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The research presented in this document is an in-depth analytical study of

the bond behavior of strand in the end region of pre-tensioned prestressed concrete

members, especially with respect to the transfer and development length of fully

bonded and debonded strands. A detailed analytical investigation of several

significant test specimens from Project 1210 and U-Beams from Project 9-580 was

performed using the finite element method and other numerical methods.

Additionally, an axi-symmetric finite element analysis of concrete cylinders

containing fully bonded and debonded strands was performed to study the state of

stress in the concrete surrounding the strands just after transfer of prestress.

The current investigation involved developing a technique to model the

transfer and flexural bond zone of a pre-tensioned member. The modeling approach

developed for this research allowed for slip between the strand and the concrete in the

transfer and flexural bond zone of the member. The FE analysis also allowed for

modeling the cracking and crushing of the concrete, and modeling of the non-linear

behavior of the strand. 

A typical analysis of a specimen involved comparing the external

parameters such as the load-deflection relationship and the overall cracking response
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from the test and the analysis. Assuming a favorable comparison of the external

parameters, which was usually obtained, the internal parameters such as the bond

stress, steel stress and concrete stress profiles determined analytically were examined

for the entire loading history of the test. This information could not be determined

experimentally, and hence knowledge of the internal parameters provided an in-depth

understanding of the actual behavior of each test specimen during the course of the

test. 

The results from the analytical and experimental work were used to develop

a simple behavioral model to determine the development length of 0.5-inch and 0.6-

inch strand for any pre-tensioned member containing fully bonded and debonded

strands. The model was tested against the different test series from Project 1210 and

other relevant research studies. The research study concluded with a brief discussion

on code implications and general recommendations for design.
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CHAPTER 1.    INTRODUCTION

1.1 GENERAL

Prestressed concrete members whether post-tensioned or pre-tensioned

require that an adequate mechanism exist by which the prestressing force is held in

the member at the stage of transfer, and up to the flexural failure load of the member.

While the stress in the strands at service loads is less than the stress at nominal

strength of the member, it is essential that the anchorage mechanism of the strands be

adequate to hold the stress in the strands at nominal strength of the member. 

In post-tensioned members, the anchorage assembly provides a mechanical

method of holding the prestressing force. There are criteria set forth by governing

codes on the required performance of the anchorage assemblies at these high stress

levels. 

In pre-tensioned members, the anchorage mechanism is provided by bond

between the strand and concrete at the end of the member. This mechanism needs to

be preserved all the way up to the failure load of the member. A loss of the anchorage

mechanism can have dire consequences in prestressed concrete members and should

be avoided at all costs. 

The research described in this document involves a detailed analytical

investigation of the bond behavior in the end region of pre-tensioned prestressed

concrete members. A technique to model the bond between strand and concrete in the

end region of a pre-tensioned member was developed and analyzed using the finite

element method.    
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1.2 BOND IN PRE-TENSIONED MEMBERS

The prestressing force in pre-tensioned prestressed concrete members is

held by bond between the strands and surrounding concrete in the end regions of the

member. The bond resistance is developed due to the following: the adhesion

between the steel and concrete, the mechanical interaction due to the helical shape of

the strands, and friction/anchorage bond at the end of the member. (Also commonly

referred to as the 'Hoyer Effect' 
[1]

)

In pre-tensioned members, the bond between concrete and the prestressing

strand is mobilized in two stages. The first stage involves the transfer of the

prestressing force to the concrete. The strands are initially tensioned and the force is

held temporarily against abutments in the prestressing bed. After the concrete has

been poured surrounding the stressed strands and gained sufficient strength, the

tension in the strand is transferred from the abutments to the concrete by either flame

cutting or a gradual release of the strands. 

The strand tension is now held through bond between the strand and

concrete in the end region of the member. The anchorage region of each strand is

spread around the surface of the seven-wire strand (Figure 1.1), and over a certain

length of the strand. This length is called the transfer length of the strand, and can be

defined as the length of strand required to make the prestressing force fully effective

in the concrete. The end region of the member in which the transfer takes place is also

referred to as the transfer region or the transfer zone of the strand.

After transfer, the stress in the strands at the very end of the member

reduces from the initial tension fi to zero. The stress in the strands beyond the transfer

region reduces slightly from the initial tension fi to the effective prestress fse, due to

the elastic shortening of the concrete.
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The loss of initial tension stress in the strands causes the strand to shorten in

the axial direction of the strand and to expand in the lateral or radial direction of the

strand (Poisson Effect). The lateral expansion of the strand produces radial forces on

the surrounding concrete. Due to friction between the seven-wire strand surface and

the concrete, enough frictional resistance is developed along the length of transfer to

hold the force in the strand. The frictional resistance developed is commonly referred

to as 'Friction Bond', or the 'Hoyer Effect', named after Hoyer 
[1]

 who was one of the

first to recognize and study this aspect of pre-tensioned prestressed concrete. 

The variation of strand diameter, and tension stress in the transfer region of

a typical pre-tensioned member is shown in (Figure 1.2). There is a strain differential

between the strand and the concrete in the transfer zone, since the cumulative or total

shortening of the strand (due to loss of prestress) is many times more than the total

shortening of the concrete (due to gain in precompression). This difference in total

shortening between the strand and concrete is called the 'end slip' of the strand, and is

the cause of sinking of the strands into the concrete. The contribution from adhesion

and mechanical interaction of the strand during transfer is relatively small compared

to the 'Hoyer Effect'.

The second stage of mobilizing the strand to concrete bond involves the

development of the strand stress from the effective prestress level fse to the stress fps at

nominal strength of the member. The additional length of strand required to attain the

stress level fps at nominal strength of the member is called the flexural bond length.

The summation of the transfer length and flexural bond length is defined as the

development length of the strand. The region in which the flexural development of

the strand takes place is called the flexural bond region or the flexural bond zone. 

As external loads are applied to the member, depending on the external

moment at a section, the stress in the strands increases beyond the effective prestress
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level. Bond stresses are produced in the shear span of the member. When the external

loads produce a moment greater then the cracking moment Mcr, the member will

crack at one or more locations. The cracking at a section reduces the stiffness of the

member at that section, causing a sharp increase in the strand stress at the crack

location. Since the total tension force is shared between the strands and the concrete,

the strand stress reduces gradually from a peak value at the crack to a minimum value

about midway between adjacent cracks. 

Bond stresses accompany the strand stress gradient, with the bond stress

being equal to zero at the crack itself, and the peak value occurring in the immediate

vicinity of the crack. Figure 1.3 shows a qualitative sketch of the strand stress,

concrete stress and bond stress distribution after flexural cracking has occurred in a

typical pre-tensioned member. As further loads are applied to the member, additional

cracking occurs and cracks open up considerably. The widths of the cracks are a

function of the tensile strain in the strand. The magnitude of stresses and strains

produced in the strands after flexural cracking depend directly on the capacity of

bond between the strand and concrete. 

The bond capacity affects the spacing and width of cracks. Typically, the

larger the bond capacity, the smaller the crack spacing and crack widths and the

smaller the bond capacity, the larger the crack spacing and crack widths. The

contribution to bond in the flexural bond zone arises from the adhesion between the

strand surface and concrete, and from the mechanical interlock / interaction due to the

helical shape of the strand. The contribution from friction resistance in this zone is

relatively insignificant.
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1.3 BACKGROUND AND CODE PROVISIONS

Studies on the nature of bond in pre-tensioned members date back to the

early 1900’s. Hoyer ‘s 
[1]

 paper is one of the earliest (1939) published works on

prestress transfer bond, wherein he proposed an equation for calculating the transfer

length of wire. Since then, numerous studies have been conducted to study the nature

of bond in pre-tensioned prestressed members, and in particular to determine the

transfer and development length of prestressing wires and seven-wire strand. Several

researchers have done detailed literature reviews on the subject over the years,

namely Stocker and Sozen 
[12]

, Zia and Mostafa 
[20]

, Malik 
[40]

, Cousins et.al. 
[41]

,

Russell and Burns 
[48]

, and more recently by Buckner 
[55]

. A detailed review of the

literature pertinent to this research is presented in the next chapter.

The current ACI 
[56]

 and AASHTO 
[58] provisions for the transfer and

development of strand are based primarily on tests performed by Hanson and Kaar 
[3]

and Kaar and Magura 
[6]

. The current equation for the development length of strand

that is fully bonded to the end of the member is as follows:

bsepsb
se

d dffd
f

L )(
3

−+=

The first part of the equation represents the transfer length, where fse is the effective

prestress in the strand after all losses, db is the strand diameter and the factor of “3” is

based on an average bond stress of 400 psi in the transfer region. The value of 400 psi

was deduced from many pre-tensioned beams tested at the PCA Laboratories 
[3]

. The

second part of the equation represents the flexural bond length, where (fps - fse) is the

increase in steel stress from the effective prestress level to the stress at ultimate

nominal strength of the member. The average bond stress along the flexural bond

length comes to 142 psi for 0.5 inch strand and 141 psi for 0.6 inch strand. This value

is based on a realistic perimeter of the strand, i.e. 4πd/3, where “d” is the average

diameter of the strand. Another interpretation for the value of average flexural bond

stress in the above equation is based on considering the strand to have a circular
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cross-section. This approach for the strand perimeter gives an average flexural bond

stress of 250 psi. 

For members, where the strand is not fully bonded (debonded) to the end of

the member, the codes require that the development length of the strand be doubled if

the member is designed to allow for tension stresses at service load conditions. In the

case of members designed for zero tension at service loads, the development length of

the strand need not be doubled. These provisions were based on tests conducted by

Kaar and Magura 
[6] and Rabbat et.al. 

[22]
 

The effect of reduced prestress at the ends of the member is addressed in the

shear design provisions. Sections 11.4.3 and 11.4.4 of the ACI code require a reduced

value of Vcw  at a section h/2 from the face of the support. The distribution of strand

force can be assumed to be linear with a transfer length of 50db. Similarly, for strands

that are not fully bonded to the end of the member, a reduced Vcw  must be used for

shear strength design.

The current code provisions for transfer and development of strand were

first incorporated in the 1963 ACI Building Code, and since then have practically

remained unchanged. Hanson and Kaar used stress-relieved Grade 250 strands in

their tests, which was the prevalent technology at the time. Current industry practice

makes use of Grade 270 low-relaxation strand, which has a slightly larger diameter

and is stressed initially at a higher tension stress compared to stress-relieved strand.

Using the same values for transfer bond stress used in the code equation, the transfer

length for Grade 270 strand is about 22 % longer. 

Several researchers have proposed various formulations for transfer and

development length of strand since the original code equation was adopted. The

reasons for proposing changes have been several. As mentioned above, one of the
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main reasons to re-evaluate the code equation was to reflect the higher grade,

relaxation characteristics and material properties of Grade 270 strands, use of higher

strength concrete, and the use of 0.6 inch diameter strand. Zia and Mostafa 
[20]

proposed equations for transfer and development length after a review of existing

literature. Their transfer length equation accounted for the effects of strand size,

initial prestress, and concrete strength at transfer. For the flexural bond length, they

recommended increasing the code specified length by 25%. 

Strand development rarely governs design of pre-tensioned members, with

the exception of short cantilevers and short span members. However, several bond

failures have been reported. This has led researchers to re-evaluate the code equations

for strand development. Martin and Scott 
[18]

 reported a failure of a 20 ft. span

shallow solid slab under construction loads. A subsequent load test of a similar slab

also resulted in bond failure at about 85 % of the calculated ultimate design capacity.

They proposed revising the code equation to make a closer fit to Hanson and Kaar’s
[3] test results. They suggested ignoring the contribution from mechanical interlock,

which was observed to add to the load carrying capacity of the member after

occurrence of initial strand slip. Moreover, the strands in Hanson and Kaar’s tests

were released gradually. Martin and Scott proposed equations for development

length, which took into account development of strand for short shallow pre-

tensioned members and also reflected results of additional tests conducted by Kaar,

LaFraugh and Mass 
[4]

.

Tests conducted by Cousins, Johnston and Zia 
[31]

 at North Carolina State

University on uncoated and epoxy coated strand gave significantly longer transfer

and development lengths, which led the Federal Highway Administration in 1998 to

issue a memorandum 
[63]

 (as described below) placing certain restrictions on the use

of seven-wire strands in bridge applications:
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A) The use of 0.6-inch diameter strand in pre-tensioned applications shall not

be allowed.

B) Minimum strand spacing (center to center) will be four times the nominal

strand diameter. 

C) Development length for all strand sizes up to and including 9/16 inch strand

shall be determined as 1.6 times AASHTO [58] Eq. 9-32.

D) Where strand is debonded at the end of a member and tension at service load

is allowed in the precompressed tensile zone, the development length shall

be determined as 2.0 times AASHTO [58] Eq. 9-32, as currently required by

AASHTO [58] (Article 9.27.3). 

1.4 PROJECT 1210 

The research work presented here originated from Project 3-5-89-1210 
[35]

,

titled “Influence of Debonding of Strands on the Behavior of Composite Prestressed

Concrete Bridge Girders”, which was funded by the Texas Department of

Transportation and the Federal Highway Administration. Debonding of strands in

bridge girders is an alternative to draping the strands to control and limit end region

tension and compression stresses. While the draped strands are fully bonded and are

located near, or at the center of gravity (c.g.) of the concrete cross-section at the end

of the member, the debonded strands run straight with full eccentricity and are not

fully bonded to the end of the member as seen in Figure 1.4. The length of debonding

can be determined from a theoretical analysis so as to satisfy the required tension and

compression stress limits in the concrete along the span. 

The girders using debonded strands must have adequate length for

developing the strand force at ultimate and also adequate shear capacity due to the

lower precompression force in the end regions of the girder. Prior research 
[26,30] on

the effect of debonding of strands in pre-tensioned girders indicated a potential for
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reduction in shear strength and fatigue strength in flexure when debonded strands

were used.

The original purpose of Project 1210, was to develop guidelines for the

design of pre-tensioned prestressed concrete bridge girders (I-Shaped and Box

Shaped) using debonded strands. In order to understand the behavior of pre-tensioned

girders with debonded strands it was essential to understand the overall bond

behavior of the end regions of girders with fully bonded strands. In addition, the

longer transfer and development lengths from Cousins 
[31]

 tests made it even more

necessary to have a series of tests to determine the transfer and development length of

fully bonded strands. 

A comprehensive test program to determine the transfer and development

length of Grade 270, 0.5 inch, fully bonded strands was established. As discussed

earlier, it was also at this time that the FHWA issued a moratorium suspending the

use of 0.6 inch strand in pre-tensioned bridge applications. This and additional

restrictions imposed by the FHWA prompted a series of research investigations,

including several by the FHWA itself 
[64]

. Project 1210 was amended in 1989, to also

include 0.6 inch strand specimens in the test program. 

The research goals of Project 1210 were to study the following:

• Transfer and development length of fully bonded and debonded strands

• Variables affecting the transfer and development length of fully bonded

and debonded strands

• Flexural behavior at service and ultimate loads

• Effects of fatigue loading

• Shear and bond behavior

• Failure modes / mechanisms pertinent to the development of fully

bonded and debonded strands
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• To use the test results to develop simple models and design criteria for

strand development in pre-tensioned girders using fully bonded and

debonded strands.

Due to the extensive scope of the project, the research work was carried out

in several phases. The first phase involved transfer length tests on rectangular prism

specimens containing single, three and five strands. The variables for this test series

were the number of strands, strand diameter (0.5 inch or 0.6 inch), amount and

pattern of debonding, effect of confining, and shape and size of cross-section. Malik
[40]

 and Unay 
[44]

 reported results from this phase of the research. 

The second phase of the research involved testing I shaped sections

resembling scaled AASHTO Type composite bridge girders. Transfer and

development tests were performed on these girders, which contained fully bonded

strands. This test series employed both 0.5 inch and 0.6 inch diameter strands. 

Lutz 
[46] reported the results from this test series. 

The third phase of the project involved girders with a similar cross-section

as used in the second phase, except that some of the strands in each girder were

debonded. The girders were tested for development length, and the variables were

length of debonding and type of debonding, i.e. concurrent debonding or staggered

debonding. The strand size used for this test series was limited to 0.5 inch.

ZumBrunnen 
[45] reported results from this series. The fourth phase of the project

involved testing debonded girders for fatigue loading.

  

The fifth and final phase of the test program involved transfer and

development tests on three full sized AASHTO Type C Girders, which were

manufactured in a nearby prestressing plant. The girders were brought to the

laboratory where a composite slab was cast on top of each girder. Two of the
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specimens contained debonded strands, and the third was a control specimen

containing draped strands. The girders underwent repeated loading initially, and then

were tested statically until failure. 

A comprehensive and final report encompassing all the different phases of

the testing, results and recommended design guidelines on Project 1210 was

submitted by Russell and Burns 
[48]

 in 1993 to the FHWA and Texas DOT. All of the

testing and fabrication of specimens used in the entire test program, excluding the

three girders of Phase Five, was performed at the Ferguson Structural Engineering

Laboratory at the University of Texas at Austin. 

1.5 OVERALL PURPOSE OF CURRENT INVESTIGATION

Design recommendations from Project 1210 were based on results from an

extensive series of tests and a simple analytical model. Although the tests provided

relevant macroscopic data such as member deflections, strand end slips, surface

compressive strains, crack patterns, failure loads and failure modes, information

regarding internal parameters such as bond stress, steel and concrete stresses along

the length of the member at different stages of loading, stress concentrations, overall

post cracking response and behavior until failure could not be determined from the

tests. This warranted a separate investigation that would take a closer look at the bond

behavior in the end region of pre-tensioned members. The research presented in this

document is an in-depth analytical study of the bond behavior of pre-tensioned

members, especially in the end regions of the member, and with regard to the transfer

and development length of fully bonded and debonded strand. 

    

A detailed analytical investigation of typical test specimens from Project

1210 was performed using the Finite Element Method and other numerical methods.

The external parameters obtained from these tests were first validated, and then the

internal parameters obtained from the analysis were examined. Behavior in the

transfer and flexural bond zone after transfer, during cracking, and at failure was
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studied carefully. Results and observations from the analysis and laboratory tests

were used to develop a behavioral model to determine the development length of

strand for any pre-tensioned member.

1.6 RESEARCH OBJECTIVES 

The research was sub-divided into the following tasks:

• Develop and validate Finite Element (to be termed ‘FE” for the

document) Models to simulate behavior in the transfer and flexural bond

zone of pre-tensioned members. 

• Develop Finite Element Models of the Rectangular and I Shaped

Specimens of Project 1210 containing fully bonded and debonded

strands.

• Perform analysis of the various models, compare the analytical results

with that from the tests, study the internal parameters within the member

at various stages of loading, identify and analyze different failure modes,

and determine their affect on the development length. 

• Develop a general behavioral model to determine the development

length of strand that can be applied to any type of pre-tensioned

member. 

During the course of Project 1210, a separate study was undertaken to

determine the bond capacity of 0.5 inch strand, through measurements of crack

widths and crack spacing from the rectangular shaped specimens of Project 1210. The

measured crack widths were compared to calculated crack widths obtained from a

numerical analysis. Through several iterations a range of the bond stress capacities

for each specimen tested was determined. The bond capacities obtained were

compared to the bond stress vs. slip constitutive relationship assumed for the Finite

Element Analysis.
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In September 1993, a series of transfer length tests were performed on U-

shaped Beams 
[52] as part of an ongoing project, namely Project 9-580, to develop

design guidelines for the construction of concrete bridges using extra high strength

concrete. The U Beams had end blocks to prevent horizontal cracking in the end

section of the member at transfer. A three-dimensional Finite Element Analysis of the

U Beams was performed to study the effect of the end blocks on the transfer length of

the beams. Results from that analysis have also been included with the current

research for the sake of completeness.

The scope of the current research is limited to pre-tensioned members using

0.5 inch strand, however, the principles developed can be utilized for any strand size

and any member cross-section. The various analyses conducted in this study are also

limited to monotonically applied static loading.

1.7 DISSERTATION OUTLINE 

The dissertation is presented in ten chapters. The second chapter provides a

complete review of the literature pertinent to the current research. Previous research

on the Finite Element Modeling of pre-tensioned girders is very limited, and this

analytical study of the bond behavior of pre-tensioned girders is the first of its kind.

The theoretical background pertaining to the current research is discussed in

two parts, Chapters 3 and 4. A detailed description on the nature of bond of seven-

wire strand and on the different aspects of transfer and flexural bond in pre-tensioned

members is presented in Chapter 3. A description on the analytical modeling of pre-

tensioned members and the techniques that were developed for modeling the different

specimens of Project 1210 and Project 9-580 are presented in Chapter 4. 

Chapter 5 provides an overview of the experimental work performed as a

part of Project 1210. The description of the experimental research in this document is

limited to the test series used for the current investigation. Chapter 6 describes the
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analysis used to determine the bond capacity of the strands used in the Rectangular

Test Specimens of Project 1210. The bond capacities obtained are compared with the

assumed constitutive relation for bond stress vs. slip that was used in the FE Analysis. 

Chapter 7 provides a description of an axi-symmetric FE Analysis of the

transfer zone in a pre-tensioned member. Cylindrical prisms of concrete with fully

bonded and debonded strands were analyzed to gain a better understanding of the

three dimensional stress distribution of concrete in the transfer zone after strand

release.  

Chapter 8 provides a detailed description and results from the FE Analysis

of the Rectangular and AASHTO Type specimens of Project 1210 with fully bonded

and debonded strands. Load vs. displacement relationships and cracking patterns

obtained from the analysis are compared with those obtained from the tests. Bond

stress, steel stress, and concrete stress contours and profiles along the length of the

member at various stages of loading are presented. Additionally, the failure

prediction model developed by Russell and Burns [48] for the strand development

length of debonded strands and accompanying test results are compared with the

analytical results. This chapter also provides a discussion of the experimental and

analytical results. A simple behavioral model to determine the development length of

strand for fully bonded and debonded pre-tensioned members is presented and tested

with the current and other relevant research projects. This chapter concludes with a

brief 
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discussion on code implications from the current research and design

recommendations.

Chapter 9 provides results from a three-dimensional finite element analysis

of the U-shaped Beams of Project 9-580. The transfer length data obtained from the

tests are compared to the analytical results. A summary of the research conducted and

conclusions from the research are provided in Chapter 10.  
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CHAPTER 2.  LITERATURE REVIEW

2.1 GENERAL

Studies on the nature of bond, the mechanism of transfer and development

of strand in pre-tensioned members started more than sixty years ago, with the first

reported publication by Hoyer
 [1] on the transfer length of wire. Since then, numerous

studies have been conducted in different parts of the world to gain a better

understanding of the mechanism of bond and its influence on the overall behavior of

pre-tensioned members.

Various papers have periodically provided exhaustive literature reviews on

this subject, with notable papers published by Stocker and Sozen
 [12]

, Zia and Mostafa
[20]

, Ghosh and Fintel
 [30]

, Cousins et.al.
 [31]

, Malik
 [40]

, Russell and Burns
 [48]

,

Tabatabai and Dickson
 [51]

, and a more recent paper by Buckner
 [55]

. The review

presented here is limited to papers pertinent to the current research. The studies have

been grouped under a specific category for clarity. 

2.2 STUDIES ON TRANSFER AND DEVELOPMENT LENGTH OF 

PRESTRESSING STRAND

2.2.1 Transfer and Development Length of Fully Bonded Strand

Hoyer and Friedrich: “Beitrag zur Frage der Hafspannung in

Eisenbetonbauteilen” (Contribution towards the Question of Bond Strength in

Reinforced Concrete Members)
 [1]

Hoyer was one of the earliest scientists to conduct research on pre-tensioned

bond. He demonstrated the basic mechanism of transfer, and proposed an equation for

determining the "Transfer Length of Wire". In recognition of his work on transfer
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bond, the concept of ‘friction bond’ has been commonly referred to as the ‘Hoyer

Effect’. Hoyer proposed the following equation for the transfer length of wire:
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Where: mc = Poisson’s ratio for concrete

ms = Poisson’s ratio for steel

n  = Es/Ec

fi  = initial prestress in steel

fe = effective prestress in steel

µ = coefficient of friction between steel and concrete

d  = diameter of wire

Hoyer showed that transfer length varied in direct proportion to the diameter of the

wire and in inverse proportion to the coefficient of friction between the steel and

concrete. 

Janney: "Nature of Bond in Pre-tensioned Prestressed Concrete"
 [2] 

Janney was one of the earliest researchers to perform pre-tensioned bond

research in North America. He conducted tests at the PCA Laboratories in the early

50’s to understand the general nature of bond in pre-tensioned prestressed concrete

members. He conducted two types of tests, transfer length tests on prismatic

specimens, and flexural bond tests on beam specimens. The principal variables in his

study were wire diameter, surface condition of the wire, concrete strength and degree

of initial pre-tension in the wires. He also used 5/16 in. strand in both test specimens.

Janney studied the general shape of the transfer length curve, and the transfer lengths

for wires of different diameters and varying surface conditions ranging from rusted to

lubricated. 
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He performed an elastic analysis of the steel and concrete deformations

occurring during transfer, and concluded that prestress transfer bond is largely a

result of friction between the steel and concrete. He recognized, however, that due to

the large magnitude of stresses produced in the concrete during transfer, the concrete

behavior was no longer elastic, and hence the expression he derived could not be used

for design. 

The values of transfer length obtained by Janney ranged from 12 inches for

a 0.162 in. dia. rusted wire to 36 inches for a 0.276 inch dia. lubricated wire with an

initial stress of 120 ksi. From the flexural bond tests, Janney concluded that reliable

values for bond stress could not be obtained using the usual expression for

determining bond stress. He observed that high bond stresses occurred only after

flexural cracking, and that the transfer length reduced the total length of strand

available for developing the strand at ultimate strength of the member.  

Hanson and Kaar: "Flexural Bond Tests of Pre-tensioned Prestressed

Beams"
 [3]

The current ACI
 [56]

 and AASHTO
 [58] provisions for transfer and

development of strand are based primarily on the research conducted by Hanson and

Kaar. The main objective of their research was to gain a fuller understanding of the

flexural bond behavior of pre-tensioned prestressed members and use that

information to develop design criteria. They developed a theory of bond action to

predict ultimate strength in bond and studied various factors that affect the bond

performance of prestressing strand. 

The principle variables in their study were embedment length and strand

size. They also examined the influence of a) percentage of steel reinforcement, b)

reduction of concrete strength, c) surface condition of the strand, and d) use of

embedded anchorages on bond performance of the strand.
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Hanson and Kaar tested 47 beams, and their tests supported the flexural

bond wave theory first proposed by Janney
 [2]

. Like Janney, they also concluded that

flexural bond failure occurred in a pre-tensioned member when the peak of the

flexural bond wave reached the transfer zone of the member. They derived curves of

average bond stress versus embedment length for different strand sizes and

determined the bond stress at which bond slip would probably occur. Using this

information they arrived at design criteria in the form of steel stress curves for

different embedment lengths that would prevent the occurrence of general bond slip

at ultimate strength of the member. 

Their tests also showed that by increasing the steel percentage and reducing

the concrete strength, the possibility of general bond slip reduced because the steel

stresses at failure were lower in magnitude. Tests with rusted strands showed

increased bond performance, and beams with seven-wire strand developed additional

strength even after general bond slip had occurred in the member. Additional beam

strength was obtained in most cases due to the mechanical interaction of the strand

with the concrete in the transfer zone.

Kaar, LaFraugh and Mass: "Influence of Concrete Strength on Strand

Transfer Length"
 [4]

Kaar et.al. conducted an investigation to study the influence of concrete

strength on the transfer length of strand. They tested rectangular shaped prism

sections using various strand sizes from 3/8 inch to 0.6 inch, and with varying

concrete strengths, namely, 1660, 2500, 3330, 4170 and 5000 psi at transfer. They

observed that the strength of concrete at transfer had very little influence on the

transfer length of the strands. The concrete strength did however influence the shape

of the transfer length curve; i.e. the gain of compressive strains was more rapid in the

specimens with higher strength concrete at transfer. This occurred near the ends of

the member where the strands entered the concrete. In fact, for specimens with 0.6
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inch strands and concrete strength less than 3330 psi, no prestress force was

transferred for a distance of 5 to 12 inches from the end of the member. This resulted

in longer transfer lengths for those specimens.

Their tests also indicated that the transfer lengths at the cut end of the

member were about 20 % longer than at the dead end for specimens up to 0.5 inch

strand. For specimens with 0.6 inch strand, the transfer lengths were 30 % longer at

the cut end. The average increase in the strand transfer length over a period of one

year was 6% for all strand sizes and was independent of the strength of concrete at

transfer.

Hanson: "Influence of Surface Roughness of Prestressing Strand in 

Bond Performance"
 [8]

Bond between clean strand and concrete is adequate for the production of

typical pre-tensioned prestressed concrete members. However, for situations such as

short pre-tensioned cantilevers, railroad ties, truss members, footing beams and

similar components where high bending moments occur near the ends of the member,

improved transfer and flexural bond are desirable. Hanson performed tests on 14

prestressed concrete prisms with clean, partially rusted, rusted, and specially

deformed (dimpled) strands. 

In the transfer length tests, Hanson observed that the partially rusted strands

had about 18% shorter transfer lengths compared to the clean (as received) strands,

and the rusted strands had about 30 % shorter transfer lengths compared to the clean

strands. The specially deformed strands had a 25 % reduction in the transfer lengths. 

For flexural bond, Hanson observed that the rusted and deformed strands

offered increased flexural strength capacity near the ends of the member because of

the reduction in transfer lengths. In previous tests, reduced transfer lengths were

obtained by using smaller diameter strands and a gradual release, rather than a sudden
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release. Hanson's research presented the prestressing industry options for unusual

cases where improved transfer and flexural bond performance of the members was

required.

Martin and Scott: “Development of Prestressing Strand in 

Pre-tensioned Members”
 [18]

Martin and Scott proposed revisions to the ACI 318 development length

criteria for prestressing strand, so as to incorporate short span prestressed members

which do not have adequate embedment length to develop full ultimate strength. They

reasoned that the existing code equations (based mainly on Hanson and Kaar’s tests)

were unconservative for members with lower steel percentages. Hanson and Kaar

tested specimens with varying steel percentages. 

The code development length equations were based on the steel stress

corresponding to first bond slip observed in the tests. The factor of safety was the

additional load carrying capacity up to failure, after first bond slip had occurred. This

additional capacity was attributed to the mechanical interlock present between the

strand and concrete even after initial slip had taken place. 

In Hanson and Kaar's tests, for specimens with steel percentage of 0.31, the

first bond slip occurred at 90% of ultimate calculated flexural strength, and the

specimens failed in bond at 95% of the ultimate calculated flexural strength. Since the

majority of the pre-tensioned members in practice have steel percentages lower than

0.31, there was a legitimate concern raised by Martin and Scott. Moreover, the

method of strand release in Hanson and Kaar's tests was by gradual release. 

Martin and Scott proposed equations by fitting a bilinear curve to the curves

obtained by Hanson and Kaar. They proposed equations for two cases, strand

embedments smaller than 80 db and larger than 80 db. They also compared their
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equations with test results from Hanson and Kaar
 [3]

, and from Kaar, LaFraugh and

Mass’s
 [4] tests.

Zia and Mostafa: “Development Length of Prestressing Strands”
 [20]

Zia and Mostafa conducted an extensive literature review of strand

development research and proposed equations for transfer and development length.

They studied the different variables influencing the transfer and flexural bond lengths

in pre-tensioned members, summarized test methods, and performed a regression

analysis of the transfer length research data. They proposed a new equation for

transfer length that took into account the size of strand, the initial value of prestress,

and the strength of concrete at transfer. This equation gave comparable values of

transfer length for the smaller size strand, but longer transfer lengths for the larger

strand sizes (0.5 inch and 0.6 inch) and especially for cases where the concrete

strength was low at transfer. 

Zia and Mostafa also suggested increasing the ACI Code flexural bond

length by 25% to ensure that flexural failure at ultimate should occur without any

bond slip. This increase was based on their reassessment of Hanson and Kaar's test

results. Their proposed development length equation was:
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Where: sif = initial stress in the strands before losses, in ksi.

'
cif = compressive strength of concrete at time of initial prestress, in ksi.
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Ghosh and Fintel: “Development Length of Prestressing Strands, Including

Debonded Strands, and Allowable Stresses in Pre-tensioned Members”
 [30]

Ghosh and Fintel conducted a research study which was a part of the

PCISFRAD (PCI Specially Funded Research and Development) Program, Project

Report No. 2, "Exceptions of Precast, Prestressed Members to Minimum

Reinforcement Requirements of ACI 318-83." The paper examined "the adequacy,

realism and/or conservatism" of Section 12.9 of ACI 318-83, i.e. the code provisions

on Development of Fully Bonded and Debonded Prestressing Strand. Particular

attention was paid to the provisions for debonded strands, which will be discussed in

the next section. Ghosh and Fintel performed a detailed review of the ACI Code

Strand Development Length Equation, and conducted an industry survey primarily of

American and Canadian Prestressed Concrete Producers to determine the hardship, if

any, posed due to the existing code development length criteria for fully bonded and

debonded strands. 

The response to their questionnaire was 29 "No" Hardship, and 10 "Yes".

Out of the 10 "Yes" responses 8 concerned doubling the development length for

debonded strands. Ghosh and Fintel made the following conclusions regarding the

development criteria: The ACI 318-83 equation for development length was adequate

and based on "good experimental authority", and there was no compelling basis for a

change in the code provisions. For the design of short span members, Martin and

Scott's
 [18]

 approach was recommended.

Cousins, Johnston and Zia: “Bond of Epoxy Coated Prestressing

Strand”
[31]

Cousins et.al. conducted an experimental research program to determine the

bond characteristics of grit impregnated epoxy coated and uncoated strand for use in

pre-tensioned prestressed highway bridge girders. The results of the epoxy coated

strands and cyclic loading tests are not pertinent to the current research and will
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hence not be discussed. Cousins et.al. cast about sixty specimens to determine the

transfer and development of epoxy coated and uncoated strand. 

The transfer length tests were performed in the customary way by

measuring concrete strains along the sides of the specimens. The development length

tests were performed by conducting flexural tests. Cousins also developed an

analytical model to determine the transfer and development lengths. 

Conclusions from their research are summarized as follows: a) The transfer

and development length of uncoated strands was longer than the calculated values

based on ACI and AASHTO. b) Longitudinal splitting occurred in some grit

impregnated epoxy coated transfer length specimens, suggesting that high bond

stresses were present in the transfer zone. This suggested possibility of splitting

problems in members with thin elements, closer strand spacing, thin cover or poor

confinement. Similar observations were also noted in some specimens of Project

1210. c) Increasing grit density reduced transfer and development lengths, suggesting

that rougher strand surfaces would yield smaller transfer and development lengths. d)

Gradual release of strand yielded slightly smaller transfer lengths than strands with

sudden release.   

Loov and Weerasekera: “Prestress Transfer Length’’
 [39]

Loov and Weerasekera theorized that the current ACI Equation for transfer

length only includes the effective prestress force and the strand diameter as variables.

Their effort was to develop an equation that would also include the effect of concrete

strength and concrete cover, or spacing. They modeled a single strand surrounded by

a ring of concrete and assuming a friction interface between the strand and concrete.

They developed a numerical analysis procedure for the prestress transfer zone

wherein the transfer zone was broken up in three different zones. 
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The first zone that was nearest to the end of the member, was considered to

have radial cracks extending to the surface. The intermediate zone was considered to

have radial cracks but not long enough to extend to the surface. These radial cracks

were surrounded by an annulus of uncracked concrete. The third zone was considered

elastic and uncracked. 

The radial cracks were believed  to remain less than 20 µm in width so that

tensile stresses could continue to be carried across these cracks. These were called

‘cohesive cracks’. They determined from the numerical analysis that there was an

optimum cover that varied directly with the strand diameter and the amount of

prestress. If the actual concrete cover differed from the optimum cover (smaller or

larger than the optimum), its effectiveness was reduced.

Mitchell, Cook, Khan and Tham: “Influence of High Strength Concrete

on Transfer and Development Length of Pre-tensioning Strand”
 [50]

Mitchell et.al. conducted tests on 30 precast pre-tensioned beam specimens

to determine the effect of using high strength concrete and varying strand sizes on the

transfer and development length of strand. The researchers chose to include 0.6 inch

diameter strand in their study, since the FHWA had placed a moratorium on using

this size strand in pre-tensioned applications. Mitchell varied the concrete strengths at

release from 3050 to 7250 psi and at 28 days from 4500 to 12900 psi. They obtained

reduced transfer and flexural bond lengths for concretes with a higher initial strength
'
cif  and a higher 28-day strength '

cf  thus reducing the total development length. They

proposed the following revised equation for determining the transfer and

development length of strand that included an adjustment for the initial and final

concrete strength:
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Buckner: “A Review of Strand Development Length for Pre-tensioned

Concrete Members”
 [55]

 

After the FHWA issued a memorandum in 1988 placing certain restrictions

on the use of seven-wire strand in pre-tensioned bridge applications as described in

the previous chapter, numerous investigations on transfer and development length

were conducted in the US and Canada. Project 1210 was one of them. Interestingly

enough, the conclusions and recommendations from these research investigations

often had quite different conclusions and conflicting design recommendations. The

Federal Highway Administration conducted an independent review of these research

projects led by Dr. Dale Buckner to reconcile some of the differences in the design

recommendations. 

The objectives of his study were to review the current literature on transfer

and development length research, analyze data from recent studies and rationalize

discrepancies, and recommend equations for transfer and development length.

Buckner recommended using the following equation for transfer length:

3
bsi

t
dfL =

This equation is similar to the current ACI/AASHTO equation except that he revised

the sef term to the sif term, which in effect would increase the transfer length by

roughly 20% for typical 270 ksi. strands in use today. 

He also recommended that for strands, either straight or draped, that end in

the upper one-third of a member and that have 12 inches or more of concrete cast

beneath, the transfer length from the equation above should be multiplied by a factor

of 1.3. This is similar to what is used for conventional rebar in the ACI Code. 

On development length research, he observed that the recommended values

from current research were wide ranging, where for the same design situation, the
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highest suggested value was twice the lowest value. On the experimental results of

Project 1210
 [48]

 Buckner questioned the conclusions from the University of Texas at

Austin about replacing the development length equation with crack prevention

criteria. He provided a design example of a cantilever, which while satisfying crack

prevention criteria was not adequate, based on the current code equation. He stated

that, “ it is generally unconservative and unproven for all pre-tensioned concrete

applications”. 

Buckner recommended retaining the concept of “attainable average bond

stress over the length of embedment” which has been a part of the Code since its

inception. He concluded that modifications to the current provisions were needed,

however, the basic concept of development length in use today should be preserved.

He stated that while the current code provisions are unconservative, very few

problems on strand development have been reported simply because strand

development rarely governs pre-tensioned design and not because the current

provisions have adequate built-in safety. Buckner argued that most of the test

specimens for strand development were proportioned for steel strains at failure of

0.001 which would satisfy nominal moment strength requirements, however would

fail in bond if the steel strains were to reach .035. 

He recommended the following equation for development length to obtain

strength and more ductility:

bseps
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where, )406.0( psελ += for general applications, and )/102.072.0( 1 pωβλ += when

applying the ACI Code. The minimum value of λ = 1 and the maximum = 2. He also

recommended adjusting this equation by the 1.3 factor for the top bar or strand effect

when applicable as discussed above.
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2.2.2 Transfer and Development Length of Debonded Strands

Kaar and Magura: “Effect of Strand Blanketing on Performance of Pre-

tensioned Girders”
 [6]

Current code provisions for development length for debonded strands are in

part based on this study. Kaar and Magura tested five pre-tensioned prestressed

girders using 3/8 in. diameter strand to study the effects of strand blanketing or

debonding on the flexural, and shear capacities of these girders. Three girders were

designed to study flexure and the other two to study shear. The first and fourth girder

had fully bonded strands, and the rest of the girders had debonded strands. They

tested each of the girders to failure after subjecting each girder to 5 million cycles of

service level loads. 

They concluded that repeated loading did not have a detrimental effect on

the girders using debonded strands. They observed some bond slip of the debonded

strands after the cracking load was attained in the girders for the static tests. They

recommended doubling the development length in pre-tensioned girders that used

debonded strands to be able to attain their ultimate flexural and shear strength

capacities.

Rabbat, Kaar, Russell, and Bruce: “Fatigue Tests of Pre-tensioned

Girders with Blanketed and Draped Strands”
 [22]

Rabbat et.al. conducted tests at the Construction Technology Laboratories to

study the effects of repetitive loading on the behavior and strength of pre-tensioned

girders using debonded or draped strands. They tested six full size Type II AASHTO-

PCI girders using 7/16 inch diameter Grade 250 strands. They had two girders with

draped strands and the others had debonded strands. Each of the girders were first

loaded to 5 million cycles at working loads and then tested to failure. 
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The results and recommendations from their tests are summarized as

follows: a) Use of debonding of strands in bridges is an acceptable alternative to

draping of the strands. b) In specimens and hence in bridge girders, where zero

tension was allowed in the concrete, use of one development length ld, was allowed

when using debonded strands. c) If tension (code allowed 6 '
cf ) was allowed at

service loads, the development length ld should be doubled. d) In specimens, where

tension of 6 '
cf was used in the design of the girders with debonded strands and an

embedment length of one ld was used, the debonded strands slipped during the fatigue

testing. e) Not pertinent to the current research, but worthy of mention is their

observation that for specimens with tension allowed under service load conditions,

strand fatigue at 3 million cycles was observed. 

Horn and Preston: “Use of Debonded Strands in Pre-tensioned Bridge

Members”
 [26]

This paper was a summary of current design practice using debonded

strands. The authors provided the different methods of debonding strands in the field

and discussed the merits of each method. They also provided an actual design

example for designing an AASHTO Type III I-Shaped Girder. 

Pertinent conclusions from their paper are quoted as: a) “Strands should not

be debonded all to the same length but rather should be debonded in staged lengths.

This provides for a gradual transfer of stress to the concrete and helps eliminate small

cracking due to transfer shock”. b) They also suggested that the debonding pattern of

the selected strands should be spread out over the entire strand pattern and should be

symmetrical about the Horizontal and Vertical Axis of the pattern. Debonding should

not be localized within the strand pattern as far as possible. c) They recommended the

use of Transverse #4 U Bars under the bottom row of strands in the debonding area to

control possible cracks. d) The strands that are closest to the surface of the section
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should not be debonded, rather should remain fully bonded to provide a localized

compression force and hence eliminate any surface cracks.

Ghosh and Fintel: “Development Length of Prestressing Strands, Including

Debonded Strands, and Allowable Stresses in Pre-tensioned Members”
 [30]

This study has been mentioned in the earlier section in reference to the

development of fully bonded strands. Ghosh and Fintel came to the following

conclusions for debonded strands from their study: a) The code requirement of

doubling the development length for debonded strands was based on reliable

experimental evidence and need not be revised. Additional research was required to

test beams between the 1.0 ld to 2.0 ld range before relaxing any of the code

provisions. b) The possible areas to relax code limits were at transfer, to increase the

compression limits from 0.6 '
cif to 0.7 '

cif , and to increase the tension limits of 3 '
cif

and 6 '
cif by a small amount. Revision to any of these limits would require extensive

research before any consideration.

2.3 BOND CHARACTERISTICS OF PRESTRESSING STRAND

This section discusses previous research on bond studies of prestressing

strand. 

Stocker and Sozen: “Investigation of Prestressed Reinforced Concrete for

Highway Bridges, Part V: Bond Characteristics of Prestressing Strand”
 [12]

Stocker and Sozen conducted an extensive investigation on the bond

characteristics of prestressing strand. The flexural bond portion of the constitutive

model used in the FEM Analysis in the current research is based on Stocker and

Sozen’s work. Reference to their research will also be made in other chapters where

necessary, however, a summary of their report is provided here. 
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The main objective of Stocker and Sozen’s work was to gain a fundamental

understanding of the bond characteristics of prestressing strand. They performed 486

pull-out tests with the following variables: size of strand, concrete strength,

consistency, curing, age, settlement conditions of concrete, lateral confining

pressures, bonded length, and time effects. The data from these tests provided basic

information on the relationship between bond force and slip. Besides regular seven-

wire strand, some of the tests included plain wire, twisted square bars and parallel

seven-wire strand to study the torsional effects of strand on the pullout capacities.

They also performed transfer length tests on 5 pre-tensioned beams and compared

results with transfer lengths calculated using an analytical approach. They developed

a hypothesis on the nature of bond for plain wire and strand and developed a

conceptual model to explain the bond characteristics of strand.

Stocker and Sozen conducted several tests with different bonded lengths to

determine the ‘experimental bonded length’ that would most reasonably represent the

bond behavior of an infinitesimal piece “dx” along the length of strand. Stocker and

Sozen used a 1 inch bonded length for a majority of the pullout tests. 

They arrived at the following conclusions: a) Strand Diameter: Bond

strength increased in linear proportion to the strand diameter. b) Concrete Strength:

Bond strength of strand increased by approximately 10% for every 1000 psi of

concrete compressive strength. The '
cf  in the tests ranged from 2400 psi to 7600 psi.

c) Shrinkage: Shrinkage of the concrete produces lateral pressures normal to the

surface of the strand, and tends to increase the bond strength. d) Settlement of

Concrete: Bond strength reduced by up to 30% for specimens where the depth of

concrete below the strand was greater than 6 inches. This reduction approached a

constant value of about 35% for specimens with 10 inches of depth below the strand.

