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ABSTRACT

In this report, results of an investigation on the transfer and development
lengths of Grade 270, 15.2 mm (0.6 in.) diameter prestressing strands spaced at 51
mm (2 in.) on center in a hex close packed pattern in high performance concrete are
presented. Three box girders with composite topping slabs were tested. These girders
were 381 mm (15 in.) wide, 553 mm (21.75 in.) high, including the topping slab, and

10,400 mm (411 in.) long.

The compressive strength, modulus of elasticity, modulus of rupture, split-
cylinder strength, creep, and shrinkage of the girder concrete were measured at
different ages. Concrete compressive strength for the main girder section was
approximately 54 MPa (7.8 ksi) at release and 77 MPa (11 ksi) at the time of
development length tests, while the strength of the topping slab concrete was
approximately 57 MPa (8.3 ksi) at the time of development length tests. The girders
were pretensioned using nine strands with a strand stress just before release of about
1407 MPa (204 ksi). The strand was supplied by a single manufacturer. Pullout tests
were conducted on samples of prestressing strand and strand slip at stress transfer was

measured.

Transfer length was determined by measuring concrete strain at the concrete
surface with a mechanical strain gage. Strain profiles were constructed from these

measurements and the 95% Average Maximum Strain Plateau method was used to



determine the transfer length at each end of a girder. The average transfer length for

these girders was determined to be 593 mm (23.4 in.).

The development length was measured using an iterative testing process
involving six flexural tests. Each end of a girder was loaded to failure at a distance
from the end of the girder equal to the estimated development length. The estimated
development length was revised after each test until the required development length
was found. Deflections, strand slip, concrete surface strain, and applied load were
monitored throughout each test. The development length for these girders was

determined to be approximately 1524 mm (60 in.).

The ACVAASHTO formulas for transfer and development length
overestimate the transfer length of the girders by 18% and the development length by
53%. The average maximum pullout force attained in the strand pullout tests was 215
kN (48 kips). The average strand slip measured at stress transfer was 1.49 mm (0.059

in.).
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1. INTRODUCTION

1.1 BACKGROUND AND PROBLEM STATEMENT

During the last 40 years, prestressed concrete has seen increasing use in
structural design, particularly in bridge structures. Prestressed concrete offers
substantial benefits to the bridge designer, especially in spanning long distances and
maintaining a large span-to-depth ratio. Over the years, these abilities have been
enhanced by the use of higher strength concrete and larger diameter, higher strength

prestressing strands.

The force in prestressing strand is transferred to the concrete in pretensioned
members by bond between the strand and the concrete. Increases in concrete
strengths, strand diameters, and strand strengths have led to greater strand forces, and
thus, increased demand on the bond. For safe and effective use of these new materials,

the nature of the bond must be fully understood.

In 1988, the Federal Highway Administration (FHWA) issued a memorandum
which required that the required development length be increased to 1.6 times the
development length stipulated in the AASHTO Specifications [1]. Additionally, the
minimum spacing of strands must be four times the strand diameter and the use of
15.2 mm (0.6 in.) diameter strand was disallowed. These requirements were instituted

because the AASHTO formulas are based on tests using lower strength materials and
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FHWA as one of the nationwide showcase projects on the use of HPC in bridge

structures.

The box girders, shown in Figure 1.3, are 1700 mm (66.9 in.) wide by 750 mm
(29.5 in.) deep and are pretensioned with Grade 270, 15.2 mm (0.6 in.) diameter

prestressing strands spaced at 51 mm (2 in.) on center. The concrete strength for these
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girders was specified to be 45 MPa (6.5 ksi) at transfer and 69 MPa (10 ksi) at 56
days after casting. The use of high performance concrete and large diameter strand
was necessary to achieve the desired long spans while maintaining a high span-to-
depth ratio. The maximum span-to-depth ratio of the bridge girders is about 40. The
use of high performance concrete was also desirable from a durability standpoint. The
concrete for the topping slab was specified to have a compressive strength of 40 MPa

(5,800 psi).

A number of girders and portions of the deck of the completed bridge will be
instrumented to measure temperature and strain variations, and to determine the
behavior of the superstructure under prestress loss, creep, shrinkage, temperature

changes, and dead and live loads.



1.2 OBJECTIVES AND SCOPE OF THIS STUDY

At the time this project was initiated, the use of 15.2 mm (0.6 in.) diameter
strand at 51 mm (2 in.) spacing was prohibited by FHWA unless there was
experimental verification demonstrating the adequacy of the transfer and development

length provided. This test program was conducted to satisfy this requirement.

The primary objective of this study was to demonstrate the adequacy of the
transfer length and development length of the strands to be used in the prestressed
concrete bridge girders in the new bridge mentioned previously. Specifically, pursuant
to FHWA's objectives, this project was intended to provide data for the transfer length
and development length of 15.2 mm (0.6 in.) diameter strands at 51 mm (2 in.)
spacing in a high strength (10 ksi) concrete. A secondary objective was to verify the

instrumentation techniques to be used in the actual bridge.

Three girders of identical designs were cast for use in the testing program.
These girders, designed by CDOT, were scaled down versions of the actual girders to
be used in the bridge. The strand size and spacing, concrete strengths, and strand
stresses at the ultimate flexural capacity were approximately the same as those in the
actual girders. Both ends of the girders were instrumented at the time of casting to
determine the transfer length. The girders were tested to failure in an iterative process

to determine the development length.



1.3 ORGANIZATION OF REPORT

Chapter 2 of this report provides background information on theories and
other studies pertaining to transfer and development length of pretensioned members.
In Chapter 3, the test program is described in detail. The results of the tests are
presented in Chapter 4. In Chapter 5, the test results are discussed and compared to
the values calculated with the formulas given in the AASHTO Specifications [1] and
with formulas developed in previous research. A summary of this study and the

conclusions drawn from it are presented in Chapter 6.



2. TRANSFER AND DEVELOPMENT LENGTH

In a prestressed concrete member, the prestressing force is transferred to the
concrete through the bond between the strand and concrete. The bond length
necessary for this transfer is termed the transfer length. The total embedment length of
strand required to develop the maximum flexural capacity at a critical section of a

member is termed the development length.

Previous research has indicated that a number of variables can affect the
transfer and development length. To date, no comprehensive theory has been
developed which can accurately account for the influence of all of these variables.
However, many empirical and semi-erpirical design equations have been proposed to

assess transfer and development length.

In this chapter, previous research on transfer and development length of
prestressing strands is reviewed. First, early research and development of the ACI and
AASHTO formulas for transfer and development length are presented. Results of later
research and concemns raised about the conservatism of these formulas are then

discussed. Finally, design equations proposed by different researchers are

summarized.
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Figure 2.1 - Steel and Bond Stresses in the Transfer Region

2.1 BASIC CONCEPTS

2.1.1 Transfer Bond Stress and Length
Transfer length, shown in Figure 2.1, is the embedment length of strand over

which the prestress force is transferred to the concrete. The length of embedded strand

required to transfer this force depends on the bond stress developed between the

strand and the concrete.

Bond stress in the transfer region is developed primarily through mechanical
interlock and frictional resistance [11]). These mechanisms develop when the strand
slips relative to the concrete. Upon release of the prestressing force, slip occurs

throughout the transfer region, destroying any chemical adhesion which may have



developed between the strand and the concrete. The magnitude of this slip varies from

zero at the end of the transfer region to a maximum at the free end of the strand.

Frictional resistance is enhanced through mechanical interlock and radial
expansion of the strand. Radial expansion of the strand occurs as a result of Poisson’s
effect and develops in proportion to the reduction in stress the strand experiences
from the jacking force. Upon transfer of prestress, strand stress is reduced in the
transfer zone due to slip and the elastic shortening of the beam. This reduction in
stress leads to radial expansion of the strand. The concrete resists this expansion,
leading to the development of radial stress and, thus, enhancement of the frictional

forces between the concrete and the strand.

At the free end of the strand, the entire prestress is lost, and the strand tends to
return to its original unstressed diameter. This results in the development of
significant frictional resistance. It is referred to as Hoyer effect. The reduction in
stress and, thus, the radial expansion of the strand decreases as the end of the transfer
region is approached. Therefore, the contribution to frictional resistance from this

effect is reduced as the end of the transfer region is approached.

Mechanical interlock is developed due to the helical shape of prestressing
strand. If the strand is restrained from twisting throughout the concrete, resisting
forces, similar to those developed by the deformations provided on ordinary
reinforcing bars, develop along the interface between the outer wires of a strand and

the concrete. The frictional resistance developed at the free end of the strand due to



radial expansion arrests twisting of the strand. Thus, mechanical interlock forces are

able to develop throughout the transfer region.

The actual variation of bond stress in the transfer region is difficult to
characterize precisely. However, based on experimental data, a generally accepted
model for the variation of bond stress in the transfer region has been developed [1, 2,

11].

As shown in Figure 2.1, bond stress is a maximum near the free end of the
strand where resistance due to radial expansion of the strand and mechanical interlock
are fully effective. As the resistance due to radial expansion of the strand decreases,
the bond stress drops off to an approximately constant value. Near the end of the

transfer region, slip and bond stresses drop to a value of zero.

Strand stress is directly related to bond stress through equilibrium and can,
thus, be inferred from the bond stress distribution. As shown in Figure 2.1, strand
stress increases progressively from zero at the free end of the strand to the effective
prestress at the end of the transfer region. Steel stress varies approximately linearly
with distance throughout most of the transfer region, with nonlinear regions at the

beginning and the end of the transfer region due to the changes in bond stress.

2.1.2 Flexural Bond Stress and Length

Flexural bond length, shown in Figure 2.2, is defined as the length of
prestressing strand beyond the transfer zone that is required to anchor the strand

sufficiently to develop the maximum strand stress at ultimate flexural failure. This

10
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length depends on the flexural bond stress developed between the strand and the

concrete.

As load is applied to a member, strand tension and flexural bond stress
increases. Before concrete cracking occurs, the increase in bond stress is typically
very small and no slip occurs in the flexural bond length region [11]. Thus, chemical

adhesion contributes to the bond in this region.

Upon the appearance of a crack, there is a transfer of stress from the concrete
to the strand in the cracked region. The bond stress demand increases dramatically in
this region. Upon reaching the limiting bond stress value, localized strand slip occurs,

which leads to a redistribution and relief of these high bond stresses over a greater

length of strand [11].

11



Chemical adhesion is destroyed in the localized slip region, and mechanical
interlock and frictional resistance are responsible for maintaining the bond stress.
Furthermore, because strand stress in a cracked region is greater than the initial
prestress, the strand shrinks in diameter, and frictional resistance due to radial

expansion of the strand is reduced.

As the load continues to increase, flexural cracking propagates towards the
ends of the member and flexural bond stresses continue to increase. This progression
has been characterized as a wave of flexural bond stresses moving towards the ends

of the specimen [11].

If the external loading on a member is large enough, the member will fail in
shear or flexure, or the increase in flexural bond stress will reach the transfer region.
Bond stress in the transfer region is considered to be at the limiting bond stress value.
Thus, if bond stress is further increased, due to the flexural bond stress, the limiting
bond stress value will be exceeded in the transfer region and 2 general bond failure

will occur.

Previous studies have noted that, in addition to flexural cracking, web shear
cracking can lead to bond failure [8, 16]. It is not clear, however, whether the ultimate
failures observed were introduced by shear failure leading to bond failure or,
conversely, bond failure leading to shear failure [5]. However, theoretically, any
cracks which propagate into the strand anchorage zone at the strand level could lead

to a sufficient increase in bond stress to precipitate a general bond failure.

12



The assumed state of strand stress just before general bond failure is shown in
Figure 2.2. The strand stress is assumed to vary along a smooth curve from the
effective prestress at the end of the transfer region to the maximum strand stress at
failure at the critical section. In reality, the flexural bond stress may be significantly
higher in cracked regions. However, this variation is smoothed out, to some extent, by

strand slip and the accompanying redistribution of bond stress.

2.1.3 Development Length

Development length is defined as the total embedment length of strand
required to develop the maximum flexural capacity at a critical section of 2 member.
It is calculated as the sum of the transfer length and the flexural bond length, as

shown in Figure 2.2.

2.1.4 Parameters affecting Transfer and Development Length

Transfer and development length are affected by a number of parameters.

These parameters include:

Strand diameter

» Spacing of strand

s Manufacturing process of strand
e Surface condition of strand

s Strand stress

e Strength, consistency, and degree of consolidation of concrete around strand

13



e Concrete cover
e Confinement steel
o Type of release
e Type of loading

e Time dependent effects

The parameters which are thought to have the greatest influence on transfer and

development length are discussed in more detail below.

2.1.4.1 Strand Diameter

Experimental results indicate that transfer and development length tends to
increase in an almost linear manner with increases in strand diameter, 4, [8, 10, 11,
16, 18, 19]. This relationship can be demonstrated theoretically by setting the force in
the steel equal to the total bond force over the embedment length as follows.

W.Z, = f,A, (2-1)
in which p is the average bond stress over the embedment length, /., X, is the

perimeter of the strand, f; is the strand stress at /,, and A; is the area of the strand.

Substituting 7nd), for the strand perimeter, ndb2/4 for the strand area, and

solving for the embedment length, one has

. d, (2-2)

l =
e 4”’

Thus, for a given bond strength and steel stress, the required embedment length is

linearly proportional to the strand diameter.

14



2.1.4.2 Manufacturing Process of Steel

The manufacturing process used to produce prestressing strand has been
considered as the main contributor to the variation of strand bonding capacity [13].
The lubricant used and lay of the strand are thought to contribute the most variability
to bonding capacity. Differences in the lay of the strand can affect mechanical

interlock, while the lubricant used can affect frictional resistance.

2.1.4.3 Surface Condition of Strand

Strand condition at the time of casting has been shown to significantly
influence bonding capacity [6, 8, 10, 11, 12]. In the process of manufacturing and
installing strand, the strand surface can be contaminated by various chemicals. These
chemicals include various stearates left over from the manufacturing process and
various form release agents used in casting of prestressed members. Uncoated strand
mnay also rust if not protected from weathering. The resulting surface conditions can
have a significant effect on the adhesion and friction developed between strand and
concrete and can, thus, severely affect bond capacity. Generally, a rusted, relatively
contaminant free strand will develop a greater bond stress than an unrusted,
contaminated strand. Additionally, epoxy coated strand with embedded grit, will

typically sustain higher bond stress than an uncoated strand [6, 13].

2.1.4.4 Strength, Consistency, and Degree of Consolidation of Concrete Around
Strands

The quality of the concrete used in a member has a significant effect on the

bond developed between the concrete and the strand. Higher strength concrete has

15



demonstrated higher bond stress capacity than lower strength concrete [12, 16]. This
appears to stem from the higher stiffness of the concrete and its greater capacity to
resist high shear forces at the concrete to strand interface. The concrete must be in
good contact with the strand and of consistent quality to develop tbhe bond
mechanisms discussed previously. Thus, higher bond capacity is achieved with

increased consistency and degree of consolidation of the concrete around the strands

[3, 4]

2.1.4.5 Type of Release

The manner in which prestress is released, gradual or sudden, has been shown
to significantly affect transfer length. Typically, sudden release, by flame or saw
cutting, results in a 20% to 30% longer transfer region than that obtained using a

gradual release method [12].

2.1.4.6 Strand Stress

The steel stress at transfer of prestress clearly affects the required transfer
length. With increases in steel stress, for a given bond stress, the transfer region must
also increase in length to maintain equilibrium. This relationship is evident in Eq. (2-
2) where, for a given bond stress and strand diameter, the required embedment length

is directly proportional to the strand stress.

The strand stress at failure affects the required flexural bond length. As strand

stress increases, bond stress demand increases, while strand diameter and, thus,

16



frictional resistance decreases. The increasing bond stress demand and decreasing

frictional resistance lead to a longer flexural bond length requirement.

2.2 EARLY RESEARCH

2.2.1 Study by Janney

In1954, Janney published the results of one of the pioneering studies on the
nature of bond in prestressed concrete [11]. In this study, Janney developed methods
for measuring transfer and flexural bond in specimens which are still used today. He
also proposed a theoretical model for transfer length and a generally accepted theory

for flexural bond stress behavior.

Janney’s experimental program consisted of two test series. The first
investigated transfer bond, and the second investigated flexural bond. In each series,
concrete prisms of varying strength were cast and prestressed with wire or strand of

varying diameters.

2.2.1.1 Transfer Bond Model

To measure transfer bond stresses, strains along the length of each prism were
measured after prestress release. From these measurements, the variation of strand

stress and transfer bond stress with length was deduced.

As part of this investigation, Janney also proposed an approximate model for

the variation of transfer bond stress, which is presented in the following.

17



The transfer bond model developed by Janney assumes that transfer bond is
affected by friction only and is based on an elastic thick-walled cylinder analogy. The

following derivation is adapted from Janney’s report.

A reduction of tension at any point along a pretensioned wire, which is free to
expand, from an initial value f, to a value f; will result in an increment of radius as

follows.

VJ

E (2-3)

Arl :r(f.ro—fs)

in which v; is Poisson’s ratio of the wire, E; is the elastic modulus of the steel, and 7

is the radius of the wire.

However, if the wire is surrounded by concrete, the actual increase in radius
must be compatible with the radial displacement of the concrete. When the concrete
section is large in comparison with the wire radius, the elastic theory of a thick-walled
cylinder gives the following change of the wire radius due to the radial stress imposed

by the surrounding concrete.

(24)

in which o is the radial stress in the wire, v, is Poisson’s ratio of the concrete, and E,
is the elastic modulus of the concrete. The radial stress in the wire is equal to the

contact pressure between the steel and concrete and can be found by the following

equation.
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E,
(fo—fi V. =0, (1+V. )7 (2-5)

Ar, = Ar E .
O =—/ =
" l-v,) (1-v,)
which results in
(fso - fs )v:
O, =
E, (2-6)

(1-v)+(1+v, )2

c

From equilibrium, the bond stress at any point, i, is

— ﬁdL_f_ (2-7)

If the bond is entirely due to friction, it is directly related to o, by the
coefficient of friction ¢. This leads to
1 =¢o, (2-8)
Substituting Eq. (2-8) in Eq. (2-7) yields

r

4= 2%,

af, (2-9)

Substituting o, from Eq. (2-6) into the above equation and integrating it with the

boundary condition that f;=0 at /=0, one obtains

E 0 Js
—r[(l-vs)+(1+vc)j]ln% (2-10)

[4

I=

2¢v

5

or

st - fs _ 2¢V‘l

In =

To r[(l—vs)+(1+vc)§::|

[4

(2-11)
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Equation (2-11) is plotted in Figure 2.3 for various values of the friction
coefficient, ¢, with f;p = 1407 MPa (204 ksi), r = 7.6 mm (0.3 in.), v, = 0.29, v, =
0.15, E; = 197879 MPa (28700 ksi), and E, = 34474 MPa (5000 ksi). The shape of

these curves is similar to experimentally observed stress transfer distributions.

