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This paper examines the effect of concrete compressive strength on the transfer length of prestressing strands.
The paper includes the results from several research projects conducted at the University of Arkansas (UA)
and from testing reported in the literature. At the UA, 57 prestressed, precast beams have been cast since
2005. The beams were cast with selfconsolidating concrete (SCC), high strength concrete (HSC), lightweight
self-consolidating concrete (LWSCC), and ultra-high performance concrete (UHPC). Using data from the UA
and from the literature, an equation to estimate transfer length was developed and presented. The results
were also compared with the American Concrete Institute (ACI 318) and the American Association of State High-
way and Transportation Officials (AASHTO) prediction equations for transfer length, which were designed for

Bond conventional concrete. The results also showed that there was little change in transfer length when the compres-
sive strength at release was greater than 34.5 MPa.
© 2015 The Institution of Structural Engineers. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Prestressed concrete has been used extensively since the 1950s.
Many buildings and bridge structures utilize its principles, especially
pre-cast structures. In the design of pretensioned members, there is a
particular focus on the length a strand must be embedded in the con-
crete in order to develop its bond strength. Transfer length refers to
the strand length required to transfer the initial prestress in the strand
to the concrete.

The ACI 318 Building Code and Commentary (hereafter referred to as
ACI 318-14) [1] and the AASHTO Load and Resistance Factor Design
(LRFD) [2] Specifications (hereafter referred to as AASHTO) provide
equations to estimate transfer length. The equation is a function of the
effective prestress ( f;) and the strand diameter (d},) [1-3]. Investigators
have shown that initial prestress (fs), and concrete compressive
strength both at prestress release (f;) and at 28-days (f.), contribute
to transfer length [3-8].

With the changes occurring regarding concrete mixture proportion-
ing and properties, researchers have and are questioning the accuracy of
the ACI 318-14 and AASHTO equations. In these design codes, concrete
compressive strength is not a variable in the transfer length equations
even though it has been shown to affect bond [8-10]. For example,
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the transfer length for high strength concrete members is less than
that predicted by ACI 318-14 and AASHTO [5,6,11].

Transfer length is an important parameter in shear design and in de-
termining allowable stresses. An incorrect estimation of this length can
affect the shear capacity of a member and may result in serviceability is-
sues that occur in the end zones at strand release [10,12]. Therefore,
there is a need to better estimate transfer length and this can be accom-
plished by incorporating concrete compressive strength in the transfer
length equation.

2. Background

Research on the transfer length in prestressed concrete members
began when Hanson and Kaar published their findings on the flexural
bond behavior of prestressing strand in 1959 [13]. In 1963, the ACI
Building Code implemented equations for these lengths [1]. The ACI for-
mulas were adopted in 1973 by AASHTO [2,14,15]. The equation for
transfer length given by ACI 318-14 section R21.2.3 [1,3] is written as
follows:

_ fse
Le =555 (1)

where:

L transfer length (mm)
fse effective prestress after all losses (MPa)
dp strand diameter (mm).
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ACI 318 also states that transfer length can be estimated as 50 strand
diameters (50d;) [1,3] and AASHTO uses 60d,, (Article 5.11.4.1) [2].

The early transfer length research used stress-relieved Grade
1724 strand with an ultimate strength, fp,, of 1724 MPa, and were
typically pretensioned to approximately 0.70f,,. In current practice,
low-relaxation Grade 1862 strand ( f,, of 1862 MPa) is used, and is
pretensioned up to 0.80f,, [2,5,15]. However these changes are not
reflected in the code equations.

In 1977, Zia and Mostafa proposed a formula to calculate the transfer
length of prestressing strands [7]. Their equation accounted for the
effects of strand size, initial prestress, effective prestress, ultimate
strength of the prestressing strand, and concrete compressive
strength at prestress release (ranging from 14 to 55 MPa). Their re-
search showed that the equations were more conservative (predict-
ed larger values) than the ACI Code when the concrete strength at
release is low (14 MPa < f'; < 28 MPa).

In 1990, Cousins, Johnson, and Zia developed analytical equations for
transfer length that included plastic and elastic behavior. In these equa-
tions new variables were introduced such as the plastic transfer bond
stress coefficient (U’;), the bond modulus (B), and the prestressing
strand area (A;). Even though Cousins et al. expressed that the ACI 318
Code and AASHTO provisions were inadequate and should be revised,
the equations remained unchanged [4].

In 1993, Mitchell et al. studied the influence of concrete strength on
transfer length. Their reported concrete strengths at prestress release
varied from 21 to 50 MPa and from 31 to 89 MPa at the time of testing.
Mitchell et al. developed and proposed an equation for transfer length
which predicted shorter values than ACI 318-14 for higher strength
concretes [5]. Their findings indicated a reduction in transfer length
with increasing concrete compressive strength.

In 1994, Deatherage, Burdette, and Chew cast twenty full scale
AASHTO Type I beams with different strand diameters to investigate
the transfer length. This work came after the Federal Highway Adminis-
tration (FHWA) enforced restrictions on the use of Grade 1862 low re-
laxation seven wire prestressing strand in prestressed concrete girders
in October 1988 [16]. Deatherage, Burdette, and Chew considered differ-
ent strand stresses to formulate an equation for transfer length. The
proposed equation resembles the ACI 318-14 and AASHTO equations,
but the transfer length is governed by the initial prestress ( f;;) instead
the effective prestress (fs.) [1-3]. Although Deatherage, Burdette, and
Chew made suggestions on the transfer length equation, no changes
were made because the suggestions were more conservative.

