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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 og, = 2.8 and og, = 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 ag, are proposed in this article for CFCC strands (agm = 3.0) and CFRP bars (og = 0.9).
Additionally, the new value of om = 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 ag
provides possibilities for adapting it to design codes for engineering applications and performing additional
research that fills the missing gaps in the field.
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Introduction

The corrosive environment of such structures as marine structures, bridges, parking garages, and railway
sleepers (Jokiibaitis et al., 2020b; Jokubaitis, Mar¢iukaitis, et al., 2016; Jokiibaitis, 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 (Jokibaitis 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 (L,) 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 (f,) at the end of the transfer length. The flexural
bond length (L) 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 (f,,) at the flexural bearing capacity, when
load is applied to the member. Anchorage length (L,) is the sum of the transfer length (L) and the flexural bond
length (Lg,). 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.

At bearing capacity of member

-
- -

-l [
- -

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.
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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 (Jokibaitis et al., 2022).

Equations (4) and (9) provided in (ACI 318-11, 2011) evaluate the fewest different parameters (fyi, fpe, fou, and
@) 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 (@) with a cross-sectional area (A;) of the reinforcement and propose empirical
coefficients C; =80 and Cs, = 40 for the transfer and flexural bond lengths of the CFCC strand, respectively.
Additionally, it evaluates > and f2? as also in Equations (5) and (10), respestively.

Table 1. Theoretical models of transfer and flexural bond length

Seference Transfer length E%uatlon Flexural bond length Elt(q)uatlon Notes
f. .o f —f)o foi - is the initial prestress
((jMfgg;c))u L =-" > (1) L, = % ©) level, _ _
, o, -f2 o T2 foe — effective prestressing
b . fFA (Fo—T) A, stress in the CFCC strand,
(Domenic ) _ T ' @) L, = Fis @) f,u stress at first slip or at
0, 1995) Cr-\fs Gl rupture of reinforcement,
f .0 L. =0.10875-(f . fei - is the concrete
(Lzuoegoil., L= €)) K (fo =) 8 compressive strength at the
time of transfer,
(ACI 318- L fi-@ @) Ly, =0.145-(f,, ~f,)-@ o) f. concrete compressive
11, 2011) t207 strength at the time of testing,
@ - is the reinforcement
diameter,
A, — cross-sectional area of
. . prestressed reinforcement,
(Mitchell - _ Ty @ [207 Ly, =0.145-(f, —f,, J7 oy and ag, - is @ material
etal., 207 fo ) ) dependent coefficient,
1993) Ct — constant is equal to 80
for CFCC strands,
Cs, constant is equal to 40
for CFCC strands.

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 (Q), stresses in reinforcement (fy;, fye, fou), and concrete compressive
strength (fg, ;). The main difference from other theoretical models is that Equations (1) and (6) propose
empirical coefficients a; and og, 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 fZ®instead of f?

(Equations (2), (5), (7), and (10)). The presentation of concrete strength as f2* can be explained by the

correlation of concrete compressive strength with concrete tensile strength f, =0.3-f2° provided in (EN 1992-
1-1, 2004; MC 1990, 1991; MC 2010, 2012).
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Table 2 presents the values of coefficients oy, o, C;, and Cg, 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 C,=80 and Cg, = 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 a; = 1.9, o4, =1.0 and o, = 4.8, o, =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 o; = 2.84f/800, ag, =0.37+(fy—
f0e)/2500.

Table 2. Theoretical models of transfer and flexural bond length

References Reinforcement Type Transfer length  Flexural bond length
(Mahmoud, 1997; Mahmoud et al., CFRP Leadline bars a=19 agp = 1.0
1999) CFCC strands o =4.8 o = 2.8

(Domenico, 1995; Domenico et

al., 1998) CFCC strands C,=80 C. =40
(Krem, 2013; Krem et al., 2018) CFRP bars (SCC concrete) o = 2.84-f,i/800 ?f_tslzzé)(-)367+(fpu_
pi

AFRP smooth braided bars =15 -

(Jokiibaitis & Valivonis, 2022) AFRP rough and sanded bars  «, = 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 Al), 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 (@), cross-sectional area of
the bar (Ap), modulus of elasticity of reinforcement (E), concrete compressive strength at the time of testing
(f;), effective stresses in reinforcement taking into account losses of prestress (foe), stress at first slip or at
rupture of reinforcement (f,,), transfer length (L), flexural bond length (L), anchorage length (L,) and mode of
failure of beam.

