratio, the beams fail suddenly due to bar rupture [22], and a greater number 

of flexural and shear cracks are observed compared to steel RC beams with a similar 

reinforcement ratio [14]. It was found that when the ACI [16] design code for concrete 

reinforced with FRP is applied for BFRP reinforced concrete members, it generally 

overestimates the cracking moment [23], provides an accurate estimation of the bending 

moment capacity [24], and underestimates the deflections due to its overestimation of the 

effective moment rigidity of the cross-section; therefore, a modified effective moment 

rigidity was proposed to accurately predict the defection obtained experimentally [24].  

The application of BFRP bars has been extended to include continuous slabs under static 

loading [12], and one-way slabs under sudden explosive loading [25]. It was found that 

BFRP reinforced continuous slabs develop earlier and wider cracks and greater 

deflections compared to those reinforced with steel, and the ACI code [16] underestimates 

the BFRP slab deflections and overestimates the bending moment capacity at the supports 
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and mid-span. However, when the slabs are over-reinforced at both the supports and the 

mid-span, a higher loading capacity and reduced level of deflection was observed [12].  

In this context, given the considerable advantages and acknowledged challenges of using 

BFRP in reinforced concrete members, the main objective of this study is to 

experimentally investigate the flexural behaviour of full-scale, simply-supported concrete 

beams and one-way spanning slabs which are internally reinforced with either steel or 

BFRP reinforcement. Two of the most common, commercially available, types of basalt 

bars are used in this investigation, namely the sand-coated and ribbed surface 

reinforcement. Particular attention is given to the cracking moment, flexural capacity, 

crack widths at the service load, and deflections, and each of these values obtained 

experimentally are compared with those predicted using the American, Canadian, Russian 

and European design standards, to check if BFRP reinforced concrete members comply 

with the requirements of current FRP standards. Based on the findings of this study, 

guidance for engineers designing RC members with BFRP, is presented. 

2. Experimental programme 

A total of 12 tests on reinforced concrete members including 5 beams and 7 slabs were 

conducted in the structural engineering laboratory at London South Bank University.  

Two different types of BFRP were included in the study, sand-coated BFRPs and ribbed 

BFRPs, as well as regular steel reinforcement, for comparison. Fig. 1 presents an image 

of the BFRPs used in the current study. The following sub-sections will provide details 

on the properties of the different materials used in the study, as well as other key 

experimental aspects.  

2.1. Test materials 

2.1.1. Reinforcement 

A number of different types of reinforcement were used in the experimental programme, 

which are summarised in Table 1. For the beam specimens, the tensile reinforcement in 

the lower region of the beams was either sand-coated BFRP bars, ribbed BFRP bars or 

steel bars, all with a diameter of 10 mm. The specimens also included shear links and top 

reinforcement which was made from 8 mm steel bars. On the other hand, the one-way 

spanning slab specimens were reinforced in the longitudinal direction with either (i) sand-
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coated basalt FRP bars with a diameter of either 6 mm or 10 mm, (ii) ribbed basalt bars 

with a diameter of either 10 or 12 mm, or (iii) steel bars with a diameter of 10 mm. In all 

cases, 8 mm steel bars were used in the transversal direction.  

The mechanical properties of each reinforcement type used in the experimental campaign 

was obtained through tensile testing, and the key characteristic properties including the 

elastic modulus (E), ultimate tensile strength (fu) and yield strength (fy) for the steel bars, 

as are given in Table 1. The mechanical property values presented in Table 1 are the 

average of five tested samples.  In addition, it is noteworthy that there are no yield strength 

values presented for the BFRP bars as these materials do not exhibit a yield point, as seen 

in the typical stress-strain curves shown in Fig. 2.  

2.1.2. Concrete 

The beam and slab specimens were made with normal strength concrete which had a 

target compressive strength of C30/37 MPa and slump of 150 mm. The concrete mix was 

designed accordingly using 463 kg/m3 of cement, 700 kg/m3 of sand and 927 kg/m3 of 

aggregate with a water/cement ratio (w/c) of 54%. The maximum aggregate size was 10 

mm. A number of 100×100×100 mm concrete cubes were also cast using the same mix. 

These were tested on the day of specimen testing, using at least three samples, and the 

average compressive strength values (fcu) from these tests are given in Table 2. The image 

presented in Fig. 3 shows a specimen mould just before casting, with the rebar in position, 

and also a beam just after the concrete was cast.  

2.2. Test specimens 

2.2.1. Beams 

A total of 5 reinforced concrete beams were examined in the test programme, as listed in 

Table 2, including two with sand-coated basalt FRP reinforcement (SA-B10-1 and SA-

B10-2), two with ribbed basalt FRP bars (R-B10-1 and R-B10-2) and one with regular 

steel rebars (S-B10-1).  A reference-system was adopted to label each specimen, where 

the first portion of the name denotes the type of rebar used (i.e. sand-coated basalt FRP 

(SA), ribbed basalt FRP (R) and steel reinforcement (S)), the next term between the two 

hyphens defines if the specimen is a beam (B) or slab (S) and the diameter of the tension 

reinforcement (10 mm or 6 mm) and the final portion is the specimen number.  Fig. 4(a) 
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presents a schematic of the test beams and an image of the moulds used for casting, is 

shown in Fig. 4(b).  

All of the beams were 200 mm in height, 125 mm in width and had an overall length of 

2000 mm.  The beams were tested under four-point bending loading conditions over a 

clear span of 1800 mm and the distance between the two loading points (denoted as P in 

Fig. 4) was 500 mm (i.e. this is the length of the constant moment zone in the middle of 

the beam). The cover distance from the outer edge of the specimens to the reinforcement 

was 15 mm at the beam ends and 25 mm on the top and bottom of the beam. All of the 

beams included steel shear links, which were 8 mm in diameter. They were spaced at 

100 mm intervals in the shear spans and at 200 mm intervals in the constant moment zone, 

as shown in Fig. 4.  The beams were reinforced with two 8 mm steel rebars as top 

reinforcement and two 10 mm rebars (either sand-coated BFRP, ribbed BFRP or steel) as 

tensile reinforcement. 

The reinforcement ratio (ρf) is considered balanced (ρb) when the quantity of FRP 

reinforcement and concrete is such that concrete crushing and reinforcement rupture 

occur simultaneously. It is calculated based on the equilibrium of internal forces and the 

mechanical properties of the constituent materials. All of the BFRP RC beams in the 

current programme were designed to fail by concrete crushing using a reinforcement ratio, 

which was greater than ρb. The American ACI 440.1R-06 [16] , Canadian CSA-S806-02 

[17] and Russian SP295 [18] design codes for the design of FRP RC structures propose 

Eq. 1-3, respectively, to calculate the balanced reinforcement ratio (i.e. ρb,ACI, ρb,CAN, 

ρb,RUS respectively). These standards replace the non-linear stress distribution of concrete 

with an equivalent rectangular stress block. Using the equivalent rectangular stress block 

proposed in Eurocode 2 [20] and assuming that the strain in the concrete and 

reinforcement equals the crushing and ultimate strains, respectively, application of the 

equilibrium of internal forces results in the balanced reinforced ratio (ρb,EC2) presented in 

Eq. 4.  Pilakoutas et al. [26] proposed another expression for a balanced reinforcement 

ratio in BFRP beams (ρb,Pil)  using the framework of Eurocode 2 (Eq. 5), however, it 

provides very high values of ρb compared with Eqs. 1-4, which results in uneconomical 

BFRP RC sections. Therefore, it is not used in the current study. 
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ρb,ACI = 0.85β1

εcu fć

(εcu + εfu)fu
 (1) 

where: β1 = 0.85 − 0.05
fć−27.6

6.9
  

ρb,CAN = 𝛼1β1

εcu fć

(εcu + εfu)fu
 (2) 

where: α1 = 0.97 − 0.0025fć  ≥ 0.67;    β1 = 0.85 − 0.0015fć ≥ 0.67  

ρb,RUS = 0.8
fć

fu (1 +
εfu

εcu
)
 (3) 

ρb,EC2 =
λ η fc̀ εcu

fu(εfu + εcu)
 (4) 

ρb,Pil = 0.81
 (fc̀ + 8)εcu

fu(εfu + εcu)
 (5) 

In these expressions, fćis the cylindrical compressive strength of concrete and is taken as 

0.81fcu, εcu is the ultimate compressive strain of concrete (0.003 for the American guide 

and 0.0035 for the Canadian, Russian and Eurocode standards),  fu and εfuare the ultimate 

tensile stress and strain, respectively, of the BFRP rebar, and λ and η are factors relating 

to the equivalent rectangular stress blocks in the concrete and are taken as 0.8 and 1, 

respectively, for fć ≤ 50 MPa, in accordance with Eurocode 2.    

The reinforcement ratios for a balanced section according to each of the previously 

discussed design codes are presented in Table 2. It can be seen that the values predicted 

by the Canadian CSA, Russian SP295 and Eurocode 2 codes are very similar to each other 

whilst American ACI provides the lowest ρb ratio predictions. Similar observations were 

found by Elgabbas et al. [23] where the American code was found to predict ρb ratios 

lower than those from the Canadian standard. 

2.2.2. Slabs 
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A total of seven, one-way spanning reinforced concrete slabs were tested in the 

experimental programme, and the details of each are presented in Table 2. The specimens 

are labelled using a similar reference system as before, and there were three specimens 

with sand-coated basalt FRP reinforcement (SA-S6-1, SA-S6-2, and SA-S10-1), two with 

ribbed basalt FRP bars (R-S10-1 and R-S12-1) and two with regular steel bars (S-S10-1 

and S-S10-2). There were three different bar geometries tested including 6, 10 and 12 mm 

bars. The slabs all had identical geometries and were 800 mm in length, 300 mm in width 

and had a depth of 75 mm. They were tested under three-point bending over a clear span 

of 700 mm, as shown in Fig. 5(a), with a point load (P) applied at the mid-span. An image 

from the moulds used for casting is presented in Fig. 5(b).  

