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1. Introduction 
 

In pretensioned concrete (PC) members, concrete and 

prestressing strands work as a composite material.  For the 

prestressing strands, the known mechanical properties 

typically include yield strength, elongation, and breaking 

strength. These properties are significant in carrying the 

prestress force or tensile stress as PC members resist 

external loads. ASTM (2018) specifies the minimum 

requirements for the mechanical properties of 9.5-mm to 

18-mm strands. On the other hand, as in other cases with 

different materials developing a composite action (Barakat 

et al. 2019; Tang 2018), the bond property is critical for 

composite action between the prestressing strands and 

concrete. ASTM (2015) describes a pullout test, technically 

termed as Standard Test for Strand Bond (STSB), to 

determine the bond of an untensioned prestressing strand. 

However, the test has no official minimum requirement for 

the bond strength. 

The bond of prestressing strand can vary between strand 

manufacturers. In addition, the transportation and storage 

conditions at construction sites of the strands can affect the  
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strand bond, since the bond depends on the surface 

characteristics of the prestressing strand (Osborn et al. 

2008). In a PC member, the bond of prestressing strand 

differs for different stages of prestress which, in turn, relate 

to two significant design parameters of PC members 

(Buckner 1995): transfer length (or transmission length) and 

development length (or anchorage length), the latter 

including the former and the flexural-bond length. The bond 

in the transfer zone is necessary to transfer the strand stress 

to the adjacent concrete. The bond in the flexural-bond zone 

is needed for the strand to develop the ultimate stress at the 

nominal flexural capacity. The bond in the flexural-bond 

zone relies on the mechanical interlock between the 

prestressing strand and concrete, similar to the performance 

of deformed reinforcement. The bond in the transfer zone is 

additionally contributed by the Hoyer’s effect (Janney 

1954); a friction at the interface of prestressing strand and 

concrete, generated as the hardened concrete restrains the 

strand’s transverse expansion. The adhesion, a kind of 

chemical bond between prestressing strand and concrete, is 

present in both zones, but its contribution to the strand bond 

is minimal (Russell and Burns 1993). The following 

equations express this conception: 

, ,b b Hoyer b mechf f f= +  (in transfer zone) (1a) 

,b b mechf f=  (in flexural-bond zone) (1b) 

While mechanical interlock depends on the strand 

surface condition, the Hoyer’s effect varies over time as it is 
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Abstract.  Pretensioned concrete (PC) is widely used in contemporary construction. Bond of prestressing strand is significant for 

composite-action between the strand and concrete in the transfer and flexural-bond zones of PC members. This study develops a 

new methodology for quantifying the bond of 18-mm prestressing strand in PC members based on results of a pullout test, the 

Standard Test for Strand Bond (STSB). The experimental program includes: (a) twenty-four pretensioned concrete beams, using a 

wide range of concrete compressive strength; and (b) twelve untensioned pullout specimens. By testing beams, the transfer length, 

flexural-bond length, and development length were all measured. In the STSB, the pullout forces for the strands were measured. 

Experimental results indicate a significant relationship between the bond of prestressing strand to the code-established design 

parameters, such as transfer length and development length. However, the code-predictions can be unconservative for the 

prestressing strands having a low STSB pullout force. Three simplified bond equations are proposed for the design applications of 

PC members. 
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affected by concrete creep and shrinkage (Barnes et al. 

2003). The difference in these bond mechanisms is a source 

of complexities in the prediction of bond in PC members. In 

this paper, a new methodology to simplify the prediction of 

strand bond in PC members using results from STSB is 

presented. The experimental data and presented 

observations are significant to recognize the influence of the 

bond of prestressing strands to code-established design 

parameters, and provide insights to the bond mechanisms. 
 

 

2. Literature review 
 

An extensive effort has been made to develop applicable 

techniques for investigating the bond of prestressing strands 

(Abrishami and Mitchell 1993; Bai and Davidson 2016; 

Martí-Vargas et al. 2014a, b; Oh et al. 2014; Jiang et al. 

2017; Warenycia et al. 2017). An analytical bond stress-slip 

model can represent the complex interaction between the 

prestressing strand and the concrete in the transfer zone 

(Balazs 1992; Dang et al. 2015; Martí-Vargas et al. 2014c; 

Park and Cho 2014; Ortega et al. 2019). This model can 

also be used for estimating transfer length (Den Uijl 1998; 

Dang et al. 2016b; Lee et al. 2017; Motwani and Laskar 

2019). However, the model typically consists of several 

nonlinear second-order differential equations, so its 

application is not straightforward (Balazs 1992; Den Uijl 

1998; Dang et al. 2015; Kareem et al. 2019; Ramirez-

Garcia et al. 2017). 

With recent developments in finite-element programs, 

like ANSYS or ABAQUS, modelling a single or multiple-

strand PC element is possible. Nonlinear finite elements are 

used to represent the concrete, prestressing strand, and the 

bond between the two materials. The developed finite-

element models can capture the variation in the stress in 

prestressing strand or tension-compression stress in 

concrete, or simulate micro-cracks adjacent to the 

prestressing strand (Arab et al. 2011; Yapar et al. 2015; 

Abdelatif et al. 2015; Llau et al. 2016; Warenycia et al. 

2017; Steensels et al. 2017; Van Meirvenne et al. 2018). 

However, the computational effort is extensive, both in 

preparing the finite-element models as well as running 

analysis and post-processing results. Therefore, the 

efficiency and adaptability of those models in design 

applications are reduced. 

In addition, concrete creep and shrinkage are influential 

factors to the Hoyer’s effect. It should be noted that the 

concrete deformation under the expansion of prestressing 

strands is independent to the deformation in the longitudinal 

direction of PC members. Therefore, it is required to place 

specific finite concrete elements around the prestressing 

strands to represent the concrete behavior under the 

sustained compressive stresses generated by the expansion 

of the strands after release. The concrete deformation 

relaxes the constrained prestressing strands and reduces the 

bearing pressure generated by the Hoyer’s effect. In the 

literature, there is limited research into the effect of 

transverse concrete creep and shrinkage to the strand bond, 

but the increase in transfer length over time is a clear 

evidence of this effect (Barnes et al. 2003; Caro et al. 2013; 

Dang et al. 2016b). 

