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ABSTRACT
EFFECT OF PARTIAL DEBONDING OF PRESTRESSING STRANDS ORAB END
CRACKING
By

Melissa Donoso Vidales

The use of shielded strands is an effective technique to rédylcéensile stresses in the
end region of prestressed concrete members. However, damage nalshef prestressed beams
with shielded strands has been increasingly experienced during productidelifi@s on the use
of debonded strands, such as the AASHTO Bridge Design Specificatiemsainly to address
concerns regarding the shear strength of pre-tensioned corleratnts. The bond behavior of
shielded 0.6 in. (15.2 mm) diameter strand was experimentally es@lbgtconducting studies
on unstressed (pull-out tests) and stressed (pretensioned beamsjecelements. The strands
were debonded using flexible sheathing. Experimentally calibratgd €lement (FE) models
were developed to simulate bond behavior of shielded strand and agbessedliced stress
state in the elements. The effect of partial strand debondingeoanichorage zone of bridge
girders was studied through FE simulations within the contextséea U-beam case study for
which evidence of damage exists. Pull-out test results showed nom@videresidual bond on
singular or doubly sheathed strand. However, experimentally delibraimerical simulations
showed that strand debonded with flexible-slit sheathing leads to duilgdl stresses along the
debonded length in the concrete due to strand dilation from Poisstets dhe use of rigid
oversized sheathing was shown to decrease stresses in thertragsbe and along the
unbonded length. A staggered distribution of the debonded strands can trezlimegitudinal

shear stresses created by the uneven distribution of prestress forcdseiantheross section.
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CHAPTER 1 INTRODUCTION: MOTIVATION AND

DESCRIPTION OF THE PROBLEM

1.1 Introduction

This chapter presents the motivation of this research and prefymbeckground
information. In addition, this chapter presents the description of theepmofr which this
research was undertaken and examples that provide a better aesaifphe issue. Moreover,
the research hypotheses, research objectives, the project phakdbke aorganization of the

report are also presented.

1.2 Background

Prestressed concrete members are extensively used as brnidgrs. The concrete is
precompressed when the tensile force in steel strands @&sedlento the concrete member.
Prestressed concrete members are made of high strengthalsatelowever, when the
prestressing force is released into the concrete membentherage zone is highly stressed,
which can result in beam-end cracking.

The use of debonded strands in the precast/prestressed industgialgspor bridge
girders, has been beneficial as it permits the reduction of the high &nssises close to the free
end of the members. In addition, by debonding some strands the frée ¢déripe strand is
increased by reducing the restraining effect at the beam ends [19]

Partially debonded strands are considered a better solution thasetloé draped strands

because of its easier implementation. Debonding is achieveatpnglplastic tubing around the



strand along the desired length in order to prevent bonding betweste¢hand the surrounding
concrete [27], as shown in Figure 1-1 and Figure 1-2. However, crackthg anchorage zones
of prestressed concrete beams containing unbonded strands have beeedoliseng the
production process, as shown in Figure 1-3 and Figure 1-4. There arefantorg that can
contribute to beam-end-cracking in prestressed concrete beifimblanketed strands, such as
the strand diameter, the compressive strength, the strand releasad sequence, the restraint
effect due to free lengths strand, etc. Thus, detailed evaludttbis complex problem has been

elusive.

Figure 1-1 Debonded Strand using Flexible Sheathing

(For interpretation of the references to color in this and all other figures, the readsfeised

to the electronic version of this thesis)

Figure 1-2 Photograph of a Shielded Strand using Rigid Debonding Material

There have not been many studies conducted regarding the caused twaeking in
prestressed beams. One of the most recognized works is teerahected by Mirza and Tawfik

[19]. They conducted experimental studies and developed a one-dimensioratalmodel to



sutdy the restraint effect in beam cracking. Mirza and ikafeund that the short free strand
length can cause beam-end cracking and recommended the free stgihddebe 5 percent of
the casting bed. Another representative study is that of Kagtnal. [13] who conducted
research to study the effects of strand release sequet@aonend cracking. Kannel et al. [13]
used experimentally validated three-dimensional continuum-type &lateent models with the
purpose of simulating the end region of a prestressed concrete bieiamstlidy also verified
that unbonded strands can minimize stress levels in beam-end regiomydasing the free
strand length and thus minimizing the axial restraint effect.

Since the problem of beam-end cracking is concentrated in the anclzorsgand the
involved parameters are many, a full experimental assessmeost-prohibitive. Numerical
simulations are thus more feasible; but they need to be ie&msiugh to represent geometry,
component interaction, and nonlinear material response.

Even though precast concrete fabricators follow the lastesgrdegiidelines when
dealing with debonded strands, end-cracking is still being observeuydine production of
some units. This is an important aspect that needs to be resolveteimto obtain high quality
products and maximize potential serviceability or durability perésrce. It shall be recognized
that the guidelines for the use of debonded strands provided by codesssineh FASHTO
Bridge Design Specifications [2] and the AASHTO Bridge DesConstruction Specifications
[2] are mainly related to the shear performance of girdersruselwice loads. Thus, these
recommendations are not aimed at avoiding possible end-crackingdersgiwith blanketed
strands during production.

While strand debonding has been in use with relative success fottismanéhe cracking

of beam-ends continues to be a problem. Furthermore, the idealizedp@sauthat an



“unbonded” strand does not transfer any forces to the concrete beadbpedragroven wrong
through ad-hoc tests [6]. Thus, a detailed evaluation on the bond bebhdebonded strand,
and its effect on the transfer of prestressing forces atrtle ef beams including cracking

potential is needed.

1.3 Problem Description

Blanketing of prestressing strands has become an effeativeiqeie to alleviate the high
tensile stresses in the anchorage region of pre-tensioned eoneashs during the strand release
procedure. However, end-cracking has been observed in some ge&sti@ncrete beams
containing debonded strands. Two examples made accessible foudlyisust the damage in the
end region of skew bridge beams with U- and Box-type cross€@][23][31] as shown in
Figure 1-3 and Figure 1-4. Figure 1-3 shows the end-cracking obott@mm of a skew-box
girder that occurred upon release of the prestressing strandsk@lWweangle of the box girder
was 40 degrees. Debonding of the strands was accomplished with dduldeisle sheathing
around the strand. In this study, the slit flexible sheathingbeiklso referred as soft debonding
material. The cross section of the box-girder is shown in FitpareThe reinforcing details and
location of debonded and fully bonded strands are also shown in this figure.

The damage to a skewed U-beam containing partially debonded stistmalun in Figure
1-4. The skew angle was 18 degrees. The strands were also debomded ssft sheathing
material. The cross section of the U-beam, the location of the olhded strands, and the
strand debonding pattern are shown in Figure 1-6. The U-girderakes &s case study for the
numerical simulations presented in Chapter 5 to investigate fibet ef debonded strands on

end-cracking in full-size beams.



Figure 1-3 Skew Box-beam damage observed during production [31]

Figure 1-4 End-cracking seen on U-beam during production [23]



The box beam had an overall debonding percentage of 37 percent. The bottam row
strands (Figure 1-5), 24 percent were debonded, and row 5 had 67 pereentstrands
debonded. The AASHTO Bridge Design Specifications [2] lim# humber of debonded
strands to 25 percent in total and to no more than 40 percent in a given single row.

Soft (slit) sheathing material offers a tight fit agaimetween the strand and the
surrounding concrete, which could lead to high radial pressure antiwdace of the two
materials as the strand tries to recover its original diaimepon release of the pre-tensioning
force. In some cases, it may be advisable to use a rigid (@p-apt oversized debonding
material to eliminate any degree of prestressing force ¢bald be transferred along the
debonded zone and to ensure that radial stresses would not develop asnthedishtes.
Pavelchak [23] and Sun [31] have recommended the use of un-split tebdhding material

when effectiveness of debonding becomes essential.
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1.4 Hypotheses and Objective

Even though the use of debonded strands decreases the high terssks strehe end-
region of prestressed concrete members, cracking in this zondeeras observed during
production. The research hypotheses behind this damage are:

1) Beam-end cracking could occur because the debonding mechanism usetbtdoes
effectively break the bond between the strand and the surrounding teortbres
allowing some transfer of the prestressing force where it was not accéamted

2) The radial stresses caused by the increased dilation pathally debonded strands
can be quite significant in the end region and the cause for cracking at therlokam e

3) The strand debonding pattern could lead to unbalanced forces resaltimgh
longitudinal shear stresses if all the blanketed strands areegroogether, which can
induce shear cracking at the beam end or a high-stress regioe am¢horage zone
that can compromise the shear strength.

The research objective of this study was to obtain a better usdirsy on the bond
behavior of partially debonded strands and its effect on beam-erdngampon release of the
prestressing force into the concrete member. Moreover, it waspoitance to investigate the
influence of concrete, concrete fluidity and confinement reinforcemeértius, the specific
research aims were:

e To characterize the basic bond behavior of bonded and debonded 0.6-in.-diameter
(15.2 mm) Grade 270 (1860 MPa) low relaxation prestressing strand.

e To study the effect of concrete fluidity using normal consolidatattrete and self-

consolidating concrete with bonded and debonded 0.6-in.-diameter (15.2 mm) strand.



e To study the effect of confinement from steel reinforcemerntherbond behavior of
bonded and debonded 0.6-in.-diameter (15.2 mm) strand.

e To develop high-fidelity finite element models that can emwuatend bond behavior
to further investigate the mechanisms of bond stress transfer ardiglosources of
damage.

e To study the effects of strand debonding on beam end cracking indherage zones
of small and full size beams through numerical simulations.

The research hypotheses were evaluated after analyzingpgkeneental and numerical
simulation results as presented in Chapters 3, 4, and 5. The objestvesachieved by

separating the study into three tasks as presented next.

1.5 Project Research Tasks

The research project was subdivided into the following three tagksstfand bond
behavior assessment, (2) strand bond behavior simulation, and (3) sEimuwaidies on
anchorage zones.

Task 1 focused on determining the fundamental bond behavior of 0.6-in.-didirteger
mm) Grade 270 (1860 MPa) low relaxation prestressing strand udiyendaded and partially
unbonded conditions. The objective of this first task was to generatetal@alibrate three-
dimensional finite element models for strand bond behavior simulatioask 2. The
parameters considered for the experimental phase (Task &) (econcrete hydraulic head, (2)
concrete fluidity (SCC), (3) confining reinforcement, and (4) sings. double layered slit
sheathing for debonding of the strand. Basic bond behavior was as$eesegth pull-out tests

on 6” (150 mm) diameter, 24” (610 mm) long cylinders with concentridrD-@iameter (15.2
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mm) strand. The effects of concrete fluidity were studied conduptiigput tests on wall-type
blocks containing 0.6-in.-diameter (15.2 mm) unstressed strand and bthit mermally
consolidated (NCC) and self-consolidating concrete (SCC) Finally, #ssdtansfer behavior of
fully bonded and debonded 0.6-in.-diameter (15.2 mm) strand was evaluatgghtlaboratory-
scale pre-tensioned concrete beams.

In Task 2, 3-D nonlinear FE beam models were developed for the laiyesaale beams
of Task 1 using the commercial finite element program ABAQWSand calibrated with
experimental data. The models used a concentric fully bonded @llgadébonded strand with
tight fit. The strand was simulated as a cylindrical rod laoad was simulated by the definition
of normal and tangential surface interaction properties betweeteitleand concrete parts of the
model. The coefficient of friction used in the tangential surfam#act interaction definitions
was calibrated with experimental data. The calibrated madels used to study the effect of
confining reinforcement along the transfer zone and debonded length.

Task 3 focused on the stress analysis of the anchorage #@ large-scale beam models.
A U-type cross section beam (seen Figure 1-6) was selastedse study based on evidence of
damage during production (Figure 1-4). Three-dimensional nonlinear nameradels were
developed using ABAQUS [1]. Four U-beam FE models were creatbdraalyzed to study the

effect of sheathing material and the arrangement of debonded strands.

1.6 Scope

The effectiveness of debonding using a single layer or doubér laf flexible-slit

sheathing was evaluated by conducting experimental studies onssadti@.6-in. (15.2 mm)
11



diameter fully bonded and debonded strand. Pull-out tests on unstreaseld stere conducted
to evaluate basic bond behavior associated with chemical adhesion ehdnioal interlock.

The effects of concrete fluidity and hydraulic head on the pospiddte infiltration of slit

sheathed strand were evaluated through pull-out tests on wall-likesbleioally, stress-transfer
behavior of fully-bonded and debonded strands was studied with laboratterypse@nsioned
concrete beams.

Additional investigations were carried out through high-fidelity etioal simulations.
Models of the laboratory-scale beam units were established bimchieal with the experimental
data to determine effective parameters for the simulation of slgmdesponse between strand
and concrete. Stress analyses on the anchorage zone of U-beathemeused to evaluate the
effect of flexible tight fitting debonding vs. rigid debonding matieas well as the influence of
strand debonding pattern on beam-end damage.

It was the goal of this study to provide recommendations to thegifpestressed
industry on the effects of the type of sheathing material, Isktdie or rigid (oversized),
arrangement of strand debonding distribution, and reinforcing confinemeéhé end zone of

pre-tensioned concrete members during production.

1.7 Organization of the Report

The present report has been organized into six chapters. Chapter degraviterature
review on the fundamental concepts of bond phenomena, end-cracking oespegsitoncrete
beams, top-strand effect, bond behavior on units cast with self-consgjidancrete, and a
summary of the most relevant studies related to the above mentopesi Chapter 3 reports on

the experimental program: tests units details, procedureststedsudings, and discussion of the
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results. Chapter 4 presents the numerical simulation of strand bloaddreon small-scale beam
models calibrated using experimental data. Results from the &teteent models, relevant
findings, and a discussion of the results are provided. This chaptempedsents theoretical
concepts behind the numerical models, such as the modeling attimelancrete behavior and
the modeling of friction contact interaction to simulate bond. Chdptprovides numerical
studies on anchorage zones of skew U-girders, including the ewaluzit “the as-built”

condition, parametric studies, and discussion of relevant findings. ®helusions and
recommendations of this study are presented in Chapter 6. The Appssddian provides

supplementary documentation of the results obtained in the experimental and riuasiica
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CHAPTER 2 BACKGROUND

2.1 Introduction

One of the goal of this investigation was to study the bond behatitunbonded”
strands since it may be possible that the use of flexiblefitghg sheathing could lead to high
radial stresses in the anchorage region can cause end-cra€kisig.it is needed to study bond
behavior in fully bonded strand to assess the different bond mecharibos a literature
review on this topic and how this has been studied in the past isw@ese this chapter. In
addition, a literature review on beam-end cracking in presttessecrete beams upon release
with and without debonded strands is also presented here. Moreover, cotenendations on
the use of unbonded strands in pretensioned concrete members are alsoizeaniFinally, an
overview of some of the possible causes behind the end-crackingamsbwith debonded
strands is presented. The chapter is organized as follows:

e Bond behavior in pretensioned concrete member including bond mechanisms,
e Transmission of prestresing force,
e End-cracking in pretensioned concrete beams, and

e Use of shielded strands in prestressed concrete girders.

2.2 Bond Phenomena in Pretensioned Concrete Members

When the steel is prestressed, bond is needed to hold the steelteimslen and
consequently precompress the concrete [27]. In prestressed eoappdications, the tensile

stresses of the pretensioned strand are fully transmittedhietooncrete member by bond. The
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bond transfer varies from zero at the beam end and increaseth@nghsile force in the strand

is constant, reaching the effective prestressing fiaggcd he region along which the prestressing

force is transferred to the concrete is often called therntrige®n or transfer zone. If cracking
takes place in the concrete member, the bond between the at@rde surrounding concrete
plays a significant role in governing flexural response andrdii@h Thus, it is important to
ensure a satisfactory bond quality to prevent bond-slip and thus udd&sitee mode in a
member. The bond mechanisms in pretensioned concrete membersantegorén the following

to better understand the components of bond between strand and the surrounding concrete.

2.2.1 Bond Mechanisms

The main factors that contribute to the bond between strand anartbersling concrete
are [12] adhesion, friction, and mechanical interlock. The bond betwes and concrete is
created by the chemical adhesion of the cement paste totrémel.sMechanical interlock
resistance follows from the geometry of the helical strandclwiprovides shear resistance
against the surrounding concrete. When the steel is prestressednietediis reduced, and as
the prestressing force is released into the concrete meindestiand expands due to its
Poisson’s ratio and creates a wedging effect in the anchoeggenr[12]. In addition, the
increase in the strand diameter causes a radial pressure mitdrface with the surrounding
concrete. As result, the longitudinal frictional forces prevensimgnd slip are increased. The
frictional forces depend on the radial pressure exerted on trmusding concrete due to the
dilation of the strand and on the coefficient of friction betwéentivo surfaces in contact. The
value of the coefficient of friction depends on the surfemeditions of the strand and it also

depends on the character of the cement paste [12].
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However, adhesion plays a minimal role because once there is slatinerslip of the
strand the chemical adhesion mechanism is broken. On the other hetrah fras a significant
contribution in the development of transmission of shear or bond strbssause it prevents
strand-slip along the transfer zone. The strand upon releasat&rq@retensioned state at the
abutments locally recovers its original diameter causingdgivg effect in the end-region (see
Figure 2-1) known as Hoyer’s effect. To develop frictional bomesses, radial compressive
stresses are needed. These radial compressive stressesdém@\adtibuted to the Hoyer effect
because the reduced diameter of the steel causes radiséstassthe strand tries to recover its
original diameter upon release. The Poisson’s expansion causes compressionquéapéndne
steel-concrete interface as shown in Figure 2-1. As a rebeltcdncrete is precompressed.
Moreover, shrinkage of the concrete can also contribute to thd cadmpressive stresses that
cause frictional resistance [4]. Figure 2-1 shows an scheroétihe Hoyer effect upon
detensioning and the radial stresses at the interface strdred and the surrounding concrete.
Figure 2-2 shows a schematic of the transverse tension froprdatensioned strand to the wire
and transverse compression toward the strand. High bond stresseséiog ohethe zone of the
radial compressive forces due to the Hoyer effect, whittheisnain contributor to bond between

the strand and the surrounding concrete.
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2.2.3 Bond Strength Determination

The bond between steel and the surrounding concrete can be determimesrisy of
analytical, experimental or numerical approaches. A summagomwie of the most relevant

studies on bond strength determination are presented next.
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Several researchers have developed expressions to estimatdrbsseiss The equations
have been based on different assumptions according the type obuifiitand tested for the
purpose of determination of bond. In this section, some of the theretipressions most

commonly cited in the literature are presented.

Janney, 1954

Janney [12] conducted one of the earliest studies on bond behavior. In addlition
conducting experimental tests on bond transfer and flexural bond, hpressmted theoretical
considerations to determine bond stresses. If the strand is frganmd, a decrease in the
pretensioning force from its initial value will result in artiease of the strand diameter. If the
concrete section is large compared to the radius of thegsestt steel the elastic theory of thick
walled cylinders gives a relation to find the increment of the steel usirgfigq2-1.

1+v
Ar:rUr C

Equation 2-1
Ec

In Equation 2-10; is the radial stress in the steel (see Figure; 2:3Is the Poisson’s

ratio of the concretek; is the elastic modulus of the concrete; and,represents the strand

effective radius. The radial stress is equal ® ¢bntact pressure between the steel and the
surrounding concrete. Figure 2-4 shows the chamgd#iameter of the strand at each stage:

unstressed, prestressed, and after detensionintheAgrestressing force is released, the strand
expands creating radial pressure at the interfaterden the strand and concrete as shown in

Figure 2-3.
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Figure 2-3 Radial Stresses at the interface of concrete and strandapreleasing the
prestressing force

Ro R
[
Ro= unstressed strand Rs= stressed strand R= released strand
Figure 2-4 Dilation of the prestressing strand
o _ Use=fs)us Equation 2-2

1+ @+ uc)5
EC

Thus, the magnitude of the radial stress can bedasing Equation 2-2, where 2-%¢
represents the prestressing force in the stgeg the tensile stress in the steel at any paigis

the Poisson’s ratio of the steel; akd is the Young’'s modulus of the steel. Prestressdbon

stresses at any location along the transmissioe ao® equal to the slope of the stress transfer

curve multiplied by r/2 [12] as represented in E§.2
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u =d—fsi Equation 2-3
dl 2
If the bond between strand and the surrounding rebeds entirely due to the friction

(@) between the strand and the surrounding concreted Istresses can be related to radial

stresses d;) using Equation 2-4 as proposed by Janney [12\vd¥er, it is well known that

while friction is one of the main bond mechanisiiere are other mechanisms involved in
prestress bond transfer.
u=dgoy Equation 2-4
Bond can be experimentally measured by conductifferent types of bond assessment.
One of the simplest ways to measure bond stresgbly conducting pull-out tests on unstressed
strand. A schematic of a simple pull-out test isveh in Figure 2-5. Most pull-out tests are
conducted on unstressed strands; thus, the bortdbzdion from Hoyer and Poisson’s effects

cannot be accounted for in this type of test. Thend strength by means of this test is

determined using Equation 2-5. WheFgyax is the peak pull-out force (Ibs. [N]Yp is the

nominal diameter of the strand (in. [mm]), dngdis the embedment length (in. [mm]).

u= _ Fmax Equation 2-5
(4/3)rdpL
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¥
Figure 2-5 Schematic of Simple Pull-out TesAdapted from [16]

2.3 Transmission of Prestresing Force

The pre-tension force in the stressed strandl&ased when the concrete has attained
enough compressive strength. Once the stranddasedl, it tends to shorten and it dilates. The
pretensioning force in the strands is purely trattsohinto the concrete member by bond, and as
a result the concrete is precompressed. Accordinlyldon et al. [20], both sudden (flame-
cuting) and gradual (hydraulic jacking) cause a/vapid strain change of the stress state at the
end of the concrete beam. Some of the primary facffecting the structural integrity of a
prestressed concrete member are the prestressaeiehod and the bond integrity between the
strand and concrete. Cracks may thus develop iantiezone of a pretensioned concrete member

due to an undesirable tensile strain change duhiagletensioning procedure [20].
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Prestress bond transfer takes place from the etiteafoncrete member, release end, to a

point in which the stress in the strand remainsstat. This constant level of stresses in the

strand is termed the effective prestrekg, The length over which the entire prestressinglley

transmitted into the concrete members is knowrrasster length. The transfer length mainly
depends on the degree of prestressing force, sucfawdition of the prestressing strand, concrete
compressive strength at release, release methodjy@jity of the bond, radial pressure, and
transverse reinforcement [16]. Beyond the trarisfegth, the stress in the steel remains constant
as shown in Figure 2-7. The determination of trankfngths has been extensively studied since
it is an important design parameter in  pretensionetbncrete  structures
[4][5][12][20][22][23][25][26][30]. Numerous expemental studies on the evaluation of transfer
length have been conducted since this is a paranietecan be easily measured and used for
calibration of numerical models (as was case of thvestigation). Results have then been
commonly used for the development of empirical egpions to determine transmission length.
However, this is not the scope of this investigatio

If the transmission length is short, it may ldadhigh compressive stresses that can
cause spalling or bursting cracks in the end regioime concrete member (see Figure 2-6). On
the other hand, long transfer lengths could redheeshear capacity of the beam and longer
development lengths will be required, which mayeetfflexural behavior [5]. Previous studies
[4][22][27][31] have shown that sudden releasehef prestressing force results in larger transfer
lengths. This phenomenon is mainly related to tyreachic effects associated with the transfer

energy from the strand to the concrete member [4].
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Transfer lengths can be experimentally measuredywfferent approaches. The most
common is to measure the development of compressiams in the concrete along the transfer
region. This can be done by taking measurementh@surface of the concrete element or by
using strain gages on the prestressing strand arsérumented rod embedded in the concrete.
Other simple methods, such as the measuremented$ttand end-slip, or “suck-in,” into the
beam have also been used. Only the first methad,ahusing surface strain measurements is
reviewed here since it is the approach used irstoidy.

Concrete surface strains can be measured usingameah gages metal disks that are
installed along a surface path of interest. Théadse between target points is measured before
and after release of the pretensioning force. Tifferdnce between the final and initial reading
upon the initial reading gives the strain over @@argage length. Strain values are plotted along
the beam length in the form of a profile. A commmethod to obtain the transfer length from the
compressive strain profile is the 95 percent avemagximum strain (AMS) method [26]. The
AMS is obtained from the strain values near thegalatof the trend once the prestressing force
has become uniform. The 95% AMS value is plottedhenstrain profile and the point at which
the 95% AMS line intersects the curve defines thasfer length. The 95% AMS method was
proposed by Russell et al. [26] and it has beerh agelepted by other researchers. This method

was used for the experimental program of this itigagon (see Section 3.6.1)

2.4 End Cracking in Pretensioned Concrete Members

Prestressed concrete I-girders often experiencekiog at their ends upon strand

detensioning. Such initial cracking acceleratesdéerioration of the anchorage region of the
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girder with the presence of moisture principally dgcelerating chloride ingres and corrosion
initiation of shear reinforcement and prestressitegl [14]. The probability of end-cracking in a
prestressed member upon release can increase Wadnee strand length is short since the
restraining force increases [19Jloreover, the restraint force will be larger whee 8gtrand is
not simultaneously released at the two free end@ls [1

The formation of cracks in the end-zone of presteresl concrete girders is primarily
caused by the high concentration of stresses iretitezone upon release of the prestressing
strands. In the case of Type-I girders, cracksuatelly horizontal and take place near the joint
of the bottom flange and the web [33] as showniguife 2-8. According to Tuan et al. [33] the
distribution of high stresses in the anchorage zdn@estressed concrete members is dependent
of the location of strands, the degree of the pessing force in the strands, the amount of
concrete surrounding the strands, the amount gbedrastrands in the beam-end zone, the

geometry of the girder, and the concrete charastiesi

e rare
N
~N
~— _ unusual

L ——— common

- \

SR \

\

Figure 2-8 Cross section of a Type-I girder and typical cracks observad the anchorage
region. Adapted from [9].
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In accordance with preliminary studies, Zia [19hclided that one possible reason for
the end-cracking problem was the restraining eftacsed by unreleased strands. If the distance
between abutments and casting bed is relativelyl sthes restraining effect can be significant.
The debonding of strands increases the stranddrggh, which could reduce the high stresses

induced in the concrete element due to the relgasdithe prestressing force.

