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Abstract: The main aim of this paper is to provide a broader analysis of the flexural bond length and 

anchorage length of different types of prestressed Fiber Reinforced Polymer (FRP) reinforcement and to provide 

corrections to the existing theoretical models. Therefore, this paper presents a description of the main 

parameters that influence the flexural bond length and anchorage length of different types of FRP reinforcement 

based on experimental results found in the literature. The database of more than 70 specimens was compiled 

with the results of the transfer length, flexural bond length, and anchorage length of FRP reinforcement and the 

main influencing parameters. The analysis of a larger database of flexural bond length revealed that propositions 

of coefficients αfb = 2.8 and αfb = 1.0 found in the literature for Carbon Fiber Composite Cable (CFCC) strands 

and Carbon Fiber Reinforced Polymer (CFRP) bars, respectively, should be corrected. Therefore, corrected 

values of coefficient αfb are proposed in this article for CFCC strands (αfb = 3.0) and CFRP bars (αfb = 0.9). 

Additionally, the new value of αfb = 1.4 is proposed for flexural bond length of Aramid Fiber Reinforced 

Polymer (AFRP) bars. Moreover, the main existing theoretical models are presented, and the comparison of 

theoretical and experimental flexural bond length and anchorage length results is discussed. Additionally, the 

analysis of the flexural bond length and anchorage length and the proposed new values of the coefficient αfb 

provides possibilities for adapting it to design codes for engineering applications and performing additional 

research that fills the missing gaps in the field. 

 

Keywords: Prestress, Fiber reinforced polymer, Flexural bond length, Anchorage length, Bond 

 

 

Introduction 

 

The corrosive environment of such structures as marine structures, bridges, parking garages, and railway 

sleepers (Jokūbaitis et al., 2020b; Jokūbaitis, Marčiukaitis, et al., 2016; Jokūbaitis, Valivonis, et al., 2016) is the 

main concern with regard to steel corrosion (deicing salts, etc.). Therefore, there is increasing interest in the use 

of FRP materials, namely, CFRP, AFRP, GFRP, and relatively new BFRP (E. Atutis et al., 2018; M. Atutis et 

al., 2018) as replacements for steel reinforcement. 

 

FRPs have important properties that make them particularly attractive for prestressed concrete applications: high 

strength, which is similar to or greater than that of steel, and low modulus of elasticity, which results in lower 

concrete prestress losses due to concrete creep and shrinkage as well as the relaxation of the prestressing 

element. The major difficulty in using FRP reinforcement for prestressing is that anchorage systems require 

greater attention than those for steel strands. Therefore, three types of anchorage systems are developed for FRP 

reinforcement: mechanical, bonded, and composite (Wang et al., 2018). 
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The use of FRP reinforcement in prestressed concrete structures is highly dependent on the reliability of the 

reinforcement anchorage zone. That is, the behavior of concrete members is mainly dependent on the bond 

between reinforcement and concrete (Jokūbaitis et al., 2017, 2018, 2020a). Combinations of several factors have 

been shown to contribute to the bond of pretensioned reinforcement to concrete. Depending on the 

circumstances, adhesion, Hoyer effect, and mechanical interlocking can act alone or in combination to resist slip 

of reinforcement in concrete. While adhesion is weak, mechanical interlock and friction create higher bond 

strength and are quite dependent on the surface characteristics of the reinforcement. 

 

The pretension technique relies on the bond between the prestressing reinforcement and the surrounding 

concrete to transfer the stresses from the prestressing reinforcement to the concrete. Figure 1 provides a curve 

illustrating the variation in reinforcement stresses along the length of the flexural member starting from the free 

end of the strand. Transfer length (Lt) is defined as the length from the free end of the member to the point along 

the length of the beam where the effective prestress in the strand is fully transferred to the concrete during 

reinforcement release. The stress in the strand along the length of the transfer length is assumed to vary linearly 

from zero at the free end to an effective prestress after losses (fpe) at the end of the transfer length. The flexural 

bond length (Lfb) is defined as the length of a fully bonded reinforcement beyond the transfer length required to 

fully develop the stress in the reinforcement to the maximum stress (fpu) at the flexural bearing capacity, when 

load is applied to the member. Anchorage length (La) is the sum of the transfer length (Lt) and the flexural bond 

length (Lfb). Transfer length, flexural bond length, and development length are illustrated in Figure 1.  

