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DISCLAIMER

The contents of this report reflect the views @& tuthors who are responsible for the
facts and the accuracy of the data presented her€hre contents do not necessarily
reflect the official views or policies of the Nebka Department of Roads, nor the
University of Nebraska-Lincoln. This report doex nonstitute a standard, specification,
or regulation. Trade or manufacturers’ names, winiay appear in this report, are cited
only because they are considered essential tolijeztives of the report. The United
States (U.S.) government and the State of Nebrakkanot endorse products or

manufacturers.



ABSTRACT

In a recent investigation on shear limits in prégasstressed concrete girders for
Nebraska Department of Roads (NDOR), it was detechithat the AASHTO LRFD
limit of 0.25fbd, for maximum shear reinforcement is attainableoas las an adequate
number of strands is anchored into the abutmenthdegms. In addition, extending
strands in prestressed concrete girders beyond ereamols and bending them into cast-
in-place pier diaphragms can be a cost-effectiveahate of controlling creep and
shrinkage effects in bridges designed as simplasspar girder and deck weights and
continuous spans for additional loads. In this aes® the pullout capacity of 0.5 in. and
0.6 in. (12.7 and 15.2 mm) diameter strands isuasat. Full-scale test of beam end
anchorages is investigated, and a design procédubent strand anchorage is proposed.
In addition, confinement reinforcement detail ofdige diaphragm is proposed. Two
numerical design examples are included togetheh \isign recommendations for
determining the required number and length of sisghat need to be bent and embedded

into the diaphragms.



ACKNOWLEDGMENTS

This project was sponsored by the Nebraska Department of Roads (NDOR). The
support of Leona Kolbet, Research Coordinator, Lyman Freemon, Bridge Engineer, Sam
Falleha, Assistant Bridge Engineer and Gale Barnhill, Bridge Research Engineer, NDOR
is gratefully acknowledged. They spent many hours to coordinate this project, discuss its
technical direction and inspire the University researchers.

The University team consisted of Nipon Jongpitaksseel, a former graduate
research assistant, Sherif Yehia Ph.D. PE., assistant professor at Western Michigan
University and a former research assistant professor, and Kelvin Lein, Structures
Laboratory Manager.

Specimens for the experimental program and technical assistance were provided
by Rinker Materials, Omaha, NE. The efforts of the following individuals are particularly

appreciated: Dennis Drews and Buz Hutchinson.



TABLE OF CONTENTS

TECHNICAL REPORT DOCUMENTATION ... .o i
DISCLAIMER ...ttt e e e et eee e e eeaeeen e e eaeennes I
AB ST R A C T et ereem ettt e ettt e e e e e et e e e e e nnn e e e e e e enaa s ii
ACKNOWLEDGMENTS ...t e e aeea e e e Y
TABLE OF CONTENTS ...ttt mmm et e ettt e e e e et e e e e e e s rmme e e e eaeees v
LIST OF FIGURES. ... .o eeeee ettt e e e e e eeeeneanns Vil
LIST OF TABLES ... et e e et e e e eennmmne e e e e eenenans X
CHAPTER 1 INTRODUCTION. .. .ottt sttt eeeeeis e e e eeean e e e e aeeennees 1
1.1 Problem Statement ... 1
1.2 Research Objectives and Approach ........cccceeeviiii i, 4
1.3 SCOPE ANd LAYOUL......ciiiiiiiiiiieei et eeeeemm e e e e e e et e e e s e eenneane 4
CHAPTER 2 SIMPLIFIED UNIFIED SHEAR DESIGN ......oiiiiiiiiieeiieie e 6
2.1 INEFOTUCTION ... e e e e 6
2.2 BacCKgroUNd.........coouuiiiiiiiiiii e 6
2.3 Beam End Anchorage Enhances Shear CapacCity..ccc......cccevvvviiiieveennnnnn. 8

CHAPTER 3 PULLOUT CAPACITY OF NON-PRESTRESSES BENTRANDS...10

3.1 INETOTUCTION ...t 10
3.2  Experimental Program ..............uu o ommecee s e e e e e e e s sesineeeeeeannn s 10
3.3 Specimens and Test ProCeAUIES.........couvvveeeviiieeeiiiiie e 2.1
3.4 Test Results and DISCUSION ...........coiccccccmeeeieiiieie e 19