With respect to mechanical interlock, the helical shape 

of a 7-wire prestressing strand offers a significant 

contribution. As the strand is in tension, the six outer wires 

tend to twist around the center wire and slip in the applied-

force direction. At the same time, the hardened concrete 

resists the effects associated to the slip of these wires. Using 

pullout tests is an efficient way to evaluate the strand bond 

generated by the mechanical interlock. The embedment 

length should be longer than one pitch of the strand, 

typically varying from 8db to 12db, to prevent the strand 

sample from free-twisting, where db is the strand diameter 

(Den Uijl 1998). Several pullout test setups have been 

developed, such as the Moustafa Test (Moustafa 1974), the 

Post-Tensioning Institute (PTI) Bond Test, the North 

American Strand Producers (NASP) (Russell 2006), and the 

STSB (Ramirez and Russell 2008; ASTM 2015). STSB is 

performed by pulling an untensioned strand sample from a 

steel casing filled with mortar. The bond of prestressing 

strand can be computed using Eq. (2). 

,

_
b STSB

p embedment

Pullout Force
f

C L
=


 (2) 

With a number of complexities regarding the magnitude 

and the changes in the Hoyer’s effect over time and the 

variation in strand surface condition, it is necessary to 

develop a simple technique to quantify the two main bond 

components: the Hoyer’s effect and the mechanical 

interlock. The utilization of the STSB is a feasible approach 

as it is a reliable pullout test and able to fully capture the 

bond generated by the mechanical interlock (Dang et al. 

2014a). In addition, STSB is a recommended Quality 

Control (QC) test by various organizations such as 

American Society for Testing and Materials (ASTM) and 

International Federation for Structural Concrete (FIB). 

 

 

3. Design code provisions 
 

The current design codes specify equations to calculate 

transfer length (Lt) and development length (Ld). In the 

development-length equation, the first term represents for 

the transfer length, and the second term represents for the 

flexural-bond length (Lflexural). The bond strength in each 

zone (transfer zone and flexural-bond zone) is derived from 

Eq. (3) by using the corresponding bond length (Lembedmentl). 

p p

b

p embedment

f A
f

C L


=


 (3) 

 

3.1 Building Code Requirements for Structural 
Concrete (ACI 318-19) 

 

ACI 318-19 (ACI 2019) provides two equations to 

calculate transfer and development length as shown in Eqs. 

(4a)-(4b), respectively. Using Eq. (3), the bond equations in 

the transfer zone and flexural-bond zone are shown in Eqs. 

(4c)-(4d), with the computed bond strengths of 3.02 MPa 

and 1.01 MPa, respectively. These equations indicate that 
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ACI 318-19 bond strengths are independent from the 

concrete strength and strand surface condition, regardless of 

the number of studies that have shown the influence of 

these factors to bond strength (Mitchell et al. 1993; Martí-

Vargas et al. 2013; Dang et al. 2014b; Riding et al. 2016). 

1

20.7
t pe bL f d=  (4a) 

( )
1 1

20.7 6.9
d pe b ps pe bL f d f f d= + −  (4b) 

pe p

b

p t

f A
f

C L


=


 (in transfer zone) (4c) 

( )ps pe p

b

p flexural

f f A
f

C L

− 
=


 (in flexural-bond zone) (4d) 

 
3.2 Load and Resistance Factor Design – 

Specifications for Highway Bridges (AASHTO-LRFD) 
 

The American Association of State Highway and 

Transportation Officials (AASHTO) provides an alternative 

equation for determining the development length for PC 

members with a depth greater than 610 mm (AASHTO 

2017, Section 5.11.4). When compared to ACI 318-19 [Eq. 

(4b)], the AASHTO-LRFD equation scales up the 

development length by 60% to account for the shear effect 

in deep PC members. For the members with a depth less 

than or equal to 610 mm, the AASHTO-LRFD and ACI 

318-19 development-length equations are identical. 

 

3.3 Eurocode 2 – Design of Concrete Structures 
(EC2) 

 

EC2 (CEN 2004) provides equations to calculate the 

transmission length (technically similar to the transfer 

length) and anchorage length (technically similar to the 

development length), as shown in Eqs. (5a)-(5b), 

respectively. The design values of the bond strength are 

shown in Eqs. (5c)-(5d). 

1 2

pi

t b

bpt

L d
f


 =  (average value) (5a) 

( )21.2
pd pe

d t b

bpd

L L d
f

 


 −
= +   

 

 (5b) 

1 1 ,bpt p ctd Rf f =  (5c) 

2 1 ,28bpd p ctdf f =  (5d) 

Eq. (5a) is used to compute an average transmission 

length. In structural design, a short transmission length can 

be an issue when checking concrete stresses at release, and 

a long transmission length can be an issue at service loads 

when the moment and shear capacity are considered. 

Therefore, EC2 further includes two coefficients of 0.8 and 

1.2 to Eq. (5a) for these considerations, respectively. With 

an emphasis on a 7-wire prestressing strand (α2 = 0.19, ηp1 = 

3.2 and ηp2 = 1.2), with a good bond condition (η1 = 1.0) 

and that is gradually released (α1 = 1.0), the bond strength 

in the transfer zone is computed as shown in Eqs. (5e)-(5f). 

It should be noted that the bond at release is 50% higher 

than the bond at service due to the adjustment of the two 

coefficients (0.8 and 1.2). Similarly, the bond strength in the 

flexural-bond zone is shown in Eq. (5g). When compared to 

the ACI 318-19 bond equations above, the EC2 bond 

equations additionally include the effect of concrete tensile 

strength. Therefore, the use of high-strength concrete is 

expected to shorten transmission and anchorage length. 

,3.0b ctd Rf f=  (in transfer zone at release) (5e) 

,2.0b ctd Rf f=  (in transfer zone at 28 days of age) (5f) 

,280.9b ctdf f=  (in flexural-bond zone) (5g) 

 

3.4 Model Code for Concrete Structures 2010 (MC 
2010) 

 

MC 2010 (FIB 2013) provides two equations to 

compute transmission length and anchorage length, as 

shown in Eqs. (6a)-(6b), respectively, with the design bond 

value shown in Eq. (6c). 