 

The transfer and development length of an FRP reinforcement is a function of the perimeter and surface 

condition of the FRP, the stress in the FRP, the method used to transfer the force of the FRP to the concrete and 

the strength and cover of the concrete. The mechanism of the bond differs between FRP and steel strands due to 

differences in shape, surface treatment, and modulus of elasticity. FRP reinforcement may be produced using 

unique manufacturing processes, which result in different properties and configurations of the reinforcement 

surface. The stronger the bond strength, the shorter the length required to transfer a certain amount of stress 

between the reinforcement and the concrete. Therefore, the strand length required to transfer the effective 

prestress and develop its ultimate strength should be predicted with careful consideration. At any point along the 

section, the loss of the bond between the reinforcement and concrete can lead to sudden failure: due to splitting 

failure or pull-out failure. 

 

 
Figure 1. Anchorage zone of pretensioned reinforcement 

 

In the last 30 years, numerous experimental researchers have investigated the transfer, flexural bond, and 

anchorage lengths of different prestressed FRP reinforcements. The large variation of different FRP types leads 

to the need for experimental research. Therefore, some studies were performed to investigate the transfer, 

flexural bond, and anchorage length of CFCC strands (Domenico, 1995; Domenico et al., 1998; Ehsani et al., 

1997; Mahmoud, 1997; Mahmoud et al., 1999), CFRP bars (Dolan et al., 2001; Ehsani et al., 1997; Krem, 2013; 

Krem et al., 2018; Lu et al., 2000; Mahmoud, 1997; Mahmoud et al., 1999) and AFRP bars (Dolan et al., 2001; 

Ehsani et al., 1997; Lu et al., 2000; Nanni et al., 1992; Nanni & Tanigaki, 1992). However, the large variation in 

FRP bars in terms of shape, surface conditions, strength, and modulus of elasticity indicates that a deeper 

understanding of the transfer and flexural bond length of FRPs with different properties remains necessary. 

Therefore, this article presents a database of transfer, flexural bond, and anchorage length results for 

pretensioned FRP reinforcement and provides a comparative analysis of the anchorage zones of different types 

of FRP. 

Lt Lfb

La

fpu

fpe

Prestress only

At bearing capacity of member
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Theoretical Models 

 

Table 1 presents a summary of the recommended expressions for the transfer and flexural bond lengths of the 

FRP reinforcement (Equations (1), (2), (6), (7), and (8)) and the steel strands (Equations (3), (4), (5), (9) and 

(10)). The nomenclature is presented in this table. The transfer length equations (Table 1) are discussed in detail 

in (Jokūbaitis et al., 2022). 

 

Equations (4) and (9) provided in (ACI 318-11, 2011) evaluate the fewest different parameters (fpi, fpe, fpu, and 

Ø) that influence the transfer length and flexural bond length. Additionally, with an empirical coefficient of 20.7 

and 0.145, which are based on the large database of transfer and flexural bond length results, respectively, 

Equations (3), (4) and (9) were developed for steel strands. Lu et al. (Lu et al., 2000) modified Equation (8) 

provided in (ACI 318-11, 2011) for the flexural bond length of FRP reinforcement. However, the modified 

Equation 8 gives a conservative prediction of the experimental results. In addition, Mitchell et al. (Mitchell et 

al., 1993) suggested supplementing the ACI-318-11 (ACI 318-11, 2011) Equations (4) and (9) with the concrete 

compressive strength at the transfer and in service stages. As concrete strength enhances the bond of 

reinforcement, it becomes a good additional parameter to increase the accuracy of the transfer length and the 

prediction of the flexural bond length. However, Equations (4) and (9) are proposed for the steel strands. 

Compared with Equations (1) and (6), Equations (2) and (7) proposed by Domenico (Domenico, 1995) replace 

the reinforcement diameter (Ø) with a cross-sectional area (Ap) of the reinforcement and propose empirical 

coefficients Ct = 80 and Cfb = 40 for the transfer and flexural bond lengths of the CFCC strand, respectively. 

Additionally, it evaluates 1/ 2

cif  and 1/ 2

cf  as also in Equations (5) and (10), respestively. 