2.4.1 Studies on Beam-end Cracking upon Detensi@nin

The amount of studies conducted regarding beanceauking upon release is few. The
most recognized studies in this topic are thos&llvga and Tawfik [19] and Kannel et al. [13].
A recent study by Sun [31] has also addressed ritidgm and it is a companion to this study.
However, the research by Sun included the use loérided strands and a summary of Sun’s
investigation and main findings are presented ictiSe 2.5.2 and Section 2.5.3. An overview of

the first two works is presented next.

Mirza and Tawfik, 1978

Mirza and Tawfik [19] conducted a detailed invedtiiga to understand the causes behind
the appearance of vertical cracks at the endsesti@ssed concrete beams. Their study included
experimental and analytical components on the deweént of a model to estimate tensile
stresses from the restraint effect from free strarjths. The experimental phase of their
research was conducted on Type- Il AASHTO giradrapproximately 73 ft. (22.3 m) in length
to study beam-end cracking during production. Tlanngoal of the experimental investigation
was to study the restraining effect from the sHernigth of unreleased strands in beam-end

cracking upon strand detensioning. The experimesttaly was performed on small-scale beams
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with 3/8-in. (9.5 mm) diameter strands. The study'sicipal criterion was to cause enough
cracking in the concrete due to the strand restrgieffect. Prestressing force was transferred
into the concrete by simultaneous release at tlaenbends at three intermediate points (two
beams in a line). Mirza and Tawfik found that thiease restraint effect can be significant if the
strand free length is short.

The analytical model resulting from this work wasrge-dimensional representation of
the casting bed, concrete beams and prestressarglst Beam members and each length of free
strand were represented using individual sprindse mathematical model was based on the
following assumptions: a) the materials were madialsing linear-elastic properties, b) no
friction was provided between beams and casting tyedynamic effects were neglected, and d)
the stress calculation was based on beam theowy.nmddel provided useful information in
respect to the effect of the free strand lengtthecasting bed and its distribution when casting
multiple beams in a single line. The numerical elodid not attempt to replicate the three-
dimensional stress distribution in the end theawegiof the prestressed concrete member, and
thus the regions subjected to high stress wereleatified and bond behavior was not replicated
in the model. Satisfactory agreement between tbeemand the experimental results was
observed after half of the strands were relea3éx effects of un-released strand and free strand
length were successfully investigated with the nhobliirza and Tawfik recommended that the

free strand length shall be equal or greater tab%e length of the casting bed.

Kannel, French, and Stolarski (1997)
Kannel, French, and Stolarski [13] studied theckireg at beam ends within the context

of the sequence of strand release during detemgjptiie debonding of strands to increase free
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length, and the pre-cutting of some strands. Theyacted experimental and numerical studies
and their approach was to utilize experimentallybcated finite element models to account for
the stress components that take place in the tangprestress forces into the concrete member.
Their finite element model was developed usingpgtaegram ABAQUS [1] and calibrated with
experimental data. The strands were modeled ussayede truss elements, thus, the Poisson’s
and Hoyer effects due to the dilation of the strapdn detensioning was not replicated. The
concrete was modeled using 3-D continuum elemeits@ the region of interest) and linear-
elastic material properties. The experimental gsidvere conducted on 54 in. (1370 mm) deep
prestressed concrete beams. The main objectiveonstsidy release patterns that could prevent
cracking, thus the researchers did not consideoitapt to model the inelastic behavior of the
concrete and the model was considered to be tiuthftil the first crack developed. They
observed that the faster the stress concentratitiredase of the web increased in proportion to
the rate upon which the compression is transmittéd the concrete member. Thus, they
recommended combining pre-releasing of the strantifsdebonding of some strands to prevent
shifting the vertical cracking further into the coete member when using debonded strands.
They also found that altering the release sequanceusing debonded strands could help to
reduce the negative restraint effect that can caarsk cracking. The model was judged

satisfactory, showing general trends, such asnies celated to altering the strand release order.

2.5 Use of Debonded/Shielded Strands in Prestressédncrete Girders

Strand debonding consists in the elimination ofdtnand-concrete bond over a portion of
the strand in a prestressed concrete elementtandn option to regulate the high compressive

and tensile stresses in the prestressed concrateeng [27]. Debonding practice has been
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established based on constrained empirical dateeaguheering judgment. Strand debonding is
an option to the more traditional method to redhiggh stresses in the end zone of prestressed
concrete members by draping the strands upward;hwmiodifies the center of gravity of the
strands and thus efficiently decreases concregesss in the anchorage region [27].

Strand debonding, or sheathing, is done by plapiagtic tubing around the strand to
separate it from the concrete and thus eliminatelvesistance. The sheathing material is of two
general types: soft polyethylene slit tubing useeither a single or double layer with opposing
locations for the slit opening (see Figure 1-1),aomore rigid oversized plastic tubing (see
Figure 1-2). In this study, two types of debondmgterial were considered: soft (tight fitting)
and rigid (loose fitting) as shown in Figure 1-Iddfigure 1-2, respectively. Soft slit sheathing
fits closely to the strand and it is easily “sque¥zfor a tight fit by the fresh concrete; thus
creating geometric contact between the strand lamddncrete, albeit separated by the polymer.
By contrast, the oversized polymer tube is stifbgh that it does not collapse with the fresh
concrete and thus leaves a gap between the stnancbacrete.

The use of partially debonded strands reducesxia¢ tansion because the effective free
length of the strand is increased. This effect bandebated. Yet, with the use of debonded
strands, the axial restraint effect decreases,rstesss distribution is improved, and the shear
stresses are reduced. Moreover, the stress conoamtaf the base of the web, as in the case of
girders, is also decreased after full release @fthands due to the decrease in compressive force
transferred at the end of the concrete member H&jce, the use of debonded strands has been
beneficial in reducing the occurrence of crackimghie beam-end regions.

As introduced before, strand debonding has be@erghly successful in minimizing

beam-end cracking. However, concerns have recastlgrged on the effect that partially
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debonded strand may have on the damage in beam (sedsFigure 1-3 and Figure 1-4)
[8][23][31]. Unfortunately, only limited researclta$ been done to evaluate the unstressed and
stressed response of shielded, or debonded, stramds code guidelines do not address
fundamental parameters of influence in beam-enckarg and they focus mainly on the possible
reduced shear strength rather than on the potaetgiabhging effects from production. The next
sections provide an overview of current code piows and research related to debonded strand

in prestressed concrete.

2.5.1 Code Guidelines: Provisions and Limitations

The AASHTO LRFD Bridge Design Specifications [2h ¢he use of debonded are
mainly based on concerns related to shear perfaeaCI-318 [3] does not present any type of
limitations or recommendations related to the usdebonded strands in pretensioned girders
except for the expression to calculate developnamgth. The recommendations provided in

both codes are summarized next.

a) AASHTO LRFD Bridge Design Specifications 2010

The AASHTO LRFD Bridge Design Specifications [2]daglss debonded strands mainly
by placing limits on the number of partially debeddstrands that can be used, which shall not
exceed 25% of the total number of strands. Intamdithe number of unbonded strands in any
horizontal row shall not exceed 40% of the numbkistoands in that row. Moreover, the
debonded length of any strand shall satisfy alltlstates considering the total development of
the member’s resistance at any section under ceragidn. In addition, unbonded strands shall

be in a symmetrical pattern with respect to tharbeanter line. The debonded length of strand
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pairs with respect to the center line shall besti@e. Not more than four strands or 40 percent of
the unbonded strands, whichever is greater, sha# the same unbonded length. The AASHTO

Specifications also establish that were bondingsdoet extend to the end of the concrete

member, the development length of partially debdrsteands shall be twice the calculated one
for fully bonded strands. Finally, debonding ofsials is limited to interior strands.

According to Shahawy and Hassan [28] if debond&tis are not accounted for in the
design of girders containing shielded strands, kingcin the member and bond failure could
occur during the service life of the girder. Thiading has been taken into account in the
AASHTO Specifications [2] by limiting the number debonded strands to 25% of the total
number in a girder. Thus, the limitations on thecpatage on the use of debonded strands in the

AAHSTO Specifications are related to concerns rdiggrshear performance.

a) ACI-318

The ACI-318 2008 recommendations [B}te that the contribution of debonded strands
to the overall behavior of the prestressed conaretmber begins at the point where the fully
effective stress starts, at the end of the trarmamszone, and beyond that point. The
development length of debonded strands is to beetthe calculated for fully bonded strands
using Equation 2-6. However, the guidelines atstes that at sections where the pretensioned
strands are not fully developed, it is common tsua®e that both transmission and development
lengths are doubled.

fse

Ld > (Tjdb+(fps— foe)db [ksi, in] Equation 2-6
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c¢) Florida DOT Structures Guidelines

The Florida Department of Transportation Structuesdelines [7] establishes that for
the design of prestressed concrete girders contaitébonded strands, the distribution of the
shielded strands needs to be even throughout taedspattern. Whenever possible, debonded
strands should be separated in all directions byleast one fully bonded strand. This
recommendation on the use of staggered debondittgrpahas not been adopted by the

AASHTO Bridge Design Specifications or the ACI-3R8commendations.

2.5.2 Literature Review on Experimental and NumaalcStudies on the use of

Shielded Strands in Pretensioned Concrete Beams

Experimental studies on debonded strand behawidrita effect on prestressed concrete
beams are limited. This may follow from the facattithe strand is assumed to be perfectly
debonded from the concrete. Mirza and Tawfik [1¥e(Section 2.4.1) included the use of
debonded strands in their experimental studies afid-cracking was experimentally observed.
The use of shielded strand seemed to be beneafidiatucing the restraint effect since the strand
free length increases with the use of unbondedds$raKannel et al. [13] (see Section 2.4.1)
conducted experimental and numerical studies ti@dtided the use of debonded strands. They
found that the greatest benefit of using debondieshds is when the shielded stands are cut last
and some of the fully bonded strands are pre-cst, Such that the high tensile stresses are not
simply shifted to the onset of the fully bonded earf the blanketed strands. While the studies of
Mirza and Tawfik and Kannel et al. addressed debdstlands, this was not a main objective in
their study. The following summarizes the reseatetidies known to have specifically focused

on issues related to debonded strand.
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a) Experimental studies
Russell, Burns, and ZumBrunnen, 1994

Russell et al. [27tonducted experiments GRASHTO Type-l beams to evaluate their
flexural resistance. Each beam contained eighir.§t2.7 mm) diameter strands and four of
those strands were either concurrently debondestaggered debonded. Concurrent debonded
strands were shielded strands having the same detidengths and staggered debonded strands
had different debonding lengths. The variablesh@a $tudy were embedment length and the
debonded strand lengths, either staggered or camtuDebonding was achieved using plastic
tubing made from a semi-rigid plastic with a satt$bry tight fit.

Based on their experimental work, Russell et atomemended the use of staggered
debonded strands as they found that the use ajestad) shielded strands is likely to increase the
resistance of the prestressed concrete membead&inog and that staggered debonding pattern
required shorter embedment length than concurrelmbriding pattern. They also concluded that
the appearance of flexural cracking along the trassion region of partially debonded strands
causes the strand to slip, affecting strand angeoaad leading to bond failure. Moreover, they
recommended that for simply supported beams therdidal strand length shall not be greater

than 15 percent of the total span length measuosd the ends.

Moon, Kim, Lee, and Kim, 2010

Moon et al. [20] studied the effects of the use affmement reinforcing, debonded of
some strands using PVC, and detensioning methdueistrain history change in the end region
by conducting experimental studies on small-sced¢epsioned concrete beams. The units had a

cross section of 6 in. x 6 in. (150 mm x 150 mmj &8 ft. (4 m) long. Two of the beams had a
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concentric 0.5-in. (12.7-mm) diameter strand arel rébst contained a concentric 0.6-in. (15.2
mm) diameter strand. One of the beams was partddlyonded, and the others were fully
bonded. The debonded length was 8 in. (200 mm) feach end, and the confinement was
placed after the debonded region. The detensiopmegess was flame-cutting and gradual
release with a hydraulic jack. Moon et al. foundttthe use of debonded strand efficiently
diminished harmful effects at the cut-end from tlaene-cutting procedure. When the strand

was gradually released, the effect on the deboretgdn was negligible.

Pavelchak, 2009

Pavelchak [23] studied the effectiveness of difiereebonding materials such as
flexible-slit (tight fit) sheathing, un-slit (ridi [oversized]) debonding, and PVC tubing. The
flexible sheathing material was obtained from thd#erent manufacturers. The study was
conducted after damaged was observed on the U-geder shown in Figure 1-4 upon strand
detensioning. To assess the efficacy of severabriibhg materials, small-scale prismatic
prestressed concrete beams were built using diffesheathing products to study the
effectiveness of debonded strands. The specimeahs ltaoss section of 4"x4” (100 mm x 100
mm). The length of the beams was 10 ft. (3050 na) B ft. (4270 m). Five of the 10 ft-long
(3050 m) beams contained a concentric partiallyoddbd strand and the blanketed length was 2
ft (600 mm) from each end. The debonded lengthhferconcentric partially debonded strands in
the 14 ft (4270 mm) long beams was 4 ft (1220 mminfeach end and six beams were built

with these characteristics. The strand was 0.51i&.7 mm) diameter and the initial prestressing

force was 0.75d,. The test consisted on the gradual release gfrttstressing force.
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Pavelchak noted that the 2-ft (610 mm) debondadtiewas not sufficient to develop
adequate friction to transfer the prestressingeforte also noted that as the debonded length was
increased, the effectiveness of the debonding appealecrease. Pavelchak concluded that un-
split (rigid) sheathing shall be used when thecaffy of the debonding is essential since this type

of debonding provides excellent blanketing perfarosa

Yi Sun, 2010

Sun [31] evaluated basic bond behavior on smalesbeams containing fully bonded
and partially debonded strands. The strand relestee type of sheathing material (flexible or
rigid), strand debonded length, and strand adjaetetts were the variables incorporated for the
experimental phase of the study. The goal of thdystvas to understand how these parameters
affect the bond behavior along the unbonded zodd@produce data to calibrate finite element.
In the experimental program four different crossctisas with three different strand
configurations were considered: monostrand, twiargt, and four strand. The strand used for
the experimental phase was 0.6 in. (15.2 mm) diamend prestressed to 0.75 fpu. The test
consisted of the sudden or gradual release of strpssing force into the concrete members.
Concrete surface strain profiles were obtained qalthre neutral axis of the beam units and
internal measurements were taken using an embendédiment (strain gages) rod at the
centroid of the beams.

Sun observed different strain values between g¢adings taken from the surface of the
beam and from internal measurements. The reasordetasmined to be creep and shrinkage
effects, which has also been observed by othearesers [22]; and which was also seen in the

results obtained in the experimental program of #gtudy (see Section 3.6.2). Sun found that
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sudden release led to longer transfer lengths % &Bmpared to values obtained from a gradual
release process. Strand debonding with rigid nedtexhibited larger transfer lengths compared
to beams with fully bonded strands and about 49%elathan values obtained from beam units
with debonded strand using flexible sheathing. s[1&un found that when flexible sheathing is
used the transfer length is not only affected loyest energy along the unbonded zone, but also

by the residual bond stresses along the debondexd zo

b) Numerical Studies
Sun, 2010

Sun [31] developed numerical models based onatheratory-scale beam models built
and tested for the experimental program (see Seéi®.2-a) to evaluate basic bond behavior.
The numerical models were developed using theefigiément program ABAQUS [1]. The aim
of the simulation of the small-scale beam models w@ assess basic bond behavior to
investigate the causes of end cracking in pre-oeesi concrete beams. Flexible sheathing was
simulated providing a tight fit around the strarldng the unbonded zone, which continued
throughout the fully bonded zone, and rigid shewfiwas simulated by providing oversize hole
around the strand along the blanketed length. 8eiré@ntact interaction models (see Section
4.3) were used to simulate strand-concrete bondveh The calibrated parameter was the
coefficient of friction and the values were obtaney matching the experimental concrete
internal strain profile with the numerical resuli$e coefficient of friction along the unbonded
zone was zero for the debonded strands with titfiig sheathing and no interaction was
defined for the debonded strands using rigid (oxed debonding. Results from the study

showed that the tight-fitting debonding caused Istlesses along the unbonded zone and that
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the high stresses extended further into the fullgded zone. The high stresses along unbonded
zone when using flexible (tight fit) sheathing weattributed to Poisson’s and Hoyer effects
because the strand upon detensioning tries toeddatl the debonding mechanism does not

provide the strand with space to expand.

2.5.3 Literature Review on Numerical Models on Beand Cracking on

Full-size Beams with Shielded Strands

Simulations on end cracking in full-size pre-tem&d girders containing shielded strands
are not many. Kannel et al. (see Section 2.4.1)) ifi®rporated the use of debonded strands in
their numerical models to study their effect in #tieess state in the anchorage region. The model
was validated with experimental data. However, Kdret al. simulated the strand using truss
elements and along the unbonded zone truss elemvengsnot provided in order to emulate the
debonding mechanism. With this modeling approdod,effect of the use of debonded strands
on release sequence can be accounted for, yetl#ti®rd of the unbonded strand upon release
using a tight fit (flexible sheathing) along thebdaeded length cannot be taken into account.
Kannel et al. found that the use of debonded stratdeneficial as this increase the strand free

length and reduces the probability of end cracking.

Sun, 2010

Sun [31] investigated beam-end cracking in a skew box-girc®rtaining unbonded
strands for which evidence of damage existed (spad-1-3). The box-type cross section beam
is shown in Figure 1-5. Sun created and analyaegetscale beam models using the finite

element program (ABAQUS) [1] to study the stresgesin the anchorage region upon release.
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The variables considered for the study were: (p¢ tyf debonding material, flexible (tight fit)
and rigid (oversized) sheathing; and, (b) the skegle of the beam since the beam had a skew

angle of 40°. Linear-elastic material propertiesravased for the entire model and cracking
damaged was assessed by using an elastic Iirﬁiﬁq‘ff ‘oi (psi).

Sun found good agreement between the damage @edncthe simulation and the actual
damage observed during production. However, herebédehat a tight fit (flexible sheathing)
seems to significantly contribute to beam-end draglsince the stresses observed from the
model with oversized hole (rigid sheathing) arotinel strands were lower than those observed
from the model with a tight fit (flexible sheathindn addition, it seems that the large skew angle
of 40° had a strong influence in the resulting beard cracking. Nonetheless, the type of
debonding material was noted to have the great#stteon end cracking upon strand

detensioning.
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CHAPTER 3 EXPERIMENTAL ASSESSMENT ON BOND
BEHAVIOR OF BONDED AND SHIELDED

STRAND

3.1 Introduction

This chapter presents the experimental assessniebdna behavior of bonded and
shielded 0.6-in.-diameter (15.2 mm) prestressingnst The unbonded strands were blanketed
using single and double layers of slit-flexible atmeng. Bond behavior was evaluated for the
stressed and unstressed conditions for normal tdatsd concrete (NCC) and self-
consolidating concrete (SCC). Bond strength orirassed strands was evaluated through pull-
out tests on simple cylinders and wall-like bloaksing fully bonded and debonded strands.
Pull-out tests on cylinders evaluated simple bdnehgth while the pull-out tests on wall blocks
were used to study the effects of concrete hydraudiad and concrete fluidity. Bond stress
transfer behavior of stressed strands was studiddbmratory-scale prestressed concrete beams
containing a concentric 0.6-in.-diameter (15.2 msirand for fully bonded and debonded
(shielded) strand. Results and main findings ofdkperimental program are presented in this

chapter.

3.2 Description of the Experimental Program

In order to evaluate basic bond behavior, two syp€ pull-out tests were carried out
containing unstressed 0.6-in.-diameter (15.2 mmdiar) Grade 270 (1860 MPa) low

relaxation fully bonded and shielded strands. ®&xté"x24” (150 mm x 610 mm) cylinders
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containing concentric debonded strands were boirltcbnducting simple pull-out tests on the
unstressed strands. In addition, two 72" (1830 righ wall like blocks with 24"x24” (610 mm
X 610 mm) in cross section were also built for amtohg pull-out tests on 18 strands located at
different heights in the block. To assess the feansf prestressing forces into the concrete
members, twelve 20 ft-long (6.1 m) beams with a68"@50 mm x 150 mm) cross section were
built and tested by gradually releasing the prestd strands. The parameters taken into account
for the experimental phase were:

1) bonded and debonded (shielded) strand condition,

2) single vs. double layered slit sheathing foratebng of the strands,

3) concrete fluidity,

4) reinforcing confinement, and

5) hydraulic head effect (top-strand effect).

3.3 Assessment of Strand Quality

The bond quality of the 0.6 in.-diameter (15.2 mianteter) strand was verified by
conducting a large block pull-out test (LBPT). TIHBPT proposed by Logan [17] containing
six 0.5-in.-diameter (12.7 mm-diameter) Grade 2¥860 MPa) strands, with an embedment
length of 18” (455 mm), was slightly modified fdret 0.6-in. (15.2 mm) diameter strand. The
difference was the strand embedment (bonded) lemdilth was changed from 18” (455 mm)
to 20” (510 mm). The mix design was kept similathe one recommended by Logan. The mix
design used for the LBPT in this study is givei\ppendix A.

According to Logan, the LBPT first slip force béneark for 0.5-in.-diameter (12.7 mm-

diameter) strands is 16 kip (71.2 kN). Logan alstommended the benchmark for the average
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peak load to be 36 kip (160.1 kN). The bond stvedges for the recommended average first slip

force and peak were calculated to obtain the beadhmwalues for 0.6-in.-diameter (15.2 mm-

diameter) strand and an embedment length of 200 ¢ain). The corresponding average first

slip force and the average maximum pull-out foreadhmark values were thus found to be 21

kip (93.4 kN) and 48 kip (213.5 kN), respectiveljne geometry and reinforcement details for

the 24"x24” (610 mm x 610 mm) large block pull-are shown in Figure 3-2 and Figure 3-2.

Specifications for the strand are provided in AgpeiA.
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average compressive strength obtained for the dbday of the test (~2 days after casting) was
6,400 psi (44.1 MPa). The pull-out test was dont i hollow hydraulic jack (6” [150 mm]
stroke and 200 kip [890 kN] capacity). Load was suead with a 100 kip (445 kN) load cell and
strand movement was measured on the loading (éad)back (dead) ends of the strand with
displacement potentiometers. A schematic and angicf the test setup are shown in Figure 3-3

and Figure 3-4, respectively.

horizontal position (Figure 3-4). The loading raecommended by Logan was about 20
kip/minute (89 kN/minute). However, the loadingerat this case varied between 9 kip (40 kN)
and 13 kip (57.8 kN) per minute. The test was stdpwhen the maximum pull-out force

dropped significantly or the strand was pulled abbut 6 in. (150 mm), whichever occurred

a) Top Elevation

6" PRI
‘ 'l " v n_-u i .'_'I .-‘_l.._.
TP I IR B

1.5"

j

b) Pﬁotograph of the Top View

Figure 3-2 Reinforcing details of the pull-out block

The block was cast with the strands in the vdrpoaition as shown in Figure 3-2-b. The

To conduct the test, the block was rotated to layt®side so that the strands were in the

first. In average, this procedure took about 5 toigutes per strand.
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Figure 3-4 Overview of the large block pull-out test set up

Results from the large-block pullout test are shanvFigure 3-5. The average maximum
pull-out force was 55 kip (244.6 kN) and the averégst slip pull-out force was 35 kip (155.7
kN). Recalling, the compressive strength at the afape test was 6,400 psi (44.1 MPa). It shall

be noted that one of the strands performed pooalseth on the found benchmark values.
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Therefore, one of the six values was discardedilamdioted average results were obtained from

five (5) strands. The results thus met the preicaion benchmark.
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Figure 3-5 Large block pull-out test results
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3.4 Bond Evaluation of Unstressed Strand through Cylinér Pullout Tests

In order to assess the bond behavior between ttlwedsand the surrounding concrete and
assess the effect of concrete fluidity, simple joull tests on concrete cylinders containing
concentric non-stressed strand were built anddesteng normal consolidated concrete (NCC)
and self-consolidating concrete (SCC). The buill &asted cylinders were 6-in.-diameter (15.2
mm) and 24 in.- (610 mm) long, with an embedmengtle of 20” (510 mm). Some of the
cylinders contained debonded strand using doulpkyr Iglit sheathing, others were fully bonded,

and the rest were fully bonded with confinememntfigicement.

3.4.1 Test plan, description, and construction

Confinement reinforcement was provided for threéndgrs in each batch, NCC and
SCC, using Grade 60 (414 MPa) #3 bars as shownguardé-i3-6. The pitch of the spiral
confinement was 2” (51 mm) and the outside diameftéine spiral was 3” (75 mm). PVC pipes,
0.75-in.- diameter (20 mm) and 2 in.-long (50 mn@revplaced from each end, thus leaving an
embedment length of 20 in. (510 mm). The strandsevedeaned with a dry towel prior to
placement in the forms. The cylinders were casa igroup with the strand in the vertical
direction (see Figure 3-6). The naming convengoren to the pull-out cylinders is given in
Figure 3-7. The amount of pull-out cylinders casdl gested is given in Table 3-1.