In 1996, Russell and Burns investigated the transfer length for
12.7 mm and 15.2 mm diameter strands. They examined several vari-
ables such as strand spacing, strand debonding, reinforcement confine-
ment, number of strands per specimen, and size and shape of the cross
section [17]. The results showed that the transfer lengths, measured
using the “95 Percent Average Maximum Strain” method (95% AMS),
for both 12.7 and 15.2 mm strands, were very similar and were larger
than ACI 318 and AASHTO standard provisions. Consequently, a new
equation for transfer length was proposed by the expression f.dp/
13.8; where f;, (MPa) and d;, (mm).

In 2006, Marti-Vargas et al. showed that for concretes with compres-
sive strengths in the range of 21 MPa to 55 MPa, the transfer lengths
were about 50% to 80% of those calculated by ACI 318-11 [18]. Later,
Marti-Vargas et al. investigated the relationship between the average
bond stress for the transfer length as a function of the concrete com-
pressive strength [19]. The transfer length decreased as the concrete
compressive strength at prestress release increased [8,20,21], and the
transfer length depended on the cement content, water content, and
bond stress.

In 2008, Ramirez and Russell published a report based on an investi-
gation sponsored by the National Cooperative Highway Research
Program (NCHRP-603) [6]. In this project the transfer length was mea-
sured in concrete specimens cast with normal-weight and high-
strength concrete at compressive strengths up to 103 MPa. The research

showed that increasing concrete strength correlated clearly with the
shortening of transfer length. As a result, a new equation was recom-
mended for the AASHTO specifications. In particular, this new equation
included the concrete compressive strength at release (f'¢;). In addition,
for concrete compressive strengths at release of 28 MPa, the transfer
length was recommended to be 60dp,, which was the same value provid-
ed by AASHTO. On the other hand, for concrete strengths at release
greater than 62 MPa, 40 strand diameters (40d,,) was the recommended
transfer length. Although new equations were proposed to AASHTO,
these equations for transfer length were not added to the specifications.

Shown in Table 1 are several equations that were developed for
predicting transfer length [4,6,7,14-16,22].

Since 2005, Hale et al. have conducted a significant amount of
research on transfer length [11,23-29]. These investigations focused
on different types of concrete ranging from normal strength to ultra-
high performance concrete. This paper summarizes the findings of the
research and those from the literature and proposes an equation that
was based on research encompassing many concrete types with differ-
ent compressive strengths.

3. Research significance

The research project included transfer lengths measured at the Uni-
versity of Arkansas (UA) and from results published in the literature. At
the UA, the transfer length was measured for 57 beam specimens. The
specimens were cast with a variety of concrete types at a wide range
of compressive strengths. In addition, measured transfer lengths data
were collected from the literature. This research focuses on the effect
of concrete compressive strength (at release and 28-days or time of test-
ing) on transfer lengths. With the data, an equation was developed that
encompasses a wide range of concrete types and concrete compressive
strengths.

4. Experimental program
4.1. Concrete mixtures

For the specimens cast at the UA, 11 different mixture proportions
were developed. These 11 mixtures are shown in Table 2. For the first
six mixtures listed in Table 2, the first two letters represent the com-
pressive strength. “NS” refers to normal strength concrete mixtures
and “HS” refers to high strength concrete mixtures. The last two letters
represent the type of coarse aggregate used in the mixtures. The aggre-
gate type included shale (SH), clay (CL), and limestone (LS). The mix-
tures containing shale or clay are also lightweight mixtures with a
unit weight of approximately 1922 kg/m>. These first six mixtures
were also self-consolidating. The next two mixtures, SCC-I and SCC-III,
were normal weight SCC mixtures cast with either Type I or Type III

Table 1
Proposed equations for predicting transfer length (MPa and mm).

Source Transfer length, Lt
ACI-318/AASHTO LRFD [1] L = 2{)507 dy
Zia and Mostafa, 1977 [7] L =15%d,—117
fa
Cousins et al., 1990 [4 o
[ ] L = U{%é;;+ foAs
ndyUy\/ f
Mitchell et al., 1993 [5] L = fd, %
Deatherage et al., 1994 [16] L = %db
Buckner, 1995 [15] L = 2{{.7 dy
Lane, 1998 [14] Lr:4%db—127
Kose and Burkett, 2005 [22] L, = 0.045 \?q_ (25-4_db)2
fo
Ramirez and Russell, 2008 [6] Ly = -315-d, >40d,
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Table 2
Mixture identifications, number of tests, and compressive strength.

133

Concrete mixtures Number of trial beams

Number of L, tests f'ci mean, MPa f'c mean, MPa

NSSH: Normal strength shale

NSCL: Normal strength clay

NSLS: Normal strength limestone

HSSH: High strength shale

HSCL: High strength clay

HSLS: High strength limestone

SCC-III: Self-consolidating concrete Type III
SCC-I: Self-consolidating concrete Type |
HSC: High strength concrete

UHPC: Ultra high performance concrete
LWSCC?: Lightweight self-consolidating concrete

AN A A S DMDDO

10 28 42
8 31 39
8 33 52
8 42 48
8 43 49
8 48 64

10 51 76

16 54 84

12 64 85

14 124 182

12 31 46

¢ 12.7 mm diameter strand.

cement. These mixtures were also normal weight (approximately
2323 kg/m?3). Mixture “HSC” was a high strength concrete mixture.
Mixture “UHPC” was a commercially available ultra-high performance
concrete mixture. The final mixture “LWSCC” was a lightweight SCC
mixture proportion that was developed by prestressed concrete beam
fabricator. The mixture proportions were discussed in greater details
in earlier publications by the authors [11,23-30].