As Janney pointed out, this model has several shortcomings and is only useful
as a qualitative model of transfer bond stress behavior. The primary problems with
this model stem from the use of friction as the only bond mechanism and the

assumption of elastic behavior.

For prestressing wire, friction is undoubtedly the largest contributor to bond
strength in the transfer region. However, for prestressing strand, it is generally agreed
that mechanical interlock contributes a significant portion of the transfer bond

strength and that this contribution cannot be neglected.
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Figure 2.3 - Theoretical Stress Transfer Distribution for 15.2 mm (0.6 in.) Diameter
Strand

Additionally, the assumption of elastic concrete behavior is violated for much
of the first portion of the transfer region. For example, with the parameters used to
generate the curves in Figure 2.3, Eq. (2-6) leads to

o, =00382(f50— f)
At the end of a member, where the entire prestress of 1407 MPa (204 ksi) is released,
the resulting radial compression, o, is 53.7 MPa (7.8 ksi). For elastic conditions and
small wire diameter, the tangential tension in the concrete at the interface would be
approximately equal to the radial compression of 53.7 MPa (7.8 ksi), which is well
beyond the elastic limit of concrete in tension. Thus, this theory would not be

expected to model the bond stress in an accurate manner for a significant portion of

the transfer region.
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2.2.1.2 Flexural Bond

To measure flexural bond stresses, short beam specimens were loaded to
failure by Janney using centerpoint loading [11]. Strand strain was measured at
selected points along the strand using electrical strain gages. From these
measurements, average flexural bond stresses at failure were deduced along the length

of the specimens.

The results of these tests indicate that, as the load increases, flexural bond
stresses increase and progress towards the end of the beam in a wave-like fashion.
Janney assumed that if this wave of flexural bond stress reached the transfer region
before flexural failure occurred, a general bond failure along the strand length would
occur. This theory was subsequently confirmed by Hanson and Kaar and is the

commonly accepted model for flexural bond stress behavior today [10].

2.2.2 Study by Hanson and Kaar
In 1959, Hanson and Kaar published the results of their study of flexural bond

in pretensioned beams [10]. The objectives of their investigation were to develop a
theory of bond action predicting ultimate strength in bond and to study the influence
of various factors on bond performance of prestressing strand. The test program
involved the investigation of the flexural bond strengths in 47 beam specimens
prestressed with Grade 250 strand. Strand diameters of 6.4, 9.5, and 12.7 mm (0.25,
0.375, and 0.5 in.) were used in the study. Concrete strengths at 28 days ranged from

35 MPa (5.0 ksi) to 54 MPa (7.8 ksi).

22



Each specimen was instrumented with strain gages and tested to failure. Steel
strains during testing were continuously recorded and were converted to steel stresses

for use in the analysis of flexural bond stresses.

Hanson and Kaar calculated the average flexural bond stresses for their test
specimens and derived equations to predict bond stress at general bond failure. Based
on this model, they were able to suggest minimum embedment lengths to develop full

strand strength at failure.

Average flexural bond stresses were calculated based on equilibrium. Setting
the force in the strands equal to the force due to bond stresses yields
WLE, = f,A, (2-12)

in which all the terms have been defined previously.

Solving for the average bond stress, u, yields

—_ f.fAS

= 1T (2-13)

Applying this equation to their experimental results, they were able to calculate the
average bond stress at general bond slip for each of the embedment lengths tested.

Their results for the 12.7 mm (0.5 in.) diameter strand used in their study are shown

in Figure 2.4.

Equation (2-13), with the appropriate values for A, and %, and with f; equal to
the ultimate strand stress, was also used to calculate the average bond stress required

to develop the ultimate strength of a particular strand for particular embedment
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lengths. The values derived by Hanson and Kaar for the 12.7 mm (0.5 in.) diameter

strand used in their study are plotted as the heavy line in Figure 2.4.

Hanson and Kaar then attempted to find the variation of the flexural bond
stress immediately prior to general bond failure. The average transfer bond stress was
assumed equal to 2.8 MPa (400 psi) for any strand diameter and the flexural bond
stress curve was assumed to be smooth with a peak value of 2.8 MPa (400 psi) at the
end of the transfer region. The average transfer bond stress of 2.8 MPa (400 psi) was
based on prior tests performed at the Portland Cement Association. Based on these
assumptions, they derived a curve which represented the lower limiting values of
bond stress at general slip versus distance from the end of the transfer region for all
strand diameters. Using this curve, they were able to calculate the average bond stress
over a particular embedment length at which general bond slip would occur. These
values have been plotted for various embedment lengths to form the curve shown in

Figure 2.4 as a thin line.

In Figure 2.4, the embedment length at which the thin and the heavy lines
intersect is the minimum required embedment length for 12.7 mm (0.5 in.} diameter
strand if the ultimate strength of the strand is to be developed before general bond
failure occurs. Hanson and Kaar derived similar curves for each strand diameter
investigated and recommended minimum embedment lengths based on the
embedment lengths at which the respective curves intersected. For Grade 250 strand
which is gradually released, initially prestressed to about 1034 MPa (150 ksi), and

embedded in concrete with a compressive strength of about 36 MPa (5.5 ksi), they
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Figure 2.4 - Variation of Average Bond Stress with Embedment Length
(1 in. =25.4 mm; 1 psi = 6.89x10° Pa)

suggested minimum embedment lengths of 1778 mm (70 in.) for 6.4 mm (0.25 in.)

strand, 2692 mm (106 in.) for 9.5 mm (0.375 in.) strand, and 3404 mm (134 in.) for

12.7 mm (0.5 in.) strand. These values are significantly larger than those obtained

using the current ACI expressions for development length, which are based, in part,

on this study.

2.2.3 Study by Kaar, LaFraugh, and Mass

In 1963, Kaar et al. published the results of their study on the influencs of

concrete strength on strand transfer length [12]. The test program involved the

investigation of the transfer lengths of 18 beam specimens prestressed with stress

relieved Grade 250 strand. Strand diameters of 6.4, 9.5, 12.7, and 15.2 mm (0.25,
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0.375, 0.5, and 0.6 in.) were used in the study. Concrete strengths at 28 days ranged

from 11 MPa (1.6 ksi) to 38.6 MPa (5.6 ksi).

Strains were measured along the length of each specimen and used to deduce
the transfer length. Average transfer lengths of 267, 572, 876, and 889 mm (10.5,
22.5, 34.5, and 35 in.) were reported for strand diameters of 6.4, 9.5, 12.7, and 15.2

mm (0.25, 0.375, 0.5, and 0.6 in.), respectively.

Using these results, the authors concluded that transfer length varies
approximately linearly with strand diameter. The slope of this line, for an effective
prestress of 1207 MPa (175 ksi), was equivalent to a uniform bond stress of
approximately 1.7 MPa (250 psi). It should be noted that this bond stress is
significantly lower than the value of 2.8 MPa (400 psi) cited in the study by Hanson
and Kaar [10]. The authors also concluded that concrete strength had no significant

influence on transfer length. This contradicts other studies [12,16].

2.3 ACI/JAASHTO EQUATIONS

The current ACI and AASHTO equations for transfer and development length
are essentially identical. The expressions were derived by Mattock and are based
pomarily on the test results of Hanson and Kaar [10], and Kaar et al. [12]. The
expressions developed were first introduced in the 1963 edition of the ACI-318
Building Code, and were subsequently adopted in the AASHTO specifications in

1973.
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2.3.1 Transfer Length
The expression for transfer length, as presented in the AASHTO

Specifications [1] and ACI-318 [2], is

g=%¢ (2-14)

in which L, is the transfer length in inches, f;, is the effective prestress in ksi, and dj, is

the nominal strand diameter in inches.

This expression for transfer length was derived using the average transfer
bond stress of 2.76 MPa (400 psi) reported by Hanson and Kaar in their 1959 study.
Although Hanson and Kaar did not provide specific published results to support this

value, Mattock felt that this value was reasonable.

Using this information, and the fact that the transfer bond force must be equal
to the force in the prestressing steel, one has
HE, L = A,f, (2-15)
where

U = average bond stress = 2.76 MPa (0.4 ksi)

b

3

X, = actual circumference of 7-wire prestressing strand =
L, = transfer length

2
Ay = actual area of Grade 250 prestressing strand = 0.7257"

dp = nominal strand diameter
fse = effective prestress

The constant, 0.725, in the expression for A; is the ratio of the actual area of Grade
250 strand to the area of a circle of the same nominal diameter. Substituting the above

values into Eq. (2-15) yields
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4nd, d?
0.4[ 3 JL =0.72{ " ] ., (2-16)

Solving Eq. (2-16) for the transfer length, L,, yields

L H{% = j; d, (2-17)

which is the current AC/AASHTO formula for transfer length. As shown in Figure

2.2, this equation implies that bond stress is constant and that steel stress increases

linearly in the transfer region.

Using the effective prestress of approximately 1030 MPa (150 ksi) in Hanson
and Kaar’s specimens, Eq. (2-17) simplifies to L=50d),. This is the origin of the
simplified expression recommended by both the ACI Code and the AASHTO

Specifications for the calculation of transfer length.

Mattock compared Eq. (2-17) to results from Kaar et al.’s study as well as to
the results of tests sponsored by the American Association of Railroads. He concluded
that the equation represented the average values from these studies reasonably well. It
is important to note, however, that this equation was meant to be an estimate of the

average transfer length, and not a conservative lower bound.

2.3.2 Development Length

The expression for development length, as presented in the AASHTO and ACI

codes, is

f.!'l
3

Ld = db + (fps - f.rc )db (2-]8)
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Figure 2.5 - ACI Flexural Bond Length Equation and Data from Hanson and Kaar
[20] (1 ksi = 6.89 MPa)

in which L, is the development length in inches, f, is the stress in ksi in the strands at

the nominal flexural capacity, and all other terms are as defined previously.

This expression is based on a reappraisal of Hanson and Kaar’s data and data

obtained from the American Association of Railroads. Figure 2.5 shows the data

points obtained by Hanson and Kaar for increases in steel stress above effective

prestress at first slip and general bond failure plotted against the flexural embedment

length, (I.-L;), divided by the strand diameter.

From the data in Figure 2.5, Mattock derived the following equation.

Ld_Lt
fp:_f.r: =[TJ
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In his opinion, this equation was a reasonable mean line for the points representing
first bond slip without being overly conservative at Jarger embedment lengths [20].
Substituting the expression for transfer length from Eq. (2-17), and solving for the

development length leads to Eq. (2-18).

Although this expression was based primarily on the work of Hanson and
Kaar, it yields significantly shorter embedment lengths than those recommended by
them. These differences occur primarily because Hanson and Kaar used conservative
lower bound expressions in developing their recommendations, while ACI has chosen

to use 2 less conservative expression [20].

Although this expression was not derived on the basis of measured bond
stresses in the flexural bond region, it is instructive to derive the average bond stress
implied by it. Following the logic of the transfer length derivation above, the

equilibrium expression for the flexural bond length is

(‘m" ]L _ 0729 ™ (£, - £..) (2-20)
p'b 3 (4 . 4 ps sz

in which y; is the average bond stress over the length of the flexural bond region.

Solving for L, yields

3x0.725
1= [W]( fro—Fo)d, (2-21)

In the ACVAASHTO formula, the term (3x0.725) / (16y, ) is unity, implying

a constant flexural bond stress of yp=~ 136 psi. The assumption of a constant bond

stress implies that, for a given effective prestress, the flexural bond length is only a
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function of the failure stress and the strand diameter. Technically, because Grade 270
strand is about 6% larger in cross-sectional area than Grade 250 strand of the same
nominal diameter, the equations for transfer and development length became invalid
when the industry switched to the use of Grade 270 strand. However, due to the

apparently small influence of such a factor, no changes have been made in the codes.

24 LATER RESEARCH

Since the ACI equations were adopted in 1963, use of high strength strand
with larger diameters in high strength concrete has become common. Questions were
raised about the validity of the equations with respect to these new materials.
Consequently, many studies were completed in an effort to address these concerns. A
number of researchers found that the equations were unconservative not only for these

new materials, but also for the materials used in the research which led to the current

design equations [6, 13, 22].

In 1988, because of these results, FHWA issued a memorandum which
required that development length be increased to 1.6 times the development length
specified by AASHTO Eq. (9-32) [1]. Additionally, the minimum spacing of strands
must be four times the strand diameter and the use of 15.2 mm (0.6 in.) diameter
strand was disallowed. The new requirements stimulated further research into the
development length issue. In 1996, based on the results of these recent studies, the

restriction on the use of 15.2 mm (0.6 in.) diameter strand was lifted. However, the
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development length requirement is still in effect. Important research related to this

issue is presented in more detail in the following sections.

2.4.1 Study by Martin and Scott

In 1976, Martin and Scott re-evaluated data from Hanson and Kaar’s and Kaar
et al.’s test programs [15]. This program was initiated primarily to address concerns
about recent bond failures which seemed to indicate that the ACI provisions for
development length were unconservative. They also addressed design of members

with short spans, where the required embedment length could not be developed.

Using failure stress versus embedment length data from Hanson and Kaar’s
study, they derived bi-linear curves for the variation of the maximum allowable strand
stress at failure, f,;, with respect to distance along the member. For a distance, /, from

the end of a member less than 80d,, they proposed the following equation.

£oe— |22 3 (2-22)
» = 80d, \d,” )

in which fp; is in ksi and dj, is in inches. The value of 804, is their recommended value
for the transfer length. This value appears to be a conservative estimate from the

results of Kaar et al. [12].
For [ greater than 80d), they recommended the following equation.

135 03y
*Td 4,

(2-23)
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These equations were intended to give the designer a means of designing members

where there is insufficient embedment length to satisfy the ACI provisions.

Substituting values for nominal strand diameter and using a failure stress of
1586 MPa (230 ksi) yields their recommended values for development length. They
recommended values of 1016, 1778, and 2540 mm (40, 70, and 100 in.) for 6.4, 9.5,
and 12.7 mm (0.25, 0.375, and 0.5 in ) diameter strands, respectively. Due to their
conservative use of Hanson and Kaar’s data, these values are significantly more

conservative than those recommended by ACL

2.4.2 Study by Zia and Mostafa

In 1977, Zia and Mostafa, under a PCI Fellowship program, completed a
literature survey addressing the conflict between Martin and Scott’s conclusions and
previous research conclusions [22]. Transfer length data was compiled from nine
previous studies for strand sizes from 6.44 mm (0.25 in) to 19 mm (0.75 in) and
concrete compressive strengths from 11 MPa (1.6 ksi) to 77 MPa (11.2 ksi).

Development length data was compiled from Hanson and Kaar’s study [10].

Zia and Mostafa performed a linear regression analysis on the compiled data

in an effort to deduce an equation for transfer length. This analysis yields

L= [15(%)4]-4.6 (2-24)

ci
in which f;; is the initial prestress in psi, f,, is the concrete strength at the time of

transfer in psi, and dj, is the nominal strand diameter in inches. This equation provides
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similar results to ACI's equation for smaller strand diameters, with increasing

conservatism for greater strand sizes.

Zia and Mostafa re-evaluated Hanson and Kaar’s test data. They concluded
that the actnal embedment lengths required to develop the ultimate strength of the
strands were considerably shorter than those recommended by Hanson and Kaar. This

led Zia and Mostafa to derive a new equation for development length.

In developing this equation, they assumed that the strand stress varied from f.,
the effective prestress, to fy;, the stress in the strand at ultimate flexural failure, within

the flexural bond region. Based on equilibrium of bond and strand forces,

(fp: f.fe)
4p

(2-25)

b

in which L, is the length of the flexural bond region, and u is the average bond stress

An average flexural bond stress of 1600 Pa (233 psi) was derived from
Hanson and Kaar’s data. This bond stress was derived based on a cylindrical element
of the same nominal diameter as a Grade 250 strand. For design purposes, an average
bond stress of 1380 Pa (200 psi) was recommended by Zia and Mostafa, which led to
the following recommended equation for flexural bond length:

-4 ~a02) ;;“) =125 f,, - f..)d, (2-26)

This expression is identical to the ACI formula, with the exception of the

factor of 1.25. In the ACI formula, for Grade 250 strands, with the assumption of a
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cylindrical element of the same nominal diameter as the strand, an average bond
stress, y, of 1724 Pa (250 psi) is implied [22]. Thus, Zia and Mostafa's use of an
average bond stress of 1380 Pa (200 psi) leads to a 25% increase in the required

flexural bond length.

Combining Egs. (2-24) and (2-26) results in their recommended equation for

development length as follows.

L, = lj%d,, -46+125f, - f,. )4, (2-27)

ct

in which all terms are as defined previously. This equation yields development

lengths about 25% greater than those given by the ACI expression.

Both Martin and Scott and Zia and Mostafa concluded that the ACI equation
was unconservative. However, because there is little new experimental data available

to support their conclusions, none of the proposed changes have been addressed in the

codes.

24.3 Study by Cousins, Johnston and Zia

In 1990, Cousins et al. published the results of an experimental program
investigating transfer and development length of epoxy coated and uncoated strand
[6]. This research program investigated transfer and development lengths for 9.5,
12.7, and 15.2 mm (0.375, 0.5, and 0.6 in.) diameter epoxy coated and uncoated

prestressing strand.
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The average measured transfer lengths for uncoated 9.5, 12.7, and 15.2 mm
(0.375, 0.5, and 0.6 in.) diameter strands were 91d,, 100d,, and 934}, respectively,
with an initial concrete compressive strength of about 29 MPa (4.1 ksi). These results

are as much as 65% greater than that required by ACI.

The average measured development lengths for uncoated 9.5, 12.7, and 15.2
mm (0.375, 0.5, and 0.6 in.) diameter strands were 1448, 3023, and 3353 mm (57,
119, and 132 in.), respectively. These results are as much as 113% greater than that
required by ACI. These results, along with Martin and Scott’s and Zia and Mostafa’s
findings, raised serious concerns, and led to the issuance of the 1988 FHWA

memorandum [9].

In addition to their experimental results, Cousins et al. proposed analytical
models for transfer length and flexural bond length. The following derivations are

adapted from their paper [6].

2.4.3.1 Transfer Length Model

Within the transfer length, the steel stress is assumed to vary from zero to the

effective prestress. The bond stress is related to the steel stress by the following

equation.