Table 3. Summary of initial parameters of the database

FRP Type c, mm 9, mm A,, mm’ E,, GPa fou, MPa foe, MPa f., 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 og,

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
(9), concrete compressive strength (f;), stresses in reinforcement (foe, f,,) and material dependent coefficient
(04,), 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

487



International Conference on Technology, Engineering and Science (IConTES), November 16-19, 2022, Antalya/Turkey

the flexural bond length of different FRP reinforcements (CFCC, CFRP, and AFRP) and (fpu —fpe)@/ff’3 is

presented in Figure 2. Additionally, these graphs (Figure 2) represent a distribution of the results with the
proposed mean values of the coefficient ag. For the CFCC strand database, the average value of the coefficient
ag, 1S 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).
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Figure 2. Relationship between flexural bond length and (f,, -f,,)-@ /2 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? = 0.96.
Figure 2b presents the relationship between flexural bond length and (fpu —fpe)@/ff’3 with an average o, = 0.9
with STD = 0.22, COV = 24.0%, and R? = 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 (fpu ~f,)-@ /2 with an average og, = 1.4 with

STD = 0.42, COV = 29.8%, and R? = 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 oy,

CFCC CFRP AFRP
O (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 (fpu —fpe)@/ff“. 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 o; taken from (Jokabaitis & Valivonis, 2022) and the coefficients ag proposed in this
article (Table 4).

In Jokiubaitis & 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 Jokubaitis &
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 L, teor/Linexp = 4.2, STD = 1.21,
COV = 28.7%; Lfb,teor/l—fb.exp =56, STD=162, COV=28.7%; and Lfbyteor/Lfb.eXp =45, 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
(Ltp,teor/ Lin.exp = 0.92, STD = 0.21, COV = 22.7%) (Figure 4b). However, the experimental results on anchorage
length are more overestimated (Lgeor/Laexp = 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
(Ltteor/Liexp = 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 o; = 4.8 (Jokubaitis et al., 2022; Mahmoud, 1997,
Mahmoud et al., 1999) and og, = 3.0 gave the most accurate prediction of the transfer and flexural bond lengths
(Figure 4aand 4b)  (Lteor/Liexp = 1.03, STD =0.14, COV =13.6% and Leeod/Lnexp=1.0, STD =0.20,
COV =19.7%), respectively. Therefore, the prediction of anchorage length was also very accurate
(Lateor/Laexp = 1.03, STD = 0.13, COV = 12.9%) (Figure 4c).
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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 L teo/Livexp = 0.35, STD =0.10, COV = 28.6%
(Figure 5b) and L, eor/Laexp = 0.37, STD =0.11, COV = 28.9% (Figure 5c), respectively. The same tendency is
observed in the case of the AFRP bars with L teor/Livexp = 0.30, STD = 0.09, COV = 29.0% (Figure 5e) and
Lateo/Laexp = 0.31, STD = 0.07, COV = 22.8% (Figure 5f).

The flexural bond (Figures 5b and 5e) and anchorage (Figures 5¢ 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 L, teor/ Lip.exp = 1.38, STD = 0.32,
COV =22.9% and L teor/Liv.exp = 1.39, STD = 0.32, COV = 23.1%, respectively (Figure 5b) and the anchorage
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length With Lgeor/Laexp = 1.28, STD = 0.25, COV =19.4% and Lgeor/Laexp = 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, Ly eof/Lp.exp =1.50, STD =0.31, COV =20.9% and
Lio,teor/Livexp = 1.62, STD =0.36, COV = 22.2%, respectively (Figure 5e) and Lgeor/Laexp = 1.40, STD =0.30,
COV =21.2% and L, teor/Laexp = 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 5¢ and f).
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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