Three reinforcing bars (either sand-coated basalt FRP, ribbed basalt FRP or steel) were 

used as tensile reinforcement in the longitudinal direction of each slab with a spacing of 

110 mm between each bar. The cover distance between these bars and the bottom, and 

sides, of the slab was 25 mm. In the transverse direction, three 8 mm steel rebars were 

placed in each slab, as shown in Fig. 5(b). To avoid the BFRP bars floating during 

concrete casting, they were fixed to the base of the wooden mould.  

Similarly to the beam specimens, all of the slabs in this test programme were designed to 

fail by concrete crushing by adopting a reinforcement ratio which was greater than the 

balanced reinforcement ratio, ρb. The ρb values predicted by the American, Canadian, 

Russian and Eurocode standards (i.e. ρb,ACI, ρb,CAN, ρb,RUS and ρb,EC2 respectively) for 

BFRP reinforcement are presented in Table 2.  

2.3. Instrumentation and testing procedure   

The specimens were tested 28 days after the concrete was cast. Both the beams and the 

slabs were painted white before testing to facilitate clear observation of the crack 

development. The tests were conducted in deflection control at a rate of 1 mm/min until 

failure using a 250 kN hydraulic testing machine in the structures laboratory at London 

South Bank University. The vertical deflection at the mid-span of the beams and slabs 

was recorded using linear variable differential transducers (LVDTs). An automatic data 

acquisition system connected to a computer was used to monitor loading and deflections. 

During testing, the first crack was visually observed and the corresponding load was 

recorded to obtain the cracking moment. The crack propagation and distribution along 
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the beams and slabs were monitored during the tests, and the average crack widths of the 

first two visible cracks were measured. Once the first two cracks were visible in the beams 

and slabs during loading, the test was paused and two metal strips were glued on both 

sides of each crack and the average crack width was obtained by recording the separation 

of the metal strips using digital Vernier dial gauge. The tests were then re-started and the 

crack widths were recorded at every 5 kN load increment for the beams and 1 kN load 

increment for the slabs.  

3. Test results and discussion 

In this section, the main observations and analysis of the test results are presented.   There 

are a number of important performance measures for reinforced concrete flexural 

members and each is discussed, in detail, with reference where appropriate to 

international design codes.   The phenomena which are discussed hereafter include (1) 

load-deflection response, (2) cracking moment, (3) ultimate capacity, (4) crack patterns, 

(5) deflections and (6) crack widths.  

3.1. Load-deflection behaviour 

The load-deflection response for all of the reinforced concrete beams is presented in Fig. 

6 whilst the same curves for the one-way spanning slabs are given in Fig. 7. In the 

following sub-sections, the beam behaviour is first analysed, followed by the slabs.  

3.1.1 Beam specimens 

Fig. 6 presents the load versus mid-span deflection for all five of the tested RC beams. It 

was observed that all BFRP RC beams or and slabs behaved similarly until the first crack 

occurred. All of the beams failed, as designed, by crushing of the concrete. Initially, the 

response was very similar for all five specimens.   However, after 1-2 mm of deflection, 

it is very clear that the stiffness of the steel reinforced beam (S-B10-1) was much greater 

than that of the BFRP elements owing to the much higher elastic modulus of steel 

compared with BFRP; it is around 3.6 times higher for steel (as given in Table 1). The 

beam S-B10-1 exhibited quite linear behaviour until the stress in the steel reached its yield 

stress at around 40 kN of applied load, and this was then followed by a short yield plateau 

and slight increase in the loading capacity due to strain hardening in the steel rebar. A 

number of cracks developed during the response, as evidenced by the short drops in load 
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carrying capacity, which were almost immediately recovered. Following the initial 

cracking phase, the BFRP RC beams exhibited linear behaviour until the ultimate load 

followed by a sudden failure of the beams due to concrete crushing.  It is also noticeable 

that the two beams reinforced with sand-coated BFRP exhibited slightly a stiffer response 

than those with ribbed BFRP.  This is likely to be due to greater levels of bond developing 

in the sand-coated rebars, as both types of BFRP have very similar elastic moduli.  

With reference to Fig. 6 and the data presented in Table 4, it is shown that S-B10-1 

underwent much lower deflections compared with the four beams with BFRP. For 

instance, the deflection at the ultimate load for beams SA-B10-1 and R-B10-1 was 255% 

and 319% higher than the deflection at the ultimate load for S-B10-1, respectively.   This 

is mainly owing to the greater stiffness of the steel rebars compared with the BFRP and 

the BFRP beams were designed to avoid the rupture of BFRP; all five beams failed in the 

same manner, by concrete crushing.    

3.1.2. Concrete slabs 

Fig. 7 presents the load-deflection responses for the seven one-way spanning slabs, as 

detailed in Table 2. In this case, the behaviour was very different for the steel reinforced 

member compared with BFRP RC slabs.  The following key observations can be made 

based on the responses in the figure: 

 In general, the load-deflection responses for the members reinforced with BFRP 

were quite similar to each other. However, it is notable that the failure deflections 

for the slabs with sand-coated rebars was higher than those for the ribbed BFRP.   

This will be discussed in more detail in Section 3.5 of this paper. 

 Specimen S-S10-1 exhibited linear behaviour until the stress in the steel reached 

its yield strength value, and this was followed by long yield plateau at which the 

deflection increased without any change in the applied load. On the other hand, 

the slabs reinforced with BFRP bars exhibited quite a linear response until failure, 

which occurred when the concrete reached is ultimate strength and crushed. 

 It is evident from Fig. 7 that the slabs SA-S6-1 and SA-S6-2 exhibited much lower 

stiffness and ultimate load compared with the other slabs, although they also 

exhibited more deformability. This is because these slabs had the lowest 

reinforcement ratio of the BFRP reinforced slabs.  



12 

 

 After around 1-2 mm of deflection, the behaviour of the slabs is quite similar to 

that of the beams in that the bending stiffness of the steel RC slabs was much 

greater than that of the BFRP RC slabs.  

 It is shown that as the reinforcement ratio of the BFRP RC slabs increases, the 

bending stiffness also increases quite significantly. For example, as given in Table 

2, the reinforcement ratio (ρf) for SA-S10-1 was 0.0142 whilst for SA-S6-1 it was 

0.0062, representing an increase of 130%. This resulted in a bending stiffness, 

which was around twice as stiff for SA-S10-1 than for SA-S6-1. 

 Slabs S-S10-1 and S-S10-1 reached much higher loads than the BFRP reinforced 

members, which is the opposite finding to that which occurred for the beams. One 

possible explanation for this is that the strain in the BFRP reinforcement is lower 

in the slabs relative to the beams due to their higher reinforcement ratio.  This is 

discussed further in Section 3.3.2.  

3.2. Cracking moment 

The bending moment corresponding to the first visible crack for each RC member was 

recorded, and these values are presented in Table 3 (Mcr,Exp). The average cracking 

moment for BFRP RC beams and slabs was 2.2 kNm and 0.93 kNm, respectively. The 

cracking moment for the BFRP RC beams ranged from 11.5% to 17.4% of the ultimate 

moment for each beam while the cracking moment for the BFRP RC slabs varied between 

20.5% and 22.2% of the ultimate moment capacity.  

Since the elastic modulus of steel is significantly higher than that of BFRP (as presented 

in Table 1), the cracking moment for the RC members with steel reinforcement was higher 

than those with BFRP by around 29% and 86% for the beams reinforced with sand-coated 

and ribbed BFRP, respectively, and 58% and 71% for the slabs reinforced with sand-

coated and ribbed BFRP, respectively. Additionally, the sand-coated BFRP RC members 

exhibited greater cracking moments than the ribbed BFRP RC members, even for the 

same bar diameter, by around 31% for the beams and 17% for the slabs. This is likely to 

be due to different bonding between the two types of BFRP and the surrounding concrete. 

The cracking moment can be calculated using the expression given in Eq. 6, as follows: 
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Mcr =
fr Ig

yt
 

(6) 

where Ig is the gross moment of inertia, yt is the vertical distance between the extreme 

tension fibres and the neutral axis, and fr is the modulus of rupture of the concrete. The fr 

value can be calculated using Eq. 7, 8, 9, 10 in accordance with the American ACI 

440.1R-06 [16], Canadian CSA-S806-02 [17], Russian SP295 [18] and European EN 

1992-1-1 [20] design codes, respectively, to give: 

fr,ACI = 0.62√fć  (7) 

fr,CAN = 0.6√fć (8) 

fr,RUS = 0.23(fcu
150)2/3  (9) 

fr,EC2 = 0.3(fć)
2/3

 (10) 

In these expressions, fcu
150 is the compressive strength of concrete measured using 

150 mm3 cubes and is taken as 0.95fcu [27] in the current work. 