 

Table 1. Theoretical models of transfer and flexural bond length 

Reference

s 
Transfer length 

Equation 

No 
Flexural bond length 

Equation 

No 
Notes 

(Mahmou

d, 1997) 

pi

t 2

3
t ci

f
L

f




 

 (1) 
 pu pe

fb 2

3
fb c

f f
L

f

 


 

 (6) 

fpi - is the initial prestress 

level,  

fpe – effective prestressing 

stress in the CFCC strand, 

fpu  stress at first slip or at 

rupture of reinforcement, 

fci - is the concrete 

compressive strength at the 

time of transfer, 

fc  concrete compressive 

strength at the time of testing, 

Ø - is the reinforcement 

diameter, 

Ap – cross-sectional area of 

prestressed reinforcement, 

αt and αfb - is a material 

dependent coefficient, 

CT – constant is equal to 80 

for CFCC strands, 

Cfb  constant is equal to 40 

for CFCC strands. 

(Domenic

o, 1995) 

pe p

t
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f A
L

C f
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f f A
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 (7) 

(Lu et al., 

2000) 
pi

t

f
L

20.7


  (3) 

 fb pu peL 0.10875 f f   

 
(8) 

(ACI 318-

11, 2011) 
pi

t

f
L

20.7


  (4) 

 fb pu peL 0.145 f f   

 
(9) 

(Mitchell 

et al., 

1993) 

pi

t

ci

f 20.7
L

20.7 f


 

 

(5) 
 fb pu pe

c

30
L 0.145 f f

f
    

 

(10) 

 

Equations (1) and (6) were proposed by (Mahmoud, 1997; Mahmoud et al., 1999) for CFRP Leadline bars and 

CFCC strands and were adopted in several design codes (ACI 404.4R-04, 2004; CAN-CSA S806-12, 2012). It 

takes into account reinforcement diameter (Ø), stresses in reinforcement (fpi, fpe, fpu), and concrete compressive 

strength (fci, fc). The main difference from other theoretical models is that Equations (1) and (6) propose 

empirical coefficients αt and αfb, respectively, depending on the type of FRP reinforcement. Therefore, these 

coefficients can be calibrated for different types of FRP reinforcement (GFRP, CFCC, CFRP, AFRP, BFRP) 

with different surface conditions. Additionally, it presents the concrete strength as 2/3

cf instead of 1/ 2

cf  

(Equations (2), (5), (7), and (10)). The presentation of concrete strength as 2/3

cf  can be explained by the 

correlation of concrete compressive strength with concrete tensile strength 2/3

ctm cf 0.3 f   provided in (EN 1992-

1-1, 2004; MC 1990, 1991; MC 2010, 2012).  
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Table 2 presents the values of coefficients αt, αfb, Ct, and Cfb provided in Equations (1), (6), (2), and (7), 

respectively, for different types of FRP reinforcement found in the literature. Domenico (Domenico, 1995) 

proposed empirical coefficients Ct = 80 and Cfb = 40 for the transfer and flexural bond lengths of the CFCC 

strand, respectively. The values proposed by (Mahmoud, 1997; Mahmoud et al., 1999) and adopted in (ACI 

404.4R-04, 2004; CAN-CSA S806-12, 2012) are αt = 1.9, αfb =1.0 and αt = 4.8, αfb =2.8 for CFRP Leadline bars 

and CFCC strands, respectively. Additionally, (Krem, 2013; Krem et al., 2018) investigated specimens made of 

self-compacting concrete (SCC) and prestressed with CFRP bars and proposed αt = 2.84fpi/800, αfb =0.37+(fpu–

fpe)/2500. 

 

Table 2. Theoretical models of transfer and flexural bond length 

References Reinforcement Type Transfer length Flexural bond length 

(Mahmoud, 1997; Mahmoud et al., 

1999) 

CFRP Leadline bars αt = 1.9 αfb = 1.0 

CFCC strands αt = 4.8 αfb = 2.8 

(Domenico, 1995; Domenico et 

al., 1998) 
CFCC strands Ct = 80 Ct = 40 

(Krem, 2013; Krem et al., 2018) CFRP bars (SCC concrete) αt = 2.84-fpi/800 
αfb = 0.37+(fpu-

fpi)/2500 

(Jokūbaitis & Valivonis, 2022) 
AFRP smooth braided bars αt = 1.5 – 

AFRP rough and sanded bars αt = 4.0 – 

 

 

Results 
 

The Database of the Results 

 

A literature review of the transfer length, flexural bond length, and anchorage length of concrete specimens 

pretensioned with different FRP reinforcement was performed. The results of 106 beams were collected 