_df [ A
W="ar [ndb] (2-28)

For small displacements of the strand relative to the concrete, bond stress is
considered proportional to slip. The region where this proportionality occurs is termed

the elastic zone. Outside of the elastic zone, the bond stress is assumed to maintain a
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Figure 2.6 - Assumptions of Transfer Length Model [6]

maximum, or limiting, value. The region where this upper limit is maintained is

termed the plastic zone. Figure 2.6 shows a plot of the idealized bond stress with the
elastic and plastic zones defined.

The length of the elastic zone can be derived as

Y,
L =—* 2-29
e B ( )
Based on Eq. (2-28), the steel stress, f;, at point x in Figure 2.6 is
f — f 05 _i'i ﬂ (2 30)
s~ Jse B A’ =

Furthermore, the area under the u versus [ curve in the plastic zone multiplied by the

strand perimeter is equal to the prestress force, Fi, at x, i.e.,

F=fA=Lmdpu (2-31)
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Solving Eq. (2-31) for L,,, the length of the plastic zone, and substituting Eq. (2-30)

for f; yields

f:As f:eA: |J'r
L = = —05 =~ ;
4 ﬂdbp'z ndbp': (B) (2 32)

With Egs. (2-29) and (2-32), the equation for the transfer length is

Lo=p +1 e ogfBe (2-33)
1 te 1p Mbl"’g B

This equation for transfer length does not explicitly account for the concrete
compressive strength, f;, at transfer. However, previous research has suggested that
bond strength is proportional to +/f,, . Thus, i can be expressed as t,4/f, in psi.

The equation for transfer length then becomes

=2t o ”‘/f_] (2-34)
nd,u,f, B

To calculate transfer lengths, Cousins et al. derived values for 1, and B from
experimental data. They found that the values of 1 for uncoated strand ranged from
3.8 to 11.2, with an average of 6.7 and a median of 6.85. They recommended using
U, equal to 6.7 for design calculations. The value of B varied widely. However, the

elastic zone made up an average of only 13% of the total transfer length. They

recommended using an average value of 300 psi/in (0.0814 MPa/mm) for design
calculations. Using the recommended values and substituting 0.77(1*:d,,2 / 4) for the

strand area and (4/3)(7dp) for the strand perimeter yields

_ 215f,,d, +00112f,

LI
Vs
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The factors 0.77 and 4/3 used in the above derivation account for the difference

between the actual area and perimeter of a Grade 270 strand and those of a cylindrical

element with the same nominal diameter.

With Eq. (2-35), transfer lengths for different diameters of uncoated strand
were calculated. From this, ratios of measured to calculated transfer length were
computed. The average ratio of measured to calculated transfer length was 1.01 with 2
standard deviation of 0.26. The above equation was also compared to equations
proposed previously by other researchers and to the ACI equation. Overall, their

equation yielded the best correlation to experimental data.

2.4.3.2 Development Length Model

Development Length
Transfer Length, L,  Flexural Bond Length, L,
f - =TS =
ps
Increasing
flexural

/ stress

Strand Stress
ﬁ'-h
1

Distance from Free End

Figure 2.7 - Assumptions of Development Length Model [6]
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As Janney first proposed, with increases in applied load, the stress in the
strand increases and propagates towards the end of the transfer region. If the flexural
bond stress “wave” reaches the transfer region, a general bond slip occurs. Figure 2.7

shows a diagram of this behavior, and the assumptions used in this model.

The flexural bond length is assumed to have elastic and plastic zones similar
to those defined in the transfer length model. However, becanse the elastic region was

considered to be relatively short, the entire flexural bond length can be assumed

plastic.

At failure, the increase in strand force would be resisted by the plastic bond
stress, Ly, over the flexural bond length. Equilibrium of forces over the flexural bond
length yields

(f,,,r _fse)As =(ud)1rdbl'b (2-36)

The flexural bond length, Ly, is then

L, =(fps _fu) A (2-37)
o7,

This expression is identical to that derived by Zia and Mostafa in Eq. (2-25).

Substituting the relation p, =, +/f, into Eq. (2-37) yields

A
L={f,~fo)| ——— (2-38
’ (f f )[u'dv.fcﬂdb\} )

Combining Egs. (2-34) and (2-38) gives the following expression for the

development length:
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L,= fu_,As =+0 M‘iﬂ
Mbtu‘t fa’

J+(f,,, —f,,)[ﬁ] (2-39)

In this expression, the plastic bond stress parameters, ', and u'y, are assumed to be

inherently different because of the different bond mechanisms in each zone.

To calculate development lengths, Cousins et al. derived values for p, from

experimental data. The values of ., for uncoated strand ranged from 0.9 to 2.6. They
felt that these values varied more than would be desirable. However, based on their
analysis, they recommended using L, equal to 1.32 for design calculations. Values

for f,s were calculated using Eq. (18-3) in the ACI Code [2].

Using the recommended values and substituting 0.77(1td,,2 / 4) for the strand

area and (4/3)(7d,) for the strand perimeter yields

215f.d, +00112f.. 142.0d
L= fse i/% fa+ f.b( ps_fse)

Using Eq. (2-40), development lengths for different diameters of uncoated

(2-40)

strand were calculated. From this, ratios of measured to calculated development
length were derived. The ratios of measured to calculated development length ranged
from 0.76 to 1.18. The above equation was also compared to equations proposed by
previous researchers and to the ACI provision. Overall, their equation yielded the
most conservative results; however, the results still showed poor correlation to the

experimental data. Based on this, Cousins et al. concluded that the development
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length model required more experimental verification before it would be suitable for

design use.

2.4.4 Study by Shahawy, Issa, and Batchelor

In 1992, Shahawy et al. authored a paper on strand transfer length based on
their research at the Florida Department of Transportation [19]. In this paper, results
of an experimental and analytical investigation of the transfer length of 12.7 mm (0.5
in.) and 15.2 mm (0.6 in.) diameter prestressing strands in full-scale AASHTO girders
are presented. The main variables in this program were the size of the prestressing

strand, percentage of shielded strands, and web shear reinforcement ratio.

Elastic and plastic zones, conforming to the model used by Cousins, Johnston,
and Zia {6], were observed in the strain measurements for transfer length. Average
measured transfer lengths for 12.7 and 15.2 mm (0.5 and 0.6 in.) diameter strands in
girders with unshielded strands were 60d, and 57d, respectively. These values are
somewhat higher than the ACI value of 50d,, but significantly lower than those

reported in previous research.

Results of this study also indicated that the FHWA memorandum prohibiting
the use of 15.2 mm (0.6 in.) diameter strand at 51 mm (2 in.) spacing was overly
conservative. The 51 mm (2 in.) spacing, used in several of the girders tested, did not

result in any significant cracking or deterioration in the girders.

The transfer length results were compared with analytical predictions by Zia

and Mostafa [22], Cousins, Johnston, and Zia [6], ACI, and with (f;/3)d,. Shahawy et
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al. concluded that the use of the equation (f;/3)ds, the ACI equation with the effective
prestress, f., replaced by the initial prestress, fy, resulted in the best correlation to

their results. Based on this, they recommended the following equation for transfer

length:

L= [%—Jd (2-41)

This equation is somewhat more conservative than the ACI expression,

typically giving values closer to 60d.

2.4.5 Study by Mitchell et al.

In 1993, Mitchell et al. reported the results of their testing program at McGill
University [16]. Twenty-two precast, pretensioned beam specimens were tested to
determine the influence of concrete strength on the transfer length and development
length of prestressing strand. The main variables investigated in the study were
concrete compressive strength and strand diameter. Concrete compressive strength at
28 days varied from 31 to 89 MPa (4.5 ksi to 12.9 ksi). Strand diameters of 9.5, (2.7,

and 15.7 mm (0.375, 0.5, and 0.62 in.) were used in the study.

The results of this study showed a definite decrease in transfer and
development length with increasing concrete strength. These results agree with

previous research which has indicated this correlation [6, 22].

The average measured transfer lengths for 15.7 mm (0.62 in.) diameter strand
were 48d,, and 31d, for initial concrete compressive strengths of 21 MPa (3.0 ksi) and
48 MPa (7.0 ksi), respectively. These results are close to or significantly lower than
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values predicted by the ACI formula. It must be noted, however, that the prestress was
released gradually in these specimens and that the transfer lengths measured would

likely have been longer if the prestress was released suddenly.

Approximate development lengths for 15.7 mm (0.62 in.) diameter strand
were 1854 mm (73 in.) and 762 mm (30 in.) for concrete compressive strengths at 28
days of 31 MPa (4.5 ksi) and 65 MPa (9.4 ksi), respectively. Again, these values are

well below those given by the ACI formula.

Based on the clear correlation to concrete compressive strength seen in their

results, new equations were derived for transfer and development length.

The researchers used the transfer length equation recommended by Zia and
Mostafa [22] as a basis for their derivation of a transfer length equation. Incorporating

new constants to fit their transfer length results yielded the following expression:

3
L, =033f,d,\ (2-42)

Reflecting the study results, this equation typically gives somewhat shorter transfer

lengths than the ACI formula.

The authors also derived the following equation for development length,

incorporating a factor for concrete compressive strength:

3 43
L, =033f.d, \/f: +(f— fu)d, = (243)

This equation also typically gives somewhat shorter development lengths than the

ACI formula.



Both of these equations, as pointed out by the aunthors, apply only to the
condition of gradual prestress release. These equations will typically be

unconservative for cases where prestress release is sudden.

2.4.6 Study by Deatherage, Burdette, and Chew

In 1994, Deatherage et al. reported the results of their PCI sponsored
experimental program conducted at the University of Tennessee at Knoxville [8].
Twenty full-scale AASHTO Type I beams were tested to identify the effect of strand
size and spacing on the transfer and development length of prestressing strand. Strand
diameters of 12.7, 13.3, 14.3, and 15.2 mm (0.5, 0.5 special, 0.563, and 0.6 in.) were

used in the study. Strand spacings of 4.0dy, and 3.5d;, were evaluated.

In this study, specimens prestressed with 15.2 mm (0.6 in.) diameter strands
had shorter transfer and development lengths than those prestressed with the smaller
diameter strands. These results contradict the general assumption that transfer and
development length increases with strand diameter. The anthors felt that an increase
in mechanical bond, due to differences in 15.2 mm (0.6 in.) diameter strand
configuration, might have been responsible for these short transfer lengths. This
behavior was also noted by Hanson and Kaar [10], Mitchell et al.[16], and Cousins et
al. [6]. The authors also concluded that a reduction of strand spacing to 3.5d),
appeared to have no adverse effects on specimen performance, supporting the

conclusions of Shahawy et al. [19].
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The average measured transfer lengths for 12.7, 14.3, and 1.2 mm (0.5, 0.563,
and 0.6 in ) diameter strands were 64d,, 62dy, and 40d, respectively, for initial
concrete compressive strengths between 23 MPa (3.4 ksi) and 38 MPa (5.6 ksi). The
results for 12.7 mm and 14.3 mm (0.5 in. and 0.563 in.) diameter strand are somewhat
higher than values calculated using the ACI formula. However, the results for 15.2
mm (0.6 in.) diameter strands are significantly lower than those calculated using the

ACT formula.

Approximate development lengths for 12.7, 14.3, and 15.2 mm (0.5, 0.563,
and 0.6 in.) diameter strand were 2032, 2667, and 2159 mm (80, 105, and 85 in.)
respectively, for concrete compressive strengths at 28 days between 36 MPa (5.2 ksi)
and 55 MPa (8.0 ksi). These values are all greater than those given by the ACI

expression, and are not entirely consistent with the results from previous research.

The transfer length equation proposed by Shahawy et al.,, Eq. (2-41),

conservatively fit the results of this study. Thus, they supported its use.

Based on a review of previous flexural bond length data, the researchers felt
that the ACI equation for development length was unconservative. The flexural bond
length was found to be underestimated by approximately 42%. Consistent with these

findings, the following equation for development length was proposed.

Lo=Lta, 115005, - 1, )a, (244)

The proposed equation increases the development length by increasing the

transfer length and by applying 2 multiplier of 1.5 to the flexural bond length. This
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large increase in development length is not consistently supported by data from prior

research, and the authors conclude that further work is needed to refine this equation.

2.4.7 Study by Buckner

In 1995, Buckner published the results of an independent review,
commissioned by the Federal Highway Administration (FHWA), of recent research
on the transfer and development length of prestressing strands [5]. The objectives of
this study were to conduct a review of literature related to transfer and development
length of seven-wire pretensioning strand, to rationalize discrepancies among
conclusions drawn from various studies, and to recommend equations for strand

transfer and development length.

Buckner reanalyzed the data from these studies and found a number of
discrepancies in the methods used for data gathering, analysis, and reduction. He
found that many of the differences in the results reported could be explained by these

discrepancies.

In analyzing methods used for determining transfer length, Buckner found that
many different methods were used in the research projects reviewed. Transfer length
is typically determined from a measured set of strains along the specimen length. In
the transfer region, the strains increase more or less linearly with distance until they
reach some point where strains tend to remain constant with distance. Differences in

determining the transfer length occurred primarily in the method of determining
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where this “platean” began, and thus where the transfer region ended. The methods

employed were typically very subjective.

In an attempt to identify a rational method for measuring transfer length, he
recommended the use of the 95% constant strain method [21]. This method still
requires a subjective determination of the average magnitude of the strain plateau,
termed the 100% average strain plateau. It, however, eliminates much of the
subjectiveness found in other methods. Once the 100% average strain plateau is
defined, a line representing the 95% average strain plateau can be deduced. The
distance at which this line intersects the line through the measured data points is

defined as the transfer length.

Additionally, Buckner identified several factors which introduce errors into
the measured strains. Errors are introduced into the measured data by instrument
error, shear lag, and strains introduced by the self-weight of the member. The
combined effect of these errors is thought to result in about a 10% increase in
measured transfer length. Buckner argued that the use of 95% of the strain plateau,
rather than the 100% strain platean, lessens the apparent transfer length by

approximately 10%.

Buckner analyzed these effects and other discrepancies in reported results
extensively and concluded that the current ACI equation for transfer length is
unconservative and inappropriate for current practice. Based on analysis of recent test
results, Buckner supports the use of Eq. (2-41), recommended by Deatherage et al. (8]
and Shahaway et al. [19], for the calculation of the transfer length.
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Buckner felt that transfer length should be expected to vary widely due
primarily to the observed wide variation in concrete elastic modulus at transfer. To
support this, he cited several studies which demonstrate a correlation between transfer
length and elastic modulus at transfer. Despite this expected variation, Buckner felt
that Eq. (2-41) was representative of mean values of transfer length which could be

expected for Grade 270 strands and was adequate for design.

In evaluating development length results, Buckner once again found many
discrepancies in the methods of testing, data gathering, and data analysis. His most
significant conclusion was that flexural bond length should be a function of strain in
the strand at failure, rather than a linear function of the strand stress at failure. This
concept of relating flexural bond length to failure strain is not employed in either the

ACI/AASHTO equation or any of the proposed equations.

This concept stems from the change in behavior of prestressing strand near
ultimate and its effect on the mechanical bond developed. Prestressing strand exhibits
approximately linear stress-strain behavior up to yield, after which any increase in
stress results in a progressively larger increase in strain. Strand stress at member
failure is commonly above yield, and thus, exhibits non-linear stress-strain behavior.
Mechanical bond is thought to decrease as the strand stretches and contracts radially.
Thus, bond capacity would seem to decrease with increases in strand strain. As bond
capacity decreases, a greater length of embedded strand is required to maintain

equilibrium. Therefore, the flexural bond length should depend on strand strain at
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ultimate. Buckner supports this conclusion by demonstrating correlation between

strand strain at failure and reported flexural bond lengths in previous studies.

Based on this concept, Buckner has recommended the following equation for

development length.

L, = [f; Jdb + %(fp, ~fe )db (2-45)

in which A is taken as (0.6+40g,,), with a lower bound of 1.0 and ar upper bound of
2.0, and & is the strain corresponding to the strand stress at failure, fp,. All other

terms are as defined previously.

The assumed maximum value of A = 2.0 corresponds to the ASTM specified
minimum elongation of 0.035 for prestressing strand. A lower bound of A =1.0
applies to cases in which strand strains at failure are equal to or less than 0.01. This

corresponds to a reinforcing index close to the maximum permitted by the codes.

Use of this equation results in development lengths which can be significantly
more conservative than those calculated with the current ACI formula. The relative
increase in required development length is determined by the ultimate strand strain at
failure, which in turn depends on, among other things, member depth, reinforcement

ratio, and concrete compressive strength.

Buckner noted that there is clear evidence of increase in strand bond capacity

with increase in concrete compressive strength. However, he felt that insufficient data
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existed in the literature to warrant the inclusion of a factor for concrete compressive

strength in the proposed equations.

Buckner’s conclusions were questioned by some researchers, with perhaps the
most compelling comments coming from Logan [14]. Logan listed several possible

reasons for disparities in reported values which Buckner did not address.

1. There is no minimum standard for bond capacity of prestressing strand
produced by the various manufacturers. Based on an extensive series of
tests using the Moustafa Pullout Method (see following section), there is a
wide variation in the bond capacity of strand from different manufacturers.
Thus, transfer length and development length could vary widely depending
on the particular strand used. None of the tests reviewed in Buckner’s
report inclided a standard measurement of the bond capacity of the strand
used in the test specimens. Without this correlation, one cannot compare

the results from each study on a standardized basis.

2. The degree of suddenness of release of prestress is difficult to quantifv and
has a significant effect on the transfer length. This makes transfer length

results from each study difficult to compare.

3. Based on Logan’s comments, a significant portion of the disparities seen
in previously reported results could stem from variables which were not
addressed or measured. This makes a meaningful comparison of these

results impossible. Logan suggested that all future testing should inciude a
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standard measurement of the bond capacity of the strands used in order to
facilitate future correlation of test results. Two methods of measuring bond

quality of strand are discussed in Section 2.6.

2.5 SUMMARY OF PREVIOUS RESEARCH

A summary of the equations proposed by various researchers on the transfer
and development length, and of experimentally determined values of development

length for 15.2 mm (0.6 in.) diameter strand is shown in Table 2.1.
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Table 2.1 - Equations for Transfer and Development Length and Reported
Development Length Values for 15.2 mm (0.6 in.) Diameter Strand

Authors | Year Proposed Proposed Equation for Reporte
Equation for Development Length d values
Transfer of Ly
Length
ACI 318 | 1963 fo fu NA
=4, Lo g 4 (fr =1 )ds
Martin & | 1976 80d, NA NA
Scott
Ziaand | 1977 _ Sy NA
Mostafa [ %]]_4.6 Lsfdb—4.6+125(f,,s—fu)db
Cousirlzf et | 1990 | 215f,4,+00112f, | 215f.d, +00112 f; 1424, (f s ) 220d,
( ; :
al. Vs AT
Shahawy et | 1992 ( fu ) NA NA
al d,
- 3
Mitchell et | 1993 1224,
3 3 45
al? 033 ,d, = | 033f,d, = + (£ = £ )ds = | s0ds
Deatherage | 1994 Iy £ 1424,
etal. [ 3 ]db Tdb + ljo(fps —fe )db
Buckner | 1995 I Iy NA
[ 3' Jdb [?)db + A‘(-fp.s‘ - fsz )db
10<[A = (06+40e,,)[ <20

Note: All transfer and development length equations yield results in inches and the stress is in psi

(1 in.=25.4 mm; 1 psi = 6.89x10° Pa).
(1) Applies to uncoated strands only

(2) Prestress was released gradually
(3) For 28 day concrete compressive strengths of 31 and 65 MPa (4.5 and 9.4 ksi) respectively
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2.6 CHARACTERIZATION OF BOND QUALITY

Several studies have attempted to develop simple methods for quantifying
bond quality of strand. Two of the most promising methods, slip theory and pullout

testing, are discussed in the following sections.