The soft “slit” sheathing tubing was placed alohg €émbedment length in the case of the
debonded strands using two layers. The NCC sana@es cast in two layers with vibration after
each layer. No vibration was provided to the SClnhdgrs and the concrete was poured in a

single step.
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Figure 3-6 Reinforcement and geometry details of pull-out tests on cytllers
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Figure 3-7 Test matrix and naming and matrix convention for cylinder pul-out tests
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Table 3-1 Amount of pull-out cylinders cast per batch

Type of Concrete
Condition of Strand] NCC SCC
FB 3 3
FBC 2 3
D2 2 3
Total 7 9

3.4.2 Test Procedure

The concrete compressive strength for concrete imsélde pull-out cylinder tests was
determined according to ASTM-C873 using 4"x8” (160m x 200 mm) cylinders. Three
cylinders were kept in a curing room and the resteweft next to the test units in the laboratory
test bay. The average compressive strength atahefdtest (~6 days after casting) was 7,300
psi (50.3 MPa) for the normal consolidated conc(BlEC), and 9,400 psi (64.8 MPa) for the
self-consolidating concrete (SCC). The NCC and $@xdesigns are given in Appendix A.

The set up for the pull-out test on cylinders wiasilar to the one shown for the large-
block in Figure 3-3. The equipment used for thd-put test on cylinders was the same as the
one used for the large block pull-out test (seeti®@®@3.4.2). Figure 3-8 shows an overview
picture of the test set-up. Strand-slip was meoadat both ends, pull and dead (see Figure 3-8),
and readings were recorded using a data acquissystem (DAQ). The pull-out test was
stopped when the strand was pulled out about €L60 mm) or when the peak load suddenly

dropped, whichever happened first.
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Figure 3-8 Photograph of the cylinder pull-out test setup

>

3.4.3 Cylinder Pull-out Test Results
Longitudinal cracks along the concrete cylindeze($-igure 3-9) were observed after
hearing a strong noise and observing on the DAQpeten that the pull-out force had dropped
considerably. The cracks started at the pull-endecto the strand and extended to the surface of
the cylinder. The crack then propagated along ytiaders towards the dead end. In no case did
the crack reach the dead end. Cracking did nourost the cylinders containing a single

concentric debonded strand.

Figure 3-9 Pull-out cylinder with longitudinal cracking
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A typical pull-out curve response from the pull-oests is shown in Figure 3-10. Three
main points are highlighted: a) the first slip ferd) the strand-slip at first slip force, andi® t

peak pull-out load; as described below:

a) First slip force is the force that causes the initial movementhef strand. The first

slip force coincides with the end of the elastigioa along the pull-end curve.

b) Strand slip at first slip forcas the distance that the strand moves at thegmallthat

coincides with the initiation of movement at thedend.

c) Peak Loadis the maximum load reached when pulling thenstrand it remains

approximately constant exhibiting a plateau.

Pull-out Force

b) Strand Slip at First Slip Force

Strand Slip

Figure 3-10 Typical force-slip response from pull-out test
The obtained average maximum pull-out forces agegnted in Table 3-2. It can be seen

that the fully bonded strand with confinement (FBRhibited the maximum pull-out force for
each set, NCC and SCC. Figure 3-11 and Figure $hd® the pull-out response curve for the

three different strand conditions: fully bonded JF&illy bonded confined (FBC), and debonded
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with two layers (D2) (see Figure 3-7) for both s&applementary pull-out curves are given in

Appendix B.

Table 3-2 Summary of maximum pull-out force on cylinders

NCC (f oj= 7330 psi) SCC (f'ci= 9450 psi)
(50.3 MPa) (64.8 MPa)
Maximum Pull-out force -kip | Maximum Pull-out force -kip
Strand (kN) (kN)
Denomination Mean St.dev Mean St.dev
FBC 51.1 8.16 494 2.02
(227.3) (36.3) (319.73) (8.98)
FBU 46.59 7.53 44,73 14
(207.2) (33.5) (199) (6.23)
D2 0.26 0.07 0.18 0.12
(1.16) (0.31) (0.80) (0.53)
1 kip= 4.448 kN
Strand Slip (mm)
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Figure 3-11 Pull-out response for strand in NCC cylinders
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Pull-out Force (kip)
Pull-out Force (kN)

Strand Slip (in.)
Figure 3-12 Pull-out response for strand in SCC cylinders

The average maximum bond strengthwas calculated from the average maximum pull-
out forces for the corresponding embedment lenfi20b(510 mm), and the surface area of the
0.6-in.-diameter (15.2 mm) strand. Equation 2-5 waed to obtain the average bond strength

values. Since the simple pull-out tests on cylisdeere conducted using two different types of
concrete, NCC and SCC, the bond stress values megrealized in respect tq/ f';j for each

set. The normalized bond strength valueswere obtained using Equation 3-1. The maximum
pull-out force, the calculated bond strength valaesl the normalized bond strength are shown

in Table 3-3. Figure 3-13 shows a graph with themadized bond strength values with respect to
f'oi -

Equation 3-1
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Table 3-3 Maximum pull-out forces and bond strength values obtained fromuyl-out tests

on cylinders
Maximum Pull- | Bond Strength u .
Strand out Force - kip (u)-psi u'=— u
Denomination (KN) (MPa) fei u' NCFB
51.1 1017 11.9
NCFBC (227.3) (7.0) 1.1
46.6 927 10.9
NCFB (207.3) (6.4) 1.0
49.4 983 10.1
SCFBC (219.7) (6.8) 0.9
44.7 890 9.2
SCFB (198.8) (6.1) 0.9
1 kip=4.448 kN
1 MPa= 145 psi
, Y NCC
2] B scc
S 10—
£ |
5 °
5
2 ]
2
§ ]
T 4
£
S |
z
o ‘ 7

FB FBU
Strand Condition

Figure 3-13 Normalized peak bond strength values with respect tg f';
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3.4.4 Bond Evaluation of Unstressed Strand throu@lylinder Pullout Tests

From the pull-out test results on simple cylindéksas observed that the strand provided
with spiral confinement reached a greater averagleopt peak load than those without spiral
(Table 3-2). From the NCC tests set, the NCFBQigrattained greater pull-out force than the
NCFBU group by 8.8%. For SCC set of cylinders, §@&BC pull-out tests reached an average
maximum pull-out greater than the SCFBU tests byual®.5%. In addition, it can be seen in
Table 3-2 that the pull-out tests on SCC had maigoum results as the standard deviation
values were lower compared to the NCC tests. Elengh the compressive strength for the
SCC tests was about 2000 psi (13.8 MPa) greaterttieaNCC set, the average maximum pull-
out force reached from every subgroup of SCC cgliadFBC, FBU, and D2) was lower than
for the NCC units.

As shown in Figure 3-11 and Figure 3-12, the fllonded cylinders with confinement
and fully bonded pull-out cylinders without confiment curves response were quite similar
along the elastic region, indicating similar lewélstiffness. From Table 3-2 it can be seen that
the debonding mechanism, double layer flexible sheathing, effectively broke the bond
between the unstressed strand and the surroundimyete, thus paste infiltration did not occur

even when using high fluidity concrete (SCC).

3.5 Evaluation of Hydraulic Head Effect on Bond throughWall-like Blocks

Pull-out Tests

The effect of concrete hydraulic head was evaluatedebonded strands to investigate if
high concrete fluidity can cause bonding of theand®d strands due to paste infiltration and if

deformations on the sheathing material can takeeptlue to concrete pressure, thus preventing
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full debonding of the strand and the surroundingccete when using flexible slit sheathing.
These possible effects were evaluated with pull-tagts on wall-like blocks containing
unstressed debonded strands, where debonding washplished using single and double layer
flexible slit sheathing.

Recent studies to evaluate the top-strand effectsastressed concrete members and its
effect on bond behavior have been conducted byrrRate[24]. It was observed that the main
factor causing the top-strand effect is the amainfresh concrete cast above the strands. In
addition, Peterman observed that an increase iaretanfluidity will cause a decreased in bond
capacity. This effect was more evident for thosansts closer to the top surface of the prestresed

concrete member.

3.5.1 Test plan description and construction

In order to study the hydraulic head effect asdnfluence on bond behavior for shielded
strand, pull-out tests on unstressed strand wate do two 72" (1830 mm) high wall-like blocks
with a cross section of 24”x 24” (610 mm x 610 nusjng normal consolidated concrete (NCC)
and self-consolidating concrete (SCC). Each bluad eighteen (18) strands as shown in Figure
3-15. The strands designated as NCFB and SCFBfulgrdoonded. Six strands were debonded
using single flexible slit sheathing (NCD1 and SQ[Hnd the others were debonded by means
of double soft slit sheathing (NCD2 and SCD2).

The naming convention for the wall-like blocks Iwn in Figure 3-14. NC and SC refer
to the type of concrete used. NC refers to norroabkolidated concrete (NCC) and SC refers to

self-consolidating concrete (SCC). The other twitets correspond to the type of strand, either
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bonded or debonded. For instance, for NCD2 the N@ds for NCC and D2 for debonded

strand using double soft slit sheathing.

Normal Consolidated Concrete (NCC)
Self-consolidating Concrete (SC)

v v v
Debonded using single Debonded using double
Full}zl?]?)o)nded soft split sheathing soft split sheathing
(D2) (D2)
A 4 4
NCFB NCD1 NCD2
SCFB SCD1 SCD2

Figure 3-14 Test matrix and naming convention for wall-like block tests

The wall-like blocks were reinforced using barsat4ach corner as shown in Figure 3-
15a. Ties (#3 bar sizes) were placed every 12" (889 center-to-center (see Figure 3-15). In
total, four #4 bars and five #3 ties were usedeagarcement for each wall-like block. The 0.6-
in.-diameter (15.2 mm) strands were spaced at e¥2ty(305 mm). The upper strands were
located at 6” (150 mm) from the top of the blockdahe lower strands were placed at 6” (150
mm) from the bottom of the block as shown in Fig8+&5. The blocks were filled with concrete
from the top, with the strands in a horizontal posias shown in Figure 3-16.

The wall-like blocks were demolded about 2 daygraftie concrete was poured. The
compressive strength of the concrete was verifigedebting three 4’x8” (100 mm x 200 mm)
concrete cylinders the day of demolding the wabtieklformwork. The wall block cast with NCC
was filled out in three layers with vibration. Ndoration was done for the wall block cast with

SCC.
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Figure 3-15 Wall-like block geometry details: side and front view

3.5.2 Wall-like Block Test Procedure

The concrete compressive strength for the conanetiee wall-like blocks was assessed
with 4"x8” (100 mm x 200 mm) cylinders accordingASTM-C873. Three cylinders were kept
in a curing room and the rest were kept in the datooy floor next to the wall-blocks. The
average compressive strength at the day of te¢tiglays after casting) was 7,300 psi (50.3
MPa) and 9,400 psi (64.8 MPa) for the NCC and SCCkislarespectively.

The pull-out test set-up on the wall-like blocksswsamilar to the ones used for the large
block pull-out test and the simple pull-out testaytinders. Figure 3-17 shows an overview of
the wall-like block pull-out test set up. Readirfgsm the load cell and linear potentiometers

were recorded with a data acquisition system (DAQ).
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a) Photograph of construction details b) Photograph
Figure 3-16 Wall-like block reinforcing details

Figure 3-17 Overview of the wall-like block pull-out test
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3.5.3 Wall-like Blocks Pull-out Test Results

Typical pull-out force vs. strand slip curves ohtd from the NCC wall-like block at a
height of 18 in. (455 mm) (see Figure 3-16) arewshan Figure 3-18. Supplementary results
obtained for each strand are given in AppendixRsults for the debonded strands, using single
and double slit sheathing layer, in the NCC wé#&élblock at 18 inches (455 mm) from the block
bottom are seen in Figure 3-18. The observed tegmdteffect on both wall-like blocks is clearly
shown in Figure 3-19 for the three different strazwhditions, i.e., fully bonded and fully
debonded. It is seen in Figure 3-19 that the fatipded strands located toward the bottom of the
block exhibited larger peak pull-out forces complaiee the strands located toward the top of the
block (first three upper strands). On the otherdhd@he maximum pull-out force obtained from
the debonded strands was considerably small comhparthe fully bonded strand group. Thus,
hydraulic head effect had little or no effect oe thehavior of the blanketed strands. The data
indicates that the top strand effect was highetlierNCC block than for the SCC block, which
can be seen in Figure 3-19. The compressive straatghe day of testing and the average peak
pull-out forces for each strand condition are shawitable 3-4. The bond strength values for

each case were calculated using Equation 2-5 agutd-i3-20a shows the peak bond stresses

from both wall blocks normalized with respectyd'; .
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Table 3-4 Summary of average maximum pull-out forces: wall-like blocks

NCC (f'¢j= 7200 psi) SCC (f'¢j= 9600 psi)
Strand (49.6 MPa) (66.2 MPa)
Maximum Pull-out Force — kip | Maximum Pull-out Force — kip
Denomination (KN) (KN
Average Standard Average Standard
Deviation Deviation
FB 46.3 7.3 52.5 4.3
(206.0) (32.4) (233.4) (19.3)
D1 3.4 2.2 1.3 0.5
(15.3) (9.8) (5.7) (2.1)
D2 0.5 0.2 0.15 0.2
(2.2) (1.0) (0.4) (0.7)
1 kip=4.448 kN
Strand Slip (mm)
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5 roog
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a) Wall-like block cast with NCC

Figure 3-18 Pull-out curve response of thesrow strand on wall-like blocks

59



Figure 3-18 cont'd
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Figure 3-19 Top-strand effect on wall-like blocks
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Figure 3-19 cont'd.
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Figure 3-20 cont’d.
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3.5.3 Hydraulic Head Effect: Wall-like Blocks
The maximum pull-out force reached for the grofig@onded strands was very small

compared to the fully bonded strands, which indisahat in this type of setting (unstressed
strand) the debonding mechanism was effective. tdpestrand effect was clearly observed as
seen in Figure 3-19, where the upper strands reldolmeer peak pull-out load values compared
to the strands located toward the bottom of theksloln Figure 3-19a, the NCD1 upper strand
exhibited the maximum peak load in that group dmisl ¢could be attributed to the fast hardening
of the concrete when pouring the last layer of ccete when casting the NCC block. As shown
in Figure 3-19b, the SCFB group of strand performeate uniformly than the NCFB strands.

The three lower SCFBC strands reached about the samwimum pull-out force. This was not
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observed in the NCC wall-like block since the stkdocated at 18” (455 mm) from the bottom
had the largest pull-out force among the NCFBCnsisaHowever, in both NCC and SCC wall
blocks, the upper fully bonded strand exhibitedvadr maximum pull-out force compared to the
other five fully bonded strands in the blocks. Tpeak load for the SCFB group of strands
increased gradually from top to bottom, and thegHower strands had a similar maximum pull-
out load.

The peak pull-out force from the SCFB strands wasaverage, about 65% less than the
NCFB strand group as shown in Table 3-4. In Figd#20a the peak bond stress values for the
SCFB strands are shown to be higher in most cases greater peak pull-out loads were

obtained from the SCC wall block for fully bonddadasds. However, it is shown in Figure 3-20b
that if the peak bond stresses are normalized cespgf'cj the bond strength values for NCFB

strands were higher in most cases.

3.6 Prestress Bond Transfer in Beams

The bond stress transfer behavior of fully bonded ahielded (debonded) 0.6-in.-
diameter (15.2 mm) prestressing strand on nornealhsolidated and self-consolidating concrete
(NCC and SCC) was studied by conducting tests barédory scale beams. Six beams with a
single concentric strand were tested for each tfpeoncrete. Stress transfer behavior was
assessed by measuring the strains transmitted etocdhcrete upon gradual release of the
pretensioned strand. The strand was debonded flsxigle slit (tight fit) sheathing in either a

single or double layer.
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3.6.1 Geometry, Reinforcing, and Prestressing Distai

The beams units were 6”x6” (150 mm x 150 mm) imsersection and 20 ft long (6.1 m),
with a single concentric 0.6-in.-diameter (15.2 nmstand (see Figure 3-21). Twelve beams
were tested; cast in two groups of six, one groith WCC and the other with SCC. From the
six beams in a given batch two had fully bondedrgts, two had partially debonded strands with
single slit sheathing, and the rest had partiadlyahded strands with double slit sheathing. When
applicable, the debonded strand length was 24” (6af) from each end of the beam. Three of
the six beams had confinement (see Figure 3-21),ane of the beams containing a single fully
bonded strand, one of the beams containing a sogde®nded strand using one slit sheathing
layer, and one of the beams containing a singleomidd strand using double slit flexible
sheathing. The provided confinement reinforcemeas Whe same one as the one used in the
pull-out on cylinders (see Section 3.5.1), andaswlaced in the anchorage region as shown in
Figure 3-21. For beams with partially debondednstsa the confinement was placed at the end
of the debonded length, starting at 24” (610 mrajnfrthe end of the beam. For the beam with
fully bonded strand the confinement was placed@secas possible to the releasing end. Figure
3-22 shows a photograph of one of the fully bondedms containing spiral confinement in the
anchorage region. This picture corresponds tottgesprior to casting the beams.

The test matrix and naming convention for the be@nshown in Figure 3-23. The
naming convention was based on the type of conccstedition of the strand (bonded or
partially debonded), and the provision or not offaeement. The first two letters, NC or SC,
correspond to the type of concrete. The followwvg tetters refer to the condition of the strand,
i.e., partially debonded using single or doublesteathing or fully bonded. The last letter, C or

U, refers to the addition of confinement in the rheavhere C stands for a beam with

64



confinement and a U refers to a beam without cenfient. For instance, NCFBU beam refers to
a beam cast with normally consolidated concreteGNGhe strand was fully bonded, and no

spiral confinement was provided.

12" Strand, 0.6-in.-¢ e e
K3 Bar #3 |
3 AAA/\/\A/ Sl BRTTYIT . g
[T ; ﬁ T REAARA *
- 20 g
Side View Front View

Figure 3-21 Geometry of beam with fully-bond strand and with confinment

The test setup for this study was essentially #stieg bed for the beams, as shown in the
plan view drawing in Figure 3-24 and the photograpFigure 3-25. As seen in these Figures,

two beams were placed for each line of strand. WMais done for both sets, NCC and SCC.

Figure 3-22 Photograph of end of fully bonded beam with confinement
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The prestressing action took place approximately tays before casting. The strands

were pretensioned so as to reach a stress lev@lrfy, after all significant losses. During the

strand tensioning operation the strain in eachdstaas monitored with a strain gauge and the
pulling load was measured with a load cell. In &ddi the stretching of each strand was
monitored by manually measuring the strand elongasind its relaxation after release of the
jacking force. Strain gages were also placed orstitamds at dead end, east to the anchor block
(see Figure 3-24) to monitor losses due to relargtrior to casting, which was typically done 2

days after strand detensioning. The maximum sulam to relaxation prior to release into the

Figure 3-23 Test matrix and naming convention for beam tests

hardened concrete beam was about 8@asting took place two days after strand tensmpfor

the NCC beams and fourteen days after tensionintp&SCC beams.
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Figure 3-25 Overview photograph of the beams layout
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3.7.2.1 Concrete Surface Strain Profiles

Concrete surface strain profiles (CSSP) were pbthiusing a detachable mechanical
(DEMEC) strain measuring system with target diskesipstalled at 2 in. (50 mm) on the beam
side along the section centroid. Only one sidena end of each beam was instrumented. The
first metal disk was placed at 1” (25.4 mm) frore #ind of the beam (see Figure 3-24 and Figure
3-26). The measurement length for beams with flailpded strands was about 115" (2920 mm),
and for beams with debonded strands was approXynds®” (3810 mm). An overview of the
test setup showing the prepared/instrumented drntie ®eams is shown in Figure 3-27.

Strains were determined from measurements ovaga [gngth of 8 in. (200 mm). Three
readings were taken before and after release dftthad, respectively. The three readings were
averaged (respectively) for post-processing anduGaion of strains. Once the strain profile
curves were obtained the curves were smoothed dsengrocedure depicted in Figure 3-28 as
proposed by Russell et al. [26]. This techniquaused to determine the so-called “transfer
length” and it is well known as the 100% averageimam strain (AMS) method [26]. The

procedure is well accepted and has been commoaty lws other researchers.

Figure 3-26 Beam side prepared for strain measurement with DEMEC stam
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Figure 3-27 Overview of beam test setup and instrumentation at beam end
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Figure 3-28 Smoothing method for concrete surface strain profiles. Adapdefrom [32]

3.6.1 Test Procedure: Transfer of Prestressing Force iritee Concrete Member
At the day of testing, i.e., gradual release ofghestressed strands, six 4” x 8” (100 mm
x 200 mm) cylinders were tested according to ASTBFE Three of the cylinders were kept in

a curing room and the rest of the cylinders wer kethe laboratory floor next to the beams.
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The strands for all pretensioned beams were gradiedbased by means of annealing.
The strand release was typically done six days afisting. The delay was due to the time
needed for demolding the specimens and instrumentaetup. The gradual prestress release
into the concrete member was achieved by heat Angeaf the strand along the three free
strand regions in a given beam line (see Figurd)3-the reduction of strand pretension due to
the heat-induced relaxation of the steel was mogdtavith strain gages connected near one of
the releasing ends. The annealing process tookeketw? to 15 minutes. The release sequence
for the NCC set was NCD2C, NCFBU, and NCFBC. Sitwee beams were placed per strand
line, the prestressing force was transmitted imo beams at the same time. The releasing
sequence for the self-consolidating concrete (S&@h was the same as the one described for

the NCC set of beams.

Figure 3-29 Photograph of the three points where the strand was released

70



The time at which the DEMEC strain measurements waken differed from beam to
beam. Table 3-5 shows a summary of the time atlwheadings from each beam were taken
after releasing the prestressing strands. The tah@gich measurements were taken are given
because it is well-documented that transfer lemgtheases with time, particularly during early
age of the concrete beam.

Table 3-5 Times at which final DEMEC were taken after strand release

Beam ID | Time hours (min)
NCFBC 3.00 (180)
NCFBU 5.00 (300)
NCD1C 6.30 (380)
NCD1U 6.00 (360)
NCD2C 0.50 (30)
NCD2U 7.25 (435)
SCFBC 3.50 (210)
SCFBU 5.00 (300)
SCD1C 4.60 (280)
SCD1U 6.30 (378)
SCD2C 0.50 (30)
SCD2U 9.00 (540)

3.6.2 Results of Bond Transfer in Beams

The results obtained from the prestress bond weartsfsts are presented next. The
compressive strength at the day of test (releamethe NCC beams was 7,300 psi (50.3 MPa)

and for the SCC beams it was 9,400 psi (64.8 MPa).

3.6.4.1 Concrete Surface Strain Profiles

The set of three DEMEC readings before and aftandtrelease were averaged and then
used to calculate the raw strain profile. A smodtk&ain profile was determined by using a
running average of 3 points as defined by Equai@nbelow.
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E_1+& +&; _
& smooth= — 1 3', 1+l Equation 3-2

The 100% average measurement strain (AMS) methal wgad [32] to obtain the
transfer length using the concrete surface strefilgs. This is a subjective technique and the
average strain is calculated from those points teé#ne plateau of the strain profile. The onset
of the plateau is the transfer length strain pdigure 3-30 shows unsmoothed vs. smoothed
concrete surface strain profile curves. It can bseoved that the smoothed curve is more
uniform and it takes care of peak values that nfegctathe average strain level. In some cases,
some outlier peak levels were observed and theg wi#minated because those points were far

away from the trend.
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Figure 3-30 Concrete surface strain profile: smoothed vs. unsmoothedrees
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Concrete strain profile curves obtained for the Né&@ms are shown in Figure 3-31 and

Figure 3-32. Representative results obtained ferS&C beams are shown in Figure 3-33 and

Figure 3-34. In all these figurefy; is the initial prestressing force after sittingdes. It can be

observed from Figure 3-31, Figure 3-32, and Figi#®} that some level of prestressing force
was transferred along the debonded length. Fobélens containing partially debonded strands,
the transfer length was defined as that from tleadrthe debonded length until the strain level
became uniform, i.e., a plateau level was reachéd. 100% AMS procedure [32] was also

applied.
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Figure 3-31 Concrete surface strains profiles for NCD1C and NCD1U beams
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Figure 3-32 Concrete surface strain profiles for NCD2C and NCD2U beams
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Figure 3-34 Concrete surface strain profiles: SCC beams contairgrpartially debonded
strand without confinement reinforcement

It can be seen in Figure 3-32 and Figure 3-34dliah though the beams shared the same
strand line the average concrete surface strael lgas different, which indicates that creep and

shrinkage effects affected the final strain measerds. Table 3-6 and Table 3-7 summarize the

determined transfer lengths for all beams. Theefaiesignated dg; in Table 3-6 and Table 3-7

is the applied jacking force minus the sitting Exssduring the pre-tensioning procedure.

Table 3-6 Transfer lengths for NCC beams

NCFBC | NCFBU | NCD1C | NCD1U | NCD2C | NCD2U
Transfer Length (in) 19 23 22 19 19 29
fpj (Ksi) 203 198 203 198 201 201

1inch =25.4 mm, 1 ksi = 6.89 MPa
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Table 3-7 Transfer lengths for SCC beams

SCFBC | SCFBU | SCD1C| SCD1U | SCD2C| SCD2U
Transfer Length (in) 24 17 16 15 N/A 27
foj (Ksi) 203 203 203 203 202 202

1inch =25.4 mm, 1 ksi = 6.89 MPa

The average transfer length for the NCC beamsfarasd to be 22 in. (560 mm) and 20
in. (510 mm) for the SCC beams. These average wvdhllewithin two standard deviations for
both sets. The transfer length values were noredlwith respect to time since it is well
documented that the transfer length increases twitd. Transfer lengths were normalized with
respect to a chosen time of six (6) hours by catouy the creep strains at this time using
Equation 3-3.

_ Equation 3-3
CreepStramyegm

I—tnorm = I—tmeasurea

In Equation 3-3, creep strain at 6 hours is theutated strain value due to creep effects
for each batch, and creep strain in beam is thepcvalue calculated for each beam according to
the time at which the DEMEC measurements were takée measured and normalized transfer
length values for each beam in each set are giv@rable 3-8. The normalized transfer length
for beam NCD2C is not provided since the obtainaldie’r was far from the normalized average
transfer length.