(Annex A). The ranges of the initial parameters of the database are provided in Table 3. A literature review 

revealed that prestressed concrete flexural members tested for flexural bond and anchorage lengths showed 

flexural failure or reinforcement anchorage failure (Mahmoud, 1997; Mahmoud et al., 1999; Nanni & Tanigaki, 

1992). The flexural member can be designed to fail either in the concrete compressive zone (Nanni & Tanigaki, 

1992) or by reinforcement rupture (Mahmoud, 1997; Mahmoud et al., 1999). The flexural bond and anchorage 

lengths can be determined when the beam failure is between the flexural failure and the reinforcement 

anchorage failure. Therefore, for the analysis of the flexural bond and anchorage lengths, only the results of 

beams that failed between flexural failure and reinforcement anchorage failure were taken into account. 

Specifically, 16 of 36, 16 of 36, and 21 of 34 specimens prestressed with CFCC (Table A1), CFRP (Table A2), 

and AFRP (Table A3) reinforcement were used for the analysis, respectively. Tables A1-A3 (Annex A) provide 

original markings of specimens from the experimental research, type and surface conditions of FRP 

reinforcement, specimen type, concrete protective cover (c), reinforcement diameter (Ø), cross-sectional area of 

the bar (Ap), modulus of elasticity of reinforcement (Ep), concrete compressive strength at the time of testing 

(fc), effective stresses in reinforcement taking into account losses of prestress (fpe), stress at first slip or at 

rupture of reinforcement (fpu), transfer length (Lt), flexural bond length (Lfb), anchorage length (La) and mode of 

failure of beam. 

 

Table 3. Summary of initial parameters of the database 

FRP Type c, mm Ø, mm Ap, mm
2
 Ep, GPa fpu, MPa fpe, MPa fc, MPa 

CFCC 45–75 10.5–15.2 55.7–113.6 137–141 1734–2305 735–1306 31–64 

CFRP 35–40.6 7.9–12.7 46.1–126.7 144–171 1360–3000 535–1400 37–70.9 

AFRP 40.6–66 7.4–16 38.1–1802 45–127 1021–2448 258–1061 31–47.1 

 

 

Derivation of Coefficient αfb 

 

The most widely used equation (Equation (6)) for the flexural bond length of the pretensioned FRP 

reinforcement is proposed by (Mahmoud, 1997; Mahmoud et al., 1999) and is adopted in design codes (ACI 

404.4R-04, 2004; CAN-CSA S806-12, 2012). Additionally, it takes into account the reinforcement diameter 

(Ø), concrete compressive strength (fc), stresses in reinforcement (fpe, fpu) and material dependent coefficient 

(αfb), which are one of the main parameters that influence the flexural bond length of pretensioned FRP 

reinforcement. Therefore, for a better analysis of the results based on Equation (6), a graphical comparison of 
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the flexural bond length of different FRP reinforcements (CFCC, CFRP, and AFRP) and   2/3

pu pe cf f / f   is 

presented in Figure 2. Additionally, these graphs (Figure 2) represent a distribution of the results with the 

proposed mean values of the coefficient αfb. For the CFCC strand database, the average value of the coefficient 

αfb is 3.0 with a standard deviation (STD) of 0.62 and a coefficient of variation (COV) of 20.5% (Table 4) (for 

concrete strength 31–64 MPa, effective prestress 735–1306 MPa, stresses at failure 1734–2305 MPa and 

reinforcement diameter 10.5–15.2 mm).  

 

 
Figure 2. Relationship between flexural bond length and   2/3

pu pe cf f / f   of (a) CFCC strands, (b) CFRP bars, 

and (c) AFRP bars 

 

 
Figure 3. Relationship between flexural bond length and   2/3

pu pe cf f / f   of (a) CFCC strands, (b) CFRP bars, 

and (c) AFRP bars 
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The graphical representation is presented in Figure 2a with a very strong correlation coefficient R
2
 = 0.96. 