The reference bond strength was with specimens with 2 inches of concrete below the

strand. e) Lateral Pressure: Bond strength increased linearly with the application of

lateral pressure. The lateral pressure applied to the specimens ranged from 0 to 2500
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psi. The effect of lateral pressure was greater for the initial bond strength

(interlocking phase) rather than after slip had occurred (frictional sliding phase). 

Stocker and Sozen’s hypothesis on the nature of bond in pre-tensioned

members will be discussed in the next chapter. Typical Bond Stress versus Slip

Curves for different strand sizes and different concrete strengths will be discussed in

the next chapter.

Edward and Picard: “Bonding Properties of 0.5 inch Diameter Strand”
 [13]

Edward and Picard performed an investigation to study the cracking

mechanism of prestressed members. They developed a theory to predict the spacing

and widths of cracks using the bond properties of strand. They performed tests on six

pull-out and six tensile bond specimens using 0.5 inch strand with different covers.

The specimens were cast with the strand being held in the horizontal position. The

bonded length chosen for their pull-out tests was 1.5 inches and their tests allowed for

rotation of the strand as it was being pulled. 

They came to the following conclusions: a) There was not an appreciable

difference between the results of the pull-out and tensile bond specimens. b) The

bond-slip relationship for strand can be idealized to be elastic-plastic with not much

deterioration until a longitudinal crack occurs in the specimen. They also noticed that

as the concrete cover to the strand became smaller, the bond stress increased. It must

be mentioned here, that they had few specimens and hence the validity of this

conclusion is questionable. c) Crack widths depend mainly on the steel stress at the

crack and the maximum available bond stress. d) Predicted crack widths using the

bond-slip relationship from the tests compared favorably to the measured crack

widths from the tensile bond specimens.
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Abrishami and Mitchell: “Bond Characteristics of Pre-tensioned Strand”
 [49]

They developed a new testing technique to study bond along the transfer and

flexural bond length of the prestressing strand. Their technique involved monitoring the

strand force instead of measuring the concrete strains, which has been the typical

approach for measuring transfer lengths. Their test specimens consisted of strands of

several sizes, placed in a standard 6x12 cylinder. For the transfer length test they

initially tensioned the strand to the full initial stress and then released it gradually from

one end. They observed an average bond stress of 1030 psi for 0.5inch strands. Their

flexural bond tests had more reasonable results of an average bond stress of 503 psi for

0.5 inch strand. 

Abrishami and Mitchell’s tests have several limitations. First of all the strand

tested was not mill condition strand (it did not have rust, however it was exposed to the

air for 2 years). Their transfer length test is not representative of an actual pre-

tensioned plant where tendons have a more sudden release. Moreover, their bond stress

values are exaggerated and may represent the bond stress only for certain portions of

the transfer length curve. The flexural bond tests are more reliable, however the bonded

length of their specimens was 12 inches; hence at best they represent the average

flexural bond stress.

2.4 FLEXURAL CRACKING BEHAVIOR OF PRE-TENSIONED

MEMBERS

Previous research on cracking in pre-tensioned members, especially in

relation to crack widths and crack spacing was reviewed because of its significance to

the current research. Crack width calculations are normally performed to satisfy

serviceability criteria in a member. The maximum crack width and crack distribution

is important for prestressed and partially prestressed members where tension stress

limits are allowed to vary from 0 to 12 '
cf and tension reinforcement is a

combination of strand (bonded or unbonded) and mild reinforcement. Nawy
 [11,36]

,
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Haralji and Naaman
 [37]

, Hassoun and Sahebjam
 [38] have performed several

investigations on cracking in prestressed and partially prestressed members and have

developed mathematical models to calculate crack widths at various load levels, both

for static and cyclic loading. 

Similar mathematical equations have been developed for this research to

study the influence of bond on crack widths, crack spacing and to indirectly

determine the range of bond stress capacities for the strands used in Project 1210.

2.5 FINITE ELEMENT MODELING OF PRE-TENSIONED

PRESTRESSED CONCRETE MEMBERS

Numerous studies
 [17][28][32][59][60]

 on the Finite Element Modeling of

Reinforced Concrete Structures have been carried out in the last 35 years, however,

very little work has been done on modeling pre-tensioned prestressed concrete

members using the FE Method. 

Keuser, Mehlhorn and Cornelius
 [27]

 reported analyzing a precast hollow-

core slab using prestressing strands. They performed a 2-D Analysis using the

ADINA Program and modeled the transfer zone using a 4-node contact element. They

used the same bond stress-slip relationship for the strands in the transfer and flexural

zone, which is known to be different because of different bond mechanisms. Their

results compared well with their experimental work, however they did acknowledge

that additional work to obtain more general solutions for anchorage modeling was

necessary. 
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Ahmed and Bangash
 [33]

 developed a 3-D Bond Element and also

performed a 3-D analysis using a computer program SARVE to model an octagonal

prestressed slab. Their results from the analysis compared well with the experiments

they conducted. Their bond stress-slip relationship was also not representative of

actual bond behavior that occurs in the transfer and flexural bond zone.  
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CHAPTER 3.    THEORETICAL BACKGROUND: Part I
TRANSFER AND FLEXURAL BOND 

3.1 GENERAL

The discussion on the theoretical background pertaining to the current

research has been covered in two parts. This chapter covers the first part, which

provides a description of the overall bond behavior of strand in the transfer and

flexural bond region of pre-tensioned members. The basic nature of bond in strand

and the different factors that contribute to this bond is discussed. The mechanics of

transfer and flexural bond and the different factors that affect both are discussed. 

Besides its impact on strand development, it is important to understand the

mechanics of transfer and flexural bond because it helps in developing the

constitutive relationship between strand and concrete in the transfer and flexural

zone, and in accurately modeling the prestressing forces for a Finite Element

Analysis. 

The second part of this discussion is presented in the next chapter. Chapter 4

provides a general description of how to model pre-tensioned prestressed members

using the Finite Element Method. The various modeling techniques developed during

the current research and the FE Models of the beam specimens of Project 1210 and

Project 9-580 are discussed. The modeling of the different components, i.e. strand,

rebar, concrete and bond between strand and concrete in the transfer and flexural

zones is then described in this chapter. The chapter ends with a discussion of the

verification of the FE Analysis with conventional Mechanics of Materials and

Moment-Curvature Solutions. 
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3.2 NATURE OF BOND

The geometry of a piece of seven-wire strand is complex and understanding

the bond behavior of strand in a prestressed or non-prestressed condition in concrete

is quite complicated. While a simple pullout test can provide a bond stress-slip

relationship and provide the embedment required to develop the yield stress of the

strand material, studying the strand bond at an elemental level “dx” is quite a

daunting task. 

Several studies [1][2][12][13][49] have been conducted to understand the basic

nature of bond for seven-wire strand, however, the most comprehensive study

available in the literature is by Stocker and Sozen [12]. As discussed in the previous

chapter, they conducted 486 pullout tests on plain wires, strands of different sizes,

twisted bars with varying degrees of twist, parallel three and seven wire specimens

and several other variables. Stocker and Sozen used a 1 inch bonded length for the

majority of their pullout tests. They did test several specimens with different bonded

lengths, however, they concluded that a 1 inch bonded length would best represent

the bond behavior of an infinitesimal length of strand for general analysis purposes,

and was long enough to provide good experimental data.

They developed a hypothesis on the basic nature of bond for strand, which is

discussed and analyzed below in context of the current research. They identified three

stages that occur in a typical strand pullout test:

• Initial Bond   

• Sliding or Friction Bond    

• Lack of Fit Effect

3.2.1 Initial Bond

Even smooth seven-wire strand has a rough surface at the microscopic level.

Studies by Rehm [61] have indicated that for smooth wire strands indentations of up to

0.0008 inches can be obtained as we see in Fig. 3.1a. As concrete is cast around a
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tensioned or untensioned piece of strand, the cement paste penetrates these

indentations on the surface of the individual strand wires and also fills all the voids

and crevices around the seven wires (see Fig. 3.1b). 

As the strand is pulled relative to the hardened concrete, the amount of force

it takes to cause first slip is the initial bond force. At this stage, the shear capacity of

the cement paste stuck in between the peaks of the microscopic steel surface (Fig.

3.1c) is exceeded and the strand starts to slip. 

The bond strength prior to the complete shearing of the cement paste or

inelastic slip has an initial elastic stiffness associated with it, however, recording the

very small elastic slips requires extremely sensitive dial gages. Edwards and Pickard
[13] used gages with a sensitivity of 0.000001 inches to record slip. Bond stress-slip

curves from their tests are shown in Fig. 3.2, which indicate a curvilinear relationship

up to slips in the range of 0.0008 to 0.0015 in, after which inelastic slip occurs. 

Typical bond stress-slip relationships for plain wire and strand from Stocker

and Sozen’s tests are shown in Fig. 3.3. The graph shows that the bond stress values

build up to an initial limiting value after which slip occurs. The slip values in this

figure are plotted on a logarithmic scale to better represent the bond behavior for slip

in the 0.0001-inch to 0.01-inch range. 

The main difference in the bond stress-slip curves between Figures 3.2 and

3.3 is the bond stress at which initial slip occurs. It is obvious that there should be

some elastic stiffness associated with the buildup of the initial bond stress, however

that would require very sensitive gages. Stocker and Sozen used gages with a

sensitivity of 0.0001 inches. It is possible that they may not have been able to capture

this initial buildup of bond stresses in their pullout tests. 
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From a practical standpoint, knowing the value of the initial stiffness or the

shape of the bond stress-slip curve at this juncture in the pullout test is

inconsequential and relatively unimportant. The most important value that is required

is the bond stress at which initial slip will occur.

As seen in Fig. 3.3, Stocker and Sozen obtained an average initial bond

stress of about 325 psi ( '
cf = 5040 psi) for plain wire (center wire of a seven-wire

strand) and about 400 psi for smooth ½ inch strand ( '
cf = 5380 psi). The initial bond

stress for the strand is higher compared to the plain wire because of additional surface

area in the case of a seven-wire strand.

3.2.2 Sliding or Friction Bond

3.2.2.1 General Behavior

At the microscopic level, once the strand or wire slips, the phenomenon of

sliding or friction bond occurs. The steel surface slides with respect to the just

sheared cement paste/concrete surface (Fig. 3.1c). The sliding surface is not smooth

and new peaks and valleys on the steel side and concrete side are created

continuously. In addition, the sliding leaves some abrasive particles between the two

surfaces (Fig. 3.1d). The level of roughness of the new sliding surfaces is most likely

less than the initial steel roughness before slip.

Stocker and Sozen observed that the bond stress in the case of the strands

did not drop after initial slip. It increased slightly and then remained constant up to a

slip of 0.03 inches (300 times the initial slip value). Beyond a slip of 0.03 inches, the

bond stress increased gradually to a slip of 0.15 inches (1500 times the initial slip

value), after which the experiment was discontinued. In the case of plain wire, the

bond stress dropped gradually after initial slip up to a slip of 0.1 inches and then

remained constant. This phenomenon is illustrated in Fig. 3.3.
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In Figure 3.3, it can be also seen that for plain wire, the average bond stress

dropped gradually from about 325 psi to about 140 psi at a slip of 0.1 inches and then

remained constant. In the case of ½” strand, the bond stress did not drop after initial

slip. It increased slightly from 400 psi at first slip to 430 psi at a slip of about 0.001

inches, then remained constant up to a slip of about 0.03 inches and then gradually

increased to a stress of about 580 psi at a slip of 0.1 inches. 

Stocker and Sozen observed this bond stress-slip phenomenon for strand and

wire in all of their specimens. It indicates clearly, that in the case of strand there is an

additional component or components that contribute to the bond strength after first

slip occurs. 

Stocker and Sozen in their report [12] have provided elaborate equations and

a hypothesis for the friction mechanism that occurs during slip. Their hypothesis and

mathematical equations are based on several assumptions that probably warrant

additional research to validate their findings and are beyond the scope of this

research. However, a qualitative assessment of their data has been made to illustrate

bond behavior. 

3.2.2.2 Effect of Lateral Pressure

Stocker and Sozen performed pullout tests for strand and wire at varying

lateral pressures from 0 to 2500 psi. They observed an overall increase in bond

strength through all phases of the test. They observed an increase in initial bond stress

(before slip) and sliding or friction bond stress (after slip). The sliding surfaces shown

in Figures 3.1b, 3.1c and 3.1d are sensitive to contact pressure, and hence if external

lateral pressures exist, the bond stresses will increase. 

Typical bond stress-slip curves for 7/16-inch strand and the center wire of

7/16-inch strand tested at various lateral pressures are shown in Figures 3.4 and 3.5,

respectively. It is seen in Fig. 3.4 that the initial bond stress for strand increased from
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619 psi for σ2 = 0 psi lateral pressure, to 1164 psi for σ2 = 1000 psi lateral pressure,

and to 1440 psi for σ2 = 2000 psi lateral pressure. The increase in the bond stress

continued after initial slip, and reached a peak value for slip values between 0.0007 to

0.001 inches as seen in the figure. As the slip increased beyond 0.001 inches, the

bond stress started to drop gradually to 577 psi at σ2 = 0 psi lateral pressure, to 800

psi at σ2 = 1000 psi lateral pressure, and to 934 psi at σ2 = 2000 psi lateral pressure.

These bond stress values then remained constant between slip values from 0.05 to 0.1

inches.

In the case of the center wire (Fig. 3.5), the initial bond stress similarly

increased from about 325 psi to 1100 psi for confinement pressures of 0 psi and 2000

psi respectively. However, unlike strand where the bond stress increased to a peak

value and then started to decrease to a constant value, in the case of the center wire

the bond stress dropped gradually to a constant value at higher slips. 

3.2.2.3 Effect of Torsional Stiffness

In the case of strand, unlike wire, an additional mechanism occurs during

the sliding phase. After initial slip, the strand rotates (untwists) about its axis in the

concrete. The strand has a torsional stiffness due to its helical shape. The torsional

stiffness is a function of the twist angle of the strand (about 13° for ½” strand). 

If the strand is allowed to twist as slip occurs, i.e. as the strand is being

pulled, the concrete specimen is free to rotate or if the strand can rotate as it is being

pulled, then the behavior of strand in sliding will be similar to that of wire. If the

concrete and strand are both restrained from rotation, then the torsional stiffness of

the strand will influence the bond strength as sliding occurs. There is more contact

between the strand and concrete in this case. 



42

Stocker and Sozen tested strands and steel bars with varying degrees of

twist (0° to 46°). They also tested “straight” seven-wire and “straight” three-wire

strand and compared its behavior to regular seven-wire strand. The results of these

tests are shown in Fig. 3.6. The initial bond stress of 7/16” regular strand and parallel

seven-wire strand is 398 psi and 381 psi respectively. The bond stress at a slip of 0.01

inches is 460 psi and 362 psi respectively. This indicates that parallel seven-wire

strand has bond characteristics somewhere in between plain wire and regular seven-

wire strand. This also shows that there is a small increase in the bond stress for

regular seven-wire strand after initial slip (about 16% for 7/16” strand). 

Stocker and Sozen observed a much greater contribution to bond strength

for steel bars with a larger angle of twist. They concluded that for regular seven-wire

strand, the torsional stiffness of the strand does not produce a significant increase in

bond stress as slip occurs even in the restrained condition, because the angle of twist

of the strand is relatively small.  

Hence, the slight increase in bond stress after initial slip to slips of 0.001

inches can be attributed to the torsional stiffness of the strand. The bond stress

remained constant for slips from 0.001 to 0.03 inches as seen earlier in Fig. 3.3. The

bond stress started to gradually increase for slips greater than 0.03 inches. The

explanation for this increase in the bond strength was attributed by Stocker and Sozen

to the ‘Lack of Fit’ effect which is discussed next.

3.2.3 Lack of Fit Effect 

Stocker and Sozen provided a hypothesis to explain the apparent increase in

the bond strength of the strand for slips that exceeded about 0.03 inches. Since, they

could not attribute this apparent increase to the torsional stiffness of the strand, there

was another phenomenon contributing to the bond strength. 
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They surmised that the shape of seven-wire strand is not a perfect helix

along the length of the strand. There are slight variations in the nominal diameter,

pitch and angle of twist continuously along the length of the strand as shown in

Figure 3.1e. At large slips, the strand wedges into the concrete cavity due to the Lack

of Fit effect, hence providing additional bond strength. The wedging action creates

local radial and circumferential forces in the concrete that may cause local cracking.

They observed cracking in some specimens at very large slips. Similar behavior was

also observed in some beams of Project 1210 where very large crackwidths were

obtained during the test. This will be discussed later in Chapter 6.

3.3 TRANSFER BOND

3.3.1 Factors contributing to Transfer Bond

The prestressing force in the strands or tendons has to be held by some sort

of a mechanism in prestressed members. In post-tensioned members, the tendon force

is held by mechanical means such as the action of anchors and wedges. In pre-

tensioned members, the prestressing force is held simply by bond between the strand

and concrete on each end of the member. As discussed earlier in Chapter 1, there are

three factors that contribute to Transfer Bond in pre-tensioned members. They are

namely:

• Adhesion (Initial Bond)

• Friction Bond - Hoyer Effect (Sliding Bond)

• Mechanical Interlock (Sliding Bond and Lack of Fit Effect)

3.3.1.1 Adhesion (Initial Bond)

The bond strength due to adhesion is the amount of initial bond force

required to shear off the strand from the surrounding concrete and initiate inelastic

slip. 

At transfer, the bond resistance from adhesion is overcome instantaneously,

since the strand is releasing a tremendous amount of force. The initial bond between
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strand and concrete is completely destroyed for a large portion of the transfer length.

The undisturbed initial bond or adhesion exists towards the end of the transfer zone.

The bond stress in this part of the transfer zone is less than the initial bond stress

required to cause inelastic slip. Theoretically, at transfer, there has to be a transition

from the transfer zone (where continuous inelastic slip occurs for most of the transfer

zone) to the flexural bond zone where there is no slip. 

Figure 3.7 shows a schematic of the steel stress, concrete stress, bond stress

and end slip distribution along the transfer length of the strand commonly observed

after transfer in pre-tensioned members. The values of the steel stress after transfer,

and the maximum bond stress shown in the figure are typical values observed in the

various specimens in the test series of Project 1210 that used ½ in. strand. The

maximum bond stress in the transfer zone is about 880 psi, as shown in the figure.

The peak or maximum bond stress occurs at the start of the transfer zone, remains

constant for a certain distance and then gradually reduces to a value of zero at the end

of the transfer zone as expected. 

The average initial bond stress for ½ in. strand using results from Stocker

and Sozen’s test for the various series described above is about 415 psi. This value is

used as a cutoff point on the bond stress curve shown in Fig. 3.7 to represent the end

of the initial bond mechanism and the start of the sliding bond mechanism on the

transfer length curve. The portion of the transfer length curve to the right of the

cutoff, i.e. where the bond stresses are less than the initial bond stress, represents the

zone where the adhesion between strand and concrete has not been disturbed or

broken. This is also observed in the end slip profile curve, where the end slips in this

zone are very small (< 0.001 inches). The portion of the transfer length curve to the

left of the cutoff, i.e. where the bond stresses are greater than the initial bond stress

represents the zone where there is inelastic slip and the sliding bond and the lack of

fit phenomenon occur.
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It should be noted here, that the bond stress cut-off value of 415 psi assumes

there is no lateral confinement pressure acting on the strand. In reality, this is not the

case. The actual value for the cut-off on the bond stress curve where adhesion is no

longer present may be slightly higher than 415 psi. The 415 psi value is a

conservative value for the cut-off point.

3.3.1.2 Friction Bond - Hoyer Effect (Sliding Bond)

As seen in Figures 1.2 and 3.7, as the strand force is released, the strand

diameter increases due to the Poisson Effect, and the strand acts like a wedge at the

end of the member. Even mill condition strand has a certain value of coefficient of

friction (µ). The bond resistance then is µ*Ν, where N is the normal radial force

exerted on the concrete due to the swelling of the strand. This phenomenon was first

observed and reported by Hoyer [1] and is commonly called the ‘Hoyer Effect’.

The value of the normal radial force N, or in terms of pressure σr at a given

point along the strand is mainly a function of the lateral expansion of the strand at

that location and the modulus of the concrete at transfer. The analysis of the Hoyer

Effect is similar to the classical ‘cylinder under internal pressure’ problem from

mechanics of materials. In this case, the problem is more complex in that the internal

pressure acting on the cylinder is varying continuously along its length, and that the

cylinder material can crack and or crush once its respective tensile and compressive

strengths has been attained. 

Janney [2] provided an elastic solution for this problem. The limitation of the

elastic solution is that the radial compression and circumferential tension stresses

obtained from the analysis are so high that they exceed the compressive and tensile

strengths of the concrete. Janney recognized this limitation in his formulation and did

not recommend his equation for use in design. Moreover, sophisticated tools for

performing non-linear analysis were not available at the time.
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An axi-symmetric linear and non-linear finite element analysis of the

transfer length region was performed as a part of this research to determine and study

the complex three-dimensional distribution of the stresses in the concrete at transfer.

The results of this analysis and a parallel elastic analysis for verification will be

discussed in Chapter 7. 

The concrete stress distribution in the end region of a pre-tensioned member

after transfer is very complex since localized crushing and microscopic cracking of

the concrete is most likely to occur in the immediate vicinity of the strand. The

concrete stresses get re-distributed locally after cracking and crushing, and hence the

confinement pressures determined based on an elastic analysis will be different then

those obtained from a non-linear analysis considering crushing and cracking. This

will be shown in Chapter 7, however, for the purpose of the current discussion, it

should be assumed that confinement pressures of up to 2000 psi are present along the

transfer length. 

In context of the different stages of bond discussed in the section on the

‘Nature of Bond’, the ‘Hoyer Effect’ comes under the category of Sliding Bond with

Lateral Confinement Pressure and No Torsional Stiffness Contribution from the

Strand. Although Stocker and Sozen did not observe a significant difference between

torsionally restrained and unrestrained strand, for the purpose of accuracy, it must be

recognized that in the transfer zone, where the strand is free to rotate at transfer, the

strand provides no torsional restraint.

The effect of lateral confinement pressures on bond stress was presented

earlier in Fig. 3.4. In the figure, for 7/16-inch diameter strand, it can be seen that the

average bond stress for slips between 0.06 to 0.1 inches at a confinement pressure of

2000 psi is around 934 psi. This value of the bond stress is close to the maximum

bond stress of 880 psi observed in the FA550 Series of tests for ½ in. strand shown

above in Figure 3.7. 
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Stocker and Sozen performed all of their pullout tests to study the effects of

lateral confinement on 7/16” strand, hence no data for ½” strand is available.

Although the stresses being compared are for two slightly different strand sizes, the

purpose here is not to arrive at exact values of bond stress for every single test on

transfer length, but to understand and illustrate the bond behavior in the transfer zone. 

Hence, the portion of the transfer length curve where the bond stresses are

between the maximum value of 880 psi, and the cut-off value of 415 psi represent the

mechanism of sliding bond with varying confinement pressures. The confinement

pressure reduces gradually from a maximum at the free end of the strand to a

minimum value at the end of the transfer zone. This minimum amount of confinement

pressure extends beyond the transfer zone into the flexural bond zone because of the

loss of steel stress from elastic shortening, however, the effect of this is neglected. 

In using the bond stress and confinement relationship shown in Figure 3.4, it

is important to recognize that the bond stress value at any given location along the

transfer length does not just correspond to the amount of initial bond stress for a

given confinement pressure at that location. However, it corresponds to the bond

stress for a given confinement pressure and the amount of strand slip at that location. 

Typical end slips for mill condition ½” strand are in the range of 0.06 to

0.08 inches. The maximum bond stress in this case is around 900 psi. 

If large end slips are observed, longer transfer lengths are to be expected.

The maximum bond stress will be smaller than expected. On the other hand, small

end slips indicate good bond (higher bond stresses) and shorter transfer lengths.

3.3.1.3 Mechanical Interlock (Sliding Bond and Lack of Fit)
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The term mechanical interlock has been commonly used in the literature for

describing strand bond in place of terms like ‘Sliding Bond’ or ‘Lack of Fit’. 

In context of the description in the section on the ‘Nature of Bond’, the stages of

Sliding Bond and Lack of Fit can be combined to be one term, i.e. Mechanical

Interlock. 

The sliding bond stage and the Lack of Fit stage represent two different

phenomenon of Mechanical Interlock. The first occurs just after initial slip and the

second at much larger values of slip. For mechanical interlock to become active, slip

of the strand must occur. Although the twist angle of strand is relatively small, there

is some torsional resistance offered by the strand. At much higher slips, the Lack of

Fit effect described earlier contributes to the mechanical bond resistance.

In the transfer zone, there is no torsional resistance offered by the strand,

hence the only contribution to mechanical interlock is from the Lack of Fit Effect. For

this effect to occur, the end slips need to be large (in the order of 0.1 inches and

higher). For the cases where there is good bond and relatively small end slips, the

Lack of Fit Effect and hence mechanical interlock will be small, however, if the bond

is poor, larger end slips will be obtained and the effect of mechanical interlock will be

greater. 

3.3.2 Variables that affect Transfer Length

Numerous studies over the past 50 years have been conducted to examine

the different variables that affect the transfer length of strand. Some of the significant

variables that affect the transfer length are summarized below in Table 3.1. Few of

these variables were studied in Project 1210 and will be discussed with the

description of the experimental work in Chapter 5.
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TABLE 3.1
AFFECT OF DIFFERENT VARIABLES ON THE TRANSFER LENGTH OF STRAND

Variables General Effect on the Transfer Length

1. Strand Size Longer for Larger Strand Sizes – Linear Variation

2. Surface Condition of Strand Shorter for Rougher Surfaces

3. Compressive Strength of Concrete Shorter for Higher Strength Concrete

4. Type of Release Longer for Flame Cut vs. Gradual

5. Steel Type / Steel Stress Longer for Low Relaxation vs. Stress Relieved

6. Confining Reinforcement No appreciable Change

7. Time Effects No appreciable Change (very slight increase in some tests)

8. Concrete Cover / Strand Spacing
No Change. (2 in. and 2.25 in. strand spacing acceptable for

both 0.5 in. and 0.6 in strand)

9. Effect of Debonding
No appreciable Code Change (overall reduced lengths

compared to fully bonded strand)

3.3.3 Measure of Transfer Bond / Transfer Length

There are several ways to determine the transfer length, or to obtain a

measure of the quality of transfer bond in pre-tensioned prestressed members. They

are listed as follows:

• Measurement of Concrete Strains

• Measurement of Steel Strains

• Measurement of End Slip

3.3.3.1 Measurement of Concrete Strains

Measurement of the concrete strains is by far the most common approach

used by researchers to determine transfer lengths. Typically, the concrete strains are

measured at the neutral axis of the concrete section for concentrically prestressed

members and at the center of gravity of the strand group for eccentrically prestressed

members. This ensures that the maximum concrete strain is captured, hence
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improving the quality of data, since the magnitude of concrete strains is usually quite

small. 

A commonly used device for measuring concrete strains is the DEMEC

Gage and is shown in Fig. 3.8. Mechanical buttons are epoxied along the length of the

member on the concrete surface prior to transfer @ at pre-determined intervals. The

exact distance between these points is measured prior to transfer. After transfer, the

distance between these points is re-measured. 

The concrete strains are plotted along the length of the beam and the

distance at which the strains attain a plateau is the theoretical transfer length of the

strand. In most cases, the end portion of the transfer length curve resembles an

asymptotic curve. This can result in unrealistic and unusually large transfer lengths.

Hence, a good measure of the transfer length is the distance where 95% of the plateau

strain (average maximum strain) has been attained, as shown in Figure 3.8. 

3.3.3.2 Measurement of Steel Strains

Theoretically, the easiest way to determine the transfer length is to measure

the steel strains along the length of the member and then convert these to steel

stresses and a force. The problem with this approach is that if the strain gages are

mounted on the strand in the transfer zone, the available bond area for transfer gets

reduced, hence impacting accuracy. Additionally, due to the impact of release on the

strand itself during transfer and the slipping of the strand in the transfer zone, the

strain gages may get damaged resulting in possible erroneous data or loss of the gage.

Even with precautions to ensure that the gages do not get damaged, this approach still

lacks the desired accuracy.
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3.3.3.3 Measurement of End Slips

End slip measurements are the single most powerful tool that can provide a

direct indication of the quality or measure of transfer bond. End slip values by

themselves do not provide an actual value of the transfer length, however, by making

some assumptions on the shape of the transfer length curve (linear or a normalized

curvilinear shape), a transfer length can be calculated. 

A generalized equation for end slip is:
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where: εi is the initial steel strain in the strand before transfer

εs (x) is the steel strain at a distance ‘x’ in the strand after transfer

εc (x) is the concrete strain at a distance ‘x’ after transfer

Figure (3.9-a) provides a graphical illustration of the slip calculation for any pre-

tensioned member. 

In the field, end slips are measured by spray painting or taping the strand

before transfer to create a reference point on the strand at a known distance from the

end of the member. After transfer, the distance to the reference point is measured

once again. The difference of the two values provides the end slip. In the laboratory,

dial gages or potentiometers can be attached to the strand resulting in more accurate

readings.

In general, even if there is no evidence of cracking or localized poor

consolidation in the end region of the member, and larger end slips are observed, it is

an indication of poor bond, lower peak bond stresses, and longer transfer lengths.

Theoretically, large end slips can also be obtained with good bond between the strand

and concrete, if there is evidence of poor consolidation or localized cracking in the

end few inches of the member as shown qualitatively in Fig. (3.9-b). This condition is
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usually rare, because poor consolidation or cracking will most likely cause additional

problems in the anchorage zone. 

If the strand surface gets contaminated with a foreign substance such as

form oil, the coefficient of friction of the strand will reduce, in turn reducing the peak

bond stress and will result in longer transfer lengths and large end slips. On the other

hand, if the strand surface is rusted or has a rougher surface, the coefficient of friction

of the strand and the peak bond stresses will increase, resulting in shorter transfer

lengths and smaller end slips.

3.3.4 Effect of Concrete Cracking within and near the Transfer Zone

The effect of cracking within and near the transfer zone is of extreme

importance to the overall research on strand development, and to the determination of

the development length for prestressing strand. The reason for its importance is

because of the implications of concrete cracking in the transfer zone on the ability of

the pre-tensioned member to hold its prestressing force, and hence its ability to

support itself and the superimposed dead and live loads acting on the member. 

In the literature, the behavior of a pre-tensioned member after cracking in

the transfer zone has been typically described as follows; cracking in the transfer

zone causes an increase in the steel stress at the crack, resulting in a local reduction of

the strand diameter and ultimately a loss of the Hoyer Effect. This leads to a

complete bond failure and eventual collapse of the member. This description of the

mode of failure is general and a more specific explanation of the failure in the transfer

zone and sequence of events that can occur is required.

There are several possible failure scenarios that can occur in the transfer

zone depending on the location of the crack. It is important to recognize that the post

transfer zone-cracking behavior is very complex. There are a lot of variables that are

acting simultaneously and are inter-related to each other. An attempt has been made
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here to provide a detailed qualitative explanation of the possible scenarios and

respective failure mechanisms associated with cracking in the transfer zone.

Cracks in the transfer zone of a pre-tensioned prestressed member can occur

due to web shear cracking, flexural cracking or inclined flexure shear cracking. The

type of crack that occurs depends on the geometry of the section, the loading

configuration, the amount of prestressing in the member, etc. The location of the first

crack or series of cracks within the transfer zone is important. There are three

possible scenarios where cracking can occur. They are shown in Fig. 3.10 and are

listed below:

A) Cracks in the Sliding Bond Portion of the Transfer Zone

B) Cracks in the Adhesion Portion of the Transfer Zone 

C) Cracks just outside of the Transfer Zone

A) Cracks in the Sliding Bond Portion of the Transfer Zone

Consider the crack shown in the Sliding Bond Portion of the Transfer Zone

in Fig. 3.10. As the concrete cracks, the strand stress at the crack location

increases slightly causing a local reduction in the strand diameter due to the

Poisson Effect. The reduction in the strand diameter prevents the transfer of

normal forces and hence bond stresses between the concrete and strand for a

very short distance in the vicinity of the crack. This essentially creates a

discontinuity in the wedging action of the strand or the Hoyer Effect. 

The ‘strand wedge’ is in constant equilibrium with the concrete at each

section along the ‘strand wedge’ and with the entire member as a whole. As

soon as there is a discontinuity in the concrete, the strand slips into the

member to maintain equilibrium and tends to close the gap between a crack

or multiple cracks. 
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It is to be noted that the bond mechanism in this portion of the transfer zone

comes under the category of Sliding Bond with Lateral Confinement

Pressure and No Torsional Stiffness Contribution from the Strand. Hence,

there is no additional reserve bond capacity in this portion of the transfer

zone. As soon as the concrete cracks, the strand slips to close the crack or

series of cracks. Since there is no torsional restraint between the strand and

the concrete, the strand will rotate as it slips inside the concrete. This was

observed in all of the test specimens with bond failures in Project 1210.

The question of whether the strand end slip causes an immediate loss of

prestress in the member is extremely difficult to determine. The reason for

this difficulty is because the strand end slip can occur with or without loss

of the prestressing force. If the bond stresses in the transfer zone re-

distribute along with an extension of the transfer zone, then additional end

slip would be obtained without loss of the original prestressing force. If the

bond stresses cannot re-distribute, and there is extensive cracking in the

transfer zone, then the effective prestress force will start to reduce and

general bond failure will occur. 

The one certain thing is that if large end slips are observed, then it is more

than likely that there is a loss of prestress in the member. For this to happen,

however, will require substantial cracking in the transfer zone, essentially

preventing any or additional re-distribution of bond stresses. If the end slips

are small, then it is more likely that the bond stresses have undergone re-

distribution even with a possible extension of the transfer length.

B) Cracks in the Adhesion Portion of the Transfer Zone 

Cracks in this portion of the transfer zone may be caused due to web shear

or due to inclined flexure shear. The difference of cracking in this portion of

the transfer zone is that the bond stresses have some ability to re-distribute
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since the bond stresses are less than their maximum values. The initial end

slip associated with cracking will be small. But with more loads on the

member and further cracking, the bond stresses will get fully mobilized and

no further re-distribution will occur. Then the failure scenario will be like

Case A.

C) Cracks just outside of the Transfer Zone

Cracks just outside the transfer zone can be due to inclined flexure shear or

just flexure. This type of cracking is shown in Fig. 3.10. In this case, the

bond stress distribution is very similar to what is observed in the flexural

bond region of a member, however, the bond stress wave on the transfer

length side will tend to pull on the strand. 

The pulling of the strand will cause the strand diameter to reduce due to the

Poisson Effect. This will disturb the equilibrium of the ‘strand wedge’

causing a redistribution of the bond stresses in the transfer zone with or

without any appreciable additional end slip. As the pulling force from the

outside of the transfer zone increases, the bond stresses will no longer be

able to redistribute within the ‘strand wedge’ and either cracking in the

transfer zone may occur followed by failure similar to Case A or Case B, or

general bond failure with large end slips may occur without any cracking. 

3.4 FLEXURAL BOND

The additional length of strand beyond the transfer length that is required to

develop the strand stress from the effective prestress sef  to the stress psf  at nominal

flexural strength of the member is the Flexural Bond Length of the strand. 

As external loads are applied to the member, the stress in the strands

increases beyond the effective prestress level. Bond stresses are produced in the shear

span of the member. When the external loads produce a moment greater then the
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cracking moment crM , the member will crack at one or more locations along the

span. The cracking at a section reduces the stiffness of the member at that section,

causing a sharp increase in the strand stress at the crack location. Since the total

tension force is shared between the strands and the concrete, the strand stress changes

gradually from a peak value at the crack to a minimum value about midway between

the adjacent cracks. 

Bond stresses accompany the strand stress gradient, with the bond stress

being equal to zero at the crack itself, and the peak value occurring in the immediate

vicinity of the crack. A qualitative sketch of the strand stress, concrete stress and

bond stress distribution after flexural cracking in a typical pre-tensioned member was

shown in Fig 1.3. A quantitative sketch of the typical steel stress and bond stress

distribution based on a Finite Element Analysis of one of the beams from Project

1210 is shown in Fig. 3.11 to illustrate the mechanics of flexural bond in this section.

3.4.1 Factors contributing to Flexural Bond

The two main factors that contribute to flexural bond are:

• Adhesion (Initial Bond)

• Mechanical Interlock (Sliding Bond and Lack of Fit)

Friction bond, which is very significant in the transfer zone due to the high normal

forces between the strand and concrete, is relatively insignificant in the flexural bond

zone because the normal forces in this zone are very small. 

3.4.1.1 Adhesion (Initial Bond)

Unlike in the transfer zone where the adhesion or initial bond gets destroyed

for a large part of the transfer length, the entire bond strength due to adhesion is

available in the flexural bond zone. After transfer, the strand beyond the transfer zone

does not slip relative to the concrete because the strains in the concrete and strand are

equal. Hence the original bond between the strand and concrete present after the

concrete was cast is still intact.
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The bond behavior at the microscopic level due to adhesion is similar to

what was described earlier in the section on the Nature of Bond. Based on Stocker

and Sozen’s tests for ½ inch strand, the average initial bond stress from adhesion for

zero confinement pressure and a concrete strength of 5400 psi is about 400 psi. 

Under external loads and prior to any flexural cracking, the bond stress in

the shear span of the member is small in magnitude, u < 400 psi, and has not

exceeded the initial bond strength of the strand. After cracking occurs, the bond stress

immediately adjacent to the crack increases. As the load on the member is increased

further, the bond stress increases correspondingly. Once the bond stress reaches the

initial bond strength of the strand, the adhesion between the strand and concrete is

overcome and slip will occur. The sliding bond phenomenon will take over. This

behavior is shown in Fig. 3.11 for the crack located at a distance of 75 inches from

the end of the member. In the example shown in the figure, the initial bond strength

of the strand is about 500 psi. The initial bond strength of the strand is exceeded at a

load of 29 kips, after which the bond stress remains constant and inelastic strand slip

occurs.

3.4.1.2 Mechanical Interlock (Sliding Bond and Lack of Fit)

After the initial bond stress limit has been reached, the bond stress reaches a

peak bond stress value. According to Stocker and Sozen’s tests, there is about a 7 %

increase in bond stress (Fig. 3.3) after the initial bond stress has been reached and

initial slip has occurred. This amount is too small to indicate any particular trend in

behavior. However, it does provide an important conclusion that the strand continues

to slip without loss of any bond capacity after initial slip. It also signifies that there is

some contribution to the bond stress capacity from the torsional stiffness of the

strand.  
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As the external loads or external applied moments increase, the peak bond

stress continues to extend further away from the crack engaging more strand surface

area in both directions as shown in Fig. 3.11. The strand continues to slip with the

crack widths getting larger and larger. It is possible to crack the concrete between the

primary cracks shown in the figure. This will be discussed in a later chapter. 

Interestingly, the Lack of Fit phenomenon that was observed by Stocker and

Sozen at large slips was also observed at few crack locations in some of the beams of

Project 1210. This is shown in Fig. 3.12 where at large crackwidths, local cracking in

the immediate vicinity of the primary cracks occurred, indicating high tensile stresses

produced in the concrete surrounding the strand due to the lack of fit effect. 

3.4.2 Variables that affect Flexural Bond Length 

Most of the variables that affect the transfer length also affect the flexural

bond length except the type of release. Based on the available literature, the important

variables that affect the flexural bond length of strand are summarized in Table 3.2

below. 

TABLE 3.2
AFFECT OF DIFFERENT VARIABLES ON THE FLEXURAL BOND LENGTH OF

STRAND

Variables
General Effect on Flexural Bond / Flexural Bond

Length

1. Strand Size Longer for Larger Strand Sizes – Linear Variation.

2. Surface Condition of Strand Shorter for Rougher Surfaces.

3. Compressive Strength of Concrete About 10% increase for every 1000 psi of concrete strength.

4. Concrete Consistency, Curing, Age of

aaConcrete

Bond strength is higher and more sensitive to all variables

that affect shrinkage rather than concrete strength.

5. Steel Type / Steel Stress
Longer for Low Relaxation vs. Stress Relieved, since fps

values are higher for Low Relaxation Strand.

6. Lateral Confinement Pressure

Decreases for larger confinement pressures. Lateral pressures

affect the initial bond stress more than the sliding bond

stress.
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7. Time Effects No appreciable Change. (very slight increase in some tests)

8. Concrete Cover / Strand Spacing

More sensitive in the transfer zone. However, use of 2 in. and

2.25 in. strand spacing acceptable for both 0.5 in. and 0.6 in

strand.

9. Depth of Concrete Below Strand

(Settlement of Concrete)

Reduction in bond strength up to 30% for 6 inch concrete

below strand. Increases to 35% at 10 inches and remains

constant.

3.4.3 Measure of Flexural Bond / Flexural Bond Length

The general flexural bond characteristics of strand can be determined by

performing pullout tests on small bonded lengths. These tests can provide information

regarding the maximum bond stress capacity of the strand and the bond stress-slip

relationship. 

The determination of the flexural bond length and hence the total

development of the strand is more cumbersome and complex. The development

length has to be determined experimentally by a trial and error procedure. The pre-

tensioned member is tested at a given embedment length. If the ultimate strength of

the member is attained in the test without any strand slip or any other kind of

premature failure such as a bond failure or a web shear failure, the chosen embedment

length is the development length of the strand. The flexural bond length is then

calculated by subtracting the transfer length from the development length. If the

ultimate strength of the member is not attained in the test, and the member undergoes

a premature bond failure or web-shear failure or a combination thereof, the

embedment length should be increased. This trial and error procedure has to be

continued until a test where the section attains its nominal flexural strength without

any strand slip and any other type of failure is obtained.
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An alternate method to gage flexural bond strength is to study the spacing of

cracks and crackwidths, as the pre-tensioned member undergoes flexural cracking. In

a way, it is analogous to using strand end slip as an indicator of transfer bond. 

In general, if the average spacing between cracks and average crack widths

are large, it indicates lower values of bond stress and poor bond. On the other hand, if

the average crack spacing and average crack widths are small, it indicates good bond,

since the bond stresses are high enough to transfer more tension forces from the

strand to the concrete causing secondary cracking. This topic will be discussed in

more detail in Chapter 6, which presents the results of a study of crackwidths and

crack spacing for one of the test series of Project 1210. This indirect method was used

to gage the bond strength of strand used in Project 1210. 

Measurement of steel strains along the strand length in the flexural bond

zone will theoretically provide the most accurate profile of all three quantities, the

steel stress, bond stress and the concrete stress. However, there is no reliable

procedure currently available to obtain these strains. Use of external strain gages on

the strand reduce the area available for bond between the strand and concrete,

especially if gages are to be placed a few inches apart to get an accurate strain profile.

Using embedded strain gages inside the strand will alter the original strand geometry

and hence will not be representative of the strand as received from the strand

manufacturer. Hence, this method is generally not used for determining the flexural

bond length. The experimental trial and error procedure of determining the

development length described above is the most convenient approach.
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CHAPTER 4.    THEORETICAL BACKGROUND: Part II
ANALYTICAL MODELING OF PRE-TENSIONED PRESTRESSED

CONCRETE MEMBERS USING THE FINITE ELEMENT METHOD

4.1 GENERAL  

The use of the Finite Element Method to analyze concrete structures is very

well documented 
[17][28][32][59][60]

 and numerous papers have been published on this

subject in the last 35 to 40 years. In fact, due to its popularity there are several

commercial software, like ABAQUS, ADINA, and ANSYS to name a few that

perform a General Purpose Finite Element Analysis to solve a vast range of problems.  

Previous work on modeling pre-tensioned prestressed concrete is very

limited. The two studies available in the literature are by Keuser, Mehlhorn and

Cornelius 
[27]

, and Ahmed and Bangash 
[33]

. Their research provided results for the

problem they were trying to model. However, their research did not focus on

modeling the anchorage region of the prestressing strand, which is a focal point of the

current investigation.

One of the reasons for limited research work on modeling pre-tensioned

members is the sheer complexity and effort required in modeling the transfer zone.

The concrete surrounding the strand in the transfer zone is in a tri-axial state of stress

with localized microscopic cracking and crushing occurring near the strand surface.

In addition, there is non-linear slippage between the strand surface and the concrete.

These are the initial conditions present before any external load has even been

applied to the member. 
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In a typical pre-tensioned prestressed bridge beam, there are numerous

strands present at different elevations in the member cross-section along the span.

Simulation of the tri-axial state of stress and the strand slip for each individual strand

of the bridge cross-section is virtually impossible in terms of computation cost and

effort. If the focus of the analysis is away from the transfer region of the member,

with techniques to somehow impart the prestressing force into the concrete section

and use of Beam or 2-DPlane Stress Elements, a given problem can be solved at

relatively low costs. However, if the focus of the analysis is in and around the transfer

zone, an alternate approach is required that can simulate conditions in the transfer

zone and yield reasonable results at a reasonable computational cost.

The primary requirement of the current investigation was to develop a

technique to analytically model the transfer and flexural bond region of a pre-

tensioned prestressed member. The technique was to be tested, results verified with

mechanics of materials and moment curvature solutions for overall member

parameters like, member stresses, member deflections and flexural strength.