The proposed coefficients ag, = 0.9 and ag, = 1.4 for the flexural bond lengths of the CFRP and AFRP bars,
respectively, gave the most accurate prediction of the experimental results (L eor/Libexp = 1.0, STD =0.24,
COV =24.0% (Figure 5b) and Ly eor/Linexp = 1.02, STD =0.30, COV = 29.8% (Figure 5e), respectively) by
applying the theoretical model proposed by (Mahmoud, 1997; Mahmoud et al., 1999). In addition, the
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combination of the proposed coefficients o;=1.9, a;=2.9 (Jokibaitis et al., 2022) and og =0.9, o =14
(Equations 1 and 6) gives the most accurate prediction of anchorage length of CFRP and AFRP bars,
respectively with Laeor/Laexp = 1.03, STD = 0.15, COV = 14.1% (Figure 5¢) and L, teor/Laexp = 0.95, STD = 0.27,
COV = 28.7%, respectively (Figure 5f). Comparison of the ratio between theoretical and experimental results of
the transfer length (Liwor/Ltexp), flexural bond length (L eor/Linexp) @nd anchorage length (Laeor/Laexp) OF the
CFCC strands, CFRP and AFRP bars with different values of coefficients a; and oy, is presented in Figures 6, 7
and 8, respectively. In Jokiibaitis & Valivonis (2022), it was confirmed that the coefficients o; = 1.9 and o, = 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 o, were proposed for smooth
braided AFRP bars (o, = 1.9) and for sanded and rough AFRP bars o; = 4.0.

The coefficient o; (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 (Joktbaitis
et al., 2022). Additionally, in Jokubaitis et al. (2022), new values of coefficient o; were proposed for the transfer
length of smooth braided AFRP bars (o, = 1.9) and for sanded and rough AFRP bars (a; = 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 Liieo/Liexp = 1.03, STD = 0.14, COV = 13.6% for
CFCC strands (Figure 6a), Lieof/Liexp =1.11, STD =0.18, COV =16.4% for CFRP bars (Figure 7a) and
Liteor/Liexp = 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 Jokabaitis et al.,
(2022).

Different values of the coefficient og, (Used in Equation (6)) were proposed by other authors and determined in
this article (Table 4). The proposed value of ag, = 3.0 for the flexural bond length of the CFCC strands is slightly
higher compared to og = 2.8 (Mahmoud, 1997; Mahmoud et al., 1999). For the CFCC strand, the proposed
value of ag=3.0 gives better agreement with the experimental results of flexural bond length
(Ltpeor/Lpexp = 1.0, STD =0.19, COV =19.7%) compared to the theoretical results higher by 8%
(Ltp.teor/ Ltp.exp = 1.08, STD = 0.22, COV =20.5%) with og, = 2.8 (Figure 6b). Additionally, the linear trend line
presented in Figure 6b shows that the theoretical results with og =3.0 are in closer agreement with the
experimental flexural bond length. Furthermore, the combination of o; = 4.8 and ag, = 3.0 gives better agreement
with the experimental anchorage length results of the CFCC strands (Latod/Laexp =1.03, STD =0.13,
COV =12.9%) compared to the combination of o;=4.8 and am=2.8 (Lawo/Laexp=1.08, STD =0.15,
COV = 13.5%) (Figure 6c).
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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 ag = 0.9 for the flexural bond length of CFRP bars agrees better with the experimental
results (Ltp.eo/Livexp = 1.0, STD =0.24, COV =24.0%) compared to the theoretical results lower by 9%
(Ltb.teor/Lv.exp = 0.91, STD =0.22, COV =24.0%) with ag =1.0 (Mahmoud, 1997; Mahmoud et al., 1999)
(Figure 7b). It shows that the theoretical results of the flexural bond length with ag = 0.9 are higher compared to
the results with og = 1.0 and therefore are on the safe side. Additionally, the combination of a;=1.9 and
ap =0.9 gives better agreement with the experimental anchorage length results of CFRP bars
(Lateo/Laexp = 1.03, STD =0.14, COV =14.1%) compared to the combination of a;=1.9 and ag=1.0
(Lateor/Laexp = 0.97, STD = 0.13, COV = 13.6%) (Figure 7c).
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Figure 7. Comparison of experimental and theoretical (a) transfer, (b) flexural bond and (c) anchorage length
results of prestressed CFRP bars