Figure 2b presents the relationship between flexural bond length and   2/3

pu pe cf f / f   with an average αfb = 0.9 

with STD = 0.22, COV = 24.0%, and R
2
 = 0.95 (Table 4) (for concrete strength 37–71 MPa, effective prestress 

535–1400 MPa, stress at failure 1360–3000 MPa, and reinforcement diameter 7.9–12.7 mm). Figure 2c presents 

the transfer length distribution of the AFRP bars with respect to   2/3

pu pe cf f / f   with an average αfb = 1.4 with 

STD = 0.42, COV = 29.8%, and R
2
 = 0.91 (Table 4) (for concrete strength 31–47 MPa, effective prestress 258–

1061 MPa, stress at failure 1021–2448 MPa, and reinforcement diameter 7.4–16 mm). 

 

Table 4. Results of coefficient αfb 

αfb 
CFCC CFRP AFRP 

(Mahmoud, 1997) Proposed (Mahmoud, 1997) Proposed Proposed 

Mean 2.8 3.0 1.0 0.9 1.4 

Standard deviation - 0.62 - 0.22 0.42 

Coefficient of variation, % - 20.5 - 24.0 29.8 

 

In the database (Annex A) all CFCC strands had a helical plain surface, CFRP bars had a spirally indented 

(Leadline) or sanded surface, and AFRP bars had a smooth braided or rough surface. However, there were no 

clear influence of different reinforcement surface conditions on the flexural bond length of prestressed FRP 

reinforcement. Additionally, Figure 3 shows the influence of shear reinforcement on the relationship between 

flexural bond length and   2/3

pu pe cf f / f  . It is clear that there is no clear influence of shear reinforcement on 

the flexural bond length of CFCC strands (Figure 3a), CFRP bars (Figure 3b), and AFRP bars (Figure 3c). 

However, Mahmoud (Mahmoud, 1997) determined that the absence of shear reinforcement resulted in an 

increase of the flexural bond length by 25% compared with specimens with shear reinforcement. This was 

explained by the helical shape of CFCC seven-wire strand which activates the confining of shear reinforcement 

due to higher radial stresses than that in the case of CFRP Leadline bar. Furthermore, concrete protective cover 

also plays an important role, in that the deeper the cover around the tendon, the less likely is the propagation of 

split (Nanni & Tanigaki, 1992). 

 

 

Comparison of Experimental and Theoretical Results 

 

In this section, the theoretical models for the calculation of transfer length, flexural bond length, and anchorage 

length (Table 1) are compared with experimental results from the literature (Tables A1–A3). The results 

presented in Figures 4 and 5 show the relationships between the experimental and theoretical results of the 

transfer, flexural bond, and anchorage lengths of different FRP reinforcements. In addition, they show the 

differences between different theoretical models for calculating transfer, flexural bond, and anchorage lengths. 

The theoretical model proposed by (Mahmoud, 1997; Mahmoud et al., 1999), is presented in Figures 4 and 5 

with the coefficients αt taken from (Jokūbaitis & Valivonis, 2022) and the coefficients αfb proposed in this 

article (Table 4). 

 

In Jokūbaitis & Valivonis (2022), a detailed comparison of the experimental and theoretical transfer length 

results (more than 300) is provided for different types of FRP reinforcement. Despite the lower number of 

transfer length results of CFCC, CFRP, and AFRP reinforcement analyzed in this article, it is evident that the 

tendency of comparison of the experimental and theoretical results is similar to that provided in Jokūbaitis & 

Valivonis (2022) (Figures 4a, 5a and 6d). 

 

In the case of CFCC strands (Figure 4b), Equations (8), (9), and (10) give the most inappropriate results with a 

significant overestimation of the experimental flexural bond length results with Lfb,teor/Lfb.exp = 4.2, STD = 1.21, 

COV = 28.7%; Lfb,teor/Lfb.exp = 5.6, STD = 1.62, COV = 28.7%; and Lfb,teor/Lfb.exp = 4.5, STD = 1.0, 

COV = 21.9%, respectively (Figure 4b). A similar tendency is observed for the anchorage length of the CFCC 

strands (Figure 4c).  

 

Equation (7) gives an overestimation of 8% of the experimental results of flexural bond length 

(Lfb,teor/Lfb.exp = 0.92, STD = 0.21, COV = 22.7%) (Figure 4b). However, the experimental results on anchorage 

length are more overestimated (La,teor/La.exp = 0.83, STD = 0.17, COV = 22.0%) (Figure 4c). This is due to the 

25% higher experimental transfer length results (Equation 2) with respect to the theoretical results 

(Lt,teor/Lt.exp = 0.75, STD = 0.15, COV = 22.0%) (Figure 4a). Equations (2) and (7) were proposed for the CFCC 
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strands (Domenico, 1995; Domenico et al., 1998). However, the results of the larger database showed that its 

accuracy is not sufficient. 