Once this was established the specimens of Project 1210 were to be modeled and

tested. Due to the extensive number of specimens that were required to be modeled,

every effort was made to keep the computational costs to a minimum without

compromising accuracy.

4.2 FINITE ELEMENT SOFTWARE USED IN THE CURRENT

RESEARCH  

The current investigation involved modeling a significant number of the

beam specimens from Project 1210. Due to the sheer volume of work and size of the

individual FEM Meshes for each specimen, a robust FEM software and a

sophisticated computer was necessary to perform the task. 

The Center for High Performance Computing at the University of Texas has

an academic license for ABAQUS [54] which is a general purpose software for
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analyzing the most complex problems using the Finite Element Method. This

program was chosen to perform all of the FE Analysis in conjunction with Anatech

Research Corporation’s Concrete Non-Linear Material Module [43]. The analysis was

performed on the CRAY Y-MP Super Computer at the HPCF Facility at The

University of Texas at Austin. All other modules for pre-processing and post-

processing of the data were written in the FORTRAN Language by the author.

4.3 DIFFERENT APPROACHES TO MODEL PRE-TENSIONED

MEMBERS

There are two approaches to modeling the prestressing force in pre-

tensioned members when performing a Finite Element Analysis. They are:

• No slip allowed between Strand and Concrete

• Slip allowed between Strand and Concrete

4.3.1 No slip allowed between Strand and Concrete

This approach is the easier of the two in its implementation. The

assumption in this approach is that the strand and the concrete are fully connected to

each other. There is no relative movement allowed between the strand and the

concrete nodes. 

This approach is useful for problems where the region of interest is away

from the transfer zone of the member, or if the region of interest is on the external

concrete surface of the member (even within the transfer zone). The most important

requirement that needs to be satisfied is that the correct prestressing force be present

at any given section along the length of the member.

The prestressing force is imparted to the model within a certain distance

from the end of the member as required. In the ABAQUS software, there are two

commands that aid in this operation. One is the *INITIAL CONDITIONS command

which allows a given stress or force to be applied within an element as an initial
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condition, i.e. before the start of the first iteration. The other option is the

*PRESTRESS HOLD command which allows the user to maintain the initial

prestress value in the element even after the first iteration.

The other useful feature of this approach is that if there are several strands

within a row, or if several rows need to be combined at an equivalent CGS for the

strand group, it can be done easily in the model by lumping all the force at this

location. Figure 4.1 shows a schematic on the use of this method. In other words, this

method is good for a macroscopic study of the member.  

In the current research, this method was used for modeling the U-Beams of

Project 9-580, which will be covered in Chapter 9.

4.3.2 Slip allowed between Strand and Concrete

This approach allows each individual strand in a given member cross-

section to be modeled at any location along the length of the member as shown in

Figure 4.2. Hence, a complete generalized analysis of the member can be performed

if the correct prestressing force is applied at any given point in any direction in the

member. Unlike the previous approach, where the force at a given section was

required, in this approach the prestressing force can be applied in any or all three

directions (X, Y and Z) of the member if desired. There is more effort required in

building up the model and defining all the parameters, however, it also produces more

accurate results and provides the opportunity to study the member in much greater

detail.

Virtually any type of pre-tensioning problem can be analyzed by using this

approach. This method may not be suitable for problems where detailed solutions are

not required. 
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The slip between the strand and the concrete is modeled using either an

interface contact element or a spring contact element. For the current research,

horizontal and vertical springs were used instead of an interface element because the

ABAQUS program did not have a non-linear version of the interface element in their

element library.

Since the focus of the current research work was to study the transfer and

flexural bond region in detail at different stages of loading, all of the FE Models were

developed allowing for slip between the strand and the concrete. Hence, excluding

the models for the U-Beams of Project 9-580, all the models for Project 1210 that are

presented in this document were developed with slip being allowed between the

strand and the concrete.

4.4 FINITE ELEMENT MODELS USED IN THE CURRENT

RESEARCH

FE Model for Project 1210 Specimens

The overall goal for performing the Finite Element Analysis was to

represent analytically, the state of the member at transfer, then with external loads

acting on the member including cracking, and finally the state of the member at or

incipient to failure. 

This required the structure, especially in the end regions of the member, to

be discretized or meshed with enough segments or elements so that internal

parameters such as strand stress profiles and bond stress profiles that have changes in

curvature could be reasonably represented. For example, Fig. 1.3 shows a qualitative

distribution of the bond stress between two cracks. The average crack spacing from

the different test series of Project 1210 varied from 8 inches to 14 inches. Assuming

that the inflection point of the bond stress distribution curve is mid-way between the

cracks, at least 4 to 5 data points are required to get a reasonable stress distribution

curve from the crack to the inflection point. 
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Hence, a mesh with 1-inch to 2-inch elements along the direction of the

member was selected for most of the models. In the depth direction of the member,

the selected element dimension was such that the aspect ratio of the elements did not

exceed 1 (Horizontal): 2.5 (Vertical).

Consider the end region of a typical pre-tensioned member as shown in Fig.

4.3. A typical connection between the strand and concrete that allows for slip is

shown in Fig. 4.4. This configuration was used for modeling the specimens of Project

1210. The concrete was modeled using a standard eight-node biquadratic reduced

integration element (CPS8R in ABAQUS); the steel strands were modeled using a

three-node quadratic truss element (T2D3 in ABAQUS); and the bond between the

strand and concrete was modeled by using relative horizontal and vertical springs

with non-linear properties (SPRING2 in ABAQUS) as shown.

The basic concept of the model is that the strand force curve can be

discretized and approximated with a number of small straight-line segments. Hence,

the difference in force between any two points along the strand length is given by:

LuPT s=∆                                                        (4.1)

where:  u = Uniform Bond Stress

Ps = Perimeter of the Strand

L  = Length of the Segment or Element 

For the type of quadratic steel and concrete elements that were used, and

assuming a uniform bond stress u along the element, the total overall stiffness of the

springs for the entire element, and the distribution of this stiffness between the end

springs and middle spring is given by:

δδ
LuPTK s

TOTAL =
∆

=                                                (4.2)

6
TOTAL

END
KK =                                                     (4.3)
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3
2 TOTAL

MID
KK =                                                    (4.4)

FE Model for Project 9-580 Specimens

The purpose for performing a FE Analysis of the U Beam specimens of

Project 9-580 was to study the overall effect of end blocks on the end region behavior

of these Beams. Experimental data such as exterior concrete surface strains were to

be compared with the analytical results. Unlike Project 1210 specimens, information

about internal parameters such as strand stress and bond stress profiles was not

required. 

The important requirement to be satisfied was that the appropriate

prestressing force be applied at each section in the model. Hence, the modeling

approach with no strand slip required was sufficient. 

The FE Model of the U-Beams was a true 3-D model consisting of 8 node

brick elements for the concrete and 2 node truss elements for the strand. The strand

was assumed to be fully bonded to the concrete with no slip allowed. A full

description on the modeling and analysis of these beams is presented in Chapter 9.

4.5 MODELING OF STEEL STRANDS AND REBAR

Steel Strands: The steel strands were modeled with 2 or 3 node truss

elements as stated above. The steel material properties were based on actual stress-

strain curves provided on the mill certificates by the strand manufacturer (Florida

Wire and Cable), and are shown in Fig. 4.5 and Fig. 4.6 for 0.5-inch and 0.6-inch

strand, respectively.

 

The non-linear portion of the stress-strain curve with hardening was also

modeled using the *PLASTIC Option in ABAQUS. The ABAQUS program has

numerous material models. The strand material model used in this research was their
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standard metal plasticity model based on a Von Mises Yield Surface with Isotropic

Hardening.  

Rebar: The longitudinal and shear reinforcement rebar in the beam

specimens from both projects was input in the models. The effort in modeling the

rebar, although very tedious, was relatively reduced because the ABAQUS program

has an input option to model rebar. The rebar is not modeled like the strand with truss

elements, rather it is embedded into the concrete element using certain input

parameters available within the program. ABAQUS assumes that the rebar is fully

bonded to the concrete. ABAQUS treats a uniformly spaced layer of rebar as a

smeared layer with a constant thickness equal to the area of each rebar divided by the

spacing of the bars. The program modifies the stiffness of the concrete element

accordingly.

4.6 MODELING OF CONCRETE

The finite element modeling of concrete is quite complex because of the

inherent nature of concrete as a material. Concrete does not have the same properties

in tension as it has in compression. Concrete is strong in compression and weak in

tension. The stress strain curve of concrete is different in compression and tension as

shown in Fig. 4.7. Concrete exhibits non-linear behavior not only due to the non-

linear shape of the concrete curve in compression, but also due to cracking of the

concrete in tension. 

In addition, the state of stress in a typical concrete member is not uniaxial

like steel reinforcement. Depending on the loading and geometry of the member, it is

possible to obtain a combination of biaxial compression, triaxial compression,

compression-tension, tension-tension stresses at different locations within the

member. The effects of shrinkage, temperature, creep, cyclic loading, damping,

aggregate interlock and dowel action after cracking, and strain softening after

reaching the peak compressive stress, further complicates prediction models.
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Most concrete material models predict the compression behavior of

concrete with reasonable accuracy. Predicting the tensile behavior of the concrete

especially after cracking is very difficult. Although the concrete material can be

considered to be homogeneous in a global sense, the preference for the concrete to

crack at any given location within the member is very difficult to determine. Even in

a test, the approximate region of cracking and average spacing between cracks can be

predicted, however, it is virtually impossible to know the exact load and location of

the occurrence of the first crack and subsequent cracks. There are too many external

variables such as the uniformity of the concrete mix itself, the uniformity of the

placement and vibration of the concrete, the depth of the member etc. that will

influence the local microstructure of the concrete at any given location.

For analytical purposes, it is sufficient to know that the concrete has

cracked. Modeling each individual crack, or knowing the region of cracking depends

on the desired outcome of the analysis. In the case of design of concrete members,

even this level of sophistication is not necessary, because the contribution of the

tensile strength of concrete is usually ignored. 

The modeling of the post-cracking behavior of concrete members is again

very complex, since the topography of the member is continuously changing as the

structure continues to crack and the cracks propagate. There are three analytical

models that are currently available in the literature to represent this behavior. They

are:

A) Discrete Cracking Models

B) Smeared Cracking Models

C) Fracture Mechanics Models

The Discrete Crack and Smeared Crack Models are discussed below.

Mention of ‘Fracture Mechanics Models’ has been included here for completeness

only, and a separate discussion on this approach has not been provided. This area of
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research and its application to reinforced and prestressed concrete is not fully

developed, and no commercial software using a fracture mechanics approach is

currently available. 

4.6.1 Discrete Cracking Models

Discrete cracking models allow a reasonable representation of crack

formation and crack propagation similar to the actual cracked configuration observed

in a member. Modeling using a pre-defined cracking configuration is relatively easier

compared to the case where the cracks have to be generated automatically.  

In this method, the geometry of the model in the cracked condition shows

discrete cracks like in a real member. The cracks are allowed to form along the edges

of the concrete elements, which are most normal to the principal stresses as shown in

Fig 4.8. The figure also shows that as the flexural cracks start to become inclined, the

geometry of every single element adjacent to the crack has to be revised for each load

increment. The FE Mesh has to be constantly re-generated for every single load

increment in this method. Additionally, to obtain a reasonably accurate depiction of

the cracks, a fine FE Mesh is required.

Nilson, Mufti, Al-Mahaidi and others [59] have refined the discrete crack

models, since the first such model was developed by Ngo and Scordelis [59] in 1967.

In spite of these refinements, the prohibitive computation cost of this method has

limited its acceptance amongst users and researchers. It can be very useful for solving

smaller size problems with few cracks. This method was not suitable for the current

research, firstly because of the high computation cost of modeling, and secondly due

to the large size and large number of specimens that had to be modeled.

4.6.2 Smeared Cracking Models

The need for a cracking model that would not require a constant re-

generation of the finite element mesh and that would allow for flexibility of crack
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formation in all directions led to the development of the so called ‘smeared cracking

model’. 

This modeling approach was first introduced by Rashid [59] in 1968, treating

cracked concrete as an orthotropic material. The basic concept of the approach was

that once the concrete cracked, the modulus of elasticity of the material perpendicular

to the principal tensile stress direction was reduced to zero. The concrete was

considered cracked, when the principal stresses reached an established tensile

strength criterion for the concrete. The direction of the crack was assumed to be

perpendicular to the principal stress direction as shown in Fig. 4.9. In this approach, a

single crack was considered to produce the same effect as multiple finely spaced

cracks, i.e. smeared cracks, as shown in the figure.

The original smeared crack model developed by Rashid has been revised

and refined by several researchers [59], including Rashid himself. Current smeared

crack models include a shear modulus term, βG (0 < β ≤ 1) where β is a reduction

factor introduced to help with numerical difficulties and, moreover, represents

aggregate interlock that occurs across an open crack. Most of the current smeared

concrete models also include the effects of ‘tension stiffening’. In models that do not

include ‘tension stiffening’, the tensile stress in the concrete instantaneously drops to

zero as soon as a crack occurs. This poses numerical problems, and also does not

represent the true behavior of cracked concrete. Whether the concrete is plain or

reinforced, there is some residual tension even after the maximum tension stress has

been reached and the concrete has cracked. ‘Tension stiffening’ provides numerical

stability to the analysis and represents actual behavior.

The concrete material model used for all the analytical work in this research

was based on Version 91-1.0 of Anatech Research Corporation’s ‘Smeared Crack

Model’ developed by Rashid et.al. [43] and is discussed below.
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4.6.3 ANATECH ‘Smeared Crack Model’ and its application in the Current

Research

ANATECH’s Smeared Concrete Model [43] is very well known amongst

individuals who are involved in modeling different types of concrete structures (mass

concrete, reinforced and prestressed concrete) and especially in applications which

require a failure analysis up to collapse. It is a commercially available software and

works in conjunction with the ABAQUS program. 

The derivation of ANATECH’s Smeared Concrete Material Model is

available to the reader in the Program Manuals [43] and is not provided in this

document. The salient features of their model are discussed here.

The ANATECH model is a robust concrete material model and has been

used in various applications. It has many modeling features to solve problems related

to temperature, crack-consistent damping, cyclic loading, creep in concrete etc. The

two features of the model required for the current research were the tension stiffening

and shear retention capabilities, which was available in their default ‘smooth smeared

crack model’. 

One of the drawbacks of the smeared concrete modeling approach is that

actual discrete cracks cannot be obtained from the FE analysis. However, the analysis

does provide a reasonably accurate representation of the region of cracking in the

member, member strength and stiffness up to failure. One of the goals in the current

research work was to be able to study the distribution of bond stress, steel stress and

concrete stress distribution between cracks and along the length of the member, as the

member was loaded to failure. Hence an alternate approach to accomplish this goal

was developed.
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Representation of Cracking 

An alternate approach was developed to represent the cracks and effect of

cracking in the analysis of the beam specimens. The FE Model was not necessarily

defined with pre-existing cracks, however, the model was prepared with materials

essentially of two different tensile strengths (same compressive strength) for pre-

determined locations, which corresponded to cracks observed in the test. The finite

elements that were intercepted by cracks were considered to be of a slightly weaker

tensile strength compared to the rest of the material. Since, the actual crack patterns

of the beam specimens were mapped during the test, these crack patterns were super-

imposed on the respective FE Mesh of the beam being modeled. The elements that

were intercepted by the cracks were identified. This procedure is illustrated in Fig.

4.10 for one of the beam specimens. 

After conducting several pilot runs, it was established that the pre-defined

cracked elements with 70% of the actual tensile strength of the concrete would

provide a reasonably accurate solution, without creating undue bias to the overall

stiffness and strength of the model in comparison to the observed test results. 

It must be mentioned here that the alternate approach used to model the

cracking described above is useful for analyses where the crack patterns and the

cracking history of the specimen being modeled is previously known. For cases,

where the cracking history is not available, or where the crack propagation with

discrete cracks has to be studied, either a discrete cracking approach or a fracture

mechanics based approach may be used. If the occurrence of discrete cracks is not a

priority and knowledge of the general region of cracking is required, the smeared

crack approach with no pre-defined cracking is a more suitable option.

Tensile Cracking Criterion of ANATECH Smeared Cracking Model

In the ANATECH Smeared Crack Model, the cracking is treated

mathematically at the integration points. Cracking is assumed to occur not just based
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on the principal tensile stress reaching a certain tensile strength. The criterion is

based on an interaction type equation combining the principal stress and principal

strain, and limiting them to a certain value. Their tensile cracking criterion is defined

as follows:

2=+
ff σ

σ
ε
ε                                                       (4.5)

where: fε  = Tensile Cracking or Fracture Strain

fσ = Tensile Cracking Stress corresponding to the Cracking Strain fε

Cracking is assumed to occur in the direction perpendicular to the principal

stress direction. Multiple cracks are also allowed to form at the same integration

point, however, these are constrained to be mutually orthogonal. For higher order

elements, such as used in the current research (the CPS8R – eight-node element), the

crack status can vary at the different integration points within the same element.

Hence, it is possible that within the same element, one integration point may have a

crack that is open, and another integration point may have a crack that is closed. This

depends on the state of stress and strain at the integration points within the element.

The allowable tensile strength of the concrete used in the analysis of the

beams was based on the observed test results. Typically, three values of cracking

stress were determined from each test. The first value was based on observing the

overall load vs. deflection curve for the test. The load corresponding to the point

where the stiffness of the beam started to deviate from a linear value was chosen as

the cracking load. The second value was based on the actual load when cracking was

first observed during the test. This value had the potential of being slightly erroneous

because of the possibility of human error. It was possible that by the time the first

crack was observed and the information was transmitted to the operator of the testing

machine, some additional load might have been applied to the beam. To account for
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this possible error, the load from the previous increment was considered to be the

third value. 

All three values were studied for each test very carefully before arriving at a

reasonable value for the tensile strength for that test. The tensile strength for the beam

specimens of Project 1210 obtained by using this procedure varied from 6.2 '
cf to

9.1 '
cf .

4.7 MODELING OF BOND BETWEEN STRAND AND CONCRETE 

The description of the type of spring element that was used to connect the

strand and concrete elements was provided in Section 4.4. This section provides a

brief description of the constitutive relationship used for the spring elements to

represent bond between the strand and the concrete.

As explained earlier, separate pull out tests of the strand were not performed

in Project 1210. The constitutive relationship for the spring elements in the flexural

bond region for the entire research was based on Stocker and Sozen’s pull out tests.

For the purpose of the Finite Element Modeling, Stocker and Sozen’s bond

stress-slip relationship [12] for ½ inch strand which was presented earlier in Fig. 3.3 is

shown in an idealized manner in Fig. 4.11. The slip is shown on a logarithmic scale.

The idealized relationship shown in the figure was further simplified for analytical

purposes to a bilinear relationship as shown in Fig. 4.12. 

The first linear portion of the curve shows the bond stress increasing from a

zero value to a peak average bond stress value given by the equation (u = 271.3 +

0.0318 '
cf ) for ½ inch strand. The slip corresponding to the peak average bond stress

value was considered to be about 0.001 inches based on the numerous pull out test

results from Stocker and Sozen’s research. The second linear portion of the curve, i.e.

the constant average bond stress value was not kept flat, but given a 2% slope for
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numerical stability during the analysis. The increase in bond stress for slips from 0.06

to 0.1 inches as shown in Fig. 3.3 (lack of fit effect) was not considered in the

analytical model for simplicity, because of the large number of beams that had to be

modeled. Moreover, most of the crack widths that were measured in the tests ranged

from 0.001 inches to 0.08 inches for crack spacing between 8 to 12 inches. The

overall scope of the research was to study bond behavior in the transfer and flexural

zone after cracking had occurred. Study of the bond behavior and bond stresses at

very large slips was important to understand, but was not critical to the final outcome

of the analytical work.

The equation relating average bond stress (slip range from 0.001 to 0.01

inches) versus concrete strength for different strand diameters is plotted in Fig. 4.13.

The values used in the figure are based on results from Stocker and Sozen’s tests.

They observed an average increase of 10% in bond stress for every 1000-psi increase

in concrete strength. The 28-day concrete strength in the beams of Project 1210

varied from about 5000 psi to 7800 psi. The flexural bond stress value and resulting

spring properties for each beam modeled was adjusted according to the 28-day

concrete strength obtained for the beam.

The relationship between the average bond stress versus strand diameter

(represented by the square root of the cross-sectional area of the strand) for different

concrete strengths is shown in Fig. 4.14. The figure shows that the bond stress

decreases as the strand diameter increases. Stocker and Sozen did not test 0.6 inch

strand in their research, however, using the results from the other strand sizes, bond

stress values for 0.6 inch were extrapolated and the resulting bond stress equation is

shown in Figure 4.13.

4.8 MODELING OF THE TRANSFER BOND REGION
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There are several methods to apply prestressing force to a Finite Element

Model. The two common methods are using temperature or using the initial prestress

force option, which is now a common feature in most software programs.

The second method was used in the current research. The ABAQUS

program has the *INITIAL CONDITIONS option which allows the user to input any

pre-existing stress or displacement to the model. 

For the case where the strands are assumed fully connected to the concrete

without allowing for any slip, the prestressing force is applied as a constant force

over all the elements or in a stepped piece wise manner through a few elements in the

end zone. The *INITIAL CONDITIONS and the *PRESTRESS HOLD options are

used so that the desired prestress force is obtained in the member. The first load step

in the analysis has no external loads applied except for the application of the initial

prestress, which allows the member to attain a state of equilibrium before the

application of the external loads. This procedure was used in the analysis of the U-

Beams of Project 9-580 (Chapter 9).

For the case, where the strands are allowed to slip relative to the concrete,

the prestressing force is applied by only using the *INITIAL CONDITIONS option.

One initial prestressing force is applied to all the steel elements in the model, thus

simulating the stressing of the strands in a prestressing bed. The application of the

initial force is the first load step. Once the force has been released in the model, it is

the springs between the strand and concrete in the transfer zone that do all the work

of transferring the force to the concrete in the model. This procedure simulates the

actions of the strand in a prestressing bed. This procedure was used in performing the

3-D axi-symmetric analysis (Chapter 7) and modeling the beam specimens of Project

1210 (Chapter 8).
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The most important part of modeling the prestressing force in the transfer

zone is the properties of the springs. These springs have different properties

compared to the springs in the flexural bond zone. The properties of these springs

have the same bilinear shape (retained for simplicity in modeling), however the bond

stress values are much higher. The mechanism of transfer bond was discussed in the

previous chapter and it was shown that bond stress values of up to 900 psi and higher

can be obtained due to the Hoyer Effect.  

The properties of the springs in the transfer zone were derived from actual

test data of transfer length tests from the FA550 Beam Series of Project 1210. The

detailed description of the test series will be provided in the next chapter, however,

the results of the transfer length tests are presented here to show how the spring

properties were obtained. 

The raw data from the transfer length tests is shown in Fig. 4.15. The curve

shown in the figure represents the smoothed average of the DEMEC strains. The

main purpose for taking an average of all the data points was to determine the shape

of the transfer length curve. Instead of plotting individual transfer length curves for

each end of the beam and then trying to merge them into one curve, the strains at each

DEMEC location were averaged, especially since the beam specimens were identical

in terms of their geometry, strand force and strand location. A normalized profile

based on the curve above is shown in Fig. 4.16. Knowing the initial tension forces in

the strands and after accounting for all the losses, the bond stress curve shown in Fig.

4.17 was derived. The bond stress curve in the figure shows that for this test series, a

peak bond stress of about 880 psi was present for the first five inches of transfer,

which gradually reduced to zero at the end of the transfer zone.

As explained in the earlier chapter, the transfer bond mechanism can be

broken up into two parts within the transfer zone. The first part of the transfer zone

starts from the free end of the strand to a cut-off location that represents the initial
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bond strength of the strand. This portion of the transfer zone curve represents sliding

bond with lateral or confinement pressures and complete loss of adhesion between the

strand and concrete. This corresponds to the stress in Fig. 4.17 from 880 psi to about

460 psi (the initial bond strength value can range from 400 psi to 500 psi depending

on the concrete strength of the member being studied). The second part of the transfer

zone curve represents no loss of adhesion and bond stresses in the strand that are less

than the initial bond strength of the strand. This corresponds to the bond stress from

460 psi to zero psi at the end of the transfer zone in the same figure.

Depending on the element size in the transfer zone, the bond stress curve

shown in Fig. 4.17, and the spring stiffness equations from 4.2 to 4.4, the spring

properties of each spring along the transfer length were determined. For beam

specimens that had strands in more than one row, spring properties for each row were

defined in the model.

4.9 MODELING OF THE FLEXURAL BOND REGION

The springs in the flexural bond zone were all identical. The spring

properties were determined using the idealized bond stress-slip relationship shown in

Fig. 4.12. 

4.10 MODELING OF THE SUPPORTS USING STEEL ELEMENTS

The supports of the FE Models were modeled using steel elements, just like

the steel supports used during the tests. For numerical stability, it was more

convenient to distribute the applied loads and the supports over a certain area rather

than using concentrated knife-edge supports or concentrated loads. Boundary

Conditions were applied to the models to simulate the actual test conditions.

 

4.11 VALIDITY OF FEM MODEL 

Prior to conducting the full scale analysis of all the models, several pilot

studies with smaller sized models and coarse and fine meshes were conducted to
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check the overall concept of modeling the interaction between strand and concrete

(with slip and without slip), transfer of prestress forces, cracking loads, etc. 

The results of the pilot studies were compared with results from mechanics

of materials solutions, moment-curvature solutions and ACI Code Equations. For

example, concrete and steel stresses obtained were typically within 2% of a

mechanics of materials solution. Initial camber due to prestressing forces, and

deflections due to external loads were within 1% of a structural analysis solution.

Cracking Moments and Ultimate Flexural Moments from the FE Analysis compared

favorably with values from Moment Curvature Solutions and ACI Code Equations. 
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CHAPTER 5.  EXPERIMENTAL PROGRAM

5.1 GENERAL

An overview of the experimental work from Project 1210 that is relevant to

the current research is presented in this chapter. A detailed description of the entire

test program on Project 1210 is available through several reports submitted to the

FHWA and TXDOT, namely, 1210-1 by Unay et.al. [44], 1210-3 by Lutz et.al. [46],

1210-4 by ZumBrunnen et.al. [45], and 1210-F by Russell and Burns [48]. The report by

Russell and Burns is a comprehensive and final report on Project 1210, which

includes the entire testing program, discussion of test results and recommended

design guidelines. 

The test series from Project 1210 that are presented in this chapter comprise

almost all the tests where the specimens were loaded statically. The tests described

herein are generally limited to specimens using 0.5-inch strand, however, some test

results from 0.6-inch strand specimens have been presented where deemed necessary.

Complete details on tests using 0.6-inch strand are available in Report 1210-F [48]. 

The following test series from Project 1210 are described in this chapter:

A) TRANSFER LENGTH TESTS

Single Strand Specimens (FC1 and DC1 Series)

Three Strand Specimens (FC3 and DC3 Series)

Five Strand Specimens (FC5 Series)

AASHTO Type Specimens (FA550, FA460 and DB850 Series)

B) DEVELOPMENT LENGTH TESTS (FULLY BONDED STRANDS)

AASHTO Type Specimens (FA550 and FA460 Series)

Rectangular Shaped Specimens (FR35 Series)

C) DEVELOPMENT LENGTH TESTS (DEBONDED STRANDS)
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AASHTO Type Specimens (DB850 Series)

5.2 TRANSFER LENGTH TESTS

5.2.1 Introduction and Scope

The first series of tests conducted in Project 1210 were the Transfer Length

Tests. The purpose of performing the transfer length tests was to first determine the

transfer length of clean mill condition 0.5-inch and 0.6-inch strand, which was to be

tested later to determine its development length. It was essential that knowledge and

data on the transfer length be known prior to conducting the development length tests.

Additionally, several variables were identified for study during the transfer length

tests.

The basic concept of arriving at a transfer length specimen is shown in

Figure 5.1, wherein a portion of an AASHTO Box Shaped Girder is isolated from the

rest of the cross-section. Several types of portions of the girder shown were

considered for testing. 

The first three, test series contained one strand (FC1 and DC1), three strand

(FC3 and DC3) and five strand (FC5) specimens respectively. Details of these test

specimens are shown in Fig. 5.2. Some of these specimens contained fully bonded

strands only, and some contained a combination of fully bonded and debonded

strands. The debonding pattern varied in the case of the three strand specimens, i.e.

some of the specimens had one center debonded strand and the outer two fully

bonded, and the others had the outer two debonded and the center strand fully

bonded.

In addition, transfer length tests were also conducted on cross-sections

representing a scaled AASHTO Type Girder with a Composite Slab. Three test series,

namely, the FA550 Series containing 0.5-inch fully bonded strands, the FA460 Series

containing 0.6-inch fully bonded strands and the DB850 Series containing some fully
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bonded and remaining debonded strands had the scaled AASHTO type cross-sections.

Details of the test specimens from these series are shown in Fig. 5.3. 

In all, transfer length tests were performed on 65 specimens. Twenty-six

specimens contained a single strand, 18 specimens contained three strands, 6

specimens contained five strands, and 12 specimens (AASHTO Type Sections)

contained varying number of strands (4 to 8). Transfer length tests were also

performed on 3 full scale, Texas Type C Girder Specimens, which are not reported in

this document. 

The nomenclature, used to describe the various test specimens throughout

this project is shown in Table 5.1 below.

TABLE 5.1

PROJECT 1210: SPECIMEN NOMENCLATURE

Example: FA_550-3A (No Transverse Reinforcement Used)

F

A

T

5

5

0

3

A

Fully Bonded (D = specimen with some debonded strands)

Cross – section Type: C – Concentrically Prestressed 

                                   A – 22 inch AASHTO Type Specimen

                                   B – 23.5 inch AASHTO Type Specimen

                                   R – 16 inch Rectangular Shaped Specimen

                                   Z – Texas Type C Girder Specimen

Transverse Reinforcement Included ( T does not appear for specimens

without any transverse reinforcement )

Number of Strands in the Section

Strand Size (5 for 0.5-inch strand, 6 for 0.6-inch strand)

Strand Spacing (0 for 2 inch spacing, 2 for 2.25 inch spacing

Specimen Number in the series

Test Number for each specimen: A – First Test

                                                     B – Second Test

                                                     C – Third Test



84

5.2.2 Variables

The following variables were studied during the transfer length tests: 

a) Size of strand (0.5-inch or 0.6-inch)

b) Number of strands in the member (1, 3, 5, 8, and 24)

c) Shape of the cross-section of the member

d) Variation in strand spacing (2 inch or 2.25 inch)

e) Effect of debonding of the strands

f) Effect of confining reinforcement (with or without)

5.2.3 Test Setup

All the tests from Project 1210 that are mentioned in this document were

conducted at the Ferguson Structural Engineering Laboratory of The University of

Texas at Austin. A three-bay, 72 foot long, 400 kips/bay prestressing bed capable of

using 0.5-inch and 0.6-inch strands at varying spacings was built in the laboratory for

the entire project, taking into account the number and size of specimens that were

planned for the project. The specimens were cast with the tensioned strands, on plexi-

glass topped wooden tables, in the prestressing bed as shown in Fig. 5.4. The plexi-

glass was used to reduce the friction developed between the soffit of the specimen

and the table when the strand force was released from the abutments, to simulate

conditions in a prestressing plant.

5.2.4 Instrumentation

The general objective of the experimental work in Project 1210 was to

gather as much test data as possible from every single test. For the transfer length

tests, several types of data were collected. They are listed as under:

• Measurement of concrete strains on the exterior faces of the specimens

• Measurement of steel strains 

• Measurement of end slips

• Visual inspection
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The concrete strains in the transfer region of the specimen were calculated

by recording the physical difference in movement between two points on the exterior

surface of the concrete before and after transfer. DEMEC Buttons or Points were

glued on the surface of the concrete at 2-inch or 4-inch spacing, and as close as

possible to the Center of Gravity of the Strand Pattern (to record the maximum

possible compressive strain). 

The distance between DEMEC Buttons spaced at 8-inch intervals was

measured using a DEMEC Gage as shown in the photograph in Figure 3.8. The

concrete strain (ε) for this interval was the difference between the readings (δL)

before and after transfer of prestress, divided by the 8-inch gage length (L) of the

DEMEC Gage. This strain value, in essence, represented the concrete strain on the

face of the specimen at the center of the 8-inch interval. The concrete strains were

measured at 2-inch or 4-inch intervals, well past the expected transfer length on each

face, and on each end of the specimen. 

Strain Gages (ESRG’s) were installed on the strands at a few select

locations within the specimen to measure steel strains. These gages were not used to

determine the transfer length, but to gather additional data such as: the initial tension

in the strands, increase in steel stress in the vicinity of flexural cracks, and in general

to monitor the increase in steel stress for the development length tests. As discussed

earlier in Section 3.3.3, installing too many strain gages along the strand is

detrimental to the quality of the overall data, because of the loss of ‘local bond’

where the strain gages are installed. 

The end slip of each strand at the ends of the specimen was measured after

transfer by using dial gages or a measuring tape. The strand was wrapped with

masking tape with one edge of the tape placed at a known distance (initial mark) from

the end face of the specimen. The distance of the initial mark from the end face of the

specimen was recorded after transfer. The amount that the mark moved was equal to
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the end slip of the strand. Using this method to record the movement of an initial

mark on the strands became the most reliable method to measure end slip after the

loss of a few dial gages from the violent action of strand release. This occurred

initially for some of the single strand specimens. However, modifications were made

to the strand release procedure to contain the energy from the strand release, and

prevent it from damaging the specimen and any attached apparatus. In general, a

thorough visual observation of the specimen was performed after transfer of prestress.

5.2.5 Test Procedure

The prestressing and fabrication procedures of the specimens in the

laboratory were kept as close as possible to industry wide prestressed plant conditions

and procedures. The typical steps in the fabrication and testing of the transfer length

specimens were as follows:

1) Stressing of the strands in the prestressing bed (Strain gages were

installed on the strands prior to applying the initial jacking force)

2) Placing mild reinforcement, setting forms, and casting the specimens

3) Curing of concrete, removal of forms

4) Placing DEMEC Buttons on the concrete surfaces (sides) and taking

initial readings. Initial tape mark for end slip

5) Release of prestressing force

6) Record measurements of steel strains, concrete strains and end slip

Further details of the fabrication and testing procedures are available in

References 44 and 48. 

Modifications to the strand release procedures were made after damage to

some of the initial single strand specimens. These modifications are discussed here. 

The first series of specimens in Project 1210 were the Single Strand Specimens.

Keeping in mind previous research results on transfer length, i.e. ‘a sudden release

results in longer transfer lengths compared to a gradual release’, the release method
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of the strands for this series were conservatively started out with flame-cutting the

strands at 100% of its initial prestressing force.

The impact from sudden release on these specimens that had a relatively

small cross-section, caused damage to some specimens, and in general, resulted in

considerable scatter in the observed data. The release method was hence modified so

that the effects of flame-cutting or sudden release were still captured, and the

specimens did not suffer any damage.

The release method was modified by first partially releasing the strand force

by about 30%. This was accomplished by placing slotted shims between the chuck

and the abutment bearing plate; the shims dropped as the strand was temporarily

lifted off from the chuck, with the nose-piece of the jack bearing on a ‘de-tensioning

stool’ or ‘jack chair’.  

Further, a short piece of strand centered at the cut location was attached to

each strand with cable ties and additional concrete end blocks between the specimen

and the abutment were cast. The strands were then flame-cut. The combined use of

the short strand and the concrete end blocks helped in reducing the dynamic action of

the flame-cutting action to the extent that the specimen ends did not get damaged.

The modified strand release procedure helped in preserving the integrity of

the specimens. The larger AASHTO Type specimens, i.e. the FA55, FA46, DB85,

FR35 and FR36 series were released by flame-cutting with 100% tension on the

strands.

5.2.6 Summary and Discussion of Transfer Length Test Results

5.2.6.1 Overall Test Results

Typical transfer length profiles for specimens with fully bonded and

debonded strands are shown in Fig. 5.5a and Fig. 5.5b respectively. It is evident from
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both figures that it is impossible to attain a perfectly flat maximum strain plateau. In

addition, the transfer length curve tends to become asymptotic as it approaches the

100% strain or maximum strain plateau. Using the 100% strain plateau as a criterion

for defining the transfer length can result in unusually long and unrealistic transfer

lengths. Hence, an alternate criterion, which has also been used by previous

researchers [4] was used to define the transfer length of all specimens in Project 1210.

The transfer length was considered to be the distance from the free end of

the strand to the point along the strand where 95% of the average maximum strain

was attained, i.e. where approximately 95% of the prestressing force was transferred

to the concrete. This method was used to determine the transfer length of both the

fully bonded and debonded strands.

A summary of the average transfer length from each test series is provided

in Table 5.2 below. The overall average transfer length (average from all test series)

for 0.5-inch and 0.6-inch strand was 30 in. and 40.9 in., respectively. 

The transfer length values obtained from the tests were compared to values

from ACI / AASHTO equations and equations proposed by other researchers. These

results are summarized in Table 5.3 below. Additional pertinent information specific

to each test series is also provided in the same Table. 
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TABLE 5.2

AVERAGE TRANSFER LENGTH OF 0.5 INCH AND 0.6 INCH STRANDS

 FROM VARIOUS TEST SERIES

FULLY BONDED STRAND 

TEST SERIES
0.5 INCH STRAND TESTS

(number of ends tested)

0.6 INCH STRAND TESTS

(number of ends tested)

FC15 or FC16 31.5 (4) 46.0a (2)

FC35,DC35 or FC36,DC36 29.8 (12) 43.4 (18)

FC5 or FC6 38.2a (6) 49.0b (6)

FA55, DB85 or FA46 25.6 (12) 32.3 (12)

AVERAGE 30.0 inches 40.9 inches

Standard Deviation 7.2 inches 8.0 inches

DEBONDED STRAND 

TEST SERIES
0.5 INCH STRAND TESTS

(number of ends tested)

0.6 INCH STRAND TESTS

(number of ends tested)

DC15 or DC16 24.3 (4) -

DC35 or DC36 25.8 (4) 31.8 (10)

DB85 35.0 (4) -

AVERAGE (25.1” w/o DB85) (28.3” w/ DB85) 31.8 inches

Standard Deviation 6.0 inches 10.4 inches

a) Low concrete strength, f’
c = 3853 psi.

b) Concrete stress exceed the allowable stress value: fce = 2614 > 0.6 f’
ci = 2400 psi.

The results in Table 5.3 show that only the AASHTO Type specimen series,

i.e. the FA55 and FA46 series have transfer lengths that compare well with all

equations. The Zia-Mostafa, Mitchell and ACI equations predict unconservative

transfer lengths for the FC1, FC3 and FC5 Series for both strand sizes. The FDOT

equation (fsi*db/3) has a slightly better fit to the transfer length test data. However, the

FDOT equation is conservative for the AASHTO Type FA55 and FA46 test series.
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The ACI/AASHTO equation is adequate in predicting the transfer length for 0.5-inch

and 0.6-inch strand for the AASHTO Type FA55 and FA46 test series.

TABLE 5.3
COMPARISON OF PROJECT 1210 TRANSFER LENGTH TEST RESULTS

WITH OTHERS

Series f'ci
(psi)

f'c
(psi)

fi
(ksi)

fsi
(ksi)

ES
(ksi)

fse
(ksi)

Z-M
(in)

FDOT
(in)

Mitchell
(in)

ACI
AASHTO

(in)
50db
(in)

PR-
1210
(in)

P/A
(psi)

FC15 4481 6710 195.9 185.3 10.6 164 26.4 30.9 25.3 27.3 25.0 31.5 1351
FC35 4277 6503 197.2 182.9 14.25 164 27.5 30.5 25.5 27.3 25.0 29.8 1749
FC55 3853 5402 195.5 178.6 16.95 164 30.2 29.8 26.3 27.3 25.0 38.2 1943
FA55 4340 5490 196 182.7 13.36 164 27.0 30.5 25.3 27.3 25.0 25.6 757(1)

DB85 5028 7067 197 178 14 164 22.0 29.7 22.9 27.3 25.0 37.0 553(2)

FC16 3853 5402 195 179.3 15.7 164 37.3 35.9 31.6 32.8 30.0 46.0 1809
FC36 4630 7131 195.5 176.7 18.85 164 29.7 35.3 28.4 32.8 30.0 43.4 2343
FC56 4481 6603 195 173.3 21.71 164 30.2 34.7 28.4 32.8 30.0 49.0 2614
FA46 4709 6667 200.4 188.9 13.65 164 31.5 37.8 30.2 32.8 30.0 32.3 886(3)

Notes:
P/A: Overall Force/Area for Entire Section
(1): Concrete Stress @ cgs of strands at the end of the transfer zone (ignoring self weight) = 1952 psi
(2): Concrete Stress @ cgs of strands at the end of the transfer zone (ignoring self weight) = 1220 psi
(3): Concrete Stress @ cgs of strands at the end of the transfer zone (ignoring self weight) = 2176 psi
Z-M:            Zia Mostafa Equation: Lt = [1.5*(fsi/f’ci)*db]-4.6
FDOT:        Shahawy Equation: Lt =  fsi*db/3
Mitchell:     Mitchell et.al. Equation: Lt = fsi*db/3*(√(3/f’ci))
ACI/AASHTO:  Lt = fse*db/3           

5.2.6.2 Trends and Discussion of Results

There are several trends that can be observed from the transfer length tests.

The first trend is that the transfer length tends to increase as the precompression

level (P/A) in the specimen increases. Of course, distinction must be made between

the overall P/A, which is calculated at the C.G. of Concrete and the concrete

compressive stress, which is calculated at the C.G. of the Strand Pattern. It is clearly

seen in Table 5.3 above, that for both strand sizes, the transfer lengths increased as

the P/A increased. This behavior was even more pronounced for the FC55 and FC16

series where the P/A was high and the concrete strength at transfer was lower than the

specified value of 4000 psi.
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Another interesting observation is that although the concrete stress at the

level of the strands for the FA55 and FA46 series (1952 psi and 2176 psi

respectively) is about the same P/A as the FC35 and FC36 series the transfer lengths

for these series are much shorter.

This suggests that the overall mass of concrete, in relation to the applied

prestressing force, appears to have an impact on the transfer length. It was mentioned

earlier that the strand cutting procedures for the FC1, FC3 and FC5 series were

modified to reduce the dynamic impact of strand release on the specimens. In the case

of the FA55 and FA46 series, even though the strands were cut at 100% of the initial

force (a more severe condition compared to the modified release procedure), the

additional concrete mass in the specimens helped in absorbing the dynamic impact of

the strand cutting process. 

A portion of the increase in the transfer length for specimens with higher

P/A can be attributed to additional lateral strain produced due to the higher

precompression. The additional lateral strain tends to open further, the cylinder of

concrete around the strand in the radial direction as seen in Fig. 5.6. The additional

outward radial movement of the concrete tends to reduce the internal pressure acting

on the concrete from the Hoyer Effect. This, in turn, reduces the bond stress between

the strand and concrete, hence requiring a longer transfer length to transfer the

prestressing force. Mathematical expressions and derivations to explain this

phenomenon will be presented in Chapter 7.

The second trend is that lower concrete strengths at transfer will result in

longer transfer lengths. Concrete Strength was not one of the variables in the transfer

length tests. However, the specimens with low concrete strengths resulted

consistently in longer transfer lengths. Research by Castrodale, Burns, Kreger [34] and

Mitchell et.al. [50] has shown that increase in concrete strength, especially higher

strength concretes, results in shorter transfer lengths. 
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A qualitative explanation of this trend is similar to the one above. Lower

strength concrete has a reduced elastic modulus, which makes the concrete effectively

softer. Lower strength concrete also has a reduced tensile splitting strength. At

transfer, the low strength concrete material in the vicinity of the swelled strand is

susceptible to more localized crushing and cracking, and hence more radial

movement than a corresponding specimen with high concrete strength. This action is

similar to the previous scenario shown in Fig. 5.6. The additional radial movement

opens up the cylinder of concrete around the strand just a little bit more than normal,

which eventually leads to a slower rate of transfer of the prestressing force and hence

larger transfer lengths.  

The third trend observed from the transfer length tests is; the transfer

length of debonded strands is at least 15% smaller than corresponding fully bonded

strands of the same diameter. The average transfer length of debonded strands from

the DC1 and DC3 Series for 0.5-inch and 0.6-inch diameter strand was 86% and 78%,

respectively (Table 5.2). 

The data from the DB85 Series (35 inch avg. transfer length) have been

excluded from the average of the concentric series above because of a possible

influence on the data due to the ‘shear lag’ effect. The ‘shear lag’ effect occurs

naturally within the member based on its section geometry, showing a lag or delay of

the rate of transfer of the prestressing force into the concrete. The fibers of concrete

that are on the exterior face of the member cross-section lag the compressive strain

present on the fibers along the center line of the specimen. Since the compressive

strains are being measured on the exterior face of the member, the transfer lengths

obtained tend to be longer than they really may be. In the concentric specimens (DC1

and DC3), the specimens were very narrow and the effect of shear lag is negligible. 