The initial stress values, losses due to shorterangd the calculated theoretical transfer
strain values for each beam are shown in Table BSddition, the theoretical values of
transferred strains obtained after taking into aotacreep and shrinkage, and the measured
strains at 100% average strain level are also showthis table. Creep and shrinkage effects

were taken into account since they were found to shlgmificant when comparing the
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experimental results to code estimates and nuneesalts. It was found that creep strains were
particularly high. Therefore, creep strain valuesevadded to the calculated strain values caused
by the release of the prestressing force. The @rpetal strain level for the SCD2C beam is not
shown in Table 3-9 since the results obtained ftbat beam were not satisfactory. Therefore,
the results were discarded.

Table 3-8 Time normalized transfer lengths

Measured Transfer| Normalized Transfer
Beam ID Length (in.) Length (in.)
NCFBC 19 23
NCFBU 23 25
NCD1C 22 22
NCD1U 19 19
NCD2C 19 -
NCD2U 29 28
SCFBC 24 28
SCFBU 17 18
SCDi1C 16 17
SCD1U 15 15
SCD2U 27 24

1inch =25.4 mm

As shown in Table 3-8, the determined and normdlizgnsfer length values were below
the 60 times nominal diameter value recommendedhbyAASHTO LRFD Bridge Design
Specifications [2] for 0.6-in.-diameter (15.2 mnasds, which is 36 in. (915 mm). In addition,
Table 3-8 shows that the normalized transfer lengthes for the beams containing fully bonded
strand were slightly larger than the ones obtafeediebonded strand. This is attributed to the
partial bond resistance along the sheathed stemgtH due to strand dilation, as supported by

the numerical simulations presented in Chapter e force transferred along the unbonded
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length as a percentage of the effective prestrgdsirce was 15% and 17% for the NCC and

SCC beams, respectively.

Table 3-9 Theoretical and experimental transferred strains

Theoretical
strain  level | Theoretical Experimental
w/o strain  level | strain  level
Losses due tqg including including using 100%
fpj shortening creep strain| creep strain| AMS method
Beam ID | (ksi) | (ksi) (us) (us) (us)
NCD2C 201 7.0 241 292 357
NCD2U 201 7.0 241 391 435
NCFBU 198 6.9 238 370 432
NCD1U 198 6.9 238 377 436
NCFBC 203 7.1 244 360 535
NCD1C 203 7.1 244 387 368
SCD2C 202 6.2 215 270 N/A*
SCD2U 202 6.2 215 335 300
SCFBU 203 6.3 216 317 266
SCD1U 203 6.3 216 324 289
SCFBC 203 6.3 216 307 286
SCD1C 203 6.3 216 322 291

1 ksi = 6.89 MPa
As shown in Table 3-9, the calculated theoretic&cpmpression strain level before
taking into account creep and shrinkage effectsndidmatch the experimental concrete surface
strain levels. Nonetheless, once creep and shrinkffigcts were taken into consideration the
theoretical and experimental strain values werehloser (see Table 3-9). Figure 3-35 and
Figure 3-36 show a comparison between the theatetind experimental concrete prestress
levels for both sets of beams. It is seen froméHggires that the experimental results obtained
from the NCC set of beams was quite higher tharthiberetical calculations even though creep
and shrinkage effects were included for the catedlavalues. However, the average difference

between the experimental and calculated concresensvalues is about 13% excluding the
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results obtained from the NCFBC beam. On the olfzerd, the experimental concrete strain

values measured from the SCC beam units were lthaerthe calculated ones about 12%.

(,. OT«'Uy ) [9ne7 urens

Beam ID

Figure 3-35 Theoretical and experimental strain level comparison — NCC bens
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Figure 3-36 Theoretical and experimental strain level comparison — SCC ams

3.7 Findings and Discussion

The most relevant findings in the experimental paog using normally-consolidated
(NC) and self-consolidating (SC) concrete were:

e From pull-out tests on cylinders it was observedt tithe use of confinement
reinforcement improved the bond strength on unseéestrands by about 11%. This was
the average obtained from pull-out tests on cylisdast with NCC and SCC.

e The maximum peak pull-out loads on simple cylindensl wall-like blocks obtained
from debonded strands, whether debonding by usiglesor double layer flexible slit
sheathing, was significantly small compared to dkerage peak-pull out load obtained

for fully bonded strands.
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The effect of concrete hydraulic head and condteigity was investigated on unbonded
strands through pull-out tests on wall-like blockhe average peak pull-out load
obtained from the debonded strands was close tofaewall blocks cast with NCC and
SCC. Thus, flexible slit (tight fit) sheathing eftevely eliminates the bond between the
unstressed debonded strand and the surroundingetema a unstressed condition.

The bond behavior of debonded strands studied Uslmyatory-scale beams showed that
with the use of flexible slit (tight fit) sheathingingle or double layer, about 17% of the
prestressing force was transferred along the dedtbzdne based for both, NCC and
SCC beams.

The use of confinement reinforcement along thesfearzone of two fully bonded beams
did not show any improvement in bond stress transé&havior, as judged from the
concrete surface strain profiles obtained alondotrem.

Measured concrete surface strains showed that arekphrinkage effects at an early age

greatly influenced the determined transfer lengdrger values).
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CHAPTER 4 COMPUTATIONAL ASSESSMENT

4.1 Introduction

Three-dimensional nonlinear finite element modedse created to study prestress bond
transfer in small-scale beams containing concelffitly bonded or partially debonded strand
using soft sheathing (tight fit). The models wdmreloped using the finite element program
ABAQUS [1]. The effect of additional stresses calibg the dilation of the partially debonded
strands due to Poisson’s effect was investigatedtiaa influence of confinement reinforcement
was incorporated. The models were calibrated wiffeemental data obtained from small-scale
beams results (see Section 3.7). The calibrateshper was the coefficient of friction, which
was used for a nonlinear-friction model that coldb the contact interaction between the
simulated strand and concrete parts in the filgenent models. In addition, inelastic-material

behavior of concrete was considered.

4.2 Concrete Damaged Plasticity Model

Concrete behaves as a brittle material under lowfimiog pressureand when the
concrete is subjected to high confining pressuraskcpropagation in the brittle material is not
observed [1]. The concrete damaged plasticity (CinBglel, option available on ABAQUS [1],
gives a general capability for modeling concretd ather quasi-brittle materials such as rocks
and ceramics. The model accounts for concepts aifolgsic damaged elasticity combining
isotropic tensile and compressive plasticity torespnt the inelastic behavior of concrete. The
main formulation aspects behind for the concretaatged plasticity model are:

e Strain rate decomposition,
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e Stress-strain relations,
e Hardening parameters,
e Yield function, and

e A flow rule.

The rate strain decomposition for the rate indepahdnodel is shown in Equation 4-1
[1].

&= &@I + &JI Equation 4-1

where, the rate straig is decomposed into an elastic strain rﬁé, and a plastic strain rate,

&pl . The concrete damaged plasticity model is ont@fpossible constitutive models that can
be used to simulate failure and the recognitioncadck patterns in concrete [11]. The
fundamentals of any model based on the classieakyhof plasticity are the yield criterion, the
flow rule, and the hardening rule. The CDP modebased on the principles of the Mohr
Coulomb and Drucker-Prager, which in their gengrahulation follow Equation 4-2.

F(o)=c Equation 4-2

In Equation 4-2,F (o) is a function of the stress components andnay be identified with the
cohesion or some constant multiplier [18]. Theiahipart of the yield surface can be described

with c= ch’ and failure is reached whe@ attains its maximum along a given loading path

[18]. The formation of microcracks in the concretaepresented macroscopically as softening
behavior of the material, which results in locdiiaa and redistribution of strain in a structure

[15].
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The response from tensile and compressive damageuasi-brittle materials are

different; thus, it is not realistic to represehlitdamage states by a single parameter. If twe stat
variables (ft and fC) representing uniaxial tensile strength and cosywve strength of the

material, respectively, describe the yield functihre admissible stress states are constrained by

the condition shown in Equation 4-3.
F(o, f;,fc)<0 Equation 4-3

According to experimental observations, in most sipbaittle materials, including
concrete, the tendency is that the compressivimes$ is recovered upon crack closure as the
load changes from tension to compression. In cefjtess the load changes from compression to
tension, the tensile stiffness is not recoverecanicro-cracks have developed.

The concrete damaged plasticity model {5s a yield condition based on the yield
function proposed by Lubliner et al. [18] and inparates the modification proposed by Lee and
Fenves [15] to account for different evolutionsstrength under tension and compression. The
evolution of the yield surface is controlled by tmerdening parameters. The yield function can

be expressed in terms of effective stress, as shown in Equation 4-4 [1].
F[E,E pl j _ %(q—sar) . /3(5 pl j(émax> (- émax>) _ EC(EC pl j <0 Equationd-4
-
where,

a and y = dimensionless material constants,

p= _éa: | = hydrostatic pressure,

q= 1/%5 : S = equivalent effective stress,

S: pl + & = deviatoric part of the effective stress tensor
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omax= algebraically maximum eigenvalue of effectivees tensor, and

— (~ p|j
0'0(8(;
ﬂ(?pl)z—(l—a)—(1+a).
ot (Et pl )
From the last expressionzt (&t pI) and o (ec pI) are the effective tensile and
compressive cohesion stresses, respectively. Thablewa is determined using Equation 4-5
[1].

_ (on0/oc0)-1 0<a <05 Equation 4-5
2opo/ocn)-1

From Equation 4-5,0CO is the uniaxial compressive yield stress aﬂﬂo is the

equibiaxial compressive yield stress. Another patamthat needs to be defined is the ratio of

the second stress invariant on the tensile meriajérivl) , to that on the compressive meridian,
g(CM), K¢ , at initial yield for any given value of the psese invariant P such that the
maximum principal stress is negativfemax <0 (seeFigure 4-1 [1].

The plastic flow is governed by a flow potentialnétion G(z) according to a

nonassociative flow rule as shown in Equation 4-4.

&pl = lng_(E) Equation 4-6

oo

From Equation 4-4 £ is a nonnegative plastic multiplier [IThe plastic potential is

defined in the effective stress space as showiguré 4-2.
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Figure 4-1 Failure surface on the deviatoric plane. Adapted from [1]
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Figure 4-2 Proposed yield surface in the stress space by Lublinér989). Adapted from [15]
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The flow potentialG chosen for the concrete plasticity model is theidRer-Prager

hyperbolic function and this is shown in Equatiei.4

G= \/(e oro tany )2 + g2 - ptany Equation 4-7

In Equation 4-7, is the dilation angle measured in tipe- g plane at high confining
pressure;o is the uniaxial tensile stress at failure; aadis a parameter related to the
eccentricity that defines the rate at which thecfiom moves toward the asymptdqseeFigure

4-3a)[1]. Figure 4-3a and Figure 4-3b show the resparigbe concrete under uniaxial loading

in tension and compression, respectively.

Z.
g
| el | t

7P &t
a) Tension Response
Figure 4-3 Response of the concrete under uniaxial loading. Adapted frof]
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Figure 4-3 cont’d.
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b) Compression

Under uniaxial tension, the stress-strain curvdleteha linear-elastic response until the
value of the failure stressriq, is reacheqsee Figure 4-3a). In this studyyg corresponds to
the modulus of rupture of the concretg, = 751,/ f'.; , where 1 =10 for normal weight

concrete [3]. The failure stress corresponds tartii@tion of micro-cracking in the concrete. If
the concrete is subjected to uniaxial compressimmaterial behaves linear-elastically until the
value of initial yielding ocg reached(see Figure 4-3b). In the plastic state, the cosgwe
response of the concrete is usually identified togss hardening followed by strain softening
beyond the ultimate stressiq, (see Figure 4-3b) [1]. If the concrete is subjecte high

compressive loads, the propagation of cracks isaedl since cracks run parallel to the loading

direction Nonetheless, the effective load-carrying areagsicantly reduced after substantial
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crushing of the concrete has taken pladee effective uniaxial cohesion stressés, and o,

can be determined using Equation 4-8 and Equati@®yrdspectively.

&t = Eo(é‘t — &t pl) Equation 4-8

oc = Eo(é‘c —-&c plj Equation 4-9

4.2.1 Parameters and Assumptions on the CDP Model

In order to incorporate the concrete damaged ipigs{CDP) model in the numerical
simulations for this research, plasticity paransete¥ed to be defined. The values of the variables
can be found from experiments or the default valagailable in ABAQUS [1] can be
preliminary used. A summary of the parameters tiesd to be defined is presented in the
following.

» Dilation angle,i, in the p—q plane. The value needs to be entered in degrees.
» Eccentricity, €, which is a small positive number that defines thtge at which the
hyperbolic flow potential approaches its asymptdtee default value in ABAQUS is

0.1.

» The ratio of initial equibiaxial compressive yiektress (ybo) to initial uniaxial

compressive yield stresss§p), fpo/ fco. Experimental values of fyg/ feg range

from 1.10 to 1.16 [18]. The default value in ABAQWSL.16.

> Kc is the ratio of the second stress invariant ontéheile meridiang(TM ), to that on

the compressive meridiarq(CM), at initial yield for any given value of the prass
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invariant p. The following condition must bet satisf§.5< K < 1The default value

in ABAQUS is 2/3.

> Viscosity Parameter,uz, use for the visco-plastic regularization of thenarete
constitutive equations [1]. This value was seledbgdtrial and error procedure and
chosen to be 0.02. The viscosity parameter mukepeas small as possible for accurate
results.

The compressive stress data is to be providedi@sudar function of inelastic (crushing)

strain, °C . Positive (absolute) values shall be given for¢bmpressive and tensile stress and
strain curves. The stress-strain curve can be eféfbeyond the ultimate stress into the strain-

softening state [1].

4.3 Description of the Contact Interaction FrictionModel in ABAQUS

Surfaces in contact can transmit shear and ndionzgs. The relationship between these
two types of forces is known as friction, whichusually expressed in terms of the stress at the

interface of the surfaces in contact as showngurei 4-4-a.

N
F=uN l
F —»
7777777777777
a) Classical Coulomb friction model b) Schematic of the strand dilation

Figure 4-4 Schematic of the basic Coulomb friction model and radial presse due to
dilation of strand upon release
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The friction model available in ABAQUS [1] givesetloption of defining static and
kinetic coefficients of friction with a smooth trsition zone defined by a decay curve. The

critical shear stress;qyjt, Is the stress at which sliding of the surfacgesantact begins as a
fraction of the contact pressure ] between surfacesqrit = 4* p, u is the coefficient of

friction. This critical shear stress can be definsthg the classical Coulomb friction model (see
Figure 4-4-a). A static coefficient of friction cdre defined for the friction model and this is
known as the “stiffness (penalty) method” [1]. Ortbe maximum shear stress is exceeded,
sliding of the surfaces with respect to each otkdlroccur. In the real case of the strand in
contact with concrete, the normal behavior (N aswshin Figure 4-4a) is developed by the
radial pressure exerted to the concrete as thedswldates upon release (see Figure 4-4-b).
Longitudinal friction forces are developed by theaimanical interlock mechanism and friction
between the two surfaces creating the tangenti@raotion between the strand and the
surrounding concrete. This behavior is simulatedhgy aforementioned normal and tangential
models and is referred herein as a nonlinear dnathodel.

In ABAQUS [1], the stick/slip calculations detemeiwhen a point changes from sticking

to slipping or vice versa. The maximum shear strgsgyx can be specified when using the
friction model [1]. An acceptable upper bound fetimating the value of gy is O'y/\/§,
where oy is the Von Mises yield stress of the material egljg to the surface. Figure 4-5

shows the sticking and slipping frictional statéshe friction model. As it can be seen, the slope
of the curve is related to the sticking-frictioratgt (linear-elastic region). The slipping friction

state is related to the plastic regime, and tikedglace wherryjt is reached [1]. The response
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shown in Figure 4-5 is comparable to the behavibrao elasto-plastic material without

hardening wher& would correspond to the elastic modulus ag4l represents the yield stress.

A
Shear
Stress Stricking
Friction

Terit—— \

Slipping Friction

-
Total Slip

Figure 4-5 Sticking and slipping friction. Adapted from [1]

The nonlinear friction model is implemented in AQAIS by using a contact constraint
and such a constraint is activated in the finiement model when the distance separating two
node surfaces defined with the possibility to beantact becomes zero.thHe contact pressure
between the surfaces in contact becomes zero @atimegthe constraint is removed and the
surfaces separate. This behavior is referred tthad contact’and it is the default contact

behavior in ABAQUS [1]

4.4 Modeling of Prestress Bond Transfer in 2-D an8-D Models

According the goal of the investigation, prestressd transfer can be modeled using

different approaches. Mirza and Tawfik [19] develdm one-dimensional (1D) model to study
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the restraint effect in beam end-cracking and \@&izontributions were obtained from this
model, namely, that the short free length of theutiistrands can lead to high stresses in the end
region. Kannel et al. [13] developed 3D numericaldeds to study the stress distribution in the
end region of pretensioned concrete girders. Tlamdtwas modeled as truss elements embedded
in the concrete and the prestressing force wasfeaed into the concrete at nodes where the
truss elements were connected to the concreterreggshown in Figure 4-6. The models by
Kannel et al. were developed to show the effedt@nd release sequence on the stress state in
anchorage zones. Another modeling technique udingléments is to connect the truss elements
to the concrete elements (2D or 3D) by means ahggr This technique allows for distinct

modeling of tensile and compressive stress tramsfieavior.

2-D Continuum
Elements

:_ SR N— -: < Truss Element
: l
A S, PO .3 |
l Y
f
@ e <— Truss—p e._ P 2
f  Elements e f g
g h i I I I
&

Springs used to connect Shared Nodes
nodes

Figure 4-6 Prestress bond transfer in 2D
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The use of truss elements in a simulation mode$ ¢ allow for capturing the dilation
of the strand due to the Poisson’s effect from m&tming. One of the goals of this study was to
investigate the stress state in the beam end regioa to the dilation of the partially debonded
strand upon detensioning and the effects that ity have in beam-end cracking. Thus,
modeling of the strand using three-dimensional ioomim elements was needed. Figure 4-7
shows an isometric view of a beam and the stradidating the surfaces to be in contact. In this
figure, the strand was modeled as a simplifiedutarcrod since this facilitated computational
demand and the simulation of prestress bond transéng surface contact interaction

definitions, as described in Section 4.3.

Surface A

Surface B

Figure 4-7 3D Modeling of prestress bond transfer using contact interdon definitions
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4.5 Numerical Modeling of Laboratory-Scale Beams

Three-dimensional (3D) nonlinear finite element Rtbdels that replicated the beams in
the experimental study presented in Section 3.@ wezated and analyzed to emulate the bond
stress transfer behavior using the program ABAQUSThe FE models incorporated inelastic
behavior and damage to the concrete material ulmduilt-in material models in ABAQUS.
The high-fidelity three-dimensional models consadersurface interaction definitions (see
Section 4.3) between the strand and concrete teehibd stress transfer between the two. The
main parameter for the definition of the surfaderaction model was the coefficient of friction.
Use of the “hard-contact” surface interaction moaeABAQUS[1] requires the definition of
tangential and normal behaviors. For the tangeb&hhvior, a nonlinear friction formulation and
a coefficient of friction were defined. For the m@al behavior, a contact constraint was applied
when the distance separating two surfaces in coiacomes zero such that radial stresses
develop as the strand tries to expand and the iwaces cannot penetrate each other.

The aim of this simulation was to model bond streansfer behavior to obtain basic
numerical parameters that control the surface astenn definitions needed to model realistic
bond behavior of prestressing strand in concredenise The FE beam models were calibrated by
comparing the numerically calculated and the expentally measured concrete surface strain
profiles along the beam length. The calibrated mpatar was the coefficient of friction, which
controls the nonlinear-friction model. The valuetloé coefficient of friction obtained from the

calibration was used the case study presentetiapt€r 5.
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4.5.1 Description of the FE Beam Model

The characteristic finite element model develomedHis task is shown in Figure 4-8 and
Figure 4-9. The beam had a cross section of 6"¢60(mm x 150 mm), as the tested laboratory-
scale beams (see Section 3.6). One half of the vemsmodeled due to symmetry along the Z-
axis, 120" (3050 mm). Eleven FE beam models wesated and analyzed. The models
followed the experimental test matrix given in FgB-23. Four models had a concentric fully
bonded strand and the rest had a concentric pard@bonded strand. The unbonded length was
24 in. (610 mm) and a tight-fit was provided aldhg debonded length to simulate the flexible
slit sheathing. With a tight fit between the straartl the surrounding concrete, radial stresses
develop upon release. The strand was modeled gbndrical rod with a diameter of 0.5268”

(13.4 mm), which was determined to match the areth® prestressing 0.6-in. (15.2 mm)

diameter strand (0.218 |2n[140 mmz]). The strand was stressed using the initial stoesdition

[1]. The input stress values were those obtainech the experimental program (see Table 3-6
and Table 3-7). The model had just one loading stegvhich the prestressing force was
transmitted into the concrete member. For the abrbehavior of the friction model the
overclosure pressure was defined as “hard contactas impenetrable surfaces. For the
nonlinear friction model, the tangential behaviaswdefined as penalty, and the coefficient of
friction was the parameter to be calibrated. Th&imam shear stress value was not specified.
The coefficient of friction influences the transfength and the stress transfer rate; however, the
coefficient of friction in these models was an fauitl parameter that was used/calibrated to
account for the mechanical interlock and frictiamnd mechanisms. The coefficient of friction
was changed by trial and error until the transtagth from the numerical model closely

matched (+ 1 in. [25.4 mm]) the values experiméybtained.
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For the partially debonded beam models, the caefficof friction along the debonded
length was defined as 4.5 percent of the coeffic@nfriction given along the fully bonded
region. This followed the experimental observatitmst a small level of prestressing force was
transferred along the debonded region. The valukSopercent was obtained from the wall-like
block results (see Section 3.5.3) by calculatireyrétio of the average maximum pull-out force
for the debonded strand group to the average peldoyt load for the group of fully bonded
strand, group which was found to be 0.045

Continuum three-dimensional, C3D8 (eight-node lineack), elements were used for
the concrete and the strand parts in the FE mdtel mesh size for the beam was approximately
1"x1"x1” (25.4 mm x 25.4 mm x 25.4 mm), and themeénts of the strand varied in cross
section and their length was 1 in. (25.4 mm [segifé 4-9]). The concrete damaged plasticity
(CDP) model (see Section 4.2) was used in the naaleanodels. The linear-elastic material
properties of the concrete and the plasticity patans for the normally-consolidated concrete
and self-consolidated concrete sets of beams angnsim Table 4-1 and Table 4-2, respectively.
For the strand, linear-elastic material propenvese defined. The value of the Young’s modulus
was defined as 29,000 ksi (200 GPa) and the Pdsssatio was set equal to 0.3. An overview of
the beam model is shown in Figure 4-8 to Figurd 4ahd the end-region of the model is shown
in Figure 4-9. Some of the plasticity parameteashin Table 4-1 and Table 4-2 were obtained
from the literature. The value of the dilation anglvas obtained from Jankowiak and
Lodygowsky [11]. The remaining values were basedhe default values recommendations

from ABAQUS [1]. The viscosity parameter was seteldby trial and error.
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Figure 4-8 Geometry of the numerical beam model
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Figure 4-9 End region of the FE beam model

When the theoretical and experimental concreténskeaels due to the prestress release

were first compared, it was found that the expentalevalues were higher than the calculated
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ones. Further inspection indicated that this was tducreep and shrinkage effects (see Section
3.6). To account for those effects in the numenmatels, temperature load was applied to the
beam to simulate the additional creep and shrinlkddfets. The thermal expansion coefficient
was fixed to one, and temperature was graduallyiexp@long the transfer length and fully
applied beyond the transfer region (see Figure arftDFigure 4-11). The maximum temperature
value that was applied to each beam was obtaireed the difference between the maximum
longitudinal strain value of obtained from the F&alm model before applying temperature and
the 100% AMS experimental value obtained for thpecefic beam (see Section 3.6).
Temperature load was applied along the transferezon increments of 10 percent.
Representative results from the calibrated FE sstalle beam models are shown in Section

4.5.2.

:,»:J—Releasing End

Figure 4-10 Fully bonded beam model

99



Figure 4-11 Typical debonded beam model

Table 4-1 Concrete damaged plasticity model parameters for NCC Fiodels

Concrete Parameters for CDP model
parameters f' ¢i=7300 psi Dilation Angle 38
Concrete Elasticity Eccentricity 0/1
E; (ksi) 4870 fb0/fcO 1.16
v 0.2 Kc 0.67
Viscosity parameter 0.02

Concrete compression hardening

Concrete tension stiffening

100

Stress (psi) Crushing strain Stress (psi) Crackimgin
1209.0 0 640 0
4710.1 0.000026 375 0.000868
6480.7 0.000160 288 0.002868
7195.5 0.000512 248 0.004868
5733.8 0.001314 198 0.009868
3652.1 0.002245
1281.6 0.003735
625.8 0.004621
274.3 0.005693

160.5 0.006467 1 MPa= 145 psi



Table 4-2 Concrete damaged plasticity model parameters for SCC Raodels

Concrete Parameters for CDP model
parameters f' ¢i=9400 psi Dilation Angle,y 38
Concrete Elasticity Eccentricity, 0.1
E; (ksi) 5526 fb0/fcO 1.16
\% 0.2 Kc 0.67
Viscosity parameter 0.02
Concrete compression hardening Concrete tension stiffening
Stress (psi) Crushing strain Stress (psi) Crackitngin
1381.6 0 727 0
5482.2 0.000008 364 0.001868
7885.7 0.000073 291 0.004368
9287.0 0.000320 242 0.007868
9134.3 0.000597 225 0.009868
5557.8 0.001744
1556.4 0.003218
442.0 0.004170
147.9 0.004973
24.8 0.006496 1 MPa= 145 psi

4.5.2 Results of Simulations on Bond Transfer ond3tressed Concrete Beams

Representative results of the calibrated beam Hoaie presented herein. Concrete
surface strain profiles were obtained from eachrbe@del along the longitudinal direction. In
addition, plot contours from each model were olgdito illustrate the longitudinal forces and
axial and transverse stress/strain from the stealdiisson effect. A complete set of results
obtained from the FE models is given in Appendix C.