1200
(a) jgg E Lt.exp: mm (b) : thexpw mm
o 0=15 T | 1000 3 s
600 ¥~ v e ]
e 0:=4.0 T e 800 F °
500 ¥ ] o ° o
400 1 o0 @ ...'...' s 600 E' ' ..........-'. 0o 0
300 + oo 400 ° o .
200 ¥ ..."...- i 7
100 ¥ ) 200 F
0 . . Ltteor, MM 0 ] . . . ! | Loteor, MM
0 200 400 600 800 0 200 400 600 800 1000 1200
(c) 1800

1600 M
1400 3 ® at:1.5, U.fb:l.4
e 0=4.0, az,=1.4

1200 # T e
° °

1000 # 0 %6 %%,

800 4 °_ 8

600

400

200 ¥ [Covar i |
0 i i i i i i Lateor, MM

0 200 400 600 800 10001200 140016001800
Figure 8. Comparison of experimental and theoretical (a) transfer, (b) flexural bond and (c) anchorage length
results of prestressed AFRP bars

493



International Conference on Technology, Engineering and Science (IConTES), November 16-19, 2022, Antalya/Turkey

The literature review does not provide any proposition of ag for the flexural bond length of AFRP
reinforcement. Therefore, in this article, the value of ag, = 1.4 is proposed (Table 4) for the flexural bond length
of the AFRP bars with Ly eor/Lipexp = 1.02, STD = 0.30, COV = 29.8% (Figure 8b). In addition, a combination
of o, = 2.9 and ag = 1.4 gives good agreement with the experimental anchorage length results of the AFRP bars
(Lateor/Laexp = 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 o; = 1.5 (for smooth braided AFRP bars), o; = 4.0 (for rough
and sanded AFRP bars), and ag, = 1.4 gives a significantly lower variation of flexural bond and anchorage
length compared to the transfer length of the AFRP bars presented in (Jokiibaitis & 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 o;=4.8, o, =1.9, 0o;=1.5, and o; =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 ag = 2.8 and og = 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 ag, = 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 ag, = 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 oy, 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 ag = 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 a, proposed in the literature (o = 4.8 for CFCC strands, o, = 1.9 for CFRP bars,
a; = 1.5 for AFRP bars with smooth braided surface and o; = 4.0 for AFRP bars with rough and sanded surface)
and coefficients ag, proposed in this article (o, = 3.0 for CFCC strands, ag, = 0.9 for CFRP bars and og, = 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 o,
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 Al. Experimental data of prestressed CFCC strands

. . .| FRP | FRP | Specimen |  Shear G| 0 | A || b | B | B | Lo | Im | Ly | Modeof
References | Spesimen No Type | Surface Type | Reinforcement| mm | mm | mo? | GPa | MPa | MPa | MP3 | mm | mm | mm failure
Bé TBeam Yes 50 | 125 76 | 137 | 683 | 848 | 2631 | 1265 S735| 700 Rupture

B TBeam Yes 500 [ 125 | 76 | 137 | 683 | 875 | 2674 | 1485|4005 | 350 | Ruphume
‘ BS TBeam Yes 01125 ] 76 [ 137 59 | 794 | 2305 | 149513005 | 430 | Sheabondslp
@%mﬁ“@f LI - TBem | Ves 75 | 125 | 76 | 137] 59 | 837 | 2120 | 1675 2825 | 430 | Shearbondslp
Domeniey L& | 7o | B | Then Yes 0 (125 76 [ 137 64 [ 905 | 2120 | 1475] 3025 | 430 | Sheabondshp
Tal BT | pfain | Bem Yes S0 [ 125 ) 76 | 137 ] 37 | 1285 [ 2120 | 400 | 2400| 640 | Bondslip
1995 B8 e Beam Yes 500|125 76 | 137 | 37 | 1244 | 2120 | 375 | 2250 | 600 | Bondslip
A3 TBeam Yes 50| 152 | 1136 | 137 | 578 | 734 | 2168 | 223 | 4770 700 | Bondslip