1 2 3

7

36

pi

t p p p b

bpd

L d
f


  

 
=  

 
 

(average value with αp2 = 0.75) 

(6a) 

7
1.33

36

pd pe

d t b

bpd

L L d
f

  − 
= +      

 (6b) 

1 2bpd p p ctdf f =  (6c) 

The coefficient αp2 considers the design states to be 

verified. A value of 1.0 is used for calculating anchorage 

length when the moment and shear capacity are considered. 

A value of 0.5 is used for verifying transverse stresses due 

to the development and distribution of prestress in the 

anchorage zone. A value of 0.75 was established to obtain 

an average value, which is also consistent with EC2 

transmission length formulation (Martí-Vargas et al. 2007). 

Accordingly, two coefficients of 0.67 (0.5/0.75) and 1.33 

(1.0/0.75) are used for estimating transmission length at 

release and at the service state (when the moment and shear 

capacity are considered), respectively. A coefficient of 1.33 

is present in the first term of Eq. (6b) to scale up the 

predicted transmission length at the service state. With the 

same emphasis on a 7-wire prestressing strand as 
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aforementioned (αp1 = 1.0; αp3 = 0.5; ηp1 = 1.2; and ηp2 = 

1.0), the bond equations in the transmission zone, shown in 

Eqs. (6d)-(6e), are slightly different from those of EC2 due 

to the discrepancy in the aforementioned coefficients. The 

bond equation in the flexural-bond zone, shown in Eq. (6f), 

is identical to the one of the EC2 [see Eq. (5g)]. 

,3.6b ctd Rf f=  (in transfer zone at release) (6d) 

,1.8b ctd Rf f=  (in transfer zone at 28 days of age) (6e) 

,280.9b ctdf f=  (in flexural-bond zone) (6f) 

 

 

4. Experimental investigation 
 

4.1 Standard Test for Strand Bond (STSB) 
 

Twelve strand samples were collected from a reel of 

prestressing strand, and equally divided into two groups (S1 

and S2). Each strand sample was positioned at the center of 

a 450-mm long steel casing. Excluding 50-mm at the end 

for a bond breaker placement, the total embedded length of 

the strand sample was 400 mm (Lembedment in Eq. 2). The 

steel casing was filled with mortar, which had a 24-hour 

compressive strength of 32 MPa and satisfied the limit of 

31.0 to 34.5 MPa required by ASTM A1081 (ASTM 2015). 

The pullout force and strand slip were monitored 

continuously. The forces corresponding to a free-end slip of 

0.25 mm and 2.5 mm were recorded as Pinitial and Pfinal, 

respectively, and summarized in Table 1. A STSB test setup 

is presented in Appendix 1. 

Based on sample S2-1, Fig. 1 depicts a typical force-slip 

relationship. As shown in Fig. 1, the free-end slips 0.25 mm 

when the pullout force reaches 125 kN. The strand slip 

indicates that the bond stress has exceeded the bond 

strength generated by mechanical interlock. At this stage, 

additional and significant slips can be developed following 

a hardening evolution: up to 160 kN of pullout force (28% 

of increase over 125 kN) when free-end slips 2.5 mm (10 

times higher than 0.25 mm). Therefore, from a conservative 

perspective, it is acceptable to consider the mechanical 

bond strength only up to the stage that the pullout force 

reaches Pinitial, since in design a bond failure is considered 

brittle and abrupt and can cause a catastrophic failure of PC 

members (Naji et al. 2016). 

 
4.2 Pretensioned concrete beam fabrication 
 

Four concrete mixtures were developed, including: (i) 

normal-strength and high-strength conventional concrete 

(N-CC and H-CC); and (ii) normal-strength and high-

strength self-consolidating concrete (N-SCC and H-SCC). 

The 1-day and 28-day compressive strengths ranged from 

41 to 68 MPa and from 64 to 93 MPa, respectively, as 

summarized in Table 2. These mixtures were used to cast 24 

pretensioned concrete beams, which were equally divided 

into 6 groups. The mixtures and concrete properties at the 

fresh state of these mixtures can be referred to Dang et al. 

(2016b). 

 
Fig. 1 Typical relationship between pullout force and 

strand free-end slip (sample S2-1) 
 
 

The beam’s dimensions were 165-mm wide, 305-mm 

deep, and 5500-mm long. One 18-mm prestressing strand, 

Grade 1860, was positioned at the center, 50-mm from the 

bottom fiber of the beam. The strand was tensioned to 75% 

of the nominal ultimate strength (fpj = 0.75×1860 MPa = 

1395 MPa). The prestress was maintained during casting 

using hydraulic jacks and until prestress release, which was 

on average 24 hours after casting. 

The prestress was gradually released by reducing the 

pressure in the hydraulic jacks, which is one of the cases 

specified in the design codes as aforementioned. Top 

reinforcement included two no.16 bars, placed at 50-mm 

from the top fiber of the beam to resist the tensile stresses at 

release. Shear reinforcement was comprised of closed-hoop 

stirrups, no.6 bars, 150-mm spacing. The reinforcement was 

designed based on the shear requirements for the flexure 

tests used to determine development length. 

There were two beam groups that contained two 

prestressing strands (H-CC-D and H-SCC-D). The beam 

configuration and reinforcement detail were similar to the 

beams with one strand (H-CC-S and H-SCC-S), with a few 

adjustments. The two prestressing strands were placed at 

50-mm center-to-center apart horizontally. Due to a larger 

prestress force, top reinforcement included two no.19 bars, 

and shear reinforcement was at 75-mm spacing. The testing 

procedure of H-CC-D and H-SCC-D beam groups was 

identical to the H-CC-S and H-SCC-S groups, respectively.  
 