2.6.1 Slip Theory
In 1976, Anderson and Anderson [3] reported the results of tests on 36

prestressed hollow core slab specimens. The objective of this program was to evaluate
the ability of such specimens to meet the transfer and development length criteria set
out in the ACI Code. Additionally, a theory was developed which relates initial
measured end slip to the quality of the bond between the strand and the concrete.
Comparison to results of their tests showed that this theory, herein termed the slip
theory, could adequately predict the ability of a specimen to develop the required

transfer and flexural bond stresses to achieve the flexural capacity.

As mentioned previously, upon prestress release, the strand slips relative to
the concrete in the transfer region. The total slip can be measured at the end of the
specimen, and is referred to as end slip. The slip theory is founded on the assumption
that the magnitude of the end slip a strand experiences upon release of prestress is an
indicator of the quality of the bond between the strand and the concrete [3, 4].

Therefore, it is also directly related to the required transfer length and development

length.
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Prior to the release of the prestressing force, the strand stress induced by the
jacking force is denoted as f;,. After release, the strand stress in the transfer region
decreases, and is assumed to vary from zero at the beginning of the transfer region to
the initial prestress, f5;, at the end of the transfer region. Thus, the strand experiences a
change in stress varying from f;, at the free end of the strand to (f;,-f;;) at the end of
the transfer region. Hence, the change in steel strain varies from f;,/E; at the free end
of the strand to (f;,-fi)/E; at the end of the transfer region. Since slip occurs only in
the transfer region, the strain increment in the strand is identical to that in the concrete
at the end of the transfer region during stress transfer. Thus, we can assume that the
concrete also experiences a change in strain varying from zero at the free end of the
strand to (f,,-fu)/Es at the end of the transfer region. This implies that there is a
differential strain increment between the strand and the concrete varying from f,/E;
at the free end of the strand to zero at the end of the transfer region. The integral of
this differential strain increment, (Ags-Ag.), over the transfer length is equal to the
cumulative slip between the strand and the concrete and is, thus, equal to the end slip.

If the variation of the differential strain increment is linear, then the end slip, 8, can be

found with the following equation.

r L
fo Fol), LF
O0=|[(Ae —Ag W= || =L = ] = tdso
.([( 4 (3 ﬁ -([( E: E_‘_L2 2E:
Solving for L, yields
I = 208E, 245
' fJ’O B )

in which all the terms are defined previously.
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When the transfer length obtained from this equation is less than that obtained

by the ACI equation, the ACI equation is assumed to govern.

Furthermore, the initial strand slip can also be related to the flexural bond

length, L, by introducing the following assumption.

L =al, (2-47)
in which a is a factor which can be derived from the ACI equations in the following

manner.

o= Lysci __(fps_f“)db — 3(fp-v_fu)

= 2-48
LLACI &d f:e ( )
3 b

Using Egs. (2-46), (2-47), and (248), and the relation that L,=L.+L,, the following

equation can be derived for the development length:

25, A1) B

2-49
I s (2-49)

A maximum allowable end slip criterion can then be obtained by setting Eq.

(246) equal to the ACI formula for transfer length. The resulting expression is

5, = (fg’g “)db (2-50)

3

in which f., f,, and E; are in ksi, and d}, is in inches. Members with end slips greater
than this value are expected to require transfer and development lengths greater than
those calculated by the ACI provisions. Instead of using the above equation directly,
Anderson and Anderson suggested the following equation based on an empirical fit to

their test results.
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A number of different test programs using prestressed hollow core slabs have
clearly demonstrated that the magnitude of the end slip at transfer can indicate the

quality of the bond developed between the strand and the concrete [3, 4, 14].

However, this theory is probably unsuitable for accurately predicting the
transfer and development length of a member. The assumption of a linear variation of
steel stress with distance in the transfer region is not entirely accurate. Additionally,
the use of the ACI equations to evaluate the ratio of transfer to development length
would appear to be questionable as the validity of these equations has been challenged

by recent test results.

2.6.2 Pullout Tests

The direct tension pullout test, developed by Moustafa, is very simple to
execute and has been shown to be a reliable indicator of bond quality in prestressed
concrete members {13, 14]. In a pullout test, lengths of unstressed prestressing strand
are cast into a concrete block at regular spacings, and, after two days of curing, are
pulled out by a hydraulic ram. The force required to pull the strand out of the concrete
can then be correlated to the bond quality of the strand. Presumably, any strand which
meets a minimum pullout strength criterion can provide the bond strength expected in

the ACI code.

A research program investigating the bond capacity of prestressing suand

from different manufacturers was recently completed by Logan [13]. The objective of
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this test program was to correlate the untensioned pullout capacity of a strand to its
transfer and development length. This program was a follow-up to several previous

test programs performed by Logan.

In the test program, samples of 12.7 mm (0.5 in.) diameter prestressing strand
from six different manufacturers were cast into concrete test blocks according to the

Moustafa pullout test procedure [13].

Using strand from the same six manufacturers, prestressed concrete beams
were also cast for transfer and development length testing. Transfer length was
determined by applying Eq. (2-46), derived by Anderson and Anderson [3], to
measured end slip values from each of the specimens. Development length capacity
was determined by loading each beam, at the ACI predicted development length, to
failure. Members were categorized by whether they failed by bond, signifying

insufficient bond capacity, or in flexure.

Strand samples with pullout strength exceeding 160 kN (36 kips) showed
satisfactory performance. In the beam flexural tests, these strand groups exhibited the
desired flexural failure mode in all tests. These groups had an average transfer length

of 29d,,, which is significantly lower than the ACI prediction.

Strand samples with pullout strengths less than 53.4 kN (12 kips) were unable
to meet the perforrmance expected in the ACI transfer and development length
formulas. In the beam flexural tests, these strand groups exhibited general bond

failure in every test. These strands had an average transfer length of 584, which is
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twice the average transfer length of the strand group that had pullout strengths
exceeding 160 kN (36 kips). Additionally, for the strands with low pullout strengths,

the end slips were seen to increase dramatically over time.

These results are in agreement with the conclusions of earlier studies by Logan
et al. as well as the conclusions from tests conducted in 1974 by Moustafa. Based on
these results, Logan has recommended that all strand be prequalified using the direct
tension pullout test, and that a minimum pullout strength of 160 kN (36 kips), with an
embedment of 457 mm (18 in.), be met for any 12.7 mm (0.5 in.) diameter strand
used in a member. The results of these tests support Logan’s assertion that some of
the significant differences in earlier research results could be attributed to the

manufacturing processes of different strands.
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3. TEST PROGRAM

3.1 SCOPE OF TEST PROGRAM

Three pretensioned box girder specimens of identical designs were fabricated
for testing. The girders were made of high performance, 69 MPa (10 ksi), concrete
with a 40 MPa (5.8 ksi) composite topping slab. They were pretensioned with nine

15.2 mm (0.6 in.) diameter prestressing strands spaced at 51 mm (2 in.) on center.

The primary objective of the test program was to measure the transfer and
development lengths for these girders. In particular, the effects of using 15.2 mm (0.6
in.) diameter prestressing strand at 51 mm (2 in.) spacing in high performance

concrete (HPC) were investigated.

In this chapter, the design and fabrication of the girder specimens is discussed.
Additionally, the instrumentation and procedures used in the testing program are

presented.

3.2 SPECIMEN DESIGN AND DESIGNATION

3.2.1 Girder Design
The girder specimens, designed by CDOT, were reduced scale models of the

box girders to be used in the upcoming bridge replacement project at Interstate 25.
The scaling was determined such that the test girders would have the same

performance as the actual bridge girders in terms of the stresses at the top and bottom
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of the section, the percentage of the compression region provided by the topping slab,

and the strain in the prestressing strands at flexural failure.

The final specimen design is shown in Figure 3.1. Each girder specimen
consisted of a box section with a composite topping slab. The girder section was
prestressed with nine Grade 270, seven-wire, 15.2 mm (0.6 in.) diameter strands at 51
mm (2 in.) spacing. The prestress immediately before release was specified to be
1,407 MPa (204 ksi). High-strength concrete was specified for the main box section.
This concrete was to have a design concrete compressive strength of 45 MPa (6.5 ksi)
at prestress release and 69 MPa (10 ksi) at 56 days. The design concrete compressive

strength for the topping slab was 40 MPa (5.8 ksi) at 28 days.

A span length of 10.2 m (33.4 ft.) was chosen to insure that development
length testing could be carried out on both ends of each girder. The total length of
each girder was 10.4 m (34.25 ft.). Based on a review of prior research, the maximum
development length expected. for the girders was approximately 3.4 m (11 ft.).
Presumably, with the chosen span, failure of the first end at this embedment length

would leave sufficient strand embedment length to permit testing of the second end.

The girders were also designed for the high shear forces expected during
development length testing. Development length testing requires the application of a
point load, at the expected development length, sufficient to cause flexural failure.
The minimum expected development length, based on prior research was 1.5 m (4.9
ft.). The application of an ultimate load so close to the end of a member is not typical
in service and would typically result in a shear failure. To prevent this type of failure
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during testing, it was necessary to provide the maximum shear reinforcement allowed

by the AASHTO Specifications [1].

The reinforcement ratio of these specimens was 0.0071, which was close to
the maximum allowable reinforcement ratio of 0.0079 in accordance with the
AASHTO Specifications [1]. This results in a strand strain at ultimate flexural
capacity of approximately 0.011, which is well below the guaranteed minimum strand
elongation of 0.035. As mentioned in Section 2.1.4, members with low strand strains
at failure may have shorter development lengths than similar members with higher
strand strains at failure. However, the strand strain at failure in the test girders is

reflective of the actual bridge girders modeled by the test specimens.

A minimum concrete cover of 25 mm (1.0 in.) was specified for all
reinforcement. Presumably, this small amount of concrete cover simulated the worst
case for concrete splitting or cracking due to close strand spacing and high prestress
forces. However, 254 mm (10 in.) long solid end blocks and heavy anchorage zone

reinforcement were provided according to standard CDOT design practice.

The calculated moment capacity of the girders, using the specified material

properties, are presented in Table 3.1 for later comparison to experimental values.

Table 3.1 - Design Moment Capacity of Test Girders

M, by AASHTO | M, by Strain Compatibility
Specification
kN-m (kip-ft.) kN-m (kip-ft.)
839 (619) 872 (644)

62



T _ 1

) - _ _ _ - L ___
10/ 391" io

. TOP VIEW

< COMPOSITE TOPPING SLAB\\

o) |C______ - —————-——_95

—
BOX GIRDER SECTION—/

SIDE ELEVATION

15"
9 L]
v . . ! =
; s 0 j n
= 0 o =p
al . s
N = \ :
o L o
® o o6 & &8 ;’
[ ] e o J / 7!’_ 3.53n NS
/f
#3 REBAR @ 6"
O.C- MAX. (TYP_) 3 3 o 3 " 3 a 3 "
# REBAR @ 6" O.C
9-GRADE 270 LOW RELAXATION /7—
PRESTRESSING STRANDS "ID < "'ID // [’ID 'Io '-Io
H R :l / ] H

!

2-#3 STIRRUPS @ 6" O.C. FOR
END DETAIL \ FIRST 6' FROM EACH END, 1-#3

STIRRUP @ 6" O.C. THEREAFTER

Figure 3.1 - Test Specimen (1 in. =25.4 mm)

63




THERMOCOUPLES

AT THIRD POINTS
AND IN END BLOCKS
(4 TOTAL)
EMBEDMENT LENGTH
475" 15 MECH. GAG 34 MECH. GAGE 5 MECH. GAGE, | 475"
POINTS @ POINTS @ 7.98" O.C. POINTS @ | LOAD
394" O.C.

IL 394" O.C. ‘ ﬂ

401

LVDT AT MIDPOINT ACHED TG
AND UNDER LOAD SUPPORT WITH LVDTS ATTACHED

DURING DEVELOPMENT ROLLER AND STRANDSDURING
LENGTH TESTS TEFLON PAD LOPMENT LENGTH

TESTING

Figure 3.2 - Test Setup and Instrumentation (1 in. = 25.4 mm)




3.2.2 Specimen Designation

Each girder was designated numerically, 1, 2, or 3, with the ends of the girder
labeled east (E) and west (W). Measurements pertaining to each girder are designated

first by girder number, and when applicable, by girder end.

3.3 TEST SETUP AND PROCEDURE

The instrumentation and procedures used in the experimental program are

discussed in the sections below.

3.3.1 Transfer Length Measurement

Transfer length was determined by measuring strains along the concrete
surface with a Whittemore gage. This gage had a 200 mm (7.87 in.) gage length and
was used to measure strain at various times during the test program. As shown in
Figure 3.3, threaded target points were cast into both sides of each girder at the same
level as the tendon center of gravity. As shown in Figure 3.2, these target points were
located at 100 mm (3.94 in.) spacing over the first 1600 mm (63 in.) from each end of

a girder, and at 200 mm (7.87 in.) spacing for the rest of the girder.

Measurements were taken immediately before and after prestress release,
immediately before and after topping slab casting, at 14 and 28 days after girder
casting, and just before each development length test. Measurements were delivered
to a portable electronic device as they were read, and were ultimately uploaded to a
personal computer for transfer length analysis. These measurements were also used to

calculate the prestress losses along the length of each girder.
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Fizure 3.3 - Embedded Turze: Points

Tae mechanics! guge measurements were verified by stian readings from two
vibruting wire stzain gages {VWSG's) pleced in cach girder at the xpun midpoint. They
were Jocaled at the strand wenter of gravity with ciach gage ofiset 63.5 mm (2.5 in.)
frox the centerlive of the girder cross section. The auges were stlzcied to o pontable
dare wequisition deviee whore measurements were reeorded for cach ginder at various

intervals up to the Gay of doveiopment length testing.

3.3.2 Development Length Tests

Deveiopmoent fength was determined using un aterutive process, Por cach test,
an estimuie of the deveionment wngth for the member was mede. The memner was
then louded to fuilure, using a point load st @ distance fron: the end of the member
cque! to the estimated development length Based on wiether & boad or tlexerad
compression Siilure occurred, the estimate of deveioprient fength would be revised.

The occerrence of a flexural failure would indicate that sufficient embedmert length



cadsted 1o éevelop the faifure stress in the strands, and thas the actuad developnieni
iengin was shiorter than the previous estimate. Conversety, the occurrence of a bond
fadiure would 1ndicate wat the actwt doveloprnent Ionzth was Bkely to he greater than
the previoas estimate. With the revised exdimate of develuproent icoglh, a new st

woiid be corducted with the new cmbedment length. This process would be

continued untii the deveiopment fength was found.

g
3
‘_S;‘

Figure 3.4 - Devenpment Leayth Test Sctup
Aflor eliminating extiome values irom previous reseurcd ddata, we ostimated
that vlir development leagth would niost probebly fuil netweer 1.47 mand 4.22
(4.83 ft. and 9.67 it.). The average of these experiment.) valuey was caleulaied to be
2,16 o {708 ft), whick was used as our first estimuie of development kength. The
cmbedment lengibs at which cach fest was eventually conducted are shown in Tedle

3.2
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Table 3.2 - Development Length Tests

Test Designation | Test Date | Embedment Length

mm (in.)

1-E 10/2/96 2159 (85)

1-W 10/11/96 2057 (81)

2-W 10/21/96 1918 (76)

2-E 10/28/96 1651 (65)

3-E 11/4/96 1524 (60)

3-W 11/11/96 1497 (59)

The development length tests were performed in the Structures Laboratory at
the University of Colorado at Boulder. In each test, only the embedment length was
varied. For each test, the specimen was simply supported on specially fabricated
supports as shown in Figure 3.2. These supports allowed rotation of the girder ends
through a roller arrangement. Teflon pads placed between the girder and the support

also allowed for free displacement of the girder end.

As shown in Figure 3.4, a point load was applied at a distance from the end of
the girder equal to the current estimated development length using a 890 kN (200 kip)
capacity Power Team hydraulic jack. The jack was controlled using a manually
operated switch attached to a Power Team electric pump. During each test, the
applied load, deflections at midspan and under the load, concrete strain at the tendon

center of gravity, and strand slip were measured.
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Aa inirc prossure sensor was used to record applicd load. This device was
attuched to & date acquisition system connccted to @ personal computer. Al
measarements were then converted to exgineering vmis using Lubview, o commercial

dots acguisition program.

Lincar voltage differcntial transducers {(LVDT’s) were used (0 measurs boia
sirand slip and acflection. As shown in Figure 3.5, LVDT's were attacred to cach
strané wt tze pirder end being tosted o detect strand sip. Thacse LVDT's were
constantly monitercd in an cffort to detect impending bond faitrie. LVDT s were also
attached to the ginder at midspan and benezth the Joad peint to measure deficciion
during the tosis. These LVDTS were wttached to the data acguisition system and rcad

at vartous intervais. The defiection measurements were also verified by dial guges

niaced under the girder 2t midspan and at the load point.

Figure 3.5 - LVDT's Attuched to Strand's During Tests

69



Concrete strain at the tendon center of gravity was measured at selected load
intervals using a Whittemore gage. However, because only small changes in strain
occurred at the far end, only the strain between the midspan and the end of the girder
being tested was measured. These readings were loaded into a personal computer and

used to calculate the approximate variation of strand stress during testing.

3.3.3 Other Measurements

3.3.3.1 Camber

Bolts were attached to one side of each girder, near each end, at the level of
the center of gravity of the girder section before prestress release. Fishing line was
stretched tight between these bolts and a reference mark was made on the girder at
midspan. To measure camber, a steel ruler was used to measure the distance between
the reference mark and the fishing line, whose tension was maintained constant.
Camber was measured for each girder immediately after prestress release,
immediately before and after the topping slab casting, 14, and 28 days after girder

casting, and on the day of development length testing.