 

Equations (1) and (6) with the proposed values of coefficients αt = 4.8 (Jokūbaitis et al., 2022; Mahmoud, 1997; 

Mahmoud et al., 1999) and αfb = 3.0 gave the most accurate prediction of the transfer and flexural bond lengths 

(Figure 4a and 4b) (Lt,teor/Lt.exp = 1.03, STD = 0.14, COV = 13.6% and Lfb,teor/Lfb.exp = 1.0, STD = 0.20, 

COV = 19.7%), respectively. Therefore, the prediction of anchorage length was also very accurate 

(La,teor/La.exp = 1.03, STD = 0.13, COV = 12.9%) (Figure 4c). 

 

 
Figure 4. Relationship between the experimental and theoretical (a) transfer length, (b) flexural bond length and 

(c) anchorage length of CFCC strands 

 

The prediction of the experimental results of the flexural bond and anchorage length of the CFRP bars is 

significantly underestimated according to Equation (7) with Lfb,teor/Lfb.exp = 0.35, STD = 0.10, COV = 28.6% 

(Figure 5b) and La,teor/La.exp = 0.37, STD = 0.11, COV = 28.9% (Figure 5c), respectively. The same tendency is 

observed in the case of the AFRP bars with Lfb,teor/Lfb.exp = 0.30, STD = 0.09, COV = 29.0% (Figure 5e) and 

La,teor/La.exp = 0.31, STD = 0.07, COV = 22.8% (Figure 5f). 

 

The flexural bond (Figures 5b and 5e) and anchorage (Figures 5c and f) length results of prestressed CFRP bars 

determined according to the theoretical models of (Lu et al., 2000) and (Mitchell et al., 1993) are similar. 

However, it overestimates the experimental results of flexural bond length with Lfb,teor/Lfb.exp = 1.38, STD = 0.32, 

COV = 22.9% and Lfb,teor/Lfb.exp = 1.39, STD = 0.32, COV = 23.1%, respectively (Figure 5b) and the anchorage 
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length with La,teor/La.exp = 1.28, STD = 0.25, COV = 19.4% and La,teor/La.exp = 1.18, STD = 0.22, COV = 18.4%, 

respectively (Figure 5c). Even higher overestimation of experimental flexural bond and anchorage length results 

of prestressed AFRP bars determined according to the theoretical models of (Lu et al., 2000) and (Mitchell et 

al., 1993) can be seen in Figures 5e and f. Therefore, Lfb,teor/Lfb.exp = 1.50, STD = 0.31, COV = 20.9% and 

Lfb,teor/Lfb.exp = 1.62, STD = 0.36, COV = 22.2%, respectively (Figure 5e) and La,teor/La.exp = 1.40, STD = 0.30, 

COV = 21.2% and La,teor/La.exp = 1.39, STD = 0.33, COV = 23.9%, respectively (Figure 5f). 

 

The highest difference between the experimental and theoretical flexural bond and anchorage length results of 

CFRP and AFRP bars was observed according to the theoretical model provided in (ACI 318-11, 2011). An 

overestimation of experimental flexural bond length results is up to 85% with STD = 0.42, COV = 22.9% and 

100% with STD = 0.42, COV = 20.9% for CFRP and AFRP bars, respectively (Figure 5b and e). In addition, an 

overestimation of the experimental anchorage length results is up to 57% with STD = 0.33, COV = 21.3% and 

71% with STD = 0.38, COV = 22.4% for CFRP and AFRP bars, respectively (Figure 5c and f). 

 

 
Figure 5. Relationship between experimental and theoretical (a) transfer, (b) flexural bond and (c) anchorage 

length of CFRP bars and (d) transfer, (e) flexural bond and (f) anchorage length of AFRP bars 
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combination of the proposed coefficients αt = 1.9, αt = 2.9 (Jokūbaitis et al., 2022) and αfb = 0.9, αfb = 1.4 

(Equations 1 and 6) gives the most accurate prediction of anchorage length of CFRP and AFRP bars, 

respectively with La,teor/La.exp = 1.03, STD = 0.15, COV = 14.1% (Figure 5c) and La,teor/La.exp = 0.95, STD = 0.27, 

COV = 28.7%, respectively (Figure 5f). Comparison of the ratio between theoretical and experimental results of 

the transfer length (Lt.teor/Lt.exp), flexural bond length (Lfb.teor/Lfb.exp) and anchorage length (La.teor/La.exp) of the 

CFCC strands, CFRP and AFRP bars with different values of coefficients αt and αfb is presented in Figures 6, 7 

and 8, respectively. In Jokūbaitis & Valivonis (2022), it was confirmed that the coefficients αt = 1.9 and αt = 4.8 

proposed by other authors are suitable for predicting the transfer length of the CFRP bars, and CFCC strands 

(only gradual type of release), respectively. Additionally, new values of coefficient αt were proposed for smooth 

braided AFRP bars (αt = 1.9) and for sanded and rough AFRP bars αt = 4.0. 