4.3 Measurement of transfer length 

 

The principle of transfer-length determination was based 

on the change in longitudinal concrete strains. Before 

release, the concrete beam is in a stress-free state, while the 

strand is in tension. After release, the bottom fiber of the 

beam is in compression due to the transfer of the prestress 

force. A DEMEC gauge was used to measure the changes in 

concrete strains at different locations along the beam and at 

different ages (one measurement at release and the other 

one at 28 days of age). The 95% Average Maximum Strain 

(AMS) technique was used for transfer-length 

determination (Russell and Burns 1993). A detailed 

procedure is summarized in Appendix 2. The main 

experimental results are presented in Table 3. 
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4.4 Measurement of development length 

 

To determine development length, several beams were 

tested in flexure with different embedment lengths. An 

iterative process is required. The initial embedment length 

(the location –from the nearest support– at which the load is 

placed during the flexure tests) can be based on the design 

codes or from research recommendations. Once a beam is 

tested in flexure, the embedment length is then decreased or 

increased based on the type of failure. If the beam fails in 

flexure, the embedment length at which the beam was tested 

is longer than the required development length. If a bond  
 

 

 
 

failure occurs, then the embedment length was shorter than 

the development length. If a shear failure occurs, additional 

tests may be needed to verify the embedment length. For 

each beam group in Table 2, eight flexure tests were 

conducted iteratively. Additional details on measurement 

aspects are introduced in Appendix 3. The main 

experimental results are presented in Table 3. 

The flexural-bond length can be determined analytically. 

It is the difference in the measured development length and 

transfer length. In this study, the flexure tests were 

performed at 28 to 30 days of age, and therefore, the 28-day 

transfer length can be used to determine the flexural-bond 

length, as presented in Table 3. 

Table 1 Pullout force summary 

Sample Pinitial (kN) Pfinal (kN) Pinitial/Pfinal fb,STSB (MPa) 

Group S1     

S1-1 115 144 0.80 3.80 

S1-2 127 169 0.75 4.20 

S1-3 126 165 0.76 4.16 

S1-4 131 159 0.82 4.33 

S1-5 139 175 0.79 4.59 

S1-6 144 172 0.84 4.76 

Average 130.3 164.0 0.793 4.31 

Standard deviation 9.4 10.3 0.03 0.31 

Group S2     

S2-1 125 160 0.78 4.13 

S2-2 127 152 0.84 4.20 

S2-3 126 161 0.78 4.16 

S2-4 131 164 0.80 4.33 

S2-5 139 156 0.89 4.59 

S2-6 144 159 0.91 4.76 

Average 132.0 158.7 0.832 4.36 

Standard deviation 7.1 3.8 0.05 0.24 

 

Table 2 Testing matrix and design parameters 

Beam designation [a] Concrete Strand group f ’ci (MPa) f ’c (MPa) fpj (MPa) fpi [b] (MPa) fpe [c] (MPa) fps [d] (MPa) 

N-CC-S N-CC S1 43.2 65.2 1395 1337.0 1256.5 1834.8 

H-CC-S H-SC S1 63.4 92.7 1395 1346.9 1279.6 1840.3 

H-CC-D H-SC S1 67.5 87.9 1395 1298.7 1211.0 1822.3 

N-SCC-S N-SCC S2 41.0 63.5 1395 1335.5 1252.5 1833.4 

H-SCC-S H-SCC S2 54.6 73.8 1395 1343.3 1272.0 1836.5 

H-SCC-D H-SCC S2 54.6 71.6 1395 1288.8 1192.9 1807.2 

[a] = The first term represents for concrete type, and the last terms represent for the number of prestressing strand (for 

example, N-CC-S is the group of beams cast with normal-strength, conventional concrete and one prestressing strand, or H-

SCC-D is the group of beams cast with high-strength, self-consolidating concrete and two prestressing strands); [b] = strand 

stress after release, in which the elastic-shortening loss is calculated using AASHTO-LRFD, Section 5.9.5; [c] = strand stress 

at service, in which the elastic-shortening and time-dependent losses are calculated using AASHTO-LRFD, Section 5.9.5; [d] 

= strand stress at nominal flexural strength of the PC member, which is calculated using strain compatibility technique as 

specified in ACI 318-19, Section 20.3.2. 
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5. Results and discussion 

 

5.1 Bond strength of untensioned strand samples 

 

The pullout forces Pfinal of the two strand groups used in 

the research program are similar (164.0 kN with a 

coefficient of variation of 6.3% for group S1, and 158.7 kN 

with a coefficient of variation of 2.4% for group S2). It 

should be noted that both ASTM A1081 -Article 1- (ASTM 

2015) and MC 2010 -Article 5.3.5.6 Bond Characteristics- 

FIB (2013) recommend using the STSB/NASP as a QC test 

for prestressing strand. However, no acceptance criteria is 

specified to determine if the prestressing strand is suitable 

for use in pretensioned concrete applications. 

Ramirez and Russell (2008) proposed acceptance 

criteria for 13 and 15-mm (0.5 and 0.6-in.) and Morcous et 

al. (2012) for 18-mm (0.7-in.) prestressing strands, as 

presented in Table 4. The proposed criteria establish the 

minimum pullout force of an individual strand sample and 

the average pullout force of six samples. For the strands 

used in this research program, the measured pullout force of 

an individual strand sample and also the set of 6 samples 

per group meet the proposed acceptance criteria. The 

average pullout force of the two strand groups (161.3 kN) is 

144% greater than the proposed minimum threshold of 66.2 

kN. The effect of the variation in pullout force on the design 

of PC members is discussed in detail in section 5.3. Design 

applications. 

The bond strength of each sample was calculated with 

Eq. (2) using the Pinitial pullout force and the results are 

summarized in Table 1. 

It should be noted that bond strength is nonlinear along 

the embedment length in STSB (Dang et al. 2014a). The 

bond strength at the free-end is slightly less than the bond 

strength at the loaded-end, because the strand sample is  

 

 

free-twisting. However, the difference at the two ends is 

minimal as the pullout force reaches Pinitial (Dang et al. 

2014a). As a result, Pinitial can be adopted to compute an 

average value for the bond strength along the embedment 

length. In addition, the ratios of Pinitial to Pfinal –which is the 

value used regarding the acceptance criteria– of the two 

strand groups are similar. Therefore, a representative ratio 

of 0.8 can be used to compute Pinitial from the average Pfinal 

of 161.3 kN (Pinitial = 0.8Pfinal = 0.8161.3 kN = 129.0 

kN). Accordingly, an average bond strength value of 4.26 

MPa is used for further investigation. 