The ‘shear lag’ phenomenon was studied analytically for the U-Beam

specimens from Project 9-580, the results of which will be provided in Chapter 9. A
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3-D FEM Analysis of the U-Beams was performed to determine the flow of

compressive stresses after transfer at various locations of the member. The U-Beams

were similar to the beams of the DB85 series in that they contained fully bonded and

debonded strands.

The reduced transfer length for the debonded strands can be attributed to the

different boundary conditions that are present at the free end of the strand for

debonded strands versus fully bonded strands as shown schematically in Fig. 5.7. It is

seen that in the case of the debonded strand, the surrounding concrete behind the

starting point of bonding or at the end of the debonding of the strand constrains the

outward radial movement of the concrete as the strand swells. The reduced radial

movement of the concrete results in higher internal pressures, higher bond stresses, a

faster rate of transfer of the prestressing force, and hence a reduced transfer length.

Due to compatibility, the surrounding concrete that constrains the radial

movement of the concrete undergoes some local tension. If the debonding of several

strands get terminated at the same section in the member, the localized tension

stresses can accumulate and cause localized cracking near the end of the debond

zone. This behavior has been observed in the 3-D Axi-Symmetric FEM Analysis of

debonded strands, which will be discussed in Chapter 7.

5.2.6.3 End Slips 

As discussed and derived earlier in Chapter 3, end slip measurements

provide the best indication of the approximate transfer length and the overall quality

of bond stresses that are present in the transfer zone. Generally speaking, smaller end

slips indicate better bond and shorter transfer lengths, and larger end slips indicate

poorer bond and longer transfer lengths. The overall average end slips from the

transfer length tests were 0.1 inches for 0.5-inch strand and 0.124 inches for 0.6-inch

strand, respectively.
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5.2.6.4 Strand Surface Condition and FR35 and FR36 Series

Strand surface condition was not a specific variable that was studied in

Project 1210. It is common knowledge that smooth strand with oil or any other

laitance tends to reduce the coefficient of friction and will result in longer transfer

lengths, and conversely rusted strand or strand with dimples or grit will increase the

coefficient of friction and will result in shorter transfer lengths. 

However, the importance and impact of strand surface condition was

realized almost by accident, during the testing of another series of specimens, namely

the rectangular shaped fully bonded specimen series (FR35 and FR36 Series). The

specimens of the FR35 series were cast after all the transfer length specimens were

cast and tested. In the process of cleaning the plexi-glass tables in the prestressing

bed, because of casting an extensive number of specimens for the transfer length

tests, some form oil was accidentally left over on the plexi-glass tables prior to

casting the FR35 Series. Some of this form oil got on the strands in the process of

fabricating the specimens. This accident was unfortunate and costly because of the

loss of valuable data; however, it provided insight on the importance of protecting the

strand surface condition from contamination during production in prestressing plants.

Results from the FR35 and FR36 series will be discussed in the next section

and in Chapters 6 and 8. However, it is noteworthy to observe the end slip

measurements from these series, since DEMEC Measurements were not taken for

these series. The average end slip of specimens in the FR35 series was 0.193 inches

compared to 0.1 inches for the rest of the transfer length series containing 0.5-inch

strand. This translated to about a 50 to 55 inch transfer length for this series. The

longer transfer lengths from this series affected the development length of the strands

from this series. The contamination problem of the strands from the FR35 series was

corrected and more normal results were obtained for the FR36 Series.
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5.3 DEVELOPMENT LENGTH TESTS: FULLY BONDED STRANDS

5.3.1 Introduction and Scope

The second phase of testing constituted of performing development length

tests on the fully bonded specimens from the AASHTO Type – FA55 and FA46

Series, and the Rectangular Shaped FR35 and FR36 Series. Typically, two tests were

conducted for each specimen, one on each end, with the exception of the FA550-1

and FR350-1 beam specimens where three tests were conducted on these specimens.

As explained earlier in Chapter 1, testing to experimentally determine the

development length of strand is an iterative procedure. The process of iteration can be

achieved in several ways. A small starting embedment length value can be

continuously increased or a large starting embedment length value can be

continuously decreased until the desired solution is obtained. Another approach to

faster convergence is to start with an embedment length value, which is close to the

Code development length value, and this value can be increased or decreased in any

order depending on the satisfaction of certain criteria until convergence is achieved.

In our case, however, the goal was to arrive at the desired or converged solution as

quickly as possible to keep the project costs and duration of testing to a minimum. 

For each of the four test series, the iteration process was started, by testing

at an embedment length that was slightly smaller than the calculated ACI/AASHTO

development length. Depending on the mode of failure of the first test, the starting

embedment length was increased or decreased until an embedment length was

obtained that yielded a clear flexural failure without any end slip. 

Additionally, at the end of the iteration for each series, if a specimen end

was still available for testing, a confirmation test was conducted at a slightly reduced

embedment length. If the flexural mode of failure was still maintained without end

slip, this embedment length was defined as the development length, if not, the
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embedment length from the previous test was the development length for the test

series (of course assuming that the previous test failed in flexure).

In all, 28 tests were performed on 13 Beam Specimens. Nine tests were

performed on 4 Beams from the FA55 Series, ten tests on 5 Beams from the FA46

Series, five tests on 2 Beams from the FR35 Series, and four tests on 2 Beams from

the FR36 Series.

5.3.2 Test Setup

A schematic and photograph of the test setup that was used for the

development tests is shown in Fig. 5.8. The test setup shown includes a loading

frame, hydraulic actuator/ram, load cell, spreader beam, support beams and roller

supports. The spreader beam and roller supports could be re-positioned for each test.

The point load on the spreader beam was positioned such that the test specimen

always had a Constant Moment Region (referred as C-M Region for the rest of the

document) for a 24-inch distance between the two loading points on the specimen as

shown in the figure.

5.3.3 Instrumentation

The instrumentation for each test included monitoring and recording the

following for every load interval as shown in Figure 5.8:

a) Applied Loading (Load Cell and the Hydraulic Pressure)

b) Support Reactions (Load Cell)

c) Deflections at three locations (Potentiometers)

d) Strand End Slips (Potentiometers)

e) Strand Strains (ESRG’s)

f) Concrete Strains at top fiber in the C-M Region (DEMEC Gage)

g) Crack Patterns 

h) Visual Inspection
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5.3.4 Test Procedure

Testing for the development length of strand is an iterative procedure as

described in Section 5.3.1. This procedure was used to determine the development

length for the four test series. Typically, before the start of each test series, a flexural

test was performed to determine the flexural capacity (Mu) of the beam cross-section

for that series. Hence, a longer embedment length (larger than the calculated

development length) was chosen to ensure that a true flexural failure was obtained.

The first series tested was the FA55 series. After performing a flexural test

with an embedment length of 140 inches (FA550-1A), and using a calculated

development length of 80 inches (assuming fse = 150 ksi and fps = 260 ksi), the first

iteration was started with an embedment length of 60 inches (FA550-1B). A

shear/bond failure was obtained for this embedment length. An additional test

(FA550-1C) was performed on this beam specimen to see if the beam could fail in

flexure at an embedment length of 100 inches. It was obvious that the cracking zones

from the two previous tests on the same beam would influence the overall stiffness of

the beam and overlap the cracking zone for this test. This test specimen failed in

flexure and interestingly without any slip. 

The next test (FA550-2A) was performed with an embedment length of 72

inches. This test had a shear/bond failure. The embedment length for FA550-2B was

increased to 92 inches. This test produced erroneous results, since the end where the

test was conducted had a concrete consolidation problem during casting. Hence, this

test resulted in a shear/bond failure. A duplicate test (FA550-3A) was conducted at

the same 92-inch embedment length, to confirm that it was only the poor

consolidation, which caused a shear failure in the previous test. This theory was

confirmed, since beam FA550-3A failed in flexure.

The embedment length was then reduced from 92 inches to 76 inches for

Beam FA550-3B. This beam failed in flexure, hence, the embedment length was
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further reduced from 76 inches to 68 inches. Beam FA550-4A was tested with an

embedment length of 68 inches, however, the beam had a shear/bond failure. The

final test (FA550-4B) was then conducted with an embedment length of 72 inches.

This time, the beam failed in flexure. Hence, it was concluded that the development

length for this series was somewhere between 72 inches and 76 inches.

The same iterative procedure that is described above for the FA550 Series

was followed for the FA460 (10 tests), FR350 (5 tests) and FR360 (4 tests) Series.

The individual test results and sequence of testing for all of the test series are

presented in the next section.

A typical test started out with zeroing or initializing the instruments used for

recording the data. The instruments were wired with a VISHAY Central Data

Acquisition System, i.e., all the different instruments were scanned at one time for a

given applied load on the beam specimen. The only manual measurement necessary

was for the top concrete strains in the C-M Region (using a DEMEC GAGE) for each

load interval. The beams were loaded in 2 kip to 5 kip increments until first cracking

was observed. The cracks (flexure, shear or miscellaneous) were continuously

mapped for each load interval and meticulously recorded. Additionally, visual

observations such as popping sounds, strand slippage etc. were recorded for each load

interval.

5.3.5 Summary and Discussion of Development Length Test Results

5.3.5.1 Summary of Results  

The results from the development tests of the 0.5-inch and 0.6-inch strand

specimens are presented graphically in Figures 5.9 and 5.10, respectively. Figure 5.9

shows the results for the FA550 and FR350 Series. The development length of 0.5-

inch strand was 76 inches for the FA550 Series and 96(+) inches for the FR350

Series. The ACI/AASHTO values were calculated to be 74.4 inches and 72.0 inches,

respectively, for the two series. The ACI/AASHTO values were based on fse = 164 ksi
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for both series, and fps = 258.2 ksi for the FA550 Series and 253.5 ksi for the FR350

Series.

It is seen in Fig. 5.9 that the development length for the FR350 Series is

longer than the FA550 Series and the ACI/AASHTO calculated values. As explained

in Section 5.2.6.4, the strands in the FR350 Series got contaminated accidentally

during fabrication, resulting in substantially longer transfer lengths. The longer

transfer lengths translated into longer development lengths. Although this incident

was very disappointing, since this series was quite critical in establishing some

important facts, the results from this series were not altogether wasted. 

The tests of the FR350 Series provided certain important facts on the

influence of strand surface condition on strand bond and development, and the

influence of transfer length on the overall development length of strand. The crack

widths and crack spacing from this series were analyzed using numerical methods,

and some of the beams from this series were analyzed using the Finite Element

Method. The results from both these analyses are presented in Chapters 6 and 8,

respectively. 

Figure (5.9-a) shows a plot of the ratio of Mu (test) / Mn (calc.) versus

Embedment length. Although more data points at lower embedment lengths would

have provided a well-defined curve, the general trend indicates that the development

length for the FA550 Series is about 76 inches. This number is obtained by observing

where the Mu / Mn curve just starts to approach a constant value of around 1.0, which

indicates a flexural failure. 

Similar graphs for the series containing 0.6-inch strand are shown in Figures

(5.10-a) and (5.10-b). The observed development length for the FA460 Series and

FR360 Series was 88 inches and 78 inches, respectively. Using the Mu / Mn curve for

the FA460 Series, the curve starts to approach a constant value at about 88 inches.
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This compares very well with the calculated ACI/AASHTO development length

value of 88.4 inches for this series. The calculated ACI/AASHTO value of 82.4

inches for the FR36 Series also compares very well to the observed value of 78 inches

from the tests.

An overall discussion on the development length tests and different modes

of failure has been made in this Chapter. Specific Results from individual tests, such

as load-deflection curves, load-end slip curves, crack patterns, etc. will be provided

along with the detailed Finite Element Analysis Results in Chapter 8.

5.3.5.2 AASHTO Type Specimens (FA550 and FA460 Series)

The test results from the AASHTO Type Specimens are tabulated below in

Table 5.4. Additionally, a detailed summary of several different parameters observed

during the tests is provided in Table 5.5. These data are very useful in analyzing the

different failure modes and in studying the general behavior of the beams during the

test.

The results presented in Table 5.4 show that tests with embedment lengths

less than 72 inches for 0.5-inch strand, and less than 84 inches for 0.6-inch strand had

a shear/bond failure. The tests right at 72 inches for 0.5-inch strand and 84 inches for

0.6-inch strand had a shear/bond and flexural failure each. Tests with higher

embedment lengths had flexural failures for both series. The shear/bond or flexural

failure for the same embedment length indicates the variability that can occur from

materials, fabrication differences etc. It is conservative to use a slightly higher

embedment length, i.e. 76 inches for the FA550 Series and 88 inches for the FA460

Series to be considered as the actual development length for both these series. These

values match very well with the development lengths determined using the Mu / Mn

relationship for the series.
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Shear/Bond Failures

The tests with ‘shear/bond’ failures as the name suggests, failed first in

shear followed by a general bond failure. The shear failure in each case initiated in

the web of the beam. The web-shear cracks propagated to the top most row of the

strands and progressively to the row of strands below this row and so on. As

described in Section 3.3.4 earlier, propagation of cracks (from shear, flexure or other

sources) 

TABLE 5.4

SUMMARY OF DEVELOPMENT LENGTH TESTS 
AASHTO-TYPE BEAMS

TEST NO. Le
(in)

Mu(test)
(k-in)

Mu/Mn Concrete
Strain at
Ultimate

Failure 
Mode

FA550-1A 140 3645 1.03 4424 FLEXURAL
FA550-1B 60 3730 1.05 2146 SHEAR/BOND
FA550-1C 100 3617 1.02 2756 FLEXURAL
FA550-2A 72 3222 0.91 1938 SHEAR/BOND
FA550-2B 92 3683 1.04 2382 SHEAR/BOND2

FA550-3A 92 3663 1.03 4148 FLEXURAL
FA550-3B 76 3675 1.04 3724 FLEXURAL
FA550-4A 68 3576 1.01 1731 SHEAR/BOND
FA550-4B 72 3796 1.07 3142 FLEXURAL
FA460-1A 167.5 3798 0.96 3016 FLEXURAL
FA460-1B 128 4129 1.05 3113 FLEXURAL
FA460-2A 86 4059 1.03 3538 FLEXURAL3

FA460-2B 96 3843 0.98 2228 SHEAR/BOND4

FA460-3A 100 4020 1.02 3192 FLEXURAL
FA460-3B 92 4048 1.03 3454 FLEXURAL
FA460-5A 80 3582 0.91 1646 SHEAR/BOND
FA460-5B 84 3562 0.90 1488 SHEAR/BOND
FA460-6A 88 4037 1.02 3198 FLEXURAL
FA460-6B 84 3910 0.99 3106 FLEXURAL

1. Mn (calc) = 3541 k-in for FA550’s; Mn (calc) = 3940 k-in for FA460’s
2. Poor consolidation
3. Flexural failure with 0.15 inches End Slip
4. Stirrup spacing too large

within or near the transfer zone of the strands will in most cases result in loss of the

HOYER Effect and ultimately lead to a general bond failure. 



102

For the FA550 Series, beams where web-shear cracks occurred at an applied

load Pwebcr of 94% or higher than the total load Pcalc (required for a flexural failure),

still failed in flexure with concrete crushing and with little or no end slip. Beams

where the web-shear cracks occurred at loads less than 94% of Pcalc had extensive

web shear cracking followed by a general bond failure with large end slips of up to

0.5 inches. These failures were quite sudden and violent failures. Examples of such a

failure are shown in the photograph in Figure 5.11-a,b.

TABLE 5.5

SUMMARY OF VARIOUS PARAMETERS 
FOR THE DEVELOPMENT LENGTH TESTS 

AASHTO-TYPE BEAMS

TEST NO. Le
(in)

f’c
(psi)

Mcr
(k-ft)

fr
(psi)

Mult
(k-ft)

Mult/
Mcalc

Pwebcr/
Pult

Pwebcr/
Pcalc

Max. 
End Slip

FAILURE 

MODE

FA550-1A 140 5107 179.6 647 292.1 0.99 - - None F
FA550-1B 60 5107 156.3 653 311.1 1.05 0.69 0.2-0.4 S/B
FA550-1C 100 5107 159.5 658 301.4 1.02 - - None F
FA550-2A 72 5107 197.1 663 286.1 0.97 0.91 0.2-0.3 S/B
FA550-2B 92 5107 198.8 666 306.9 1.04 Not Used - 0.3-0.4 S/B
FA550-3A 92 5426 201.6 672 307.8 1.04 0.99 0.98 None F
FA550-3B 76 5426 192.2 687 302.6 1.02 0.9 0.94 None F
FA550-4A 68 5846 194.1 692 298 1.01 0.83 0.82 0.2-0.28 S/B
FA550-4B 72 5846 195.1 697 338.2 1.15 0.9 0.95 .01-.02 F
FA460-1A 168 6362 202.1 678 315.2 0.96 F
FA460-1B 128 6362 214.5 678 344 1.05 F
FA460-2A 86 6852 210.8 704 338.3 1.03 F
FA460-2B 96 6852 213.6 704 320.3 0.98 S/B
FA460-3A 100 6852 209.6 704 335 1.02 F
FA460-3B 92 6852 219 704 337.3 1.03 F
FA460-5A 80 7020 216 713 298.5 0.91 S/B
FA460-5B 84 7020 212.4 713 296.8 0.9 S/B
FA460-6A 88 7439 213.6 733 336.4 1.02 F
FA460-6B 84 7439 211.4 733 325.8 0.99 F

The same behavior was also observed for the FA460 Series. The tests with

web-shear cracks that occurred at 96% of Pcalc still failed in flexure. This suggests

that the mere occurrence of web-shear cracking in the anchorage zone of the beam

does not lead to an instantaneous bond failure of the beam. There is some residual

capacity, although very small, that is available before failure occurs. The amount of
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residual capacity is a function of the exact location of the web-shear crack and

whether the crack propagates to the anchorage zone of the member. 

It is safe to say that the development length should be long enough to assure

that web-shear cracking or inclined-shear cracking is prevented from occurring

altogether. 

Flexural Failure and End Slip

The desired mode of failure for the development tests was a flexural failure

with ductility, crushing of concrete and no end slip. The concrete strains were

measured with a DEMEC Gage for every load interval. As seen in Table 5.4, every

single beam test where a flexural failure occurred, (except for FA550-1C) had

concrete crushing with strains in excess of 0.003 in/in. The beam deflections at

ultimate were several times the elastic deflection. Figure 5.11-c shows a photograph

of a typical beam that failed in flexure.

End slips were not observed for beams that failed in flexure, and where the

region of flexural cracking was away from the anchorage zone. In the case of the

FA550 and FA460 Series, the cross-section of the beams was such that the beams had

web-shear cracking prior to the region of flexural cracking extending in the

anchorage zone area. Hence, end slips were obtained in the beams where web-shear

cracks occurred as seen in Table 5.5. The magnitude of end slip was a function of

when the web-shear cracks occurred in relation to the ultimate load at failure Ptest or

Pcalc, whichever came first. For Pwebcr/ Pcalc < 0.94, end slips up to 0.5 inches were

obtained with bond failures and for Pwebcr/ Pcalc ≥ 0.94, very little end slips were

observed with flexural failures. 

Crack Spacing

Concrete Cracks were continuously mapped from first cracking to failure for

every test. The only series where crack widths were measured were the FR35 and
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FR36 series, the results of which will be discussed in the next chapter. Crack spacing

and crack widths provide a qualitative assessment of the quality of bond between

strand and concrete. There are a number of variables that affect both the crack

spacing and crack widths, and hence review and interpretation of these data has to be

done with caution. This subject will be discussed in more detail in the next chapter.

However, it can be summarized here that, based on the observed crack

spacing for the FA550 and FA460 series as shown in Table 5.6, reasonably good

bond existed between the strand and concrete. It may seem like the average crack

spacing for the FA460 series (13.8 inches) is larger than the FA550 series (7.8

inches), however, the average concrete tensile strength of the FA460 series was 15%

higher than the FA550 Series. 

TABLE 5.6

AVERAGE CRACK SPACING BETWEEN FLEXURAL CRACKS
TESTS ON AASHTO-TYPE BEAMS AND RECTANGULAR BEAMS

BEAMS WITH 0.5” STRANDS BEAMS WITH 0.6” STRANDS

TEST CRACK SPACING
(IN)

TEST CRACK SPACING
(IN)

FA550-1A N/A FA460-1A N/A

FA550-1B N/A FA460-1B N/A

FA550-1C N/A FA460-2A 16.0

FA550-2A 6.6 FA460-2B 11.7

FA550-2B 6.6 FA460-3A 15.5
FA550-3A 10.4 FA460-3B 16.0
FA550-3B 7.3 FA460-5A 12.3
FA550-4A 7.5 FA460-5B 15.0
FA550-4B 8.15 FA460-6A 14.5

FA460-6B 8.9
FR350-1A 12.3 FR360-1A 6.5
FR350-1B 14.0 FR360-1B 7.1
FR350-1C 10.3 FR360-2A 6.6
FR350-2A 11.7 FR360-2B 7.2
FR350-2B 11.4

AVG.
FR350

11.9 AVG.
FR360

6.9
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The average crack spacing is a summation of the average of the crack

spacing at the end of the test. If the concrete tensile strength is very high, it is highly

probable that secondary cracks will not occur between the primary cracks, resulting

in fewer cracks at larger spacings. Moreover, 0.6-inch strand has a smaller

perimeter/area ratio (2.51 in/0.217 in2 = 11.6) compared to 0.5-inch strand (2.15

in/0.153 in2 = 14.05), hence the maximum bond stress for 0.6-inch strand is smaller

than that for 0.5-inch strand.  

5.3.5.3 Rectangular Beam Specimens (FR35 and FR36 Series)

The rectangular series of specimens were not a part of the original plan for

the development length specimens. They were added to the scope of the project after

the AASHTO Type Specimens were tested. As described above, the shorter

embedment lengths resulted in predominantly shear/bond failures due to the

occurrence of web-shear cracks. Hence, the research group decided to use a different

cross-section, which would eliminate this mode of failure. An additional reason for

adding this series was to examine the bond behavior in greater detail. Crack width

measurements were done on this series to gain a better understanding of the bond

behavior of the strands without conducting yet another series of pullout tests, which

was well beyond the overall funding and scope of the project.

The graphical results of the development tests for the FR350 and FR360

Series were presented in Fig. 5.9 and Fig. 5.10. Table 5.7 shows a summarized

tabulated version of the results. Since the specimens were designed to ensure that a

shear failure did not occur, it was quite obvious that no web-shear cracks were

observed in any of the tests. All the specimens from the FR360 Series failed in

flexure. The unfortunate incident of the contamination of the strands for the FR350

Series led to bond or flexural/bond failures, since the transfer lengths of these

specimens were very long. Additional specimens were not left in the FR360 series to

test them at even smaller embedment lengths to get a true bond failure.
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Flexural Failure and End Slip

In the AASHTO Series, the flexural cracking region of the beam was never

close to the anchorage zone of the strand, since web-shear cracking occurred at much

lower loads than the ultimate failure load. In the case of the Rectangular Series, this

mode of failure was eliminated. Hence, the flexural cracking region in some of the

tests with a bond failure approached, or was within, the anchorage zone of the strand.

The occurrence of flexural cracking or inclined flexural cracking within or 

TABLE 5.7

SUMMARY OF DEVELOPMENT LENGTH TESTS
RECTANGULAR BEAMS

TEST No. Le
(in)

Mu(test)
(k-in)

Mu(test)/
Mn(calc)

Concrete
Strain at
Ultimate

Failure
Mode

FR350-1A 60 1044 0.64 680 BOND
FR350-1B 72 1087 0.67 1408 BOND
FR350-1C 150 1675 1.03 1588 FLEXURAL
FR350-2A 84 1461 0.90 2880 BOND/FLEX
FR350-2B 96 1604 0.98 3100 FLEX/BOND
FR360-1A 96 2010 0.98 3872 FLEXURAL
FR360-1B 96 2015 0.98 3704 FLEXURAL
FR360-2A 84 2039 0.99 4652 FLEXURAL
FR360-2B 78 2111 1.03 4100 FLEXURAL

1.          Mn (calc) = 1629 k-in for FR350 series beams.    Calculated by strain compatibility.
2.          Mn (calc) = 2056 k-in for FR360 series beams.    Calculated by ACI (18-3).

near the anchorage zone triggered the same loss of the Hoyer Effect as discussed in

Section 3.3.4. The specimens typically had a bond failure as shown in Table 5.7. 

The ultimate load at which failure occurred was a function of when the

flexural cracks occurred in the anchorage zone. If the cracks occurred, closer to the

ultimate load such as FR350-2B and FR360-2A and FR36-2B, the failure was called

a Flexural Failure without end slip or a Flexural/Bond Failure if significant end slip

was obtained. If the beam failed prematurely, without attaining the ultimate moment,

the failure was called a Bond Failure. The cracking patterns of the beams from the
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FR350 and FR360 Series are provided in Appendix A5. This behavior was also

observed in the FEM Analysis of these beams which will be discussed further in

Chapter 8. 

The overall behavior from the development length tests of both the

AASHTO Type and Rectangular Shaped Specimen Series is illustrated in Fig. 5.12. It

can be concluded that for a flexural failure to occur, the embedment length should be

such that no web-shear cracking occurs in the member, and that no flexural cracking

occurs in or near the anchorage zone or transfer zone of the strand. The FR350 Series

with the contaminated strands led to another important conclusion, i.e. an increase in

the transfer length of the strand can cause a substantial increase in the development

length of the strand. In this series, a specimen, even with an embedment length of 96

had a flexural/bond failure, not a clear flexural failure.

Crack Spacing

The average spacing of cracks in the FR350 Series with the contaminated

strands was about 11.9 inches versus 6.9 inches for the FR360 Series as seen in Table

5.6. The larger crack spacing for the FR350 Series indicates that the strand

contamination was not just limited to the transfer zone, but was present along the

entire length of the member. 

The results from the FR360 Series provide a clear indication of Good Bond.

There was extensive formation of secondary cracks. The lower flexural tensile

strength of the concrete for the FR360 Series versus the FA460 Series led to more

secondary cracks for this series, although both series had good bond between the

strands.

5.4 DEVELOPMENT LENGTH TESTS: DEBONDED STRANDS

5.4.1 Introduction and Scope
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Debonding of strands in pre-tensioned prestressed members is done as an

alternative to draping the strands to control and limit tension and compression

stresses in the end region of the member. The debonded strands run straight within

the member with full eccentricity. The length of debonding is determined from a

theoretical analysis so as to satisfy the required tension and compression stress limits

set in the ACI/AASHTO Codes. 

The members using debonded strands must have an adequate embedment

length to develop the ultimate strength of the section, and must also have adequate

shear strength due to the lower precompression force in the end regions of the girder.

Prior research
[26,30] on the effect of debonding of strands in pre-tensioned girders

indicated the potential for reduction in shear strength and fatigue strength in flexure.

Fatigue behavior and testing of members using debonded strands is beyond the scope

of the current research. However, fatigue testing on girders using debonded strands

was performed in Project 1210 and complete information on the testing is available in

Reference 48. The current research is limited to the discussion and analysis of the

Statically Loaded Specimens.

The current ACI/AASHTO Code Provisions require that the development

length of debonded strands be doubled for the case when the member is designed for

tension in the precompressed tensile zone. In the case, where the member is designed

for zero tension, a development length of 1.0 * ld can be used.

The testing of the debonded specimens followed the fully bonded AASHTO

Type and Rectangular Shaped Specimens. As described throughout this chapter, a

great deal of information on the behavior of the fully bonded specimens was acquired

from the testing program. This enabled the development and testing of the series of

specimens with the debonded strands. Russell and Burns 
[48] developed a failure

prediction model, which formed the basis for the testing and development of the test
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specimens for the debonded specimens. The model was derived from the conclusions

that were reached from the testing of the fully bonded specimens.

The basic premise of the failure prediction model was to determine the

development length based on preventing premature web-shear cracking and flexural

cracking in the anchorage zone of the strand. Two failure models, one for debonded

strands with concurrent debonding and one with staggered debonding were developed

and are shown in Fig. 5.13. 

Concurrent debonding of the strands is a condition where all the strands are

debonded for the same length. Hence, the prestressing force that is imparted to the

member occurs in two stages as shown schematically in Fig. (5.14-a). Concurrent

debonding is not preferable, because the stress concentration that occurs from the

release of the prestressing force is localized to one location in the member for all the

debonded strands. This stress concentration, or development of tensile stresses in the

concrete at the end of the debonded zone is detrimental to the performance of the

member under repeated loads. 

The solution to minimize the effects of the stress concentration and also

provide a more gradual build-up (multiple stages) of the prestressing force in the

debond-anchorage zone is to stagger the debonding as shown in Fig. (5.14-b).

Staggering the amount of debonding and distributing it uniformly over the different

rows of strands spreads the stress concentration produced, hence improving the

behavior of the member under repeated loads.

The prediction model developed was such that test specimens having

embedment lengths between 1.0 * ld and 2.0 * ld could be tested. The DB850 Series

test program consisted of six specimens, two with debonded lengths of 36 inches, and

four specimens with debonded lengths of 78 inches. In all, 10 tests were conducted on

these specimens.
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5.4.2 Testing

A total of ten tests were performed on six specimens for the DB850 Series.

The cross-section detail of all the specimens was the same, and is shown in Figure

5.15-a. The cross-section is similar in shape to the FA550 Series, except that the

bottom flange of the section from the FA550 Series was extended further by 1.5

inches. A total of eight strands were used per specimen, with four of the strands being

debonded. A minimum of four strands would require to be debonded to enable

staggered debonding and to be able to attain a symmetrical pattern. The details of the

debonding and the embedment lengths for each test are shown in Table 5.8. 

TABLE 5.8

VARIABLES BY TEST SPECIMEN
FOR

DB850 BEAMS

Test Beam
Length, L

(in)

Debonded
Length, Lb

(in)

Embedment
Length, Le

(in)

Type of
Debonding1

DB850-1A 330 36 84 S
DB850-1B2 330 36 84 S
DB850-2A2 330 36 76 S
DB850-2B2 330 36 88 C
DB850-3A 480 78 80 S
DB850-3B 480 78 108 S
DB850-4A 480 78 120 S
DB850-4B 480 78 100 S
DB850-5A 480 78 120 C
DB850-6A 480 78 150 C

1. “S” denotes Staggered Debonding.
          “C” denotes Concurrent Debonding.
2. Steel Cladding was attached to the webs of these specimens.

The only difference in the test specimens between the fully bonded and

debonded series was the application of debonding on the strands. The strands were

debonded with standard split white tubing or sheathing material, which was cut to
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size and placed on the strands. The ends of the split sheathing were taped to the

strands so that the sheathing did not move during concrete placement, and so that no

concrete paste could enter the sheathing. 

The test setup used for this series was similar to the fully bonded series

except for the starting location of the embedment length. In the case of the fully

bonded series, the embedment length started at the end of the member. However, for

the debonded series, the embedment length started at the end of the farthest point of

debonding on the strands, or at the section in the member, where all the strands

became fully bonded. A schematic of the typical test setup that was used for the

debonded specimen series is shown in Fig. 5.15-b. 

The overall instrumentation and test procedures used for the debonded

series were similar to the fully bonded series. Additional details on the specimens and

tests are available in References 45 and 48.

5.4.3 Summary and Discussion of Development Length Test Results

The test specimens from this series behaved remarkably close to the failure

prediction model. The results from this test series are presented in Table 5.9. An

overlay of the test results on the prediction model is shown in Fig. 5.16. The figure

shows a very good co-relation of the predicted failure mode and the actual observed

failure mode obtained in the test.

Specimens with Debonded Length = 78 inches:

According to the prediction model seen in Fig. 5.16, the expected

embedment length for a flexural failure for debonded strands with Lb = 78 inches and

staggered debonding was about 100 inches, and with concurrent debonding was about 

158 inches. It was also expected that for embedment lengths less than 70 inches, the

specimens would fail in web-shear/bond. For embedment lengths between 70 inches
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and 100 inches (for staggered debonding), and between 70 inches and 158 inches (for

concurrent debonding), the specimens were expected to fail in flexure/bond. 

No tests were performed at an embedment length less than 70 inches, hence

no web-shear cracking was observed in these specimens as predicted. For the

staggered debonding specimens, i.e. DB850-3A (le = 80 in.) and DB850-4B (le=100

in.), the specimens failed with cracking in the debond/transfer zone and an eventual

bond failure (Fig. 5.17) and flexural failure, respectively. Specimen DB850-4B had

an 

TABLE 5.9
SUMMARY OF FLEXURAL TESTS

ON
BEAMS WITH DEBONDED STRANDS

Tests Debonded
Length, Lb

(in)1
Embedment
Length, Le

(in)

% Ld
3

Failure
Mode

DB850-1A 36(S) 84 1.05 BOND/SHEAR
DB850-1B2 36(S) 84 1.05 BOND/SHEAR

DB850-2A2 36(S) 76 0.95 BOND/SHEAR
DB850-2B2 36(C) 88 1.10 FLEXURE
DB850-3A 78(S) 80 1.00 BOND
DB850-3B 78(S) 108 1.35 FLEXURE
DB850-4A 78(S) 120 1.50 FLEXURE
DB850-4B 78(S) 100 1.25 FLEX w/SLIP
DB850-5A 78(C) 120 1.50 BOND
DB850-6A 78(C) 150 1.875 FLEX/BOND

1. “S” denotes Staggered Debonding.
“C” denotes Concurrent Debonding.

2. Steel Cladding was attached to the webs of these specimens.
3. Ld  = 80 inches (fps = 260 ksi and fse = 150 ksi)

embedment length of 100 inches, which was at the border of a flexural and bond

failure. This specimen behaved accordingly by attaining the calculated ultimate

moment, and failing by crushing of the concrete, however, a crack developed in the

debond/transfer zone at Pult causing end slip up to 0.3 inches in two of the debonded

strands. This behavior was expected, since the specimen was at the borderline of the
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two failure modes. Specimens DB850-3B (le = 108 in.) and DB850-4A (le = 120 in.)

failed in flexure according to the prediction model.

The specimens with concurrent debonding were expected to have a flexural

failure for an embedment greater than 158 inches (2.0 * ld). Additionally, the

specimen with staggered debonding and an embedment length of 120 inches, which

would have failed in flexure, was expected to fail in bond with concurrent debonding

for the same embedment length. Specimen DB850-5A failed exactly as predicted.

Flexural cracking occurred in two regions for this beam, one under the applied loads,

and the other in the debond/transfer zone. The specimen failed in bond at 93% of the

ultimate calculated moment, as soon as the flexural crack in the debond/transfer zone

propagated through all the rows of the strands. This behavior along with others was

also captured in the Finite Element Analysis of these specimens, which will be

presented in Chapter 8. Specimen DB850-6A was tested with an embedment length

of 150 inches, which was slightly less than the required 158 inches for a flexural

failure. This specimen failed closer to a flexural failure by attaining 97% of its

ultimate calculated moment, however, the same cracking in the debond/transfer zone

was observed, which led to considerable end slip of the debonded strands.

Specimens with Debonded Length = 36 inches:

According to the prediction model in Fig. 5.16, it is seen that for smaller

debonded lengths (< 32 inches), the use of staggered or concurrent debonding makes

no difference to the failure mode of the specimen. There is no advantage of using

staggered debonding over concurrent debonding for very small debonded lengths.

The expected embedment length for a flexural failure for debonded strands

with Lb = 36 inches and any kind of debonding, staggered or concurrent was about

112 inches. Embedment lengths less than this value were expected to result in web-

shear/bond failures.  
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As expected, all four tests DB850-1A (le = 84 in.), DB850-1B (le = 84 in.),

DB850-2A (le = 76 in.) and DB850-2B (le = 88 in.) had web-shear /bond failures.

Figure 5.18 shows a photograph of the shear failure for specimen DB850-1A. In

anticipation of the same failure for the other three tests, the test specimens were

retrofitted with steel plates to prevent a premature web-shear failure and force a

flexural failure. A photograph of the retrofitting for DB850-1B and DB850-2B is

shown in Figures 5.19 and 5.20, respectively. 

The retrofitting of the shear zone in these three specimens enabled the

ultimate failure moment to increase from 85% of the calculated ultimate moment in

DB850-1A to about 96% for DB850-2B, however, in each case, the web-shear cracks

managed to propagate through the steel cladded web, albeit at higher loads. 

Representation of the behavior observed in the tests is clearly shown in the

Finite Element Analysis which was performed on a select group of specimens from

both the Fully Bonded and Debonded Series. These results will be presented in

Chapter 8.

5.5 SUMMARY 

An overview of the experimental work from Project 1210 that is relevant to

the current research was presented in this chapter. A detailed description of the entire

test program on Project 1210 is available through several reports submitted to the

FHWA and TXDOT as mentioned earlier. The report by Russell and Burns [48] is a

comprehensive and final report on Project 1210. 

The test series from Project 1210 that were presented in this chapter

comprise of almost all the tests where the specimens were loaded statically. The tests

described in this chapter include transfer length tests of all single strand, three strand,

five strand and AASHTO type specimens with fully bonded and debonded strands

from Project 1210. This chapter also includes a description of the development length



115

tests of the fully bonded strand specimens with AASHTO type and rectangular

shaped cross-sections and the debonded strand specimens with an AASHTO type

cross-section. Besides the summary and discussion of results mentioned in this

chapter, conclusions from the experimental work described above are discussed

further in Chapter 8 in conjunction with the analytical results.
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CHAPTER 6.  FLEXURAL CRACKING, CRACK

WIDTHS AND CRACK SPACING
 

6.1 GENERAL

The use of a constitutive relationship for strand bond that represented the

bond characteristics of the strand used in Project 1210 was necessary to perform the

Finite Element Analysis of the fully bonded and debonded specimens from this

project. Pullout bond tests for the strands were not performed in the project, because

it would require a separate investigation, and was considered beyond the overall

scope of the project. Literature on the bond characteristics of strand outside of

Stocker and Sozen’s tests was very limited. 

Hence, a separate study, without additional cost and effort to the project was

conducted in order to determine the approximate bond strength of the strands used in

the specimens of Project 1210. This chapter provides the details and results from this

study. The bond strengths of the strands determined from the testing of the beams

from this study were compared to results from Stocker and Sozen’s pullout tests. It

was expected that a reasonably close comparison with Stocker and Sozen’s tests

would validate using their results for the flexural bond constitutive relationship in the

Finite Element Analysis.

An alternate approach was used to determine the bond strength of the

strands. The rectangular shaped FR35 and FR36 Series from Project 1210 were

chosen for this study. The first step of the approach was to gather data on the history

of cracking, crack spacing and crack widths for each test from both series. Flexural

cracking in the Constant Moment (C-M) Region of the loaded beam was carefully

observed from first cracking to the end of the test. The crack locations, crack depths,

spacing between the cracks, and crack widths were measured at every load interval. 
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The second step was to calculate the crack widths analytically using a

numerical procedure. A computer program was developed to perform an iterative

numerical analysis, wherein for an assumed peak bond stress value, and using the

crack spacing recorded at different load intervals during a test, an estimate of the

crack width and other internal parameters (such as bond stress, concrete stress, and

steel stress profiles between cracks) were calculated. 

The third step was to plot a family of curves for Applied Load v/s

Numerical Crack Widths for a given test using different peak bond stress values. The

last step was to super-impose the measured crack widths for the test on this family of

curves. The curve with a peak bond stress value that corresponded closest to the

curve for the actual measured crack widths was indicative of the actual bond strength

for the test. 

6.2 CRACKING HISTORY, CRACK SPACING AND CRACK WIDTHS

OF THE BEAM SPECIMENS FROM THE FR35 and FR36 SERIES 

The data required for this study were gathered by carefully measuring the

cracking patterns and crack widths at each load interval. Since experimental data

were fed into a computer program, the accuracy of the final analytical results was

very much dependent on the quality of data recorded. 

The series chosen for this study was the Rectangular Shaped, FR35 and

FR36 Series. There were several advantages of using the rectangular shaped

specimens. These specimens were designed so that no web shear cracking would

occur, and hence, only flexural cracks would occur in the constant moment region or

the shear spans of the beam. The other advantage of using this series was the vertical

surface of the rectangular specimens. The hand held “crack width microscope” that

was used for measuring the crack widths could be placed more evenly on a vertical

surface rather than on a sloped surface of the cross-section shape, such as that of the

FA55 and FA46 Series. 
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The detailed cracking history, crack spacing and measured crack widths for

the specimens of the FR35 and FR36 series are shown in Figures 6.1 to 6.9.

Individual details of the specimens are discussed below. 

Specimen FR350-1

As mentioned in the previous chapter, the strands of the FR35 Series got

accidentally contaminated with form oil during fabrication. The contamination of the

strands affected both the transfer and flexural bond zone of the specimens, since

substantial end slip was observed during transfer, and longer embedment lengths

were required to develop the strand. This obviously affected the bond strength of the

strands and the anticipated results from the crack width analysis. However, as will be

seen later in the chapter, the results from this series were not discarded, instead, a

crack width analysis was performed on these specimens to show that the specimens

had lower bond strength.

The details of the premature bond failure for the first two tests FR350-1A

and 1B is shown in Figures 6.1 and 6.2 respectively. Figure 6.1 shows that specimen

FR350-1A with an embedment length of 60 inches failed in bond as soon as a flexural

crack occurred at Station 39 (39 inches from the end of the beam). It was estimated

from the large end slip measurements that the transfer zone of the FR35 Series was

between 50 to 55 inches long. Specimen FR350-1B with an embedment length of 72

inches failed in a similar manner as FR350-1A. As seen in Figure 6.2, a flexural crack

developed at Station 50, which triggered a bond failure.

Although the ends of Specimen FR350-1 were used up in the first two tests,

there was a large enough region of undisturbed and uncracked concrete in the center

of the specimen, to perform another test and maximize the output from the specimen.

An additional test FR350-1C was performed in anticipation of a flexural failure, with

a long embedment length of 150 inches. The specimen failed in flexure as expected.

The results from this test are shown in Figure 6.3. There were a total of 4 primary
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cracks that occurred for the entire test. No secondary cracking occurred between the

two primary cracks at Station 154 and 169. These two crack locations (results of

which will be shown later) were ideal for performing a crack width analysis to

determine the bond stress parameters that prevented the occurrence of secondary

cracking. Qualitatively, it meant that the bond stresses were not large enough to

transfer tension back into the concrete to be able to crack the concrete.

Specimen FR350-2

Two tests FR350-2A and 2B, with embedment lengths of 84 and 96 inches,

respectively, were performed on the next specimen. The results from these tests are

shown in Figures 6.4 and 6.5. Test FR350-2A failed in bond, when flexural cracks

occurred in the transfer zone. In addition, this end of the specimen had the center

strand fabricated with a clear cover of about 11/8-inch as shown in Figure 6.4. 

This created a longitudinal splitting crack in the specimen which extended

about 39 inches from the end of the specimen as shown. This crack was observed

only after the end of the test. It is not known if the crack occurred during the test at

failure, or immediately after transfer. Based on the reduced clear cover, it is more

than likely that this crack occurred during transfer. The occurrence of flexural

cracking in the transfer zone, in conjunction with the presence of the longitudinal

crack accelerated the bond failure mechanism. The specimen failed in bond instantly

at a load of 36 kips with extensive damage to the specimen.

Specimen FR350-2B failed in flexure with concrete crushing as seen in

Figure 6.5. The cracking history shows that no secondary cracking occurred during

the test. The average crack spacing was about 11 inches. No flexural cracks occurred

in the 50 to 55 inch transfer zone. The last crack in the shear span was at Station 69,

i.e. 69 inches away from the end of the member. 
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An interesting observation seen in this test was local cracking in the vicinity

of the primary cracks at loads closer to failure as seen in the same figure. As the crack

widths got wider and wider towards the end of the test, the strand slips (roughly half

of the crack width) increased beyond the ‘Sliding Bond’ Phase discussed in Chapter

3. The strand slips entered into the ‘Lack of Fit’ Phase. At very large slips, the strand

cannot slide any further inside the concrete groove created by the helical shape of the

strand. The strand wires bear directly on the concrete creating a mechanical

interlocking effect. As the strand force increases further, local radial and

circumferential splitting forces are created in the concrete, which are additive to the

existing state of stress, and can result in local cracking. 

In addition to the observation mentioned above, an internal re-distribution of

strains in the cracked region of the member occurred close to ultimate loads. This is

illustrated in Figure 6.5, where the cracks in the Constant Moment Region from

Stations 94 to 116 started to widen (>), and the cracks in the adjacent shear spans

started to close (<) as more and more load was applied to the specimen.  

Specimen FR360-1

The strand contamination problem that occurred with the FR350 Series was

corrected and did not repeat itself for the FR360 Series. This was clearly reflected in

the four tests conducted for this series. The first two tests were conducted at an

embedment length of 96 inches, the results of which are shown in Figures 6.6 and 6.7.

Both the tests had flexural failures with crushing of the concrete. The embedment

length of 96 inches was repeated a second time to reproduce and hence confirm the

same flexural mode of failure. 

The two tests showed clear indications of good bond between the strand and

concrete. The average crack spacing was 7.6 inches for specimen FR360-1A and 8.0

inches for FR360-1B. Several secondary cracks in both the shear span and constant

moment region, and local cracks adjacent to the primary cracks occurred in both tests
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as seen in Figures 6.6 and 6.7. A longitudinal splitting crack around the center strand

(due to a reduced cover of 1.5 inches – see Fig. 6.7) extended 7 inches into the

member at the end of Specimen FR360-1B, however, it did not affect the outcome of

the test.