Table 3 presents the cracking moment predicted by each of the international design codes 

(Mcr,ACI, Mcr,CAN, Mcr,RUS and Mcr,EC2 for the American, Canadian, Russian and European 

standards, respectively) together with the experimental values. It is clear that the accuracy 

of the predictions is quite variable depending on the type of element (beam or slab), 

reinforcement type (steel or BFRP) and BFRP type (sand-coated or ribbed). In general, 

the American, Canadian and European codes are more on the unconservative side (i.e. an 

overestimate of the cracking moment) than the Russian code, in that they overestimate 

the cracking moment whereas the Russian code underestimates the cracking moment in 

all but two cases. The average predicted-to-experimental cracking moments for all 

members are 1.13, 1.09, 0.8, and 0.95 for the ACI [16], CSA [17], SP295 [18], and 

Eurocode 2 [20] standards, respectively. Similarly, Table A.1 presents the cracking 

moments for the tested beams predicted by each of the international design codes together 

with the tests results of Elgabbas et al. [23], for comparison. It is observed that the 
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American, Canadian and European standards overestimate the cracking moments 

compared with those that occurred in the tests. A factor that contributes to the 

unconservativeness of the calculated cracking moment is that none of the codified 

expressions presented allow for the effect of restrained shrinkage, which tends to reduce 

the experimental cracking moment. It is interesting to note that all of the codes are 

generally more unconservative for the beam cracking moment predictions compared with 

the slab behaviour, and also all four of the codes provides conservative prediction for the 

three specimens reinforced with steel rebars, especially for the slab elements.   

For the members reinforced with sand-coated BFRP, all of the codes apart from the 

Russian code provide an unconservative estimation of the cracking moment except for 

the slab reinforced with 10 mm BFRP. In this case, all four of the codes provide 

conservative predictions with Mcr/Mcr,Exp values equal to 0.88, 0.85, 0.63 and 0.74 for the 

American, Canadian, Russian and European standards, respectively. It is likely that the 

in inaccuracy and variation in these predictions is due to the respective moduli of rupture 

values that are adopted in the codes. The cracking moments for the beams that are 

reinforced with ribbed FRP are very unconservatively predicted by the American, 

Canadian and European codes and more accurately, yet unconservatively, estimated by 

the Russian code. This is due to the fact that the Russian code provides a lower estimation 

for modulus of rupture than that estimated by the other codes. However, for the slabs, the 

predictions are closer to the real behaviour although the Mcr/Mcr,Exp values are mainly 

below unity (i.e. conservative). For the beams and slabs made using steel rebars, the codes 

underestimate the real cracking moment in all cases, most significantly for the slabs.   

3.3. Ultimate capacity 

The design philosophy for FRP reinforced concrete is based on the principles of 

equilibrium, strain compatibility, and the stress-strain relationship of concrete and the 

FRP. Concrete crushing or FRP rupture are the mechanisms that control failure of the 

section. For concrete crushing, a rectangular stress block is used to approximate the 

concrete stress distribution in the section, and to determine the load at which the ultimate 

strength is reached. On the other hand, the stress in the FRP is obtained through the 

compatibility of strains. The height and the stress value of the rectangular compressive 

stress block differs between the different design standards. Concrete compression failure 
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is generally considered to be the more desirable failure mode since FRP failure is sudden 

and catastrophic. However, both failure modes are acceptable in the design of FRP RC 

flexural members provided that the strength and serviceability criteria are satisfied. The 

warnings associated with imminent FRP rupture include excessive cracking and large 

deflections while for concrete failure, the member usually has quite good deformability, 

with the section exhibiting pseudo-plastic behaviour before failure [28]. 

3.3.1 Design standards 

The American, Canadian, Russian and European standards each contain expressions for 

calculating the design moment capacity of FRP reinforced concrete beams and slabs. 

These are presented in Eqs. 11-14 to give Mult,ACI, Mult,CAN, Mult,RUS and Mult,EC2, respectively:  

Mult,ACI = ρfff (1 − 0.59
ρfff

fć

) bd2 (11a) 

where, ff = (√
(Efεcu)2

4
+

0.85β1fć

ρf
Efεcu − 0.5Efεcu) ≤ fu (11b) 

Mult,CAN = α1β1fćcb (d −
β1c

2
) (12a) 

where, c =
ρfff

α1fćβ1
 d (12b) 

and ff = (√
(Efεcu)2

4
+

α1β1fć

ρf
Efεcu − 0.5Efεcu) ≤ fu (12c) 

Mult,RUS = fćb x (d −
x

2
)  (13a) 

where, x = √(0.5 ρf  
Ef

(fć εcu⁄ )
 d)

2

+ 0.8 ρf
Ef

(fć εcu⁄ )
 d2 − 0.5ρf

Ef

(fć εcu⁄ )
 d  (13b) 

Mult,EC2 = η𝛼𝑐𝑐fćbd2(λξ) (1 −
λξ

2
)  (14a) 

where, ξ =
εcu

εf+εcu
  and    (14b) 
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εf =

−εcu + √εcu
2 +

4𝛼𝑐𝑐fć λ η εcu

ρf Ef

2
 

(14c) 

In these expressions, the partial material factors are taken as unity and λ and η are taken 

as 0.8 and 1, respectively, for fć ≤ 50 MPa, in accordance with Eurocode 2 [20]. 𝛼𝑐𝑐 is 

taken as 0.85 as recommended by the UK National Annex to Eurocode 2 [20], b is the 

width of the cross-section, d is the effective depth from the top of a reinforced concrete 

beam/slab to the centroid of the tensile reinforcement, Ef is the elastic modulus of BFRP, 

and ff and εf are the stress and strain in the BFRP reinforcing bars. It is noteworthy that, 

according to fib [19], the ultimate moment resistance values for FRP RC sections 

presented in Eq. 14 (Mult,EC2) are derived by adopting the rectangular stress distribution 

proposed in Eurocode 2. 

3.3.2 Comparison with test results 

Table 3 presents the moment capacities of BFRP RC beams and slabs obtained 

experimentally (Mult,Exp) with those predicted by the various design codes (Mult,ACI, Mult,CAN, 

Mult,RUS and Mult,EC2 for the American, Canadian, Russian and European standards, 

respectively). For steel reinforced concrete members, the analytical bending capacity are 

calculated using only Eurocode 2. It is evident that for BFRP and steel RC beams with 

the same reinforcement ratio, the experimental moment capacity of the BFRP RC beams 

is higher than that of the steel RC beams by an average of around 12%. Furthermore, the 

American ACI 440.1R-06 [16] code provide acceptable predictions of the bending 

moment capacity while Eurocode 2 [20] and Canadian CSA S806-02 [17] codes slightly 

overestimates the bending moment capacity by an average of 7% and the Russian code 

SP295 [18] overestimates the moment capacity by an average of 16.5%.  On the other 

hand, Elgabbas et al. [23] found that both the American ACI 440.1R-06 [16]  and 

Canadian CSA S806-02 [17] standards underestimate the ultimate moment observed 

experimentally for BFRP reinforced beams (see Table A.1) while Abed and Alhafiz [29] 

observed that the ACI code [16]  provides an acceptable bending moment capacity for 

most tested BFRP beams. For the same beams tested by Elgabbas et al. [23] and presented 

in Table A.1, it can be seen that Eurocode 2 [20] underestimates the bending moment 

capacity while the Russian code SP295 [18] also slightly underestimates the bending 
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capacity in all but two cases. The differences in the bending moment predictions given 

by the ACI [16], CSA [17], SP295 [18] and Eurocode 2 [20] are related to the assumed 

height of the compressive rectangular stress block in the concrete and the assumed strain 

at the ultimate condition which is 0.003 for the ACI code [16] and 0.0035 for the CSA 

[17], SP295 [18] and Eurocode 2 [20] standards resulting in lower bending moment 

predictions using the ACI code [16] and slightly higher predictions for the CSA standard 

[17] and Eurocode 2 [20].  

For RC slab members, it is interesting to note that the steel RC slabs exhibit higher 

moment capacity than the BFRP RC slabs by about 24%. As stated before, this is the 

opposite finding to that which was observed for the beams where the BFRP reinforced 

members had a greater capacity than those reinforced with traditional steel. One possible 

explanation is that BFRP reinforcement ratio for the slabs is higher than that for the beams 

resulting in an increase in the neutral axis depth, which reduces the strain in the 

reinforcement corresponding to a particular crushing strain at the top fibre. The slabs 

reinforced with steel rebars were possibly able to develop greater catenary action, owing 

to the particular bond and cracking regime, which developed in these specimens. 

Furthermore, increasing the reinforcement ratio of the BFRP reinforced concrete slabs 

has no significant influence on the flexural capacity of the member since the dominant 

failure mode is crushing of the concrete. However, the deflections and the bending 

stiffness for BFRP slabs showed a significant reduction for the slabs with higher 

reinforcement ratios, as seen in Fig. 5. For example, for specimen SA-S6-1, which had a 

reinforcement ratio of 0.0062, the bending capacity and deflection at failure as well as the 

bending stiffness have values of 3.8 kNm, 21.3 mm and 112 kNm/m, respectively, while 

the corresponding values for SA-S10-1 (ρf = 0.0142) are 4.7 kNm, 16.4 mm and 219 

kNm/m. Furthermore, the American, Canadian and European design codes provide a 

conservative but acceptable prediction for the flexural capacity of one-way slabs while 

the Russian code provides the most accurate flexural capacity predictions.  

3.4. Crack pattern 

Fig. 8(a-d) presents a schematic view of the propagation of cracks with increasing load, 

as well as the final crack pattern, for specimens S-B10-1, R-B10-1, S-S10-1 and SA-S10-

1, respectively. These specimens are selected for illustrative purposes and similar 
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analyses has been conducted for all of the other test specimens. The propagation of cracks 

and the crack patterns of the steel and BFRP RC beams are similar, as shown in the Figs. 

8(a) and (b). The first cracks appear in the region of pure tension and then propagate 

vertically upwards towards the compression zone. As the load increases, more cracks 

develop further away from the constant-moment region towards the supports and then 

propagate diagonally towards the loading points because of the combination of flexural 

and shear stresses in this region.  It can be seen that the cracks that developed in beam R-

B10-1 (with ribbed basalt FRP rebars) were longer in length than those for S-B10-1 (steel 

rebars) at the same loading level. Furthermore, at the ultimate load, the BFRP RC beams 

failed by concrete crushing whereas the steel RC beams fails by steel yielding.    This is 

a positive outcome for the BFRP bars as compressive failure is a more favourable failure 

mode compared with rebar rupture. 