3.3.3.2 End Slip at Transfer
Strand slip measuring devices developed at FHWA'’s Turer-Fairbanks

Highway Research Center were attached to the strands near the ends of each girder
before prestress release. These devices were essentially a section of aluminum C-
channel which was clamped to the strand at approximately 90 mm (3.5 in.) from the

end face of the girder. As shown in Figure 3.6, a Brown & Sharpe Digit-Cal Mark IV
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caliper was used to imeosure the distance from oac log of the C-channed to the girder.

Measurements were taken immeediutely nefore and afier prostress release.

Finure 3.6 - Measurement of FEnd Siip
- % 2

3.3.3.3 Pullout Tes's

Pullout tests were performed uccowding to the Mostufa method meationed i
Caapter 2. As shown in Figure 3.8, a tote! of ¥ sirand sampies approximatc’y 1.83 m
(€ 12} long were ermheddedt (o 2 depth of 457 e 118 I in 2 610 mim (24 3n.) deep
ny 914 mm (36 in.) ivng by 610 mm (24 in.; wide concrete biock. The concrete was
the same as that ased in the girder box  ssetions Two such blocks were cast and

allowed to air cure for two days hetore commencement of puilout testing.

As shown in Figure 3.7, the saunds were pailed out of the concreie esing an
Enermuc center-hole hydranlic ram. The mam wus set on a speciaily fabricated support
which prevenicd compressive stresses from developing in the concrete immedisicly

adjacent to the strand deirg tested. The strand was threaded tarough the ram, a strand



1"PL 7 1/2"x7 1/2* STRAND CHUCK

CENTER HOLE HYDRAULIC RAM

172" L 2 1/2"x2 172"
AT EACH CORNER

1"

61/2"
Vd

Figure 3.7 - Pullout Test Setup (1 in. = 25.4 mm)

chuck was affixed to it, and load was applied by a hand pump until the strand could
not sustain further load increase. The maximum load, the load at first slip, and the
total pullout distance at the maximum load were recorded manually for each strand

tested.

3.3.3.4 Heat of Hydration

Four thermocouples were placed in each girder, one at each third point of the
span, and one centered in each end block. Immediately after girder casting, these
devices were read every 30 minutes for approximately one week. These

measurements were recorded and used to gauge the temperature changes in the
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Figure 3.8 - Pullout Test Block Configuration (1 in. = 25.4 mm)

concrete during curing. The maximum temperature recorded is presented in Section

3.43.

3.4 SPECIMEN FABRICATION

The girder specimens were fabricated by Rocky Mountain Prestress (RMP) in
Denver, Colorado. Personnel from CU, CDOT, and FHWA all aided in the planning
and installation of the necessary instrumentation during the fabrication process. The
following sections describe the methods used in the fabrication and instrumentation of

the girder specimens.
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%1 Formwork and Steel Placement

The gizder specimens were cast end to end inside an udjustehic steel box
girder form. Because the specimens were reintively small, it was necussary to
tabzicate & separate set of woon formy within this foon. This formwork. «kown in
Figure 3.9, was designed and instuiicd by the RMP personnel. After installution of the
formwork, cluminum strips with roechiunical gage turget points previously attached,

were screwcd to the side forms at the approniate positions.

Figure 3.9 - Girder Reinforcement and Formwork

Lo 3
t



Afier installation of the turget points, the mild siecl reinforcing cages were
instalied for cach of the girders. Ninc pretensioning strands were ther threuded
through each form and attuched to the bulkheads at the end of the stee! form using
strand ciucks, A small pretension was upplied to the strands to pul! theru taut. The

straads were slightly rusted whea instalied 2nd were all from the same reel.

As shown in Figure 3.10, the VWSG's and thermocoupios were ther fixed to
tie rebur cuge at the appropriate positions. The instruments were attached (0 the dita
acquisstion device and checked for proper function. The RMP pensonrel were then
sifowed to place large blocks of Styrofourz in cach form which formed the void i the
box scciion. While this was occurring, 1.33 m (6 11.) Iong pisces of strand were cut

znd tied into the two pullout block forms.

e

— e ..__ “ ~my

Finure 3.1G - Vibrating Wire Strain Gages Ticd in Pluce



3.4.2 Strana Pretensioning Procedure

Or the second day. the nine strands were prestressed according 0 e vsual
metaod uscd by the contractor. As shown in Figure 3.11, cach strune was strossed
indrvidually with 2 hydraviic jack pushing against the end bulkhead The jacking foree
ana tic totel extension of the strunds from the bulkhead were measured. Each sirand
was stressed (0 a value siightly over the jacking force specified in tae cesign fo

compensale for fosses Gue to anchorage «lip.

N

Figure 3.11 - Strund Pretensianing by RM{P Personnel

3.4.3 Concrete Placement

Afier complution of tire prestressing operaiing, concerete plucement hegan. The
gircer concretc was batched on-site at the fubricator’s batch plant. The fubricator
ceveloped the mix design, snown in Tehle 3.3, to achicve the 56 cuy design concreice

compressive strength of 69 MPa (10 ksi).
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Table 3.3 - Girder Concrete Mix Design

Material Quantity
kg/m? (Ib./yd.%)
Type ITI Cement 474 (800)
Water 156 (263)
Coarse Aggregate 930 (1570)
(3/8” pea gravel, Cooley)
Fine Aggregate (Sand, Cooley) 782 (1320)
Silica Fume 14 (30)
Water Reducer (Polyheed 997) 2.96 L/m’ (100 oz./yd.”)
Water Reducer (Rheo 1000) | 5.91 L/m® (120-200 oz./yd.”)

Concrete was transported from the on-site batch plant to the girders in 4 cu.
yd. buckets. The girders were poured successively, with each girder being poured
from a fresh batch of concrete. The concrete remaining in each bucket was used to
fabricate the material test specimens. The concrete slump was measured by RMP and

was approximately 114 mm (4.5 in.).

After the first girder was poured, the water content in the remaining batches
was increased to improve workability. This change did not appear to significantly
affect the concrete strength among the three girders. Upon completion of concrete
pouring, the girders were covered by a tarp and cured overnight. Steam was passed
through pipes surrounding the existing adjustable box form for approximately 8 hours
to accelerate the hydration of the concrete. The maximum temperatures measured
during the curing process by the thermocouples in each girder are shown in Table 3.4.

Detailed time-history plots are provided in Appendix C.
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Table 3.4 - Heat of Hydration Data

Girder Maximum Recorded Time to Reach Maximam
Temperature Temperature
Degrees Celsius (Fahrenheit) Hours after Casting
1 80 (176) 17.5
2 80 (176) 16.0
3 79 (174) 13.5

3.4.4 Material Test Specimens

Materials specimens were cast from all three batches of concrete for future
testing. As all the concrete was presumably identical, no effort was made to

differentiate between the separate batches.

The following specimens were cast:

e 75-102 mm x 203 mm (4 in. x 8 in.) cylinders for compression and creep
tests

o 42-152mm x 305 mm (6 in. x 12 in.) cylinders for split cylinder tests

e 42 - Modulus of rupture beams

e 6 - Shrinkage prisms

¢ 2 - Pullout blocks for pullout tests

With the exception of the pullout blocks, half of each set of specimens were steam
cured with the girders while the other half were moist cured. The steam cured
specimens were cured in the Structures Laboratory at CU at room temperature after
stearn curing was completed. These specimens are referred to as air cured specimens
in this report. All handling and curing of the specimens was per ASTM standards

where applicable.
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Figure 2.2 - Flume Cuttmg rif Straindy

3.4.5 Stress Transfer Procedure
Following overnignt cunmg of the girder concrete, preparation for strand

detensioning began. The contractor removed the {orms 1o altow the CLF stalf acoess o

the girders. The sfrain gage target points were cleaned and end slip devices were
atiached te the strunds at the cna of each girder. Bolts were aliixed to cach gisder and

fishing jinc was siretched tight between them for camber moasurement.

-

Approximately 42 hours after girder casting, initial readings wore taken and

the prostross was refeased. This process was delayed pecause of the additional e
aceded o propure the embedded turget points for mechanical gege measurements. The
pretension was reieused by cutting cach strand with un oxy-ucetylene torch. The
strands <lose o the bulkheads were cut finst, with the strands at hoth onds cut
simuitaneously. Foliowing the same procedure, the strands between the first and the

second and the second and the thivé ginders were cat. The girders were not restrained



Table 3.5 - Topping Slab Concrete Mix Design

Material Quantity
kg/m’ (b./yd.*)
Type I Cement 418 (705)
Water 163 (275)
Coarse Aggregate 1103 (1860)
(3/4” pea gravel, Cooley)
Fine Aggregate (Sand, Cooley) 694 (1170)
Water Reducer (Polyheed 997) | 2.48 L/m’ (84 oz./yd.”)
Water Reducer (Pozzolith 322N) | 0.83 L/m® (28 oz./yd.”)

from movement, and they were observed to move several inches each time a strand
was cut. This movement was the most significant during the first set of cuts, and was

much less pronounced when cutting the strands in-between the girders.

3.4.6 Topping Slab Placement

Seven days after the girder concrete was poured, the topping slabs were cast
for each girder. The procedure was the same as the procedure used to pour the girders.
The topping slab concrete was batched on-site at the fabricator’s batch plant. The
fabricator developed their own mix design, shown in Table 3.5, to achieve the 28 day

design concrete compressive strength of 40 MPa (5.8 ksi).

The topping slabs were successively cast, a curing compound was applied to
the slab surface, and the girders were covered and allowed to air cure. Thirty 102 mm
x 203 mm (4 in. x 8 in.) cylinders were cast from the concrete and transported back to

CU where half were moist cured and half were air cured.
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Figure 3.13 - Stress-Strain Relationship for Strand (1 ksi = 6.89 MPa)

3.5 MATERIAL PROPERTIES

3.5.1 Prestressing Strands

The prestressing strands used in the test specimens were manufactured by
Insteel Wire Products. All strand was 15.2 mm (0.6 in.) diameter, Grade 270, low-
relaxation prestressing strand meeting the requirements of ASTM A-416-94. The
stress-strain curve for the strand was supplied by the manufacturer and is reproduced
in Figure 3.13. The elastic modulus of the strand was 198 GPa (28,700 ksi). Chemical
tests were conducted on samples of strand to determine the amount of surface

phosphate. Results of the chemical tests are shown in Appendix E.

3.5.2 Non-Prestressing Steel

All non-prestressing steel consisted of standard Grade 60 rebar.
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3.5.3 Girder Concrete

Materials tests were conducted per ASTM standards on moist and air cured
specimens of the girder concrete. Tests to identify compressive strength, modulus of
elasticity, modulus of rupture, shrinkage behavior, and split cylinder strength were
conducted at the CU Structures Laboratory. Tests to identify shrinkage and creep
behavior were also performed by Commercial Testing Laboratories (CTL/Thompson)

of Denver, Colorado.

Table 3.6 - Compressive Strength and Elastic Modulus of Girder Concrete

Age (Curing| Compressive Strength Elastic Modulus
Test Date MPa (ksi) MPa (ksi)
Mean Standard Mean Standard
Deviation Deviation

2 Days Air 53.7(7.8) 0.2 (0.03) 32414 (4700) 293 (42)

8/15/96 | Moist NA NA NA NA

7 Days Air 61.6 (8.9) 1.5(0.22) 29697 (4306) NA

8/20/96 | Moist | 61.4 (8.9) 2.3 (0.34) 32254 (4677) NA
15Days | Air 64 (9.3) 1.6 (0.24) 32366 (4693) NA

8/28/96 | Moist | 68.1(9.9) 1.7 (0.25) 35631 (5166) 1563 (227)
28 Days | Air 61.4 (8.9) NA 31484 (4565) NA

9/10/96 | Moist | 71.1 (10.3) NA 36716 (5324) NA
50 Days | Air 67.3 (9.8) NA 31321 (4542) NA

10/2/96 | Moist | 72.2 (10.5) 2.0 (0.29) NA NA

65 Days | Air 66.8 (9.7) 1.3 (0.18) 30335 (4399) NA
10/17/96 | Moist | 77.4 (11.2) 1.4 (0.21) 38661 (5606) NA
79 Days | Air 63.8 (9.2) 13.5(1.96) | 29389 (4261) NA
10/31/96 | Moist | 83.5(12.1) 0.5 (0.07) 36138 (5240) NA

90 Days | Air | 694 (10.1) 1.2 (0.17) NA NA
11/11/96 | Moist | 76.1 (11.0) 2.9 (0.42) NA NA
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Compressive strength and modulus of elasticity tests were performed on 102
mm X 203 mm (4 in. x 8 in.) cylinder specimens. A summary of the results of these
tests is shown in Table 3.6. The concrete strength is plotted against age in Figure 3.14.
Also shown are curve fits to the data. Detailed compressive stress-strain plots for the

concrete cylinders are provided in Appendix A.

The moist cured cylinders of girder concrete achieved the required design
compressive strength at 28 days, and reached a strength of 76 MPa (11 ksi) at 90 days.
As expected, the air cured specimens yielded consistently lower strengths than the

moist cured specimens.

Modulus of rupture testing was performed on standard beam specimens.
Brazilian split-cylinder testing was performed on 152 mm x 305 mm (6 in. x 12 in.)

cylinders. A summary of the results of these tests is shown in Table 3.7.
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Figure 3.14 - Girder Concrete Compressive Strength
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Figure 3.15 and Figure 3.16 show the graphs of the modulus of rupture and

elastic modulus data versus +f, , with f, in psi. Linear fits to these data were
performed and are shown with the equations representing these lines. Also shown are
the equations given by the ACI 318 [2] for estimating the modulus of rupture and the
modulus of elasticity. Additionally, an equation recommended for high strength

concrete by researchers at Comnell University, is presented [17].

The expression for the modulus of rupture of normal weight concrete 1s given

in Section 9.5.2.3 of the ACI Code [2] as

£,=15f]

whereas the expression for the modulus of elasticity for normal weight concrete,

given in Section 8.5.1 of the ACI Code [2], is

E, =57,000,f,
In both of these expressions, f*, and the resulting values are in psi. For normal weight
concrete with a compressive strength between 30 MPa (3,000 psi) and 83 MPa
(12,000 psi), the equation recommended for the modulus of elasticity by the

researchers at Cornell University [17] is

15
E, = (40,0007, + 1,000’000)[ 125)

in which w, is the unit weight of the hardened concrete in pcf and all other terms are

as defined previously.
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Table 3.7 - Modulus of Rupture and Split Cylinder Strength of Girder Concrete

Age |Curing| Modulus of Rupture | Split-Cylinder Strength
Test Date MPa (ksi) MPa (ksi)
Mean Standard Mean Standard
Deviation Deviation
3 Days Air 4.1 (0.6) {0.21 (0.03) 4 (0.58) NA
8/16/96 | Moist | 6.9 (1.0) NA 3.9(0.57) | 0.22(0.032)
7 Days Air 6.9 (1.0) [0.41(0.06)] 4.2(0.61) NA
8/20/96 | Moist | 6.9 (1.0) NA 4.3 (0.62) 0.3 (0.044)
15 Days | Air 6.9 (1.0) NA 4.3 (0.62) NA
8/28/96 | Moist | 7.6 (1.1) [0.07 (0.01)| 4.7 (0.68) 0(0)
28 Days | Air 7.6(1.1) |0.48(0.07)| 4.5(0.65) NA
9/10/96 | Moist | 8.3 (1.2) |0.76 (0.11) 5(0.73) NA
50 Days | Air NA NA 4.7 (0.68) 0.1 (0.015)
10/2/96 | Moist NA NA NA NA
65 Days | Air 7.6 (1.1) NA 4.6 (0.66) NA
10/17/96 | Moist | 8.3 (1.2) NA 5(0.73) 0 (0)
79 Days | Air 7.6 (1.1) [0.76 (0.11)] 4.9(0.71) NA
10/31/96 | Moist | 8.3 (1.2) |0.21(0.03) NA NA
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Figure 3.15 - Modulus of Rupture Data and ACI Expression (f ; in psi; 1 psi =

6.89x10° Pa)
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As can be seen from the graphs, the ACI formula for modulus of rupture is
somewhat conservative for our data while the formula for modulus of elasticity is
somewhat high. However, the equation from Cornell University fits the modulus of

elasticity data on the moist cured specimens well.
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Figure 3.16 - Modulus of Elasticity Data and ACI and Cornell Expression (f'; in psi)
(1 psi = 6.89x10° Pa)

Shrinkage measurements were taken at both CU and CTL/Thompson. CU
tested four air cured specimens and two lime-water cured specimens. The four air
cured specimens were steam cured with the girders, cured in lime-saturated water for
the following two days, and air cured at room temperature thereafter. The two lime-
water cured specimens were cured in lime-saturated water for the first 28 days after
casting and were air cured at room temperature thereafter. Measurements for lime-

water cured specimens began the day after girder casting. Measurements for the air
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cured specimens began three days after girder casting, upon removal from the lime-

saturated water. A graph of the average results is shown in Figure 3.17. These
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Figure 3.17 - Average Shrinkage Strain for Girder Concrete

shrinkage results are typical for this type of concrete [17]. The moist cured specimens
shrank very little during the 28 days they were immersed in lime-saturated water.
However, after they were removed from the lime-saturated water, they exhibited

shrinkage nearly identical to that of the air cured specimens.

Creep tests were performed on 102 mm x 203 mm (4 in. x 8 in.) cylinders by
CTL/Thompson. Owing to measurement problems with the specimens initially cast
with the girders, these specimens were cast several weeks after the girders were cast
using the same mix design as the girder concrete. The specimens were steam cursd in
the same way as the girders and subsequently air cured in the laboratory at a

temperature of 23°C (73°F) and a relative humidity of 50%. Loading began after two
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days of curing. The test results (reproduced from Appendix B) are plotted in Figure
3.18. Shrinkage measurements were taken together with the creep tests. The shrinkage
specimens were cured under the same condition as the creep specimens. As shown in
Figure 3.17, the shrinkage obtained by CTL/Thompson was very close to that

exhibited by the air cured specimens at CU, with the former being slightly lower.

Creep was also calculated using the following empirical expression.

t0.60

: = 10479 O (3-1)

in which &, is the unit creep strain at time ¢, ¢ is the time in days after loading, and &,
is the ultimate creep strain [17]. For 69 MPa (10 ksi) concrete, based on research at
Cornell University, an ultimate unit creep strain equal to 41x10° per MPa (0.28x10°®

per psi) is suggested [17]. With the aforementioned value, the results obtained with

Eq. (3-1) are plotted in Figure 3.18.

As can be seen from the graph, the creep exhibited by the laboratory

specimens is significantly higher than the calculated values.