 

5.2 Bond strength comparisons 

 

Table 5 summarizes the computed bond strength in the 

transfer zone and in the flexural-bond zone. For each beam 

group, the bond strength in the transfer zone is greater than 

the bond strength in the flexural-bond zone. For the transfer 

zone, the bond strength at release is greater than the bond 

strength at 28 days of age. The cause of these observations 

is addressed in the following discussions. 

Regarding the types of concrete, there is no significant 

difference in the bond strength for the beams cast with 

conventional concrete or self-consolidating concrete. This 

finding is in agreement with the findings reported by Trejo 

et al. (2008) and Myers et al. (2012). 

Fig. 2 presents the measured and predicted bond 

strength at release and the STSB bond strength. A greater 

predicted bond value results in a shorter predicted transfer 

length, which is conservative for checking concrete stresses 

at release. The EC2 provides a conservative and fairly close 

prediction to the measured values, which is 7% greater on 

average. The MC 2010 prediction is in a similar trend, with 

29% greater than the measured values on average. The ACI  

Table 3 Measured transfer length, flexural-bond length, and development length 

Beam designation [a] LtR (mm) [a] Lt28 (mm) [a] Ld (mm) [b] Lflexural (mm) [b] 

N-CC-S 658 765 1219 454 

H-CC-S 575 651 1067 416 

H-CC-D 584 662 1143 481 

N-SCC-S 712 786 1219 433 

H-SCC-S 610 694 1067 373 

H-SCC-D 665 710 1219 509 

[a] = refer to Dang et al. (2016b); [b] = refer to Dang et al. (2016a). 

Table 4 Recommended acceptance criteria and experimental results 

Strand diameter (mm) 
Average pullout force 

of 6 samples (kN) 

Minimum pullout force 

of an individual sample (kN) 
Reference 

13 (acceptance criteria)  47.3  40.5 Ramirez and Russell (2008) 

15 (acceptance criteria)  56.7  48.6 Ramirez and Russell (2008) 

18 (acceptance criteria)  66.2  56.7 Morcous et al. (2012) 

18 (experimental results) 164.0 satisfied Group S1 [see Table 1] 

18 (experimental results) 158.7 satisfied Group S2 [see Table 1] 
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318-19 is not applicable for this kind of comparison as this 

code provides an in-service prediction of transfer length 

(not at release). The measured bond strength is 

approximately 25% greater than the STSB bond strength. 

The observation is reasonable, as the measured bond 

strength is affected by both the Hoyer’s effect and 

mechanical interlock, while only the second factor 

contributes to the bond strength in the STSB. 

Fig. 3 presents the measured and predicted bond 

strength at 28 days of age and the STSB bond strength. 

Contrary to the bond strength at release, a smaller predicted 

bond value results in a longer predicted transfer length, 

which is conservative for checking the shear strength of PC 

members and the development length of prestressing 

strands. Among the evaluated design codes, ACI 318-19 

provides the most conservative prediction, which is 33% 

lower on average when compared to the measured values. 

EC2 and MC 2010 follow the same trend as ACI 318-19 

with 14% and 23% lower in bond strength, respectively. 

The measured bond strength, on the other hand, is 5% 

greater than the STSB bond strength. This observation 

indicates a reduction in the bond between the prestressing 

strands and the concrete in PC members. As previously 

investigated by Barnes et al. (2003), concrete creep and 

shrinkage are dominant factors contributing to the bond 

reduction. The Hoyer’s effect is the main contributor, as its 

mechanism relies on the bearing pressure generated by the 

prestressing strands to the adjacent concrete. The bond 

generated by mechanical interlock, however, can be 

physically maintained. The mechanical-interlock 

mechanism relies on the helical shape of prestressing 

strands, similar to the rib shapes in reinforcing bars. 

Fig. 4 presents the measured and predicted bond 

strength in the flexural-bond zone and the STSB bond 

strength. With a principle similar to the bond strength in the 

transfer zone at 28 days of age, the current design codes 

provide a conservative prediction to the measured values 

with various degrees. On average, the predicted bond 

strengths by EC2, MC 2010, and ACI 318-19 are 41%, 

41%, and 70% less than the measured values, respectively. 

The measured bond strength, however, is about 80% of the  

 

 

STSB value. In other words, the mechanical-interlock bond 

in the flexural-bond zone of PC members is less than the 

STSB bond strength. 

When a PC member reaches its nominal flexural 

strength, the prestressing strand in the flexural-bond zone is 

loaded at both ends; fpe at the beginning of the zone and fps 

at the end of the zone. The values of fpe and fps are 

summarized in Table 2. The strand diameter decreases 

accordingly due to the Poisson’s effect when compared to 

the helical shape formed by the adjacent hardened concrete. 

The reduction in strand diameter can be numerically 

determined using Eq. 4 in Briere et al. (2013). In addition, 

the concrete adjacent to the prestressing strand can be in a 

damaged condition to a certain level due to elastic 

shortening. In the STSB, the prestressing strand sample is 

only loaded at one end; and therefore, the Poisson’s effect is 

minimal. Therefore, there is no such concrete damage as in 

a PC member, which results in a greater bond strength. 
 

5.3 Design applications 
 

Table 6 shows a set of proposed equations for the bond 

of prestressing strand at different states, based on the bond 

strength determined from the STSB. The STSB pullout 

force can be directly accounted for when determining the 

transfer length and flexural-bond length. In the transfer 

zone, the bond strength of the prestressing strand at release 

is 25% higher than the STSB bond strength. At 28 days of 

age, the bond strength of the prestressing strand is 5% 

higher than the STSB bond strength. The increase in bond 

strength can be attributed to the Hoyer’s effect, which is 

present along the transfer zone of PC members but not in 

the STSB. On average, the contribution of the Hoyer’s 

effect to the bond of prestressing strand in the transfer zone 

of a PC member can be quantified by subtracting the fb,STSB 

component from the bond strength as shown in Table 6. In 

the flexural-bond zone, the bond of prestressing strand is 

20% lower than the STSB value due to Poisson’s effect and 

the potentially damaged concrete adjacent to the 

prestressing strand as aforementioned. 