The number of beams cast from each mixture and the number of
transfer length tests performed on beams cast with that particular mix-
ture are also presented in Table 2. Fifty-one beams were cast with
15.2 mm diameter [24,26,29] strands, and six beams were cast with
12.7 mm diameter strands [27].

Also shown in Table 2 is the mean compressive strength at release
and at 28 days for each mixture. The compressive strengths at release
using 15.2 mm strand ranged from 23 MPa to 155 MPa, and the
28 day strengths ranged from 34.5 MPa to 199 MPa. Furthermore, for
12.7 mm diameter strand the compressive strengths at release ranged

from 24 MPa to 37 MPa, and the 28 day strengths ranged from
41 MPa to 52 MPa.

4.2. Beam fabrication

At the UA, 57 fully bonded, prestressed, precast beams have been
cast since 2005. Each beam had a rectangular cross-section of 165 mm
by 305 mm and was 5.5 m length. The beams contained two, low relax-
ation wire Gr. 1862 prestressing strands located a distance of 254 mm,
measured from the top (compression fiber) of the beam to the centroid
of the strand as shown in Fig. 1. Strand diameters of 12.7 mm and
15.2 mm were included in the study. Two No. 19, Gr. 414 reinforcing
bars were located near to 51 mm from the top of each beam. The
beams were reinforced with No 6 smooth bars spaced at 150 mm. The
beams were cast with mixtures shown in Table 2 [24,26,27,29]. Two
beams were cast simultaneously on a 15.2 m prestressing bed. The
strands were tensioned to 75% fp,, 1397 MPa.

A 2 - No. 19 bars No. 6 stirrups
> A 7@150mm 0.C. ¢
r 2 2 e s = P 7 -
< . 4 B - 4 ¥ o | 2 d 4 e
a4 ) Ad * nj J‘ 1 4 s 5 ki < - @ -
A ] < 4 ] 3 !
2 - 152 mm Steands > A ‘
7
et 2.75m |
2 -No. 19
B

bars

No. 6 stirrups
@ 150 mm O.C.

2-15.2mm

Strands

Section A-A

Fig. 1. Beam section and reinforcement detail.
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4.3. Bond quality assessment

The Standard Test for Strand Bond (STSB) was used to assess the
quality of the strands used in the UA study. The force required to in-
duce 2.54 mm of free end slip for each specimen exceeded the
4899 kg minimum required for individual specimens. For the three
sources of strands used in the study, the average pull out values of
8700, 10,083, and 9339 kg exceeded the minimum requirement of
5715 kg. Thus, the results showed that the strands were of good
quality.

44. Instrumentation

Before prestress release, detachable mechanical (DEMEC) strain
gauge targets were attached to the beam at the level of the prestressing
strand (Fig. 2). These targets were placed at both ends of the beam on
both faces [7,17,31-34]. The first target was approximately placed at
25.4 mm from the beam end, and the other DEMEC points were placed
at 100 mm intervals. The prestress was gradually released approximate-
ly 24 h after casting. This was accomplished by releasing the pressure in
the hydraulic strand tensioning system. Each beam specimen was la-
beled based on the concrete type along with a beam number. For in-
stance, the first beam cast using SCC with Type I cement was labeled
SCCI-1 [11,23,25,28]. Surface strains were assessed using a digital
DEMEC strain gauge with 200 mm gauge length. Strain readings were
taken immediately before and after prestress release and at 3, 5, 7, 14,
and 28 days (Fig. 3). Transfer lengths were determined using the 95%
Average Maximum Strain method (AMS) [17]. Transfer length was
measured for both beam ends which results in 114 total tests as is
shown in Table 2.

5. Transfer length analysis
5.1. Measured transfer length data

The measured minimum, average, and maximum transfer lengths
at release and at 28-days are presented in Table 3. Additionally, the
average concrete compressive strengths at release (f';) and at 28-
days (f’¢), the average of the effective strand stress after all losses
(fse), and the predicted transfer lengths using ACI 318-14 &
AASHTO are presented.

As shown in Table 3, the maximum measured transfer length for all
beams was 1090 mm. This occurred in the NSSH series which also had
the lowest concrete compressive strength at release. This value was
greater than the predicted value of 792 mm by approximately 37.5%.
The average transfer length for all NSSH beam was 733 mm at release

Fig. 2. Placement of DEMEC points.

Fig. 3. DEMEC measurements.

which was 92.4% of the predicted value. At the other extreme, the pre-
dicted transfer length for the UHPC series was over 250% greater than
the average measured transfer length. The UHPC series possessed the
highest compressive strength at release and at 28 days of age. Table 3
shows that once the compressive strength at release achieved 42 MPa
or greater, all measured transfer lengths were less than the values pre-
dicted by ACI 318-14 and AASHTO.