3.54 Topping Slab Concrete

Materials tests were conducted per ASTM standards on moist and air cured
specimens of the topping slab concrete to identify the compressive strength and
modulus of elasticity. A summary of these results is shown in Table 3.8. A graph of
compressive strength versus age is shown in Figure 3.19. Also shown are curve fits to

the data.
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Figure 3.18 - Unit Creep Strain for Girder Concrete
Table 3.8 - Compressive Strength and Modulus of Elasticity of Topping Concrete

Age Curing| Compressive Strength Elastic Modulus
Test Date MPa (ksi) MPa (ksi)
Mean Standard Mean Standard
Deviation Deviation
7 Days Air | 48.3(7.0) 00 NA NA
8/27/96 | Moist | 48.3 (7.0) 00 NA NA
14 Days Air | 53.1(7.7) NA NA NA
9/3/96 Moist | 50.3 (7.3) 0(0) NA NA
28 Days Air NA NA NA NA
9/17/96 | Moist NA NA NA NA
43 Days Air | 53.9(7.8) | 2.1(0.3) |31146(4516)|3024 (438)
10/2/96 | Moist | 50.7 (7.4) | 1.7 (0.2) NA NA
58 Days Air | 53.8(7.8) 3(0.4) |31288(4537)| 824 (119)
10/17/96 | Moist | 56.7 (8.2) | 1.3(0.2) |32778 (4753) 1505 (218)
72 Days Air | 544 (79) | 4.6(0.7) |30967 (4490) | 1027 (149)
10/31/96 | Moist | 57.5(8.3) | 5.2(0.8) |39722 (5760) | 5069 (735)
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The topping slab concrete exceeded the required design compressive strength
by a significant amount, reaching a strength of 57.5 MPa (8.3 ksi) in 72 days. The
results for the moist and air cured specimens are quite close, however, the moist cured
specimens tend to have higher compressive strengths. The elastic modulus of the

concrete is, on average, about 10% lower than the value given by the ACI formula.
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Figure 3.19 - Topping Concrete Compressive Strength
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4. TEST RESULTS

4.1 PULLOUT TEST RESULTS

Pullout tests were conducted two days after the casting of the two pullout
blocks. The concrete compressive strength at this time was 39.2 MPa (5,690 psi).
Load was applied to each strand until strand slip was detected. The load at which this
occurred was recorded. Loading was then continued until the strand could no longer

sustain further load increases. The load at which this occurred and the total distance

the strand was pulled out of the block were then recorded.

All eight strands were tested in the first pullout block. The results were very

consistent within this group, and thus, only one strand was tested in the second block.

A summary of the test results is presented in Table 4.1.

Table 4.1 - Pullout Test Results

Strand | Load at | Maximum |Ram Extension at
Number| First Slip Load Maximum Load
kN (kips) | kN (kips) mm (in.)

1 128.1 (28.8)|209.5 (47.1) 35.1(1.38)

2 [123.7(27.8)]189.0 (42.5)|  38.1(1.50)

3 145.4 (32.7)|192.2 (43.2) 62.0 (2.44)

4 [133.9(30.1)[189.0 (42.5)] 50.8 (2.00)

5 110.8 (24.9) | 218.4 (49.1) 50.8 (2.00)

6 |130.8(29.4)(224.2(504) 50.8 (2.00)

7 101.9 (22.9) | 241.5 (54.3) 54.1 (2.13)

8 122.3 (27.5) | 224.2 (50.4) 63.5 (2.50)

9 206.4 (46.4) | 247.3 (55.6) 36.6 (1.44)
Average | 133.7 (30.1) | 215.0 (48.3) 49.1 (1.93)
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The maximum loads attained in each of these tests are all well above the
benchmark capacity of 160 kN (36 kips) suggested for 12.7 mm (0.5 in.) diameter
strands by Logan [13]. A benchmark for 15.2 mm (0.6 in.) diameter strands has not
yet been established. Thus, the performance of this strand relative to other 15.2 mm

(0.6 in.) diameter strand is unclear at this time.

4.2 STRAND SLIP AT TRANSFER

Strand slip was measured for each of the nine strands at the end of each girder.
The distance between a fixed reference point on each strand and the end of the girder
was measured immediately before and after prestress release. The difference between
these two measurements gives the apparent strand slip. The elastic shortening which
occurred over the strand between the end of the girder and the reference point was

calculated and subtracted from the apparent strand slip to give the actual strand slip.

Girder movement during prestress release caused minor concrete spalling near

the ends of the girders. As a result of this, the slip for a number of strands could not

Table 4.2 - Average Strand Slip Measurements Immediately after Transfer

Girder End Average End Slip
Measured
mm (in.)

1-E live end 1.44 (0.057)
1-W 1.61 (0.063)
2-E 1.48 (0.058)
2-W 1.73 (0.068)
3-E 1.46 (0.057)
3-W live end 1.27 (0.050)
Average 1.49 (0.059)

92



be measured. Additionally, during girder transportation, further concrete spalling and
damage to the C-channels occurred. This damage made strand slip measurements at
later ages impossible. The averages of the strand slips measured for each girder end
immediately after release are presented in Table 4.2. The values in the table are the

actual strand slips with the elastic shortening of the strand taken out form the raw

data.

The end slips measured for these members are consistent with those measured
in previous studies using high strength concrete and 15.2 mm (0.6 in.) diameter

strands [9].

4.3 CAMBER MEASUREMENTS

The results of the camber measurements taken at midspan for each of the
girders are presented in Table 4.3. A time step procedure was also used to estimate the
camber for the girders [17]. Use of this method requires knowledge of the girder
section properties, concrete creep and shrinkage behavior, steel relaxation behavior,
and the variation of the concrete elastic modulus with time. With the exception of
steel relaxation, all of these properties were measured in the testing program. Steel
relaxation was estimated using the following empirical equation for low relaxation

strand [17].

/s =1-l°—g’[%—055J (4-1)
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Table 4.3. - Measured Girder Camber

in which f; is the steel stress at time ¢, f, is the effective yield stress, fy; is the initial

prestress, ¢ is the time in hours after stressing, and log ¢ is to the base 10.

Time of Measurement Camber
(Concrete Age) mm (in.)
Girder 1 Girder 2 Girder 3
Immediately After Release | 5 5 ggy | 222 (0.88) | 20.6 (0.81)
(2 Days)
Before Topping 31.8 (1.25) | 30.2(1.19) | 28.6 (1.13)
(7 Days)
After Topping
(7 Days) 27.0(1.06) | 30.2(1.19) | 30.2(1.19)
12 Days After Release
1.8(1.25 2(1.1 30.2 (1.1
(14 Days) 31.8(1.25) | 30.2(1.19) | 30.2(1.19)
26 Days After Release
31.8 (1.25 NA 30.2(1.19
(28 Days) (1.25) (1.19)

Table 4.4 - Section Properties Used in Time Step Calculations (1 in. = 25.4 mm)

Section Properties
Before Topping
I, (in.*) 7443
A (in.%) 206.3
After Topping
I, (in.*) 12206
A. (in%) 2475

The values used in the time step computations are surnmarized in Table 4.4
and Table 4.5. As shown in Table 4.4, the girder section properties were changed to
reflect the addition of the topping slab at 7 days. The reduction in camber due to the
weight of the topping slab was also calculated and subtracted from the values
obtained at 7 days without the topping slab. The results of these calculations and the

average measured camber at midspan are shown in Table 4.7. As can be seen, the
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calculated camber using these values was significantly higher than the measured

camber.

Table 4.5 - Time Dependent Variables Used in Time Step Procedure
(1 psi = 6.89x10° Pa; 1 ksi = 6.89 MPa)

Time Creep Shrinkage Steel Relaxation |Modulus of
Elasticity
Days | (in./in.)/psi x 10° in./in. ksi
3¢ A8, &, X10° Aggx10°| /s |AQ-£/E)
2 - - 0 - 1.000 - 0
0 (Release)| © - 73 73 0.987 | 0.013 4300
7 0226 | 0226 | 249 176 0.983 | 0.005 4677
14 0275 | 0.049 | 318 69 0.981 | 0.002 5166
28 0.316 | 0.041 | 402 84 0.979 | 0.002 5324
90 0.388 | 0.072 | 473 71 0.975 | 0.004 5700

Table 4.6 - Variation of Unit Creep Strain using Empirical Equation

Time Creep

Days |8 x 10%(A8, x 10°®
22 - -

0 (Release) 0 -

7 0.07 0.07
14 0.09 0.02
28 0.12 0.03
90 0.17 0.05

Creep is the prime contributor to increases in camber and it is suspected that

the measured creep values were too high. Part of this could be due to the different

curing temperatures of the creep specimens and the girders. Thus, the time step

procedure was carried out again using creep values generated from the empirical

equation, Eq. (3-1), presented in Section 3.5.3. The values of unit creep strain
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Table 4.7 - Measured and Calculated Camber using Measured and Empirical Creep

Eguation
Time Calculated Midspan | Calculated Midspan| Measured
Camber using Camber using Midspan
Measured Creep Creep Equation Camber
Days After Release mm (in.) mm (in.) mm (in.)
0 26.0 (1.02) 26.0 (1.02) 21.7 (0.86)
7 (Before Topping) 49.3 (1.94) 32.7 (1.29) 30.2 (1.19)
7 (After Topping) 46.7 (1.84) 30.1 (1.19) 29.1 (1.15)
14 51.4 (2.02) 32.4 (1.28) 30.7 (1.21)
28 55.1 (2.17) 34.9 (1.38) 31.0(1.22)
90 61.6 (2.43) 39.6 (1.56) NA

calculated using this equation are presented in Table 4.6. These results are much

closer to the measured values.

4.4 CONCRETE STRAINS AFTER TRANSFER

Concrete strains after transfer were calculated using the measurements taken
with the Whittemore gage discussed previously. The initial distances between the
embedded points in the girders were measured immediately before prestress release.
These readings were then subtracted from subsequent measurements to yield the total
change in distance between the points over the time period elapsed since the initial
readings. Knowing this change in distance, the change in strain was calculated by
dividing each value by the initial measured distance between the points. This change
in strain was assumed to occur midway between the two points in question and at the

level of the center of gravity of the strand group.

In this manner, the change in strain was calculated at discrete points along

both sides of the three girders. For each girder, the strains for the corresponding
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points on both sides were averaged to obtain one set of readings along the girder
length. On the following pages, the resulting strains are plotted for the three girders.
Each page contains two plots, one plot showing strains for the west half (W) of a
girder and one showing strains for the east half (E) of a girder. For each girder, strains
at the following times are shown:

e After Release

e Seven days after girder casting, immediately before topping slab casting (7 Day-ND)
e Seven days after .girder casting, immediately after topping slab casting (7-Day-WD)
¢ 28 Days after girder casting

e Just before development length testing

The information in parentheses indicates the nomenclature used in the legend for each

plot.

4.5 TRANSFER LENGTH

4.5.1 Determination of Transfer Length

Transfer length was determined using the 95% average maximum strain
plateau method [21]. The strain data collected was examined and the region in which
the strains appeared to level out, or platean, was identified. The strain values in this
region were then averaged to determine the magnitude of the average maximum
strain. This value was then reduced by 5% to obtain the magnitude of the 95%
average maximum strain platean. Both the 100% and 95% average maximum strain

plateaus are shown as horizontal lines in Figure 4.13 through Figure 4.24.
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Figure 4.1 - West End Strain Readings for Girder 1 After Release and at 7 Days
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Figure 4.2 - East End Strain Readings for Girder 1 After Release and at 7 Days
(Before Topping)
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Figure 4.6 - West End Strain Readings for Girder 2 After Release and at 7 Days
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101



1400 H i i
5 [} i 1
i ; ‘
i I
1200 ; i
= 1000 i =
-E .il‘ T. E : " u : -
¢ ° " n ) n | a o
g 80 +*ts o T+ ¥ S Hgun
oy 'Y 4
3] * L * S
g & + . |* MR JE RPN DR 0 N
p 600
=]
& 4001 -
.
200 ¢ After Release [
i 7 Day-ND
0= ;' . ; 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Distance from West End (rnm)

Figure 4.9 - West End Strain Readings for Girder 3 After Release and at 7 Days

(Before Topping)
1400
1200 |
|
~~ m = m |
'5 1000 ! -T - T ", L - o g = e
,g [ !.-' ' " a ] - | | 3 L -
800 : ! ¢ E >
S li ** l ) . 3 * * Py ¢ ° ¢ o
2 PS .. L 4 * P P
600 * » 5
g .
o} ®
& 400 1—2
200 & After Release
¢ 7 Day-ND
0w : I

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Distance from East End (mm)

Figure 4.10 - East End Strain Readings for Girder 3 After Release and at 7 Days
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Figure 4.11 - West End Strain Readings for Girder 3 at 7 Days (After Topping). 28

Days, and 90 Days

1400 . ;
i |
1200 =
, : = n e i '
_’s‘ 1000 -.i—ﬁ —- - i o e ——" "
‘. e ' " §
2 800 T P . * [ e *
2 ! :
! X g
S ol a? * |
k= | %
=] : |
= . | i
40 5 i ;
¢ 7Day-WD
200 ' %28 Day |
@ Before Test
0" l 1 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500
Distance from East End (mm)

5000

Figure 4.12 - West End Strain Readings for Girder 3 at 7 Days (After Topping), 28

Days, and 90 Days

103



Table 4.8 - Transfer Length Results

Girder End |L; by 95% Average Maximum Strain Plateaun
Method
Immediately After 28 Days after Girder

Release Casting

mm (in.) mm (in.)
1-E 615 (24.2) 720 (28.3)
1-W 620 (24.4) 670 (26.4)
2-E 560 (22.0) 560 (22.0)
2-W 605 (23.8) 650 (25.6)
3-E 605 (23.8) 650 (25.6)
3-W 555 (21.9) 550 (21.7)
Average 593(23.4) 633 (24.9)

On the same plots, the measured strain data points were plotted with lines
connecting the points. The intersection of the line representing the 95% average
maximum strain plateau and a line passing through the measured data points is then
used to estimate the value of the transfer length. Although several intersections may
occur on each plot, the distance to the intersection nearest the girder end is taken as

the transfer length.

The transfer length was determined at each girder end immediately after
release and at 28 days after girder casting using this method. The strain values, the
calculated platean values, and the transfer length found for each of these cases are
shown in Figure 4.13 through Figure 4.24. The transfer lengths determined for each

girder end are summarized in Table 4.8.
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4.6 PRESTRESS LOSSES

Using the strain measurements discussed previously, prestress losses were
calculated at different times for each of the girders. The strain values throughout the
plateaun regions for each time were subtracted from the corresponding initial readings
to obtain strain changes along the girder length. The changes in strain due to the
application of the topping slab were calculated from the measurements taken
immediately before and after the topping slab was cast. The strain values for the later
times were adjusted to account for these changes. The differences in strain obtained at
each time were then averaged and multiplied by the strand modulus of elasticity to
obtain the cumulative prestress loss up to the time in question. The calculated

prestress losses are shown in Table 4.9.

Table 4.9 - Measured Prestress Losses

Days After Prestress Losses
Release MPa (ksi)
Girder
1 2 3
0 143 (20.7)| 139 (20.2) | 141 (20.5)
7 186 (26.9)|179 (26.0) | 176 (25.5)
14 204 (29.6)| 181 (26.2) | 186 (27.0)
28 231 (33.5)[ 190 (27.6) | 206 (29.9)
50 238 (34.5) NA NA
59 244 (35.4) NA NA
69 NA 214 (31.0) NA
76 NA 239 (34.6) NA
83 NA NA 246 (35.7)
90 NA NA 265 (38.4)
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This method of calculation accounts for all prestress losses except those due to
steel relaxation. Steel relaxation causes a decrease in steel stress and a corresponding
elastic rebound of the surrounding concrete. The concrete strain is further decreased
due to the decrease in the moment applied by the strands. Thus, the surface strains
measured not only do not include the steel relaxation but they also include strain due
to elastic rebound. These effects cause the total prestress losses calculated to be lower
than they actually are. The magnitude of the elastic rebound depends on the section
properties and the material properties of the strand and the concrete. For an
eccentrically prestressed member, the total measurement error in prestress losses can

be calculated by the following equation.

E A T

. EA (1 ¢
Error in Prestress Losses = Af, | 14— | —+— (4-2)
in which Af; . is the steel relaxation loss, A, is the cross sectional area of concrete, I,
is the moment of inertia of the section, ¢ is the prestress eccentricity, and E, and E; are
the moduli of elasticity of the concrete and the strand, respectively. For the test

girders, with the average material property values, Eq. (4-2) yields an error in

prestress losses of approximately 1.13 times the steel relaxation, Af; ,.r.

The prestress losses calculated using the mechanical gage measurements were
adjusted by adding 1.13 times the steel relaxation calculated with Eq. (4-1). The
adjusted prestress losses for the three girders were then averaged at each time to yield
the adjusted prestress losses shown in Table 4.10. The average of the unadjusted
prestress losses calculated using the mechanical gage measurements are also shown in

Table 4.10.
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Table 4.10 - Average Measured and Calculated Prestress Losses

Days | Unadjusted | Estimated | Adjusted Calculated Calculated
After | Average Steel Average | Prestress Losses | Prestress Losses
Release| Prestress [Relaxation| Prestress | using Measured | using Empirical
Losses |Loss, Af;,.| Losses Creep Data Creep Equation

MPa (ksi) | MPa (ksi) | MPa (ksi) MPa (ksi) MPa (ksi)

0 141 (20.5) |17.7 (2.57)| 161 (23.4) 157 (22.7) 157 (22.7)

7 180 (26.1) |24.5(3.56)| 208 (30.1) 334 (48.4) 239 (34.6)

14 190 (27.6) |27.1 (3.93)] 221 (32.1) 377 (54.7) 269 (39.0)

28 209 (30.3) |29.9 (4.34)| 243 (35.2) 419 (60.7) 303 (44.0)

90 265 (38.4) |35.0 (5.08)| 305 (44.2) 476 (69.0) 350 (50.8)

Prestress losses were also calculated using the time step procedure discussed
in Section 4.3. The results of these calculations, using the measured creep strain and
the creep strain generated from the empirical expression, are presented in Table 4.10.
It is apparent that the prestress losses calculated using the empirical creep equation
are much closer to the adjusted prestress losses than those calculated using the
measured creep data. This supports the speculation that the measured creep data is not

representative of the girder concrete.

4.7 DEVELOPMENT LENGTH TESTS

In this section, the results of the six development length tests are presented.

The strand slip values measured during the tests are presented in Appendix D.

4.7.1 Test 1-E

Development length testing began 50 days after girder casting, with the first
test conducted on end “E” of girder 1. In this test, the load was applied at 2159 mm

(85 in.) from the end of the member. By this time, the girder concrete had attained a
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compressive strength of 76 MPa (11 ksi), while the topping concrete had attained a
compressive strength of 55 MPa (7.9 ksi). These values are obtained from the curve

for the moist cured specimens in Figure 3.14.