The naming convention for stress and strains odtpat ABAQUS is as follows. The X,

Y, and Z axes are represented by numbers 1, 23 amdpectively. The letter E represents strain,
and the letter S means stress [1]. Figure 4-12 shibge/normal and shear stresses in a differential

element.
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Figure 4-12 Differential element subjected to normal and shear stsses

a) Concrete Surface Strain Profile Curves

The concrete surface strain (CSS) profile curvaiabt from each model was closely
matched to their respective experimental CSS cufses Section 3.6). It is well-known that
transfer length increases with time. One of thennzaintributors to this time-dependent change
is creep. Therefore, it was needed to normalizectedficients of friction obtained from each
beam model to a common time at which the longitaldstrain measurements were taken during
the tests. The chosen time was six hours afterdlease of the first strand line. Equation 4-10

shows the expression used to normalize the cogftisiof friction,

*
&
Hnorm = £ _‘cbeam (écbeam Equation 4-10

“NCCe
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where, |l represents the static coefficient of friction #ospecific beam modekcpheamis the

creep strain value calculated according to the w@h&hich longitudinal strain measurements
were taken for that specific beam; arggNCC IS the creep strain value calculated at a time of

six hours after releasing the first strand. Théetatvas a common value for all six numerical
beam models for the normally-consolidated congie@C) set of beams. The creep strain value
was different for the SCC set of FE beam modelsesthe compressive strength at release for
both groups was not the same. For the NCC setarhbgthe creep strain value was found to be
135s, and for the SCC group it was equal to 80 A summary of the coefficients of friction
obtained for each beam model, the time at whichsomeanents were taken during the tests, and

the normalized coefficients of friction are shownTliable 4-3.

Table 4-3 Summary of coefficient of friction used in calibration of mdels

Coefficient | Time @ measurement| Normalized coefficientof friction
Beam ID of friction (minutes) based on creep strain at 6 hours
NCFBC 0.65 180 0.53
NCFBU 0.55 300 0.51
NCD1C 0.65 380 0.66
NCD1U 0.55 360 0.54
NCD2C 0.7 30 -
NCD2U 0.45 435 0.47
SCFBC 0.5 210 0.43
SCFBU 0.75 300 0.71
SCD1C 0.85 280 0.78
SCD1U 0.8 378 0.79
SCD2U 0.5 540 0.56

The purpose of normalizing the coefficients of tioo was to obtain an average value

with a lower standard deviation and account for thaation on the experimentally obtained
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transfer lengths due to creep effectBhe coefficients of friction obtained from each imea

model (see fourth column in Table 4-3) were furthermalized based on a release strength of
8,000 psi (55 MPa) and an initial prestressingdoffg;, of 202.5 ksi (1396 MPa) using Equation
4-11. The final values are shown in Table 4-4.

- _ Mnorm” V/8(ksi) . Tpi (ksi) |
Htsi) ™ M(ksb 2025(ksi) Equation 4-11

In Equation 4-11fp; is the initial prestressing force after sittingdes, and §j is the

compressive strength at release. A compressivagitreof 8 ksi (55 MPa) and an initial
prestressing force equal to 202.5 ksi (1396 MPagveelected to normalize the values of the
coefficient of friction since these values wereduf® the case study presented in Chapter 5. The

coefficients of friction presented in Table 4-3sfl@olumn — right side) were also normalized
based on the above mentioned release strength raath effective prestressing forcdgg of
189.5 ksi (1,307 MPa) using Equation 4-12, and Yhisie was obtained assuming 13 ksi (89.6

MPa) in instantaneous prestress losses, whicltlveagverage value obtained from the FE beam

models.

- _ Mnorm” V8(ksi) , fse(ks)
“(fsd ™ [P (ks)  1895(ks)

Equation 4-12

104



Table 4-4 Normalized coefficients of friction based on §= 8 ksi and on f5j= 202.5 ksi

Values normalized based Statistics on Normalized Coef. Of
on fgj=202.5 ksi Friction
Beam Normalized Standard Coef. of
ID Coef. of Friction | f'¢j (ksi) | Mean | Deviation | Variation (COV)

NCD1C 0.690 7.3

NCD1U 0.604 7.3 0.69 0.0585 0.0851
SCD1C 0.724 9.4
SCD1U 0.731 9.4

NCFBU 0.545 7.3 0.60 0.08 0.1330
SCFBU 0.658 9.4

1 ksi = 6.89 MPa

Table 4-5 Coefficients of friction normalized onfge= 189.5 ksi and f¢j=8 ksi

Values normalized based Statistics on Normalized Coef. Of
on fge=189.5ksi Friction
Beam Normalized Standard Coef. of
ID Coef. of Friction | f'¢j (ksi) | Mean | Deviation | Variation (COV)

NCD1C 0.602 7.3

NCD1U 0.507 7.3 0.60 0.068 0.1129
SCDi1C 0.645 9.4

SCD1U 0.657 9.4

NCFBU 0.52 7.3 0.59 0.1103 0.1845
SCFBU 0.676 9.4

1 ksi = 6.89 MPa

It can be seen from Table 4-4 and Table 4-5 thatntiean value of the coefficient of
friction based on a compressive strength at releéd$000 psi (55 MPa) was 0.59. This value
was used for the case study presented in Chap#sites. applying temperature on the concrete
and releasing the prestressing force, the conmatiace strain (CSS) profile curves for the
models were obtained by creating a longitudinah pat mid-height of the beam-part (same

location as the experimentally measured CSS) asrshoFigure 4-13.
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Longitudinal Path on
Concrete Surface
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Figure 4-13 Longitudinal path along the FE beam models

Figure 4-14 and Figure 4-15 show the concreteasarktrain profiles for two FE beam
models versus the corresponding experimental C8&edr It can be seen that the FE and
experimental CSS traces match each other wellbf@aion of the self-consolidated concrete
(SCC) beams is shown in Figure 4-16 and Figure.4-17

Figure 4-16 shows the calibrated FE response lamdxperimentally measured
concrete surface strain profiles for the SCFBU hedhre CDP model was not used in this
particular model due to numerical problems (lack cohvergence) attributed to the high
compressive strength and coefficient of frictioneded to match the experimental transfer
length. Because of this issue, the results in EigtHl6 were obtained from a linear-elastic
analysis. The differences between a linear-elasttt an inelastic analysis in terms of stress and
strain values are discussed in Section 4.7. Howévesas verified that material behavior of the

concrete does not affect transfer length in therfeidels.
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Figure 4-14 NCFBC beam model vs. experimental data
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Figure 4-15 NCD1U model vs. experimental data
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Figure 4-16 SCFBU beam model vs. experimental data

As it can be seen from the results in Figure 4d.&igure 4-17, the numerical models
were successfully calibrated. It shall be kept imdnthat the calibrated parameter was the
coefficient of friction because this variable cafgrthe transfer length. Further, the calibration
process was done by simple comparison of the neairipredicted vs. experimental transfer

length value.
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Figure 4-17 SCD2U beam model vs. experimental data

b) Stress and Strain Paths and Plot Contours

The stress and strain values along the cross seatithe releasing end of each beam
model were obtained to assess the level of stredsdaformation induced by the prestressing
force in the concrete member. A path along thescsestion of the beam was selected to obtain
stress and strain levels at the releasing enddier@o understand how the stresses and strains on
the cross section at the releasing end of the lyeadel can be affected when the strand is fully
bonded or partially debonded with tight fit sheathithe maximum principal strain, axial and
transverse stress levels are shown in the followkiigure 4-18 shows the maximum principal

strains on the cross-section of the beam at tieaseig end for all the NCC numerical models.
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Figure 4-18 Maximum principal strain levels along cross section - NCGeams

Representative results of stress and strain contang discussed next. In the following
figures, positive values denote tension, and negatalues mean compression. In addition, the
red color denotes the highest tension value andtedarblue color refers to the largest
compressive value. In order to carry out a betenmarison from the simulation, the maximum
and minimum contour values were fixed to the mimmualue in tension and in compression for
each group of beams, NCC and SCC, respectivelys,Tthe light gray color denotes the tensile
force above the defined tension-limit value, and ttark gray color represents compressive
values beyond the maximum compression-limit esthbll. See Appendix C for supplementary
plot-contour results obtained from each beam model.

To compare the stress and strain levels along #imordled/transfer zone after the

prestressing force was transferred into the coaeamsmber, contour plots comparing a beam
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with partially debonded and fully bonded strand esenpared in the following. Figure 4-19-a
and Figure 4-19-b show the axial strain contourstfie@ NCD1C and NCFBC beam models,
respectively. During the experimental phase the h@ams were placed in the same strand line,
thus having the same initial prestressing forcee frAnsverse strain E22 contour plots for the
NCD1U and NCFBU beam models are shown in Figur@-4-2and Figure 4-20-b, respectively.
The two beams were subjected to the same initesdtpgssing force of 198 ksi (1365 MPa). The
maximum principal strain contour plots for the NGCDand NCFBC beam models are shown in

Figure 4-21-a and in Figure 4-R1 respectively.
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b) NCFBC beam model
Figure 4-19 Axial strain contour plots

112



E,E22

(Avg: 75%6)
+28.188e-04
+7.229e-04
+6.171e-04
+5.113e-04
+4.055e-04
+2.997e-04
+1.929e-04
+2.805e-0S
-1.776e-0S
-1.236e-049
-2.294e-04
-32.352e-04
-4.410e-04
-5.462e-04
-7.584e-049

L I_u=24" . I—t=1 gu |

a) NCD1U beam model

E, E22

(Avg: 759%)
+7.238e-04
+7.22%9e-04
+5.113e-04
+4.055e-04
+2.997e-04
+1.93%9e-04
+8.80S5e-0S
-1.776e-05
-1.236e-04
-2.294e-04
-3.352e-04
-4.410e-04
-5.468e-04
-5.567e-04

| L=23" |

b) NCFBU Beam Model
Figure 4-20 Transverse strains contour plots: front and side views
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b) NCFBC beam model

Figure 4-21 Maximum principal strain contour plots: side and front views
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As it can be seen from Figure 4-19-a, the axiaistvalues along the debonded zone
were high and somewhat constant, which indicataswith a tight fit (flexible slit sheathing),
high radial stresses develop at the interface eftWo materials. This phenomenon is also
observed in Figure 4-20-a and Figure 4-21-a. Onother hand, for the beam models with a
fully bonded strand, NCFBC and NCFBU models, arel dtrain values were high close to the
release end and decrease at about 10 in. (250 neagured from the releasing end.

The transverse stresses, S22, for the NCD1U andBNCheam models are shown in
Figure 4-22-a and Figure 4-22-b, respectively. Teximum principal stresses are shown in
Figure 4-23-a for the NCD2C beam model, and Figu&3-b shows the same type of stresses
obtained from the NCFBC beam model. The entiretleiofj the beam is not shown in order to
present a closer view to the stresses and stratrgbdtion on the anchorage zone and along the
transfer region. The maximum principal strain valag the release end were numerically found
to be higher for the models with a partially debemdtrand than the ones containing a fully
bonded strand. Since there was nominal frictiowvbeh the strand and the surrounding concrete
along the debonded zone of the beam models, thal istdesses caused by the dilation of the

unbonded strand were higher as is explained inr&igt24.
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b) NCFBU beam model

Figure 4-22 Transverse stresses: side view and cross section ataséeend
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Figure 4-23 Maximum principal stresses contour plots: front and sidgiews
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The transverse and maximum principal stress cesitshown in Figure 4-22-a and Figure
4-23-a also show high values along the unbondee.zBigure 4-24 is presented as an aid to
explain the phenomenon observed when a tight fiiravided between the partially debonded

strand and the surrounding concrete. At time zanoy releasing the prestressing force into the

concrete member, the stress in the stragés equal along the entire prestressed steel and th

concrete has not been precompressed yet. As tlstrgesing forceg is released into the

concrete radial stresseg develop due to the dilation of the prestressimgnst. If the strand is

fully bonded longitudinal bond stresseg (1L1c,,) develop. The axial strairgx can be related to

radial strainss, by the Poisson’s ratio. The prestressing force in the strand is reduged b

fixed amountAFg, which is composed dhe bonding forcem, (6/A) and the axial forcd=y

(ox/A). Thus, as the friction between the strand dmddoncrete decreases the radial stresses at

the interface increase.
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Figure 4-24 Schematic illustrating of high stresses along debonded zone

4.6 Influence of Confinement Reinforcement on Trarfer Zone Stress

State

The distribution of stresses in the end zone afeatpessed concrete member depends on
strand location, the magnitude of prestressingefotite degree of bond between strands and the
surrounding concrete, the amount of draped strantse end zone, the geometry of the girder,
the compressive strength of the concrete, etc.. [¥@&rtical stirrups in the end zone of
pretensioned concrete girders become effective bogeontal cracks develop. Thus, the use of
confinement in the anchorage region could minintieehigh stresses cause by the releasing of
the prestressing force. The provision of transvensgé confining reinforcement has thus been

recommended to delay bond failure [29]. Confinimgl aransverse reinforcement is a detailing
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requirement in the design of pretensioned concerembers since it is the only mechanism that
could prevent bursting and spalling cracks in thd zone upon release [27]. The provision of
confinement reinforcement was studied through nigakesimulations along the transfer and

debonded zone to investigate the stress state iarth-region upon release, as is presented next.

4.6.1 Numerical Evaluation of Confinement in Prestssed Concrete Beams

The effect of confinement reinforcement in the beard region was evaluated through
numerical simulations on beams with single coneerdtrands. Circular stirrups were placed
along the transfer zone in the case of the beamemamhtaining a concentric fully bonded
strand, and along the debonded region for the besmmiel containing a concentric partially
debonded strand. Different bar sizes and spirahediars were considered for the confinement
reinforcement. Two of the eleven FE beam modelsewansidered for this investigation,
namely, the NCFBC and NCD1C beam models. The gser for each model is presented

next.

a) NCFBC Beam Model
Numerical analyses were carried out to study tfecebf confinement in the end region
of one the laboratory-scale beams containing a emanc fully bonded strand. The NCFBC
beam model was modeled using different confinementitions. Circular hoops with bar sizes
of #3, 4 and 5 (No. 10, 13, and 16) were considérethis study, and the diameter of the hoops
were 1.5, 3.0, and 4.0 inches (35, 75, and 100 nmilm)s, the NCFBC beam model was run nine
times with the different confinement conditions.ellstic behavior of the concrete was

incorporated. The results to be shown in this eactire the ones obtained from the numerical
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model with circular hoops with a 1.5 in. (35 mmamieter and using #3, 4, and 5 (No. 10, 13,
and 16) reinforcing bars. The minimum realistiardeter that was considered was 1.5 in. (35
mm) since the diameter of the strand is 0.6 in.Z1®m), leaving only 0.45 in. (11.4 mm) for the

concrete to flow between the strand and the stifftae hoops were concentrically placed around
the strand along the transfer region (see Figu2&)4and spaced at every 2 in. (50 mm) from

center-to-center. The first stirrup was placed it 125 mm) from the beam end.

Figure 4-25 NCFBC beam model: close view of the end-zone

b) NCD1C Beam Model
Modeling for the NCD1C (see Figure 3-23) was simitathe one presented in Section
4.5. The dilation of debonded strands upon rele=se cause transverse stresses along the
debonded length when using soft sheathing (seed-i§tlL0). In this case, the circular stirrups

were placed along the debonded region to assdéiss iise of confinement reinforcement in the
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end-region helped minimize radial stresses along debonded zone. The confinement
reinforcement options were the same ones considerdtie NCFBC beam model (see Section
4.6.1-a). The results presented here are thos@ettéor the NCD1C beam model containing
#3, 4 and 5 (No. 10, 13, and 16) hoops and diamegjaal to 1.5 in. (35 mm). These cases
seemed to be the most effective in reducing highile stresses along the transfer length as seen
from the results obtained from the NCFBC beam mad#l confinement reinforcement. Figure

4-26 shows the NCD1C beam model.

R 0-75"

Figure 4-26 NCD1C beam model with circular stirrups along debondedone

4.6.2 Results

a) NCFBC FE Beam Model
Representative results obtained from the NCFBC benaodel with confinement
reinforcement consisting of 1.5” (35 mm) diameteops with #3, 4, and 5 (No. 10, 13, and 16)

bar sizes are presented the following. Resultsgatao paths were studied: one along the cross
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section of the beam at about 4” (100 mm) from thanb end, and another one at the top-center

of the beam along the first 35” (900 mm) from treaim end. Figure 4-27 shows the maximum

principal stresses along the cross-sectional pdik. axial strains (E11) along the same cross-

sectional path are shown in Figure 4-28, and thestrerse stresses (S22) are shown in Figure

4-29. The maximum principal stresses along thectager path are shown in Figure 4-30.
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Figure 4-27 Maximum principal stress: NCFBC beam model - crossestional path

As it was to be expected, the models with the tsgle®nfinement level — smallest

diameter and largest bar size - performed bettdrthe same time, the differences between the

FE beam model without confinement and the one lgathe highest confinement level was not

significant. The highest difference in stress valb&ained from the model with confinement (1.5

in. [35 mm] diameter hoops with #5 [No. 16]) to tthethout confinement was about 100 psi,

obtained from the maximum principal stress plahatcross section of the beam at the releasing
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end. However, the minimum spacing between prestigsirands established in codes such as
the AASHTO Bridge Design Specifications [2] and ARI8 [3] is 2 in. (50 mm). If circular
stirrups are used in girders to reduce the highilestresses in the anchorage region, the 1.5-in.
(35 mm) diameter stirrups may not be possible t® fas girders containing 0.6-in-diameter
strands.

The axial strain (E11) and transverse strain (H223Is obtained from the beam model
with high confinement (#5 [No. 16] bar and hoopnaéter of 1.5 in.[35 mm]) seemed to reduce
the stress values by about 2.5 times comparedetonibdel without confinement. In terms of
maximum principal stresses along the top-centeh®fNCFBC beam model (see Figure 4-30),
the stresses decreased about 50 psi (345 kPa) ceoinfzathose obtained from the NCFBC
beam model without confinement and the one witHfinement using a #5 (No. 16) and a hoop

diameter of 1.5 in. (35 mm)
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Figure 4-28 Axial strains: NCFBC model
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Figure 4-29 Transverse strains: NCFBC beam model — path along crosssen

Distance from Edge to Center of Beam (mm)
0O 100 200 300 400 500 600 700 800

200 L1 ‘ L1 ‘ L1 ‘ L1 ‘ L1 ‘ L1 ‘ L1 ‘ Ll ‘ L \7
] ~1.2
150i }1
— ] ¥ - <
= 1 ~0.8 &
£ 100 i =3
§ i en 2 «06 ?>)
GJ , “ I q)
| . = _l
2 50- e
o > -8
oo ~02 {3
o_f| —=— No Confinement "o
1| —=— Confinement - Bar No.3 i
] | === Confinement - Bar No.4 L .02
| | ===O=== Confinement - Bar No.5 o
'50 T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T
0 5 10 15 20 25 30 35

Distance from Edge to Center of Beam (in.)
Figure 4-30 Maximum principal stresses: NCFBC beam model — path alongp beam
center

125



b) NCD1C Beam Model

From the results obtained from the NCFBC beam matehs observed that the circular
#5 (No. 16) bar hoops performed slightly betterntiae other two. Thus, only the results
obtained from the beam model with a 1.5 in. (35 ndim)neter hoop with #5 (No. 16) bars are
presented for the NCD1C modeMaximum principal stress values along top-centeahefbeam
(see Figure 4-31) and equivalent plastic strainniaxial tension (PEEQT [see Figure 4-32]) are
shown to compare how the values can decrease wbefnement is provided along the
debonded zone to reduce high stresses/strainsqaddy the dilation of the strand as it tries to
recover its original diameter. As it is shown igliie 4-24, if tight fit is provided between the
debonded strand and the surrounding concrete thal istresses increase along the blanketed
region. It can be seen from these figures thatntg&imum principal stresses along the top-
center of the beam reduced ~10% with the use ofirmment (#5 [No0.16] hoops), and the
PEEQT values along the cross section at 4 in. (@09 from the releasing end only decreased
13% when using the same type of confinement. Tlie, use of confinement did not
significantly affect the high stress/strain valaésng the unbonded zone; yet, the values seemed

to decrease about 11% in average.
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Figure 4-31 NCD1C model: Maximum principal stress along top-beam path
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4.7 Linear-Elastic vs. Concrete Damaged PlasticitlifE Models

A comparison between the linear-elastic and iniglastalyses is presented here since one
of the eleven beam models was not calibrated u#iegconcrete damaged plasticity (CDP)
model due to numerical problems. One of the reaganthe problems was because of the high
coefficient of friction needed to calibrate the mbdnd the high compressive strength at release.
The model did converge when using linear-elastitenel properties for the concrete part. The
concrete material properties are shown in Table 4-1

The NCFBU beam model was selected for the compassice the numerical model that
did not converge was the SCFBU for the above-mpatioreasons. Hence, the NCFBU beam
model was run using the same value for the statficient of friction, applying the same level
of temperature to the beam (to simulate creep hndkage effects), but one was modeled with
linear-elastic concrete material properties and tteer one using the CDP model.

Representative results are shown in the next sectio

4.7.1 Results: NCFBU Linear-elastic vs. NCFBU Inadac FE Beam Models

The representative results shown next were olutdirmen a path along the beam cross-
section at the releasing end and a path on thedofer of the beam along the longitudinal
direction. Other results were also plotted and taesy provided in Appendix C. Figure 4-33
shows the transverse stresses (S22) along the sgossn of the beam at the releasing end. The
maximum principal stress values are shown in Figi#3 and the maximum principal strain

values on the cross section of the beam at thasielg end are shown in Figure 4-35.
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Figure 4-34 Maximum principal stress: cross sectional path
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Figure 4-35 Maximum principal strain along front cross-section

The transverse stresses (S22) were obtained ahengross section at the releasing end
and it can be observed from Figure 4-33 that tHeegafrom the linear-elastic NCFBU beam
model are significantly higher than the ones oladiwhen using the CDP model. It shall be
mentioned that the maximum principal stress valere obtained to have a global comparison
in terms of stresses. The maximum value obtainenh fthe linear-elastic analysis was about
3500 psi (24MPa), about 700% greater than the sargalue obtained from the analysis

incorporating material nonlinearity for the coneretrt.

4.8 Findings

The following summarizes the findings from the muimal simulations of laboratory-

scale beams presented in this Chapter.
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The laboratory-scale beam models were successfalilyrated with experimental data so
as to obtain a coefficient of friction parameterb® used for the simulations of large-
scale beam models to study the stress state ianttegegions of pre-tensioned concrete
girders upon release.

Results from the beam models with partially debonsteand showed high stress values
along the debonded length and this can be attdotéhe dilation of the strand as it tries
to recover original diameter upon release causigly radial stresses (i.e., it is Poisson’s
effect). These high stresses can continue alongutiteonded length because the
debonding mechanism is effective. Thus, this olzteym can explain the concrete
surface strain levels experimentally measured atbaglebonded zone of the laboratory-
scale beam units.

The use of confinement reinforcement along the deed/transfer zones does not seem
to reduce the high stresses in the end regions.eMeny confinement and transverse
reinforcement must be provided in detailing presiened girders as these are essential

elements that can prevent bursting and splittiagls upon strand detensioning.
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CHAPTER 5 NUMERICAL SIMULATIONS: STRESS

ANALYSES OF ANCHORAGE REGIONS

5.1 Introduction

In order to evaluate the variables affecting erattking in full-size bridge girders
containing partially debonded strands, nonlineaedkldimensional numerical models were
developed using the general purpose FE program ABAQL]. The variables incorporated in
the numerical simulations were the type of shegtmmaterial, flexible (tight fit) or rigid
(oversized), and strand debonding distribution.k&ve U-type bridge girder, which contained
partially debonded strands, was chosen as casg lstaduse damage attributed to the debonding
of strands was observed during production. The maalenodels incorporated inelastic concrete
material behavior and surface contact interactiefindions to model prestress load transfer.
Four models were created incorporating the usdeafble or rigid debonding and a staggered
debonded strand distribution. A description of tiheory behind the concrete-inelastic behavior
and contact interaction models was presented irp€ha, and the description of the U-beam
models and results are presented in this chaptshould be noted, however, that the intent of
this study was to obtain qualitative information the causes behind the observed damage and
assess the role of strand debonding in this behaviws, the aim was not to quantify the stress
state or exactly match the cracking/damage pattennch is not possible since the number of
parameters involved are too complex and unknoweesihe only information available on the

damaged girder is a qualitative (photograph) patéidamage.
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5.2 Case Study: Skew U-Beam Unit

A skew U-type bridge girder produced for the Indiabepartment of Transportation
(INDOT), for which evidence of end cracking belidvi® be caused by strand release, exists,
was selected as a case study [8][23]. Figure Beivs the damage seen on the U-beam girder
upon release. The dimensions of the U-beam aren.5@420 mm) wide in the bottom flange,
99.5 in. (2525 mm) wide at the top, 61.5 in. (156) void-wide in the upper part, and 54 in.
(21370 mm) depth, with a skew angle of 18 degreé®tit ends. The cross section of the U-beam
girder is shown in Figure 1-6 and Figure 5-2; thgion of interest is shown in the same figure.

The length of the U-beam unit is 116’-5” (35.5 mjwa span length of 114’-11.5" (35 m).