D5 TBeam Yes T5 | 152 | 136 | 137 | 578 | 809 | 2150 | 2005 453.5| 700 Rupture
4 TBeam Tes 50 152 | 1136 | 137 | 605 | 1074 | 2150 | 232 | 468.0 | 700 | Shear/hond ship

BIIl Beam Yes 45 1105 | 557 [ 140 | 41 | 1203 | 1934 | 305 [ 32501 630 | Rupture

BT12 Beam Tes 45 1105 | 357 | 140 | 41 | 1200 | 1577 | 3125|2175 530 | Bondslip

BI13 Beam Yes 450 | 105 | 357 [ 140 | 41 | 1237 | 2168 | 3125|3175 | 630 | Bondslip

BT14 Beam Yes 450 | 105 | 557 | 140 | 41 | 1237 | 1906 | 3125|2675 | 580 | Bond slip

BT7 Beann Yes 300125 760 [ 141 37 | 1306 | 1853 | 4000|2400 | 640 | Bondslip

BT Beam Tes 300|125 760 [ 141 37 | 1300 | 1815 | 3750 | 2250| 600 | Bondslip

BIY Beam Yes 500125 760 | 141 37 | 1290 | 1700 | 3600 | 190.0 | 350 | Bondslip

BT10 Beam Tes 500 | 125 | 760 | 141] 37 | 1310 | 1616 | 3600| 1400| 500 | Bondslip

Bl5% Beam Yes 490 | 125 | 760 | 141 | 41 | 1000 | 1924 | 3000|4000 | 700 |  Rupture

BTi5b Beam Yes 300 | 125 | 760 | 141 | 41 | 1000 | 1879 | 3000 300.0 | 600 Rupture

Bi6a Beam Yes 490 | 125 | 760 | 141 | 41 | 984 | 1853 [ 2950|2550 550 | Bondslip

Mf;;;“i BTIGD | oo Beam Yes | 500 | 125 760 [ 141 | 41 | 984 | 2033 | 2950(3050] 600 | Ruptre
Vemoud P18 | e | Belied | Bem No 300125 ] 760 [ 141 34 | 1215 | 2100 | 5000|4500 | 950 |  Ruphme
Tl BT20 Srand plain Beam No 500 | 125 | 760 | 141 | 34 | 1205 | 1830 | 45001 300.0 | 750 Rupture
1999'"') I Beam Tes 600 | 152 | 1136 | 138 | 46 | 905 | 1814 | 3650|4350 | 800 | Bondslip
BT Beam Yes 600 | 152 [ 1136 | 138 | 46 | 905 | 1916 | 3550|4430 | 800 | Bondslip

BT3 Beam Tes 600 | 152 [ 113.6| 138 | 43 | 1200 | 2150 | 3925|4075 | 800 Rupture

BT4 Beam Yes 0.0 | 152 | 1136 | 138 | 43 | 1223 | 2170 | 3875| 3625 | 750 | Slipqupture

BT Beam Yes 600 | 152 | 1136 | 138 | 43 | 1232 | 1756 | 4000|2000 | 600 | Bondslip

BT6 Beam Yes 60.0 | 152 | 1136 | 138 | 43 | 1223 | 1720 | 4000|2000 600 | Bondslip

BTI7 Beam No 390 | 152 [ 1138 | 138 | 33 | 1165 | 1600 | 6500|2500 | 900 | Bondslip

BII7b Beam No 600 | 152 | 1136 | 138 | 33 | 1165 | 1744 | 6500 | 450.0 | 1100 | Bond slip

BT1% Beam No 600 | 152 | 1136 | 138 | 33 | 1170 | 1932 | 6000 650.0 | 1250 | Bond slip