The cracking behaviour between the BFRP and steel reinforced slabs was noticeably quite 

different.  In both cases, the first cracks in the slab specimens S-S10-1 and SA-S10-1 

appeared in the centre of the member directly under the point load (as shown for 

specimens S-S10-1 and SA-S10-1 in Fig. 8(c) and (d)). Then, as the loading increased, 

the cracks generally propagated vertically as well as diagonally towards the loading point. 

Slab S-S10-1, which had steel reinforcement, exhibited significantly fewer cracks 

compared with SA-S10-1, with BFRP rebars, and most of the cracks were concentrated 

in the central region of the slab. On the other hand, the BFRP RC slabs had extensive 

cracking vertically, diagonally and horizontally, as seen in the Fig. 8(d), throughout the 

member. The steel RC slabs had far fewer cracks, with minimal horizontal and only minor 

diagonal cracks, as evident in Fig. 8(c). The extensive number of vertical and diagonal 

cracks in the BFRP RC slabs is most likely due to the higher rate of deformation of the 

BFRP bars compared with the steel rebars and the differences in the bond characteristics 

between concrete for steel or BFRP rebars. As the load level approached the ultimate 

capacity of the section, horizontal cracks began to appear at the level of the reinforcement. 

These cracks were mainly due to the high levels of deformation of the BFRP bars and the 

incompatibility of the deformations between two cracks, which led to slippage between 

the reinforcement bars and surrounding concrete. This phenomenon has been reported in 

previous research also [23].  
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3.5. Deflections at service load 

As stated before, it is expected that basalt FRP reinforced concrete members will undergo 

larger deformations compared with similar steel RC elements, due to the lower modulus 

of elasticity of the BFRP rebars and also the differences in bond characteristics. The level 

of deflection which is considered acceptable in design is dependent on a number of issues 

such as the importance of a given structural member, the action which is being applied 

(e.g. static or dynamic) and the type of structure being considered (e.g. building, frame, 

bridge, etc.). To satisfy the serviceability limit state (SLS) for deflection, different design 

codes for RC members typically specify a minimum thickness for the concrete element, 

based on the ratio of the element’s effective span to its effective depth. Alternatively, 

deflections can be calculated and checked against the predefined limits.  

3.5.1 Design standards 

Typically, the international design codes use simplified models for the prediction of 

deflections of steel RC members. The models in the American ACI 440.1 R-06 [16], 

Canadian CSA S806-02 [17] and Russian SP295 [18] standards have been modified for 

reinforced concrete elements with FRP reinforcement. In Eurocode 2 [20], the deflection 

limit for RC members with steel reinforcement under quasi-permanent loads is the span 

divided by 250. This limit is employed in the current paper to ensure that the BFRP beams 

and slabs satisfy this deflection serviceability limit state. 

The ACI 318-08 [30] design code which is for steel reinforced concrete proposes an 

equation for the effective second moment of inertia based on the second moment of area 

of the cracked and uncracked sections, as originally proposed by Branson [31]. Branson’s 

model is applicable for steel RC member and was found to underestimate the deflections 

for FRP RC members [19]. Therefore, the ACI 440.1R-06 [16] code for FRP reinforced 

concrete includes a modification of the model for the evaluation of the effective moment 

of inertia of FRP RC elements, as follows: 

Ie = (
Mcr

Ma
)

3

βdIg + [1 − (
Mcr

Ma
)

3

] Icr ≤ Ig 
(15) 

where  βd = αb (
Ef

Es
+ 1)   
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where Mcr is the cracking moment calculated using Eq. 6, Ma is the moment and Es is the 

elastic modulus of steel. Eq. 15 is only valid for Ma ≥ Mcr 

In this expression, αb is a bond-dependent coefficient and based on test results for simply 

supported beams, the value of αb for beams with GFRP bars is proposed to be 0.5 [32].  

The cracked moment of inertia for a reinforced concrete section (Icr) is determined based 

on the principles of elastic analysis, and is given as: 

Icr = bd3k3 3⁄ + nAf d
2(1 − k)2 (16) 

 where k = √2ρfn + (ρfn)2 − ρfn (17) 

In this expression, n is as the modular ratio between the BFRP reinforcement and the 

concrete (n = Ef Ec⁄ ), b and d are the width and effective depth of the section, 

respectively, and k represents a factor employed to determine the height of the 

compressed area of concrete from the top surface.  Af and ρf are the total cross-sectional 

area of the BFRP rebars and the BFRP reinforcement ratio, respectively.  

The maximum deflection at the mid-span for beams under four-point and three-point 

bending, respectively, can be obtained from Eqs. 18 and 19, respectively: 

δmax =
P a

24EcIe

(3L2 − 4a2) 
(18) 

δmax =
PL3

48EcIe
 

(19) 

where a is the shear span, P is the service point load (as shown in the Fig. 4(a) and Fig. 

5(a)), L is the member’s effective span and Ec is the elastic modulus of concrete which 

will be defined later. 

The Canadian design standard CSA S806-02 [17] includes an equation for calculating the 

maximum deflection of FRP RC members under a number of simple load cases. This 

proposal is based on the assumption of a trilinear moment-curvature relationship for FRP 

reinforced concrete members with the slope of the three segments being EcIg, zero, and 

EcIcr, respectively, where Ig is the gross moment of inertia of the section. If the applied 

bending moment is higher than the cracking moment, it is assumed that the section is fully 
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cracked and the concrete does not contribute to the beam’s capacity in the cracked 

regions, from tension stiffening. For beams under four-point and three-point bending and 

when the applied moment is more than the cracking moment, the maximum deflection 

can be calculated using Eqs. 20 and 21, respectively: 

δmax =
P L3

24EcIcr
[3 (

a

L
) − 4 (

a

L
)

3

− 8 (1 −
Icr

Ig
) (

Lg

L
)

3

] 
(20) 

δmax =
P L3

48EcIcr
[1 − 8 (1 −

Icr

Ig
) (

Lg

L
)

3

] 
(21) 

In these expressions, Lg is the distance from the edge support to the point where the 

applied service moment is equal to the cracking moment, determined as: 

Lg = Mcr a Ma⁄ , for four-point bending (22) 

Lg = 0.5Mcr L Ma⁄  for three-point bending (23) 

where Mcr and Ma are the cracking moment and applied moment, respectively.  

The Russian code for FRP reinforced concrete members [18] includes a method for 

calculating the deflection of FRP RC beams using a reduced second moment of inertia 

for a concrete section with cracks and also a reduced modulus for concrete in 

compression, taking account of inelastic strains. For four-point bending members, δmax 

can be calculated from Eq. 18 by replacing EcIe with Ec,redIcr,red and for three-point 

bending members, it can be calculated from Eq. 19 with replacing EcIe with Ec,redIcr,red. 

The reduced modulus for the concrete in compression is given as:  

Ec,red = fć ε𝑐1⁄  (24) 

in which fć is the compressive strength of concrete and and ε𝑐1 is the compressive 

concrete strain, taken as 0.0015 according to SP295 [18]. The reduced second moment of 

inertia of the section can be calculated using Eq. 16 and 17 by replacing the n with the 

term 𝛼𝑓1 =
Ef

Ec,red
 [18], where Ef is elastic modulus of BFRP. 
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Eurocode 2 [20] proposes the expression given in Eq. 25 to obtain the maximum 

deflection for steel RC members. The basic principle of this equation is that members 

which are expected to crack, but may not be fully cracked, will behave in a manner 

somewhere in between uncracked and fully cracked conditions [20]. 

δmax = (1 − ξ)δ1
max + ξ δ2

max (25) 

where:  

ξ = 1 − β (
Mcr

Ma
)

m

 
(26) 

The recommended values for the β and m coefficients are 1 and 2, respectively. ξ = 0 for 

uncracked sections. 

In the above expressions δ1
max

 and δ2
max

 are calculated assuming constant uncracked and 

cracked sectional moments of inertia along the element. For four-point bending members, 

δ1
max and δ2

max can be calculated from Eq. 18 by replacing EcIe with EcIg and EcIcr, 

respectively. Similarly, for three-point bending members, δ1
max and δ2

max can be 

calculated from Eq. 19 by replacing EcIe with EcIg and EcIcr, respectively. 

All of the above expressions for the American, Canadian, European and Russian codes 

require determination of the elastic modulus of concrete, which can be obtained using the 

expressions given in Eqs. 27-30 for each code, respectively: 

Ec,ACI = 4730√fć 
(27) 

Ec,CAN = 4500√fć 
(28) 

Ec,RUS = 11.62 ∗ lnfć − 7.4713 (29) 

Ec,EC2 = 2200 (
fć + 8

10
)

0.3

 (30) 

3.5.2 Comparison with the test results 
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In this analysis, three different levels of deflection are presented, namely δ0.3, δ0.67 and 

δult.  δ0.3  refers to the deflection in the member at the service moment which is taken as 

the moment at 30% of the ultimate moment (Mult), as adopted by other researchers (e.g. 

[29, 33]). On the other hand, δ0.67 and δult are the deflections at 0.67Mult and Mult, 

respectively. The results are presented in Table 4. Furthermore, the table also includes 

comparisons between the experimental deflections and those predicted by the American 

(δACI), Canadian (δCAN), Russian (δRUS), and European (δEC2) standards at 0.3Mult and 

0.67Mult. 

As stated before, it is expected that reinforced concrete members with BFRP 

reinforcement will deflect more than traditional steel reinforced concrete beams and slabs. 