% (! /
Figure 5-1 Damaged observed on skew U-beam during production at beam €8i[23]

The U-beam girder had ninety-three (93) 0.6-in..Z1mm) diameter Grade 270 (1860
MPa) strands: 57 straight strands in the bottomgig and 36 draped strands in the sides of the
beam (see Figure 1-4.) Twenty-one (21) of the 83ns in the bottom flange were debonded

using flexible (tight fit) slit sheathing. Thus, %7of the strands were debonded in total and all
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the shielded strands were placed in the centeoimoftange of the beam (see Figure 1-4 and
Figure 5-2.) The percentage of debonded strands2@86 in row 1, 43% in row 2, and 43% in
row 3. Such design exceeds limits established @ AASHTO LRFD Bridge Design
Specifications [2] (see Section 2.5.1-a). Thitiyee (33) percent of the unbonded strands had
the same unbonded length, which was less thanG%e lnit in the AASHTO Specifications.
The number (ID) below each symbol as shown in Egb#3 corresponds to the unbonded
lengths in the U-girder unit as shown in Table S-ie symbol without number corresponds to

the fully bonded strands. The concrete comprestiemgth at release was 8,000 psi (55.2 MPa)

and the initial strand prestressing level was @,(5(202.5 ksi [1396 MPa)).
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Figure 5-2 U-beam cross section. Adapted from [8] [23]
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5.3 Simulation Case Studies

Nonlinear program ABAQUS [1] to investigate theeets of debonded strands and
sheathing material in the damage seen in the U-lgpatar during production (see Figure 5-1).
As earlier mentioned, duplicating the exact obsg¢rdamage is nearly impossible. Thus, the
intent of this study is rather to gain insight itke role that strand debonding mechanisms and
patterns may have on the observed damage andeas#ipbsource of cracking at beam ends in a
gualitative manner.

The study considered the use of soft (tight fiffisheathing and rigid (oversized hole)
debonding. In addition, the arrangement, or diatidmn, of debonded strands in the beam cross
section was also evaluated. Four FE models undfferefit conditions were created and analyzed
to study the above-mentioned parameters. The fadels were classified as case studies and
are described below:

e Case 1 As-built U-beam model with tight fitting. This rdel included all the features
of the U-beam unit featuring flexible slit sheatiin

e Case 2 Model with staggered debonding arrangement feruhbonded strands with
flexible (tight fitting) sheathing.

e Case 3 Model with rigid (oversized) sheathing for thebdaeded strands with the
original (“as-built”) debonded strand arrangemdRigid debonding was simulated by
providing oversized holes in the concrete part gltme strand unbonded (shielded)
length.

e Case 4 Model with a staggered debonding distribution thee unbonded strands with

rigid (oversized) sheathing.
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The front view of the region of interest and detliog strand configuration for Case 1
and Case 3 is shown in Figure 5-3. The strand wtdmbhength for Cases 1 and 3 is given in
Table 5-1 and for Cases 2 and 4 is one quartey ¢t#hose shown in Table 5-1. The debonded
length for Cases 2 and 4 was reduced to improvepuatational efficiency and achieve
convergence in the solution of the model. The geament of the partially debonded strands for
Cases 2 and 4 is shown in Figure 5-4.

Y Y,
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Figure 5-3 View of the region of interest and debonding strand numbimg: Cases 1 and 3
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Figure 5-4 Partially debonding strand numbering: Cases 2 and 4
136

|
|
i
;
:

L I I
Q2 0 0
dRE O
=@ o ¢
DWWk O
rR@ OO

MNE O O

225"« |=3@2"-



Table 5-1 Debonded strand length in U beam [8]

Unbonded Length (ft)
ID Length ID Length
1 12.0 4 18.0
2 9.0 5 21.0
3 15.0 6 24.0
1ft=0.3049 m

5.4 Case 1: As Built Condition

This case corresponds to the as-built conditien, the U-beam unit for which evidence
of damage exists (Figure 5-1) with some modelirgyagptions/modifications. A tight constraint
is provided to emulate the flexible slit sheatht@bonding scheme. Details and schematics of

the finite element model together with represengatesults are presented in the following

5.4.1 Model Geometry, Mesh, Material Properties a@idntact Definition

The cross section of the region of interest waescéangle at the corner of the cross section
with dimensions of 28 in. (710 mm) by 8.25 in. (2hén) as shown in Figure 5-2. As it can be
seen from Figure 5-2, the cross section of the akbenit was slightly simplified. Since the
strands are symmetrically distributed with resgedhe center line of the beam (see Figure 1-4
and Figure 5-2), the high fidelity FE model wasrmedl in a region of interest on one side of the
beam. The U-beam FE model, which is shown in Figue was 56 in. (1420 mm) wide, 54 in.
(1370 mm) depth, and 58.33 ft long (17.8 m). Theccete parts were modeled using continuum
solid elements (C3D8R: eight-node linear brick witduced integration.) Half of the beam unit

was modeled along the longitudinal direction (Zsaxiue to symmetry.
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The end block (see Figure 5-6) was 56 in. (1420 midpe, 45.75 in. (1160 mm) in
height, and 24 in. (610 mm) long (Z-axis). The g@ets, region with embedded strands, of the
beam were 7.5 in. (190 mm) wide, 45.75 in. (1160)rdeep, and 56.3 ft. (17.2 m) long. These

parts are inclined by 14.4° in respect with thdigal (Y-axis). The mesh for these concrete parts

%
Symme:r]

along Z-axis

was 4.0 in. x 4.0 in. x 4.0 in. (100 mm x 100 mrh30 mm).

v (@ /
/l\ 366‘

(3)z %(1)

Restraint in the
Restraint in X-axis vertical direction

Figure 5-5 Overview of the U-beam girder as built condition model

The bottom flange was composed of three parts fifstewhich was the region of interest
(see Figure 5-2), was 28 in. (710 mm) wide, 8.25240 mm) deep, and 48 in. (1220 mm) long
in the fully-bonded-strand region to allow transéérthe prestressing force, and 29.2 ft (8.9 m)
long along the partially-debonded-strand regioadcommodate the largest debonded length and

additional length for transmission of the prestregdorce. The size of the elements in the
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bottom flange along the region of interest variedhie cross section (see Figure 5-6) and had a
length of approximately 4 in. (100 mm). Beyond tkgion of interest, the bottom flange was
modeled with solid elements and the mesh size was»4 in. x 4 in. (100 mm x 100 mm x 100
mm). To the right of the region of interest (séguFe 5-5) the concrete part was modeled with a
coarser mesh compared to the region of interest. Fdrtially debonded strands along the
unbonded zone were not accounted for in the mael, fully bonded strands and patrtially
debonded strands along the fully bonded zone wevdetad using discrete embedded truss

elements.

Side Concrete Part
(Draped Strands)

Fully Bonded
Strands

| \ Strand Part

—
A ™
|

—

e |

H Region of

Interest Partially ~ ©B Strand End LA
Debonded  (Trusses) Diaphragm |

Z % Strands X

Figure 5-6 End region of the U-beam as built condition model
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The strand in the region of interest was modeleda &-D cylindrical rod with an
unstressed diameter of 0.5268 in. (13.4 mm). Thamdier was calculated using the
representative area of a 0.6-in.- (15.2 mm) diamsttand, which is 0.218 i(144 mnf). The
fully bonded strands located in the bottom flangee( Figure 5-6) were modeled using
continuum 3-D solid elements (C3D8R) elements ug fo (1220 mm) from the beam end to
accommodate the transmission length of the prestige$orce at release. The partially debonded
strands were modeled using C3D8R up to 29.2 ft (8)9from the end of the beam to
accommodate the largest debonded length and tipeatese transfer lengths. The mesh size
varied on the cross section and was approximatety .00 mm) long. Beyond these noticed
distances, the strands were modeled as discrede @lements (T3D2) and the elements were
embedded in the concrete (bottom flange). The draptands located at the sides of the beam
(see Figure 5-6) were modeled as discrete trusseelts embedded in the concrete region as
well, and the hold down point was located at alBatH3.5” (14.4 m) from the releasing end (Z-
axis).

The strand was modeled using linear elastic stegtmal properties. The elastic modulus
was 29,000 ksi (200 GPa) and the Poisson’s ratis Wa. The concrete was modeled using
nonlinear-material behavior. The concrete damadgstipity (CDP) model [1] was incorporated
in the numerical simulation of the large-scale bgam description of the CDP model is
presented in Chapter 4. The compressive strengteledse was 8,000 psi (55.2 MPa). The

elastic modulus of the concrete was 5098 ksi (3%5Fa), which was calculated using the
expressionb700Q f'qj (psi) [3]. The parameters used for the CDP model are shinwable 5-

2.
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Regarding boundary conditions, the beam model westrained from vertical

displacement (U2) along the front-bottom edge &gare 5-5). Symmetry along the Z axis was
defined and a center point at the back of the beas restrained in rotation about the Z-axis
(UR3) as shown in Figure 5-5. The model had just step in which the prestressing force was
transmitted into the concrete member. The Iinitiespessing force was 0.75 fpu, which

corresponded to 202.5 ksi (1396.2 MPa). This vakas obtained from the manufacturer

construction plans [8].

Table 5-2 Concrete damaged plasticity parameters for U-beam model

Concrete Parameters for CDP Model
parameters f' ¢;=8000 psi Dilation Angle,y 38
Concrete Elasticity Eccentricity, 0.1
Ec (ksi) 5098 fb0/fcO 1.16
\ 0.2 Kc 0.67
Viscosity
parameter 0.02
Concrete compression hardening Concrete tension stiffening
Cracking
Stress (psi) Crushing strain Stress (psi) Strain
1274 0 670 0
7028 0.00012 335 0.001868
7670 0.00025 260 0.004868
7976 0.00044 224 0.007868
7524 0.00077 207 0.009868
4949 0.00178 1 ksi = 6.89 MPa
2675 0.00273
756 0.0041
257 0.0052
84 0.00648

The bond between the strand and the surroundingrete was simulated using surface-

based contact definitions as described in SectiBn®he coefficient of friction used for the U-
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beam models was 0.59, which was obtained from #tierated small-scale beam models (see
Section 4.5.2). Along the unbonded zone, the cuefit of friction was defined as zero to
eliminate the bond interaction between the strand eoncrete due to the use of sheathing
material. However, flexible (tight fitting) sheatig allows radial stresses to develop upon release
because longitudinal shear stresses do not take plang the debonded length. Thus, normal
interaction at the interface with the concreteasadoped, as was explained in Section 4.5.2. All
the concrete parts were interconnected using tetcaint (surface-to-surface) interaction
definitions. The solid strand and truss strandsparere connected by means of kinematic
coupling constraints (U1, U2, and U3). The trussmants embedded in the concrete were
connected to the concrete parts using embeddednregnstraints. Table 5-3 shows a summary
of the interaction constraints used for the U-b@&aodels.

Table 5-3 Interaction constraints in U-beam models

Part 1 (Master) Part 2 (Slave) Interaction-Definition
Concrete (solid) Concrete (solid Tie-constraint
Strand (solid) Concrete (solid Contact Frictiondéb
Strand (Truss) Strand (solid) Kinematic Coupling
Strand (truss) Concrete (solid Embedded Region

5.4.2 Results

Representative results obtained from the as-bubleam model, Case 1, are presented in
this section. Contour plots on the cross sectiothefbeam on the region of interest are used to
show general trends that can be correlated to lbsereed damage on the U-girder unit during
production. Additional contour plots and resporrseds along different paths at the interface of
the partially debonded strands are shown in Appeddi The value for the maximum tensile

strength defined for the concrete for the damagedtipity (CDP) model (see Table 5-2)
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corresponds to the value of the modulus of rupter®, psi (4.6 MPa), which was calculated as
75,/ f'ci (psi) . Figure 5-7 shows the damaged observed duringuptimeh of the U-beam unit
and the maximum principal plastic strain contouotpbn the cross section of the as-built

condition model (Case 1) at the release end. Itbeaseen in Figure 5-7 that the as-built model

with tight fit satisfactorily predicts, in a qualitve sense, the damaged observed upon

detensioning.

Case 1

PE, Max. Principal

Figure 5-7 Damage seen during production of U-girder unit vs. maximmu principal plastic

strains: Case 1
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The contour plot that shows the maximum princgtaésses on the cross section at the
release end of the as-built condition (Case 1) misdghown in Figure 5-8. Again, the maximum
tensile strength in the CDP model was 670 psi4P&). It can be seen from Figure 5-8 that the
concrete elements surrounding the partially debdrefieands had principal tensile stress values
above 670 psi (4.6 MPa) indicating cracking of tbacrete as it was observed in the picture of

damage of the U beam (Figure 5-1).

S, Max. Principal
(Avg: 759) (psi)
¢ +8,586e+02
| , i +6,700e+02
| +5.082e+02
1 +3.,464e+02
+1.847e+02

+2.287e+01
—1 -1.389e+02
-3.007e+02

—1 -4.62S5e+02
-6.243e+02
-7.860e+02
-9.478e+02
-1.110e+03
-1.271e+03

Figure 5-8 Maximum principal stresses: U-beam as-built conditiofCase 1) model

It shall be mentioned that prediction of the exaetcking pattern is not possible with the
CDP model since the concrete softness after theimusx tensile stress (i.e., damage) is
reached. However, Figure 5-9 shows the regionsatteabeyond the linear-elastic regime of the
concrete tension-response curve (see Figure 4-B-aan be observed in Figure 5-9 that the

areas around the partially debonded strands aselylbeyond the elastic regime. Thus, the
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cracking and spalling off of the concrete obseraedelease during production of the U-beam
correlates well to these results. Therefore, evmudh the exact cracking pattern cannot be
duplicated with the modeling assumptions, the dizdeanage zone-observed during production

of the U-beam girder was well captured by FE sithaha(see Figure 5-7 - Figure 5-9).

AC YIELDT
[0} (Avg: 759)
, +1.000e+00
| +9.167e-01
, +8,333e-01
+7.500e-01
+6.667e-01
+5.833e-01
+35.000e-01
+4.167e-01
+3.333e-01
+2,500e-01
+1.667e-01
+8.333e-02
+0.000e+00

Figure 5-9 Active Yielding of the concrete at beam cross section at releasnd: Case 1

5.5 Case 2: Tight Fitting with Staggered Debondin@istribution

The simulation study in Case 2 had two distincteotiyes. First, to investigate if a
staggered unbonded distribution could help redheeldcalized beam-end damage observed in
the “as-built” model. The second aim was to asslkesseffect of the distribution of debonded

strands in the beam cross section in terms of fodgjial shear stresses at the beam end. In the
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“as-built” configuration the partially debondedastds in the U-beam were placed in the center
of the bottom flange, which could lead to high ldadinal shear stresses due to the large
unbalance of forces along the section width. Theeafsa staggered debonding pattern is required
in the bridge design guidelines of the Florida D], who recommended to evenly distribute
the debonded strands such that, whenever possideshielded strands be separated in all
directions by at least one fully bonded strand. Ewsv, the rationale behind the noted
recommendation is not mentioned and could not badan the available literature. A staggered
strand debonding configuration was thus studiedtler U-beam models using both flexible
(tight fitting) sheathing and rigid (oversized) delding, namely Case 2 and Case 4. The U-beam
model with staggered debonding distribution andttig is referred to in this study as Case 2.
The arrangement of the partially debonded strasdfhiown in Figure 5-4. The modeling details
and representative results are presented nextltRé&sum Case 2 are compared with those from

Case 1 in Section 5.8.1.

5.5.1 Specific Modeling Details

The finite element model developed for Case 2nmlar to the one presented for Case 1
(see Figure 5-5 and Figure 5-6). However, thereevieio main differences. First, due to the
staggered distribution of the partially debondedrsds, the length of the fully bonded strands
was equal to the length of the unbonded strandkdrregion of interest. Secondly, in order to
maximize computational efficiency, the length of tlegion of interest was reduced from 29.2 ft-
long (8.9 m) to 9.3 ft-long (2.85 m). The unbondedgths were reduced to one-quarter of the

original debonded lengths (see Table 5-1). Theoregf interest is shown in Figure 5-10 and as
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it can be observed from this figure, the strandthenregion of interest (both fully bonded and
partially debonded) were modeled as cylindricalsrddolid elements — C3D8R) up to 112"
(2845 mm) from the releasing end. The other pdrtee@model remain similar to the geometry
showed for Case 1 (see Figure 5-5 and Figure Bt&berial properties, boundary conditions, and
interaction constraints were also similar to thpsesented in Section 5.4.1. Symmetry along the

Z-axis was also defined for this U-beam model ((se

28"

Symmetry
along Z-axis

Region of

% — Interest
Solid

<«— Strands

Figure 5-10 U-beam Bottom Flange for Case 2: Half-region along X-axis

Discrete Truss Elements
Embedded in the Concrete

5.5.2 Results
Representative results for Case 2 in the formtadss and strain contour plots are
presented herein. The maximum principal plastiaissr contour plot are compared to the

cracking and spalling damage observed for the Wrabgiader in Figure 5-11. From this figure, it
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can be seen that the simulation predicts a rediesedl of damages if one fully bonded strand is
located between partially debonded strands, eXoephe first column from left to right (front
view) since those three strands were kept as iganal distribution for being the center strands.
The strain contour plot in Figure 5-11 shows hitghias in the bottom-left region. This behavior
is due to issues with the boundary conditions. Teximum principal stresses contour plot
obtained from Case 2 is shown in Figure 5-12 ardréisults are also compared to the damage
observed during production. As it is observed ftbi figure, the maximum principal stresses at
the cross section of the beam model at the beanarencéduced compared to Case 1 (see Figure
5-8) when the partially debonded strands were stagh

The results obtained from Case 1 and Case 2 dfeeficompared in Section 5.8.1 for a
better understanding of how the debonding stramigqmacan minimize high stresses at the beam

end and reduce longitudinal shear stresses.

(Avg: 759)
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Figure 5-11 Maximum principal plastic strain vs. damage observed during mduction:
Case 2
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S, Max. Principal
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Figure 5-12 Case 2: Maximum principal strain vs. damage observed during prodtion

5.6 Case 3: Oversized Debonding with Original Unbated Strand

Configuration

For Case 3 some modeling simplifications and assiomg had to be made due to
numerical problems with the full-model (similar@ase 1) with rigid (oversized) debonding. To

minimize computational demand, symmetry along thax¥ was assumed for this modeling

case. This modeling simplification implies that tlkew angle (13 was considered small so

that the beam was considered as straight. It sgreézed that the assumption of lateral symmetry

for the skew beam cross-section is not techniaalyect and that it has some drawbacks on the
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accuracy of the model results. These effects adesaded in Section 5.6.3. Geometric details of

the model and relevant results are presented next.

5.6.1 Model, Geometry, Mesh, and Generalities

An oversized hole was defined in the concrete pathe model to simulate the rigid
debonding material. The hole was 0.95 in. (24.1 nnmdliameter around the 3D cylindrical
strand, which was greater than the diameter ofutheressed strand (0.5268 in. [13.4 mm]).
Thus, the rigid sheathing was successfully simdldig fully decoupling the strand and the
concrete parts. The size of the hole was selecte¢d 8ot affect the elements in aspect ratio (i.e.,
cross-sectional area to length). The model devdldpe Case 3 is shown in Figure 5-13. The
region of interest is similar to in Case 1 (seeuFégh-3). The main difference between Cases 1
and 3 is that in Case 3 symmetry was assumed #&heni-axis. The total length of the model
was 58.3 ft (17.8 m), half of the length of the &aim girder, due to symmetry along the Z-axis.

The concrete part was modeled using solid elen{@®B8R) as it was described in Case
1, and the size of the elements was approximat&ix3.5"x3.5” (90 mm x90 mm x 90 mm).
The strand in the region of interest was modeled aglindrical rod with a diameter of 0.6-in
(15.2 mm) as was previously described for Casewll2aHowever, for Cases 3 and 4, no strand
elements were defined along the unbonded lengthitamize computational demand. Rather,
only about 6 in. (150 mm) of strand measured fromfully bonded zone toward the unbonded
length were modeled using C3D8R elements to allomtlie dilation and relative slip of the
strand at the onset of the fully bonded zone uptease. The size of the elements for the strand
(cylindrical rod) varied in cross section as it veaglier mentioned and the length of the elements

was about 3.7” (94 mm). The elements in the starti were given with a slightly higher mesh
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size because, as described in Table 5-3, the dengpagt was defined as the slave surface, and
this surface needs to be smaller or equal to thetengurface (cylindrical strand part). The end-

zone for the Case 3 is shown in Figure 5-14. As se¢his figure, no major changes were made

between Cases 1 and Case 3 except for the symhefinition along X-axis. The material

properties and constraints are similar as desciib&ection 5.4.1.

Symmetry
along Z-axis

Symmetry
along X-axis

Partially Debonded
Strands (Rods)

Vertical

(1 m=39.36")
restarint

Figure 5-13 Skew U-beam model with oversized hole and original debondedulibution:
Case 3
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Figure 5-14 End-zone view: U-beam model — Case 3 (Half-model along X-axis)

5.6.2 Results

Contour plots that show results from Case 3 agsgnted herein. However, it should be
noted that the assumption of symmetry along X-affected the accuracy of the results,
especially at the beam end. This is addresseddsithil in Section 5.6.3. Nonetheless, the results
obtained from Case 3 gave valuable information ow khe use of rigid (oversized) sheathing
can help minimize high stresses in the end regioth@® U-beam girder upon detensioning. A
detailed comparison of the results obtained froreeClaand Case 3 are shown in Section 5.8.2.

The maximum principal strain contour plot at thafneend for Case 3 is shown in Figure

5-15. It is seen from this figure that at the bottoght side (front view) of the U-beam model,
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shows a high concentration of strains. This is anoeal effect and is attributed to issues with
symmetric boundary condition defined along X-aXiBis same issue is observed in the contour
plots obtained for the equivalent plastic strainumaxial tension (PEEQT) shown in Figure
5-16. However, Figure 5-16 also shows that at tadce of 12 in. (300 mm) from the beam end
the strain values significantly drop. The differens attributed to the fact that at a distance of 1
ft. (300 mm) from the skew-end the effects of syrtrgnm X-axis are reduced. A top view of the

end of the beam model is shown in Figure 5-17 foetéer understanding of this issue.

Y PE, Max. Principal
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+1,.684e-03
+8.418e-04

+0.000e+00

Figure 5-15 Case 3: Maximum principal plastic strain at release end
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At beam end Z

+4.302e-03
+3.441e-03
+2.581e-03
+1.721e-03
+8.603e-04
+0.000e+00

+6.022e-03

PEEQT

(Avg: 759%)
+1.032e-02

[ +9.463e-03
+8.603e-03
+7.743e-03
+6.883e-03

+5.162e-03
At 12 in. from release end
Figure 5-16 Case 3: Equivalent plastic strain in uniaxial tension

Z l«— Symmetry
‘ along X-axis
X
T .12"
o 7.74"
18 v v

(1 m = 39.36")

Figure 5-17 Top view of the end of the bottom flange of the beam model with symime
along X-axis

154



5.6.3 Effects on Symmetry Assumptions

In order to evaluate the effects on symmetry alivegX-axis made in the model for Case
3 model (see Figure 5-13), the results from a meuellar to Case 1 but with symmetry along
X-axis are compared to the results from the fulbdeidrom Case 1 (see Section 5.4.1). Contour
plots at the cross section from both models atlibem end are used as the basis for the
comparison.

In Figure 5-18, the maximum principal plastic stra&ontours are shown for both
models. It can be seen that the assumption on symraleng the X-axis increased the plastic
strain values, particularly around the locationha partially debonded strands.

Contour plots that show the equivalent plasticissran uniaxial tension (PEEQT) are
presented in Figure 5-20. The activated yieldirag fbn the concrete elements (tensile stresses
beyond elastic regime) is shown in Figure 5-19. mfaximum principal stresses for Case 1 and
the skew beam model with symmetry along X-axis gl fitting debonded strand is shown
Figure 5-22. In

Figure 5-20, Figure 5-19, and Figure 5-22 simiksults are obtained in terms of higher
values due to the assumption of symmetry along iX-for the skew-beam model. That is, the
assumption of symmetry along the X-axis increabesstresses and strains at the end of the

beam model especially toward the location of th#igdly debonded strands.
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Case 1 Skew-Symmetry
PE, Max. Principal PE, Max. Principal
(Avg: 759%) (Aw;=+'_f’53‘?;?ae os
+2. - . -
[ +f.g§g:-g§ +2.056e-03
+1.713e-03 :i-g?ge:gg
+1.542¢-03 Alatliegd
b et +1.3712-03
Taaae o +1.199e-03
—+ +1.028e-03 102003
=l +8.566e-04 B e eestoe
+6.853e-04 +6.853e-04
L 5 i +5.140e-04
+3.427e-04 +3.427e-04
+1.713e-04 +1.713e-04
+0.000e+00 +0,000e+00

Skew-
Symmetry

Figure 5-18 Maximum principal plastic strain: Case 1 vs. Skew- Symmetry Casl

However, if contour plots are obtained at a smiglance from the release end such as 12
in. (300 mm), where the beam becomes certainlygstrgor where the effects due to symmetry
along X-axis for a skew beam somewhat decrease)asimesponse is obtained from both

models. This is shown in Figure 5-21.
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Skew
Symm.