Specimen FR360-2

The embedment length for specimen FR360-2A was reduced to 84 inches,

which was the development length determined from the FA460 Series earlier. This

test specimen failed in flexure. The results from this test with an average crack

spacing of 5.9 inches are shown in Figure 6.8. The last flexural crack from the end of

the member in this test occurred at Station 56, which was well beyond the transfer

zone of the strand. 

The final test performed in this series was at an embedment length of 78

inches. Specimen FR360-2B also failed in flexure. The results from this test are

shown in Figure 6.9. The average crack spacing in this test was about 7.5 inches.

Secondary cracking and local cracking occurred just like in the specimens described

earlier where good bond was obtained. The last flexural crack at ultimate load

occurred at Station 46, which was still away from the transfer zone of the member (30

to 35inches for 0.6-inch strand). This specimen had a splitting crack around the center

strand extending 16 inches into the member in the transfer zone, however the transfer

/anchorage zone of the strand and the overall mode of failure was not affected. 

6.3 MOMENT CURVATURE ANALYSIS OF THE SPECIMENS

FROM THE FR35 AND FR36 SERIES 

A Moment Curvature (M-Ø) Analysis of the beam specimens was required

to perform the crack width calculations. A general computer program MOMCUR

(Appendix A3) was developed to perform a (M-Ø) Analysis for a rectangular or tee

cross-section, and for either 0.5-inch or 0.6-inch strand size. Details of the various
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parameters required for the M- Ø and Numerical Crack width Analysis are provided

in APPENDIX A1 and APPENDIX A2. 

The procedure for performing a Moment-Curvature Analysis can be found

in any standard textbook on Prestressed Concrete. In the current research, Lin and

Burns text [24] was used for the overall formulation with some added features. The

added features included using exact equations for the stress-strain curve of the

strands, considering the effect of compression reinforcement, and including the

tension strength of concrete below the neutral axis in the force equilibrium equations.

The strand properties used for all the different analyses performed during

this research including the M-Ø analysis were based on mill certificates that

accompanied the strand coils. Typical stress vs. strain curves for the 0.5-inch and 0.6-

inch strands are shown in Fig. 6.10 and Fig. 6.11, respectively. The calculated M-Ø

relationship graphs for both series are shown in Fig. (6.12-a) and Fig. (6.13-a),

respectively.

The graph that provides the relationship between the Steel Stress in the

strands and the Applied Moment on the section, beyond the Decompression Load or

Moment is shown in Figures (6.12-b) and (6.13-b), respectively, for the two beam

sections. The Decompression Load/Moment is the applied load/moment at which the

concrete strain at the level of the strands is zero. In other words, it is the load/moment

required to overcome the precompression in the concrete at the level of the strands.

The decompression load represents the additional load carrying capacity provided to

the section due to prestressing. The section beyond this point can be considered to

behave just like a reinforced concrete section (except that the rebar properties are

replaced by the strand properties). This concept is illustrated in Figure 6.14, which

describes how the concrete and steel strains vary as a pre-tensioned member is loaded

from zero applied load to its ultimate load.
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Figure 6.14 also shows how the neutral axis of the section varies as the

applied load on the member is increased. After cracking, the crack depths indicate the

relative position of the neutral axis. As a part of this study on crack widths, additional

data were gathered by very carefully measuring crack depths at each load interval for

all of the nine tests. The crack depths were then determined analytically by using the

additional features mentioned above in the M-Ø Analysis. The results for three tests

from the FR35 Series were compared, and are shown in Figure 6.15. The graphs show

a very good correlation between the measured and calculated crack depth values. The

good correlation establishes the accuracy of the analytical work. 

6.4 NUMERICAL CALCULATION OF CRACK WIDTHS 

This section presents the derivation of the numerical procedure that was

used to determine crack widths in the constant moment region of the beam specimens

of the FR35 and FR36 Series. The method described below can be applied to

calculate crack widths in the constant moment region of any prestressed concrete

member. The approach used here is similar to previous research on the same subject

by Haralji and Naaman [37], Hassoun and Sahebjam [38], Nawy [11] [29], and Edwards

and Picard [14]. The current analysis includes modifications to account for the

assumed bilinear constitutive relationship for bond, and for the change in modulus of

the strand (following manufacturers stress-strain curve) as the strand approaches its

ultimate strength.

Consider the constant moment region of the beam shown in Figure (6.16-a).

The reason for choosing the C-M Region is to simplify computation and exclude the

effects of bond stresses produced due to external shear. The region of interest is the

area selected between the first two cracks, as shown in this figure. The internal and

external forces required to keep a slice ‘dx’ between the crack and the centerline of

the crack in equilibrium are shown on the side in the same figure. The area At

represents a concrete prism that is placed concentrically with the center of the

prestressed reinforcement. 
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The current derivation does not include non-prestressed reinforcement.

However, the same general method can be used with appropriate adjustments for the

constitutive relationship, and equilibrium and compatibility equations as shown in

Reference 37 and 38.

Based on the free-body diagrams, the equilibrium equations for the strand

and concrete are as follows:
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For external equilibrium at the crack:
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The compatibility equation, i.e. equation for calculating the slip between the strand

and concrete (1/2 the crack width) is:

∫∫ −=
x

c

x

s dxxdxxxS
00

)()()( εε (6.4)

This equation can be further reduced as follows:

)()()( xx
dx

xdS
cs εε −=

c

c

s

s

E
xdf

E
xdf

dx
xSd )()()(

2

2

−=









+=

ctss
s EAEA

Pxu
dx

xSd 11)()(
2

2

(6.5)



125

The constitutive relationship for bond between the strand and concrete is

assumed to be bi-linear as shown in Figure (6.16-b). The bond stress is assumed to

vary linearly with slip until a peak bond stress value of umax is attained, after which

the bond stress remains constant with continuous irrecoverable slip. This type of a

constitutive relationship was chosen based on the observed results from Stocker and

Sozen’s [12] extensive test program. While Edwards and Picard’s [13] test program was

much smaller, they observed the same behavior. The relationship for the first part of

the curve as shown in Figure (6.16-b) is:

)()( xkSxu = (6.6)

The stiffness value of ‘k’ was chosen from Edwards and Picard’s tests for the reasons

provided in Section 3.2.1. In general, the initial stiffness ‘k’ does not have a large

impact on the overall results, since the peak bond stress value umax is reached at

extremely low values of end slip. Most of the slip between the strand and concrete at

a crack occurs from continuous or plastic slip with the bond stress remaining constant

at its peak bond stress value umax.

PART–A: (u < umax)

The following equations are applicable for the first part, where the bond stress values

between the cracks are less than umax.

Assuming the following constants and substituting equation (6.6) into (6.5):
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The above differential equation has the following solution:
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The boundary conditions are as follows:
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• Slip is Zero at x=0 (i.e. at the center, between two cracks) 

• Concrete Stress at the Crack fc(L) = 0 at x=L or LT (i.e. at the crack location)

The constants B1 and B2 can be determined by applying the boundary conditions to

equation (6.10):
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The slip at any location between the cracks is then given by:
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PART–B: (u = umax)

As the applied moment beyond cracking increases, the steel stress at the crack

increases. The maximum bond stress near the crack approaches its peak value umax.

As the steel stresses increase further under more applied moments, the bond stress

remains constant and the strand continues to slip. The bond stress remains constant

over a certain distance LNL from the crack as shown in Figure (6.16-c). This distance

represents the region in which nonlinear or plastic slip occurs. This distance

continues to increase as the crack widths get larger and larger. 

The length LNL is determined by solving the equation obtained by equating the bond

stress at distance L expressed in terms of the variable LNL to the peak bond stress

value stress umax. 

The steel and concrete stresses at distance L are given by:
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The bond stress at distance L (see Figure 6.16-a) is given by:
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After substituting Equations (6.14 to 6.16) in Equation (6.17), the distance LNL can be

determined by solving the following equation:
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Knowing the distance for which plastic slip occurs, the total bond force for the linear

portion (L) and plastic portion (LNL) between the cracks can be calculated as follows:
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Equations (6.19 to 6.21) can be used to determine the stress in the steel and concrete

at the center of the crack (x=0), and at distance (x=L) corresponding to the linear

portion of the slip. Figure (6.16-c) also provides a schematic of the steel and concrete

stress distribution.
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Typical Crack width Calculation Procedure:
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A computer program CRACKWIDTH (APPENDIX A4) was developed to

perform the crack width calculations. The key component in the analysis was the

solution of Equation 6.18 for the distance LNL. A simple iterative approach was used

to solve this equation. The current formulation also accounted for the change in

strand modulus, as the strand stress increased beyond its elastic limit into the yield

region up to one-percent strain. 

The following steps summarize the crack width calculation procedure at a

given crack location in the CM Region of the specimen:

1) Input all the various constants required for the analysis

2) Determine the external moment at the crack from the applied loads

3) Calculate the steel stress fs beyond the decompression moment (Using

Figures 6.12-b and 6.13-b) 

4) Input the crack spacing of the cracks being studied. If the adjacent cracks

have a different spacing, the analysis should be repeated for each adjacent

crack to add the total crack width.

5) Execute the Program. The computer program analyzed the input data,

checked for non-linear or plastic slip, and provided the crack width

corresponding to the given applied load. The user could also plot the bond,

steel and concrete stress distribution if desired.

6.5 COMPARISON OF MEASURED VS. CALCULATED CRACK 

WIDTHS FOR SPECIMENS FROM THE FR35 AND FR36 SERIES 

This section provides results of the crack width analysis for the specimens

from the FR35 and FR36 Series, and how these crack widths compared with their

corresponding measured values. The bond stress value for which the calculated crack

widths closely matched the measured crack widths was indicative of the actual bond

strength of the strand for that test. It should be recognized that the bond strength

determined from the current analysis is not an absolute number, however, it is a

reasonable estimate of the bond strength of the strands.  
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There are many variables that can affect measured crack widths. For

example, the crack width measured at the surface of the concrete may vary slightly

from a location at the same elevation but inside the concrete, i.e. near the

reinforcement. The crack widths in this study were measured from only one side of

the beam and not averaged from both the sides, due to the lack of time to measure the

width of every crack at each load interval. The measurement of crack widths was a

physical measurement, done using a ‘microscope’, unlike the other instrumentation

equipment, which were connected to a central data acquisition system and could be

scanned by hitting a single button. The applied loading on the specimen was

hydraulically based, that is, if too much time elapsed at a given load interval, there

was a possibility that the cracks could close slightly due to slight loss of loading

applied, leading to erroneous readings.

Hence, due to the sensitivity of the experimental data on the final outcome

of the analysis, utmost care was taken during the test when recording the crack widths

and other relevant data.

FR350 Series

The accidental contamination of the strands from the FR35 Series did

disrupt the original goal of determining the bond strength of clean mill condition 0.5-

inch strand, which was used throughout Project 1210. However, the test results from

the FR35 Series were not discarded, but rather used to prove the converse, i.e. ‘the

bond strength of the strand was lower than expected’. There was ample visible

evidence that the bond strength was poor, since the development length of the strands

for this series was much longer than expected, and since fewer cracks formed during

each test with larger spacing between the cracks and larger crack widths. The crack

width analysis established the following:
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1) ‘ The strand bond stress for specimen FR350-1C was low enough for no

secondary cracking to occur between primary cracks that were spaced as far

apart as 15.75 inches.’

The cracking history and cracking pattern for Specimen FR350-1C was

shown earlier in Figure 6.3. The results of the crack width analysis for the

Crack at Station 169 are shown in Figure 6.17. The figure shows the bond

stress, steel stress and concrete stress distribution between the cracks. The

maximum concrete stress at the center of the crack for an Applied Load of

51.2 kips is about 490 psi. This stress is less than the tensile cracking stress

of about 689-psi (7.76 '
cf ) for this specimen, hence no secondary cracking

was observed.

This figure also shows the progression of plastic slip. The graph showing

the bond stress distribution shows how the length of plastic slip (LNL)

increases towards the center of the crack as the applied load increases.

2) ‘The estimated bond strength of the strands for the FR35 series is about

350 psi.’

The results of the crack width analysis for two crack locations from

Specimen FR350-1C and one each for Specimen FR350-2A and FR350-2B

(Figures 6.18 to 6.21), clearly show that the measured crack widths at all

four locations best matched the calculated crack widths for an assumed peak

bond stress of around 350 psi. The analysis was run at different levels of

peak bond stress to establish the range of crack widths possible, and it is

quite remarkable how the calculated crack widths (in the 300 psi to 400 psi

bond stress range) consistently follow the trend of the measured crack width

values. 
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FR360 Series

The FR360 Series did not have the same problems as the previous series. As

discussed earlier in Section 6.2, there was ample visible evidence of good bond, i.e.

large number of cracks with smaller spacing between cracks, smaller crack widths,

and local cracking near the primary cracks close to ultimate loads. This series also

had a large occurrence of secondary cracking between the primary cracks, which

indicated that there was good bond between the strand and concrete.

The results from the crack width analysis for this series are presented in

Figures 6.22 and 6.23. More crack locations could not be analyzed for this series due

to the presence of secondary cracks. Based on the analysis performed, it can be

concluded that the bond strength of the strands for this series is at least 400 psi.

It is possible that this number could be higher, however, additional crack locations

could not be analyzed.

Comparison of Bond Strength from the Crack width Analysis to

Stocker and Sozen’s Tests

A one to one comparison of the bond strength from the crack width analysis

of the FR35 series and Stocker and Sozen’s tests for 0.5-inch strand could not be

made because of the contamination of the strands in the FR35 Series. The bond stress

for mill condition 0.5-inch strand based on Stocker and Sozen’s tests and adjusted for

concrete strength was 522 psi. On the other hand, the maximum bond stress of the

contaminated strands from the FR35 Series was estimated to be about 350 psi,

according to the crack width analysis. 

Despite the fact that no comparison of the bond strengths could be made,

both bond stress results were used in the finite element analysis. The bond stress

results from the FR35 Series were used to show that poor bond strength would result

in longer development lengths. On the contrary, Stocker and Sozen’s bond stress

results were used to show that if the strands in the FR35 Series had not become
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contaminated, the development length for this series would have been shorter than the

FA550 Series, similar to the results observed for the FR36 Series.  

As discussed earlier in Section 4.7, Stocker and Sozen did not perform

pullout tests on 0.6-inch strand. However, they performed tests on several strand sizes

for varying concrete strengths. Using those results, an equation was developed to

predict the bond stress of 0.6-inch strand. This equation was presented earlier in

Figure 4.13 in Section 4.7. Based on this equation, the bond stress for the FR36 series

was 469 psi. As discussed in the previous section, for the limited crack locations that

were analyzed, the bond stress for the FR36 series based on the crack width analysis

ranged from 400 psi to 475 psi with an estimated minimum of 400 psi. 

6.6 SUMMARY AND CONCLUSIONS

In lieu of separate pullout tests, a crack width analysis of the rectangular

shaped specimens from the FR35 and FR36 series of Project 1210 was performed to

determine the bond strength of the strands used in this project. The details and results

of this analysis were provided in this chapter. The results from the analysis were

compared to bond stress values determined from Stocker and Sozen’s tests. A

reasonably close comparison of the bond strength from the crack width analysis with

Stocker and Sozen’s tests would validate using their results for the flexural bond

constitutive relationship in the Finite Element Analysis.

The following conclusions were derived from this study:

1) An accidental strand contamination problem prevented a direct one to one

comparison of the bond strength of the strands used in the FR35 Series with

Stocker and Sozen’s tests.

2) The contamination of the strands from the FR35 Series resulted in a reduced bond

strength, and longer development length of the strands for this series. The reduced

bond strength was observed based on a detailed study of the cracking history,
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crack spacing and crack widths of the specimens. The specimens typically had

few cracks, with large spacing between the cracks, and wider crack widths. 

3) The bond strength of the contaminated strands for the FR35 series was estimated

to be about 350 psi, based on a crack width analysis at four crack locations. This

bond stress was much lower than the 522 psi bond stress of mill condition 0.5-

inch strand, based on Stocker and Sozen’s tests.

4) The FR36 Series did not have any strand contamination problems and had good

bond. The specimens from this series had large number of closely spaced cracks,

with relatively small crack widths.  

5) Based on the limited crack locations analyzed, the bond strength of the strands for

the FR36 series was estimated to be a minimum of 400 psi.
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CHAPTER 7.  AXI-SYMMETRIC FINITE ELEMENT

ANALYSIS

7.1 GENERAL

The nature of the concrete stress distribution around a fully bonded or

debonded strand after transfer of prestress is very complex. Relatively few studies
[1][2][39] have been performed to study the complex state of stresses in the transfer zone

after transfer. The researchers in this field have rather concentrated their efforts on

determining the variables that affect transfer length and actual transfer length values.

The main difficulty thus far for studying this problem has been the lack of

sophisticated analytical tools. 

This chapter presents results from a study on the finite element axi-

symmetric modeling of fully bonded and debonded strands allowing for strand

slippage and cracking of the concrete. This study is fairly extensive in its scope, and

is the first of its kind. 

The primary purpose of performing this analysis was to study the three-

dimensional state of stress in the transfer zone of a pre-tensioned prestressed concrete

member after transfer. The ANATECH non-linear concrete material model provided

the capability of modeling the cracking and localized crushing behavior of concrete in

the transfer zone of the strand. Other reasons were: to compare the concrete stress

distribution for debonded strand versus fully bonded strand (possible stress

concentrations), and to check concrete cover requirements.

A cylindrical concrete prism with a strand along its axis that had the ability

to slide with respect to the concrete was modeled. The diameter of the concrete prism,

length of debonding, and the cracking strength of concrete were varied. 



135

7.2 FEM MESH 

The axi-symmetric finite element model was developed to allow for relative

movement between the strand elements and the concrete elements using spring

elements. The key component in the analysis was to define the properties of the

spring elements. As discussed earlier, the strand bond properties, and likewise the

properties of the springs in the transfer zone are different from the flexural bond zone. 

Unlike the flexural bond zone where Stocker and Sozen’s data could be used

to define the springs, there was no such data available for the transfer zone. Hence, an

indirect approach was used to determine the properties of these springs. Physical test

data from the AASHTO Type Specimen Series of Project 1210 were used to

determine the properties of the springs in the transfer zone. This series was the most

representative of prestressed member shapes commonly used in practice. In addition,

the transfer length results from this series closely matched the ACI/AASHTO values.

The raw transfer length data from the FA550 and FA460 Series are

presented in Figures 7.1 and 7.2, respectively. The lower and upper bounds of the

concrete strain data form a well-defined band that provides the shape of the transfer

length curve. The transfer length curve was normalized for both strand sizes as shown

in Figures 7.3 and 7.4. The bond stress distribution for both strand sizes was then

derived, as shown in Figures 7.5 and 7.6. 

Figure 7.5 shows that the peak bond stress for 0.5-inch strand (880 psi) is

more than the corresponding peak stress (580 psi) for 0.6-inch strand. The smaller

strand perimeter to area ratio for 0.6-inch strand of 11.6 (2.51 in/0.217 in2) compared

to 14.05 (2.15 in/0.153 in2) for 0.5-inch strand, results in a reduced maximum bond

stress for 0.6-inch strand. The shape of the two curves is also quite different, in that

the 0.6-inch strand bond stress curve has the peak bond stress remaining constant for

a much longer distance than the corresponding 0.5-inch strand curve. 
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The properties of the spring elements used in the axi-symmetric analysis

were derived with the bond stress profiles above and using Equations 4.1 to 4.4 in

Section 4.4. A typical FE Mesh used in the axi-symmetric analysis is shown in Figure

7.7. The total length of the model is 90 inches, which is long enough to accommodate

transfer on both ends of the model. The seven-wire strand was modeled as an

equivalent solid steel rod (Radius = 0.2207 inches) with the same cross-sectional area

as a 0.5-inch strand. The appropriate boundary conditions were applied and the model

was analyzed by releasing the initial force Fi in the strands into the model.

No Finite Element modeling was performed for models with 0.6-inch

diameter strands, because of the lack of reliable flexural zone bond stress data for this

strand size in the literature.

7.3 FULLY BONDED STRAND: 4.5-inch Diameter Cylinder

No Cracking Allowed in the Concrete

A highly magnified displaced shape of the model for a fully bonded strand

after transfer, assuming that the concrete is elastic and not allowed to crack is shown

in Fig. 7.8. The displaced shape in the figure shows the general swelling of the strand

and the strand end-slip after transfer. The displaced shape of the interior and exterior

periphery of the concrete cylinder is shown in Green. The figure also shows the axial

shortening of the concrete cylinder and the lateral Poisson expansion of the concrete

surface. The radial movement of the concrete in the transfer zone to accommodate the

swelling of the strand is also shown in the figure. 

The slight jagged shape of the displaced strand in the transfer zone is due to

the coarse size of the mesh. A finer mesh and use of interface elements with a higher

order interpolation instead of the spring elements can provide a smoother geometry.

However, the chosen mesh size and choice of spring elements was deemed

sufficiently accurate for the purpose of the current research.
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The assumption of keeping the concrete elastic and not allowing the

concrete to crack is a fictitious condition. However, this condition was analyzed for

two reasons. The first reason was to examine the extent and nature of the stresses in

the concrete after transfer. This is a classic cylinder under internal pressure problem,

except that the internal pressure varies along the length of the strand. The second

reason was to check the results from the FE Analysis with an Elastic Mechanics of

Material Solution, which is provided in Section 7.5.

The stress contours for this case are presented in Fig. 7.9. The figure shows

the Radial, Circumferential and Longitudinal Stress Distribution in the concrete

cylinder after transfer. These graphs are remarkable because they clearly show the

three-dimensional state of stress in the concrete around the strand after transfer of

prestress. The radial stresses are high enough (excess of 4700 psi) to cause local

crushing of the concrete fibers that are right next to the strand. The high radial

stresses occur only in the first few inches from the end of the member.  

The circumferential splitting tension stresses are in excess of 4000 psi. It is

to be noted that the model was intentionally not allowed to crack. The strength of

concrete f’ci at the time of transfer for most pre-tensioned prestressed members is

about 0.75 f’c, i.e. between 4000 to 4500 psi. Hence, it is very obvious that the

concrete in a real situation will have some splitting cracks in the transfer zone. This

graph further shows that these high splitting stresses occur within 3/8” to ½” distance

from the strand surface and for a considerable length (15 to 18 inches) into the

member.

The longitudinal stress distribution in Fig. 7.9 shows a uniform build-up of

the compressive stress in the prism. The stress contours shown represent a quarter of

a longitudinal slice of the prism.
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Cracking Allowed in the Concrete

The results for the same cylinder described above, but with cracking

allowed in the concrete are shown in Fig. 7.10. The cracking pattern in the figure

shows the circumferential cracks in red and the radial crushing cracks in yellow/blue.

The cracking is shown at the integration points of the elements. The crack may appear

to be large in the figure, however, the graph should be read as if the splitting crack

location is at the center of the individual red shape. 

The extent of the circumferential cracking varies along the length of the

member. The maximum splitting is observed towards the end of the member (up to

¾” from the strand surface), where the internal pressure exerted on the concrete from

the swelling of the strand is the largest. The extent of splitting cracks reduces to

within 3/8” from the strand surface, for strand length from about 3 to 10 inches into

the transfer zone. Between 10 to 20 inches, the splitting cracks are confined to within

a 1/4” from the strand surface. No cracking is seen beyond 20 inches and further into

the transfer zone.

The stress contours for the radial, circumferential and longitudinal

directions after concrete re-distribution are also shown in the figure. The emphasis in

this study was not so much the quantitative values of the re-distributed stresses, but

the qualitative conclusions that could be derived from the contour distribution. 

The radial stresses reduce only slightly after re-distribution, compared to the

case where concrete was not allowed to crack. On the other hand, the circumferential

stresses undergo a substantial re-distribution. The region of circumferential cracking

is shown as the hatched area on the contour graph of Figure 7.10. The longitudinal

stress contours show some stress re-distribution in the vicinity of the cracked concrete

close to the strand surface. However, the overall build-up of compression stresses is

fairly uniform and quite similar to the previous case where cracking was not allowed

to occur. 
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The axi-symmetric analysis shows that a 4.5-inch concrete cylinder (2-inch

cover) is large enough to resist the overall circumferential or splitting forces that are

produced after transfer. Even with the observed splitting cracks the cross-section of

the prism was able to resist the splitting forces. Test runs with a 4.0-inch cylinder

cracked the entire prism and the model became unstable. This indicates that a 1.75-

inch concrete cover around a 0.5-inch diameter strand is insufficient. It should be

mentioned that all the specimens of Project 1210 had a clear concrete cover of 2.25

inches. In fact, the TXDOT requires all pre-tensioned prestressed bridge sections with

0.5-inch strand to have a minimum exterior cover of 2.25 inch.  

Other interesting observations can be made from the analysis. Figure 7.10

shows that measurements of concrete compressive strains at the surface of the

concrete do not provide information on the extent of internal cracking that is really

present inside the member. The surface measurements provide the gradual build up of

compression stresses, which helps in determining the transfer length. The analysis

also shows that there is no shear lag effect for these cylindrical prisms, unlike the U-

Beams from Project 9-580, which will be presented in Chapter 9. 

7.4 DEBONDED STRAND: 4.5-inch Diameter Cylinder

No Cracking Allowed in the Concrete

The effect of debonding a bonded strand was studied by modeling the same

4.5-inch concrete cylinder used before, but without any bond between the strand and

concrete for a certain distance. Two debonded lengths were modeled, 8 inches and 16

inches.

The results for the 8 inch debond length and no cracking allowed are shown

in Fig. 7.11. The stress contours for the circumferential and radial directions are quite

similar to what was observed in the analysis of the fully bonded strand. It can be seen

that the stresses start to build up a few inches below the actual termination point of

debonding, which is quite obvious because of strain compatibility. The boundary
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condition of the swelled strand in the fully bonded and debonded strand is different in

that regard.

The most interesting observation from the analysis is the tension that is

produced behind the termination point of debonding. This is seen in the longitudinal

stress contour in this figure. The tension stresses produced are within 82 to 318 psi as

seen in the figure. The value of the tension stresses may be less than say, the direct

tensile strength of the concrete, however, if a large number of strands in a prestressed

member are debonded to the same length (concurrent debonding), there is a strong

possibility of having a large stress concentration at the termination point of the

debonding. Moreover, this location is susceptible to further cracking under repeated

loads.

Cracking Allowed in the Concrete

The result from the model with a 16-inch debonded length and where

cracking was allowed in the concrete is shown in Fig. 7.12. The stress contours after

concrete re-distribution are not shown, since they are very similar to what was

observed for the fully bonded strand case. The overall cracking pattern is similar to

the case with the fully bonded strand, except that some additional cracking is seen at

the termination point of the debonding.

7.5 FULLY BONDED STRAND: 6.0-inch Diameter Cylinder

No Cracking Allowed in the Concrete

The effect of varying the cylinder thickness was studied by analyzing a 6-

inch diameter cylinder embedded with a fully bonded strand. The results from the

analysis for the case where cracking was not allowed to occur are shown in Fig. 7.13.

Again, the stress contour distribution is very similar to the case with the 4.5-inch

cylinder. The high circumferential and radial stresses are limited to within ½” from

the strand surface. The longitudinal stress distribution shows a gradual buildup of

compression stresses along the length of the strand.
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Cracking Allowed in the Concrete

When cracking was allowed to occur for the 6-inch cylinder model (shown

in Fig. 7.14), the observed cracking pattern was similar to the previous case with the

4.5-inch cylinder model, except for the extent of cracking. The 6-inch cylinder model

as seen in the figure has slightly reduced amount of circumferential cracking. This

shows that the extra concrete around the strand helps in resisting the splitting forces

that are produced in the concrete at the time of release.  

 

7.6 COMPARISON OF FEM RESULTS WITH ELASTIC THEORY 

The results obtained from the finite element analysis were compared to

results obtained from an elastic analysis (mechanics of materials approach). The

purpose of performing the elastic analysis was to understand the mechanics of the

problem (i.e. not to simply rely on a sophisticated analysis) and to be able to hand

calculate the internal pressures developed due to the swelling of the strand at transfer.

Knowing the internal pressure along the length of the strand, the circumferential and

radial stresses in the concrete could be calculated using the classical thick cylinder

under internal pressure solutions.

Development of Equations

A sketch of the cross-section and elevation of an element of strand

embedded in concrete at a distance ‘x’ from the member end is shown in Figure 7.15.

The cross-section and strand elevation shows a strand with radius r, which will swell

to a radius r + uur if there is no restraint provided (equivalent to concrete with zero

modulus). In that case, there is no internal pressure pi applied to the concrete cylinder.

If the concrete is infinitely stiff (Ec = ∞), then there is no radial movement of the

strand or the concrete cylinder and the internal pressure pi = [fi – fs(x)]vs, where vs is

the Poisson Ratio of the steel.

For a concrete with modulus Ec = Eci, the strand will be restrained from

swelling fully, and will swell to a radius r + us. The concrete cylinder will be
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displaced in the radial direction by an amount uc, which is the same as the swelling of

the strand us. The radial displacement of the concrete cylinder uc under the internal

pressure pi that is developed is given by:

c
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The radial displacement of the strand uur if there is no restraint provided is:
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The internal pressure pi can be solved by substituting the equations above into the

following equation:
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The internal pressure pi at any point along the strand is then given by the following

equation: 

[ ]
s

ci

si
i v

vn
xffxp

)1(1
)()(

++
−

= (7.4)

 where: 
ci

s
i E

En =

The radial and circumferential stresses can be further calculated using the following

equations:
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where

a  is the outside radius of the concrete cylinder

r  is the inner radius of the concrete cylinder

r’  is the location where stresses are being calculated
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The elastic analysis described above was performed for a 4.5-inch diameter

concrete cylinder assuming the same parameters used in the FEM Analysis. The

results from both the analyses are shown in Fig. 7.16. The figure shows a close

comparison of the stresses determined from the two approaches. The stresses from the

FEM Analysis shown are calculated at the integration points. The use of a finer mesh

can further refine the analysis and can provide an even closer comparison with the

results from the elastic analysis.  

7.7 SUMMARY AND CONCLUSIONS

This chapter provided results from a study on the finite element axi-

symmetric analysis of cylindrical concrete prisms embedded with a fully bonded or

debonded strand along its axis. Several variables were studied. The diameter of the

concrete cylinder and length of debonding were varied. The models allowed for

strand slippage with respect to the concrete and for the concrete to exhibit non-linear

behavior, i.e. cracking and crushing of the concrete. Each model was analyzed under

two conditions: assuming the concrete remained elastic and uncracked, and then by

allowing the concrete to crack. The finite element analysis results were compared to

an elastic analysis using a mechanics of materials approach for the elastic and

uncracked condition.

The following conclusions and observations were made from the axi-

symmetric analysis described above:

a) The state of stress in the concrete surrounding the strand in the transfer zone of a

pre-tensioned member is three-dimensional with a complex stress distribution as

seen in Figure 7.10. Very high radial and circumferential stresses produced due to

transfer, causes internal localized crushing and splitting cracks within the

concrete in the immediate vicinity of the strand. These cracks are not visible from

the outside of the member. The longitudinal stresses show a gradual build-up of

the compression stresses along the length of the member.
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b) The region of circumferential cracking for a cylindrical prism of 4.5-inch

diameter varies from 0.75 inches at the end of the member to less than 0.25 inches

at the end of the transfer zone. The amount of splitting cracks reduces if the

cylinder is larger (i.e. if there is a larger cover). A clear cover of 1.75 inches to

the strand is not adequate to resist the transfer forces. This was confirmed

analytically, since a 4-inch diameter cylinder split completely with the analysis

never attaining convergence.

c) Debonded strands produce a stress concentration (tension stress in the

longitudinal direction) immediately behind the termination point of debonding or

the point where the strands become fully bonded, as seen in Figures 7.11 and

7.12. The length of debonding, 8 inches or 16 inches did not seem to change the

amount of stress concentration produced. This stress concentration can become

crucial in members if all the strands are debonded to the same length, i.e.

concurrently debonded.

d) The results from the finite element axi-symmetric analysis compared very

favorably to a hand calculated elastic analysis based on a mechanics of materials

approach, assuming that the concrete was elastic and not allowed to crack.
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CHAPTER 8.  FINITE ELEMENT ANALYSIS OF THE

FULLY BONDED AND DEBONDED SPECIMENS

 FROM PROJECT 1210

8.1 GENERAL  

A complete discussion on the various approaches that can be used to model

pre-tensioned prestressed concrete members using the Finite Element Method was

presented in Chapter 4. A detailed discussion on the technique developed to model

the transfer zone and flexural zone of specimens from Project 1210, material models

for strand, rebar and concrete, concrete cracking models, and application of the initial

prestressing force & boundary conditions was also provided in Chapter 4.

This chapter provides the details and results from the Finite Element

Analysis of several significant specimens from the Fully Bonded - FA550 and FR350

Series, and the Debonded - DB850 Series of Project 1210. The analytical results are

compared with experimental results in each case. The typical data compared are the

external parameters, such as the load-deflection relationship and the overall cracking

response. Assuming a favorable comparison of the external parameters between the

analytical and test results, which was obtained in each case, the internal parameters

such as the bond stress, steel stress and concrete stress profiles determined

analytically are examined for the entire loading history. The study of these data in

conjunction with the observed test data is used to arrive at conclusions for each test.

The results of the AASHTO Type FA550 Series are presented first to show

the influence of both web-shear cracking and flexural cracking on the development

length of strand. This is followed by results from the Rectangular Shaped FR350

Series where the development length was influenced by flexural cracking only, since

the series was designed to prevent web shear cracking.
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Lastly, the results from the Debonded DB850 Series are presented, where

the effect of varying the length and type of debonding on the development length of

members with debonded strands is shown. The importance of preventing web shear

cracking and flexural cracking in the debond/transfer (anchorage) zone of the strand,

and of staggering the debonding versus terminating all the debonding at one location

is established. The results from the finite element analysis of the debonded specimens

are compared to Russell and Burns’s failure prediction model presented earlier in

Chapter 5.

This is followed by a discussion of the analytical and experimental results.

The results from the analytical and experimental work were used to develop a

behavioral model to determine the development length of 0.5-inch and 0.6-inch

strand. This model was tested against the different series from Project 1210 and other

relevant research studies. 

8.2 FULLY BONDED SPECIMENS – AASHTO TYPE: FA550 SERIES  

8.2.1 Finite Element Mesh for the FA550 Series

The details of the finite element mesh that was used to model the specimens

of the AASHTO Type FA550 Series are shown in Figure 8.1. The first 148 inches

from the end of the member had a 2-inch element size in the direction of the member,

and the balance had a 4-inch size. The 2-inch element size was considered to be fine

enough to obtain a smooth bond stress profile in the transfer zone, and have a

reasonable post-cracking bond stress profile between cracks in the flexural zone.

The typical cross-section was divided horizontally into 13 elements as

shown in the figure. The part of the cross-section with a chamfer was modeled as a

rectangular section of an equivalent area. The concrete between the 2-inch spacing of

the strands was divided into two elements with a depth (vertical direction) of 1-inch.

The rebar and strands at a given elevation in the member were lumped into a single

element with an equivalent area as seen in the figure.
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The concrete was modeled using 2-dimensional, 8 node iso-parametric plane

stress elements as described earlier in Chapter 4. The strands were modeled using 3

node truss elements. The strands were allowed to slip relative to the concrete using

horizontal and vertical spring elements. 

The horizontal springs had a bilinear relationship based on Stocker and

Sozen’s test results as described in Section 4.7. The properties of the springs were

adjusted for each test to correspond to the 28-day strength of the concrete for that test

using the equation provided in Figure 4.12. The modeling of the horizontal springs in

the transfer and flexural bond zone was discussed in detail in Sections 4.8 and 4.9,

respectively, in Chapter 4. The vertical spring properties were kept elastic with a high

stiffness value. Since the strand elements were linear truss elements, there was no

contribution to movement in the transverse vertical direction.

The spring properties were defined at the junction of each steel and concrete

element in a row, for all rows of strands. For the rows of strands where more than one

strand was present in the row, the spring properties were adjusted accordingly to

represent the correct available bond strength. 

The concrete material properties were based on ANATECH’s material

model as discussed in Section 4.6. For the FA550 Series, the primary flexural cracks

observed in a given test, up to half the specimen depth were pre-defined in the model.

None of the web shear cracks were defined in the model. It should be clarified that

the mesh did not have pre-cracked elements. Rather, the locations where cracks

occurred during the actual test were defined by creating a weak line of elements with

a reduced tensile strength, which followed the observed cracking pattern. 

Several test runs using different tensile strength reduction factors were

carried out to study the influence of the reduction factor value on the overall stiffness

and strength of the model in comparison to the test results. A reduction factor value
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of 70% of the tensile strength was considered adequate to ensure that no undue bias

was created to the overall stiffness and strength of the model in comparison to the

observed test results. Additionally, the weak line of elements that were defined in the

model was limited to about half the specimen depth. Flexural and web shear cracking

beyond this stage of cracking was allowed to occur by itself in the analysis, based on

the constitutive relationships within the ANATECH material model.

 

The details of the material models for the strand and rebar, application of

initial prestressing, and application of the boundary conditions were discussed in

Chapter 4.

8.2.2 Specimen FA550-3A

As stated earlier, the finite element analysis was performed only on a select

number of tests from each test series. While every test was important for the series,

some tests were more important than others in arriving at a significant conclusion, or

in pointing the testing in a certain direction. Three tests, namely, FA550-3A with an

embedment length of 92 inches, FA550-3B with an embedment length of 76 inches,

and FA550-4A with an embedment length of 68 inches were analyzed from the

FA550 Series. Miscellaneous test results on the other tests from this series are

provided in Appendix A6.

The plot of total load vs. deflection from the test and the finite element

analysis for Specimen FA550-3A is shown in Figure 8.2. The plot of total load vs.

end slip from the test is also shown in the same figure. As seen in the figure, the

specimen had a flexural failure without any end slip. The specimen had a

considerable amount of deflection (1.9 in.) at the failure load, indicating a ductile

flexural failure. The load vs. deflection plots from the analysis and the test compare

very favorably with each other for the entire loading history, as seen in the figure. 
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The crack patterns from the analysis for significant load intervals and the

final crack pattern from the test are shown in Figure 8.3. Since the initial flexural

crack locations were pre-defined, a reasonably close pattern was expected. However,

it is interesting to observe the similarities in the progression of the inclined flexural

cracks in the shear span of the specimen.

The reasonably favorable comparison of the external parameters provided a

validation of the overall finite element model and the analysis. This enabled a closer

examination of the internal parameters such as the bond stress, steel stress, and

concrete stress profiles along the length of the member for the entire loading history.

The average bond stress and steel stress profiles taken at the center of

gravity of the five strands are plotted for significant load intervals in Figures (8.4-a),

(8.4-b), (8.4-c) and (8.4-d). 

There are several useful observations that can be made from studying the

bond stress and steel stress profiles shown in Figures (8.4-a to 8.4-d). They are listed

below as follows:

A) The bond stress at the location of the crack is zero. The bond stress

immediately adjacent to the crack, on either side of the crack has a peak or

maximum value (positive or negative). This observation is valid at all stages

of loading. In the same token, the steel stress at the location of the crack has

a maximum value. This is clearly seen at all the crack locations in the figures

listed above.

B) The bond stresses change sign between any two cracks. This occurs because

of the nature of the steel stress distribution between cracks. The steel stress

curve has maximum values at the crack locations and a minimum value about

halfway between the cracks. The location at which the steel stress has a
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minimum value corresponds to the inflection point on the bond stress

curve. The bond stress at the inflection point location has a zero value. The

concrete stress curve, which is not shown in the figures, has an obvious zero

value at the crack location, and a maximum value at the inflection point

location. 

C) The inflection point location of the bond stress curve occurs mid-way

between cracks in the constant moment region of the member, and varies

continuously in the shear span of the member. The continuous shifting of the

inflection point in the shear span is more pronounced when the bond stress

value is less than the maximum or peak bond stress value. As the peak bond

stress value is attained and plastic slip starts to occur, the location of the

inflection point starts to stabilize. 

This phenomenon can be illustrated by examining the crack at Station 83 in

Figure (8.4-b and 8.4-c). The crack at Station 83 occurred between a Load of 56

and 58 kips. The corresponding maximum bond stress at ‘Total Load’ 58 kips is

about 180 psi. The word ‘Total Load’ will be referred to as ‘Load P=’ for the

rest of this chapter. The inflection point of the bond stress curve corresponding

to this load is at Station 87. 

At Load P=60 kips, the maximum bond stress is 420 psi, which is still less than

the peak bond stress value (umax) of 440 psi, required to cause plastic slip. The

inflection point at this load has shifted to Station 89, as seen in Figure (8.4-b).

The movement of the inflection point stabilizes at Station 89 for Loads P=62 to

70 kips. At these loads, the peak bond stress umax of 440 psi has been reached

and plastic slip continues to occur with increase in crack widths.  

D) The location of the last flexural crack from the end of the transfer zone and

the load at which the last flexural crack occurs with respect to the failure
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load is very significant in determining the outcome of the development

length test. 

The last flexural crack in the analysis of Specimen FA550-3A occurred at

Station 69, which is about (69–28) = 41 inches away from the end of the

transfer zone (Figure 8.3). The bond stress profile from Station 69 to Station 20

is shown in Figure (8.4-d). The last flexural crack in the analysis occurred at

Load P=68 kips, which is 89% of the Ultimate Failure Load P=76.8 kips. 

It should be noted however, that in the actual test, an inclined flexure-shear

crack occurred at Station 57.5 just when the specimen reached the Ultimate

Load P=76.8 kips. This crack is shown in Figure 8.3. The finite element

analysis also yielded a similar inclined flexure-shear crack as seen in the same

figure (see crack pattern for Load P=76 kips), however, it did not propagate all

the way to the bottom fiber of the beam.

Although the last flexural crack in the actual test occurred at Station 57.5, the

last flexural crack that was obtained in the analysis has been chosen here to

explain the bond behavior associated with the formation of this crack. 

The bond stress profile for the last flexural crack is distinctly different from the

other cracks. The length of the bond stress curve to the left of the crack, i.e.

from Station 69 to Station 54 (Figure (8.4-d)), extends about 15 inches to the

left of Station 69. On the other hand, the length of the bond stress curve from

the crack to the inflection point which is to the right of the crack (Station 69 to

Station 74) extends only 5 inches from the right of Station 69. The reason for

the long bond stress curve to the left of the crack is because of the length of

strand available to distribute the total strand tension force at the crack.

The majority of the bond stress values in this portion of the curve are less than

the peak value umax. Hence, the contribution to strand slip caused at the crack
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from this portion of the bond stress curve would be negligible since no plastic

slip has occurred. The bond stress curve to the right of the crack has reached the

peak value umax and plastic slip continues to contribute to the crack width.

The importance of the distance of the last flexural crack from the end of the

transfer zone can be highlighted by the introduction of the following terms.

These are illustrated in Figure (8.4-d). The distance from the last flexural crack

to the end of the transfer zone is defined as Lt-cr. The distance from the last

flexural crack to a point where the bond stresses become negligible is defined as

Lcr. This represents the tail of the bond stress wave. The distance between the

end of the transfer zone and the point where the tail of the bond stress wave

ends, i.e. the distance for which the strand bond remains undisturbed, is defined

as Lud. The bond stresses for this distance are produced only due to shear

stresses in the member and are relatively small in magnitude. The three terms

are related as follows:

      crudcrt LLL +=− (8.1)

For specimen FA550-3A, using the results from the analysis, the distance Lt-cr is

41 inches, Lcr is 15 inches and hence, Lud is 41-15 = 26 inches. The last crack in

the analysis occurred at 89% of the ultimate failure load. 

As mentioned earlier, in the actual test, Specimen FA550-3A had a flexural

crack occur at Station 57.5 just at the ultimate load of the beam. Hence, the

distance from the last flexural crack to the end of the transfer zone Lt-cr can be

revised to 29.5 inches. Since the occurrence of this flexural crack most likely

caused a small bond wave, assuming an Lcr of about 12 inches, the resulting

distance Lud where the bond stresses remained undisturbed can be revised to

29.5 – 12 = 17.5 inches. 
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E. The concept of minimum flexural bond length is introduced here. Consider

the steel stress profile shown in Figure (8.4-d). At Load P=75 kips, the distance

between Station 28 and Station 54 is defined by the term Lfb0. The steel stress

increases from about 170 ksi to 180 ksi across this distance. 

At the same Load of P=75 kips, the distance between Station 54 and the Load

Point, which is Station 92, is defined as the minimum flexural bond length Lfbm.

This distance is 92-54 = 38 inches. The steel stress increases from 180 ksi to

272 ksi along this distance. It is interesting to observe that the actual steel stress

under the load point is 248 ksi. The steel stress at the nearest crack (Station 96)

within the Constant Moment Region is 276 ksi. The steel stress value of 272 ksi

at the Load Point of 92 inches is obtained by drawing a smooth envelope line

that connects the peak steel stress values at all the crack locations that exist

along the minimum flexural bond length Lfbm. 