The data was analyzed using a power regression which is shown in
Fig. 4. The measured transfer lengths are plotted versus the concrete
compressive strength. The measured transfer length at both beam
ends is plotted (L = live end and D = dead end) along with the com-
pressive strength at release and at 28-days. The data in Fig. 4 confirms
that the measured transfer lengths decreased as the concrete strengths
increased [6,35]. Based on the data shown in Fig. 4, concrete compres-
sive strength should be included in the transfer length equations [8,
20,22,35].

Several researchers have examined the influence of other variables
on transfer length [4,7,8,19,20,22,31,36]. Based on this previous re-
search, two variable sets were included in this study. For the first set,
concrete compressive strength at release (f;), initial prestress ( f;;)
(75% fpu = 1397 MPa), and strand diameter (d,) were examined. The
variables for the second set were concrete compressive strength at
release (f), effective strand stress after all losses (fs), and strand di-
ameter (dp). Statistical analysis was conducted for the two variable
sets, and from this analysis the first set of variables (f;, fsi, and dp)
were chosen because these variables had a greater affect transfer length

Table 3
Measured transfer lengths and predicted lengths.

Series  flu,  f'o  fe

Reported transfer ~ Reported transfer ~ ACI/

MPa MPa MPa lengths (mm): lengths (mm): AASHTO
release 28 days
Min. Avg. Max. Min. Avg. Max. Predicted

NSSH 28 42 1076 505 733 1090 559 681 970 792
NSCL 31 39 1069 495 597 815 424 635 841 787
NSLS 33 52 1166 450 557 991 470 609 1031 858
HSSH 42 48 1146 409 520 681 361 426 521 843
HSCL 43 49 1154 361 486 780 399 487 610 850
HSLS 48 64 1215 460 503 551 490 531 640 895

SCC-III 51 76 1216 381 457 584 368 483 610 895
SCC-1 54 84 1244 394 507 635 343 512 673 916
HSC 64 85 1256 394 506 635 432 579 724 925

UHPC 124 182 1297 267 358 432 279 361 457 955
LWSCC* 31 46 1186 381 525 838 330 510 686 873

¢ Strand 12.7 mm diameter was used in this case.
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Fig. 4. Transfer length analysis—power regression.

at release [5,7]. Consequently, an equation for transfer length (Eq. 2)
was derived and is shown below:

f 0.55

L =257 <?" db> 2)
f ci

where:

fsi initial prestress (MPa)

e concrete strength at prestress release (MPa)

dp nominal strand diameter (mm).

Fig. 5 shows the ratio between predicted and measured transfer
length for the ACI/AASHTO, NCHRP-603, and the proposed equation
(Eq. 2). The ratio due to the proposed equation and NCHRP-603 are sim-
ilar when the concrete strength at release is less than 62 MPa. The ratio
is almost equal to one when the concrete strength at release is equal to
62 MPa. At compressive strengths greater than 62 MPa, the proposed
equation provides a better estimate than the NCHRP-603 equation. At
compressive strengths less than 41 MPa, the ACI 318-14 and AASHTO
equations are more accurate than the proposed and NCHRP-603 equa-
tions. In addition, the ratio of the ACI 318-14 and AASHTO equations
increases suddenly for higher compressive strength (f'y; > 62 MPa)
while the ratio due to the proposed equation remains closer to one.

3.00 T - -
_ —0—ACI & AASHTO
%‘ 550 4| —= -NcERPGOZ | o -
= —#& -Proposed Eq.
5 ‘ ' |
T 200 ooy A R—
£ ; .m
S 150 4 v A S A T —
3 | .- :
E i a
b K | B S - B e SR
E
S 050 4 e boeeeees fomnnnnes boeenennd — becenees

Y, SR SN WS NS RN N —

0 20 40 60 80 100 120 140

Concrete Strength at Release, MPa

Fig. 5. Ratio of predicted to measured transfer length.

5.2. Transfer length data from the literature

Transfer length data [4-6,16,17,19,33,34,37-41] were collected from
the literature in order to examine the accuracy of the proposed equa-
tion. For 12.7 mm strands, 293 transfer length tests were identified in
the literature, and this number was reduced to 180 data points
(Table 4). Many researchers reported transfer lengths for the dead
ends, live ends, or the average of both ends. Therefore, the 180 data
points represent the total number of transfer length analyzed, and
each transfer length was the average transfer length of both ends of a
beam. For 15.2 mm strands, 345 transfer length measurements were
identified in the literature and then reduced to 139 data points
(Table 5). This number represents the average transfer length for 139
beam ends.

The measured transfer lengths from the data set were plotted
against the concrete compressive strength at release (f';) which ranged
from 19 MPa to 155 MPa as shown in Figs. 6 and 7. For most of the data
collected from the literature, the concrete compressive strengths at re-
lease ranged from 19 MPa and 69 MPa. However, there is a limited
amount of data that includes concrete compressive strengths at release
over 69 MPa [25]. Both figures show the decrease in transfer length as
concrete compressive strength at release increases. The figures also
show the range of transfer lengths at lower concrete compressive
strengths. For 12.7 mm strands, the transfer lengths ranged from ap-
proximately 250 mm to 1900 mm at 28 MPa. The highest transfer
lengths were reported by Cousins et al. (1990). These values may have
been caused by unreported factors such as poor strand surface condition
[4]. The data also show the lack of change in transfer length at high re-
lease strengths.