BI2I Beam No 600 | 152 | 1136 | 138 | 31 | 979 | 2260 | 5100|8400 | 1350 |  Ruptue

BTl Beam No 590 | 152 | 1136 | 138 | 31 | 971 | 1734 | 4900 510.0] 1000 | Slipiupture

BT22b Beam No 600 | 152 | 1136 [ 138 | 31 | 971 | 1618 | 4900 | 4100 | 900 | Bondslip
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Table A2. Experimental data of prestressed CFRP bars

. - | FRP FRP | Specimen Shear ¢ | 0, | A, | E | £ fre, fow. | Lt | Lp, | L, Mode of
References | SpecimenNo Type | Surface pT'qJe Reinforcement | mm | mm 1111:12 G]};n MPa | MPa .\ﬁ;a mm | mm | mm failure
L CFRP .| Bem No 40.6 7.9 | 47.1 | 171 | 454 | 1241 | 2208 | 421.6 | 6704 | 1092
(Luetal, Leadline Spirally
2000) Cs endon Indented | Beam No 406| 79 | 503 | 161 | 44.1 | 1006.6 | 1823 | 408.9 | 758.1 | 1167
BLI Beam Yes 35.0| 8.0 | 461 | 147 | 50 | 1068 | 1870 | 452.5|347.5| 800 | DBondslip
BL2 Beam Yes 35.0| 8.0 | 461 | 147 | 50 | 1078 | 1850 | 462.5|3375| 800 | Bondslip
BL3 Beam Yes 35.0| 8.0 | 461 | 147 | 46 | 1082 | 1753 | 480 | 320 | 800 | DBondslip
BL4 Beam Yes 350 B0 | 461 | 147 | 46 | 1082 | 1764 | 480 | 320 | 800 | DBondslip
BL3 Beam Yes 350 8.0 | 461 | 147 | 41 | 1255 [ 2129 | 620 | 580 |1200| DBondslip
BL§ Beam Yes 350 80 | 461 | 147 | 41 | 1227 [ 1420 625 | 175 | 800 | Bondslip
BL7 Beam Yes 35.0| 8.0 | 461 | 147 | 41 | 1248 | 1820 | 610 | 390 | 1000 | Bondslip
[Mﬁgﬂ;ui BL§ CFRP — Beam Yes 3500 8.0 | 461 | 147 | 41 | 1248 [ 1700 | 625 | 375 | 1000 | DBondslip
Mehmoud & BLY Leadling Inlzlentéﬂ Beam No 36.0| 8.0 | 461 | 147 | 37 | 1100 | 2655 | 700 | 1200 | 1900 |  Rupture
i 1009) BLI( tendon Beam No 360 8.0 | 461 | 147 | 37 | 1100 [ 2200 700 | 700 | 1400 | Bond slip
' BLl Beam No 36.0| 8.0 | 461 | 147 | 52 | 1400 | 3000 | 600 | 700 | 1300 | Slip/rupture
BL12a Beam No 36.0| 8.0 | 461 | 147 | 52 | 1365 [ 2770 | 500 | 600 | 1100 DBond slip
BL12b Beam No 36.0| 8.0 | 461 | 147 | 52 | 1365 | 2965 | 500 | 800 | 1300 Rupture