Based on the current experimental results, the deflections at the service moment for BFRP 

reinforced concrete beams is around 3-4 times higher than the deflections for beams 

reinforced with traditional steel bars. For RC slabs, the deflections for sand-coated 10 

mm BFRP, ribbed 10mm BFRP and ribbed 12 mm BFRP slab are approximately 40%, 

25% and 40%, respectively, greater than for steel RC slabs. Nevertheless, the 

experimental deflections at the service moment for both beams and slabs are less than the 

limit deflection suggested by Eurocode 2 and therefore the SLS deflection criterion is 

satisfied.  

With reference to the predictions obtained using the American standard, as presented in 

Table 4, it can be seen that two different bond-dependent coefficients (αb) have been 

studied, namely the αb = 0.5 as recommended in the standard for GFRP RC beams and 

also αb = 0.2. It is clear from the data in Table 4 that using the recommended value for 

GFRP RC elements provides a very conservative estimation of the deflections for BFRP 

RC beams and slabs at 0.3Mult and 0.67Mult (i.e. an underestimate the experimental 

deflections). The average predicted-to-experimental deflections at 0.3Mult and 0.67Mult 

for all members is 0.47 and 0.53, respectively. Similarly, Zhang et al. [34] found that the 

American ACI 440.1R-06 [16] standard underestimates the deflection at 0.3Mult and 

0.67Mult for BFRP reinforced beams. However, when a value of 0.2 is used instead for 

αb, the defection predictions are in better agreement with the experimental values with 

average predicted-to-experimental deflections at 0.3Mult and 0.67Mult for all members of 

0.78 and 0.6, respectively. Table A.2 presents the ratio of the predicted deflection to the 

experimental deflection of the BFRP RC beams tested by Elgabbas et al. [23] and it is 
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observed that using αb = 0.2 in the calculation provides better agreement with the test 

values. Therefore, it is recommended that a value of  αb = 0.2 is employed for the 

prediction of deflections for BFRP RC members, when designers are using ACI 440.1R-

06 [16]. 

Table 4 also presents comparisons between the experimental and predicted deflections 

according to the Canadian CSA S806 [17], Russian SP295 [18] and European EN 1992-

1-1 [20] codes at 0.3Mult and also at 0.67Mult. It is observed that the Canadian code 

overestimates the deflection in predictions for BFRP RC members at 0.3Mult and provides 

a better agreement at 0.67Mult. Similarly, the Russian standard overestimates the 

predictions by between 30% and 61% for BFRP RC beams and 44% to 237% for BFRP 

RC slabs at 0.3Mult with average predicted-to-experimental deflections at 0.3Mult for all 

members of 1.82. On the other hand, it provides better predictions for the deflections 

compared with the experimental data at 0.67Mult for BFRP RC beams and still 

conservative predictions for BFRP RC slabs at 0.67Mult with average S295 [18] predicted-

to-experimental deflections at 0.67Mult for all members of 0.68. Furthermore, it is shown 

in the table that Eurocode 2 provides the most realistic predictions for the deflection of 

BFRP RC members at 0.3Mult and 0.67Mult, compared with the other codes of practice 

with average predicted-to-experimental deflections at 0.3Mult and 0.67Mult for all 

members of 1.06 and 0.89, respectively. For the BFRP RC beams tested by Elgabbas et 

al. [23], it is observed from the data given in Table A.2 that the Canadian [17] and Russian 

[18] standards tend to overestimate the deflections at 0.3Mult and 0.67Mult while Eurocode 

2 provides more realistic deflection predictions. 

Between adjacent cracks, concrete contributes in resisting tensile stresses because of the 

bond that develops between reinforcement and the surrounding concrete. This effect is 

known as tension stiffening in concrete. The deflection equation proposed in Eurocode 2 

[20] inherently considers the effect of tension stiffening in concrete, resulting in the most 

realistic predictions for the deflection of BFRP RC members. On the other hand, the 

deflection expressions proposed by the CSA [17] and SP295 [18] codes assume that the 

section is fully cracked with no contribution from tension stiffening in the concrete in the 

beam's cracked regions; therefore, the deflection predictions for BFRP RC members are 

overestimated. The effective moment of inertia for FRP RC in the ACI standard [16] 

accounts for tension stiffening in the concrete by using a bond-dependent coefficient αb. 
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Adopting a value for αb of 0.5 in the analysis results in an overestimation in the tension 

stiffening effect which leads to underestimation of the deflection while adopting a value 

of  αb = 0.2 results in deflection predictions which are in good agreement with the 

experimental deflections. 

3.6. Crack widths 

Figs. 9 and 10 present the load versus crack opening width for the reinforced concrete 

beams (i.e. SA-B10-2, R-B10-1 and R-B10-2) and one-way spanning slabs (S-S10-1, S-

S10-2, SA-S6-1, SA-S10-1, R-S10-1 and R-S12-1), respectively. The maximum crack 

width from two cracks recorded experimentally are presented in these figures. The 

experimental crack widths at the assumed service moment value of 0.3Mult are presented 

in Tables 5 and 6 (wmax,Exp). In addition, the maximum crack widths determined using the 

American, Canadian, Russian and European design codes at the assumed service moment 

value of 0.3Mult (i.e. wmax,ACI, wmax,CAN, wmax,RUS and wmax,EC2) are also given in the tables. The 

procedures for calculating these design values are described briefly hereafter. 

3.6.1 Design standards 

In the American code ACI 440.1R-06 [16], the maximum crack width of BFRP reinforced 

concrete flexural members (beams and slabs) can be calculated using Eq. 31: 

wmax,ACI = 2
ff

Ef
βkb√dc

2 + (
s

2
)

2

 31(a) 

where:  

β =
h−xe

d−xe
  and xe = kd 31(b) 

ff =
Ma

(d − xe 3⁄ )Af
 31(c) 

In these expressions, wmaxis maximum crack width given in mm; ff is the reinforcement 

stress at the service moment; β is the ratio of the distance between the neutral axis and 

the tension face to the distance between the neutral axis and the centroid of the 

reinforcement; xe is the position of the neutral axis from the compression face of the 
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concrete and is obtained from elastic analysis; dc is the cover thickness from the tension 

face to the  centre of the closest reinforcing bar; s is the bar spacing; k can be calculated 

from Eq. 17; and Ma is the service moment. The kb term is a coefficient that accounts for 

the degree of bond between the FRP bar and the surrounding concrete and the standard 

recommends using a value in the range between 0.6 and 1.72, depending on various 

conditions.  

The Canadian Highway Bridge Design Code CSA-S6-14 [15] also employ the same 

expression, i.e. Eq. 31, for calculating the maximum crack width, and recommend using 

a value of kb=0.8 for the sand-coated FRP bars. On the other hand, for steel reinforced 

concrete beams, the maximum crack width for flexural members (i.e. beams and slabs) 

can be calculated using Eq. 32, in accordance with the ACI 318-03 [30] standard: 

wmax,ACI = 0.011βfs √dcAo
3 ∗ 10−3 (32a) 

Ao =
2 dc b

nb
 (32b) 

where fs is the stress in the steel reinforcement at service moment, Ao is the surface area 

of each steer bar, and nb is the number of tension reinforcing bars. The other terms are as 

defined previously.  

The Russian code SP295 [18] provides the expressions presented in Eqs. 33-35 for 

calculating the crack widths of flexural members reinforced with FRP: 

wmax,RUS = φ1φ2φ3ψf

ff

Ef
lf (33) 

where:  

lf = 0.25
bhc,t

Af
 ϕ (34) 

ψf = 1 − 0.8
Mcr

Ma
 (35) 
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In these expressions, ff is the stress in the longitudinal rebars and can be calculated using 

Eqs. 17, 31(b) and 31(c) and replacing the term n with the term 𝛼𝑓1 =
Ef

Ec,red
 [18]; ϕ is the 

bar diameter; lf is the distance between adjacent normal cracks and is not less than 

100 mm or 10ϕ and not greater than 200 mm or 20ϕ; ψf is a factor which accounts for 

the uneven distribution of strain in the reinforcing bars between cracks; hc,t is the height 

of the tension region of concrete and is taken as no less than 2dc and no greater than h/2; 

and φ1, φ2 and φ3 are factors to account for the duration of loading, the bonding between 

the FRP and surrounding concrete and the loading condition, respectively. φ1 and φ3 are 

both equal to unity for short-term loading and bending members, respectively.  

The Russian code for regular steel reinforced concrete SP 63.13330 [35] includes the 

same expression (i.e. Eq. 33) for calculating the maximum crack width in steel reinforced 

concrete flexural members, taking φ2 as 0.5 for ribbed steel bars and determining lf from: 

lf = 0.5
bhc,t

Af
 ϕ (36) 

As stated before, Eurocode 2 does not include explicitly account for FRP reinforcement, 

but for steel reinforced concrete flexural members, the maximum crack is determined 

using the following expressions:  

wmax,EC2 = sr,max (εsm − εcm) (37) 

where:  

sr,max = 3.4c +
0.425k1k2ϕ

ρP,eff
 ≤ 5(𝑐 + 𝜙/2) (38) 

(εsm − εcm) =
ff − kt

fctm

ρP,eff
(1 + nρP,eff)

Ef
 ≥ 0.6

ff

Ef
 

(39) 

ρP,eff =
Af

b hc,eff
 (40) 

and  
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hc,eff = less of 2.5(h − d),
(h − xe)

3
, h/2 (41) 

In these equations, kt is a factor that accounts for the duration of loading (kt=0.6 for short-

term load); sr,max is the maximum crack spacing; c is the concrete cover; k2 is a 

coefficient accounting for the nature of the strain distribution which for cracking due to 

flexure can be taken as 0.5; hc,eff is the depth of the effective tension area of concrete; 

fctm is the tensile strength of concrete; ρP,eff is the effective reinforcement ratio; and k1 

is a coefficient accounting for the bond properties of the bar. Therefore, to account for 

different types of reinforcement, including BFRP, it is the k1 term which needs to be 

calibrated.  