 

The coefficient αt (used in Equation (1)) was proposed for CFCC strands and CFRP bars (Mahmoud, 1997; 

Mahmoud et al., 1999) (Table 2) and validated with a larger database of the transfer length results in (Jokūbaitis 

et al., 2022). Additionally, in Jokūbaitis et al. (2022), new values of coefficient αt were proposed for the transfer 

length of smooth braided AFRP bars (αt = 1.9) and for sanded and rough AFRP bars (αt = 4.0). Therefore, these 

values are used for the comparison of theoretical and experimental transfer length results of the CFCC strands 

(Figure 6a), CFRP bars (Figure 7a), and AFRP bars (Figure 8a). The results showed sufficiently good agreement 

between theoretical and experimental transfer lengths with Lt.teor/Lt.exp = 1.03, STD = 0.14, COV = 13.6% for 

CFCC strands (Figure 6a), Lt.teor/Lt.exp = 1.11, STD = 0.18, COV = 16.4% for CFRP bars (Figure 7a) and 

Lt.teor/Lt.exp = 0.86, STD = 0.31, COV = 36.0% for AFRP bars (Figure 8a). The 14% underestimation of the 

experimental transfer length results of AFRP bars could be related to a lower number of specimens analyzed in 

this article (21 specimens) and the high variation of the transfer length results reported in Jokūbaitis et al., 

(2022). 

 

Different values of the coefficient αfb (used in Equation (6)) were proposed by other authors and determined in 

this article (Table 4). The proposed value of αfb = 3.0 for the flexural bond length of the CFCC strands is slightly 

higher compared to αfb = 2.8 (Mahmoud, 1997; Mahmoud et al., 1999). For the CFCC strand, the proposed 

value of αfb = 3.0 gives better agreement with the experimental results of flexural bond length 

(Lfb.teor/Lfb.exp = 1.0, STD = 0.19, COV = 19.7%) compared to the theoretical results higher by 8% 

(Lfb.teor/Lfb.exp = 1.08, STD = 0.22, COV = 20.5%) with αfb = 2.8 (Figure 6b). Additionally, the linear trend line 

presented in Figure 6b shows that the theoretical results with αfb = 3.0 are in closer agreement with the 

experimental flexural bond length. Furthermore, the combination of αt = 4.8 and αfb = 3.0 gives better agreement 

with the experimental anchorage length results of the CFCC strands (La.teor/La.exp = 1.03, STD = 0.13, 

COV = 12.9%) compared to the combination of αt = 4.8 and αfb = 2.8 (La.teor/La.exp = 1.08, STD = 0.15, 

COV = 13.5%) (Figure 6c). 

 

 
Figure 6. Comparison of experimental and theoretical (a) transfer, (b) flexural bond and (c) anchorage length 

results of prestressed CFCC strands 
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The proposed value of αfb = 0.9 for the flexural bond length of CFRP bars agrees better with the experimental 

results (Lfb.teor/Lfb.exp = 1.0, STD = 0.24, COV = 24.0%) compared to the theoretical results lower by 9% 

(Lfb.teor/Lfb.exp = 0.91, STD = 0.22, COV = 24.0%) with αfb = 1.0 (Mahmoud, 1997; Mahmoud et al., 1999) 

(Figure 7b). It shows that the theoretical results of the flexural bond length with αfb = 0.9 are higher compared to 

the results with αfb = 1.0 and therefore are on the safe side. Additionally, the combination of αt = 1.9 and 

αfb = 0.9 gives better agreement with the experimental anchorage length results of CFRP bars 

(La.teor/La.exp = 1.03, STD = 0.14, COV = 14.1%) compared to the combination of αt = 1.9 and αfb = 1.0 

(La.teor/La.exp = 0.97, STD = 0.13, COV = 13.6%) (Figure 7c). 