The use of the envelope line is logical because the moment capacity at all

sections along the envelope line is attained. Although the stress in the strand at

a given section between two cracks may be less than the steel stress at the

cracks, the total tension force below the neutral axis with contributions from the

steel and concrete remains in equilibrium with the compression force above the

neutral axis. This equilibrium is maintained at the crack itself and at all sections

between the crack, and along the entire length of the member. Hence, the

moment requirements at any section along the length of the member are fully

achieved due to the internal moment couple. 

According to the ACI 318 Building Code [56], the total flexural bond length Lfb is

defined as the distance required to develop the stress in the strand from a value

( sef ) at the end of the transfer zone, to the stress ( psf ) which corresponds to the

nominal strength of the member. 
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The minimum flexural bond length Lfbm described above accounts for the stress

increase from the tail end of the bond stress wave of about 180-psi to the steel

stress psf  under the Load Point. This accounts for the majority of the total

flexural bond length Lfb, however, the short length of strand required to develop

the steel stress from sef (in this case about 170-ksi) to 180-ksi, needs to be

added to the minimum flexural bond length Lfbm. 

In summary, since the embedment length for this specimen was 92 inches,

which is greater than the ACI/AASHTO development length of 74.4 inches for the

FA55 series, the bond stress wave did not enter the transfer zone. In fact, the tail end

of the bond stress wave was 17.5 inches from the transfer zone, i.e. the strand bond

for 17.5 inches of strand remained undisturbed from the end of the transfer zone. The

specimens with shorter embedment lengths, and where the tail of the bond stress

wave penetrated or was just outside of the transfer zone are presented in the

subsequent sections.

8.2.3 Specimen FA550-3B

The plot of total load vs. deflection from the test and the finite element

analysis for Specimen FA550-3B is shown in Figure 8.5. The plot of total load vs.

end slip from the test is also shown in the same figure. As seen from the figure, the

specimen had a flexural failure without any end slip. The ultimate load at failure was

80.7 kips. The specimen had a large deflection of 1.72 inches at failure (several times

the elastic deflection), indicating a ductile flexural failure. 

This specimen was different from the previous specimen in that it had a

web-shear crack occur within the transfer zone at an applied load P=72.8 kips (91%

of Ultimate). The web-shear crack is shown in Figure 8.6. As seen in the figure, the

web-shear crack remained within the web of the beam, and did not propagate to the
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level of the strands. This is also confirmed by observing the end slip of the strands in

Figure 8.5, which shows that none of the strands slipped during the entire test.  

The total load vs. deflection plot from the analysis and the test, once again

compare very favorably with each other as seen in Figure 8.5. The crack patterns for

significant load intervals from the analysis and the test are shown in Figure 8.6. The

overall region of cracking from the analysis and the test match reasonably well. The

finite element analysis was terminated as web-shear cracks were observed in the

transfer zone. 

The reason for terminating the analysis is explained below. The finite

element model used for this series and other series within Project 1210 was

two-dimensional. As described in the previous chapter on ‘Axi-symmetric

Analysis’, the nature of stresses in the strand and concrete within the

transfer zone after release are three-dimensional due to the ‘Hoyer Effect’.

Adding the effect of cracking of the concrete, irrespective of the source of

cracking, i.e. web-shear or inclined flexure-shear, is extremely complex to

model and is beyond the scope of the current work. In the current research,

the finite element analysis was terminated as soon as cracking was obtained

in the transfer zone of the strand for the fully bonded specimens and

debond/transfer zone for the debonded specimens.  

The early termination of the analysis did not limit or alter the overall

outcome of the analysis or the research work. It was very important that the

integrity of the transfer/anchorage zone of the strand be maintained all the

way up to the ultimate failure load of the member. Knowledge of the post-

cracking capacity of the member after cracks in the transfer zone had

occurred was important to know, but was not critical to the overall outcome

of each test. 
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The average bond stress and steel stress profiles at the center of gravity of

the strand group are plotted in Figures (8.7-a to d). The overall profiles are similar in

nature to what was observed for specimen FA550-3A. The difference for this

specimen, however, is that the flexural bond stress wave (Fig. 8.7-d) is at or very

close to the transfer zone. The minimum flexural bond length Lfbm is about 42 inches,

which corresponds to a steel stress increase from about 176 ksi to 265 ksi. The

undisturbed bond length LUD is negligible. 

In summary, the 76-inch embedment length for this specimen and the nature

of the observed failure from the test and the analysis indicates that this embedment

length is at the cusp or the border of producing a flexural or bond failure. Specimens

FA550-2A and 4B (Figures A3.4 and A3.9), with an embedment length of 72 inches

produced a bond and flexural failure, respectively. However, specimen 4B, which

was considered to have a flexural failure, did have some strand slip during the test as

seen in the figure. In the case of specimen 3B, no slip was observed because the web-

shear cracks in the transfer zone did not propagate to the level of the strands, hence

preserving the integrity of the anchorage zone of the strands. 

8.2.4 Specimen FA550-4A

The plot of total load vs. deflection from the test and the finite element

analysis for Specimen FA550-4A is shown in Figure 8.8. The plot of total load vs.

end slip from the test is also shown in the same figure. As seen in the figure, the

specimen had a bond failure with significant end slip in all strands. The specimen

failed at a Load of 83 kips (98.8 %) of the calculated load required for a flexural

failure. The deflection at failure was about 1.2 inches compared to the 1.72 inches

obtained for Specimen FA550-3B.  

The first web-shear crack for this specimen occurred at a Load of P=70 kips

(83% of Calculated Ultimate Load). The crack patterns from the test and the analysis

are shown in Figure 8.9. The web-shear cracks propagated through the anchorage
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zone of the strand. It is to be noted that although web-shear cracks were present in the

transfer zone region, the specimen was able to sustain an additional load of 13 kips

(about 16% of the total load).

The bond stress and steel stress profiles are shown in Figures (8.10-a to d).

The overall profiles are similar in nature to what was observed for the other

specimens. This specimen differed from FA550-3B in that the flexural bond stress

wave penetrated the transfer zone (see Figure 8.10-d). The minimum flexural bond

length cannot be determined because the specimen had a premature bond failure.

However, it is evident from the same figure that this length is slightly greater than 40

inches. 

The analytical results from this specimen clearly show that beside the

effects of web-shear cracking in the specimen, the 68-inch embedment length was not

adequate to develop the flexural bond stresses required at ultimate load. The flexural

bond stress wave penetrated into the transfer zone of the specimen, prior to the

specimen achieving the ultimate load required for a ductile flexural failure without

end slip. Unlike Specimen FA550-3B, where the web-shear cracks did not propagate

to the level of the strands, the web-shear cracks in this specimen propagated through

the anchorage zone of the strands causing slippage of all the strands, resulting in a

premature bond failure.

8.3 FULLY BONDED SPECIMENS – RECTANGULAR TYPE: FR350

SERIES  

8.3.1 Finite Element Mesh for the FR350 Series 

The details of the finite element mesh used in the analysis of the specimens

from the FR35 Series are shown in Figure 8.11. The overall mesh is very similar to

the mesh used in the FA55 Series. The main difference between the two meshes is the

element size. The beams from this series had a finer mesh in the flexural bond region

of the member. The transfer region mesh size was kept at 2 inches, however, the
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flexural bond region mesh size was reduced to 1 inch. This allowed for a finer

distribution of the steel and bond stresses in this region of the member.

As described earlier in Chapter 5 and 6, the strands of the Rectangular FR35

Series got accidentally contaminated during fabrication, resulting in poor bond and

consequently longer development lengths. Hence, the results from this series could

not be placed in the same category as the FA55, FA46, and DB85 Series, which had

mill condition strand. The output data from this series were not wasted, however,

since they were used to study the effect of poor bond on strand development. 

Three specimens from this series were analyzed. Specimen FR350-2A with

an embedment length of 84 inches was analyzed assuming two different bond

conditions. This specimen was first analyzed assuming that there was good bond

between the strand and the concrete. The same specimen was then analyzed assuming

that the bond was poor. The values of the lower bond strength for this specimen and

other specimens from this series were determined based on the end slip data and

crack width measurements made during the tests. 

In addition, Specimens FR350-1A and 1B with embedment lengths of 60

and 72 inches, respectively, were also analyzed assuming good bond to gage the

behavior of these specimens had the strand contamination not occurred.  

8.3.2 Specimen FR350-2A (Assuming Good Bond and Poor Bond)

The overall loading diagram and cracking pattern for this test is shown in

Figure 8.12. The plot of total load vs. deflection from the test and the finite element

analysis, and of total load vs. end slip for this specimen is shown in Figure 8.13. It is

clearly evident from the various plots in the figure that the specimen had a bond

failure. The final end slip of all three strands was around 0.5 inch. These end slips

were in addition to the initial end slip of the strands at transfer. 
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The variation between the calculated and observed load vs. deflection

curves in Figure 8.13 can be attributed to excessive camber and tensile cracking in

the test specimen at transfer of prestress. The top fibers of the specimen had large

tensile stresses (725 psi) at transfer, which caused some hairline cracks above the

neutral axis along the member length. As the specimen was later loaded in the testing

bay, these cracks closed as the top fibers were under compression. The load vs.

deflection curve for the test in Figure 8.13 shows a slight convex curvature up to an

applied load of 15 kips, after which the curve becomes linear up to the cracking load

of 24.5 kips. This behavior was seen in all specimens from this series. The cracking

from the camber was more pronounced in the FR36 Series (Appendix A5), where the

same section was used but the force was 42% higher than the 0.5-inch strands.

ANALYSIS ASSUMING GOOD BOND

Specimen FR350-2A was first analyzed assuming that there was good bond

between the strand and the concrete. The same flexural bond strength (u=522 psi)

which was used for the rest of the Project 1210 specimens was used in this analysis.

Additionally, the transfer length was assumed to be similar to what was used for the

FA55 and DB85 Series. 

The results from the analysis are shown in Figures (8.14-a to d). Figure

(8.14-d) shows that the tail end of the bond stress wave stopped at a distance of 54

inches from the end of the member. Assuming a 30-inch transfer length, it left 24

inches of strand where the bond had not been disturbed. The minimum flexural bond

length Lfbm is about 32 inches. The analysis shows that if this specimen had good

bond (i.e. if the strand had not got contaminated) the 84-inch embedment length was

longer than required to produce a flexural failure.

ANALYSIS ASSUMING ACTUAL or POOR BOND

The same specimen above was analyzed again using more realistic bond

strength values, which probably existed during the actual test. As mentioned in
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Chapter 5, the average strand end slip after transfer for this series was 0.193 inches

versus an average of 0.1 inches for the FA55 and DB85 Series. The end slip of 0.193

inches corresponded to a transfer length of about 54 inches, based on a linear transfer

length distribution in the transfer zone. The average bond stress corresponding to this

transfer length was about 250 psi. 

In the flexural bond region, a peak bond stress of 350 psi was assumed

based on the crack width studies described in Chapter 6. It was determined that a

peak bond stress of 350 psi provided the best fit of the measured crack width data to

the calculated values. The use of a higher flexural bond stress value of 350 psi versus

the transfer bond stress value of 250 psi can be argued, however, the intent of the

analysis here was to illustrate the effect of poor transfer bond (i.e. longer transfer

lengths) on the overall development length of the strand.

The results of the analysis with poor bond are provided in Figures (8.15-a to

d). It can be seen that the bond stress wave entered the transfer zone at an applied

load of 31 kips in Figure (8.15-d). The analysis was continued up to a load of 35 kips,

however, the bond stresses within the transfer zone kept increasing. Since the current

model could not model the three-dimensional effects of the ‘Hoyer Effect’ as the

strand was being pulled outside the transfer zone, the analysis was terminated.

Another interesting observation that can be made from the analysis of

Specimen FR350-2A with good and poor bond is shown in the highlighted box in

Figures (8.14-c) and (8.15-c). The effect of the flexural bond stress value on the steel

stress distribution between cracks can be seen in the highlighted portion in each

figure. For the case with good bond (u=522 psi), i.e. Figure (8.14-c), the magnitude of

the steel stress at the center between two cracks is smaller than the corresponding

stress in the case with poor bond (u=350 psi) as seen in Figure (8.15-c). The

difference in the steel stress is about 10 ksi at the center of the cracks located at

Station 95 and 107. 
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The difference can be attributed to the amount of force that is transferred

between the strand and concrete. When there is good bond, more force per inch is

transferred into the concrete, hence the stress in the concrete at the center between

cracks is higher and the steel stress is lower. On the other hand, when the bond is

poor, less force per inch is transferred into the concrete resulting in a lower concrete

stress at the center between cracks and a higher steel stress at the center between

cracks. This analytical observation confirms what was observed in all the tests, i.e.

good bond results in more cracks at a closer spacing, whereas poor bond results in

fewer cracks at a larger spacing.

In summary, the analysis above shows the importance and influence of

transfer and flexural bond strength on the development length of strand. Of particular

importance is the transfer length. Longer transfer lengths will result in much longer

strand development lengths.

8.3.3 Specimen FR350-1A (Assuming Good Bond)

The loading diagram and cracking pattern for this test is shown in Figure

8.16. The plot of total load vs. deflection and total load vs. end slip is shown in

Figure 8.17. With an embedment length of 60 inches only, this specimen was

expected to fail in bond. Figure 8.17 shows a premature bond failure of the specimen

at a Load of about 28 kips with a maximum deflection of 0.85 inches and end slip in

all three strands. 

While the mode of failure for the actual test and expected test result even

with good bond was the same, i.e. a bond failure, the failure load during the actual

test was much lower (67 % of Mn) than what was calculated. The lower failure load

can be attributed to the poor bond strength of the strands from the prior contamination

of the strands.  
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Hence, it was prudent to ask the following question ‘What would the

capacity of the member be, if the Bond was Good‘? Since another test could not be

performed, a finite element analysis of this specimen was performed assuming ‘Good

Bond’. The results of the analysis are presented in Figures (8.18-a to d). The transfer

length assumed for the analysis was the normal transfer length of about 30 inches,

and the assumed flexural bond stress was 522 psi.

Figure (8.18-a) shows that no cracking occurred in the transfer zone at Load

P=30 kips, compared to the test where a bond failure occurred at a Load of 28.3 kips.

In fact, the analysis shows that the specimen was able to resist an applied Load of 40

kips (94 % Mn), after which the bond stress wave entered the Transfer Zone as seen in

Figure (8.18-d). 

Figure (8.18-c) shows that the steel stress in the strands at the failure load of

the specimen reached a magnitude of about 265 ksi. The figure also shows that the

minimum flexural bond length required to develop the strands from a stress of about

175 ksi to a value psf  is slightly higher than 30 inches.

In summary, the analysis of this specimen shows that an embedment length

of 60 inches even with good bond would have resulted in a bond failure. While this

was expected, it is interesting to observe that the poor bond between the strand and

concrete reduced the bond failure load from 94% to 67% of the calculated ultimate

load required for a flexural failure.

8.3.4 Specimen FR350-1B (Assuming Good Bond)

The overall loading diagram and cracking pattern for this test is shown in

Figure 8.19. The plot of total load vs. deflection and total load vs. end slip is shown

in Figure 8.20. Based on previous tests from the FA55 Series, an embedment length

of 72 inches for this specimen was expected to yield a flexural failure. However, as

shown in Figure 8.20, a premature bond failure of the specimen occurred at a load of
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only 27.3 kips. The maximum deflection in the test was about 0.9 inches with end slip

occurring in all of the strands. 

To test the capacity of this specimen with ‘Good Bond’ as was done with

specimen FR350-1A, a finite element analysis was performed for this specimen with

the same bond strength parameters. (Transfer Length = 30 inches and Flexural Bond

Stress u = 522 psi)  

The results of this analysis are presented in Figures (8.21-a to d). The

analysis shows that the specimen failed in flexure with the bond stress wave stopping

just short of the transfer zone (Figure (8.21-d)). Although the load vs. deflection

diagram has not been shown the analysis had large deflections indicating a ductile

flexural failure. Figures (8.21-c and d) provide values for the following variables. The

undisturbed bond length Lud is between 2 to 4 inches, the minimum flexural bond

length Lfbm is 36 inches and the term Lfb0 is about 6 inches.

 

In summary, the analysis of this specimen shows that an embedment length

of 72 inches for the FR35 Series assuming good bond would have resulted in a ductile

flexural failure. It must be kept in mind that the rectangular section in this series was

designed to prevent premature web-shear cracking in the transfer zone until failure. In

the FA55 Series, an embedment length of 76 inches was required to ascertain a

flexural failure without end slip, since premature web-shear cracking did occur in that

series.

8.3.5 Other Specimens 

As mentioned earlier, not all of the specimens from each series were

analyzed. Tests that had a direct significance to illustrate a specific point or

conclusion were modeled. However, complete details of the loading diagram,

cracking patterns, load vs. deflection and load vs. end slip relationship for all

specimens of the FR35 and FR36 Series are presented in Appendix A5.
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Although no finite element analysis was performed for specimens

containing 0.6-inch strand because of lack of bond-slip data, the strand contamination

problem seen in the FR35 Series was prevented from recurring in the FR36 Series.

Hence, the results that were obtained analytically above, assuming ‘Good Bond’ were

observed in the actual tests. The only difference was that the strand size was not 0.5-

inch, but 0.6-inch. Four tests were conducted in the FR36 Series. The first two tests

had embedment lengths of 96 inches. The remaining two tests had embedment

lengths of 84 inches and 78 inches. All four tests had ductile flexural failures without

any end slip, which was a complete reversal from the FR35 Series. 

8.4 DEBONDED SPECIMENS – AASHTO TYPE: DB850 SERIES  

8.4.1 FE Mesh

The details of the finite element mesh used in the analysis of the specimens

from this series are shown in Figure 8.22. The overall mesh is very similar to the

mesh used in the FA55 and FR35 Series. This series was 1.5 inches deeper than the

FA55 Series and also had another layer of strands added to establish the different

debonding patterns. The main difference between the meshes was the element size.

The debonded series had the longest beams and much longer embedment lengths

because of the debonding of the strands. The mesh size for these beams was increased

to an even 4 inches for the entire length of the beam to make the modeling simpler

and to reduce computation time.

The debonded strands were modeled assuming there was no transfer of bond

forces between the strand and concrete for the debonded length of the strands. The

remaining strands were considered fully bonded to the concrete and had similar bond

stress vs. slip properties as used in the previous specimens. 

There was however one change made in the modeling of concrete cracking

for this series. The crack locations were no longer pre-defined in the model. The

overall concrete model was still the same, i.e. the ‘smeared concrete model', but the
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concrete cracks were no longer pre-defined and cracking was allowed to occur on its

own depending on the principal stresses and principal strains at each integration point

in the element. 

The focus of the analysis had shifted from determining bond stress behavior

between cracks to the bond behavior, cracking and ability to maintain strand

anchorage in the debond/transfer zone. The flexural bond behavior was important,

but it was sufficient to know the overall region of flexural cracking in this part of the

member away from the debond/transfer zone.

Five specimens from this series were analyzed. The first two specimens, i.e.

DB850-2A and DB850-2B had short debonded lengths of 36 inches. DB850-2A had

staggered debonding with an embedment length of 76 inches (0.95 dL ) and DB850-

2B had concurrent debonding with an embedment length of 88 inches (1.1 dL ). 

The next three specimens had longer debonded lengths of 78 inches each.

Specimen DB850-3A had staggered debonding with an embedment length of 80

inches (1.0 dL ). Specimens DB850-4A and DB850-5A had the same length of

debonding and the same embedment length of 120 inches (1.5 dL ). The only

difference between the two specimens was the type of debonding. It is very

interesting to observe the effect of the type of debonding on the outcome of the test

and hence its influence on the length of development. 

The results of the five specimens analyzed are compared to the actual test

results and the Russell and Burns failure prediction model [48]. 
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8.4.2 Specimen DB850-2A and 2B

These two specimens had short debonded lengths of 36 inches. DB850-2A

had staggered debonding and DB850-2B had concurrent debonding. The plot of total

load vs. deflection for both of these specimens is shown in Figures 8.23 and 8.24.

Both specimens had an inherent lack of web-shear capacity as was discussed earlier

in Chapter 5, and hence had premature web shear cracking in the debond/transfer

zone. This dictated the final failure mode of the specimens. 

Both specimens were retrofitted by adding steel plates to the beam webs as

shown in Figures 8.23 and 8.24. Specimen DB850-2A still failed in bond as the web-

shear cracks found a weak point between the two discontinuous plates that were

glued to the concrete. DB850-2B was then retrofitted with continuous plates as seen

in Figure 8.24, which strengthened the web-shear capacity of the section in the

transfer/debond zone and forced the failure mode to be dictated by the member

capacity in the flexural bond zone. This specimen eventually had a flexural failure.  

 One of the main reasons for modeling these two specimens was to study the

web-shear-cracking behavior of the specimens in the debond/transfer zone. The crack

patterns from the analysis of Specimen DB850-2A and 2B are shown in Figures 8.25

and 8.29, respectively. The first web-shear cracks for specimen DB850-2A and

DB850-2B occurred at Load P=78 kips and P=80 kips, respectively. This load

matched closely with the corresponding load from the test for both specimens.

Figures 8.23 and 8.24 show the loads at which initial flexural cracking and first web-

shear-cracking occurred during the test and the analysis. The FE Analysis was

terminated shortly after web-shear cracks occurred in the debond/transfer zone.

The plots of the variation of average strand stress and total strand force

along the length of the member for DB850-2A and 2B are shown in Figures 8.26 and

8.30, respectively. Five plots have been provided for each beam. The first four plots

show the average strand stress variation for each layer of strand, designated as Layer
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A, B, C and D as shown in the legend in the figure. Hence for example, for Layer B,

two of the outside strands are debonded and the center strand is fully bonded. The

strand stress plot in Figure (8.26-c) shows the weighted or average strand stress for

Layer B (2 Debonded Strands and 1 Bonded Strand) at any given section along the

length of the member.  

The significance of showing the strand stress in each layer is to illustrate the

variation of the strand stress across the depth of the member. For example, the

maximum average strand stress for Layer A at Load P=80 kips (Figure (8.26-d)) is

about 240 ksi just near the first load point, i.e. Station 116. The maximum stress in

the lone strand for Layer D at the same location and load is about 220 ksi. In this

specimen the analysis was terminated at Load P=80 kips because of web-shear

cracking. However, for cases where a flexural failure was obtained, the illustration of

stresses for each individual layer can yield interesting information such as: ‘why a

strand from one layer slips earlier than one from another layer’, or ‘when one strand

in a lower layer is at yield, the upper layer strands provide additional capacity for the

section etc’. 

The plot of the variation of total prestressing force along the length of the

member is also significant because it shows the effect of the overall build-up of force

in the debond/transfer zone. As will be shown later, a smooth gradual build-up of

force in this region is better for improving the web-shear capacity and preventing

premature flexural cracking in this zone. A jagged or severely stepped build-up of

force can reduce the web-shear capacity and, or cause premature flexural cracking in

the debond/transfer zone resulting in very long development lengths.

Figures (8.26-e) and (8.30-e) show the plot of total prestressing force along

the length of the member. Specimen DB850-2A had debonded strands with staggered

debonding which is reflected in the force profile. Specimen DB850-2B had debonded
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strands with concurrent debonding, and hence the total prestressing force profile has a

sharp step as seen in Figure (8.30-e). 

According to the Russell and Burns failure prediction model (Figures 5.13

and 5.16), the overall outcome of a test for specimens with short debonded lengths is

not influenced by the type of debonding, i.e. staggered or concurrent as seen in the

figure. The behavior of most specimens in this region (left of line CC’ in Figure 5.16)

is really controlled by web-shear, i.e. the embedment length for the member has to be

long enough to prevent web-shear cracking from occurring in the debond/transfer

zone. This was observed for these two specimens during the analysis. There was no

effect of the type of debonding on the outcome of the test, since both of these

specimens had web-shear failures.

Several pertinent concrete stress contour plots for the two specimens are

shown in Figures 8.28 and 8.31. The plots of axial compression σxx just after transfer

of prestress for Specimens DB850-2A and 2B are shown in Figures (8.28-a) and

(8.31-a), respectively. The plots clearly show the effect of staggered versus

concurrent debonding on the concrete stress distribution. Both plots show that the top

fibers of the section are in tension, and the bottom fibers are in compression. The

effect of reduction in top tension stresses at the left support due to debonding can also

be seen in the figures as the tension stresses have reduced values in the

debond/transfer zone. 

The principal stress contours for DB850-2A and 2B are shown in Figures

(8.27-b, c) and (8.31-b, c), respectively, to illustrate principal tension stresses in the

debond/transfer zone. The principal strain contours for DB850-2A are also shown in

Figure 8.28 for the sake of completeness.

It is interesting to observe that for DB850-2A, which had staggered

debonding, the principal tension stresses are high in a zone, roughly 10 to 20 inches
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from the end of the member. In the case of DB850-2B, which had concurrent

debonding, the principal stresses are high in two zones. The first zone is the same as

for the staggered debonded case, i.e. 10 to 20 inches from the end of the member,

however, a second zone of high principal stresses was created, i.e. in the vicinity of

the termination point of the debonding. In fact, this zone had slightly higher principal

stresses than the first zone, and hence web-shear cracks were observed first at this

location as seen in Figure (8.29-e). 

In summary, the finite analysis of the two specimens provides an overall

validation of the Russell and Burns failure prediction model. The importance of

preventing premature web-shear cracking in the debond/transfer zone is illustrated.

The analysis also shows that the type of debonding, i.e. staggered or concurrent is not

very critical for specimens with shorter debonded lengths, however, the preferred

method of debonding should always be staggered.

8.4.3 Specimen DB850-3A

This specimen was chosen to study the behavior of a staggered debonded

specimen but with an embedment length of 80 inches, i.e. 1.0* dL . Going back to

Figure 5.16, it is seen that Specimen 3A falls in between line CC’ which demarcates

web-shear cracking and line BB’ which demarcates between bond and flexural failure

for the staggered debonded specimens. 

The load vs. deflection diagram for this specimen from both the test and

analysis is shown in Figure 8.32. The load vs. end slip diagram is also shown in the

same figure. The load vs. deflection diagram from the analysis compares remarkably

well with the observed test results. The specimen had a bond failure as was predicted

by the failure prediction model, with cracking expected in the debond/transfer zone

(see Figure 5.13). 
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The crack patterns from the analysis and the test are shown in Figure 8.33.

As mentioned earlier in the Chapter, no crack locations were pre-defined in the

model. The area of interest was just the region of flexural cracking. Hence, separate

diagrams for the bond stress distribution have not been shown for any of the

debonded specimens. It is noted that the overall region of cracking from the analysis

compares very well with the observed cracking from the test. 

Also of interest is the occurrence of cracking in the debond/transfer zone. In

the test, flexural cracks first appeared in the debond/transfer zone at a load of P=66

kips. During the analysis, the first flexural cracks occurred in the debond/transfer

zone at a load of P=68 kips. The cracks appeared in the general vicinity of the

termination point of debonding in both cases. The cracking in the debond/transfer

zone immediately caused slippage of the strands, especially the debonded strands

labeled B and G. These were the strands that had the longer debonded lengths of 78

inches. The remainder of the strands did not show significant end slip.

The average strand stress profiles for each strand layer and the total

prestressing force profile are shown in Figure 8.34. The concrete stress contours for

the compression stresses σxx along the member length at transfer, and at a Load of

P=66 kips are shown in Figures (8.35-a) and (8.35-d), respectively. The principal

stress contours at a Load of P=50 kips and P=66 kips are shown in Figures (8.35-b)

and (8.35-c), respectively. Figure (8.35-c) shows that the principal stresses were

higher at the bottom fibers of the beam near the debonding termination point rather

than in the web of the beam confirming the mode of failure in the failure prediction

model.

In summary, the analysis of this specimen shows that the embedment length

required even in the case of a staggered debonded specimen is greater than 1.0* dL .

The analysis results compare well with the failure prediction model. This specimen

illustrates that premature flexural cracking in the debond/transfer zone will most

likely result in a bond failure. This specimen also shows the transition of cracking
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from web-shear to flexural cracking as the principal stresses are higher in the latter

zone due to the longer embedment length and the presence of staggered debonding as

seen in Figure 8.35-c.   

8.4.4 Specimen DB850-4A

Specimen DB850-4A and 5A (discussed in the next sub-section) were

chosen for the analysis because these specimens, which were identical except for the

type of debonding, i.e. 4A had staggered debonding and 5A had concurrent

debonding, exhibited different modes of failure. Both the specimens had a debonded

length of 78 inches and an embedment length of 120 inches, i.e. 1.5* dL . 

Figure 5.16 shows the placement of the specimens in the failure prediction

model. The specimens fall between Line BB’ which demarcates bond/flexural failure

for the staggered debonded specimens and Line DD’ which demarcates bond/flexural

failure for the concurrent debonded specimens. Hence, specimen 4A with the

staggered debonding was expected to have a flexural failure, and specimen 5A with

the concurrent debonding was expected to fail in bond. None of the two specimens

were expected to have any web-shear cracking according to the prediction model.

The load vs. deflection diagram for specimen DB850-4A is shown in Figure

8.36. The load vs. end slip diagram is also shown in the same figure. The load vs.

deflection diagram from the analysis compares very well with the observed test

results. The specimen had a flexural failure as predicted by the failure prediction

model without any premature web-shear or flexural cracking in the debond/transfer

zone. The load vs. end slip diagram in the same figure shows that no end slip was

observed for any of the strands in this test.
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The crack patterns from the analysis and the test are shown in Figure 8.37.

Again, it is seen that the overall region of cracking from the analysis compares very

well with the observed cracking from the test. 

The average strand stress profiles for each strand layer and the total

prestressing force profile are shown in Figure 8.38. The concrete stress contours for

the compression stresses σxx along the member length at transfer and at a Load of

P=70 kips are shown in Figures (8.39-a) and (8.39-d), respectively. The principal

stress contours at a Load of P=32 kips and P=70 kips are shown in Figures (8.39-b)

and (8.39-c), respectively. Figure (8.39-c) shows that the principal stresses at the

bottom fibers of the beam in the flexural bond region just outside of the transfer zone

of the debonded strand (Station 112 to 116) were higher than in the web of the beam.

Although no end slip was observed for this specimen, this specimen had a

flexural crack occur right at the end of the transfer zone of the strand with the longest

debonded length (Station 116) as seen in Figure 8.37. This flexural crack occurred at

a Load of 69 kips which was close to the ultimate failure load of the specimen.

The summary for this specimen is provided in the next sub-section.

8.4.5 Specimen DB850-5A

Specimen DB850-5A was identical to the previous specimen except that the

debonding of the strands was concurrent. This caused a change in the mode of failure

from flexure to bond as indicated in the failure prediction model. It is very clear from

the finite element analysis why this change in the mode of failure occurred.

The load vs. deflection diagram for specimen DB850-5A is shown in Figure

8.40. The load vs. end slip diagram is also shown in the same figure. The load vs.

deflection diagram from the analysis compares well with the observed test results.

The specimen had a bond failure as predicted by the failure prediction model due to
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premature cracking in the debond/transfer zone of the member. The load vs. end slip

diagram in the same figure shows that the strands labeled B and G had significant end

slip after cracking in the debond/transfer zone.

The crack patterns from the analysis and the test are shown in Figure 8.41.

The overall region of cracking from the analysis compares well with the observed

cracking from the test, up to the final load of P=68 kips at which the analysis was

terminated because of cracking in the debond/transfer zone at Station 80 as seen in

the figure. In the actual test, the specimen was able to reach a Load of P=80 kips,

after which the member had a bond failure. The end slip diagram in Figure 8.40

shows that the strands started to slip at a Load of P=74 kips, slightly higher than what

was predicted by the finite element analysis. It is interesting to note that the member

has a slight residual capacity even after cracking occurs in the transfer zone. 

The average strand stress profiles for each strand layer and the total

prestressing force profile are shown in Figure 8.42. Figure (8.42-e) provides the

clearest evidence of why premature flexural cracking occurred in the debond/transfer

zone. Terminating the debonding of all the strands at one point not only causes a

magnification of the internal stress concentration in the member, however, it reduces

the flexural capacity of the section in the transfer zone due to lower precompression

forces. The termination of debonding should be such so that the total prestressing

force in the debond/transfer zone reasonably follows the smooth dashed line shown in

the same figure. Ideally, it is not possible to obtain a smooth force line as shown,

however, the debonding can be terminated in a manner so that the stepped increase in

prestressing force reasonably follows this line.  

The concrete stress contours for the compression stresses σxx along the

member length at transfer and at a Load of P=66 kips are shown in Figures (8.43-a)

and (8.43-d), respectively. The principal stress contours at a Load of P=50 kips and

P=66 kips are shown in Figures (8.43-b) and (8.43-c), respectively. Figure (8.43-c)
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shows the two regions of high flexural tension stresses. The first region is directly

under the applied loads (Station 120 to 160), and the second one is at the termination

point of the debonding (Station 80).

In summary, the analysis of specimen 4A and 5A shows that an embedment

length of 1.5* dL may not be adequate to produce a flexural failure in all cases. The

analysis of both the specimens compare very well with the failure prediction model.

Specimen DB850-5A once again illustrates the importance of preventing premature

flexural cracking in the debond/transfer zone. The test and analytical results of

specimens 4A and 5A provide the clearest evidence of the importance of staggered

versus concurrent debonding.   

8.5 DISCUSSION OF RESULTS

8.5.1 General Discussion

As seen from all of the test cases presented above, in general, the finite

element analysis results compared very favorably with the test results from the

various series of Project 1210. Several useful observations can be made from the

analysis, which could not have been possible to make by only observing the test

results. An overview of these observations in conjunction with the test results is

provided below.

The determination of the development length of strand as seen throughout

this research has been governed by the following significant criterion, i.e. ‘to attain a

ductile flexural failure without slip, the integrity of the anchorage or transfer zone of

the member must be maintained up to the ultimate failure load of the member’. 

The integrity of the transfer zone can be severely affected by the occurrence

of cracking inside the transfer zone prior to the member achieving its ultimate

flexural failure load. The source of cracking can be any one or more of the following:

web-shear, flexure, cracking due to high bearing stresses, poor concrete

consolidation, inadequate cover, local splitting, etc. Additionally, flexural cracking
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just outside the transfer zone can cause the tail of the bond stress wave to enter the

transfer zone and cause a premature bond failure. 

Loss of strand anchorage is accompanied with an instantaneous slippage of

the strands and a simultaneous reduction in the amount of the prestressing force. In

Project 1210, typically the start of the initial strand slippage caused additional

progressive cracking along the level of the strands in the transfer zone resulting in

further slip and loss of force. This can be attributed to the ‘Lack of Fit’ affect

discussed in Chapter 3. The following failure modes of the member were observed in

the case of an anchorage failure: a sudden shear failure, or a shear/bond failure, or a

bond/shear failure, or a bond/flexural failure at a reduced load, or a

shear/bond/flexural failure.  

Specimens from Project 1210 that had strand anchorage failures occurred

primarily due to premature web-shear cracking, flexural cracking, poor concrete

consolidation and or poor bond inside the transfer or debond/transfer zone.

Specimens where the embedment length was long enough to develop the strand had

typical flexural failures with crushing of the concrete in the compression zone,

yielding of the strand, large deflections and very little or no end slip.

8.5.2 Fully Bonded FA55 and FA46 Series - Web Shear Cracking:

Web-shear cracking occurred in the transfer zone of specimens from the

FA55 series with embedment lengths up to 92 inches, and up to 88 inches for the

FA46 Series. In most instances, the web-shear cracking was associated with the web-

shear cracks propagating through the anchorage zone of the strands, resulting in a loss

of the ‘Hoyer Effect’, strand slippage and a sudden explosive failure. In few

instances, however, when the web-shear-cracking load was close to the ultimate

failure load, the web-shear cracks in the web of the member either did not propagate

to the level of the strands or the crack widths were small enough not to cause a loss of
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the ‘Hoyer Effect’. Hence, there was no reduction of the prestressing force in the

member and the member had a flexural failure without appreciable end slip.  

For the FA55 series, specimens where the web-shear cracks occurred at an

applied load Pwebcr of 94% or higher (96% for the FA46 Series) compared to the total

load Pflex (required for a flexural failure), failed in flexure with concrete crushing and

little or no end slip. Specimens where the web-shear cracks occurred at loads less

than 94% of Pcalc (96% for the FA46 Series) had extensive web shear cracking

accompanied by an explosive shear failure or a general bond failure with large end

slips followed by a shear or flexural failure at a reduced load.

After observing the behavior from the various tests and respective analytical

results, it is recommended that the embedment length required to develop the strands

for a given cross-section should be sufficient to assure that no web-shear cracking

occurs in the transfer zone of the strand at Load Pflex. This protects the integrity of the

anchorage zone at failure. Although test results above indicate that specimens where

web-shear cracking between 94% to 96% of Pflex had flexural failure with some end

slip, the current ACI Code [56], Section 18.20.4 allows the prestressing force in a

member to be reduced to 98% of the required force. This permissible reduction of the

force is applicable to all prestressed members (pre-tensioned and post-tensioned) to

account for broken or missing strands. The reduction of the prestressing force to 98%,

which is a service level force will reduce the nominal moment strength and

corresponding load Pflex roughly by the same magnitude. Hence, further reduction of

the applied load at which web-shear cracks are permitted to occur in the transfer

zone, may be unsafe and is not recommended.

Special situations in the design of some heavily loaded members may not

have the required embedment length to prevent web-shear cracking from occurring in

the transfer zone. In those cases, it is recommended that additional measures such as
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added shear reinforcement, confinement to the strands in the transfer zone, etc. must

be provided so that the integrity of the anchorage zone is maintained.

8.5.3 Fully Bonded FA55, FA46 and FR36 Series – Flexural Cracking

(Normal or Good Bond):

The strand development tests in Project 1210 were conducted on mill

condition strand. The strands were typically wiped clean and there was no laitance or

surface rust on the strand. Only one series had a strand surface condition problem.

This series, namely the FR35 Series had some strand contamination from form oil as

has been explained earlier. The rest of the series had what can be categorized as

normal or good bond and hence have been grouped together for the purpose of this

discussion.  

The detailed results from the transfer and development length tests were

presented in Chapter 5. The development length of 0.5-inch strand for the FA55

series was 76 inches based on the specimen failing in flexure without appreciable end

slip. The calculated development lengths based on ACI/AASHTO equations were

74.4 inches for the FA55 series and 72.0 inches for the FR35 series. The

ACI/AASHTO values were based on the final effective prestress value fse = 164 ksi

for both series, and the steel stress value at nominal strength fps = 258.2 ksi for the

FA550 Series and 253.5 ksi for the FR350 Series. 

The development length of 0.6-inch strand was 84 inches for the FA46

series and 78 inches for the FR36 series. These values compare well with the

calculated ACI/AASHTO development length values of 88.4 inches and 82.4 inches

for the two series, respectively. The ACI/AASHTO values were based on the final

effective prestress value fse = 164 ksi for both series, and the steel stress value at

nominal strength fps = 256.7 ksi for the FA46 Series and 246.6 ksi for the FR36

Series. 
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The testing procedure for determining the required development length for

each cross-section was iterative as explained earlier in Chapter 5. If the chosen

embedment length for a given test did not yield a flexural failure, the embedment

length was increased until a ductile flexural failure with little or no end slip was

obtained. The external parameters, i.e. failure mode, end slip, deflections etc were the

indicators of the direction for the subsequent test. 

On the other hand, as seen throughout this chapter, the finite element

analysis of the specimens provided an insight into the reasons why a particular

specimen behaved the way it did during the test. In every specimen analyzed, the

results from the analysis matched well with the external parameters from the test such

as the load vs. deflection curve and the overall cracking pattern. 

The analysis provided useful information regarding the internal parameters

in the member such as the steel stress, bond stress and concrete stress distribution

along the member length at all load levels, i.e. from application of initial prestress,

first cracking and up to failure. The study of these internal parameters has led to the

following significant observations for the FA55 series:

1. The location of the last flexural crack from the end of the transfer zone and

the load at which the last flexural crack occurs with respect to the ultimate

failure load is significant in determining the outcome of the development

length test. 

For example, take the case of specimen FA550-3A. As the last flexural

crack occurred at Load P=68k, a new steel and bond stress wave was

created as shown in Figure 8.4-c. This wave became larger as the applied

load increased, i.e. the bond stress values continued to increase until the

peak bond stress value was reached. Figure 8.4-d shows that the tail of the

bond stress wave extended about 15 inches from the crack towards the
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transfer zone at Load P=75k, which was close to the failure load of the

member. In this case, since the embedment length of the member was 92

inches, the tail of the bond stress wave did not penetrate the transfer zone. In

fact, there was no disturbance to the strand bond for a length of 26 inches

(Lud = 26 in.) from the end of the bond stress wave to the transfer zone.

If the last flexural crack is closer to the transfer zone, the tail of the bond

stress wave will penetrate the transfer zone. This is seen in the case of

specimen 4A with an embedment length of 68 inches. Figure 8.9 shows the

cracking pattern of the specimen from the test and the analysis. The last

flexural crack in the test occurred at a Load P=80k at Station 38. While

Figure 8.10-d shows the bond stress wave for Load P=82k, it is quite

evident that the bond stress wave entered the transfer zone at a Load of

around 80k.  

Specimen 3B with an embedment length of 76 inches appears to be at the

border of producing a flexural failure or a bond failure. Figure 8.6 shows

that the last flexural crack in the test occurred at Station 46 at an applied

Load P=76k. The tail of the bond stress wave stopped just short of the

transfer zone as shown in Figure 8.7-d. The distance of the last flexural

crack from the end of transfer zone is about 18 inches.

2. The concept of minimum flexural bond length (Lfbm) was introduced. The

minimum flexural bond length was defined to be the length of strand

required to develop the strand stress from a point on the strand that

corresponds to the tail end of the bond stress wave to the load point. This

was described earlier in Section 8.2.2 and is shown in Figure (8.4-d).

Typically, this length corresponds to a steel stress increase from about 180

ksi to the stress psf  at nominal strength of the member. The average
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minimum flexural bond length from the analysis of the specimens from the

FA55 series that produced a flexural failure was about 41 inches.

To this distance should be added the length to develop the steel stress from

about 170 ksi to 180 ksi, i.e. about 10 ksi. This corresponds to the increase

in steel stress from the end of the transfer zone to the tail end of the bond

stress curve. Using a bond stress of 250 psi for a 0.5-inch dia. circular strand

(from current ACI/AASHTO Code equation) or 141 psi based on the

perimeter of a seven-wire, this translates to a distance of about 5 inches {(10

ksi * 0.153 sq. in. / (2.1519 in. * 0.141 ksi)}. This distance may be slightly

conservative by a few inches but due to the variation in the different

parameters, it is acceptable.

The average total flexural bond length for 0.5-inch strand specimens based

on the analysis is calculated to be about 41 + 5 = 46 inches. Combining this

length to a transfer length of 28 inches (for 100% transfer of the force) gives

a total development length of 74 inches for the FA55 series. This length

compares to 76 inches from the test and 74.4 inches from the ACI Code

equation. 

3. Based on an analysis of the crack patterns from the specimens of the FA55,

FA46 and FR36 series, it was observed that specimens in which the distance

from the last flexural crack to the end of transfer zone was at least 18 inches

had flexural failures without end slip. Specimens where the last flexural

crack was less than 18 inches from the end of the transfer zone ended in

bond/shear failures or a combination thereof. There was one exception to the

above observation. Specimen FR360-2B had a flexural failure with the last

flexural crack being at a distance of 11 inches from the end of the transfer

zone, however, some end slip up to 0.01 inches was observed. This end slip

can be considered to be quite small. 



181

In general, the last flexural crack typically occurred between an applied load

of 95% to 100% of the ultimate failure load Pflex.  

8.5.4 Fully Bonded FR35 Series – Flexural Cracking (Poor Bond):

The rectangular series was included in the test program to study the effect of

a cross-section where web-shear cracking was prevented from occurring in the

transfer zone and where a bond failure could occur only from the effects of flexural

cracking. The desired goal of studying this aspect of the behavior for the 0.5-inch

strand specimens became unsuccessful because of an accidental contamination of the

strands in the beams of this series. However, this accidental contamination of the

strands led to several important observations that otherwise might not have been

obtained.

The main impact of poor bond was the following: Poor bond between the

strand and concrete can result in substantially long transfer lengths. Longer transfer

lengths will result in longer development lengths. For the FR35 Series, the average

transfer length of the strands was about 55 inches (almost twice that of the FA55

series), and the development length required was greater than 96 inches. 

Evidence of poor bond in the series was seen from the large end slips at

transfer. The average amount of end slip for the FR35 series was 0.193 inches, which

is twice the amount for the FA55 and DB85 series. Additionally some splitting cracks

were observed in the transfer zone of few of the specimens, possibly due to poor bond

or a slightly reduced cover during fabrication or a combination of both reasons. 

The poor bond in the specimens also extended along the length of the

member, because the average crack widths and the spacing between the cracks in the

flexural bond zone were much larger compared to the rest of the specimens in Project

1210. Evidence of the poor bond was confirmed by studying the crack widths from

this series as described in Chapter 6. The numerical analysis conducted in Chapter 6
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concluded that the average bond stress in the flexural bond zone of this series was

about 350 psi compared to 522 psi used for normal bond (corresponding value from

Stocker and Sozen’s tests) for this series.  