3.6.2 Comparison with the beam test results 

As stated previously, the crack widths are measured taken about every 5 kN of the applied 

load for the beams and every 1 kN for the slabs. It is important to highlight there is 

inevitably a degree of randomness and unpredictability about the development of cracks 

in concrete, and the degree to which they open, as this behaviour is governed by many 

inter-related factors which are not always quantifiable (e.g. level of bond that develops, 

degree of micro-cracking within the specimens, position of the crack relative to the rebars, 

etc.). Therefore, the following discussions and comparisons are included to highlight 

some behavioural observations rather than drawing specific conclusions. 

With this in mind, Fig. 9 presents the crack widths that developed with increasing levels 

of load for three of the beam specimens. The data from the first two tests is not available 

as the technique for measuring the cracks was still being verified during these 

experiments. It is noteworthy that all of the beams examined in the current programme 

have the same reinforcement ratio. It is shown in the figure that all of the beams developed 

cracks with very similar width until around 30 kN of applied load. Thereafter, beams R-

B10-1 exhibited slightly greater crack widths compared with SA-B10-2 and R-B10-2, 

although it is difficult to draw any conclusive analysis of this owing to the somewhat 

random nature of crack development.  The development of cracks, and the widths to 

which they open, is intrinsically linked to the bond stresses that develop between the 

reinforcement and the surrounding concrete, and can be very sensitive to any localised 

micro-cracking that develops.  
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Table 5 presents a comparison between the experimental crack widths with those obtained 

theoretically using ACI 440 [16], with a bonding coefficient (kb) equal to 0.6, 0.8, 1.0 and 

1.72, respectively. It is clear that when the bond coefficient is 0.6, the ACI code 

underestimates the crack width at the service moment (0.3Mult) for beams by between 37 

and 48%. When kb is increased to 0.8 (as also proposed by the Canadian Highway Bridge 

Design Code), the predicted crack widths are underestimates by around 16 to 31%. 

Similarly, Abed and Alhafiz [29] and Elgabbas et al. [23] observed that using kb=0.8 

resulted in an underestimation of the crack width.  On the other hand, when kb is given a 

value of 1.72 which is the maximum provided in the code, the crack widths are 

overestimated by between 49% and 80%. The ACI code procedure for determination of 

the crack widths provides the most acceptable predictions for the current test data when 

kb is taken as 1.0, resulting in a 4% overestimation of the opening size for beams SA-

B10-2 and R-B10-1 and a 12% underestimation for the beam R-B10-2. 

Table 6 presents comparisons between the experimental and predicted crack widths using 

the Russian FRP design code [18], as presented in Eq. 33. Two different values of bond 

coefficient (φ2) are employed namely 0.7 and 0.5, which φ2=0.7 is suggested by Russian 

code. It is observed that when a bonding factor of 0.7 is used, the crack widths are 

overestimated by between 15 and 39%. On the other hand, when φ2 is taken as 0.5, the 

Russian code provides more accurate predictions, generally quite close to the 

experimental readings and on the conservative side. It is noted that for R-B10-2, this 

approach provides a 17% underestimate of the crack width, but it appears that the 

behaviour for this test beam may have been unusual owing to unpredictable experimental 

factors. Table 6 also includes the Eurocode 2 crack width predictions, assuming a bond 

coefficient (k1) of 0.8. It can be shown that the European approach provides accurate 

predictions for the beams SA-B10-2 and R-B10-1 and underestimates the crack width for 

the beam R-B10-2, again by 17%, similar to the Russian code.  

3.6.3   Comparison with the slab test results 

Fig. 10 presents the average crack widths that develop for the one-way spanning 

reinforced concrete slabs in this experimental programme. It is observed that the crack 

opening width for the steel reinforced concrete slabs was significantly lower than for the 

sand-coated and ribbed BFRP reinforced concrete slabs for the duration of the tests. 



30 

 

Furthermore, it is noted that as the reinforcement ratio of the basalt FRP slabs increased 

(e.g. the diameter of the used BFRP bar increased), the crack widths reduced. Tables 5 

and 6 include the crack width values predicted by the international design codes 

(American in Table 5 and Russian and European in Table 6). It is shown that the American 

ACI 440 [16] standard consistently overestimates the crack width size for all considered 

kb values (ranging from 0.6 to 1.72). When kb is taken as 0.6, the overestimation is 

between 63% and 134% higher than the corresponding experimental value, while these 

overestimates increase to between 157% and 212% of the experimental results when kb 

is assumed to be 0.8 (which is also the recommended value given in the Canadian code). 

Finally, when kb is given a value of 1.72, the American codes overestimates the crack 

width by 159% and 571% higher than wmax,Exp at the service moment. 

With reference to the data presented in Table 6, it is observed that the Russian SP295 [18] 

design code overestimates the experimental crack width at 0.3Mult by 60%, 42% and 38% 

for the slabs SA-S6-1, SA-S10-1 and R-S10-1, respectively, when the bonding factor (φ2) 

is given a value of 0.7. On the other hand, for the same scenario, the standard 

underestimates the crack width for R-S12-1 by 10%. However, when φ2 is given a value 

of 0.5, the Russian code provides a more accurate assessment of the crack opening size 

(a 14% overestimation for the slab SA-S6-1, accurate predictions for the slabs SA-S10-1 

and R-S10-1, and 35% underestimation for the slab R-S12-1). Furthermore, the Eurocode 

2 crack width predictions are shown to be relatively accurate for the slab R-S12-1 but 

overestimates the crack width by 17%, 41% and 25% for the slabs SA-S6-1, SA-S10-1 

and R-S10-1, respectively.  

In conclusion to this section on cracking and crack widths, it is clear that the results both 

from the experiments and also the comparison with design codes indicate that the 

development and propagation of cracks and the size of crack widths is extremely difficult 

to analyse and predict either qualitatively or quantitatively, with a high degree of 

accuracy.  Whilst some trends have clearly been identified, nevertheless, it would be 

necessary to conduct a significant number of specific tests to develop a full understanding 

of the cracking behaviour. Even then, it is inevitable that the way in which cracks develop 

has a degree of unpredictability, which makes this property very difficult to codify. This 

is an area clearly requiring more detailed analysis and research in order to develop design 

standards which are at least on the safe side. 
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4. Conclusions 

This paper has presented a detailed description and analysis of a series of experiments on 

reinforced concrete beams and slabs that are reinforced with novel basalt FRP rebars. For 

comparison, the experimental programme also included similar specimens reinforced 

with carbon steel bars. The tests have generally shown that the members with BFRP bars 

perform very well, and provide a valid and durable alternative to traditional carbon steel 

reinforced concrete. In the analysis of the test results presented herein, particular attention 

was given to the overall load-deflection relationship as well as the cracking moment, 

bending moment capacity, deflections and the crack opening width at service loading. 

These values were compared with four international design standards including three that 

currently exist for FRP reinforced concrete beams (the American, Canadian and Russian 

codes) as well as Eurocode 2, which currently only contains guidance for the design of 

carbon steel reinforced concrete elements. Based on the test results and discussion 

presented herein, the following conclusions have been reached: 

1. The accuracy of the cracking moment predictions depends on the type of 

element (beam or slab), reinforcement type (steel or BFRP) and BFRP type 

(sand-coated or ribbed). The American, Canadian and European codes 

overestimate the cracking moment whereas the Russian code underestimate 

the cracking moment in most cases.  It is interesting to note that all of the 

codes are generally more unconservative for the beam cracking moment 

predictions compared with the slab cracking moments. 

2. The experimental moment capacity of the BFRP RC beams was higher than 

that of the steel RC beams with the same reinforcement ratio while for RC 

slab members, it is interesting to note that the steel RC slabs exhibited higher 

moment capacity than the BFRP RC slabs by about 24%. Furthermore, the 

American and Canadian codes provide acceptable predictions of the flexural 

capacity of BFRP RC beams while Eurocode 2 slightly overestimates the 

bending moment capacity and the Russian standard overestimates the moment 

capacity by an average of 16.5%. Furthermore, the American, Canadian and 

European codes provide acceptable predictions for the flexural capacity of 

one-way slabs while the Russian standard provides the most accurate flexural 

capacity predictions.  
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3. The crack patterns that developed in both the steel and BFRP RC beams were 

similar. However, the cracks that developed in BFRP RC beams were longer 

in length than those for the steel RC beams at the same loading level. The steel 

RC slabs exhibited significantly fewer cracks compared with the BFRP RC 

slabs, and most of the cracks were concentrated in the central region of the 

slab in which the BFRP RC slabs had extensive cracking vertically, diagonally 

and horizontally at the level of the reinforcement and the steel RC slabs had 

minimal horizontal and only minor diagonal cracks. Since the reinforcement 

ratios of all BFRP RC beams and slabs were higher than the balanced 

reinforcement ratio, at the ultimate load, the BFRP RC beams and slabs failed 

by concrete crushing whereas the steel RC beams and slabs fails by steel 

yielding. 

4. Based on the results presented, the recommended value for the bond-

dependent coefficient αb is 0.2 for calculating deflections of BFRP RC 

members at the service moment, in accordance with the design equations 

given in ACI 440.1R-06. It is observed that the Canadian and Russian 

standards overestimate the deflection in predictions for BFRP RC members at 

the service moment. Furthermore, Eurocode 2 provides the most realistic 

predictions for the deflection of BFRP RC members at the service moment, 

compared with the other codes of practice examined. 