1

A

AC YIELDT
(Avg: 759%)

=

+1,000e+00
+9.167e-01
+8,333e-01
+7.500e-01
+6.667e-01
+5.833e-01
+5.000e-01
+4,167e-01
+3.333e-01
+2,.500e-01
+1.667e-01
+8,333e-02
+0,000e+00

Figure 5-19 Effects on skew-symmetry boundary condition: Actively yielaig
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Case 1

+1.354e-04
+6,76%e-05
+0.000e+00

Skew-Symmetry

PEEQT PEEQT

(Avg: 759) (Avg: 75%)
+8.123e-04 +6.858e-03

[ +7.446e-04 +8.123e-04
+6.769e-04 +Z-ggge-g4
+5, - +65. e-04
reosiics
+4.738e-04 +5.415e-04
+4.062e-04 +4.738e-04
+3.285e-04 +4.062e-04
+2.708e-04 el
+2.031e-04 < -

+2.031e-049
+1.354e-04
+6,.769e-05
+0.000e+00

Skew-

Symmetry

Figure 5-20 Case 1 vs. Skew-symmetry conditions: Equivalent plastic strain uniaxial
tension at beam end cross section
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Case 1

i_

PEEQT
(Avg: 75%6)

+8.
+7.
+6.
+6.
+5.
+4,
+4,
+3.
+2.
+ 2.
+1,
+6.
+0.
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446e-04
TE9e-04
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41S5Se-04
7328e-04
062e-04
285e-04
T0Se-04
031e-04
2S4e-04
T69e-05
000e+00

Case 1

Skew-
Symmetry

Figure 5-21 Equivalent plastic strain in uniaxial tension at 12 in. from reease end
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Case 1 Skew-Symmetry

S, Max. Principal

: S, Max. Principal
(Avg: 75%)  (psi) ax. Principa

(Avg: 759) (pSI)

+8.586e+02
+6.700e+02
+5.082e+02
+3.464e+02
+1.847e+02
+2.287e+01
=1.38%e+02
=3.007e+02
-4.625e+02
-6.243e+02
=7.860e+02
~9.478e+02
-1.110e+03
-1.271e+03

+1.092e+03
+6.700e+02
+S5.291e+02
+3.781e+02
+2.322e+02
+8.62Te+01
-5.966e+01

-2.056e+02
-3.515e+02
-4.975Se+02
-6.434e+02
-7.893e+02
-9.353e+02
-1.081e+03

Figure 5-22 Maximum Principal Stresses: Case 1 vs. Skew-Symmetry

5.7 Case 4: Oversized Debonding with Staggered Uniaed Strand

Distribution
In the case of the model with staggered debondisgribution and oversized hole,
similar issues with convergence of the full numaribeam model (similar to Case 1) were

encountered as described in Section 5.6 for Casheefore, the assumption of symmetry along
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the X-axis was also made for Case 4. A brief dpton of the model is following presented

since the U-beam model developed for Case 4 hakstms to Cases 2 and 3.

5.7.1 Generalities of the Model

The model developed for Case 4 is similar to Caget@rms of the pattern distribution of
the partially debonded strands (see Figure 5-4),the dimensions of the region of interest are
also similar to those presented in Section 5.5r1t@ other hand, Case 4 is comparable to the
one in Case 3 since symmetry along X-axis was asguithe impact of this assumption for a

skew-beam was presented in Section 5.6.3. The gepfoeCase 4 is shown in Figure 5-23.

\

Symmetry
along Z-axis

along X-axis

Region of
Interest (1 m = 39.36")

Vertical
restarint

Figure 5-23 Overview of the model for Case 4
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In Case 4 the fully bonded and partially debond&dnds along the region of interest
were modeled as 3-D cylindrical rods. However, gltimee unbonded zone, the strand part was
almost eliminated; only about 6 in. (150 mm) [meadufrom the fully bonded zone toward the
debonded zone] of cylindrical was rod was modelsddiscussed in Section 5.6.1. All the
concrete parts were modeled using continuum sdethents, and discrete embedded truss
elements were used to modeled the strand beyonckegien of interest and the draped strands
located in the side part of the U-beam girder. tAcsan be seen from Figure 5-23, the model for
Case 4 is similar to that of Case 2 (see Sectibndnd Case 3 (see Section 5.6). Representative

results from Case 4 are given next.

5.7.2 Results

Figure 5-24 shows the maximum principal plastraigtat the beam end and at a cross
section 12 in. (300 mm) into the beam (see Figut&)5 It is seen from Figure 5-24 that just few
inches from the skew-release end the plastic stid@cay quickly. This is also observed from the
contour plots that show the equivalent plasticistita uniaxial tension (PEEQT) in Figure 5-25.
Thus, these two figures show that while the assiompif symmetry along X-axis leads to an
increase on the response at the beam end, thaftact decreases rapidly into the beam. Thus,
the simulation results are considered reliableualitptively shown that the use of a staggered
debonding pattern and oversized strand sheathiogease the high stresses in the end region
upon release. This is further discussed in Se@&i8i2, where results from the four skew-beam
models are compared to each other for a betterrstagheling on the improvement on the results

upon the use of a staggered debonding distribatnahrigid (oversized) strand sheathing.
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PE, Max. Principal
(Avg: 759%)
+1.090e-02
+9.988e-03
+3.080e-03
+8.172e-03
+7.264e-03
+6.356e-03
+5.448e-03 Y
+4.540e-03
+3.632e-03
+2.724e-03
+1.816e-03
+9.080e-04 X
+0.000e+00 Z

At Beam
end

At 12 in. From
Release end

Figure 5-24 Results for Case 4. Maximum principal plastic strain
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PEEQT

(Avg: 759%)
+1.114e-02
+1.021e-02
+9.283e-03
+2.355e-03
+7.426e-03
+6.498e-03
+5.570e-032 Y
+4.642e-02
+3.713e-03
+2.785e-03
+1.857e-03
+9.283e-04 X
+0.000e+00 Z

=1

At Beam
End

At 12 in. From
Release end

Figure 5-25 Equivalent plastic strain in uniaxial tension: Case 4

5.8 Comparison of Modeling Results

To better understand the results obtained fromh ezfcthe numerical models just
presented, the cases with common features are cethpathe following sections. Case 1 and
Case 2 are compared first because these two mioaelthe same dimensions. Second, the four
skew-beam models are compared using contour ptoteeacross section and then response
traces along different paths at the interface ofigdly debonded strands are compared according

to the unbonded lengths in common, i.e., Case Case 3, and Case 2 vs. Case 4.
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5.8.1 Case 1 vs. Case 2

It can be seen in Figure 5-26 that the use oaggstred distribution of debonded strand
helps reduce the high stresses in the beam-enahragon release. In this particular case, a skew
U-beam model, it is seen from the results obtafnet Case 2 (see Figure 5-26) that the stresses
at the cross section at the release end are Btilleathe concrete modulus of rupture, 670 psi
(4.6MPa), but the values are lower than those nbthfrom Case 1 (as-built condition model).

Further, the high stress region is localized onlgha beam end and decays rapidly.

Case 1 Case 2
S, Max. Principal S, Max. Principal
(Avg: 759%) (psi) (Avg: 75%) (psi)
+8.586e+02 +8.101e+02
+6.700e+02 +6.700e+02
+5.082e+02 +5.491e+02

+3.464e+02
+1.847e+02

+4.282e+02
+3.073e+02

+2.287e+01 +1.864e+02
-1.389e+02 +6.552e+01
-3.007e+02 -5.538e+01
-4.625e+02 -1.763e+02
=6.243e+02 =2,972e+02
-7.860e+02 -4.181e+02
-9.478e+02 -5.390e+02
-1.110e+03 =6.599e+02
-1.271e+03

-7.808e+02

Figure 5-26 Maximum principal stresses: Case 1 vs. Case 2




The equivalent plastic strain in uniaxial tens{BEEQT) contour plots for Cases 1 and 2
are shown in Figure 5-27. In this Figure, Case 2 digided in Case 2-a and Case 2-b because it
was observed that the model had an spurious hgjhdgsed zone in the bottom left corner due
to boundary conditions. Since this effect doesati@ct the region of interest around the partially
debonded strands, the highly stressed corner wasvexl from the results display as shown in
Case 2-b. If Case 1 and Case 2-b are comparedrigpae 5-27), it can be observed that the use
of a staggered debonding distribution noticeablgrefeses the high stresses in the end region

upon release of the pretensioning force.
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Case 1

PEEQT
(Avg: 759%)
+8.,123e-04
+2,900e-04
+2,658e-04
- +2.417e-04
+2.17S5Se-04
+1.922e-04
+1.692e-04
+1.450e-04
+1.208e-04
+9.667e-05

+7.250e-05
+4.833e-05
+2.417e-035

+0.000e+00

Case 2-a

Case 2-b

PEEQT
(Avg: TS5%)

+4.182e¢-04
+2.900e-04
+2.658e-04
+2.417e-04
+2.175e-04
+1.933e-04
+1.692e-04
+1.450e-04
+1.208e-04
+9.667e-05
+7.250e-05
+4,833e-05
+2.417e-05
+0.000e+00

PEEQT

(Avg: 759%)
+2,900e-04
+2.658e-04
+2.416e-04
+2.175e-04
+1.932e-04
+1.691e-04
+1.450e-04
+1.208e-04
+9.665e-05
+7.249e-05
+4.833e-05
+2.416e-05
+0.000e+00

Case 2-a

Case 2-b

Figure 5-27 Equivalent plastic strain in uniaxial tension: Case 1 vs. Case2

The decrease in the high strain values is also bgetomparing the yielded concrete

elements (those above the elastic state) as showigure 5-28. Again, the spurious high stress

region in the bottom corner needs to be negledidile the staggered debonding pattern still
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+2.500e-01
+1.667e-01
+8.333e-02
+0.000e+00

indicates damage to the concrete, the number ettafi elements is reduced and the yielded

state decays much more rapidly into the beam ®Chse 2 compared to Case 1.

Case 1 Case 2

AC YIELDT AC YIELDT

(Avg: 759%) (Avg: 75%)
+1,000e+00 +1,000e+00
[ +9,167e-01 [ +9.167e-01
+8.333e-01 +8,333e-01
+7.500e-01 +7.500e-01
+6.667e-01 +6,667e-01
+5,833e-01 +5.833e-01
+5.000e-01 +5,000e-01
+4.167e-01 Y +4.167e-01
+3.333e-01 +3.333e-01
+2.500e-01

+1.667e-01
+8,333e-02
+0.000e+00

Figure 5-28 Yielding in concrete: Case 1 vs. Case 2

The effect of a staggered strand debonding patiarthe resulting longitudinal shear
stresses was studied by examining the shear denadmig an XZ plane located between the
fully bonded and partially bonded strands in the-Bailt condition” as shown in Figure 5-29. It

is seen from this figure that the shear stressesnaticeably reduced in Case 2 (staggered
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debonded pattern) compared to the condition in Aag&s-built.”) This reduces the overall
stress state in the anchorage region upon reledsel) can improve overall performance of the
girder under service an ultimate demand. Therefohe, use of a staggered debonding
distribution helps to control not only the highesses in the beam-end region due to the dilation

of the debonded strands, but also longitudinal iskeasses induced from strand force unbalance

upon release.

s, s13 (Psi) s, s12  (Psi)

(Avg: 759%) (Avg: 759%)
+3,558e+03 +2.564e+03
+6,700e+02 +6.700e+02
+3.892e+02 +3.95%e+02
+1.084e+02 +1.218e+02
-1.724e+02 -1.523e+02
-4,532e+02 ';-ggge*gg
=7.340e+ -7, e+
-1.81221-8% -9.747e+02
-1.296e+03 X -1.249e+03
-1.576e+073 -1.523e+03
-1.857e+03 -1.797e+03
-2.138e+03 -2.071e+03
-2.419e+03 ~2.345e+03
-2.699e+03 -2.61%9e+03

Case 2

Figure 5-29 Shear Stresses on XZ Plane: Case 1 vs. Case 2
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5.8.2 Four Skew-symmetry Beam Models

The four skew U-beam models with the assumptioayofimetry along the ‘Z" and ‘X’
axes are compared in this section. Contour ploteeabeam-end cross section are compared as

well as trances along three different partially aleded strands, #1, #9, and # 11 (see Figure

5-30).
— Y
.\ y ?
\
\ \ :
\ \ ! 1
0O 0O 0O 0 O O m| o
\\ 0O 0 0 0 @ O & A @g X E
©O 00 OO O B 0 @ © B
\ |

[-6"--.L_.5 @2"__.J 4" L:; @2" =

Figure 5-30 Partially debonded strands selected for response traces

5.8.2.1 Contour Plots at Beam-end: Four skew-symmet ry U-beam models

Representative results comparing the stressesteaidssat the beam-end cross section
and at a distance of 12 in. (300 mm [see Figur&]pifito the beam are shown next. Figure 5-31
presents contour plots for the actively yieldingqha®te elements. This figure shows that the
original strand configuration with rigid (oversi2estrand sheathing (Case 3) presents the lowest

“yielding” (demand beyond the elastic regime) amtrmgfour models.
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Skew-original
configuration - tight

AC YIELDT
(Avg: 759%)

+1.000e+00
+9.167e-01
+8.333e-01
+7.500e-01
+6.667e-01
+5.833e-01
+5.000e-01
+4,167e-01
+3.333e-01
+2.500e-01
+1.667e-01
+8.333e-02
+0.000e+00

Distance from Releasing End= 12 in.

1

z

Skew-original configuration -
rigid

Skew-staggered configuration - tight

Skew-staggered configuration - rigid

Figure 5-31 Actively yielding: Four skew U-beam models

Maximum principal strain contour plots at a distaraf 12 in. (300 mm [see Figure

5-17]) from the release end are shown in Figur€5H3can be seen from this figure that the

models with rigid (oversize) sheathing debondingd tiee lower strain demands compared to the

models featuring tight fitting debonded strandsmifir results can be observed from the

maximum principal stress contour plots shown iruFegs-33. In addition, the longitudinal shear

stresses contour plots for the four skew-symmeétrieam models are compared in Figure 5-34.
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Figure 5-32 Skew U-beam models: Maximum principal plastic strain at 12 i(300 mm) from release end
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Figure 5-33 Maximum principal stresses at 12 in. (300 mm) from the releasace
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Figure 5-34 Shear stresses on the XZ Plane: Four skew-symmetry l@ém models
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5.8.2.2 Paths along partially debonded Strands: Ske  w-symmetry beam with tight fit
and original configuration vs. Case 3

Response traces along the interface of some ppadigbonded strands (No.1, No.9, and
No.11 [ see Figure 5-30]) comparing the resultsnftbe skew U-beam with X-symmetry, tight
fitting debonding option, and original debondinghfiguration vs. Case 3 are presented herein.
The maximum principal stresses along the interfzfcthe partially debonded strand No.1 (see
Figure 5-30) as shown in Figure 5-35. It can beeoled from this Figure that the stresses along
the debonded region for Case 3 are lower than ékelts obtained from the skew-symmetry
model with tight fitting debonding material and ginal debonded strand pattern. However, at
the release end the stresses are high for Case thiancan be attributed to boundary condition
effects, that is, the X-symmetry definitions foe ttkew beam.

A similar pattern is observed from the responseesaalong partially debonded strand
No.9, as shown in Figure 5-36. The maximum principlastic strains (PE) are relatively
constant and low along the unbonded/fully bondegiore for Case 3, except for the response
obtained close to the release end as previouslyiome. The maximum principal PEs from the
model with symmetry along the X-axis with origird#bonded pattern decrease at the onset of
the fully bonded zone, and the values are abowsdhee level from those obtained for Case 3.

The response traces for the equivalent plastimstia uniaxial tension (PEET) obtained
at the interface of the partially debonded stramd1ll for the model with symmetry along X-
axis, tight fitting debonding, and original debamglidistribution and the results obtained from
Case 3 are shown in Figure 5-37. The strain vadiégined from both models at the release end
are quite high; however, the response traces autairom the Case 3 model are lower. The

remaining of the response traces for these two benaatels are presented in Appendix D.
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Figure 5-35 Longitudinal path along partially debonded strand 1. Maximum prhcipal
stresses — Skew-symmetry tight model vs. rigid and original configuration
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Figure 5-37 Longitudinal path along partially debonded strand No.11: Equivalenplastic
strain in uniaxial tension — Skew-symmetry tight vs. rigid with originalunbonded pattern

5.8.2.3 Longitudinal paths along partially debonded Strands: Skew U-beam model
with tight fit and staggered debonding pattern vs. Case 4

Response traces along the interface of partimbodded strands No.1, No.9, and No. 11
(see Figure 5-30) for the beam model with symmeigng the X-axis, tight fitting strand
debonding option, and staggered debonding distabuts. Case 4 are presented in this section.
In all the response traces, high values were obdefmom both models at the release end due
boundary conditions effects. As previously mentinthese are considered spurious effects

from the symmetry boundary condition and are neégtem the interpretation of the results.
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The maximum principal stress traces for the abueationed models are shown in
Figure 5-38. The values observed in this Figurselm the release end are above 670 psi (4.6
MPa), which is the calculated concrete modulusupture for a compressive strength of 8,000
psi (55.2 MPa). However, as it is observed fromuFegs-35, Figure 5-36, and Figure 5-37, the
values obtained from the model with rigid (overdizdebonding quickly decay into the beam,
approximately 12 in. (300 mm) measured from theast end (see Figure 5-17 and Figure
5-38). The maximum principal stress values becoamesvhat similar for both models at the
onset of the fully bonded region.

The maximum principal plastic strains and equivalgastic strain in uniaxial tension
response traces for Case 4 and the model with Xystny, tight fitting debonding, and
staggered unbonded pattern are presented in Fig@8 and Figure 5-40. Both figures show
similar trends, high values at the release endamnapid decay further into the beam for the

model with rigid (oversized) sheathing (Case 4).
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Figure 5-40 Equivalent plastic strain in uniaxial tension along longitudial path at the
interface of partially debonded strand No.11

5.8.3 Discussion

From the comparison of the results between Casasibilt” condition model) and Case
2 (skew U-beam model with a staggered debondinghlition and tight fitting debonding) it is
seen that the use of a staggered unbonded pa#duces the high stresses in the beam-end
region created by the dilation of the debondedhsti@s shown in Figure 5-26, Figure 5-27, and
Figure 5-28. In addition, the implementation otaggered debonding distribution also decreases
the longitudinal shear stresses (see Figure 512Bhetter understand how the longitudinal shear
stresses are minimized with the use of a staggigbdnding pattern, Figure 5-41 is presented as
an aid. In this figure, a rectangular section bkam is presented with four fully bonded strands,
two at each side, and three partially debondeddsrdocated in the center of the beam. The

prestressing force in the fully bonded strandsrimediately transmitted into the beam, at the
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onset of the release end until the end of the teaength. However, the force in the partially
debonded strands is transferred further into tlzehat the end of the debonded zone and along
this unbonded region there are no (or very smatijds in the center of the beam to counteract
the longitudinal shear stresses generated frorraihnemission of the prestressing force from the
fully bonded strands. Thus, in the case study ptedein this research, skew U-beam, the
concentration of partially debonded strands inddeter of the bottom flange of the beam leads
to high (and probably) undesirable longitudinalah&tresses, as it is seen from comparing the
results from Case 1 and Case 2.

On the other hand, it was observed from the requiésented in Section 5.8 that the
assumption of X-symmetry for the skew U-beam modeld negative effects on the results
obtained from the numerical models, especialljhatdeam end. However, the general trend that
can be observed from these results seems obvibas:thie use of rigid (oversized) strand
debonding is beneficial to reduce the high stresseéle end region upon release. This general
trend was observed from the response traces (se®1$5®&.8.2.1 and Section 5.8.2.2) at the
interface of the partially debonded stands, andias consistent with all the response traces

obtained at the interface between the strands amncrete.
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5.9 Findings

It is recognized that the finite element modeksspnted herein are far from reproducing
the exact damage pattern observed during produofitime U-beam girder in the presented case
study. This follows from the following complex paraters involved in the problem, which

include:
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e Mechanical interlock bond resistance of the sever-twisted strand: in the models the
strand was modeled as a smooth cylindrical rod witimlinear friction interaction
surface-to-surface with the surrounding concrete.

e Heterogeneity of concrete: in the FE models thecme was simulated as a
homogeneous material. This has an effect in thaikation, initiation and propagation of
cracking and the development of spalling regions.

e Construction procedure and release pattern: thestrpesing force was released
simultaneously and no interaction (i.e., frictiavi}h the casting bed was simulated. Sole
plates and other local reinforcement in the beacti@ewere not considered.

e Concrete cracking and damage simulation: the ctenctamage plasticity (CDP) model
permits modeling the inelastic response of the @acbut it does so in a homogeneous
sense and damage is introduced by softening oftiterial and not discrete opening of
cracks. This has an effect on the simulated darmpeggagation.

e Strand-concrete bond simulation and damage: stkant was simulated through a
friction model between the interacting surfacesacgmooth rod (strand) and concrete.
Bond resistance thus depends on the normal pregsunerated between the interacting
surfaces. Upon damage the CDP model will softencitrecrete elements, an action
which in turn will minimize the constraint onto thexpanding strand part and thus
decrease the normal surfaces between the integastiriaces and thus bond resistance.
Such a decrease in bond resistance is likely nesgmt in the mechanical interlock
component of bond even if microcracks become ptedeng the transfer region.

It follows from the points noted above that whilke tpresented finite element models

have many features (positive features) and alldvigh degree of fidelity, they are not able to
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replicate the exact cracking and damage pattemise@e case study. Thus, the stress and strain
values presented in this chapter are to be usediagative measures for the choices on strand
debonding options and distribution and not as epaetlicted responses. Nonetheless, it is felt
that the numerical models provide “enhance” qu@iadata. Thus the following findings are
presented:

e It was found from the results of Case 1 that thghhstresses developed around the
partially debonded strands upon release are colblpaira general sense to the damage
observed during production of the U-beam girdethi@ case study. Thus, the dilation
resulting from the flexible slit sheathing deborglimaterial and the concentration of
strands in a group at the center of the sectiotobflange are attributed as the cause of
the damage.

e It is believed that the use of a staggered debgnpattern can decrease high stresses in
the end region and longitudinal shear stressestidbeam depth as shown from the
results from Case 2.

e The use of rigid (oversized) strand sheathing canimize the high stresses (those
intruded from the dilation of debonded strands Viiéixible slit sheathing) at the beam
end and along the entire unbonded zone (acrossetigon and along the debonded
length) upon detensioning.

e The implementation of strand debonding with rigikisized sheathing in a staggered
distribution pattern provided the best option feducing high dilation stresses at the
beam end as well as longitudinal shear stressesodurgbalanced forces generated when

the partially debonded strands are concentratétkicenter of the beam.
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CHAPTER 6 RECOMMENDATIONS AND CONCLUSION

6.1 Relevant Findings

Based on the experimental and numerical studiesepted in this thesis, the following

relevant findings are offered.

Experimental results on pull-out tests on simpléndgrs with a concentric partially
debonded or fully bonded strand showed that conferg reinforcement had only a
minor effect (~10 %) on bond strength.

Flexible-slit sheathing, single or double layer,ais effective debonding mechanism
based on experimental data from pull-out tests yimaers and wall-like block with
unstressed strands.

The hydraulic head effect does not affect the ddlmhmechanism provided by the use
of a single or double layer of flexible slit (tighit) sheathing based on experimental
results on pull-out tests on unstressed strandsihlike blocks.

Experimental results on laboratory-scale beam nsodekth a concentric partially
debonded strand using single or double layer $lgathing indicated that flexible
sheathing did not fully break the “bond” betweeraistl and concrete since an average of
16% of prestressing force was transferred along “thonded” length. Numerical
simulations on the same beams showed that the sixeds transfer follows from the
wedge effect that develops as the blanketed stdilates due to the lack of bond
resistance, and it creates a wedging anchorageamisoh with the concrete due to the

tight fit created with the soft (and collapsibl&Xible sheathing.
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6.2 CONCLUSION

The use of flexible sheathing in either one or tlagers seems to be an effective
debonding mechanism on unstressed strands base@xparimental data. Paste
infiltration did not take place in debonded stramdgsthe maximum pull-out load was
close to zero.

Concrete fluidity did not affect the effectivenedsslit sheathing on unstressed strands as
the maximum pull-out load reached from wall-likeotks was significantly small
compared to fully bonded strands.

Experimental results on laboratory-scale beam nsoslebwed that a nominal amount of
prestressing force was transferred along the dedabiehgth when using a double slit
sheathing. This is attributed to the strand’s ditafrom a Poisson’s effect as the strand
tries to expand and creates a wedging anchoragéamism against the tight fitting
concrete.

Numerical studies on small-scale and large-scadenbeodels (U-beam model) showed
that the use of flexible (tight fit) sheathing all® the development of high radial
pressure at the interface of the strand and camerad that these stresses continue along
the debonded length decreasing only after the fearmone. With the use of rigid
(oversized) debonding the strand is fully debondedhe strand and concrete are not on
contact upon release. Thus the use of rigid shegtthecreases the high stresses in the
end-region of pretensioned concrete members upt@msiening.

A staggered strand debonding configuration seem®dace the shear stresses in the
longitudinal direction of the beam upon strand aste It was observed that the use of a
staggered debonded strand distribution and rigigr&zed) sheathing can decrease the

186



high tensile and shear stresses in the anchoragenref pretensioned concrete girders

upon strand detensioning.
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APPENDIX A — Materials Testing and Concrete Mix Degyns

The strand specifications and the mix designs dsedboth sets, normal-consolidated
concrete and self-consolidated concrete, are piegem this section. In addition, the mix design

used to cast the large block to verify the qualityhe strand is also presented.

Strand Specifications

Table A-1 Seven-wire 0.6-in. (15.2 mm) diameter strand specifications

Ultimate breaking strength 60.13 kip (267 kN
Load @ 1% Extension 54.14 kip (241 kN
Ultimate elongation, % 7.4
Representative area 0.218 in2 (140.6 mm?2)
Actual area 0.2175in2 (140 mm?2)
Average modulus of elasticity 29000 ksi (200 GPa)

Mix Design for the Large Block Pull-out

Table A-2Concrete Mix Design — Large Block

Design
Type Il cement 660 Ibs/c.y.
Fine Aggregate (2NS sand) 1269 Ibs/c.y.
Coarse Aggregate (#4 limestone) 1900 Ibs/cly.
Water 292 gallc.y.
ASTM C-494 (Type A) 106 oz/c.y.
Water/Cement Ratio = 0.44
Concrete Unit Weight = 146.3 PCF
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Normal Consolidated Concrete (NCC)

Table A-3 Concrete mix design - NCC

Design
Type lll cement 658 Ibs/c.y.
Fine aggregate (2NS sand) 1356 Ibs/c.y.
Coarse Aggregate (6AA
limestone) 1779.6 Ibsl/c.y.
Water 16 gal/c.y.
HRWR 52.8 oz/c.y.
Air-entraining Admixture 2 oz/c.y.