5.3. Data reduction

To determine the accuracy of the proposed equation, outliers in the
data set were removed. Outliers were determined based on the average
transfer length ratio and standard deviation. The transfer length ratio
was calculated by dividing the predicted transfer length by the mea-
sured transfer length. Predicted transfer lengths were calculated using
the ACI 318-14 equation and Eq. 2. Some assumptions were made in
order to use these equations. These assumptions included a low relaxa-
tion wire, Grade 1862 strand (12.7 mm and 15.2 mm diameter) with an
ultimate strength, f,,, of 1862 MPa, an initial prestress of 1397 MPa
(fsi = 0.75f,), and an effective prestress after all losses of 1117 MPa
(fse = 0.60f,,) [20]. Using these values, the predicted transfer lengths
obtained using ACI 318-14 were 686 mm and 823 mm for 12.7 mm
and 15.2 mm strand, respectively.

Figs. 8 and 9 show the transfer length ratios (predicted/measured)
versus the measured transfer lengths. The transfer length ratios were
calculated using the data set and the values using the ACI 318-14 equa-
tion. These figures also show the average transfer length value (AV), the
standard deviation (SD), the underestimated values (UV), and the
overestimated values (OV), and the upper bound (AV + SD) and
lower bound (AV — SD). For the 12.7 mm strand, the average transfer
length ratio was 1.32 with a standard deviation of + 0.35. Furthermore,
since the predicted transfer length using the ACI 318-14 equation was
constant for both strand sizes (686 mm and 823 mm), the plotted ratios
follow the same power trend line as shown in Figs. 8 and 9. Figs. 10 and
11 show the values predicted using Eq. 2. Since the predicted transfer
length values using Eq. 2 are dependent on the concrete strength at re-
lease (f's), the predicted transfer length is not constant unlike the
values determined using ACI 318-14. This is reflected in the plot of the
data in Figs. 10 and 11.

The following conclusions can be determined from Figs. 8 and 10
(12.7 mm diameter strand). The average transfer length ratio using
ACI 318-14 was 1.32, and its SD was + 0.35 while the average transfer
length ratio using Eq. 2 was 1.46 and its SD was 4 0.38. Therefore, the
ACI 318-14 equation overestimates transfer length by 32% while the
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Table 4
Transfer lengths from the literature for 12.7 mm strand.

Literature source Number of tests Data analyzed

Reported transfer length, mm Average f'.;, MPa

Min. Avg. Max.

Cousins et al., 1990 20 20 813 1262 1880 35
Mitchell et al., 1993 14 8 367 513 711 40
Deatherage et al., 1994 16 16 457 602 914 33
Russell and Burns, 1996 34 17 432 748 978 30
Rose and Russell, 1997 30 15 300 392 587 29
Russell and Burns, 1997 12 6 661 1050 1461 25
Mahmoud et al., 1999 8 8 350 469 600 41
Oh and Kim, 2000 36 18 463 606 826 40
Hodges, 2006 6 3 343 474 699 36
NCHRP-603, 2008 (A/B) 30 15 311 412 554 52
NCHRP-603, 2008 (D) 31 16 391 597 937 53
Bhoem et al., 2010 12 6 343 411 465 47
Marti-Vargas et al., 2012 12 12 400 533 650 39
Myers et al., 2012 8 8 351 460 630 39
UA (release) 12 6 406 525 686 31
UA (28-day) 12 6 394 510 610 46
Total number of tests 293 180

Note: Ramirez and Russell, 2008 (NCHRP R-603).

Table 5

Transfer lengths from the literature for 15.2 mm strand.
Literature source Number of Data Reported transfer ~ Average f'ci,

tests analyzed length, mm MPa
Min. Avg. Max.

Cousins et al., 1990 10 10 1118 1435 1727 33
Mitchell et al., 1993° 12 6 305 545 803 40
Deatherage et al., 1994 8 8 889 1032 1270 33
Russell and Burns, 1996 40 20 711 1016 1264 31
Russell and Burns, 1997 13 8 762 1043 1245 28
Oh and Kim, 2000 36 18 539 758 1022 40
NCHRP-603, 2008 (A6) 22 11 475 667 785 51
UA (release) 102 30 305 524 824 64
UA (28-day) 102 28 305 532 833 89

Total number of tests 345 139

UA: University of Arkansas.
@ Strand 15.75 mm.

proposed equation, Eq. 2, overestimates by 46%. Although Eq. 2 had a
greater standard deviation than ACI 318-14 (0.38 vs 0.35), the total
number of measured transfer lengths between UV and OV lines repre-
sents 39% of the data set analyzed. This represents 10% more than the
ACI 318-14 equation. The percentage of excluded data for the ACI 318-
14 equation is 71% which represents 10% more than the proposed
equation, Eq. 2. Therefore, more data are represented between the
lower and upper bounds for Eq. 2 which means Eq. 2 better represents
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Fig. 6. Transfer length of 12.7 mm strand from the literature.

the measured transfer length values obtained from the literature than
the ACI 318-14 equation.

The same analysis was performed using the data set of 15.2 mm di-
ameter strand. The average transfer length ratio using ACI 318-14 was
1.17 with a SD of + 0.44. The average transfer length ratio was 1.12
using Eq. 2 and had a SD of 40.31. For the 15.2 mm strands, Eq. 2
overestimated transfer length by 12% compared to 17% for ACI 318-14.
The total measured transfer lengths between the lower and upper
bounds for Eq. 2 represent 72% of the data which is 9% more than that
represented by ACI 318-14.