5. It is recommended that bonding coefficients (kb) between 0.8 and 1.0 are used 

to calculate the crack opening width in accordance with ACI 440.1R-06. The 

code provides the most accurate predictions for the crack opening width of RC 

BFRP beams at the service moment while it overestimates the crack widths 

for RC BFRP slabs compared to the experimental values. It is recommended 

that a bonding factor (φ2) of 0.5 is used to calculate crack widths when 

applying the Russian code SP295, and this provides accurate and generally 

conservative predictions. Finally, assuming a bond coefficient (k1) of 0.8 in 

for calculation the crack opening widths in accordance with Eurocode 2 

provides accurate predictions for most BFRP RC beams but this standard 

generally overestimates the crack width for RC slabs. 
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Figures Captions 

Fig.1: Basalt FRP samples including (a) a sand-coated bar and (b) a ribbed bar 

Fig.2: Typical stress-strain relationship of steel and BFRP bar  

Fig. 3: beam concrete casting 

Fig. 4: Schematic views of the beam specimen configuration including (a) elevation 

view and end view; (b) the beam moulds showing the reinforcement arrangements. 

Fig. 5: Slab test specimens including (a) schematic of the slab specimens in elevation 

and end-view, and (b) the slab moulds showing the reinforcement arrangements 

Fig. 6: Load-deflection relationship for beam specimens 

Fig. 7: Load-deflection relationship for one-way slab specimens 

Fig. 8: Crack patterns and propagation for the beams (a) S-B10-1; (b) R-B10-1, and for 

the slabs (c) S-S10-1; (d) SA-S10-1. 

Fig. 9: Development of crack openings with increasing applied loads for BFRP RC 

beams 
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Fig.1: Basalt FRP samples including (a) a sand-coated bar and (b) a ribbed bar 
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Fig.2: Typical stress-strain relationship of carbon steel and BFRP bars 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. 3: Beam concrete casting 

 

 

 

 

 

 

 

 

 



 

(a) 

 

(b) 

Fig. 4: Schematic views of the beam specimen configuration including (a) an elevation 

and end view and (b) the beam moulds showing the reinforcement arrangements. 
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(b) 

Fig. 5: Slab test specimens including (a) a schematic of the slab specimens in elevation 

and end-view, and (b) the slab moulds showing the reinforcement arrangements 
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Fig. 7: Load-deflection relationships for the one-way slab specimens 
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Fig. 8: Crack patterns and propagation for the beams (a) S-B10-1 and (b) R-B10-1, 

and for the slabs (c) S-S10-1 and (d) SA-S10-1. 

 

 

  

 

 

 

 

 

 

 



 

 

 

Fig. 9: Development of crack openings with increasing applied loads for BFRP RC 

beams 
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Fig. 10: Development of crack openings with increasing applied loads for one-way 

spanning BFRP RC slabs 
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Table 1: Mechanical properties of BFRP and steel bars 

Type of bar Diameter 

(mm) 

fy  

(MPa) 

fu  

(MPa) 

E  

(GPa) 

Sand-coated 

basalt FRP 

6 N/A 1452 55 

10 N/A 1565 56 

Ribbed basalt 

FRP 

10 N/A 1356 54 

12 N/A 1356 54 

Steel 10 523 621 200 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 2: Concrete strength values for the test specimens and balanced reinforcement ratio values 

  Specimen 
fcu 

(MPa) 
𝛒𝐟 

ACI 440.1R-

06 [16] 

CSA S806-02 

[17] 
SP295 [18] 

Eurocode 2 

[20] 

𝛒𝐛,𝐀𝐂𝐈 
𝛒𝐟

𝛒𝐛,𝐀𝐂𝐈
 𝛒𝐛,𝐂𝐀𝐍 

𝛒𝐟
𝛒𝐛,𝐂𝐀𝐍

 𝛒𝐛,𝐑𝐔𝐒 
𝛒𝐟

𝛒𝐛,𝐑𝐔𝐒
 𝛒𝐛,𝐄𝐂𝟐 

𝛒𝐟
𝛒𝐛,𝐄𝐂𝟐

 

Beams 

SA-B10-1 41.4 0.0065 0.0014 4.5 0.0017 3.8 0.0019 3.4 0.0019 3.4 

SA-B10-2 41.4 0.0065 0.0014 4.5 0.0017 3.8 0.0019 3.4 0.0019 3.4 

R-B10-1 44.4 0.0065 0.0019 3.4 0.0023 2.8 0.0026 2.5 0.0026 2.5 

R-B10-2 44.4 0.0065 0.0019 3.4 0.0023 2.8 0.0026 2.5 0.0026 2.5 

S-B10-1 45.94 0.0072 - - - - - - - - 

One-

way 

slabs 

SA-S6-1 38.56 0.0062 0.0015 4.0 0.0018 3.4 0.0020 3.1 0.0020 3.1 

SA-S6-2 38.56 0.0062 0.0015 4.0 0.0018 3.4 0.0020 3.1 0.0020 3.1 

SA-S10-1 34.56 0.0142 0.0012 11.3 0.0014 9.8 0.0016 8.9 0.0016 8.9 

R-S10-1 38.1 0.0142 0.0017 8.3 0.0020 7.1 0.0022 6.4 0.0022 6.4 

R-S12-1 38.1 0.0219 0.0017 12.8 0.0020 10.9 0.0022 9.8 0.0022 9.8 

S-S10-1 34.56 0.0157 - - - - - - - - 

S-S10-2 38.56 0.0157 - - - - - - - - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 3: Experimental and theoretical cracking and ultimate moment values for the test specimens 

Specimen 

Experiment 

(kNm) 

ACI 440.1R-06 

[16] 

CSA S806-02 

[17] 

SP295 

[18] 

Eurocode 2 

[20] 

𝐌𝐜𝐫,𝐄𝐱𝐩 𝐌𝐮𝐥𝐭,𝐄𝐱𝐩 
𝐌𝐜𝐫,𝐀𝐂𝐈

𝐌𝐜𝐫,𝐄𝐱𝐩
 
𝐌𝐮𝐥𝐭,𝐀𝐂𝐈

𝐌𝐮𝐥𝐭,𝐄𝐱𝐩
 
𝐌𝐜𝐫,𝐂𝐀𝐍

𝐌𝐜𝐫,𝐄𝐱𝐩
 
𝐌𝐮𝐥𝐭,𝐂𝐀𝐍

𝐌𝐮𝐥𝐭,𝐄𝐱𝐩
 
𝐌𝐜𝐫,𝐑𝐔𝐒

𝐌𝐜𝐫,𝐄𝐱𝐩
 
𝐌𝐮𝐥𝐭,𝐑𝐔𝐒

𝐌𝐮𝐥𝐭,𝐄𝐱𝐩
 
𝐌𝐜𝐫,𝐄𝐂𝟐

𝐌𝐜𝐫,𝐄𝐱𝐩
 
𝐌𝐮𝐥𝐭,𝐄𝐂𝟐

𝐌𝐮𝐥𝐭,𝐄𝐱𝐩
 

SA-B10-1 2.60 14.95 1.15 1.01 1.11 1.09 0.85 1.18 1.01 1.05 

SA-B10-2 2.44 15.43 1.23 0.98 1.19 1.05 0.91 1.14 1.08 1.04 

R-B10-1 1.72 15.54 1.8 0.99 1.74 1.07 1.35 1.17 1.58 1.06 

R-B10-2 1.77 15.50 1.75 0.99 1.69 1.07 1.31 1.17 1.55 1.06 

S-B10-1 3.25 13.65 0.97  -  0.94  -  0.73   -  0.92 0.96 

SA-S6-1 0.75 3.68 1.30 0.72 1.25 0.78 0.95 0.84 1.11 0.76 

SA-S6-2 NA 4.15 NA 0.56 NA 0.69 NA 0.74 NA 0.67 

SA-S10-1 1.05 4.73 0.88 0.68 0.85 0.72 0.63 0.78 0.74 0.70 

R-S10-1 0.88 3.97 1.11 0.84 1.07 0.89 0.81 0.97 0.95 0.88 

R-S12-1 1.05 4.73 0.92 0.79 0.89 0.83 0.67 0.92 0.80 0.82 

S-S10-1 1.58 5.88 0.59 - 0.57 - 0.42 - 0.51 0.8 

S-S10-2 1.44 5.83 0.68 - 0.66 - 0.50 - 0.60 0.82 

Average  1.13 0.84 1.09 0.91 0.8 0.99 0.98 0.89 

Coefficient of variation (%) 34.4 19.5 34.34 19.64 35.64 18.13 34.7 16.33 

 

 



 

 

Table 4: Predicted-to-experimental deflection of BFRP RC members according to various international design codes 

 

Specimen 

Experiment ACI 440.1R-06 [16] CSA S806-02 [17] SP295 [18] Eurocode 2 [20] 

𝛅𝐞𝐱𝐩 
𝛅𝐀𝐂𝐈/𝛅𝐞𝐱𝐩 for 

𝛂𝐛 = 𝟎. 𝟓 

𝛅𝐀𝐂𝐈/𝛅𝐞𝐱𝐩 for 

𝛂𝐛 = 𝟎. 𝟐 
𝛅𝐂𝐒𝐀/𝛅𝐞𝐱𝐩 𝛅𝐑𝐔𝐒/𝛅𝐞𝐱𝐩 𝛅𝐄𝐂𝟐/𝛅𝐞𝐱𝐩 

δ0.3 

(mm) 

δ0.67 

(mm) 

δult 

(mm) 
0.3Mult 0.67Mult 0.3Mult 0.67Mult 0.3Mult 0.67Mult 0.3Mult 0.67Mult 0.3Mult 0.67Mult 