PLI Prism No 350 80 | 461 | 147 | 34 | 1123 [ 1777 490 | 260 | 750 | DBondslip
PL2 Prism No 35.0| 8.0 | 461 | 147 | 34 | 1123 [ 1247 480 | 270 | 750 | Bondslip
PL3 Prism No 400 8.0 | 46.1 | 147 | 31 | 1340 | 2073 40 | 210 | 750 | Bondslip
PL4 Prism No 400 80 | 461 ) 147 31 | 1340 | 2311) 525 | 225 | 750 | Slip/rupture
. CFRP .
Bt | @10) |Leadie| P8 | Bem No o |647| 79| 465 | 150 | 46 | 1013 | 1847 432 | 965 | 1307 | Bondslip
j) tendon Indented
1-5CC30-1 Beam Yes 31127 1267 | 144 | 621 | 540 | 1360 | 306 | 794 | 1100  Pullout
1-8CC30-2 Beam Yes 381127 | 1267 | 144 | 621 | 534 [ 1892 | 302 | 948 | 1250 Rupture
1-5CC30-3 Beam Yes 381127 | 1267 | 144 | 496 | 626 | 1804 | 337 | 1013 | 1350 | PulloutRupture
1-5CC30-4 Beam Yes 3801127 1207 | 144 | 49.6 | 604 | 1187 320 | 1180 | 1500 |  Rupture
I-5CC45-1 Beam Yes I8 127 | 1267 | 144 | 709 | 750 | 1332 ] 534 | 566 | 1100  Pullout
11-5CC45-2 Beam Yes 380127 | 1267 | 144 | 709 | 794 [ 1509 | 516 | 734 | 1250  Pullout
(Keem, 013: H-SCC4§-3 Beam Yes 38127 | 1267 | 144 | 709 | 776 | 1412 515 | 833 1%5[] Pullout
Kemetal II-5CC45-4 | CFRP Sanded Beam Yes IS 127 1267 | 144 | 709 | 741 | 1669 | 487 | 1013 | 1500 |  Rupture
?[]18]'- I-5CC60-1 | Bar Beam Yes 381127 1267 | 144 | 621 | 932 | 1302 ] 669 | 431 | 1100|  Pullout
- 111-5CC60-2 Beam Yes IGL 127 | 1267 | 144 | 621 | 995 | 1473 | 733 | 617 | 1350  Pullout
111-3CC60-3 Beam Yes 3801127 | 1267 | 144 | 496 | 920 | 1531 662 | 838 | 1500  Pullout
11-5CC60-4 Beam Yes 3127 1267 | 144 | 49.6 | 974 | 1787 672 | 1028 | 1700 | Pullout Rupture
IV-N3(-1 Beam Yes 381127 | 1267 | 144 | 645 | 563 | 1834 | 275 | 1075 | 1350  Rupture
IV-N60-2 Beam Yes 3801127 1267 | 144 | 645 | 1076 | 1616 | 527 | 723 | 1250 |  Pullout
IV-N60-3 Beam Yes 31127 1207 | 144 | 64.5 | 1026 | 1817 345 | 805 | 1350 Rupture
TV-N60-4 Beam Yes 3810127 [ 1267 | 144 | 645 | 1052 | 1850 | 534 | 966 | 1500 Rupture
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Table A3. Experimental data of prestressed AFRP bars