5.4. Influence of compressive strength on transfer length

To determine the accuracy of Eq. 2, its predicted values were com-
pared to those from other proposed equations. The other proposed
equations include those listed in Table 1 with the exception of the Buck-
ner equation. This equation was not included in the study because of its
similarity to the Deatherage equation which was included. In order to
use some of the equations shown in Table 1, additional inputs were nec-
essary. Values for f,,, fsi, and fs. were assumed in the previous task, but
additional values were needed for the Cousins et al. equation. Those
values included the plastic transfer bond stress coefficient (U’; =
0.556), the bond modulus (B = 0.0815 MPa/mm), and the area of the
prestressing strand (A; = 140 mm?) for 15.2 mm diameter strand.
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Fig. 7. Transfer length of 15.2 mm strand from the literature (** = 15.75 mm).
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Using these values, the transfer lengths were calculated, normalized
with respect to the nominal strand diameter, and plotted as shown in
Fig. 12.

For this analysis, the concrete compressive strength at release was
varied from 28 MPa to 83 MPa while the 28 day concrete strength
ranged from 41 MPa to 110 MPa. As shown in the Fig. 12, the ACI 318-
14, AASHTO, and Deatherage et al. equations are not dependent on

concrete strength and therefore their predicted transfer length values
are constant for all strengths.

When the concrete strength at release and at 28-days were 28 MPa
and 41 MPa respectively, all predicted transfer length values using the
equations in Table 1 were greater than the predicted value using ACI
318-14. On the contrary, when concrete strength at release is 62 MPa
or more, all equations except for the Deatherage et al. equation predict
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Fig. 9. Transfer length ratio using ACI 318-14 for 15.2 mm strand.
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2000

a transfer length that is less than that predicted by ACI 318-14. The UA
equation, Eq. 2, predicts values that follow similar trends as the other
equations (excluding ACI 318-14, AASHTO, and Deatherage et al.).
Eq. 2 predicts values which are slightly different than those of the
NCHRP-603 equation. For instance, Eq. 2 predicts larger transfer length
values at lower compressive strengths and shorter values at higher
compressive strengths.

It should be noted that Zia and Mostafa's equation for transfer length
[7] was not recommended for compressive strengths over 55 MPa. For

release strengths of 62 MPa and 83 MPa, their equation predicts transfer
lengths that are approximately 40 to 50% less than the minimum limit
recommended by NCHRP-603 (40d},). In addition, Fig. 12 shows two im-
portant conclusions which are:

1. When the concrete strength at release and 28-days increases, the
normalized transfer length decreases for all estimated values except
those predicted using the ACI 318-14 (R21.2.3) and Deatherage et al.
equations. Value predicted using these two equations are constant
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due to the fact that the transfer length does not depend on concrete
compressive strength.

2. For compressive strength at release of 83 MPa, the transfer lengths
for 5 of the 7 proposed equations which are function of concrete
compressive strength predict values that are lower or equal values
than the minimum transfer length (40d;) [6]. The exceptions are
the Kose and Burkett's equation and Lane's equation. However, at a
concrete strength (f'c) greater than 117 MPa, both equations predict
transfer lengths less than 40d,,.

6. Summary and conclusions

The research project examined the measured transfer lengths of 57
prestressed concrete beams cast with a variety of different concrete
types. The concrete types included normal strength (NS), high strength
(HS), self-consolidating concrete (SCC), ultra-high performance (UHP),
and light weight (LW) concrete. Fifty one beams were fabricated with
15.2 mm, Grade 270, seven wire low relaxation prestressing strand.
The concrete compressive strengths at release for those 51 beams
ranged from 23 MPa to 155 MPa. Six beams were fabricated using
12.7 mm diameter strands with concrete compressive strengths at re-
lease between 24 MPa and 31 MPa. Measured transfer lengths were de-
termined using concrete surface strains along with the AMS method.
The UA data was analyzed using the power regression in order to devel-
op a new transfer length equation. A power regression was chosen to
develop this new equation because this repression provided a better
fit than the linear regression. This was due to the influence of concrete
compressive strength on the transfer length. In addition, measured
transfer lengths from the literature were collected and analyzed and

compared with ACI 318-14, ACI (50d},), AASHTO (60d,,), NCHRP-603
(40dp), equations from the literature, and the proposed equation,
Eq. 2. Based on the investigation, the followings conclusions were made:

1. Transfer length in prestressed concrete members decreases as con-
crete compressive strength increases. Research results also show
that the ACI 318-14 and AASHTO equations overestimate transfer
lengths in members containing concrete with high compressive
strengths. Therefore, concrete compressive strength should be a fac-
tor in predicting transfer length.

2. Based on the results of the study, Eq. 2 and the ACI 318-14 equation
are recommended when the concrete compressive strength at re-
lease is less than 34.5 MPa. Based on the UA experimental data,
40d,, should be used as minimum transfer length for members con-
taining concrete with compressive strengths at release greater than
34.5 MPa but less than 55 MPa. When the concrete compressive
strength at release is greater than 55 MPa, transfer length can be
taken as 33d,. There is little change in transfer length as concrete
compressive strength at release increases beyond 55 MPa.

3. The proposed UA equation, Eq. 2, is based on experimental data with
good strand bond (STSB values of 117 MPa or more). For strands with
poor surface quality, further investigation is needed in order to deter-
mine the applicability of the UA equation.