The finite element analysis of the specimens analyzed from this series

resulted in the following observations:  

1. The length of transfer has an influence on the development length of strand.

Longer transfer lengths will result in longer development lengths. The effect

of poor bond was analyzed by modeling specimen FR350-2A with an

embedment length of 84 inches. The transfer and flexural bond zones were

modeled with a peak bond stress of 250 psi and 350 psi, respectively, based

on observed end slip and crack width data. The same specimen was then

analyzed assuming normal or good bond. The analysis with poor bond

showed that the embedment length of 84 inches for this specimen was not

adequate, since the flexural bond stress wave penetrated the transfer zone

(Figure 8.15-c and d). On the other hand, assuming normal bond, the same

specimen indicated a flexural failure, as shown in Figures 8.14-c and 8.14-d. 

2. Poor bond will reduce the overall load carrying capacity of a member.

Specimen FR350-1A with an embedment length of 60 inches was analyzed

assuming normal or good bond. This specimen was expected to have a bond

failure in both the test and the analysis. The interesting observation is that

the load at which the specimen failed in bond during the analysis assuming

good bond (94% of Pflex) was significantly lower for the test (67% of Pflex),

because of the poor strand bond.  This is seen in Figure 8.18-d where the

bond stress wave penetrated the transfer zone at Load P=40k. It is also seen

in Figure 8.18-c that the flexural bond length of 30 inches is not adequate.  
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3. Assuming good bond, the finite element analysis shows that an embedment

length of 72 inches would have been adequate to develop the strands of this

series. Figures 8.21-c and 8.21-d show that the tail of the bond stress wave

at the failure load was close to the end of the transfer zone. It is possible that

this embedment length could be reduced by a few more inches and result in

a flexural failure. The minimum required flexural bond length for this

specimen was 36 inches with an estimated total required flexural bond

length of 41 inches.

8.5.5 Debonded DB85 Series:

The debonded test series was designed around the failure prediction model

developed by Russell and Burns [48]. Their model was described in Chapter 5 and was

based on the same overall criteria, i.e. that web-shear and flexural cracking should be

prevented from occurring in the debond/transfer zone of the member. The test results

from the DB85 series compared very favorably with the failure prediction model. An

overlay of the test results on the prediction model was shown earlier in Fig. 5.16. The

finite element analysis of the specimens analyzed showed a similar favorable co-

relation between the test and the analysis, hence corroborating the failure prediction

model.

Based on the prediction model, the expected development length for

specimens with a debonded length of 78 inches was 100 inches (1.25 dL ) when the

debonding was staggered and 158 inches (2.0 dL ) when it was concurrent. Specimens

with embedment lengths less than 70 inches (0.88 dL ) were predicted to have web-

shear cracking occur in the debond/transfer zone with a shear/bond failure,

irrespective of the type of debonding used. For specimens with embedment lengths

between 70 to 100 inches (0.88 to 1.25 dL ) and staggered debonding, and between 70

to 158 inches (0.88 to 2.0 dL ) and concurrent debonding, flexural cracking in the

debond/transfer zone was predicted with an eventual bond failure. 
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Similarly, the expected development length for specimens where the

debonded length was 36 inches was about 112 inches (1.4 dL ). For the shorter

debonded lengths, the use of staggered or concurrent debonding was not expected to

make any difference to the final failure mode of the specimen in any given case. 

Details of the behavior of each individual test were described in Chapter 5.

The overall behavior of the specimen during the test including the final mode of

failure matched very well with the predicted behavior from the model.

The finite element analysis was performed on five specimens from the

DB850 series. The results from the analysis matched very well with the actual test

results and the failure prediction model. The following observations were made from

the analysis:

1. Just like fully bonded members, to obtain a ductile flexural failure without

slip for specimens with debonded strands, the integrity of the

debond/transfer zone must be maintained up to the failure load of the

member. The chosen embedment length should be such so that no web-shear

or flexural or any other form of cracking occurs in the debond/transfer zone

of the member prior to the member attaining its ultimate flexural failure

load. The finite element analysis as well as the tests showed that the

specimens where premature web-shear and or flexural cracks occurred in the

debond/transfer zone of the member had a bond failure. For example:

specimens 2A, 2B, 3A and 5A of the DB85 series failed in bond because of

premature web-shear or flexural cracking in the debond/transfer zone. This

is shown in the cracking patterns of Figures 8.25, 8.29, 8.33 and 8.41,

respectively.
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2. The development length of the strands for members with debonded strands

is affected by the way the debonding of the strands is terminated in the

transfer zone of the member. For example, specimen 4A and 5A had the

same embedment length of 120 inches (1.5 dL ). Specimen 4A with

staggered debonding had a flexural failure without end slip (Figure 8.38),

whereas specimen 5A with concurrent debonding had a flexural crack occur

at the termination point of the debonding (Figure 8.42) resulting in a bond

failure. 

It is imperative that the termination points of debonding in a member with

debonded strands be staggered, so that the increase in precompression in

the debond/transfer zone is gradual (Figure 8.38-e) and does not have

sudden sharp changes (Figure 8.42-e).

3. The prediction loads and locations of web-shear and flexural cracking in the

debond/transfer zone for the various specimens analyzed matched well with

the corresponding test results. This was clearly seen in the cracking patterns

and various stress contours plotted earlier in the chapter.

The favorable comparison of the finite element analysis results with the test

results provides an overall corroboration of the Russell and Burns failure

prediction model. A slight modification to the model is recommended and is

presented in the next section.
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8.6 PRESENTATION OF BEHAVIORAL MODEL

8.6.1 General

The one common denominator that has been observed throughout the

testing and analytical phases of the current research has been the importance of

‘preserving the integrity of the anchorage zone up to the ultimate failure load of the

member’. Unlike conventionally reinforced members, prestressed concrete members

have an ‘active system of reinforcing’. The ‘active system of reinforcing’ must be

preserved until the ultimate flexural capacity of the member has been attained.

Premature loss of the effectiveness of the ‘active reinforcement’ can result in reduced

member capacities and in some cases catastrophic failures.

After thoroughly reviewing the test and analytical results, a simple

behavioral model is proposed to determine the development length of strand for pre-

tensioned prestressed members with fully bonded and debonded strands. The model is

based on the same overall criterion that formed the basis of the Russell and Burns

failure prediction model. However, the concept behind the proposed model originated

mainly from the study of the internal bond and steel stress distribution obtained from

the finite element analysis of the test specimens and their cracking patterns during the

test.

The proposed model is based on satisfying the following criteria required

for achieving a ductile flexural failure without end slip and should be applicable for

most common cross-sections used in practice:

1. Preventing web-shear cracking from occurring in the transfer or

debond/transfer zone of the member. The chosen embedment length should

be such so that no web-shear cracking occurs in the anchorage zone of the

member prior to the member achieving its ultimate flexural failure load Pflex.

It must be mentioned that during the tests, specimens where web-shear

cracking occurred beyond about 95% of the flexural failure load, failed in
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flexure with minor or no end slip. However, Section 18.20.4 of the current

ACI Code allows the prestressing force in the member to be reduced to 98%

of the required design force to account for broken or missing strands. Hence,

a further reduction of the applied load at which web-shear cracks are

permitted to occur in the transfer zone will reduce the margin of safety. It

may be unsafe and is not recommended.

2. Limiting the zone of flexural cracking to a certain distance La from the end

of the transfer zone. The distance La is based on keeping the tail of the bond

stress wave corresponding to the last flexural crack from penetrating the

transfer zone. The recommended value for La is 18 inches. The 18-inch

distance was determined, based on a study of the steel and bond stress

distribution in the transfer and flexural bond zone, observing the distance of

the last flexural crack from the end of the transfer zone and the associated

failure mode of the various test specimens. A flexural failure without end

slip was obtained in all specimens from Project 1210 where the last flexural

crack was greater than 18 inches from the end of the transfer zone.  

The 18-inch distance may be slightly conservative by a few inches,

however, it accounts for variations in the transfer length of the strand, the

location and load at which the last flexural crack can occur etc. In the

specimens of Project 1210, the last flexural crack typically occurred

between 95% to 100% of the ultimate flexural failure load. 

A schematic diagram of the proposed model is shown in Figure 8.44. The

case shown in the figure applies to a pre-tensioned beam with fully bonded strands.

The concept can be very easily extended to beams with debonded strands. The key

components of the model are to not allow flexural cracking to occur within 18 inches

of the transfer zone of the beam, and to prevent web-shear cracking from occurring

inside the transfer zone of the beam.
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The basic equation to calculate the distance La and the embedment Le (based

on a value of La = 18 inches) is provided below:
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The individual terms are defined in Figure 8.44. All lengths are in inches and the

moments may be in any units.

The purpose of the model shown above is to make a reasonable estimation

of the strand development length required for any given cross-section. Although the

model appears to be simple, it is very powerful. It can be applied to members with

debonded strands, members where the bond is poor, and members that have longer

transfer lengths due to poor bond or any other reason. The recommended distance of

18 inches for the term La is intended for both strand sizes, 0.5-inch and 0.6-inch.

Members with poor flexural bond may require that this distance be increased. 

The model requires that the transfer length of the strands for a given case be

known. In the absence of test data or end slip data at transfer, the current

ACI/AASHTO equations may be used. The model also assumes that the strand on the

opposite or far end of the member is developed, i.e. the flexural bond lengths are long

enough so that the strands do not slip in the flexural bond zone because of bond slip

emanating from the opposite end of the member.

8.6.2 Comparison with Current and Other Research Work

The proposed model was tested with four series from Project 1210 to

evaluate the distance La. The results from this comparison are provided in Table 8.1.
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The model was also tested with some recent and some past research projects. The

results from this comparison are provided in Table 8.2.

The recommended value for the distance La of 18 inches matches very well

with the Project 1210 specimens for both strand sizes. The specimens with flexural

failures are shaded in the Table and most of them have the distance La exceeding 18

inches. The exception being two specimens from the 0.6-inch strand rectangular

series. Specimen 2A and 2B had flexural failures with a La of 15.6 and 12.4 inches,

respectively. 

As mentioned earlier, this model is able to predict if the specimens will have

a bond failure. Table 8.1 shows that specimens from the FR35 series with poor bond

and long transfer lengths had bond failures. Specimens 1A to 2A show values of La

from 3.6 inches to 9.9 inches. This indicates that the bond stress wave penetrated the

transfer zone. Additionally the flexural bond length value of 9.1 inches indicates that

there was barely enough gain in stress in the flexural bond zone of the strand.

Specimen 2B shows a negative value of 2.8 inches for the distance La. This indicates

the presence of flexural cracks in the transfer zone of the member, which indeed was

the case during the test.

The comparison of the proposed model with previous relevant research

validates the overall model and appears to be consistent. The recommended 18-inch

value for the distance La appears to hold well except when comparing with Mitchell’s
[50] research. However, it must be mentioned that Mitchell’s test program was geared

more towards very high strength concrete specimens. Concrete strength for specimens

from Project 1210 and the tests on which the current ACI equation is based on used

concrete strengths between 4000 psi to 6000 psi. Hence additional research is

required to determine values of La for members with higher strength concrete.

Comparison with Hanson and Kaar’s [3] research indicates a reasonable

trend, however, the results of specimens 3-10 and 3-12 cannot be explained. The
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major difference between the strand from the current research and Hanson & Kaar’s

research is the effective prestress value as low as 120 ksi and the use of stress-

relieved 

TABLE 8.1

TESTING OF PROPOSED MODEL with PROJECT 1210 SPECIMENS

Test ID
Shear
Span
(in)

le
(in)

f’c
(psi)

fse
(ksi)

Mcr
(k-in)

Mtest
(k-in)

Mcalc
(k-in)

Mtest
Mcalc

End 
Slip
(in)

Failure
Type 

La
(in)

Trans.
Lt

(in)

Flex.
Lfb
(in)

FA55 SERIES

1A 136 140 5107 164.6 2276 3722 3460 1.06 0.075 F 59.2 28 112
1B 56 60 5207 164.6 2279 3781 3467 1.07 0.075 S/B 9.8 28 32
1C 96 100 5282 164.6 2282 3699 3473 1.05 0.075 F 35.2 28 72
2A 68 72 5357 164.6 2284 3300 3478 0.93 0.088 S/B 23.0 28 44
2B* 88 92 5407 164.6 2286 3774 3482 1.07 0.088 S/B 29.3 28 64
3A 88 92 5510 165.6 2300 3754 3489 1.06 0.091 F 29.9 28 64
3B 72 76 5762 165.6 2309 3808 3505 1.07 0.091 F 19.7 28 48
4A 64 68 5846 165.6 2312 3663 3510 1.03 0.11 S/B 16.4 28 40
4B 68 72 5930 165.6 2314 3872 3515 1.09 0.11 F 16.6 28 44

FR35 SERIES

1A 56 60 6788 169.9 979 1086 1609 0.67 0.177 B 3.6 50.9 9.1
1B 68 72 6788 169.9 979 1109 1609 0.69 0.188 B 9.9 54.1 17.9
2A 80 84 6788 169.9 979 1460 1609 0.91 0.188 B 3.5 54.1 29.9
2B 92 96 6788 169.9 979 1605 1609 1.00 0.219 B -2.8 63.0 33

FA46 SERIES

1A 163.5 167.5 6362 164 2425 3782 3940 0.96 0.098 F 73.8 35 132.5
1B 124 128 6362 164 2574 4128 3940 1.05 0.098 F 46.3 35 93
2A 82 86 6852 164 2530 4060 3940 1.03 - F/B 20.1 35 51
2B 92 96 6852 164 2563 3844 3940 0.98 - S/B 30.4 35 61
3A 96 100 6852 164 2515 4020 3940 1.02 - F 29.1 35 65
3B 88 92 6852 164 2628 4048 3940 1.03 - F 26.1 35 57
5A 76 80 7020 164 2592 3582 3940 0.91 0.121 S/B 24 35 45
5B 80 84 7020 164 2549 3562 3940 0.9 0.121 S/B 26.3 35 49
6A 84 88 7439 164 2563 4037 3940 1.02 0.102 F 22.3 35 53
6B 80 84 7439 164 2537 3910 3940 0.99 0.102 F 20.9 35 49

FR36 SERIES

1A 92 96 7020 167.4 1192 2076 2189 0.95 0.1 F 21.8 35 61
1B 92 96 7020 167.4 1192 2080 2189 0.95 0.1 F 21.7 35 61
2A 80 84 7020 167.4 1203 2066 2189 0.94 0.1 F 15.6 35 49
2B 74 78 7020 167.4 1256 2144 2189 0.98 0.1 F 12.4 35 43

* Poor Consolidation
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TABLE 8.2

TESTING OF PROPOSED MODEL with OTHER RESEARCH

HANSON & KAAR[3]

Test ID
Shear
Span
(in)

le
(in)

f’c
(psi)

fse
(ksi)

Mcr
(k-in)

Mbond
(k-in)

Mtest
(k-in)

Mcalc
(k-in)

Mtest
Mcalc

Failure
Type 

La
(in)

Trans.
Lt

(in)

Flex.
Lfb
(in)

1-15 60 66 5600 132 248.5 439 457 488.4 0.94 B 12.6 26 40
1-16 71 77 5600 132 216.4 440 455.4 473.7 0.98 B 13.7 26 51
1-17 84 90 5090 132 243.1 - 503.4 495.0 1.02 F 20.6 26 64
3-10 72 80 6450 120 466.9 589 681.1 766.0 0.89 B 31.4 26 54
3-11 72 80 6050 135 801.7 - 1331 1297 1.03 F 23.4 26 54
3-12 72 80 5420 132 1036 1521 1603 1505 1.07 B 26.5 26 54

COUSINS, JOHNSTON & ZIA[31]

Test ID
Shear
Span
(in)

le
(in)

f’c
(psi)

End

Slip@
Trans.

(in)

fse
(ksi)

Mcr
(k-in)

Mtest
(k-in)

MACI
(k-in)

Mtest
MACI

Failure
Type 

La
(in)

Trans.
Lt

(in)

Flex.
Lfb
(in)

5UNIJ 115 119 5460 0.16 181.1 141 215 163.7 1.33 B@J 31.4 48 71
5UNCD 101 105 5770 0.26 181.1 116 161 164.0 1.0 B@C 18.4 57 48
5UNEF 101 105 5770 0.22 181.1 117 185 164.0 1.15 B@E 18.9 49 56
5UNAB 68 72 4700 0.17 181.1 140 144 162.2 0.95 B@A 13.7 49 23
5UNGH 68 72 5770 0.22 181.1 116 143 164.0 0.89 B@G -1.0 53 19
5UNAB 44 48 4700 0.17 181.1 124 134 162.2 0.89 B@B -2.3 47 1

DEATHERAGE and BURDETTE[62]

Test ID
Shear
Span
(in)

le
(in)

f’c
(psi)

fse
(ksi)

Mcr
(k-ft)

Mbond
(k-ft)

Mtest
(k-ft)

Mcalc
(k-ft)

Mtest
Mcalc

Failure
Type 

La
(in)

Trans.
Lt

(in)

Flex.
Lfb
(in)

1-EXT 86 92 5476 186.4 396 611 645 572 1.13 B-F 14.8 44 48
1-INT 63.6 69.6 5476 187.0 469 550 564 572 0.99 B-S 14.9 44 25.6
2-EXT 71.4 77.4 6746 187.7 444 612 612 596 1.03 B-S 13.8 44 33.4
2-INT 79 85 6746 187.3 415 623 639 596 1.07 B-F 18.3 39 46
3-EXT 79.1 85.1 6858 189.8 388 - 675 598 1.13 F 17.5 34 51.1
3-INT 71.4 77.4 6858 190.7 408 645 679 598 1.14 B-F 14.9 34 43.4
4-EXT 75.3 81.3 7600 191.5 410 - 676 607 1.11 F 17.6 34 47.3
4-INT 71.4 77.4 7600 191.4 453 644 664 607 1.09 B-F 15.7 39 38.4

MITCHELL et.al.[50]

Test ID
Shear
Span
(in)

le
(in)

f’c
(psi)

fse
(ksi)

Mcr
(k-in)

Mtest
(k-in)

MACI
(k-in)

Mcalc
(k-in)

Mtest
Mcalc

Failure
Type 

La
(in)

Trans.
Lt

(in)

Flex.
Lfb
(in)

31-1200 45.2 47.2 4495 181.8 148.4 189.6 235.8 241.8 0.78 B-F-S 9.7 27.7 19.5
43-1600 61 63 6235 151.4 100 202.1 188.9 195.6 1.03 F 9.4 22.8 40.2
43-1250 47.2 49.2 6235 149.1 98.9 205.3 188.9 195.6 1.05 F 1.9 22.8 26.4
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65-850 31.5 33.5 9425 181.8 165.8 273 261.1 264 1.03 F 1.3 19.8 13.7
75-1100 41.3 43.3 10875 167.2 115.7 218.6 211.2 215 1.02 F 5.6 18.3 25
75-950 35.4 37.4 10875 169.2 116.7 213.5 211.2 215 0.99 F 7 14.3 23.1
89-950 35.4 37.4 12905 185.3 107.6 189.7 181.8 183.8 1.03 F 7 15.1 22.3
89-650 23.6 25.6 12905 184.4 107.2 183.7 181.8 183.8 1.00 B-F-S -3.6 19.3 6.3

strand at the time. The average effective prestress in the specimens from Project 1210

was about 165 ksi. The values of transfer length for Hanson and Kaar’s specimens

were guestimated at 26 inches. Individual values for the transfer length are not

available. Overall, 0.5-inch strand specimens from their test program that failed in

flexure, namely specimens 1-17 and 3-11 match very well with the proposed model.

The model compares favorably with Cousins, Johnston and Zia’s [31] work

for most of the specimens, in effect, proving why bond failures were obtained. The

result of specimen 5UNIJ cannot be explained. It is clear from Table 8.2 that the

specimens shown had large end slip values at transfer. End slip values between 0.16

and 0.26 inches as shown in the table are up to 2.5 times the average end slip values

of similar 0.5-inch specimens from Project 1210. These indicate that the transfer

length of these specimens were unusually long. In fact, specimens 5UNGH and

5UNAB have negative values of La indicating that there was flexural cracking inside

the transfer zone. These test results once again confirm the previous observation that

members with long transfer lengths require large strand development lengths.

The model compares reasonably well with the University of Tennessee

specimens tested by Deatherage and Burdette [62]. Their specimens were similar in

size and shape to the Project 1210 specimens, unlike the other research programs

mentioned above, where the shapes were typically rectangular specimens with one or

more strands. Deatherage and Burdette’s specimens differed from Project 1210

specimens in the transfer length values, i.e. their specimens had an average transfer

length of 39 inches compared to about 28 inches for similar specimens from Project

1210.
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8.7 CODE IMPLICATIONS AND DESIGN RECOMMENDATIONS

Code Implications and general design recommendations are now discussed

based on the results obtained from the current research. 

Transfer Length 

The average transfer length of 0.5-inch strand and 0.6-inch strand AASHTO

Type specimens from Project 1210 was 25.6 inches and 32.3 inches, respectively.

The corresponding calculated transfer lengths according to the current ACI/AASHTO

code equation [56,58] were 27.3 inches and 32.8 inches, respectively (shown in Table

5.3). The overall average transfer length from all the different cross-sections

combined, was 30 inches for 0.5-inch strand, and 40.9 inches for 0.6-inch strand.  

The results show that for larger AASHTO Type cross-sections, the current

code equation is satisfactory. The current code equation may under-estimate the

transfer length for cross-sections that are relatively small with few strands and an

overall high level of precompression. In Project 1210, 0.5-inch strand specimens with

a P/A between 1350 psi to 1943 psi had an average transfer length of 33.2 inches, and

0.6-inch strand specimens with a P/A between 1809 psi to 2614 psi had an average

transfer length of 46.1 inches. Smaller cross-sections are more susceptible to the

dynamic impact of the transfer process and the additional lateral strain from the high

P/A produced in the concrete cylinder surrounding the strand, thereby tending to

increase the transfer length. In the case of the larger cross-sections, the additional

mass and confinement of the concrete between the strands helps in reducing the

impact of the transfer process.

The current code equation does not account for the effect of concrete

strength. Although concrete strength was not a test variable in Project 1210, based on

the limited number of specimens where the concrete strength varied, it was observed

that specimens with higher concrete strengths had shorter transfer lengths and vice

versa.
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The current code equation is applicable only for clean strand, free of any

laitance or any material than can reduce the bond performance of the strand. Strands

with some surface rust can have smaller transfer lengths. However, it is important that

designers realize the impact of poor strand bond in the transfer zone of pre-tensioned

members. As seen in this research (FR35 series in particular) and other research

projects, poor strand bond generally results in long transfer, and hence longer

development lengths. Periodic review (based on a certain percentage of strands

stressed) of end slips at transfer or an alternate method of quality assurance [57] is

extremely essential in a precast plant to monitor overall strand bond conditions at

transfer. The average end slip of the strands where the transfer lengths were within

code specified limits, was 0.1 inches for 0.5-inch strand and 0.12 inches for 0.6-inch

strand. Strands with end slips that were larger than these values always had longer

transfer lengths.

The current code equation is satisfactory for the transfer length of debonded

strands. Based on the transfer length tests in Project 1210, it was observed that the

transfer length of debonded strands was about 85% of the transfer length required for

fully bonded strands. This can be attributed to the different boundary conditions that

exist for debonded strands at the termination point of the debonding. This was

discussed earlier in Section 5.2.6.2.  

Development Length 

The development length of the 0.5-inch strands for the AASHTO type cross-

section was 76 inches. This embedment length was required to produce a flexural

failure without any end slip. The same cross-section was able to attain the flexural

moment capacity with an embedment length of 72 inches but with strand slip. The

development length based on the current ACI/AASHTO code equation [56,58] was

calculated to be 74.4 inches. The result from the 0.5-inch Rectangular Series is not

included here because of the accidental strand contamination problem in that series.

However, the code calculated development length for this series was 72 inches. 
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In the case of the 0.6-inch strand AASHTO type and rectangular cross-

sections, the development lengths from the tests were 84 inches and 78 inches,

respectively. The corresponding development lengths from the code equations were

88.4 inches and 82.4 inches, respectively.

The development length values for the AASHTO type and rectangular

cross-sections for 0.5-inch and 0.6-inch strand from Project 1210 compare favorably

with the current code equation. Of concern is the effect of premature web-shear

cracking in the transfer zone of the member. The current code equation does not

account for the effect of premature web-shear in the anchorage zone of the member.

The scope of the current research has not permitted examining the different load

conditions and cross-sections used in practice that might cause premature web-shear

cracking in the anchorage zone of a member. It is the designers responsibility to

ensure that web-shear cracking is prevented or effectively controlled (by providing

adequate reinforcement), to protect the anchorage zone at the ultimate failure load of

the member.

As mentioned earlier in the section, the current code equation is applicable

for clean strand free of any laitance. The current code equation cannot be used for

cases, where the actual transfer lengths are longer than the transfer lengths

determined using the code equation. 

The current research has demonstrated that the development length of

members containing debonded strands can be less than the current (2.0 dL )

requirement in many cases. The test results and the finite element analysis of the

debonded specimens have shown a good correlation with the Russell and Burns

prediction model [48]. With the recommended adjustment of preventing flexural

cracking at a certain distance from the end of the debond/transfer zone, the failure

prediction model as well as the proposed behavioral model can be a powerful tool to

determine the development length of members with debonded strands. 
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The current code requirements for the development of members with

debonded strands need to emphasize the method of termination of the debonding. It is

imperative that the termination points of debonding be staggered and not concurrent,

to reduce the overall length of development. The best example to illustrate this is the

case of two specimens from the debonded series of Project 1210 with the same

embedment length but different methods of termination of the debonding. The

embedment length for the two specimens was 120 inches (1.50 dL ), however, the one

with concurrent debonding failed in bond and the other with staggered debonding

failed in flexure without end slip.   

Design Recommendations

In addition to the current code equation, an alternate method as described in

the previous section is available to the designer to calculate the development length

of strand for any cross-section, strand size (0.5-inch or 0.6-inch), and for both fully

bonded and debonded pre-tensioned members. The method is based on satisfying two

main criteria. The first criterion is to prevent web-shear cracking from occurring in

the anchorage zone of the member. The second criterion is to prevent flexural

cracking from occurring within 18 inches from the end of the transfer zone of the

member. Equation 8.3 and the schematic of the model shown in Figure 8.44 illustrate

the use of the proposed model.

The advantage of the proposed model is that the designer can develop

computer programs using the criteria described above to calculate the strand

development length for members with fully bonded and debonded strands using exact

loading conditions and section parameters. For cross-sections with multiple strand

layers, actual transfer profiles for individual fully bonded and debonded strands in

different layers can be included in the computer program to accurately calculate first

web-shear and flexural cracking loads in the anchorage zone of the member.
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For cases where large concentrated loads exist and where web-shear

cracking is expected in the anchorage zone of the member, additional reinforcement,

or an alternate form of reinforcing the web should be provided so that the integrity of

the anchorage zone is maintained until the ultimate failure load. For cases, where

there is not enough length available to develop the strands, the anchorage zone of the

member can be strengthened. This can be achieved by providing anchors or

increasing the confinement around each strand or a combination of strands with

spirals that run along the length of the transfer zone. Prior tests need to be conducted

to determine actual capacities.

8.8 SUMMARY AND CONCLUSIONS

This chapter provided the details and results from the Finite Element

Analysis of several significant specimens from the Fully Bonded - FA550 and FR350

Series, and the Debonded - DB850 Series of Project 1210. The analytical results were

compared with experimental results in each case. The typical data compared were the

external parameters, such as the load-deflection relationship and the overall cracking

response. Assuming a favorable comparison of the external parameters, which was

obtained in each case, the internal parameters such as the bond stress, steel stress and

concrete stress profiles determined analytically were examined for the entire loading

history of the test. The results from the finite element analysis and observed test

behavior of the specimens were used to arrive at conclusions for each test.

This was followed by a general discussion of the analytical and

experimental results. The results from the analytical and experimental work were

used to develop a simple behavioral model to determine the development length of

0.5-inch and 0.6-inch strand for any pre-tensioned member containing fully bonded

and debonded strands. The model was tested against the different test series from

Project 1210 and other relevant research studies. The chapter concluded with a

discussion on code implications and general recommendations for design.
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The following significant conclusions were derived in this chapter. Specific

conclusions for each specimen, and a detailed discussion of the results are provided in

Sections 8.2 to 8.5.

1. The finite element analysis of the 0.5-inch fully bonded and debonded strand

specimens from three series of Project 1210 was performed successfully. The

overall results from the analysis of the specimens compared favorably with the

test results. In every specimen analyzed, the results from the analysis matched

well with the external parameters from the test, such as the load vs. deflection

curve and the overall cracking pattern.

The finite element analysis provided useful information regarding internal

parameters such as the steel stress, bond stress and concrete stress distribution

along the length of the member at all load levels, i.e. from application of initial

prestress, first cracking and up to failure.  

2. One common criterion for strand development has governed throughout this

research. The criterion is as follows: ‘To attain a ductile flexural failure without

slip, the integrity of the anchorage or transfer zone of the member must be

maintained up to the ultimate failure load of the member’.

The integrity of the transfer zone can be severely affected by the occurrence of

cracking inside the transfer zone prior to the member achieving its ultimate

flexural failure load. The source of cracking can be any one or more of the

following: web-shear, flexure, cracking due to high bearing stresses, poor

concrete consolidation, inadequate cover, local splitting, etc. Additionally,

flexural cracking just outside the transfer zone can cause the tail of the bond stress

wave to enter the transfer zone and cause a premature bond failure. 
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Loss of strand anchorage is accompanied with an instantaneous slippage of the

strands and a simultaneous reduction in the amount of the prestressing force. In

Project 1210, typically the start of the initial strand slippage caused additional

progressive cracking along the level of the strands in the transfer zone resulting in

further slip and loss of force. The following failure modes of the member were

observed in the case of an anchorage failure: a sudden shear failure, or a

shear/bond failure, or a bond/shear failure, or a bond/flexural failure at a reduced

load, or a shear/bond/flexural failure.  

Fully Bonded Specimens

2. Web-shear cracking in the anchorage zone of a member in most instances will

result in a loss of the ‘Hoyer Effect’, strand slippage and a sudden explosive

failure. There is some residual capacity to carry loads in a few instances.

However, it is recommended that the embedment length required to develop the

strands for a given cross-section be such so that no web-shear cracking occurs in

the transfer zone of the strand at Load Pflex (the applied load corresponding to

flexural failure).

4. The location of the last flexural crack from the end of the transfer zone and the

load at which the last flexural crack occurs with respect to the ultimate failure

load is significant in determining the outcome of the development length test. 

If the last flexural crack is closer to the transfer zone, the tail of the bond stress

wave will penetrate the transfer zone.   

5. Specimens in which the distance of the last flexural crack from the end of transfer

zone was at least 18 inches had flexural failures without end slip. Most specimens

where the last flexural crack was less than 18 inches from the end of the transfer

zone had bond or shear failures or a combination thereof. 
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6. The concept of minimum flexural bond length (Lfbm) was introduced. The

minimum flexural bond length was defined to be the length of strand required to

develop the strand stress from a point on the strand that corresponds to the tail

end of the bond stress wave to the load point. 

For the specimens analyzed, this length corresponds to a steel stress increase from

about 180 ksi to the stress psf  at nominal strength of the member. The average

minimum flexural bond length from the analysis of the specimens from the FA55

series that produced a flexural failure was about 41 inches.

To the distance Lfbm, should be added the length to develop the steel stress from

about 170 ksi to 180 ksi, i.e. about 10 ksi. This corresponds to the increase in steel

stress from the end of the transfer zone to the tail end of the bond stress curve.

Using a bond stress of 250 psi for a 0.5-inch dia. circular strand (from current

ACI/AASHTO Code equation) or 141 psi based on the perimeter of a seven-wire,

this translates to a distance of about 5 inches. This distance may be slightly

conservative by a few inches but due to the variation in the different parameters,

it is acceptable.

The average total flexural bond length for 0.5-inch strand specimens based on the

analysis was calculated to be about 41 + 5 = 46 inches. Combining this length to a

transfer length of 28 inches (for 100% transfer of the force) yielded a total

development length of 74 inches from the analysis for the FA55 series. This

length compared to 76 inches from the test and 74.4 inches from the ACI Code

equation. 
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7. Poor bond between the strand and concrete can result in substantially long

transfer lengths. Longer transfer lengths will result in longer development lengths.

For the FR35 Series, the average transfer length of the strands was about 55

inches (96 % more than the FA55 series) and the development length required

was more than 96 inches. Evidence of poor bond in the series was seen from the

large end slips at transfer. The average amount of end slip for the FR35 series was

0.193 inches, which is twice the amount for the FA55 and DB85 series.

8. Poor bond can reduce the overall load carrying capacity of a member. Poor bond

reduced the load carrying capacity of one of the specimens by 30%. 

Debonded Specimens

9. The overall results from the finite element analysis of the specimens from the

DB85 series compared well with the test results and the Russell and Burns failure

prediction model. A slight modification to the model is recommended.

10. The same overall criterion for strand development applied to members with

debonded strands: ‘it is essential that to obtain a ductile flexural failure without

slip for specimens with debonded strands, the integrity of the debond/transfer

zone must be maintained up to the failure load of the member’. The chosen

embedment length should be such so that no web-shear or flexural or any other

form of cracking occurs in the debond/transfer zone of the member prior to the

member attaining its ultimate flexural failure load. The finite element analysis as

well as the tests showed that the specimens where web-shear and or flexural

cracks occurred in the debond/transfer zone of the member had shear or bond

failures or a combination thereof. 

11. The development length of the strands for members with debonded strands is

affected by the way the debonding of the strands is terminated in the transfer zone

of the member. For example, specimen 4A and 5A of the DB85 series had the
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same embedment length of 120 inches (1.5 dL ). Specimen 4A with staggered

debonding had a flexural failure without end slip (Figure 8.38), whereas specimen

5A with concurrent debonding had a flexural crack occur at the termination point

of the debonding (Figure 8.42) resulting in a bond failure. 

It is imperative that the termination points of debonding in a member with

debonded strands be staggered, so that the increase in precompression in the

debond/transfer zone is gradual (Figure 8.38-e) and does not have sudden sharp

changes (Figure 8.42-e).

Proposed Behavioral Model

12. A simple behavioral model is proposed to determine the development length of

0.5-inch and 0.6-strand in pre-tensioned prestressed members with fully bonded

and debonded strands. The proposed model is based on satisfying the following

criteria required for achieving a ductile flexural failure without end slip and is

applicable for most common cross-sections used in practice:

a) Preventing web-shear cracking from occurring in the transfer or

debond/transfer zone of the member. The chosen embedment length should be

such so that no web-shear cracking occurs in the anchorage zone of the

member prior to the member achieving its ultimate flexural failure load Pflex. 

b) Limiting the zone of flexural cracking to a certain distance La from the end of

the transfer zone. The distance La is based on keeping the tail of the bond

stress wave corresponding to the last flexural crack from penetrating the

transfer zone. The recommended value for La is 18 inches.  

13. A schematic diagram of the proposed model is shown in Figure 8.44. The case

shown in the figure applies to a pre-tensioned beam with fully bonded strands.

The concept can be very easily extended to beams with debonded strands. The

model is applicable for cases where the bond is poor where the member has

longer transfer lengths. The recommended distance of 18 inches for the term La is
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intended for both strand sizes, 0.5-inch and 0.6-inch. Members with poor flexural

bond may require that this distance be increased. 

14. The proposed model was tested with four series from Project 1210 and with some

recent and past research projects to evaluate the distance La. The recommended

value of 18 inches for the distance La matched reasonably well with most of the

projects. The 18-inch value is not applicable for members with high strength

concrete, although the overall concept of the model can be used for members with

high strength concrete. The model was also able to predict most of the bond

failures in the research series where the transfer lengths were longer than normal.

Code Implications & Design Recommendations

15. The average transfer length of 0.5-inch strand and 0.6-inch strand AASHTO Type

specimens from Project 1210 was 25.6 inches and 32.3 inches, respectively. The

corresponding calculated transfer lengths according to the current ACI/AASHTO

code equation [56,58] were 27.3 inches and 32.8 inches, respectively. The overall

average transfer length from all the different cross-sections combined, was 30

inches for 0.5-inch strand, and 40.9 inches for 0.6-inch strand.  

The results show that for larger AASHTO Type cross-sections, the current code

equation is satisfactory. The current code equation may under-estimate the

transfer length for cross-sections that are relatively small with few strands and an

overall high level of precompression. Smaller cross-sections are more susceptible

to the dynamic impact of the transfer process and the additional lateral strain from

the high P/A produced in the concrete cylinder surrounding the strand, thereby

tending to increase the transfer length. In the case of the larger cross-sections, the

additional mass and confinement of the concrete between the strands helps in

reducing the impact of the transfer process.
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16. The current code equation does not account for the effect of concrete strength.

Although concrete strength was not a test variable in Project 1210, based on the

limited number of specimens where the concrete strength varied, it was observed

that specimens with higher concrete strengths had shorter transfer lengths and

vice versa.

17. The current code equation is applicable only for clean strand, free of any laitance

or any material than can reduce the bond performance of the strand. It is not

applicable for cases where the actual transfer lengths are longer than the transfer

lengths determined using the code equation.

18. It is important that designers realize the impact of poor strand bond in the transfer

zone of pre-tensioned members. As seen in this research (FR35 series in

particular) and other research projects, poor strand bond generally results in long

transfer, and hence longer development lengths. Periodic review (based on a

certain percentage of strands stressed) of end slips at transfer or an alternate

method of quality assurance [57] is essential in a precast plant to monitor overall

strand bond conditions at transfer. The average end slip of the strands where the

transfer lengths were within code specified limits, was 0.1 inches for 0.5-inch

strand and 0.12 inches for 0.6-inch strand. Strands with end slips that were larger

than these values always had longer transfer lengths.

19. The current code equation is satisfactory for the transfer length of debonded

strands. Based on the transfer length tests in Project 1210, it was observed that the

transfer length of debonded strands was about 85% of the transfer length required

for fully bonded strands.  

20. The development length of the 0.5-inch strands for the AASHTO type cross-

section was 76 inches. This length was required to produce a flexural failure

without any end slip. The same cross-section was able to attain the flexural
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moment capacity with an embedment length of 72 inches but with strand slip. The

development length based on the current ACI/AASHTO code equation [56,58] was

calculated to be 74.4 inches. The result from the 0.5-inch Rectangular Series

assuming good bond was 72 inches. The code calculated development length for

this series was also 72 inches. 

21. In the case of the 0.6-inch strand AASHTO type and rectangular cross-sections,

the development lengths from the tests were 84 inches and 78 inches,

respectively. The corresponding development lengths from the code equations

were 88.4 inches and 82.4 inches, respectively.

22. The development length values for the AASHTO type and rectangular cross-

sections for 0.5-inch and 0.6-inch strand from Project 1210 compare favorably

with the current code equation. 

23. Of concern is the effect of premature web-shear cracking in the transfer zone of

the member. The current code equation does not account for the effect of

premature web-shear in the anchorage zone of the member. It is the designers

responsibility to ensure that web-shear cracking is prevented or effectively

controlled to protect the anchorage zone at the ultimate failure load of the

member.

24. The current research has demonstrated that the development length of members

containing debonded strands can be less than the current (2.0 dL ) requirement in

many cases. The test results and the finite element analysis of the debonded

specimens have shown a good correlation with the Russell and Burns prediction

model [48]. With the recommended adjustment of preventing flexural cracking at a

certain distance from the end of the debond/transfer zone, the failure prediction

model as well as the proposed behavioral model can be a powerful tool to

determine the development length of members with debonded strands. 
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25. The current code requirements for the development of members with debonded

strands need to emphasize the method of termination of the debonding. It is

imperative that the termination points of debonding be staggered and not

concurrent, to reduce the overall length of development.  

26. In addition to the current code equation, an alternate method based on the

proposed model is available to the designer to calculate the development length of

strand for any cross-section, strand size (0.5-inch or 0.6-inch), and for both fully

bonded and debonded pre-tensioned members.  

The advantage of the proposed model is that the designer can develop computer

programs using the criteria described earlier to calculate the strand development

length for members with fully bonded and debonded strands using exact loading

conditions and section parameters. For cross-sections with multiple strand layers,

actual transfer profiles for individual fully bonded and debonded strands in

different layers can be included in the computer program to accurately calculate

first web-shear and flexural cracking loads in the anchorage zone of the member.

For cases where large concentrated loads exist and where web-shear cracking is

expected in the anchorage zone of the member, additional reinforcement, or an

alternate form of reinforcing the web can be provided so that the integrity of the

anchorage zone is maintained until the ultimate failure load. For cases where

there is not enough length available to develop the strands, the anchorage zone of

the member can be strengthened. This can be achieved by providing anchors or

increasing the confinement around each strand or a combination of strands with

spirals that run along the length of the transfer zone. 
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CHAPTER 9.  FINITE ELEMENT ANALYSIS OF 

U-BEAMS FROM PROJECT 9-580

This report has been included here to complement the current research work by

providing yet another approach to model pre-tensioned prestressed concrete

members. The finite element analysis described herein is three-dimensional, however,

the strands are not allowed to slip relative to the concrete.

 (The analytical results of the Project 1210 specimens are provided in Chapter 8)

9.1 INTRODUCTION

This report presents results from a 3-dimensional finite element analysis of

the U-Beams that were constructed and tested in September 1993 as a part of an

ongoing study to develop design information and guidelines for the design and

construction of concrete bridges utilizing extra high strength concrete. 

Bridge girders using extra high strength concrete were designed for the

Louetta Road Overpass on Texas State Highway 249, Harris County in Houston,

Texas. The design concrete strength ranged from 10000 to 13000 psi at 28 days. To

utilize the precast prestressed U-shaped cross-section efficiently, 0.6-inch diameter

strand was used at 2-inch spacing. The end regions of these girders were modeled

experimentally to gain an understanding of their behavior during transfer. 

Five full-scale test specimens with respect to the prototype were developed,

constructed and tested at a prestressing plant in Victoria, Texas. The testing of the

specimens included measuring concrete strain profiles along the sides of the beams,

end slips, camber and visual inspection. 
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Results from the tests indicated that the presence of end blocks in the

specimens aided the beam to withstand the very high concentration of forces

produced in the cross-section at the end of the beam after transfer. No trace of visible

cracking was observed in the end regions after transfer of prestress. The transfer

length of the strands could not be determined from the concrete strain profiles

because a clear plateau for the strains measured on the outside face of the girder was

not apparent. Possible explanations for this were overlapping transfer zones from the

staggered debonded patterns in combination with shear lag effects due to the presence

of the end block. 

To gain a clear understanding of the effect of the end block on the behavior

of the end region of the U Beams at transfer, a three dimensional finite element

analysis of the prototype U-Beam section was performed. The analysis was carried

out in two parts. In the first part, the U-beam was analyzed with and without the end

block being considered in the analysis and assuming that all strands were fully

bonded to the concrete (to eliminate effects of debonding on the end region stresses).

The non-prestressed (mild steel) reinforcement was not included in the analysis for

the same reason. 

In the second part, the U-Beam specimens that were tested in the

prestressing plant were modeled and analyzed. This analysis included the exact

debonding arrangement of the strands as in the test specimens, identical non-

prestressed reinforcement layout and simulated loading and boundary conditions. 

Results from both parts of the analysis are presented in the form of stress

contours and strain profiles. Strain profiles obtained from the second part are

compared with the experimental strain profiles. 
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9.2 EXPERIMENTAL PROGRAM

9.2.1 General

A brief review of the experimental program pertinent to the analytical work

is discussed here. A complete report of the experimental research conducted on this

project is available in Technical Memo #1 [52]. 

The broad purpose of conducting the experimental program was to observe

the behavior of bridge girders using very high strength concrete and 0.6-in. diameter

strand. The behavior of the girders at transfer and the effectiveness of the debonding,

end block and post-tensioned strands in limiting the end region stresses were studied.

Five prototype specimens were studied under normal fabrication procedures. The

specimens were fabricated at the Texas Concrete Company's prestressing plant in

Victoria, Texas. The variables in the study were; strength of concrete, strand

debonding pattern and confining reinforcement. 

9.2.2 Description of Test Specimens

9.2.2.1 U-Beam Specimens

Two of the five specimens tested modeled the U-Beam cross-section

designed for the Louetta Road Overpass structure in Houston, Texas. The specimens

were 53'-6" in length and 54" in overall depth. The cross-section of the specimens

was the same as the prototype but the length of the specimens was shorter compared

to the prototype, which has typical span lengths between 122' to 136'. The specimen

length of 53'-6" was adequate to accommodate the debonded lengths of the strands in

each end of the beam. Both these specimens had an end-block that extended for a

distance of 18" on each end of the beams. Dimensions and strand patterns for these

specimens are shown in Figures 9.1, (9.2-a) and (9.2-b) [52]. The two specimens were

named U1 and U2. With two ends per specimen, there were four ends available for

testing. 
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The variation between the two specimens was in the debonded strand

pattern and in the confinement provided to the strands by the mild steel

reinforcement. The debonding details on both ends of U1 (U1N and U1S) and the

North end of U2 were the same as the prototype girders. Figure (9.2-a) shows the

debonded strand pattern for these ends. It is seen that except for the two strands on

the beam sides, the entire top layer of strands in the beam are debonded with varying

debonded lengths. The south end of U2 consisted of debonding alternate strands in

the top and middle layers, which represented a more uniform distribution of stresses

in the cross-section. Details of the criteria for selecting the number of strands and the

debonding pattern are discussed in Technical Memo #1[52]. 