Alternatively, the bond of the prestressing strand in the 

transfer zone can be broken down into two components to 

separate the contribution of the mechanical interlock and 

Hoyer’s effect, as shown in Table 6. The denominator “32 

Table 5 Bond strength in transfer zone and flexural-bond zone calculated from experimental results 

Beam designation 
fb in transfer zone, 

at release (MPa) [a] 

fb in transfer zone, 

at 28 day of age (MPa) [b] 
fb in flexural-bond zone (MPa) [c] 

N-CC-S 5.2 4.2 3.2 

H-CC-S 6.0 5.0 3.4 

H-CC-D 5.7 4.7 3.2 

N-SCC-S 4.8 4.1 3.4 

H-SCC-S 5.6 4.7 3.9 

H-SCC-D 4.9 4.3 3.1 
[a] = calculated using Eq. (4c), with the strand stress in Table 2 and measured transfer length LtR in Table 3; [b] = calculated 

using Eq. (4c), with the strand stress in Table 2 and measured transfer length Lt28 in Table 3; [c] = calculated using Eq. (4d), with 

the strand stress presented in Table 2 and measured flexural-bond length Lflexural presented in Table 3. 
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Fig. 2 Bond stress in transfer zone at release 

(Notes: The EC2 and MC 2010 bond strengths are calculated using Eqs. (5e)-(6d), respectively; 

The average STSB bond strength is derived from Table 1) 

 
Fig. 3 Bond stress in transfer zone at 28 days of age 

(Notes: EC2, MC 2010 and ACI 318-19 bond strengths are calculated using Eqs. (5f)-(6e)-4(c), respectively; 

The average STSB bond strength is derived from Table 1) 

 
Fig. 4 Bond stress in flexural-bond zone 

(Notes: EC2, MC 2010 and ACI 318-19 bond strengths are calculated using Eqs. (5g)-(6f)-4(d), respectively; 

The average STSB bond strength is derived from Table 1) 
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MPa” was the average mortar strength measured during the 

STSB tests of 12 strand samples. The exponent “0.75” is 

adopted from Morcous et al. (2012) as the researchers 

determined this exponent value provides the best fit for the 

relationship between the measured STSB pullout force and 

concrete strength. Fig. 2 and Fig. 3 show the similarity of 

the bond strength values calculated from the simplified and 

alternative equations. In design, if the concrete strength of 

the PC members is unknown, the use of the simplified 

equations is preferable. Otherwise, the use of alternative 

equations is recommended. 

A free-body diagram and strand stress variation at the 

end of a PC member are shown in Fig. 5. In Fig. 5(a), at 

release, the transfer length and strand stress are LtR and fpi, 

respectively. Under the effect of concrete creep and 

shrinkage (in both transverse and longitudinal directions in 

relation to the beam’s axial axis), the transfer length 

increases to Lt28 while the strand stress decreases to fpe at 28 

days of age. If the PC member is externally loaded, a 

flexural-bond length is required for the development of 

strand stress fps. For PC members with a depth greater than 

610 mm, Shahawy (2001) recommended an additional shear 

length (Ldv) as visually illustrated in Fig. 5(b) to prevent a 

shear crack from interrupting the strand-stress development 

in the flexural-bond zone. The most critical shear crack is 

assumed to be 30o (), developed from the end of the 

flexural-bond zone. With an approximate effective depth (d)  
 

 
 

of 0.85H, Ldv is 1.47H as shown in Eq. (7); where H is the 

depth of PC members.  

cot( ) 0.85 cot(30 ) 1.47o

dvL d H H=  =  =  (7) 

The required development length additionally includes 

the shear length Ldv, along with the transfer length (Lt28) and 

flexural-bond length (Lflexural). If the depth of the PC 

members is less than or equal to 610 mm, Ldv is not needed. 

For MC 2010 and EC2, there is no specification regarding 

the member depth. 

The design applications of MC 2010 and EC2 have 

specific bond equations for the transmission and anchorage 

zones and at different prestress states. The derived bond 

equations, Eqs. (5e)-(5f)-(5g) for EC2 and Eqs. (6d)-(6e)-

(6f) for MC 2010, can be compared to Eqs. (8)-(9)-(10) in 

Table 6, respectively. Alternatively, the proposed bond-

strength equations can be used to compute the transmission 

lengths and anchorage length, then compare to the code-

predicted values. 

 

5.3.1 Design example 1 
The same the prestressing strand tested in this study 

(with Pfinal = 161.3 kN, Pinitial = 0.8Pfinal = 0.8161.3 kN = 

129.0 kN, and fb,STSB = 4.26 MPa on average) is used to cast 

two PC beams (PC1 with 400 mm depth and PC2 with 1100 

mm depth), and both beams are cast with the H-SCC 

mixture (f ’ci = 54.6 MPa and f’c = 73.8 MPa as presented in  

 
Fig. 5 (a) Strand stress variation in transfer zone and flexural-bond zone; (b) Free-body diagram for a PC member 

(after Shahawy 2001) 
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Table 2). The prestressing strand is tensioned to 75% of the 

nominal ultimate strength (fpj = 1395 MPa). The total short- 

and long-term prestress losses are assumed to be 10% and 

20% of the initial tensioning stress that are equivalent to 

139.6 and 279.2 MPa, respectively. 

Using the proposed bond strength equations in Table 6 

for PC1, and introducing the corresponding bond strength 

values in Eqs. (4c)-(4d), the resulting transfer length at 

release, transfer length at 28 days of age, flexural-bond 

length, and development length are 560 mm (32db), 620 

mm (35db), 540 mm (31db), and 1160 mm (66db), 

respectively. For PC2, the transfer length at release and 28 

days of age and flexural-bond length are identical to those 

of PC1. The development length additionally includes the 

shear length Ldv of 1620 mm (91db), resulting in a 

development length of 2780 mm (157db), which is equal to 

the ACI 318-19 predicted value [2780 mm (157db)], and 

less than the AASHTO-LRFD predicted development 

length [4450 mm (251db)]. In summary, ACI 318-19 and 

AASHTO-LRFD adequately predict all of these design 

parameters for PC1 and PC2. 