4, Measured transfer length values collected from the literature

were compared to values predicted using the ACI 318-14,
AASHTO, and NCHRP-603 equations. The predicted values were
greater than the mean experimental values for approximately
18% of the beams containing 12.7 mm diameter strand and 40%
for beams containing15.2 mm diameter strand.
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5. The total data between the lower and upper bounds, [AV + SD], was
53% for the measured transfer length ratios using ACI 318-14 and 64%
for the same ratio using Eq. 2 for 12.7 mm diameter strand. For
15.2 mm strands, the total data within this range was 63% when
ACI 318-14 was used and 72% when Eq. 2 was used. Therefore, the
proposed question, Eq. 2 better represents the experimental data
than the ACI 318-14 equation.

6. Current equations do not adequately estimate transfer length for
higher strength concretes. Since the 1970s, many researchers have
recommended including concrete strength in the equation for trans-
fer length. The proposed equation, Eq. 2, does include concrete
strength and more accurately estimates transfer length for beams
containing high strength concrete.

Acknowledgements

Financial support from the Mack-Blackwell Rural Transportation
Center (MBTC) Grant Award Number DTRT07-G-0021 at the University
of Arkansas is gratefully acknowledged. The authors would like to thank
Insteel Industries Inc. for providing the strand for this research.

References

[1] ACI-318-14. Building code requirements for structural concrete and commentary.
Farmington Hills, MI: American Concrete Institute; 2014.

[2] AASHTO. AASHTO LRFD Bridge Design Specifications, Customary U.S. Units. 6th ed.
Washington, D.C.: American Association of State Highway and Transportation Offi-
cials (AASHTO); 2012

[3] ACI-318-11. Building code requirements for structural concrete and commentary.
Farmington Hills, MI: American Concrete Institute; 2011.

[4] Cousins TE, Johnston DW, Zia P. Transfer and development length of epoxy coated
and uncoated prestressing strand. PCI ] 1990;35:92-103.

[5] Mitchell D, Cook WD, Khan AA, Tham T. Influence of high strength concrete on trans-
fer and development length of pretensioning strand. PCI ] 1993;38:52-66.

[6] Ramirez JA, Russell BW. Transfer, development, and splice length for strand/rein-
forcement in high-strength concrete. Washington, D.C.: Transportation Research
Board, National Research Council (NCHRP-603); 2008

[7] Zia P, Mostafa T. Development length of prestressing strands. PCI ] 1977;22:54-65.

[8] Marti-Vargas JR, Serna P, Navarro-Gregori J, Bonet JL. Effects of concrete composition
on transmission length of prestressing strands. Constr Build Mater 2012;27:350-6.

[9] Kose MM. Prediction of transfer length of prestressing strands using neural net-
works. ACI Struct ] 2007;104:162-9.

[10] Barnes RW, Grove JW, Burns NH. Experimental assessment of factors affecting trans-
fer length. ACI Struct ] 2003;100:740-8.

[11] Floyd RW, Ruiz ED, Do NH, Staton BW, Hale WM. Development lengths of high-
strength self-consolidating concrete beams. PCI ] 2011;56:36-53.

[12] Carroll JC, Cousins TE, Roberts-Wallmann CL. A practical approach for finite-element
modeling of transfer length in pretensioned, prestressed concrete members using
end-slip methodology. PCI ] 2014;59:110-29.

[13] Hanson NW, Kaar PH. Flexural bond tests of pretensioned prestressed beams. ACI
Struct ] 1959;55:783-802.

[14] Lane SN. A new development length equation for pretensioned strands in bridge
beams and piles. In: Alexandria VU, editor. National Technical Information Service
Shawnee Road. Turner-Fairbank Highway Research Center6300 Georgetown Pike,
McLean, VA 22101 USA: Federal Highway Administration; 1998.

[15] Buckner CD. A review of strand development length for pretensioned concrete
members. PCI | 1995;40:84-105.

[16] Deatherage JH, Burdette EG, Chew CK. Development length and lateral spacing re-
quirements of prestressing strands for prestressed concrete bridge girders. PCI |
1994;39:70-83.

[17] Russell BW, Burns NH. Measured transfer lengths of 0.5 and 0.6 in. strands in
pretensioned concrete. PCI ] 1996;41:44-65.

[18] Marti-Vargas JR, Arbelaez CA, Serna-Ros P, Fernandez-Prada MA, Miguel-Sosa PF.
Transfer and development lengths of concentrically prestressed concrete. PCI J
2006;51:74-85.

[19] Marti-Vargas JR, Serna P, Navarro-Gregori J, Pallarés L. Bond of 13 mm prestressing
steel strands in pretensioned concrete members. Eng Struct 2012;41:403-12.

[20] Marti-Vargas ], Hale W. Predicting strand transfer length in pretensioned concrete:
Eurocode versus North American practice. ] Bridg Eng 2013.

[21] Marti-Vargas JR, Arbelaez CA, Serna-Ros P, Navarro-Gregori ], Pallares-Rubio L. Ana-
lytical model for transfer length prediction of 13 mm prestressing strand. Struct Eng
Mech 2007;26:211-29.

[22] Kose MM, Burkett WR. Formulation of new development length equation for 0.6 in.
prestressing strand. PCI ] 2005;50:96-105.