The U-Beams were post-tensioned with four strands in the top flanges as

shown in Figure 9.1. The post-tensioned strands were debonded for a length of 25 ft.

from each end and embedded for an additional length of 9 ft. to provide anchorage for

the dead end. Standard post-tensioning anchors provided the live end anchorage. The

dead end anchorage setup was verified by pullout tests of single strands embedded in

rectangular concrete blocks.

The non-prestressed mild steel reinforcement details are provided in

Appendix B of Technical Memo # 1[52]. The details will be shown later in this report.

The strands in both specimens were provided adequate confining steel in the end

regions to prevent splitting of the concrete around the strands after the transfer of

prestress. The primary function of the confining mild steel was to arrest micro cracks

formed due to transfer in the immediate vicinity of the strands, and to prevent their

propagation to the edge of the cross-section. 

9.2.2.2 Bottom Flange Specimens

These specimens were tested to model the bottom flange of the actual U-

Beams. Due to the relatively small clear concrete cover of 46.4 mm (1.83") and a

high concentration of forces from the strands, it was important to know the behavior
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of the bottom flange in the end regions of the girder after transfer. The number of

strands in these specimens was limited by the maximum allowable compressive stress

that the cross-section could resist. The specimens were 8.25" in depth and 40 ft. in

length. The effect of the end block in the actual girder was simulated by providing a

24" tall and 18" long end block on each end of the specimens. A schematic of the

specimen cross-section and dimensions is shown in Figure 9.3 [52]. The current

analytical study excluded the modeling of the bottom flange specimens.

9.2.2.3 Concrete Properties

The required strength of concrete by design was 7,700 psi at 48 hours and

11,600 psi at 28 days. To obtain a satisfactory mix design, an extensive study of trial

batch mixes was performed at the Construction Materials Research Group

Laboratory. The final concrete mix design was selected after performing a trial batch

in the field to account for variability in laboratory and field results. The average

compressive strength of the concrete for beams U1 and U2 was 9030 psi at 36 hours,

11660 psi at 7 days and 13015 psi at 28 days. The modulus of rupture was 829 psi at

36 hours. The modulus of elasticity of the concrete at 7 days was measured to be

6.56x106 psi. 

9.2.3 Instrumentation 

The primary data to be collected from the tests were the concrete strain

profiles along the sides of the specimens after transfer. The strains were measured at

the level of the center of gravity of the strands from the beam soffit. The strains were

determined by measuring the relative shortening between two points after the transfer

of prestress had taken place. The points on the beam consisted of mechanical discs

(called DEMEC points) mounted on the concrete with a 5 minute epoxy gel. The

points were installed every 50 mm o.c. (almost 2 in.) on each side of the specimen for

almost its entire length. The initial distance between any two DEMEC points was

measured with a special DEMEC strain gage having a gage length of 200 mm

(7.874") and a least count measurement of 0.0016 mm (0.0000629"). 
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The procedure used for obtaining the strains is described below: 

a) The DEMEC points were mounted on the concrete after the forms were

removed. 

b) An initial reading between two points was taken before transfer with the

DEMEC strain gage. It must be noted that the initial reading is not the

actual distance between the two points.  

c) After transfer of prestress, another reading was taken between the same two

points. The difference in divisions on the DEMEC scale was the amount of

actual shortening between the two points. 

d) The shortening in DEMEC divisions was then translated to strains by the

formula given below.

Strain =
(Shortening in DEMEC divisions) * 0.0016mm.

200mm.

Since the DEMEC gage is a mechanical device, accuracy in measurements is limited

to ± 3 to 4 divisions, which translates to a total strain error of 48 to 64 micro -strains.

In addition to measuring the strain profiles, the beam camber and strand end

slips were recorded. Visual inspection for possible cracks was also performed.

9.2.4 Testing

All five specimens were fabricated and cast in a 500 ft. long prestressing

bed at the Texas Concrete Company's prestressing plant in Victoria, Texas. After the

specimens were cast and side forms removed, the top four strands were post-

tensioned. Then, the DEMEC points were mounted on the concrete surface. Initial

measurements between the DEMEC points were made couple of hours after their

installation to allow the points to firmly set on the concrete surface. The strands at the

specimen ends were marked with spray paint 1" from the outside face of the specimen

to get an initial location on the strand.  
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The strands were released gradually with a sophisticated hydraulic system

that was available in the prestressing bed. After release, another set of DEMEC

readings were taken, camber in the U-Beam specimens was measured, and all end slip

measurements were made. A thorough visual inspection of the specimens was made

to check for flexural, splitting or any other cracking in the concrete.

9.2.5 Presentation of Test Results

9.2.5.1 U-Beam Specimens

Compression strains as explained earlier were plotted along the length of the

specimen. Results for specimen ends U1-N, U2-N and U2-S are shown in Figure 9.4.

The results shown at each end of the specimen are an average of the measured strains

obtained from the two sides of the specimen. 

The strain at any given station as seen in the plot corresponds to the strain

measured across the entire gage length with the gage centered at that station. For

example, the strain at a distance of 11" from the end of the beam represents the strain

measured with one end of the gage placed at about 7" and the other end of the gage

placed at about 15" from the end of the beam. The first DEMEC point was installed at

a distance of 1" from the end of the beam to facilitate measurement. This meant that

the first raw data point was at a distance of about 5" from the beam end. The raw data

for each end was smoothed to the third order, which resulted in two data points being

lost, the first and the last. Thus, the first data point plotted in Figure 9.4 gives the

strain at a distance of 7" from the end of the beam. 

The strain profiles reflect a combination of the strains produced due to the

transfer of prestress, debonding and dead load moments. The compression strains

increase gradually from the ends of the beam and are fairly constant midway in the

beam. There is however, no clear transfer length that can be determined from the

data. 
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The results from the bottom flange specimens are not discussed in this

report. They are available in Technical Memo #1.

9.2.5.2 End Slip Data and Visual Inspection

The end slips of the fully bonded and debonded strands suggest that all

strands had transferred the prestressing force effectively into the concrete. However,

there was considerable scatter in the end slip data. An estimate for the transfer length

of the strands could not be determined indirectly either. The effectiveness of the

debonding was observed based on the greater slip for the debonded strands.

The specimens were inspected thoroughly for any cracking that might have

occurred in the concrete after transfer. Of particular concern were longitudinal

splitting cracks in the end region where the concrete cover was 1.83 inches. No

longitudinal splitting cracks were observed on the surface of the concrete, indicating

that the concrete cover in combination with the confining reinforcement provided was

adequate to use with 0.6-inch diameter strand. 

One week after the casting, the beams were inspected once again to observe

if any cracking had occurred. The U-Beams now had new support conditions, in that,

the span of the beams had reduced from 57'-6" to 47'. Minor cracking was observed in

both the U-Beam specimens as shown in Figure 9.5. These cracks most likely formed

because of lack of reinforcement at the cracked location shown in the figure. The new

support conditions also caused the solid heavy end block on the cantilever side of the

U-Beam to pull away from the top flange, which was under compression from the

post-tensioning. Additional flexural cracking in the top fibers of the U-Beams

occurred as shown in the same figure, at and close to the new supports because of

negative moments introduced in the beams due to the new support conditions.
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9.2.6 Discussion of Test Results

As mentioned earlier, the main purpose of the analytical research was to

understand the behavior of the end regions of the prototype U-Beams after transfer.

One of the main concerns for these beams was potential longitudinal splitting of the

concrete surrounding the bottom layer of strands especially in the end 2 to 3 ft. of the

beams. However, no cracking was observed on the concrete surface after transfer. 

The transfer length of the fully bonded and debonded strands could not be

determined from the measured concrete strain profiles, although the strain profiles

clearly indicated that the prestress was transferred to the concrete. This could be

attributed to the following possible reasons: The end block was causing a shear lag

because of the sudden change in cross-section of the U-Beam from the solid end

block to the U shape of the beam. Another reason could be that the staggered

debonding of the strands was causing overlapping transfer zones of the fully bonded

and the debonded strands. Hence, a clear plateau from one stress level to another

stress level was not visible.

This prompted a detailed analytical investigation of these beams. A three

dimensional finite element analysis of the U-Beam prototype cross-section was

performed. The analysis was carried out using a widely used all purpose finite

element software called ABAQUS 
[54]

 in combination with the ANACAP 
[43]

software. 

9.3 FINITE ELEMENT ANALYSIS 

9.3.1 General

A three dimensional finite element analysis of the U-Beams was performed

to determine the effects of providing the end blocks on the behavior of the beams at

transfer. The 54" deep cross-section of the prototype U-Beam was modeled. To keep

computation costs to a minimum, only one quarter of the beam was modeled by
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taking advantage of symmetry in the beam cross-section, loading and boundary

conditions.  

The analysis was carried out in two parts. In the first part, the end region of

the U-Beam was studied by either including or excluding the end block in the

analysis. All strands were assumed to be fully bonded in this part to isolate the effects

of debonding on the end region stresses. The beam was also modeled without

including any mild steel reinforcement to eliminate its effect on the end region

stresses. In the second part, the U-Beam was modeled like the actual test specimen to

obtain a more accurate comparison of the analytical and experimental results.  

9.3.2 Finite Element Modeling 

9.3.2.1 Modeling Approach 

The U-Beams were modeled keeping in mind the very high CPU (Central

Processing Unit) costs on the CRAY Y-MP Super Computer which was used for the

analysis. A significant reduction in costs was achieved by utilizing the symmetry in

the geometry, loading and boundary conditions of the U-beam. The U-Beam is

symmetrical in cross-section about the vertical i.e. 'y' axis and along its length about

the centerline of the beam (see Fig. 9.1). The loading and boundary conditions during

the test were symmetrical and hence, only one quarter of the beam was sufficient to

be modeled.

The entire test specimen length of 53' 6" was not modeled in the analysis.

As mentioned earlier in the report, the specimen length of 53' 6" was required to

accommodate the debonding lengths of the strands. Since, the end block was

expected to affect mainly the end regions of the girder at transfer, the entire length of

the beam was not modeled. A model length of 240 inches was considered adequate

for the analyses where the end block was included. In the analysis where the end

block was not included, a model length of 90 inches was chosen. 
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Unless mentioned, all strands for both parts of the analysis were assumed to

have a transfer length of 18". The assumed transfer length was based on the slightly

rusty condition of the strands and previous research 
[48,50]

 on the transfer length of

0.6-inch diameter strand in high strength concrete. The shape of the transfer length

curve was assumed to be linear throughout the entire analysis. 

9.3.2.2 Meshes

Two different meshes were developed for the analysis depending on

whether the end block was included or excluded in the analysis. Figure 9.6 shows the

U-Beam mesh with the end block. The model shown in the figure has a length of 20

feet (240 inches), which represents a beam with an actual total length of 40 feet. The

U-Beam mesh without the end block is shown in Figure 9.7. The length of the model

in this case is 90 inches. 

The element length selected for all cases analyzed was 6 inches. The basis

for the selection of this value was the economy in computation and accuracy of the

finite element solution. The 6-inch element length was also convenient in modeling

the 18 inch length of the end block and the initial stresses in the fully bonded and

debonded strands because the transfer length of the strands was assumed to be 18

inches in most of the cases analyzed. Other element lengths considered were 4 inches

or 12 inches. An element length of 12 inches would result in more economy but a

much coarser mesh, and lesser accuracy of the solution. On the other hand, a 4-inch

element length would be more expensive, although it would provide a slightly better

accuracy of the solution. Another factor considered while selecting the element

lengths was the distance between the DEMEC points installed on the concrete surface

of the U-Beams. The strains measured were at an interval of 8 inches. The six inch

element length was smaller than the eight inch interval and hence adequate for

comparison purposes. 
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The mesh with the end block (240 inch. long) was used in both parts of the

analysis. In PART I, the mesh was used with all strands fully bonded (Figure 9.8-a)

and without any non-prestressed reinforcement. In PART II, the mesh was used with

both fully bonded and debonded strands (Figures 9.9-a, b) and with the non-

prestressed (mild steel) reinforcement layout. 

The mesh without the end block (90 inch. long), was used only for PART I

of the analysis. For this case, all strands were fully bonded. This mesh is shown in

Figure (9.8-b). Additional details about the two meshes are provided below.

Mesh with the End Block: PART I

The U-Beam mesh including the end block utilized the solid eight node

linear elements from ABAQUS. This mesh was used in both parts of the analysis. The

end cross-section of the mesh is shown in Figures (9.8-a) and (9.9-a) for both parts of

the analysis. A total of 1025 elements were present in this mesh. The mesh size used

along the depth of the U-Beam cross-section was based on being able to adequately

model the flexural behavior of the beam, i.e. to obtain a clear strain gradient in the

beam under loading. 

The steel strands were modeled as linear truss elements that could resist

axial forces only. The truss elements were rigidly connected to the eight node

elements at the corners. Hence no relative slip between the strand and the concrete

was allowed. The nodes served only to transfer forces between the strand and the

concrete. The locations of the steel elements are shown in Figure (9.8-a). The steel

elements were placed in two layers. The modeling of all three layers of strands

according to the prototype U-Beam section (Figure 9.2-a) would require an additional

row of 200 concrete elements in the model. Hence, to reduce computation costs, the

strands from the bottom two layers of the prototype cross-section were lumped

together into several equivalent groups but placed in a single layer. 
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The location of the lumped strands in the model as shown in Figure (9.8-a)

were at a level corresponding to the center of gravity of all the strands from the

bottom two layers of the prototype section. Hence, for grid point (26.54,3.11) eight

fully bonded strands were lumped together. For grid points (32.28,3.11), (38.19,3.11)

and (44.1,3.11) six fully bonded strands were lumped together. For grid point

(48.03,3.11) which was along the centerline of the cross-section, only one fully

bonded strand was considered. 

The strands in the top most layer of the prototype cross-section were

modeled as fully bonded strands. Their locations in the model were the same as in the

prototype. The strands were lumped together as follows: for grid point (26.54,6.06)

one fully bonded and three debonded strands were lumped together, for grid point

(32.28,6.06) three debonded strands were lumped together, and for grid point

(38.19,6.06) two debonded strands were lumped together. The strands that are shown

as debonded in the prototype section were treated as fully bonded strands in the

analysis. The non-prestressed reinforcement was not included in this part of the

analysis.

Mesh with the End Block: PART II

The 240” long mesh shown in Figures (9.9-a) and (9.9-b) was used for

PART II of the finite element analysis where the actual test specimens were modeled.

The non-prestressed (mild steel) reinforcement was modeled to include the slight

effects of the rebar on the end region stresses and for computational accuracy. It

should be noted that for uncracked sections, modeling of the rebar is generally not

necessary. The details of the non-prestressed reinforcement that was modeled are

shown in Figure 9.10. 

The debonding patterns along with respective debonded lengths that were

used in specimen ends U1-N, U2-N and U1-S were modeled for this portion of the

analysis. The debonded strands were lumped together as follows: for grid point



220

(26.54,6.06) one fully bonded and three debonded strands were lumped together, for

grid point (32.28,6.06) three debonded strands were lumped together, and for grid

point (38.19,6.06) two debonded strands were lumped together. It must be noted that

some of the debonded strands lumped in a group had different debonded lengths. The

effect of the different debonded lengths was accounted for in the analysis.

Mesh without the End Block: PART I

The U-Beam mesh without the end block was modeled with 20-node brick

elements from ABAQUS. This mesh was only used in PART I of the analysis. The

length of the model in this case was 90 inches. In the absence of the end block, the

entire length of the U-Beam was not required to be modeled because the disturbed

region at transfer was closer to the end region of the beam. 

The 20-node element was chosen to compare the accuracy of the 20-node

brick element versus the 8-node brick element. Using a 20-node brick element for the

240 inch long mesh would be prohibitively expensive. The 20-node brick element,

which has a quadratic interpolation, was expected to give a more accurate distribution

of the strain profiles and stress contours compared to the 8-node brick element. 

The cross-section of the mesh in this analysis was similar to the previous

mesh except that the end block was absent at the end of the member. The mesh cross-

section for this analysis is shown in Fig (9.8-b). All the strands were assumed to be

fully bonded in this part as described previously. The strands were modeled in an

identical manner as the mesh with the end block described above. For this part, the

mild steel reinforcement was not included in the model.

9.3.2.3 Loading  

The only external loading that the U-Beam specimens were subjected to in

addition to their self-weight was the dead load from concrete blocks placed on top of

the beams before transfer. The purpose of providing the blocks was to control the top
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fiber tension stresses in the central region of the U-Beam at transfer. The effects of

the dead loads were considered in the analysis indirectly, since the span of the

modeled beam was 40 feet as compared to the actual specimen length of 53 feet and 6

inches. 

The average initial stress in the strands was taken as 202.5 ksi based on the

on-site tensioning report 
[52]

. The initial stress for the fully bonded strands was

defined directly in the model. In the case of the debonded strands, the stress profile

for each lumped group of strands was defined indirectly in the model. The total force

profile for the group of strands being lumped together was first plotted. This profile

reflected the debonding pattern of each strand in that group, since the debonding

lengths varied for each pair of strands in the top layer of the U-Beam prototype

section (see Fig 9.2-a). Hence, the total force for the lumped group of strands at any

section along the beam length was the sum of the stress times area of each strand

(whether debonded or fully bonded) at that section. 

The total force profile was then converted back to a stress profile for the

lumped group of strands, which was essentially like a stress profile for one fictitious

strand with a cross-sectional area equal to the total cross-sectional area of all the

strands in the group. This procedure resulted in producing prestress forces identical to

the test specimen at any given cross-section along the beam length.

9.3.2.4 Boundary Conditions  

The U-Beam specimens were modeled as simply supported at transfer. Since

one quarter of the beam was analyzed, appropriate boundary conditions reflecting the

symmetry of the beam in the X-Y and Y-Z plane were input in the program. 

9.3.2.5 Finite Element Software Package

The finite element software used for this analysis was the widely used

general purpose ABAQUS 
[54]

 program. This package was available on the CRAY Y-
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MP Super Computer owned by the University of Texas System. The concrete

material model, pre- and post-processors was provided by Anatech Research

Corporation's ANACAP 
[43]

 program that worked in conjunction with the ABAQUS

program. 

 

9.3.3 Presentation of the Analytical Results

9.3.3.1 General

This section provides the results from the various analyses conducted. The

results are presented in the form of stress contours and strain profiles for each of the

cases analyzed. The strain profiles are provided along the exterior face and along the

centerline face of the beam at a level of 6.06" and 8.19" from the bottom edge of the

beam. The term "centerline face" is defined here as the face or plane cutting the U-

Beam cross-section along its centerline (Figure 9.11). This definition will be used

throughout the report. 

The 6.06" and 8.19" levels correspond to the levels of the bottom and top

edges of the third (top most) row of elements in the bottom flange of the U-Beam

model. The strain profiles at the level of the DEMEC points are also plotted in certain

cases. The values of the strains at the level of the DEMEC points are arrived at by

taking an average of the strains at the 6.06" and the 8.19" levels, since the DEMEC

points were installed about 7" above the bottom edge of the U-Beam. 

Stress contour plots of the models with and without the end block are

studied to determine the effect of the end block on end region stresses. The strain

profiles from the U-Beam test specimens modeled in the second part of the analysis

are compared with strain profiles obtained from the experimental results. 

9.3.3.2 PART I: U-Beam analysis without the end block 

The U-Beam was modeled without the end block to examine the distribution

of the end region stresses if the U-Beam section was prismatic as shown in Fig. 9.7.
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To further aid in the comparison of the effect of the end blocks, other variables such

as debonding and the influence of rebar were eliminated from the analysis. The

results from the analysis are provided below.

The strain profiles along the exterior face and along the centerline face are

shown in Figure 9.12. The strains are plotted at a level of 6.06" from the bottom edge

of the beam. The figure indicates that in the transfer zone, the pre-compression along

the centerline face is much higher compared to the exterior face. For example, at a

distance of 12 inches from the end of the beam, the compression strain along the

centerline face point is 620 microstrain compared to 350 microstrain at the exterior

surface. A plausible reason for this phenomenon is the shape of the U-Beam itself.

The presence of the web in the U-Beam causes a shear lag, as the forces are

transferred from the bottom flange of the U-Beam to the webs. 

This is seen more clearly in Figure 9.13, where the longitudinal stress

contours (σzz) are plotted in the X-Z plane at a level of 6.06" from the bottom edge of

the beam. The transfer length based on strains along the centerline face profile

matches very closely to the assumed transfer length of 18 inches in the analysis.

However, the transfer length based on the exterior face appears to be about 72 inches.

Hence, although the section is prismatic i.e. without the end block, the transfer length

based on strains along the exterior face of the beam near the location where

experimental measurements were made is much higher than the assumed transfer

length of the strand.

The shape of the strain profile at level 6.06" along the centerline face as

shown in Figure 9.12 shows that the concrete strains between a distance of 18 to 72

inches from the beam end are higher than the average compressive strain in the

section due to the prestress (based on a plateau strain at a distance of about 72 inches

into the beam). This observation shows that the concrete fibers in the bottom flange

of the U-Beam close to the centerline face of the beam and up to a distance of about
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72 inches from the end of the member get pre-compressed more than the average

compression stress in the section. 

Another significant result obtained from this analysis is the vertical stress

σyy in the web of the U-Beam after transfer. Plots of the principal tension stress

contours (Figure 9.15) and the vertical stress contours (Figure 9.16) in the end cross-

section of the U-Beam, show extremely high tension stresses in the web of the beam.

A maximum principal tension stress of about 2400 psi. is observed in the lower

interior region of the web. This stress is at least 2.5 times the splitting tensile strength

of the high strength concrete used in the beams. 

These high tension stresses in the web are concentrated in the end 18 inches

of the U-Beam (Figure 9.17) with the stresses being greatest in the very end section

of the beam and decreasing gradually along the transfer zone of the beam. These

stresses are high enough to cause a splitting of the web in the region where the

stresses exceed the tensile strength of the concrete. It should be noted that the strands

in this analysis were all fully bonded. It is expected that debonding of some of the

strands in the transfer zone will reduce the magnitude of the tension stress in the

observed above.

9.3.3.3 PART I: U-Beam analysis with the end block

This section provides results with the end block included in the analysis. All

conditions are similar as in the previous section, except that the end block is included

in the analysis. 

The strain profiles along the centerline face and the exterior face of the U-

Beam at a level of 6.06 inches and 8.19 inches respectively are shown in Figure 9.18.

The strain curves at 6.06 inches are higher than the strain curves at 8.19 inches

because of the strain gradient in the beam from the prestressing moment. The moment
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causes the bottom layers of the beam to have more compression compared to the top

layers. 

The strain profiles shown in Figure 9.18 are different on the exterior face of

the beam and along the centerline face of the beam at both levels, i.e. 6.06" and 8.19"

similar to the analysis from the previous part. Along the exterior face, the strains

increase gradually and plateau at about 72 inches. This length is about the same as in

the analysis without the end blocks. 

The strains along the centerline face of the beam at a level of 6.06" peak at a

distance of 24 inches from the end of the beam, however the peak strain is greater

than the plateau strain by 11%. The region of stress above the plateau stress (also

referred here as "overstress") is from 18" to 96". The centerline face strain profile at

the 8.19" level is similar except for one major difference. The effect of the end block

is clearly seen in this profile. The strain at a distance of 18 inches is 260 microstrain.

The strain at the same distance of 18 inches, but along the exterior face is 560

microstrain. This suggests that the effect of the end block is localized to the top fibers

of the bottom flange between the two webs. 

Another interesting observation is the shear lag effect. There are two shear

lag effects at this level and they are opposite in nature. From a distance of 0" to 21",

the centerline face strains lag the exterior face strains due to the end block, and from

21" to 96" the exterior face strains lag the centerline face strains. The slope of the

curve illustrates the shear lag effect. Up to a distance of 18", the slope is relatively

less steep compared to the slope from 18" to 24" where there is a sharp change in the

slope. It is between 18" and 24" that the transition of the end block section to the U-

Beam section is felt by the U-Beam. Also, the region of overstress at this level is

between 24" and 96" with the peak strain exceeding the plateau strain by about 11%.
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The effect of the end block on the vertical stresses in the webs of the U-

Beam can be observed in Figure 9.19. This figure shows the vertical stress "σyy "

contours on the end face (Z=0") cross-section of the U-Beam. The presence of the

end block causes a significant reduction in the vertical stresses, with an average

maximum value of about 456 psi, which is below the splitting tensile strength of the

concrete used in these beams. 

The longitudinal stress "σzz " contour plot along the exterior face of the U-

Beam is shown in Figure 9.20. The plot shows the variation of the stress along the

length of the beam and across the depth of the beam on the exterior face of the web.

The stress contours show that the average tension and compression stress in the top

and bottom fibers beyond the transfer zone of the U-Beam was about 755 psi and

4350 psi, respectively.

An alternate way of studying the effect of the end block on the end region

stresses is to superimpose results from both the analyses and then observe the

variations in the strain profiles. Figure 9.21 shows the strain profiles on the exterior

face of the U-Beam specimen with and without the end block in the analysis at the

level of the DEMEC points i.e. about 7" from the bottom of the beam. The curves

have almost the same shape, except that the curve with the end block is slightly offset

from the one without the end block.

The strain profiles along the centerline face at a level of 6.06" are plotted for

both cases in Figure 9.22. The profiles are almost identical with and without the end

block in the analysis. This shows that the stress disturbance due to the end block is

above the level of 6.06". This observation is confirmed from the strain profiles at the

8.19" level shown in Figure 9.23. The figure shows that the end block affects the

strains in the top fibers along the centerline face of the bottom flange of the U-Beam. 
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The presence of the end block affects the slope of the strain profile from 0"

to 18". From 18" to 24" there is a sharp increase in the strain well above the plateau

strain. This strain peaks at a distance of 24" and starts dropping off to the plateau

strain value. In the case without the end block, the strains in the concrete increase

gradually, with the peak strain occurring between a distance of 24" to 30". The strains

then gradually drop to the plateau strain value.  

9.3.3.4 PART II: U-Beam test specimens

This section presents results from the second part of the analysis wherein the

U-Beam test specimens were modeled. As explained earlier, the model for this

analysis had the exact debonding pattern, rebar layout and loading conditions as the

test specimens. The purpose of the analysis was to determine how the experimental

results compared with the analytical results. 

The strain profiles along the exterior face and along the centerline face at

both levels, i.e. 8.19" and 6.06" are shown in Figures 9.24 and 9.25, respectively. At

the 6.06" level (Figure 9.24), the shear lag effect is observed for the fibers of concrete

along the exterior face of the beam. The strain profile is not like the smooth curve

seen in PART I of the analysis. This is because some of the strands are debonded and

not fully bonded as was assumed in PART I. 

The effect of the end block on the concrete strains in the region close to the

centerline face of the U-Beam is seen once again in Figure 9.25. The debonding of

the strands shifts the peak strain along the centerline face from the earlier 24” to 60".

Also, the amount of overstress that was previously observed in the transfer zone gets

reduced due to the debonding of the strands. 

The transfer length of the strands for this cross-section based on the

observed strains along the exterior face of the U-Beam from either the 6.06" or 8.19"

levels is about 96". 
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The displaced shape of the U-beam model before and after transfer is shown

in Figure 9.26. The figure shows the camber in the beam after transfer and the

rotation of the section due to bending at the end of the beam. A partial deflection

profile along the specimen length is shown in Figure 9.27. 

The concrete strains measured on the exterior face of the U-Beam specimen

ends U1-N and U2-N are plotted along with the strain profile obtained from the FE

analysis in Figure 9.28. The strains are plotted at the level of the DEMEC points to

facilitate comparison. The analytical and experimental strain profiles show a

favorable agreement with each other. The analytical results are based on an assumed

transfer length of 18". The slope of all three curves in the transfer zone is almost

identical. This suggests that the assumed transfer length of 18" is a good estimate for

the 0.6-inch strands that were used in the beams. 

To verify this hypothesis, another analysis was carried out assuming a

transfer length of 36" for the strands. The results from that analysis are shown in

Figure 9.29. It can be clearly observed that the shape and slope of the curve with the

36" transfer length is quite different from the other three curves in the figure.

However, after a distance of 108" into the beam, the assumed transfer length whether

18" or 36" does not affect the strain profiles.

9.3.4 Summary of Results

9.3.4.1 PART I: Comparison of U-Beam with and without end block

This section provides a summary of the results from the first part of the

analysis in which the U-Beam was analyzed with and without the end block.

1. The shape of the U-Beam has an influence on the distribution of longitudinal

compression stresses in the X-Z plane of the U-Beam. A shear lag effect is

observed for the stresses and strains along the exterior face of the U-Beam. This

phenomenon is seen in Figures 9.12 and Figure 9.13, wherein the strains or
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stresses depending on the figure being considered have smaller values towards the

exterior face compared to the centerline face of the U-Beam. The presence of the

web of the U-Beam causes a shear lag, as the forces are transferred from the

bottom flange to the web of the U-Beam. 

2. The shear lag effect tends to increase the distance in which the compression

forces are transferred to the concrete along the exterior face of the member. This

does not reflect the actual transfer length of the strand itself. In Part I of the

analysis, the actual analytical transfer length of the strand was 18 inches,

however, the distance required for the concrete strains on the exterior face of the

member to attain a plateau is 72 inches. In Part II of the analysis where debonded

strands were used, this distance increases to 96 inches. 

3. The strains in the transfer zone of the U-Beam along the centerline face at levels

of 6.06" and 8.19" are higher than the plateau strain. This behavior is observed in

both cases, i.e. the U-Beam with and without the end block. For the U-Beam

without the end block (Figure 9.12), the strains at both the 6.06" and 8.19" levels

increase gradually to a peak strain at about 24" into the beam. The peak strain

value is about 11% higher than the plateau strain value. The strains after attaining

the peak value gradually drop off to the plateau strain value. This region of

overstress is between 18" and 72" in the U-Beam without the end block, and

increases up to 96" in the U-Beam with the end block (Figure 9.18). The peak

strain when the end block is included in the U-Beam is the same as without the

end block, i.e. about 11% higher than the plateau strain. 

The overstress region is localized and limited only to the region close to the

centerline face of the U-Beam. 

4. The webs of the U-Beam without the end block undergo high vertical splitting

stresses at transfer. This is observed in Figures 9.15 and 9.16 where the principal
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tension stress and vertical splitting stress profiles are plotted. The magnitude of

the maximum tension in the lower inner region of the web is about 2400 psi.  

5. The end block is very effective in handling the large vertical splitting stresses that

can occur in the webs of U shaped Beams. This is shown in Figure 9.19 where the

maximum vertical stress in the end section of the beam is about 456 psi. The 18"

length of the end block is also adequate in this case, since most of the high

vertical splitting stresses occur within the first 18 inches of the beam.

In addition to providing the end block, use of vertical bars that is parallel to the

web in the end cross-sections of the U-Beam is highly recommended to arrest any

potential cracking.

6. The strain profiles along the exterior face of the U-Beam are not affected by the

presence or absence of the end block as originally thought. This can be deduced

from Figure 9.21 where the strain profiles with and without the end block are

plotted. The two profiles shown in the figure are almost identical. 

9.3.4.2 PART II: Comparison of analytical and experimental results

This section provides a summary of results from the second part of the

analysis where the actual U-Beam test specimens were modeled. 

1. The U-Beam model of the actual test specimens shows results that are similar to

the first part of the analysis. The strain profiles reflect the effect of the debonded

strands in these specimens. The shear lag effect is observed again as seen in

Figure 9.24.  The effect of the end block on the centerline face strain profiles as

seen in Figure 9.25 is similar to the previous analysis. 
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The overstress region in the top fibers of the bottom flange within the transfer

zone is greatly reduced or non-existent for the test specimens because of

debonding of the strands. 

2. The results from the analysis show very good agreement with the experimental

results. Figure 9.28 shows that with the assumed strand transfer length of 18" for

the analysis, the strain profiles on the exterior face of the beam match very well

with the results from test specimen ends U1-N and U2-N. The slope of all three

curves in the transfer region is almost identical, indicating similar rate of gain of

compression in the concrete. Due to the slight rust on the strand and the high

concrete strength at transfer (9030 psi), an 18 inch strand transfer is reasonable. 

This hypothesis is confirmed by looking at Figure 9.29, which provides the results

from the same analysis but an assumed transfer length of 36". The analysis with a

36 inch transfer length yields a different rate of gain of compressive strain

compared to the observed test results as opposed to the analysis with a 18 inch

transfer length where the slopes were more closely matched.  

9.4 Summary and Conclusions

This report presented results from a three dimensional finite element

analysis of the U-Beam specimens from Project 9-580, tested in September 1993. A

detailed report on the tests is available in Technical Memo #1 
[52]

.

The purpose of performing the finite element analysis was to gain an

understanding of the effect of the end block on the end region behavior of the U-

Beams. The analysis was performed in two parts: a) The first part involved studying

the U-Beam with and without the end block in the analysis. The beam was modeled

using two separate meshes, one containing the end block and the other without the

end block. In this part, all strands were modeled as fully bonded (i.e. without any

debonding) and the rebar was not included in the model.  b) The second part of the
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analysis involved modeling the actual U-Beam test specimens and comparing the

strain profiles obtained from the analysis with the measured strain profiles in the

field. The U-Beam model in this part had the same debonding pattern, rebar layout

and loading conditions that were present in the test specimens.

The results from the first part of the analysis indicated that there was a shear

lag effect produced in the U-Beam after transfer of prestress. The shear lag effect was

attributed to the geometry (U-Shape) of the beam. The presence of the end block did

not affect the strains along the exterior face of the U-Beam as originally thought.

Rather the end block had an affect on the strains in the top fibers of the central

portion of the bottom flange of the U-Beam. 

Large vertical splitting stresses were observed in the end cross-section of the

webs of the U-Beam without the end block. These stresses have a magnitude of more

than 2.5 times the splitting tensile strength of the concrete. With the end block, these

stresses were reduced substantially and prevented cracking in the webs of the U-

Beam. 

The strain profiles obtained by modeling the U-Beam test specimens

compared favorably with the strain profiles measured during testing. The results from

the finite element analysis agreed best with the experimental results when the

assumed transfer length for the strands was 18".

The following conclusions were derived from this study:

1) The concrete strains measured after transfer at the c.g. of all the strands (about 7

inches from the soffit of the beam) along the length of the U-Beams, compared

favorably with results obtained from a three dimensional finite element analysis

of the beam with an 18 inches thick end block.
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2) The analytical results and experimental data agreed best when a transfer length of

18 inches was assumed for the slightly rusted 0.6-inch diameter seven-wire strand

along with a concrete strength of about 9030 psi at transfer.

3) The 18 inches thick end block used for the U-Beams was very effective in

limiting the vertical splitting stresses in the end cross-section of the webs. Large

vertical tension stresses were observed in the end cross-section of the webs of the

U-Beam without the end block.

4) A shear lag effect was observed in the analysis for the fibers on the exterior face

of the U-Beam compared to the fibers along the centerline face. This effect was

attributed to the geometry of the U-Beam. 

5) The geometry of the U-Beam cross-section had an influence on the distance

required to attain a constant strain plateau. This distance was different from the

actual transfer length of the strand. This distance was independent of whether the

end block was present or absent at the ends of the U-Beam. 

6) The 18" end block had an affect on the stresses in the bottom flange of the U-

Beam. The effects of the end block were localized to the top fibers of the bottom

flange close to the centerline of the U-Beam cross-section. A sharp increase in

strain was observed in the analysis as expected when the concrete cross-section

changed from the solid U-Beam with the end block to the typical U-Beam cross-

section with the webs only.
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CHAPTER 10.  SUMMARY & CONCLUSIONS

10.1 SUMMARY

The research presented in this document is an in-depth analytical study of

the bond behavior of strand in the end region of pre-tensioned prestressed concrete

members, especially with respect to the transfer and development length of fully

bonded and debonded strands. A detailed analytical investigation of several

significant test specimens from Project 1210 
[35,48] was performed using the finite

element method and other numerical methods.

Previous research on the finite element modeling of pre-tensioned

prestressed concrete members is limited with very little available literature on the

modeling of the anchorage region of pre-tensioned members. The current

investigation involved developing a technique to model the transfer and flexural bond

region of a pre-tensioned member. 

 

The finite element model allowed for slip between the strand and the

concrete in the transfer and flexural bond zone of the member. The transfer zone was

modeled using transfer length test data from Project 1210. The constitutive model for

bond stress vs. slip in the flexural bond zone was based on results from Stocker and

Sozen’s [12] pullout tests. For some of the specimens in Project 1210 where poor bond

was observed, the flexural bond zone was modeled based on bond stress values

derived from a numerical analysis of measured crack widths and crack spacing for

these specimens. 

The finite element analysis allowed for modeling the cracking and crushing

behavior of the concrete, and the non-linear behavior of the strand. The concrete

material model was based on Anatech Research Corporation’s [43] special non-linear

concrete material module. This module worked in conjunction with the all-purpose
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ABAQUS [54] software. The analysis was performed using the elements and analytical

tools available in ABAQUS.

A typical analysis of a specimen first involved comparing the external

parameters such as the load-deflection relationship and the overall cracking response

from the test and the analysis. Assuming a favorable comparison of the external

parameters, which was usually obtained, the internal parameters such as the bond

stress, steel stress and concrete stress profiles determined analytically were examined

for the entire loading history of the test. The results from the finite element analysis

and observed test behavior of the specimens were used to arrive at conclusions for

each test. A general discussion of the analytical and experimental results was

presented in context of the entire research.

The results from the analytical and experimental work were used to develop

a simple behavioral model to determine the development length of 0.5-inch and 0.6-

inch strand for any pre-tensioned member containing fully bonded and debonded

strands. The model was tested against the different test series from Project 1210 and

other relevant research studies. 

The research study concluded with a brief discussion on code implications

and general recommendations for design.

Several separate analytical studies were carried out during the course of the

current research investigation. These studies did not have a direct bearing on the

outcome of the current research, however, they supplement the current research work

and add useful research data on the finite element modeling of pre-tensioned

prestressed members. 
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10.2 CONCLUSIONS

The following significant conclusions were derived from the various

analytical investigations conducted during the current research. Additional

conclusions with more details are provided for each study in the individual chapters.

Finite Element Modeling of Fully Bonded and Debonded Specimens from

Project 1210

1. The transfer and flexural bond region of pre-tensioned members can be modeled

using the finite element approach which was developed in this research. This was

demonstrated by analyzing the fully bonded and debonded strand specimens from

three test series of Project 1210. The overall results from the analysis of the

specimens compared favorably with the test results. In each case, the results from

the analysis matched well with the external parameters from the test, such as the

load vs. deflection curve and the overall cracking pattern. 

2. The finite element analysis of the specimens provided useful information

regarding internal parameters such as the steel stress, bond stress and concrete

stress distribution along the length of the member at all load levels, i.e. from

application of initial prestress, first cracking and up to failure. This information

could not be determined experimentally, and hence knowledge of the internal

parameters provided an in-depth understanding of the actual behavior of each test

specimen during the course of the test. This information translated into

understanding the overall problem of transfer and development length of strand.

3. The following criterion governs strand development for fully bonded and

debonded pre-tensioned members: ‘It is essential that the integrity of the

anchorage or debond/transfer zone of the member be maintained up to the failure

load of the member to attain a ductile flexural failure without slip’.
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The integrity of the transfer zone can be severely affected by the occurrence of

cracking (web-shear, flexural, or other) inside or just outside of the transfer zone

prior to the member achieving its ultimate flexural failure load.  

4. The location of the last flexural crack from the end of the transfer zone and the

load at which the last flexural crack occurs with respect to the failure load is

significant in determining the outcome of a development length test.

If the last flexural crack is close to the transfer zone, the tail of the bond stress

wave will penetrate the transfer zone.

5. Specimens in which the distance of the last flexural crack from the end of transfer

zone was 18 inches and greater had flexural failures without end slip. Most

specimens where the last flexural crack was less than 18 inches from the end of

the transfer zone had bond or shear failures or a combination thereof.

6. Modeling of the specimens with poor bond showed that poor bond between the

strand and concrete results in substantially long transfer lengths, longer flexural

bond lengths and hence much longer development lengths.  

7. The development length of the strands for members with debonded strands is

affected in the way the debonding of the strands is terminated in the transfer zone

of the member. It is imperative that the termination points of debonding in a

member with debonded strands be staggered and not concurrent.

8. The finite element analysis of the specimens from the debonded series of Project

1210 compared well with the test results and the Russell and Burns [48] failure

prediction model.  

9. A simple behavioral model is proposed to determine the development length of

0.5-inch and 0.6-strand in pre-tensioned prestressed members with fully bonded
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and debonded strands. The proposed model is based on satisfying the following

criteria required for achieving a ductile flexural failure without end slip and is

applicable for most common cross-sections used in practice:

a) Preventing web-shear cracking from occurring in the transfer or

debond/transfer zone of the member. 

b) Limiting the zone of flexural cracking to a certain distance La from the end of

the transfer zone. The recommended value for La is 18 inches. Members with

poor flexural bond may require that this distance be increased.

10. It is recommended that a periodic review of end slips at transfer or an alternate

method of quality assurance be a mandatory part of quality control/assurance in a

precast plant to monitor overall strand bond conditions at transfer. 

11. The development length of 0.5-inch and 0.6-inch strand for the AASHTO type

and rectangular cross-sections from Project 1210 compared favorably with the

current code equation. The development length of members containing debonded

strands can be less than the current (2.0 dL ) requirement.  

Axi-Symmetric Finite Element Analysis

1. The state of stress in the concrete surrounding the strand in the transfer zone of a

pre-tensioned member is three-dimensional with a complex stress distribution.

Very high radial and circumferential stresses produced due to transfer cause

internal localized crushing and splitting cracks within the concrete in the

immediate vicinity of the strand. These cracks are not visible on the surface of the

member.  

2. Debonded strands produce a stress concentration in the concrete immediately

behind the termination point of the debonding. This stress concentration can be

detrimental to the performance of the member, if all the strands are debonded to
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the same length, i.e. if they are concurrently debonded. Hence concurrent

debonding should be avoided.

Finite Element Analysis of U-Beams from Project 9-580

1. The measured concrete strain data at the center of gravity of the strands along the

exterior face of the U-Beam compared favorably with a 3-D finite element

analysis of the beam with the end block.

2. The finite element analyses showed that a shear lag effect caused different strains

in the fibers on the exterior face of the U-Beam compared to the fibers along the

centerline plane for the cross-section. This effect was attributed to the geometry

of the U-Beam. The shear lag caused the compressive strains on the exterior face

to attain a constant strain plateau at a distance that was different then the actual

transfer length of the strand. The observed shear lag effect was independent of the

presence or absence of the end block at the ends of the U-Beam. 

3. The use of end blocks is very effective in limiting the vertical tension stresses

created in the webs of U-Beams at transfer of prestress.
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GLOSSARY

Aps area of prestressing steel
dp strand diameter
Ec modulus of elasticity of concrete
Es modulus of elasticity of steel
ES elastic shortening loss of stress in the strand
f’c strength of concrete (typically at 28 days)
f’ci strength of concrete at transfer of prestress
fi initial stress in strand before transfer
fps final effective stress in the strand after long term losses
fr modulus of rupture of concrete
fse final effective stress in the strand after long term losses
fsi stress in the strand after transfer but before long term losses
h overall depth of member
La distance between the last flexural crack or the point corresponding to the

cracking moment on the applied moment diagram to the end of the transfer
zone (Figure 8.44)

Lb length of debonding
Lcr distance from the last flexural crack to a point on the bond stress curve

where the bond stresses become negligible (Figure 8.4-d)
Ld development length
Le embedment length
Lfb flexural Bond Length
Lfbo distance between the tail of the bond stress wave that is propagating towards

the transfer zone and the end of the transfer zone (Figures 8.4-d and 8.44)
Lfbm minimum flexural bond length (Figures 8.4-d and 8.44)
Lnl distance along which inelastic slip occurs (Figure 6.16-a,c)
Lt transfer length
Lt distance between centerline of two cracks being investigated and the crack

location itself (Figure 6.16-a)
Lt-cr distance from the last flexural crack to the end of the transfer zone (also see

Figure 8.4-d)
Lud distance between the tail of the bond stress wave that is propagating towards

the transfer zone and the end of the transfer zone (Figure 8.4-d)
Mcr cracking Moment
Mn moment corresponding to nominal strength of the member
Mu moment corresponding to ultimate or strength at failure of the member
n modular ratio (Es/Ec)
ni modular ratio at transfer (Es/Eci)
Pflex applied load required for a flexural failure of the member
pi internal pressure
Ps perimeter of strand
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S(x) slip at a distance x (‘x’ measure from centerline between cracks as shown in
Figure 6.16-a)

uc radial movement of concrete after transfer (Figure 7.15)
umax maximum or peak bond stress capacity (Figure 6.16-c)
us radial movement (expansion) of strand after transfer (Figure 7.15)
uur radial movement of concrete after transfer in the unrestrained condition

(Figure 7.15)
u(x) bond stress at a distance x (‘x’ measure from centerline between cracks as

shown in Figure 6.16-a)
Vcw web shear cracking capacity of a member
νs poisson ratio of steel
νc poisson ratio of concrete
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