In addition, both EC2 and MC 2010 provide an adequate 

prediction for the transmission lengths and anchorage 

length [for EC2: LtR = 550 mm (31db), Lt28 = 830 mm 

(47db), Lflexural = 930 mm (52db), and Ld = 1760 mm (99db) 

for PC1 and 3380 mm (190db) for PC2; for MC 2010: LtR = 

460 mm (26db), Lt28 = 920 mm (52db), Lflexural = 930 mm 

(52db), and Ld = 1850 mm (104db) for PC1 and 3470 mm 

(195db) for PC2]. 

 
5.3.2 Design example 2 
The H-SCC mixture is used to cast 2 PC beams with the 

same sections as above. The 18-mm prestressing strand, 

however, has a lower STSB pullout force of 78.7 kN (Pinitial) 

and 97.9 kN (Pfinal), as reported in Morcous et al. (2012). In 

this case, fb,STSB is equal to 2.61 MPa. 

The predicted transfer length at release is 910 mm 

(52db), which is 12% greater than the measured value of 

810 mm (46db) (Morcous et al. 2014). The predicted 

transfer length at 28 days of age is 1020 mm (58db), which 

is about 12% greater than the measured value of 910 mm 

(52db) at 14 days of age – this assumes that the transfer 

length at 14 days is similar to that at 28 days of age. The 

predicted transfer length at 28 days of age is slightly longer 

than the one predicted by ACI 318-19 [1020 mm (58db) vs.  

 

 

960 mm (54db)]. This code adequately predicts the 

development length of PC1 [1900 mm (107db) vs. 2780 mm 

(157db)], and under-estimates the development length of 

PC2 [3520 mm (198db) vs. 2780 mm (157db)]. 

Alternatively, AASHTO-LRFD adequately predicts the 

development length of PC2 [3520 mm (198db) vs. 4450 mm 

(251db)]. 

On the other hand, EC2 and MC 2010 provide a 

conservative prediction for the transmission length at 

release, and under-estimate it at 28 days of age, by 19% to 

28%. For the anchorage length, both codes show an under-

estimation of 5% to 12%. It should be noted that the code-

estimated transmission lengths and anchorage lengths from 

EC2 and MC 2010 are identical to the respective ones on 

the design example 1 since the concrete properties are the 

same. 

 

 

6. Conclusions 

 

Based on the investigation, the following conclusions 

were made: 

• STSB is a pullout test that can be used to evaluate 

the bond of prestressing strand. The derived test results 

provide new insights regarding the bond behavior of 

prestressing strand in pretensioned concrete members. 

• For the mixtures examined in this study, there is 

minimal difference in strand bond between conventional 

concrete or self-consolidating concrete. 

• The contribution of the Hoyer’s effect on the 

bond of prestressing strand in the transfer zone of PC 

members can be quantified by subtracting the bond 

performance determined by the STSB to the bond 

performance determined from the entire transfer length. 

• The contribution of mechanical interlock to the 

bond of prestressing strand in the flexural-bond zone can be 

quantified by subtracting the reduction in bond caused by 

Poisson’s effect and the potentially damaged concrete from 

the bond performance determined by the STSB. A reduction 

of 20% is determined based on the obtained experimental 

results. 

• Two simplified equations are proposed to quantify 

strand-bond parameters for the transfer zone. In addition, 

alternative equations are proposed for determining strand-

bond with consideration of concrete compressive strength. 

Table 6 Proposed bond strength equations 

Zone and prestress stage [a] Simplified equation Alternative equation Eq. 

Transfer zone at release ,1.25 b STSBf  

0.75

, ,0.25
32

ci
b STSB b STSB

f
f f

MPa

 
+   

 
 (8) 

Transfer zone at 28 days of age ,1.05 b STSBf  

0.75

, ,0.05
32

c
b STSB b STSB

f
f f

MPa

 
+   

 
 (9) 

Flexural-bond zone ,0.8 b STSBf  ,0.8 b STSBf  (10) 

[a] = refer to Fig. 6 for the location of transfer zone and flexural-bond zone. 
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The proposed Eq. (8) is applicable for determining transfer 

length (or transmission length) at release. This equation is 

useful because a short transfer length can result in excessive 

stresses at release. The proposed Eq. (9) is applicable for 

determining transfer length in service (when the moment 

and shear capacity are considered), because a long transfer 

length is critical to these design parameters. 

• One simplified equation is proposed to quantify 

the strand-bond parameter for the flexural-bond zone. The 

proposed Eq. (10) is applicable for predicting the flexural-

bond length, without an interruption in strand-stress 

development due to shear cracks. 

• Two typical design examples highlight the effect 

of strand bond, representative by STSB pullout force, to the 

code-established design parameters, such as transfer and 

development length. The code-predictions can be 

unconservative for prestressing strands having a low STSB 

pullout force. 

This study investigated the bond mechanisms of 

prestressing strand in pretensioned concrete members, with 

an emphasis on conventional and self-consolidating 

concrete, having compressive strengths of 41 to 68 MPa and 

64 to 93 MPa at 1-day and 28-day of age, respectively. 

Additional research is needed for pretensioned concrete 

members cast with different types of concrete (i.e., light-

weight concrete, high-performance concrete, etc.). In 

addition, a gradual release technique used in this study did 

not create a wave of energy that is transferred from 

prestressing strands to the pretensioned concrete member 

which can damage the strand bond in the transfer zone. A 

sudden release technique can generate this energy wave. 