In all the tests, the load was initially increased in increments of approximately
890 kN (20 kips). After initial cracking, the load increment was reduced to
approximately 445 kN (10 kips). Cracking was first observed at a load of
approximately 400 kN (90 kips), which cormresponds to a maximum moment of 681
kN-m (502 kip-ft.). A flexural compression failure occurred at the load of
approximately 525 kN (118 kips), which corresponds to a maximum moment of 893

kN-m (659 kip-ft.). The maximum shear at failure was 431 kN (97 kips).

No strand slip was observed to occur during this test. Deflection was

measured beneath the load point throughout the test and is plotted in Figure 4.25.
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Figure 4.25 - Load versus Deflection for Test 1-E
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Flexural cracks were even and well distributed as shown in Figure 4.27. Delamination
of the topping slab, shown as the horizontal cracks near the top of the member in
Figure 4.27, occurred in all of the tests due to the shear forces developed a: the
interface between the topping slab and the girder. This was expected behavior and the
vertical bars which crossed the interface were provided in the design to maintain

composite action between the topping slab and the girder.

Strains were measured along the girder surface before and during the test
using the Whittemore gage mentioned previously. Measurements were taken
immediately before testing, and then repeated upon reaching selected load
magnitudes. These measurements were then used to generate a plot which shows,

approximately, the variation of strand stress with time.

In calculating the stress values for this plot, the strand strain before release
was assumed to be equal to 0.0711, which corresponds to the jacking stress, after
anchorage losses, of 1407 MPa (204 ksi). To calculate strain changes in the strands, it
was necessary to assume that the change in strain measured between the embedded
surface points was reflective of the average change in strain in the nine strands over
the same distances. This assumption is approximately correct as long as no slip occurs
between the strand and the concrete. The change in strain due to prestress release,
calculated from the mechanical gage measurements, was subtracted from the initial

strand strain to yield the after release strand strain along the length of the girder.

However, because slip occurs in the transfer region immediately after release,
the change in concrete strain cannot be assumed equal to the change in strand strain in
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the transfer region. Thus, 2 linear interpolation was performed assuming that the
strand strain varied linearly over the transfer distance determined using the 95%
average maximum strain plateau method. In keeping with the simple transfer length
theory, the strand strain was assumed to vary from zero at the free end of the strand to
the previously determined after release strand strain at the end of the transfer region.
The resulting strains were then multiplied by the strand modulus of elasticity to obtain
the after release variation in average strand stress with distance in the transfer zone as

shown in Figure 4.26. The elastic modulus of the strand was determined from the

stress-strain curve in Figure 3.13.

The changes in strand strain which occurred in the time period between

release and the day of the test were then subtracted from the after release strain values

?
)

8
|
A
!
b
f
j
|
|
/
i—7

|
1
: I

e - o m— . i T R . - .1»-.- .

e —~ e o e e A .~ —_ s [

M‘F — — .
v - 177 Y=< === Te S I 4 g
o

1400 - N .
=
g 1200 - = N -
% 1000
b 1
@ 800 f !
-~ /
E 600 ;
b A H
2 /‘ ————— Before Release
400 % -
¢ — — — — After Release
200 = I . Before Test —
. | ! = After Failure (525 kKN)
0 500 1000 1500 2000 2500 3000 3500
Distance Along Girder (mm)

Figure 4.26 - Approximate Strand Stress at Different Times for Girder 1-E
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to yield the strand strain before the test. These values were subsequently used to
calculate the average strand stress, which is plofted in Figure 4.26. Strain
measurernents were also taken imunediately after flexural failure. These values were
also converted to strand strain and then to steel stress using the stress-strain plot in

Figure 3.13. These values are plotted as the heavy solid line in Figure 4.26.

The strain values used to develop this plot do not account for steel relaxation
or strand slip during testing, and thus, the steel stress values cannot be considered
entirely accurate. However, the resulting plot is still quite useful as it shows,
qualitatively, the variation of strand stress with time. The increases in strand stress
due to the applied loading can be clearly seen. It is apparent that these increases did
not reach the transfer region and that the embedment length tested was apparenty
greater than the development length. It is also clear that an increase in strand stress
had occurred in the transfer region. This appears to result from shear cracks which

had propagated through or near the strand anchorage region.

4.7.2 Test1-W

Development length testing was performed on end “W” of girder 1 fifty-nine
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Figure 4.27 - Girder 1 After Testing
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days after girder casting. In this test, the load was applied at 2057 mm (81 in.) from
the end of the member. By this time, the girder concrete had a compressive strength of
77 MPa (11 ksi), while the topping slab concrete had obtained a compressive strength

of 55 MPa (8.0 ksi).

The test procedure was the same as that used in the first test. Cracking was
first observed at a load of approximately 356 kN (80 kips), which corresponds to a
maximum moment of 584 kN-m (431 kip-ft.). A flexural compression failure
occurred at a load of approximately 534 kN (120 kips), which corresponds to a

maximum moment of 876 kN-m (646 kip-ft.). The maximum shear at failure was 444

kN (100 kips).

No strand slip was observed to occur during this test. The deflection measured
beneath the load point during the test is plotted in Figure 4.28. Flexural cracking was

even and well distributed as shown in Figure 4.27.
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Figure 4.28 - Load versus Deflection for Test 1-W
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Figure 4.29 shows the variation of average strand stress with distance along

the girder. This plot was developed following the procedure discussed in the previous

section. Figure 4.29 clearly shows the increases in strand stress due to the applied

loading. It is apparent that these increases did not reach the transfer region and that

the embedment length tested was apparently greater than the development length.
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4.7.3 Test 2-W
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Figure 4.29 - Approximate Strand Stress at Different Times for Girder 1-W

Development length testing was performed on end “W™ of girder 2 sixty-nine

days after girder casting. In this test, the load was applied at 1918 mm (76 in.) from

the end of the member. By this time, the girder concrete had a compressive strength of

77 MPa (11 ksi), while the topping concrete had a compressive strength of 55 MPa

(8.0 ksi).
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Figure 4.30 - Load versus Deflection for Test 2-W

Cracking was first observed at a load of approximately 356 kN (80 kips),
which corresponds to 2 maximum moment of 557 kN-m (411 kip-ft.). A flexural
compression failure occurred at a load of approximately 534 kN (120 kips), which
corresponds to a maximum moment of 681 kN-m (502 kip-ft.). The maximum shear
at failure was 504 kN (113 kips). The deflection measured beneath the load point
during the test is plotted in Figure 4.30. Flexural cracking was even and well

distributed as shown in Figure 4.32,

Eight of the nine strands began to slip at a load of approximately 489 kN (110
kips). However, the maximum strand slip measured at failure was only 0.127 mm
(0.005 in.). This strand slip did not appear to adversely affect the behavior of the
girder and it was concluded that the development length required was shorter than the

embedment length used in the tests.
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Figure 4.31 - Approximate Strand Stress at Different Times for Girder 2-W

Figure 4.31 shows the variation of average strand stress with distance along
the girder. This plot clearly shows the increases in strand stress due to the applied
loading. It is apparent that these increases did not reach the transfer region and that

the embedment length used was apparently greater than the development length.

In the transfer region, a significant stress increase is seen to occur for loads
greater than the first slip load of 489 kN (110 kips). This increase is probably due to

the significant shear cracking observed in the transfer region which had propagated
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Figure 4.32 - Girder 2 After Testing

121



through the strand anchorage region. The increase in strand stress might have led to

the small strand slips measured (see Appendix D).

4.7.4 Test 2-E

Development length testing was performed on end “E” of girder 2 seventy-
six days after girder casting. In this test, the load was applied at 1651 mm (65 in.)
from the end of the member. By this time, the girder concrete had a compressive
strength of 77 MPa (11 ksi), while the topping concrete had a compressive strength of

55 MPa (8.0 ksi).

Cracking was first observed at a load of approximately 400 kN (90 kips),
which corresponds to a maximum moment of 555 kN-m (409 kip-ft). A flexural
compression failure occurred at a load of approximately 601 kN (135 kips), which
corresponds to a maximum moment of 831 kN-m (613 kip-ft.). This failure occurred

at a lower moment than expected, apparently due to a poorly compacted section of
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Figure 4.33 - Load versus Deflection for Test 2-E
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topping slab near the load point. The maximum shear at failure was 521 kN (117
kips). The deflection measured beneath the load point during the test is plotted in

Figure 4.33. Flexural cracking was even and well distributed as shown in Figure 4.32.

Seven of the nine strands began to slip at a load of approximately 445 kN (100
kips). However, the maximum strand slip measured at failure was only 0.178 mm
(0.007 in.). This strand slip did not appear to adversely affect the behavior of the
girder and it was concluded that the development length required was probably

shorter than the embedment length used.

Figure 4.34 shows the variation of average strand stress with distance along
the girder. This plot clearly shows the increases in strand stress due to the applied

loading. It is apparent that these increases were close to, but did not reach the transfer
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Figure 4.34 - Approximate Strand Stress at Different Times for Girder 2-E
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region and that the embedment length used was apparently greater than the

development length.

In the transfer region, a significant stress increase is seen to occur for loads
greater than the first slip load of 445 kN (100 kips). This increase is probably due to
the significant shear cracking observed in the transfer region which had propagated
through the strand anchorage region. The increase in strand stress might have led to

the small strand slips measured (see Appendix D).

4.7.5 Test 3-E

Development length testing was performed on end “E” of girder 3 eighty-
three days after girder casting. In this test, the load was applied at 1524 mm (60 in.)
from the end of the member. By this time, the girder concrete had a compressive

strength of 77 MPa (11 ksi), while the topping concrete had a compressive strength of

55 MPa (8.0 ksi).

S 300
200 f/
o
Ve

0 10 20 30 40 50 60 70
Deflection at Load Point (mm)

Figure 4.35 - Load versus Deflection for Test 3-E
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Cracking was first observed at a load of approximately 445 kN (100 kips),
which corresponds to 2 maximum moment of 577 kN-m (425 kip-ft). All nine strands
began to slip at a load of approximately 534 kN (120 kips). This slip increased rapidly
as load was increased, ultimately reaching a maximum slip of 2.29 mm (0.09 in.), as
shown in Appendix D. A sudden and violent shear failure occurred at a load of
approximately 672 kN (151 kips), which corresponds to 2 maximum moment of 831
kN-m (613 kip-ft.). The strand slip led to the sndden shear failure. The maximum

shear at fajlure was 587 kN (132 kips).

The deflection measured beneath the load point during the test is plotted in

Figure 4.35. Flexural cracking was even and well distributed as shown in Figure 4.37.

Figure 4.36 shows the variation of average strand stress with distance along
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Figure 4.36 - Approximate Strand Stress at Different Times for Girder 3-E
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the girder. This plot clearly shows the increases in strand stress due to the applied
loading. It is apparent from this figure that the flexural bond stress increase had
reached the end of the transfer region at failure. This behavior indicates that the

embedment length used was probably the minimum development length required.

In the transfer region, a significant increase in strand stress is seen to occur for
loads greater than the first slip load of 534 kN (120 kips), due to the significant shear
cracking which had propagated through the strand anchorage zone. However, due to
the strain incoropatibility resulting from the large strand slip, the accuracy of the

strand stress plot is questionable.
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Figure 4.37 - Girder 3 After Testing

4.7.6 Test3-W

Development length testing was performed on end “W” of girder 3 ninety
days after girder casting. In this test, the load was applied at 1497 mm (59 in.) from
the end of the member. By this time, the girder concrete had a compressive strength of

77 MPa (11 ksi), while the topping concrete had a compressive strength of 55 MPa

(8.0 ksi).

Cracking was first observed at a load of approximately 445 kN (100 kips),

which corresponds to 2 maximum moment of 559 kN-m (419 kip-ft). All nine strands
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Figure 4.38 - Load versus Deflection for Test 3-W

began to slip at a load of approximately 445 kN (100 kips). This slip increased rapidly
as load was increased, ultimately reaching a maximum slip of 2.03 mm (0.08 in.). At
a load of approximately 645 kN (145 kips), corresponding to a maximum moment of
831 kN-m (613 kip-ft.), a flexural compressive failure occurred. When this failure
occurred, several very large shear cracks opened near the load point. The strand slip

was the apparent cause of this failure.

The maximum shear at failure was 552 kN (124 kips). The load is plotted
against the deflection measured beneath the load point in Figure 4.38. Flexural

cracking was even and well distributed as shown in Figure 4.37.

Figure 4.39 shows the variation of the average strand stress with distance
along the girder. This plot clearly shows the increases in strand stress due to the
applied loading. It is apparent from this figure that the flexural bond stress increase

had propagated close to the end of the transfer region at a load of 623 kN (140 kips).
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In the transfer region, a significant increase in strand stress is seen to occur for
loads greater than the first slip load of 445 kN (100 kips), due to the significant shear
cracking which had propagated through the strand anchorage zone. However, due to
the strain incompatibility resulting from the large strand slip, as mentioned

previously, the accuracy of the strand stress plot is questionable.
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Figure 4.39 - Approximate Strand Stress at Different Times for Girder 3-W

4.7.7 Summary of Results

Both ends of girder 3 were tested at an embedment length of approximately
1524 mm (60 in.) and exhibited significant strand slip at failure. Additionally, the
strand stress plots for the last two tests show that the flexural bond stress reached the
transfer region at failure. These factors indicate that the development length for the

girders is approximately 1524 mm (60 in.). However, it is important to note that

128



strand slip was first observed in test 2-E at an embedment length of 1918 mm (76 in.).

Nonetheless, no bond-slip failure was observed to occur in test 2-E.

In all of the tests, increases in strand stress occurred in the transfer region.
This was apparently due to shear cracking in the transfer region which had propagated
through the strand anchorage zone. It is, however, unclear how these increases might

have affected the behavior of the girders.

Results pertaining to each of the tests are summarized in Table 4.11.
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Table 4.11 - Summary of Development Length Test Results

Test Designation

1-E

1-W

2-W

2-E

3-E

3-W

Test Date

10/2/96

10/11/96

10/21/96

10/28/96

11/4/96

11/11/96

Concrete Age
(Days)

50

59

69

76

83

%0

Girder
Compressive
Strength
MPa (ksi)

76.0 (11.0)

76.5(11.1)

769(112)

77.1(112)

773(112)

T15(112)

Topping Slab
Compressive
Strength
MPa (ksi)

54709

549 (8.0)

55.1(8.0)

552(8.0)

55380

55380

Embedment
Length

mm (in.)

2159(85)

2057 (81)

1918 (76)

1651 (65)

1524 (60)

1497 (59)

Failure Load
kN (kips)

525(118)

534 (120)

601 (135)

601 (135)

672 (151)

645 (145)

Failare
Moment®
kN-m (kip-ft.)

925 (682)

907 (669)

967 (714)

857 (632)

895 (660)

848 (626)

Maximum
Shear®
KN (kips)

431 (97)

444 (100)

504 (113)

521(117)

587 (132)

568 (128)

Maximum
Deflection
under Load
mm (in.)

71(2.8)

69 (27)

70 (2.8)

532.1)

64(25)

58(23)

Maximum
Slip
mm (in.)

0

0.127 (0.005)

0.178 (0.007)

2.29 (0.09)

2.03(0.08)

Failure Type

Hexure

Flexure

Flexure/Slip

Flexure/Slip

Ship/Shear

Slip/Flexure-
Shear

(1) Includes girder self weighs
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5. DISCUSSION OF TEST RESULTS

5.1 FLEXURE AND SHEAR STRENGTH

Flexural strength was calculated for each of the girders using the formulas
given in Section 9.17.2 of the AASHTO Specifications [1]. Shear strength was
calculated for each of the girders using the formulas given in Section 9.20 of the
AASHTO Specifications. The material properties measured at the time of each test
were used in these calculations. The results of these calculations and the measured
values from the tests are shown in Table 5.1. The maximum moment, M., and the

maximum shear, Vi, shown in Table 5.1 include the girder self weight.

Table 5.1 - Comparison of Calculated Flexure and Shear Strength to the Maximum
Values Obtained in the Tests

Test Miet M, assuTO M, Viest Vp,aasa10

kN-m (kipft.) | kN-m(kip-ft) | M, . | KN (kips) | kN (kips)
1-E 925 (682) 872 (643) 1.06 432 (97) 628 (141)
1-W 907 (669) 874 (644) 1.04 444 (100) 639 (144)
2-W 967 (714) 874 (645) 1.11 504 (113) 661 (149)
2-E 857 (632) 874 (645) 0.98 521 (117) | 703 (158)
3-E 895 (660) 874 (645) 1.02 589 (132) 729 (164)
3.W 848 (626) 874 (645) 0.97 568 (128) | 729 (164)

The failure moments developed in all the tests were close to the nominal
moment strength predicted using the AASHTO formula. In two of the six tests,
however, the measured failure moment was somewhat less than the value predicted by
the AASHTO formula. For test 3-W, the bond failure observed probably led to the

lower than predicted failure moment. The failure moment for test 2-E was lower than
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predicted probably due to a premature compression failure of a poorly compacted

section of topping slab near the load point.

The maximum measured shear in the girder tests never reached the shear
capacity calculated with the AASHTO Specifications. However, both ends of girder 3
failed, in whole or in part, by shear. It appears that the strand slip observed in both of

these tests led to the premature shear failures.

5.2 TRANSFER LENGTH

5.2.1 Comparisons with Design Formulas

The average measured transfer length for these girders and the transfer length
calculated using the AASHTO formula are shown in Table 5.2. Calculation of the
transfer length using the AASHTO formula required the calculation of the effective
prestress, fs.. The AASHTO Specification defines this value as the strand stress after
all losses have occurred. Losses typically reach approximately constant values after 2
or 3 years. For the girders in the test program, the last prestress loss measurements
were taken ninety days after casting. Thus, in order to calculate a representative value
for the effective prestress, a time step procedure [17] was used to estimate long-term

prestress losses.

After three years, the total prestress loss was calculated to be 455 MPa (66
ksi). This yields an effective prestress of 952 MPa (138 ksi). Substituting this value

into the AASHTO formula for transfer length, with a strand diameter of 15.2 mm (0.6
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Table 5.2 - Measured and Calculated Values of Transfer Length for the Girders

Estimated Total | Estimated Effective Lt test Lisasaro | Ly 45810
Prestress Losses Prestress, f:. mm (in.) mm (in.) L
MPa (ksi) MPa (ksi) bt
455 (66) 952 (138) 593 (23.4) 701 (27.6) 1.18

in.), yields a transfer length of 701 mm (27.6 in.). This value is 18% greater than the
average transfer length, L., measured night after stress transfer. These results are

summarized in Table 5.2.