Self-Consolidated Concrete (SCC)

Table A-4 Self-consolidating concrete mix design

=

Design
Type Il cement 658 Ibs/c.y.
Fine Aggregate (2NS sand) 1511 Ibs/c.
Coarse Aggregate (6AA limestone 1463 Ibs/c.y.
Water 31.6 gallc.y.
HRWR 106 oz/c.y.
Delvo Type D 39.5 oz/c.y.
Rheomac VMA 9.9 oz/c.y.
Air-entraining Admixture 2.6 oz/c.y.
Water/Cement Ratio = 0.4
Concrete Unit Weight = 143.8 PCF
Total Air =6.0% +/- 1.5
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APPENDIX B — Supplementary Results from ExperimentaProgram:

Pull-out on Cylinders
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Figure A-1 Normalized average peak bond strength on pull-out cylinders
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Pull-out on Wall-like Blocks
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APPENDIX C —
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Figure A-11 NCFBC Beam Model: Transverse Strains
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Figure A-12 NCFBC Beam Model: Maximum principal plastic strains
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Figure A-13 NCFBC Beam Model: Equivalent plastic strain in uniaxial t&sion
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Figure A-14 NCFBC Beam Model: Axial stresses
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Figure A-15 NCFBU Beam Model: Transverse strain
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Figure A-16 NCFBU Beam Model: Maximum principal plastic strains
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Figure A-17 NCD1C Beam Model: Transverse strain
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+6.176e+02
+6.014e+02
+5.524e+02
+5.035e+02
+4.545e+02
+4.055e+02
+3.566e+02
+3.076e+02
+2.586e+02
+2.097e+02
+1.607e+02
+1.118e+02
+6.279e+01
+1.382e+01
+1.382e-01

L Ly=24" } Li=21" .

Figure A-18 NCD1C Beam Model: Maximum principal stresses
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S, S11 i
(Avag: ?5%)(p8l)

+5.960e+02
+5.885e+02
+3.760e+02

+1.636e+02
-4.887e+01
-2.613e+02
-4.738e+02
-6.862e+02
-2.987e+02
-1.111e+03
-1.324e+03
-1.536e+03
-1.749e+03
-1.961e+03
=1.992e+03

Figure A-19 NCD1U Beam Model: Axial stresses

PEEQT
(Avg: 759)

+1.710e-04
+1.185e-04
+1.086e-04

+9.875e-05
+8.888e-05
+7.900e-05
+6.,912e-05
+5.925e-05
+4,937e-05
+3.950e-05
+2.963e-05
+1.975e-05
+9.875e-06
+0.000e+00

s s — e T T S S— S— ——— T T p— f— T S S S S S S - z
e Ry ey S T S S— m—————S— t— C— t— — — ——S————— g

. L,=24" I L1

Figure A-20 NCD1U Beam Model: Equivalent plastic strain in uniaxial tesion (PEEQT)
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S, S11 (psi)
(Avg: 759%)
+5.885e+02
+3.760e+02
+1.636e+02
-4,887e+01
-2.613e+02
-4,738e+02
Y -6.862e+02

-8.987e+02
-1.111e+03
-1.324e+03

-1.536e+03
z X -1.749e+03
-1.961e+03
-1.996e+03

| Ly=24" ] L=19" |
Figure A-21 NCD2C Beam Model: Axial stresses

E, Max. Principal
(Avg: 759%6)

+8.903e-04
+7.579%e-04
+6.321e-04
+5.692e-04
Y +5.063e-04

+4.4325e-04
+3.806e-04
+3.177e-04
+2.548e-04

Z X +1.919e-04

+1.290e-04
+6.612e-05
+3.227e-06
-7.465e-05

ke R e e e L e L Y U —— i

| Ly=24" . L=19" |
Figure A-22 NCD2C Beam Model: Maximum principal strain
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PE, Max. Principal
(Avg: 759%)

+7.306e-04
+5.231e-04
+4,795e-04
+4.359%e-04
+3.923e-04
+3.487e-04
+3.051e-04
+2.616e-04
+2.120e-04
+1.744e-04
+1.308e-04
+8.718e-05
+4.,359e-05
+0.000e+00

: Ly=24" . L=29" ]
Figure A-23 NCD2U Beam Model: Maximum principal plastic strain

S, 522 :
(Avg: 7596) (pSI)

+6.002e+02
+35.885e+02
+3.760e+02

+1.636e+02
-4.887e+01
-2.613e+02
-4.738e+02
~6.862e+02
-8.987e+02
=1.111e+03
-1.324e+03
-1.536e+03
-1,749e+03
-1,961e+03
-2.040e+03

{ Ly=24" l L=29" I

Figure A-24 NCD2U Beam Model: Transverse stresses
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PEEQT
(Avg: 75%)

+1.747e-04
+1.185e-04
+1.086e-04

+3.875e-05
+8.888e-05
+7.900e-05
+6.912e-05
+5.925e-05
+4,937e-05
+3.950e-05
+2.963e-05
+1.975e-05
+9.875e-06
+0.000e+00

| L =24" ] Li=29" |

Figure A-25 NCD2U Beam Model: PEEQT

E, Max. Principal
(Avg: 75%6)

+3.966e-04
+3.966e-04
+32.609%e-04
+3.251e-04
+2.894e-04
+2.536e-04
+2.179e-04
+1.821e-04
+1.464e-04
+1.106e-04
+7.486e-05
+3.911e-05
+3.359%e-06
-3.239e-05
-3.239%9e-05

| Li=24" ]
Figure A-26 SCFBC Beam Model: Maximum principal strains
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S, 522 .
(Avg: 759%) (psi)
+6.213e+02
+4,320e+02
+2.428e+02
+5.348e+01
Y -1.358e+02

, =3.251e+02
; -5.143e+02
T+ -7.036e+02

4 X - -8.929e+02
-1.082e+03
-1.271e+03
[i=] -1.461e+03
-1.650e+03
——— -1.650e+03

]

| L{=24" I
Figure A-27 SCFBC Beam Model: Transverse stresses

S, Max. Principal
(Avg: 759) (psi)
+6.413e+02
+6.,413e+02
+5.875e+02
+5.338e+02
+4.800e+02
+4.263e+02
+3.725e+02
+3.188e+02
+2.650e+02
+2.112e+02
+1.575e+02
+1.037e+02
+4.997e+01
-3.790e+00

L Li=24" ]

Figure A-28 SCFBC Beam Model: Maximum principal stresses
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PEEQT

(Avg: 759)
+1.751e-04
+7.246e-05
+65.642e-05
+6.038e-05
+5.4235e-0S5
+4.831e-0S
—t +4.227e-0S5
—1 +3.623e-0S
+32.01%9e-05
+2.415e-05
+1.8212e-05
+1.208e-05
+6.038e-06
+0.000e+00

l‘: Lu=24ll _JI_ Lt=16n _J|
Figure A-29 SCD1C Beam Model: Equivalent plastic strain in uniaxial tegion (PEEQT)

S, 511 ;
(Avg: 75%) (pSI)

+7.524e+02
+6.,213e+02
+4.320e+02

+2.428e+02
+5.248e+01
Y -1.358e+02
-3.251e+02
-5.143e+02
~7.036e+02
-8.92%e+02
-1.082e+032
-1.271e+03
~1.461e+03
-1.650e+03
-2.288e+03

| Ly=24" I Li=16"
Figure A-30 SCD1C Beam Model: Axial stresses
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E,E11
(Avg: 759)

+8.553e-04
+3.523e-04
+2.945e-04

+2.366e-04
+1.788e-04
+1.20%9e-04
Y +6.309%e-05

" +5.250e-06
-5.259e-05
x ‘1-104!‘04

-1.683e-049
‘ X -2.261e-04
-2.840e-04
-3.418e-04
-7.232e-04

I | =24" I Lt=15"4|

Figure A-31 SCD1U Beam Model: Axial strains

E, E22

(Avag: 759%)
+2.515=-04
+3.523e-04
+2.945e-04
+2.366e2-04
+1.788e-04
+1.20%9e-04
Y +6.230%9e-05

+5.250e-06
-5.259e-05
-1.104e-04
-1.683e-04

Z X -2.261e-04
-2.840e-04
-3.418e-04
-7.256e-04

| L =24" | L= 15—

Figure A-32 SCD1U Beam Model: Transverse strains
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S, Max. Principal
(Avg: 759) (psi)

+7.234e+02
+6.413e+02
+5.875e+02

+35.338e+02
+4.800e+02
+4.263e+02
+ +3.725e+02
+3.188e+02
+2.650e+02
+2.112e+02
+1.575e+02
+1.037e+02
+4.997e+01
-2.790e+00

ZiEEEEEEEEEEEEEEEEEERwY-aYw~T "

_4—-—._:—"'—--—————"-—_—_——_m—uwx -.—-"--Il——""" ol
|

I‘ Ly=24" ! Lg=27" |

Figure A-33 SCD2U Beam Model: Maximum principal stresses

PE, Max. Principal
(Avg: 759)

+6.770e-04
+2.228e-04
+2.042e-04
+1.857e-04
+1.671e-04
Y +1.485e-04

+1.300e-04
+1.114e-04
+9.283e-05

Z X +7.427e-0S
+5.570e-05
+3.713e-05
+1.857e-05
+0.000e+00

| Ly=24" | L=27" |
Figure A-34 SCD2U Beam Model: Maximum principal plastic strains
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PEEQT
(Avag: 759%)

+1.732e-04
+7.246e-05
+6.642e-05
+6.038e-05
+5.435e-05
+4.831e-05
+4.,227e-05
+3.623e-05
+32,019e-05
+2.415e-05
+1.812e-05
+1.208e-05
+6.038e-06
+0.000e+00

Ly=24" |

L=27" |

Figure A-35 SCD2U Beam Model: PEEQT

Distance from Edge to Center of Beam (mm)

0 10 20 30 40 50 60 70 80
0.00012\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
| | ==—No Confinement
0.0001 .
4 == Confinement - Bar N0.3
s | —— Confinement - Bar No.4
E 810 ] ===(O=== Confinement - Bar No0.5
£ 1
= 610°-
[ il
> _
4 -
= 4107
© 1
D 510%]
o% -
‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘
0 0.5 1 1.5 2 2.5 3 3.5

Figure A-36 PEEQT: NCFBC beam model — path along the cross sectiontble

Distance from Edge to Center of Beam (in.)

beam at 4 in. (200 mm) from releasing end
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Distance from Edge to Center of Beam (mm)
0 10 20 30 40 50 60 70 80

0.0006\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
E —+=— No Confinement
0.0005+ == == Confinement - Bar No.3
—_ 1 | === Confinement - Bar No.4
£ 0.0004_] | *=O=== Confinement - Bar No.5
= 1
g 0.0003j
) i
1 i
£ 0.0002-|
© ]
n 1
0.0001
0
C‘a )t
-0.0001 1 T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘
0 0.5 1 15 2 25 3 35

Distance from Edge to Center of Beam (in.)
Figure A-37 Maximum Principal Strain — NCFBC Beam Model along cross sectio in.
[L00 mm] from the releasing end)

Distance from Edge to Center of Beam (mm)
0 10 20 30 40 50 60 70 80

1000 PN T N T T T T T T T T T N T A T M Y N A N N AR O
] -6
i a4
500 -
—_ E -2 ©
) ) L
g o 0 =
© 1 )
> | C 0D
| ] [ ™= 1
2 500 -,
o 1 49
@ 1 | == No Confinement i-6 @
-1000-| | —— Confinement - Bar No.3 r
|| =f#— Confinement - Bar No.4 --8
1| ===O=== Confinement - Bar No.5 i
—-10
_1500 T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T
0 0.5 1 1.5 2 2.5 3 35

Distance from Edge to Center of Beam (in.)

Figure A-38 NCFBC beam model — Transverse stresses along cross sectiord (gt [100
mm] from releasing end)
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Distance from Edge to Center of Beam (mm)

0 10 20 30 40 50 60 70 80
0.001 o e v b b b e P

—+=— No Confinement

==O== Confinement - Bar No.5

Strain Level (in./in.)

| — g

o

'0.0002 T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘
0 0.5 1 15 2 25 3 35
Distance from Edge to Center of Beam (in.)

Figure A-39 NCD1C beam model — Maximum Principal Strain along cross seoh (at 4 in.
[100 mm] from releasing end)

Distance from Edge to Center of Beam (mm)
0 10 20 30 40 50 60 70 80

700 N I | ‘ L1 11 ‘ N - ‘ L1 ‘ N ‘ L1 11 ‘ I ‘ | ‘ L1l \74.8
600~ 4
500 =
-’g? 1 53.2 %
=~ 400 - =
> 1 24 2
— 300 -9
] 0
(7] bl L
9 ] ~1.6 g
& 200 - E
_ [
B ~ ..~ | —=— No Confinement 08
100 Ormmmmmmm e e
] ==C== Confinement - Bar No.5 -
O 1 T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T O
0 0.5 1 1.5 2 2.5 3 3.5

Distance from Edge to Center of Beam (in.)
Figure A-40 Maximum principal stress along cross section — NCD1C beamaael
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Distance from Edge to Center of Beam (mm)
0 10 20 30 40 50 60 70 80

0001 o v P b P P P P P
] —+— No Confinement

0.0005 - ==O== Confinement - Bar No.5

< :

= T

_I .

= i

s ]

? -0.0005-
'0.001\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘

0 0.5 1 15 2 25 3 3.5

Distance from Edge to Center of Beam (in.)
Figure A-41 NCD1C beam model — Transverse Strain along cross section
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APPENDIX D —Results from Numerical Case Study: U-bam Models

Y S, Max. Principal
(Avg: 759%)(psi

+1.318e+03
+6.700e+02
X +5.446e+02
+4.192e+02
+2.937e+02
+1.683e+02
+4.290e+01
-8.252e+01
=2,.079e+02
=3.334e+02
-4,588e+02
-5.842e+02
-7.096e+02
-8.350e+02

Figure A-42 Case 3: Maximum principal stresses at beam end

AC YIELDT
(Avg: 759%)
+1.000e+00
+9,167e-01
+8.333e-01
+7.500e-01
+6.667e-01
+5,833e-01 Y
+5.000e-01
+4.167e-01
+3,333e-01
+2.500e-01
+1.667e-01 Z
+8.333e-02
+0,000e+00

At Beam
End

At 12 in. From
Release end

Figure A-43 Results for Case 4: Yielding of concrete elements at beanogs section
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Case 1

PE, Max. Principal
(Avag: 759%)

+2.056e-03
+1,885¢-03
+1.713e-03
+1.542e-03
+1.371e-03
+1.199e-03
—+ +1,028e-03
—t +8.566e-04
+6.853e-04

- +5.140e-04
+3.427e-04
+1.713e-04

+0.000e+00

Case 2

PE, Max. Principal
(Avg: 759%)

+1.887e-03
+1.730e-03
+1.572e-03
+1.415e-03
+1.258e-03
+1.101e-03
+9.435e-04
+7.862e-04
+6.,290e-04
+4.,717e-04
+3.145e-04
+1.572e-04
+0.,000e+00

Figure A-44 PE Max Principal: Case 1 vs. Case 2 at beam end
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Distance from end of beam (mm)
0 2000 4000 6000 8000 1 10*
T R R B T SR A R T

¢
Y

Q= 1]
i ®-.,

/in.)
o
o
o
o
N

|

Strain Level (in./in.

-0.0008 —I— Skew - original configuration - tight

=-=@-= Skew - original configuration - rigid

0O 50 100 150 200 250 300 350 400

Distance from end of beam (in.)
Figure A-45 Response traces along partially debonded strand No.9: Axial strairsSkew-
symmetry U-beam models tight vs. rigid with original configuration

Distance from end of beam(mm)
0.01 0 2000 4000 6000 8000 110°
. T T T T S T O SO R R R

—t— Skew - original configuration - tight

0.008 --@-- Skew - original configuration - rigid

o
o
S
o)

o
o
o
SN

Strain Level (in./in.)

o
o
o
N

. @E@E}Eﬁﬁﬂﬁﬂﬂﬂ
0 @=@-—@—e®-r 00000

0 50 100 150 200 250 300 350 400

Distance from end of beam(in.)
Figure A-46 Response traces along partially debonded strand No.9: Maximum priipal
strains — Skew-symmetry U-beam models tight vs. rigid with original confuration
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0

Distance from end of beam (mm)
2000 4000 6000 8000 1 10°
L ‘ L L L ‘ L L L ‘ L L L ‘ L L L

Strain Level (in./in.)

—#— Skew - original configuration - tight
--@-- Skew - original configuration - rigid

0- 'o--o--o---oMD-

-0.002-

0

0 100 150 200 250 300 350 400
Distance from end of beam (in.)

5

Figure A-47 Response traces along partially debonded strand No.1: Maximum priipal
plastic strains — Skew-symmetry U-beam models tight vs. rigid with aginal configuration

0

Distance from end of beam (mm)
2000 4000 6000 8000 110
[ I I I | I I [ I I I | I I I

-0.0005

—— Skew - original configuration - tight
--@-- Skew - original configuration - rigid

0

50 100 150 200 250 300 350 400
Distance from end of beam (in.)

Figure A-48 Response traces along partially debonded strand No0.9: PEEQT — Skew
symmetry U-beam models tight vs. rigid with original configuration
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Strain Level (in./in.)

Distance from end of beam (mm)
2000 4000 6000 8000 1 10°
I | I I | I I | I I | I I

—tH— Skew - original configuration - tight
--@-- Skew - original configuration - rigid

50 100 150 200 250 300 350 400
Distance from end of beam (in.)

Figure A-49 Response traces along partially debonded strand No.11: Maximum pgipal
plastic strains — Skew-symmetry U-beam models tight vs. rigid with aginal configuration

Strain Level {in./in.)

Distance from end of beam (mm)
a00 1000 1400 2000 2800 a00a
P I I T TR T N T TR N T A S T T T N S SR S S |

—{ — Skew -staggered pattern - tight |
=== Skew -staggered pattern - rigid |

Distance from end of beam (in.)

Figure A-50 Response traces along partially debonded strand No.9: PEEQT- Skew-
symmetry U-beam models tight vs. rigid with staggered configuration
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Distance from end of beam (mm)
i 500 1000 1500 2000 2500 3000 3500
0004 e v e L b b b e b cn L L

— — Skew -staggered pattern - tight
== Skew -staggered pattern - rgid

0.003

0.0025
0.002

0.0015

Strain Level {in./in.)

0.001

0.0005 3

Distance from end of beam (in.)
Figure A-51 Response traces along partially debonded strand No.9: Maximum priipal
strains — Skew-symmetry U-beam models tight vs. rigid with staggered cagtiration

Distance from end of beam (mm)
0 1000 2000 3000 4000 5000 BO0OO 7000 B0O0
1000 dew v b v be v e b v v b boww v b v buwa s

] | == Skew - original configuration - tight
500 5 | === Skew - original configuration - rigid

0]
-500 !

-1000

Stress Level (psi)
Stress Level (MPa)

-1600

-2000 4 -

-2200 gt
0 &0 100 150 200 250 300 350
Distance from end of beam (in.)

Figure A-52 Response traces along partially debonded strand No.11: Equivalent Aki
stresses — Skew-symmetry U-beam models tight vs. rigid with originalonfiguration
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Distance from end of beam (mm)
0 500 1000 1500 2000 2500 3000

D_DDB 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
—{ — Skew -staggered pattern - tight

--_r- Skew -staggered pattern - rigid

straln Level (In./n.)

D—f D { T : )
0 20 40 60 80 100 4120
Distance from end of beam (in.)

Figure A-53 Response traces along partially debonded strand No.11: Maximum pgipal
plastic strain — Skew-symmetry U-beam models tight vs. rigid with afggered configuration
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Skew-original
configuration - tight

=t

S, Max. Principal
(Avg: 7598)

S si)
+1.131e+032
+6.700e+02
+5.516e+02
+4.222e+02
+32.148e+02
+1.9632e+02
+7.792e+01
~4.050e+01
-1.589e«+02
2. 7T7T3e+02
-2.95T7e+02
-5.142e+02
-6.326e+02
=7.510e+02
~-T7.7T88e+02

S, Max. Principal
(Avg: 759%)

+1.092e+032
+6.700e+02
+5.516e+02
+4.,232e+02
+3.148e+02
+1.963e+02
+7.792e+01
-4.050e+01
-1.58%e+02
=2.773e+02
-3.957e+02
-5.142e+02
-6.326e+02
-7.9510e+02
-1.081e+03

Skew-staggered
configuration - tight

(psi)

Distance from

Releasing
End=12in.
& i
7 X

S, Max. Principal
(Avg: 759%9%)

+1.433e+03
+6.700e+02
+5.516e+02
+4.332e+02
+3.148e+02
+1.963e+02
+7.792e+01
~4.050e+01

-1.589e+02
~2.773e+02
-3.957e+02
-5.142e+02
-5.326e+02
=7.510e+02

S, Mau. Principal
(Avg: 759%)
+1.2318e+023
+6.700e+02
+5.516e+02
+4.332e+02
+3.148e+02
+1.963e+02
+7.792e+01
-4,050e+01
-1.589e+02
-2.773e+02
-3.957e+02
=-5.142e+02
-6.326e+02
=7.510e+02
-8.350e+02

(psi)

(psi)

Skew-original
configuration -
rigid

Skew-staggered
configuration -
rigid

Figure A-54 Maximum principal stresses: Four skew U-beam models
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Skew-original
configuration - tight

PEEQT
(Avg: 75%)

PEEQT
(Avg: 759)

+6.858e-03
+6.82858e-03
+6.287e-03

+5.715e-032
+5.143e-03
+4.S572e-03
+4.000e-03
+3.429e-03
+2.857e-03
+2.286e-03
+1.714e-03
+1.143e-03
+35.715e-04
+0.000e+00

PEEQT

(Avg: 759)
+1.032e-02
+6.858e-03
+6.287e-03
+5.715e-03
+5.143e-03
+4.,572e-03
+4.,000e-03
+3.429e-03
+2.857e-03
+2.286e-03
+1.714e-03
+1.143e-03
+5.715e-04
+Cl 000e+00

Distance from
Releasing
End= 0 in.

YLX

Z

PEEQT
(Avag: 759)

Skew-original
configuration -
rigid

=

+7.066e-03
+6.858e-03
+6.287e-03
+5.715e-03
+5.143e-03
+4,572e-03
+4,.000-03
+3.429e-03
+2.857e-03
+2.286e-03
+1.714e-03
+1.143e-03
+5.715e-04
+0.000e+00

Skew-staggered
configuration - tight

=

+1.114e-02
+6.858e-03
+6.287e-03
+5.715e-03
+5.143e-03
+4.572e-03
+4.000e-03
+3.429e-03
+2.857e-03
+2.286e-03
+1.714e-03
+1.143e-03
+5.715e-04
+0.000e+00

Skew-staggered
configuration -
rigid

Figure A-55 Equivalent plastic strain in uniaxial tension at release end:d¢ur skew U-beam models
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Skew-original
configuration - tight

PEEQT
(Avg: 759%)

+6.258e-03
+6.2528e-032
+6.287Ve-03
+5.715e-03
+5.143e-03
+4.572e-03
+4.000e-03
+32.429e-03
+2.857e-03
+2.286e-03
+1.714e-03
+1.143e-03
+5.715e-04

Distance from
Releasing
End= 12 in.

=

PEEQT
(Avg: 75%)

+1.032e-02
+6.858e-03
+6.287e-03
+5.71Se-03
+5.143e-03
+4.572e-03
+4,.000e-03
+32.429e-03
+2.857e-03
+2.286e-03
+1.714e-03
+1.143e-03
+5.715e-04

Skew-original
configuration -
rigid

+0.000e+00

+0.000e+00

=

PEEQT
(Awvg: 759%)

+7.066e-03
+6.858e-03
+6.28Te-03
+5.715e-03
+5.143e-03
+4.572e-03
+4.000e-03
+32.42%9e-03
+2.857e-03
+2.286e-03
+1.714e-03
+1.1432e-03
+5.715e-04
+0.000e+00

(Avg

Skew-staggered
configuration - tight

PEEQT
: 7596)

+1.114e-02
+6.858e-03
+6.287e-03
+5.715e-03
+5.143e-03
+4,.572e-03
+4.000e-03
+32.429e-03
+2.857e-03
+2.286e-03
+1.7142-03
+1.143e-03
+5.715e-04
+0.000e+00

Skew-staggered
configuration -
rigid

Figure A-56 PEEQT: Four skew-symmetry U-beam models at 12 in. from releasend
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=

Skew-original
configuration - tight

(psi)

S. 811
(Avg: 759%6)

s, 811
(Avg: 759)

+7.121e+02
+6.700e+02
+2.947e+02
-8.067Ve+01
-4.560e+02
-8.313e+02
-1.207e+03
-1.582e+03
=1.957e+032
=2.333e+03
-2.708e+03
-3.083e+03
-3.45%e+032
-32.834e+03
-4.264e+032

(psi)

+28.108e+02
+6.700e+02
+2.,947e+02
-8.067e+01
-4.5S60e+02
=-8.213e+02
=1.207e+03
-1.582e+03
-1.957e+03
~2.333e+03
=2.708e+03
-3.083e+03
-3.459e+03
=3.834e+032
=2.9932e+02

Skew-staggered
configuration - tight

Distance from
Releasing
End=0 in.

S,511
(Avg: 7S595)

+8.438e+02

S, 511
(Avg: 759)

(psi)

+656.938e+02
+6.700e+02
+2.947e+02
-8.067e+01

-4.560e+02
-8.213e+02
=1.207e+03
-1.582e+03
-1.957e+03
=2.333e+03
-2.708e+03
-3.083e+03
=2.459e+03
-2.834e+03
-4.120e+03

(psi)

Skew-original
configuration -
rigid

+6£,700e+02
+2.94Te+02
-2.067e+01
-4, 560e+02
-8.313e+02
=1.207e+032
-1.582e+03
=1.95T7e+02
=2.333e+03
-2.708e+032
=3.083e+03
-2.45%e+032
=32.834e+03
=2.8234e+02

Skew-staggered
configuration -
rigid

Figure A-57 Axial stresses: Four skew-beam models
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