For small-size members, the generated energy can damage 

the strand bond. For full-size members, the energy can be 

absorbed by the concrete mass. The effect of a sudden 

release technique should be further examined. 
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Notations 

 

Concrete member: 

H = depth of pretensioned concrete member, mm 

d = effective depth of pretensioned concrete member, mm 
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 = most critical shear crack, assumed to be 30o 

Concrete material: 

f ’ci = concrete compressive strength at release, MPa 

f ’c = concrete compressive strength at 28 days, MPa 

fctd,R = design concrete tensile strength at release, MPa 

fctd,28 = design concrete tensile strength at 28 day, MPa 

 

Prestressing strand: 

db = diameter of prestressing strand, mm 

Ap = cross-sectional area of prestressing strand (7/36·πdb
2), 

mm2 

Cp = perimeter of prestressing strand (4/3·πdb), mm 

fp = stress in prestressing strand, MPa 

fpj = tensioning stress, MPa 

fpi = initial prestress (just after release), MPa 

fpe = effective prestress (after all losses), MPa 

fps = stress in prestressing strand at the nominal flexural 

strength of the PC member, MPa 

 

Bond parameters in pretensioned concrete members: 

Lembedment = embedment length of prestressing strand, mm 

Lt = transfer length (or transmission length), mm 

LtR = transfer length at release, mm 

Lt28 = transfer length at 28 days of age, mm 

Lflexural = flexural-bond length, mm 

Ldv = shear length, mm 

Ld = development length (or anchorage length) when the 

moment and shear capacity are considered, mm 

fb = prestressing strand-to-concrete bond stress, MPa 

 

Standard Test for Strand Bond (STSB): 

Pinitial = pullout force corresponding to a free-end slip of 

0.25 mm, kN 

Pfinal = pullout force corresponding to a free-end slip of 2.5 

mm, kN 

fb,STSB = bond strength obtained in the STSB, MPa 

 

Eurocode 2: 

α1 = coefficient of release techniques (1.0 for gradual 

release and 1.25 for sudden release) 

α2 = strand area factor (0.19 for 7-wire strands) 

η1 = coefficient of strand bond conditions (1.0 for good 

bond conditions and 0.7 otherwise) 

ηp1 = coefficient accounting for the type of tendon and bond 

situation in the transfer zone (3.2 for 7-wire strands) 

ηp2 = coefficient accounting for the type of tendon and bond 

situation in the flexural bond zone (1.2 for 7-wire 

strands) 

σpi = prestress just after release (equivalent to fpi), MPa 

σpe = effective prestress (equivalent to fpe), MPa 

σpd = strand stress under design load (equivalent to fps), MPa 

fbpt = design bond strength within the transfer zone at 

prestress transfer state, MPa 

fbpd = design bond strength in the flexural bond zone in the 

ultimate limit state, MPa 

 

Model Code for Concrete Structures 2010: 

αp1 = coefficient of release techniques (1.0 for gradual 

release and 1.25 for sudden release) 

αp2 = coefficient of design state to be verified (0.5 at release 

and 1.0 at service when the moment and shear 

capacity is considered) 

αp3 = coefficient of strand bond situations (0.7 for intended 

wires and 0.5 for 7-wire strands) 

ηp1 = coefficient of type of tendon (1.2 for 7-wire strands) 

ηp2 = coefficient of tendon position (1.0 for all tendons with 

an inclination of 45o to 90o with respect to the 

horizontal during concreting and for all horizontal 

tendons which are up to 250 mm from the bottom or at 

least 300 mm below the top of the concrete section 

during concreting, and 0.7 for all other cases) 

σpi = prestress just after release (equivalent to fpi), MPa 

σpe = effective prestress (equivalent to fpe), MPa 

σpd = strand stress under design load (equivalent to fps), MPa 

fbpd = design bond strength, MPa 

fctd = design concrete tensile strength, MPa 
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Fig. A1 STSB test setup 
 
 

Appendix 1: Standard Test for Strand Bond (STSB) 
 

A STSB test setup is shown in Fig. A1. The sample is 

placed in a steel frame, which has a setup similar to the one 

ASTM A1081 (ASTM 2015) recommended. A linear 

variable differential transformer was used to measure strand 

slip at the free-end. A force with a displacement rate of 

(2.54 mm/min ± 0.0127 mm/min) was applied at the 

loaded-end. A data acquisition system was used to record 

the strand slip and pullout force continuously. The test stops 

as the strand slip exceeds 2.5 mm. In this study, the STSB 

tests continued until the strand slip reached 3.5 mm. 
 

 

Appendix 2: Measurement of transfer length 

 

The demountable mechanical (DEMEC) strain gauges 

used to measure the concrete strains are shown in Fig. A2. 

DEMEC target points were attached to the beam surface at 

the same level of prestressing strands, at a 100-mm spacing. 

The determination of transfer length can be nominally 

divided into 5 steps as below. Fig. A3 illustrates the 

transfer-length determination using these 5 steps for the live 

end of the first beam in the H-CC group. 

Step 1: Plot the concrete strain profile along the beam 

length. 

 

Fig. A2 Concrete strain measurement 

 

Step 2: Determine the constant strain plateau to calculate 

the average maximum strain (AMS) value. 
Step 3: Draw the 95% AMS line. This is the horizontal line 

passing through the 95% AMS value which accounts 
for the Saint-Venant's effect associated to the 
prestress transfer phenomenon. 

Step 4: Draw the initial-linear trend (ILT) line. The ILT line 
passes through the origin and is the best-fit trend line 
of target points within the transfer zone. The ILT line 
represents the linear strand stress in the transfer zone. 
The advantage of using the ILT line is to reduce the 
effect of strain fluctuation near the end of the 
transfer zone and to provide more precise and 
consistent measurements. 

Step 5: Determine the intersection of the 95% AMS line and 
the ILT line. Transfer length is the distance from the 
beam end to the intersection point. 

 

Appendix 3: Measurement of development length 

 
There were two flexure tests for each beam; one at the 

dead end and the other one at the live end. Fig. A4 shows a 
typical setup for a flexure test. A data acquisition system 
was used to continuously monitor the variation of strand 
slip, applied force, and beam deflection. A linear variable 
differential transformer was used to monitor strand slip. A 
linear cable encoder was used to record the beam deflection 
at the applied force location. The test data were then 
transferred and stored in a computer for analysis of failure 
modes. The cracking pattern was photographed using a 
digital camera and visualized in a 2D computer-aided 
design software. 

 
Fig. A3 Transfer lengths at the live end of the first beam in H-CC group 
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Fig. A4 Bending test setup for development-length determination. 
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