[23] Floyd RW, Howland MB, Micah HW. Evaluation of strand bond equations for
prestressed members cast with self-consolidating concrete. Eng Struct 2011;33:
2879-87.

[24] Floyd RW. Investigating the bond of prestressing strands in lightweight self-
consolidating concrete [Ph.D.]. United States—Arkansas: University of Arkansas;
2012.

[25] John EE, Ruiz ED, Floyd RW, Hale WM. Transfer and development lengths and pre-
stress losses in ultra-high-performance concrete beams. Transp Res Rec 2011;
2251:76-81.

[26] Ruiz Coello ED. Prestress losses and development length in pretensioned ultra high
performance concrete beams [Ph.D.]. United States—Arkansas: University of Arkan-
sas; 2007.

[27] Ward D. Performance of prestressed double-tee beams cast with lightweight self-
consolidating concrete [M.S.C.E.]. United States—Arkansas: University of Arkansas;
2010.

[28] Staton BW, Do NH, Ruiz ED, Hale WM. Transfer lengths of prestressed bemas cast
with self-consolidating concrete. PCI J 2009;54:64-83.

[29] Staton BW. Transfer lengths for prestressed concrete beams cast with self-
consolidating concrete mixtures [M.S.C.E.]. United States—Arkansas: University of
Arkansas; 2006.

[30] Do NH, Staton BW, Hale WM. Development of high strength self-consolidating con-
crete mixtures for use in prestressed bridge girders. The PCI National Bridge Confer-
ence. Grapevine, Texas: CD-ROM; 2006.

[31] Cousins TE, Nassar A. Investigation of transfer length, flexural strength, and prestress
losses in lightweight prestressed concrete girders. Charlottesville, VA: Virginia De-
partment of Transportation; 2003.

[32] Girgis AFM, Tuan CY. Bond strength and transfer length of pretensioned bridge
girders cast with self-consolidating concrete. PCI ] 2005;50:72-87.

[33] Oh BH, Kim ES. Realistic evaluation of transfer lengths in pretensioned. Prestress
Concr Members ACI Struct ] 2000;97:821-30.

[34] Russell BW, Burns NH. Measured of transfer lengths of pretensioned concrete ele-
ments. ] Struct Eng 1997;123:541-9.

[35] Ramirez-Garcia AT, Floyd RW, Hale M, Marti-Vargas JR. Effect of concrete compres-
sive strength on transfer length and development length. PCI-2013 Convention and
National Bridge Conference: discover high performance precast. Gaylord Texan
Resort-Grapevine, Texas. PCI J 2013.

[36] Marti-Vargas JR, Serna P, Hale WM. Strand bond performance in prestressed con-
crete accounting for bond slip. Eng Struct 2013;51:236-44.

[37] Rose DR, Russell BW. Investigation of standardized tests to measure the bond perfor-
mance of prestressing strand. PCI ] 1997;42:56-80.

[38] Mahmoud ZI, Rizkalla SH, Zaghoul E-ER. Transfer and development lengths of car-
bon fiber reinforced polymers prestressing reinforcement. Struct ] 1999;96:
594-602.

[39] Hodges HT. Top strand effect and evaluation of effective prestress in prestressed
concrete beams [research]. Blacksburg, VA: Virginia Polytechnic Institute and State
University; 2006.

[40] Bhoem KM, Barnes RW, Schindler AK. Performance of self-consolidating concrete in
prestressed girders highway research center. Harbert Engineering Center Auburn
University, AL 36830: The Alabama Department of Transportation; 2010.

[41] Myers JJ, Volz JS, Sells E, Porterfield K, Looney T, Tucker B, et al. Self-consolidating
concrete (SCC) for infrastructure elements: report B-bond, transfer length, and de-
velopment length of prestressing strand. Rolla, Missouri, MO: Missouri University
of Science and Technology; 2012.


http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0005
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0005
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0010
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0010
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0010
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0015
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0015
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0020
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0020
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0025
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0025
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0030
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0030
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0030
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0035
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0040
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0040
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0045
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0045
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0050
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0050
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0055
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0055
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0060
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0060
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0060
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0065
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0065
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0070
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0070
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0070
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0070
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0075
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0075
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0080
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0080
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0080
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0085
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0085
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0090
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0090
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0090
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0095
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0095
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0100
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0100
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0105
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0105
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0105
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0110
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0110
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0115
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0115
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0115
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0120
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0120
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0120
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0125
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0125
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0125
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0130
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0130
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0130
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0135
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0135
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0135
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0140
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0140
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0145
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0145
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0145
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0150
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0150
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0150
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0155
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0155
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0155
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0160
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0160
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0165
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0165
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0170
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0170
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0175
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0175
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0175
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0175
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0180
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0180
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0185
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0185
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0190
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0190
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0190
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0195
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0195
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0195
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0200
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0200
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0200
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0205
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0205
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0205
http://refhub.elsevier.com/S2352-0124(15)00112-5/rf0205

	Effect of concrete compressive strength on transfer length
	1. Introduction
	2. Background
	3. Research significance
	4. Experimental program
	4.1. Concrete mixtures
	4.2. Beam fabrication
	4.3. Bond quality assessment
	4.4. Instrumentation

	5. Transfer length analysis
	5.1. Measured transfer length data
	5.2. Transfer length data from the literature
	5.3. Data reduction
	5.4. Influence of compressive strength on transfer length

	6. Summary and conclusions
	Acknowledgements
	References