Shear

.| P | FRP | Specimen | > 0| A B | f | e | e | L ly| L .
Reloreness | Specimen No Type Surface PT}'pe R:::::l:c nfm mm m{;ﬂ GI;a MPa | MPa M;a mm mg mm Vode of falure
AFRP ; . 1
ML) || Smeek | Bem | No | 67) 99| 300 |08| HS | 16| | 7| | 06
[fli“f;;? AF3() ";lFb':: iﬂ‘;gﬁ; Beam | No | 634|104 |B2| 48| # | 707 | || am | s
AT3() | AFRP | Rowh | Bam | No | 640 74 | B2 ® WL | 14 | 54| e | o
AT3(D) | Teshom | Rowh | Beam | No | 640 | 74 | 832 | TR
@;0351« AT Tiﬁ:m Rowh | Bam | Mo |05 |79 |53 | 45| 4t | o0 | oo | e |sm| e
A Bam | No | 66 | 8 | 42 | 76 | 314 | 295 | 1133 | 300 | 630 | 90 Slp split rack
A0 Beam | Mo | 66 | 8 | 4 | %6 | 315 | 295 | 1126 | 300 | 700 | 1000 Slp split rack
AR | AmP Bem | No | 66 | 8 | 42 | 76 | 384 | 288 | 1095 | 300 | 800 | 1100 | Croshing shear aihme
M50 | Tendon)- Bem | Ve | 66 | 8 | 42 | 76 | 386 | 288 | 1362 | 200 | 730 | 930 | Croshing shearfaihme
NSH | K Bam | Vs | 66 | 8 | 42 | 76 | 387 | 288 | 1 | 200 | 60| 80 Shpsplt cack
ALYME Beam Yes 66 § 7 | 76 3l 630 1674 | 400 | 350 | 950 Conerete cush
A3 Beam Yes 66 § 7 | 76 334 630 1843 | 400 | 450 | &30 Conerete cush
BLIE Bam | No | 64 | 12 | 90 | 68 | 378 | 270 | 1163 | 400 | 630 | 1030 | Crushing shees e
BLI) Bam | No | 64 | 12 | 80 | 6 | 379 | 272 | 1066 | 400 | 530 | 930 Sy splt rack
BI2F) Beam | No | 64 | 12 | 90 | 6 | 358 | 2 | w8t | 400 | 600 | 1000 C’Tiﬁpﬁegﬁl&m
BLA) | are Bam | Mo | 64 | 12 | 80 | 68 | 386 | 272 | 1020 | 400 | 600 | 1000 | Crushingsheet ele
BIS() | Tendonl- Bam | Yas | 64 | 12 | 90 | 68 | 316 | 276 | 1271 | 300 | 800 | 1100 Concrete cnsh
‘ BISI) | KI2 | Brded | Beam | Yes | 64 | 12 | 00 | 68 | 318 | 276 | 1253 | 300 | 630 | 930 Concgete cnsh
[Nanmsf BI-36() (Smooth) |  Beam Yes |64 |12 | o0 [ 68 [ 300 | m6 | 1260 | 300 ] 550 [ 830 Bond sfp
f;m; ) Beam | Yo | 69 | 11| 90 | 65 | 361 | 2% | 133% | 300 | 600 | om Stp st crack
iaﬁ:h BISTE Bam | Yes | 64 | 12 | 80 | 68 | 337 | 601 | 163 | 450 | 500 | 930 Bondsfp
i) |_BSI0 Bam | Yas | 64 | 12 | 00 | 68 | 340 | 607 | 1535 | 450 | 550 | 1000 Shp it crack
BLSIO) | A Bam | Yes | 64 | 12 | 90 | 68 | 389 | 28 | 1032 | 400 | 630 | 1030 | Croshingshear feime
B2SIE) Teﬁﬂgz' Bam | Yes | 60 | 12| 00 | 68 | 30 | 38 | 1144 | 40 | 50| 980 Shpsplt rack
CISIE Bam | Yes | 62 | 16 | 180 | 6 | 343 | 59 | 1383 | 5% | 500 | 1030 Shp it crack
asy | Beam | Ya | 62 | 16 | 180 | 63 | M6 | 393 | 1370 | 350 | 600 | 1130 C““““E;T;g[mp L
C1561 | Tendonl- Bam | Yes | 62 | 16 | 180 | 63 | 313 | 607 | 1406 | 600 | 650 | 1250 Sl splt crack
Clsen | K6 Bem | Yes | 62 | 16 | 180 | 6 | 319 | 607 | 139 | 600 | 650 | 1330 Concyetecnsh
C1-871 Beam Yes 62 16 | 180 | 63 ilh 607 1460 | 550 | 700 | 1250 Conerete crush
CIsIn Beam | Yes | 62 | 16 | 180 | & | 322 | 601 | 1284 | 530 | 480 | 1030 Concrete cnsh
DL Bam | No | 63 | 133 ] 90 | 68 | 390 | 565 | 1347 | 250 | 800 | 1030 | Croshing heer e
DL® Tﬂr‘: U cuseg B | N [ @[5 [0 [6 | 1 | 5% | 1m | 350 |0 | %0 | Cokingdearfue
D80 | g Beam | Yes | 63 | 133 90 | 68 | 302 | 565 | 1814 | 200 | 650 | 850 Concgete crush
DISIE Bam | Yes | 63 | 135 90 | 68 | 304 | 565 | 187 | 200 | 500 | 700 Concrete crush
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