SA-B10-1 5.18 18.00 34.31 0.52 0.85 0.96 0.95 1.41 1.00 1.61 1.03 1.05 0.93 

SA-B10-2 5.55 18.55 33.6 0.53 0.87 0.96 0.96 1.38 1.01 1.55 1.03 1.04 0.93 

R-B10-1 6.80 21.62 40.5 0.41 0.75 0.76 0.85 1.15 0.89 1.30 0.91 0.85 0.82 

R-B10-2 5.96 21.04 39.16 0.46 0.77 0.86 0.87 1.31 0.92 1.48 0.94 0.97 0.84 

S-B10 1.70 5.78 9.66 0.56 0.76 0.56 0.76 1.13 0.84 1.32 0.87 0.77 0.75 

SA-S6-1 1.50 8.83 21.34 0.24 0.26 0.58 0.39 1.78 1.18 3.37 0.57 1.40 1.08 

SA-S6-2 2.26 12.26 28.28 0.25 0.25 0.58 0.37 1.44 0.98 2.53 0.47 1.34 0.90 

SA-S10 1.87 7.54 16.36 0.53 0.37 1.00 0.42 1.40 0.99 1.91 0.47 1.24 0.91 

R-S10 1.00 5.19 13.15 0.48 0.39 1.06 0.49 2.00 1.21 3.04 0.59 1.51 1.10 

R-S12 1.87 6.54 13.54 0.44 0.33 0.82 0.37 1.01 0.86 1.44 0.41 0.89 0.78 

S-S10-1 1.48 3.94 6.37 0.60 0.34 0.60 0.34 0.87 0.81 1.06 0.40 0.74 0.72 

S-S10-2 1.20 3.11 5.52 0.65 0.42 0.65 0.42 1.02 1.00 1.24 0.48 0.86 0.89 

Average 0.47 0.53 0.78 0.60 1.33 0.97 1.82 0.68 1.06 0.89 

Coefficient of variation (%) 26.54 46.27 23.68 42.33 24.51 12.72 41.28 37.09 24.53 13.24 

 

 

 

 



 

 

Table 5: Comparison of the experimental crack widths for BFRP RC members with the American design 

codes 

Specimen 

 

wmax,Exp 

(mm) 

ACI 440.1R-06 [16] 

kb=0.6 kb=0.8 kb=1.0 kb=1.72 

𝐰𝐦𝐚𝐱,𝐀𝐂𝐈

𝐰𝐦𝐚𝐱,𝐄𝐱𝐩
 

𝐰𝐦𝐚𝐱,𝐀𝐂𝐈

𝐰𝐦𝐚𝐱,𝐄𝐱𝐩
 

𝐰𝐦𝐚𝐱,𝐀𝐂𝐈

𝐰𝐦𝐚𝐱,𝐄𝐱𝐩
 

𝐰𝐦𝐚𝐱,𝐀𝐂𝐈

𝐰𝐦𝐚𝐱,𝐄𝐱𝐩
 

SA-B10-1 N/A N/A N/A N/A N/A 

SA-B10-2 0.367 0.63 0.84 1.04 1.80 

R-B10-1 0.385 0.62 0.83 1.04 1.78 

R-B10-2 0.46 0.52 0.69 0.88 1.49 

S-B10-1 N/A N/A N/A N/A N/A 

SA-S6-1 0.4 1.63 2.17 2.71 4.66 

SA-S6-2 N/A N/A N/A N/A N/A 

SA-S10-1 0.18 2.34 3.12 3.90 6.71 

R-S10-1 0.16 2.28 3.04 3.81 6.55 

R-S12-1 0.16 1.93 2.57 3.22 5.53 

S-S10-1 Mcr>Ma N/A N/A N/A N/A 

S-S10-2 0.03 2.59 2.59 2.59 2.59 

Average  1.57 1.98 2.40 3.89 

Coefficient of variation (%) 54.77 52.13 52.38 57.16 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Table 6: Comparison of the experimental crack widths for BFRP RC members with the Russian and 

European design codes 

Specimen 
wmax,Exp 

(mm) 

SP295 [18] Eurocode 2 [20] 

𝝋𝟐 = 𝟎. 𝟕 𝝋𝟐 = 𝟎. 𝟓 k1=0.8 
𝐰𝐦𝐚𝐱,𝐑𝐔𝐒

𝐰𝐦𝐚𝐱,𝐄𝐱𝐩
 

𝐰𝐦𝐚𝐱,𝐑𝐔𝐒

𝐰𝐦𝐚𝐱,𝐄𝐱𝐩
 

𝐰𝐦𝐚𝐱,𝐄𝐂𝟐

𝐰𝐦𝐚𝐱,𝐄𝐱𝐩
 

SA-B10-1 N/A N/A N/A N/A 

SA-B10-2 0.367 1.39 0.99 0.99 

R-B10-1 0.385 1.37 0.98 0.99 

R-B10-2 0.46 1.15 0.83 0.83 

S-B10-1 N/A N/A N/A N/A 

SA-S6-1 0.4 1.60 1.14 1.17 

SA-S6-2 N/A N/A N/A N/A 

SA-S10-1 0.18 1.42 1.01 1.41 

R-S10-1 0.16 1.38 0.99 1.25 

R-S12-1 0.16 0.90 0.65 1.00 

S-S10-1 Mcr>Ma N/A N/A N/A 

S-S10-2 0.03 3.05 3.05 2.33 

Average  1.53 1.21 1.25 

Coefficient of variation (%) 42.26 63.03 38.03 
 

 

 

 

 

 

 

 

 

 

 



Table A.1: Experimental and theoretical cracking and ultimate moment values for the test beams by Elgabbas 

et al. [23] 

Specimen [23] 

Experiment 

(kN.m) 

ACI 440.1R-06 

[16] 

CSA S806-02 

[17] 

SP295 

[18] 

Eurocode 2 

[20] 

𝐌𝐜𝐫,𝐄𝐱𝐩 𝐌𝐮𝐥𝐭,𝐄𝐱𝐩 
𝐌𝐜𝐫,𝐀𝐂𝐈

𝐌𝐜𝐫,𝐄𝐱𝐩
 
𝐌𝐮𝐥𝐭,𝐀𝐂𝐈

𝐌𝐮𝐥𝐭,𝐄𝐱𝐩
 
𝐌𝐜𝐫,𝐂𝐀𝐍

𝐌𝐜𝐫,𝐄𝐱𝐩
 
𝐌𝐮𝐥𝐭,𝐂𝐀𝐍

𝐌𝐮𝐥𝐭,𝐄𝐱𝐩
 
𝐌𝐜𝐫,𝐑𝐔𝐒

𝐌𝐜𝐫,𝐄𝐱𝐩
 
𝐌𝐮𝐥𝐭,𝐑𝐔𝐒

𝐌𝐮𝐥𝐭,𝐄𝐱𝐩
 
𝐌𝐜𝐫,𝐄𝐂𝟐

𝐌𝐜𝐫,𝐄𝐱𝐩
 
𝐌𝐮𝐥𝐭,𝐄𝐂𝟐

𝐌𝐮𝐥𝐭,𝐄𝐱𝐩
 

B-2#10 9.03 52.84 1.34 0.74 1.30 0.82 1.03 0.90 1.21 0.83 

B-4#10 7.24 58.30 1.67 0.79 1.62 0.87 1.29 0.96 1.51 0.88 

B-2#12 9.87 53.72 1.23 0.86 1.19 0.95 0.95 1.05 1.11 0.96 

B-4#12 9.00 76.89 1.35 0.69 1.30 0.76 1.04 0.85 1.22 0.77 

B-2#16 8.09 69.74 1.50 0.86 1.45 0.95 1.16 1.05 1.36 0.96 

B-4#16 9.81 82.06 1.24 0.82 1.20 0.89 0.95 0.99 1.12 0.90 



 

Table A.2: Predicted-to-experimental deflection of BFRP RC beams tested by Elgabbas et al. [23] according to various international design codes 

 

Specimen 

[23] 

Experiment ACI 440.1R-06 [16] CSA S806-02 [17] SP295 [18] Eurocode 2 [20] 

𝛅𝐞𝐱𝐩 
𝛅𝐀𝐂𝐈/𝛅𝐞𝐱𝐩 for 

𝛂𝐛 = 𝟎. 𝟓 

𝛅𝐀𝐂𝐈/𝛅𝐞𝐱𝐩 for 

𝛂𝐛 = 𝟎. 𝟐 
𝛅𝐂𝐒𝐀/𝛅𝐞𝐱𝐩 𝛅𝐑𝐔𝐒/𝛅𝐞𝐱𝐩 𝛅𝐄𝐂𝟐/𝛅𝐞𝐱𝐩 

δ0.3 

(mm) 

δ0.67 

(mm) 
0.3Mult 0.67Mult 0.3Mult 0.67Mult 0.3Mult 0.67Mult 0.3Mult 0.67Mult 0.3Mult 0.67Mult 

B-2#10 16 48.71 0.18 0.71 0.41 0.98 1.35 1.25 1.74 1.27 0.91 1.10 

B-4#10 10.74 36.08 0.36 0.88 0.75 1.07 1.52 1.19 1.82 1.21 1.11 1.08 

B-2#12 11.65 39.56 0.25 0.74 0.56 0.94 1.35 1.10 1.71 1.13 0.93 1.00 

B-4#12 14.29 37.24 0.58 1.00 0.92 1.07 1.21 1.11 1.30 1.12 1.00 1.03 

B-2#16 11.14 31.2 0.54 0.92 0.89 1.00 1.19 1.03 1.31 1.05 0.95 0.97 

B-4#16 9.7 25.28 0.77 0.98 1.04 1.01 1.14 1.03 1.21 1.04 0.96 0.97 

 
 


	Manuscript-Text
	Manuscript-Figures
	Manuscript-Tables