5.2.2 Sources of Errors

The accuracy of the determination of transfer length depends primarily on the
accuracy of the strain data measured. Errors in strain readings can be introduced
directly through human errors, resolution of reading devices, and poorly anchored
target points. Errors due to these factors are thought be insignificant as every effort

was made to reduce these sources of error to the minimum possible.

Errors can also be introduced as a result of temperature changes in the
concrete. The most significant temperature changes occurred during girder curing as a
result of the heat generated by concrete hydration. For these girders, initial strain
readings were not taken until 41 hours after girder casting by which time the
temperature in the concrete had dropped to the surrounding ambient temperature.

Thus, errors due to these effects are thought to be minor.
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5.3 DEVELOPMENT LENGTH

5.3.1 Comparisons with Design Formulas

The AASHTO formula was used to calculate the development length for

comparison to the experimental results. The strand stress at failure, f,;, was calculated

using AASHTO Eq. (9-17). The effective prestress used was the same as that used in

the transfer length calculations (see Table 5.2). Using these values, the AASHTO

formula yields a development length of 2332 mm (91.8 in.).

As shown in Figure 2.5, the AASHTO equation is expected to yield values

which fall between the embedment length at which slip first occurs and the

embedment length at which general bond failure occurs [20]. In the girder tests, slip

was first observed at an embedment length of 1930 mm (76 in.). General bond failure

was first observed at an embedment length of 1524 mm (60 in.). The development

length calculated using the AASHTO formula is 21% greater than the embedment

length, L. qip, at which slip first occurred and 53% greater than the embedment length,

Le bond, at which general bond failure occurred.

Table 5.3 - Measured and Calculated Values of Development Length for the Girders

Estimated Embedment Embedment Ld,AASHTO L d,AASHTO L &,AASHTO
Strand Length at First Length at General L L
Stressat | Slip, Leip Bond Failure, sslip &bond
Failure, f; mm (in.) Lepona
mm (in.) mm (in.)
MPa (ksi)
1689 (245) 1930 (76) 1524 (60) 2332 (91.8)| 1.21 1.53
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5.4 COMPARISON WITH PREVIOUS STUDIES

Reported values of transfer length from recent studies on 15.2 mm (0.6 in.)
diameter strand range from 363 mm (14.3 in.) to 1417 mm (55.8 in.). In agreement
with those studies using high strength concrete, the results from this study fall near

the lower end of this range [9, 16].

Reported values of development length from recent studies using 15.2 mm
(0.6 in.) diameter strand range from 762 mm (30 in) to 3353 mm (132 in.). Once
again, in agreement with those studies using high strength concrete, the results from

this study fall near the lower end of this range.

Transfer and development lengths were calculated for the girders using the
equations, as listed in Table 2.1, proposed by various researchers. The values used in
the calculations are shown in Table 5.4. The strand stress values at various times were
derived using the methods and values presented in the preceding sections. The

material properties and the end slip, J,,,, are the average of the experimental data

Table 5.4 - Values used in Proposed Equations

Variables used (average values):

f:o in MPa (ksi) | Strand Stress Immediately Prior to Release 1407 (204)
| f«i in MPa (ksi) Initial Prestress 1265 (184)
fse in MPa (ksi) Effective Prestress 952 (138)
fps in MPa (ksi) | Strand Stress at Ultimate Flexural Capacity 1689 (245)
- Strand Strain at Ultimate Flexural Capacity 0.011
A (0.6+40¢,, ) 1.040
dp in mm (in.) Nominal Strand Diameter 15.2 (0.6)
E; in GPa (ksi) Strand Modulus of Elasticity 198 (28700)
~f; in Pa (psi) Concrete Compressive Strength at Release | 53779 (7800)
f'.in Pa (psi) | Concrete Compressive Strength at 28 Days | 77221 (11200)
Oavg IN Mm (in.) End Slip of Strand at Transfer 1.50 (0.059)
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Table 5.5 - Transfer and Development Lengths from Proposed Equations

Authors L La
mm (in.) mm (in.)
Martin and Scott 1219 (48) NA
Zja and Mostafa 780 (30.7) 2819 (111)
Cousins, et al. 536 (21.1) 2723 (107.2)
Shahawy, et al. 932 (36.7) NA
Mitchell, et al. 572 (22.5) 1605 (63.2)
Deatherage, et al. 932 (36.7) 3378 (133)
Buckner 932 (36.7) 2629 (103.5)
Slip Theory 422 (16.6) 1402 (55.2)
Measured 594 (23.4) 1524 (60)

obtained in this study as presented in Chapters 3 & 4.

The results calculated with the proposed equations are shown in Table 5.5.
Most of the proposed formulas, except the formulas proposed by Mitchell et al. and
the slip theory, substantially overestimate the transfer and development length for
these members. Overall, the formulas proposed by Mitchell et al. yield results closest
to the measured values of transfer and development length. Their equations are based
on tests which included members with high strength concrete. They have found that
members made of higher strength concrete have shorter transfer and development
lengths, and their equations include a concrete strength factor to account for this

effect.
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6. SUMMARY AND CONCLUSIONS

6.1 SUMMARY

This study investigated the transfer and development length of Grade 270,
15.2 mm (0.6 in.) diameter prestressing strand spaced at 51 mm (2 in.) on center in
high performance concrete. Three box girders with composite topping slabs were
tested in the program. These girders were 381 mm (15 in.) wide, 553 mm (21.8 in.)
high and spanned 10185 mm (401 in.). Concrete compressive strength for the main
girder section was approximately 54 MPa (7.8 ksi) at release and 77 MPa (11 ksi) at
the time of development length tests. The girders were pretensioned using nine
strands with a strand stress just before release of approximately 1407 MPa (204 ksi).

The strand was supplied by a single manufacturer.

6.2 CONCLUSIONS

The conclusions of this study are as follows:

1. The average transfer length for the girders was determined to be 593 mm (23.4

in.) at release and 633 mm (25 in.) at 28 days.

2. The development length for the girders was determined to be about 1524 mm (60

n.).
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. The AASHTO/ACI formulas for transfer and development length overestimate the
transfer and development lengths for these girders. The formula for transfer length
yields a value 1.18 times the average value measured right after stress release. The

formula for development length yields a value 1.53 times the measured value.

. With the exception of the Slip Theory and the formulas recommended by Mitchell
et al., the equations for transfer and development length selected from the
literature generally overestimate the results from this study. Mitchell et al.’s
formula for transfer length underestimates the average measured transfer length by
a factor of 0.96, while their formula for development length overestimates the

measured value by a factor of 1.05.
. The average pullout strength for the untensioned strand was 215 kN (48.3 kips).
. The average strand slip measured at prestress release was 1.49 mm (0.059 in.).

. The ACI equation for the modulus of rupture of concrete appears to be
conservative for the 69 MPa (10 ksi) concrete used in this study, while the
equation for the modulus of elasticity tends to yield values higher than the
experimental values. For the modulus of elasticity, the equation proposed by
resecarchers at Cornell University provides a good correlation with the

experimental data.

. The camber calculated with the time-step method, based on the measured creep
data, appears to be much higher than the measured cambers. A much better

correlation between the measured and the caiculated cambers is obtained when the
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creep strain is calculated with an empirical equation based on the ultimate unit
creep strain recommended by researchers at Cornell University for 69 MPa (10

ksi) concrete.
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APPENDIX A. CONCRETE STRESS-STRAIN PLOTS

Plots of siress-strain curves for the pgirder concrete are presented in this

appendix.
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Figure A.l - Stress-Strain Curves for Air Cured Girder Concrete at 2 Days
(CTL/Thompson) (1 psi = 6.89 x 10° Pa)
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APPENDIX B. GIRDER CONCRETE CREEP PLOT

A plot of the creep data obtained by CTL-Thompson for the girder concrete is

shown in this appendix.
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Figure B.1 - Girder Concrete Creep Plot (CTL/Thompson)
(1 psi = 6.89 x 10° Pa)
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APPENDIX C. GIRDER CURING TEMPERATURE PLOTS

Temperatures measured by the thermocouples in each of the girders over the

first 21 hours after casting are shown in the plots in this appendix.
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APPENDIX D. STRAND SLIP PLOTS

Strand slips measured by the LVDT’s during each girder test are shown in this

appendix. Only the results from tests in which strand slip occurred are shown.
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Figure D.1 - Strand Slip Measurements from Test 2-W




0.18 050
0.16 0.45
0.14 N 0.40
g on 2 0%
g 0.
0.10
= R £ 025
z 008 £ 020
£ o.
E‘ 2‘33 = 015 X
K 40 { g 010 MM
w
0.02 $AHHH \1 im SRR 'L 1R § W 0.05 4 hy
0.00 {114 i 0.00 44
-0.02 260 4 600 0 200 4060 600
Load (kN) Load (kN)
0.10 0.20
0.08
0.15
E 0.06 ’E\
£ 004+ ﬁ | ] £ 010
2 @
w 002 2 0.05
-] -3
| £ 0 I % 00 LA gAY
-0.02 , MR vzqo ST
-0.04 -0.05 i
Load (kN) Load (kN)
0.15 0.20
0.10 0.15
B T o.10
£ 005 E
2 £
@ NN 00
T 0.00 T4 9
g l\ﬂ\]\] | g 0.00
-0.05 0.05
-0.10 -0.10
Load (kN) Load (kN)
0.20 0.40
0.15 030
- —~ 0.20
E 0.10 g€
é é 0.10 A [N WY 1 \al
a &
& 005 7 "111 \ITL
% T 1T
g 0.00 < A p J § _0_10‘ [ 0 \ } I1 vg.
-0.05 i —] ! 020
010 0.30 |
Load (kN) Load (kN)

Figure D.2 - Strand Slip Measurements from Test 2-FE

162




0.40 0.40 —
035 035
E 025 0.25
= g 020
£ 020
@ 015 E o015
- 3 £ 010
8 0.10 ’ -]
17 J 2 0.05
0.05 é 0.00 -
0.00 ~ -0.05 2 4601 500
0 200 400 600 -0.10
Load (kN) Load (kN)
0.50 , 025
’l
g‘:g 0.20
~ 035 2 0.15
£ 030 E 0.10
e 025 =
% 0.20 7 005
b1 =
E 0.15 g 0.00
£ 0.10 z vl 0 0
7 0‘05 % 0.05 $H-V
0.00 JerN™H ' -0.10
0 200 400 600 0.15 ;
Load (kN) Load (kN)
0.40 0.60 )
0.35 ) 0.50 \
030 [ﬁ
E 025 1 g 0.40 J}I
3 020 Z 030 o i
; 0.15 ; 0.20 f
g 0.10 v £ 0.10
“ .05 @ -
0.00 4 0.00 1 '
-0.05 4 600 | -0.10 0 60 |
Load (kN) Load (kN)
1.20 2.50 |
1.00 j 2.00 {)
g 0480 € 150
£ ye0 g
e = 1.00
% 0.40 @ -
[
050
5 o020 g i
] 0.00 + ;
0.00 [y graprarrt-ayfi ;
020 200 490 600 0.5 290 490 0 |
Lozd (kN) Load (kN)

Figure D.3 - Strand Slip Measurements from Test 3-E

163



0.35 ] 0.30
0.30 020
- 0125 0-10
g o020 H | o oo
= 0.15 £
& £ 010 Y600
@ 010 =
E 0.05 E-o.zo 1 I
% 0.00 frmreroryh E -0.30
-0.10 0.50
Load (kN) Load (kN)
0.15 0.70 ;
0.60
0.10 050
T £ v40
E 005 £ p
< £ 030
2 7 u;_f,
F 0.00 4 — | =
e 0.20 o
S 500 g 3y
E 005 Z 0.10
w - T LR A )}
r—’ 0.00 r o . [\n‘, . g-vs
-0.10 0.10 200 4
Load (kN) Load (kN)
0.50 ( 0.35
0.40 0.30
0.25
E 0.30 - - + ~ 0.20
E 620 E, 0.15
= =
g i = 0.10
2 0.10 @
2 Ky T 005
E .00 ] £ 0.00 £
= AR "’
010 2 ¢ 600 -0.05 600
-0.10 } !
-0.20 0.15
Load (kN) Load (kN)
1.00 fl 1.80
1.60
80
0 \ 1.40
'E 0.60 'E 1.20 1
£ 0.40 g 1.00
£ & 0.80
£ 020 ; & oo Py
g 0.00 Ty E 0.40 —
% -0.20 [ 0 400 6 Z 020 '
0.001Wc~ﬁﬁwn-
-0.40 -0.20 4 Jhe 646
-0.60 0.40
Load (kN) Load (kN)

Figure D.4 - Strand Slip Measurements from Test 3-W

164




APPENDIX E. STRAND CHEMICAL TEST RESULTS

The results of chemical tests performed on samples of strand by Hauser
Chemical Research Company are presented in this appendix. These strand samples

were taken from the same roll of strand as the strand used in the test girders.
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HAUSER'

June 10, 1997
Test Report No, M80011

CLIENT: University of Colorado at Boulder
Dapartment of Civil, Environmants! and
Architectural Engineeting
Bouldsr, CO 80308-0428

Arttn; Professor P. Benson Shing

MATERIALS: Two coated metat samples received 5/9/97 not labeled, described as:

1. Braided Metal Cable
2. Braided Metal Cable

TESTS: Determine amount of phosphate coating on braided steel cable using
the client-supplied method below:

TEST METHOD: The sub-sample was prepared by cutting each of the 7-wire samples
received for testing into sections varying from 1 3/16 to 1 3/4” long.
The weight of each segment was mesasured tn 0.1 mg.

A stipping solution consisting of 20% (w/w) chromium trioxide was
heatsd to 1B0 - 200°C. A section of the test wire was weighed to 0.1
mg and its surface area was datermined in sguere inches. The wire
was immersed in the hot stripping solution for two minutes. The wire
was removed and rinsed promptly in cold running water. The wire
was dried by dipping in acetone and holding the wire in front of a fan.
The stripped wira was reweighed.

The wira sections were identified as 125-n for Sample #1 and 126-n
tfor Sample #2.

This report nm:l to the sampls, or eamples, invastigated and is not 1ly inal ef the qumllty ar condition
of mpparently ticol or similar products. Ax a mutual protection to clienta, the public and these Laboratorias, this

spor rmitted and for the axclusive ume of tha cliant to whos it is addraxsed and apon the ccodition that
it is not to be used, in whole or in part, in any advertising or publicity mattar without prior writren anthorizeticn fram
Hausar lLaboratoriss. This report may be copled anly in itp entirety,

HAUSER CHEMICAL RESEARCH, INC. o
5555 Alrport Bivd, » Boulder. CO 80301-2335 » Ph: (303) 443-4662 = FAX: (303) 441-5800 DX
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June 10, 1997
Test Report No. M80011
Page 2 of 3

The length of each cut section was measured using a dial caliper, The
diameters were measured twice, at 90°, and the average was

reparted.

The surface area of the wire was calculated without
considering the cut ends.

RESULTS: The resuits of the stripping operations are given in Tables | and Il
Table |
WIRE LENGTH  DIAMETER Mass Mass PHOSPHATE,
SECTION BEFORE AFTER MG/SQ IN.
NUMBER STRIPPING  STRIPPING
125-1 1.843 0.1970 7.1483 7.1437 4.034
125-2 1.8356 0.1968 6.8906 6.8874 2.821
125-3 1.828 0.1963 7.0802 7.0760 3.724
1254 1.684 0.1965% 6.5120 6.5082 3.855
126-6 1.698 0.1966 6.5703 8.5649 6.151
125-6 1.718 0.1982 6.6288 6.6265 2.172
1256-7 1.828 0.1963 2.1001 7.0946 4.880
125-8 1.672 0.20869 7.1635 7.1611 2.208
125-9 1.810 0.2071 7.7635 7.7618 1.444
125-10 1.835 0.1971 7.1364 7.1328 3.169
125-11 1.753 0.1973 6.8026 6.7995 2.854
125-12 1.685 0.1865 6.2710 6.2680 2.884
125-13 1.727 0.2070 7.391¢8 7.3887 2.849
125-14 1.762 0.1983 6.7104 6.7070 3.147
125-15 1.828 0.1984 7.0768 7.0705 5.584
125-16 1.B85 0.1972 6.5873 6.5830 4,120
125-17 1.884 0.1985 8.5202 6.5170 3.078
125-18 1.753 0.1972 6.7851 6.7805 4.237
125-18 1.780 0.1983 8.4993 6.4959 3.097
125-20 1.879 0.1971 6.5558 B6.5524 3.271
125-21 1.689 0.1968 6.5108 6.5061 4.501
Averages 0.1982 8.8431 6.8393 3.470
Standard deviations 0.0037 0.3654 0.36556 1.030
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June 10, 1997
Test Report No. M80011

Page 30of 3
Table

WIRE LENGT™  DIAMETER Mass Mass PHOSPHATE,
SECTION BEFORE AFTER MG/SQ IN.
NUMBER STRIPPING  STRIPPING

126-1 1.390 0.1964 6.4040 5.4022 2.098

126-2 1.306 0.1973 6.4053 5.4007 5.318

126-3 1.451 0.1988 5.8184 B5.6143 5.470

1264 1.769 0.1872 6.8602 6.8556 4.188

128-6 1.425 0.1967 5.4648 5.4807 4.656

126-7 1.737 0.2069 7.4484 7.4463 1.860

126-8 1.424 0.1968 5.4935 5.4899 4.090

126-9 1.742 0.19863 6.7389 6.7331 3.538
126-10 1.736 0.19862 6.7122 8.7083 2.710
126-11 1.764 0.1864 6.8048 6.8004 3.882
126-12 1.467 0.1965 5.6897 5.6865 3.534
126-13 1.460 0.2071 8.2877 6.26563 2.527
126-14 1.492 0.1972 5.8274 5.8236 4.111
128-15 1.733 0.1964 6.7340 6.7288 5.052
126-18 1.393 0.20869 5.9757 5.9738 2.099
128-17 1.392 0.1872 5.4227 5.419b6 3.711
128-18 1.491 0.1871 5.8082 5.8056 3.901
128-19 1.478 0.1966 5.7083 5.7054 3.178
128-20 1.421 0.1965 5.4894 5.48556 4.448
126-21 1.455 0.1973 5.6318 6.6281 4.103

Averages 0.1983 6.0252 6.0217 3.6791
Standard deviations 0.0038 0.6288 0.6286 0.9911

COMMENTS:

WORK PERFORMED BY:

Perry Christopher, Technician Il -

W UPERVISED BY:

al mer
Senior Chemist
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Section 126-5 was dameged during processing and was deleted from
the data set.

REPORT REVIEWED BY:

Elutham

John Elverum
Staff Chemist
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