 

 
Figure 7. Comparison of experimental and theoretical (a) transfer, (b) flexural bond and (c) anchorage length 

results of prestressed CFRP bars 

 

 
Figure 8. Comparison of experimental and theoretical (a) transfer, (b) flexural bond and (c) anchorage length 

results of prestressed AFRP bars 
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The literature review does not provide any proposition of αfb for the flexural bond length of AFRP 

reinforcement. Therefore, in this article, the value of αfb = 1.4 is proposed (Table 4) for the flexural bond length 

of the AFRP bars with Lfb.teor/Lfb.exp = 1.02, STD = 0.30, COV = 29.8% (Figure 8b). In addition, a combination 

of αt = 2.9 and αfb = 1.4 gives good agreement with the experimental anchorage length results of the AFRP bars 

(La.teor/La.exp = 0.95, STD = 0.27, COV = 28.7%) (Figure 8c). 

 

The variation of the flexural bond and anchorage length results is highest for AFRP bars compared to CFCC 

strands and CFRP bars. However, a combination of αt = 1.5 (for smooth braided AFRP bars), αt = 4.0 (for rough 

and sanded AFRP bars), and αfb = 1.4 gives a significantly lower variation of flexural bond and anchorage 

length compared to the transfer length of the AFRP bars presented in (Jokūbaitis & Valivonis, 2022). 

 

 

Conclusions  
 

A large database of the transfer, flexural bond and anchorage lengths of different FRP reinforcements was 

collected, and the analysis of experimental results, description of theoretical models, and comparison of 

experimental and theoretical results led to the following conclusions and proposals: 

 

The database analysis revealed that the coefficients αt = 4.8, αt = 1.9, αt = 1.5, and αt = 4.0 proposed in the 

literature are suitable for predicting the transfer length of the CFCC strands, CFRP bars, AFRP bars with 

smooth braided surface and AFRP bars with rough and sanded surface, respectively. The analysis of the results 

of a larger database in this article shows that the coefficients αfb = 2.8 and αfb = 1.0 proposed by other authors 

for the flexural bond length of CFCC strands and CFRP bars, respectively, should be corrected. Therefore, the 

corrected values of αfb = 3.0 for CFCC strands (for concrete strength 31–64 MPa, stresses in reinforcement 735–

1306 MPa, and reinforcement diameter 10.5–15.2 mm) and αfb = 0.9 for CFRP bars (for concrete strength 37–

71 MPa, stresses in reinforcement 535–1400 MPa and reinforcement diameter 7.9–12.7 mm) are proposed, 

respectively. In addition, Equation (6) was determined to give the most accurate prediction of the flexural bond 

length by applying the proposed αfb values for different types of FRP reinforcement. 

 

The database is too small to clearly define the influence of different surface conditions of AFRP bars on the 

flexural bond length. Therefore, the new general value of the coefficient αfb = 1.4 was proposed for the 

prediction of the flexural bond length of the AFRP bars. The proposed value is valid for a concrete strength 31–

47 MPa, stresses in reinforcement 258–1061 MPa, and reinforcement diameter 7.4–16 mm. 

 

The combination of coefficients αt proposed in the literature (αt = 4.8 for CFCC strands, αt = 1.9 for CFRP bars, 

αt = 1.5 for AFRP bars with smooth braided surface and αt = 4.0 for AFRP bars with rough and sanded surface) 

and coefficients αfb proposed in this article (αfb = 3.0 for CFCC strands, αfb = 0.9 for CFRP bars and αfb = 1.4 for 

AFRP bars) for the prediction of the anchorage length of different FRP reinforcement according to 

Equations (1) and (6) gives the most accurate results. 

 

The analysis of the flexural bond and anchorage length and the new values proposed for the coefficient αfb 

provides possibilities for adapting it to design codes for engineering applications and performing additional 

research that fills the missing gaps in the field. In particular, additional research is needed on the effects of shear 

reinforcement of CFCC strands, CFRP and AFRP bars, and the surface conditions of the AFRP and CFRP bars. 

Furthermore, the prediction of flexural bond and anchorage length of BFRP reinforcement could be a subject of 

future research. 
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Appendix A 
 

Table A1. Experimental data of prestressed CFCC strands 
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Table A2. Experimental data of prestressed CFRP bars 
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Table A3. Experimental data of prestressed AFRP bars 

 

 