CHAPTER 4 FULL SCALE TEST OF BEAM END ANCHORAGE...........cccccoeennn. 27

4.1 INFOAUCTION ...ttt e 27
4.2 Experimental Program .............uuoee oo seeeseesiineeeeseesisaeesesannn s 27
4.2.1 TeSting SPECIMEN ......cuuiiiiiiiiiii e e eeear e aeens 27
4.2.2 Testing ProCedUIe ........ccoviiiuiii et 35
4.3 Test Results and DISCUSSION.........cc.vieiiiiiniimine e ee e . 30
4.3.1 Ultimante Loads and Failure Mode .......ccccceuiiiiiiiiiiiiiiiiiinnennnn. 36
4.3.2 Discussion of Test RESUILS..........ccevvveeriiiiiiiiiii 42
4.4 Analyses of the Strand Stress in the End Blocks...............ccovviiiiiinnnns 45
4.5 Conclusions of Beam End Anchorage Experiment............ccccccoeeeevennnnn. 48
CHAPTER 5 APPLICATION OF ANCHORAGE AND DESIGN EXAMEES. ......... 50
5.1 INETOTUCTION ...ceiiiiiieieee et 50
5.2 Development Length and Application to Sheasi@®...............cceevvveeenee. 50
5.3 Recommendations of Reinforcement Detail inEhd Diphragm .............. 54
5.4 DesSign EXamPIES .....cooviiiiiiiiiiiii ettt aennaan 56
EXAMPIE L oo e eennaa 56
EXAMPIE 2 oo e ean—a 61
CHAPTER 6 CONCLUSIONS AND RECOMMENDTIONS ..., 65
REFERENGCES ... .ottt ee e e e e e e 67

Vi



Figure1.1
Figure2.1
Figure3.1
Figure 3.2
Figure 3.3
Figure 3.4
Figure 3.5
Figure 3.6
Figure 3.7
Figure 3.8
Figure 3.9
Figure 3.10

Figure3.11

Figure4.1 q)
Figure4.1b)
Figure 4.2

Figure4.3

LIST OF FIGURES

Prestressing Strands Being Extended and Bent ...........cccooeeviveviecieenen, 2
Stresses Acting on Pullout Strand ...........cccceeeveninenencneeeesese e 8
Bent Strand DetailS...........ooviiiiiiicce e 11
Specimen 1 and Loading Arrangement ...........ccoeeeeeeeeeneenesesieseeseneens 14
Specimen 2 and Loading Arrangement ..........cccceevueeeieeeseesneesieesine e 15
Specimen 3 and Loading Arrangement ...........ccoeeeeeeeieenenesesieseeseneens 16
Specimen FabriCalioN ........ccccciviiiecie e 17
PUITOUE TESE SEE-UP ..o e 18
Relationship of Pullout Force and Strand Slip (Specimen 1)................ 19
Relationship of Pullout Force and Strand Slip (Specimen 2)................ 20
Relationship of Pullout Force and Strand Slip (Specimen 3)................ 21
Embedment Length vs %f,, at Maximum Load............cccoeevviiinnennne. 23

Vertical Embedment Length-Nominal Diameter Ratio vs Strand-stress-

to-Specified Strength RELIO .......ccoovverireeeeeee e 24
Typical Longitudina Reinforcement...........cccooveevieeviee e eseecieesiens 29
Typical Shear REINFOrCEMENT ..........ooeiiiireree e 29
Shear Reinforcement at End SeCtion............coceveeeeieeiencncnene s 30
Beam End without End Block of Specimen B4E2.............cccocevvneenne. 30

vii



Figure4.4 @)
Figure4.4 b)
Figure4.5a)
Figure4.5Db)
Figure 4.6
Figure4.7
Figure 4.8
Figure4.9
Figure 4.10
Figure4.11
Figure4.12
Figure4.13
Figure4.14
Figure 4.15
Figure 4.16
Figure4.17
Figure5.1
Figure5.2
Figure 5.3

Figure 5.4

End Section of NU1100 I-girder (B1EL)......ccccoeveeviieveniieevee e, 32
Bent Strands for Specimen B1EL..........coooo i 32
End Section of NU1100 I-girder (B3E2)........ccceveeiieeieniieeieecreesiens 33
Bent Strands for Specimen B3E2..........cooviiiiiiiieeeeeees 33
Elevation of Typical Reinforcement in the End Block........................ 34
Elevation of Reinforcement in the End Block (B3E2)..........cccceceeuenee. 34
TESE SEE-UP .o eeeseeeseeesesesessees e se st sesesesseessees s se s sesenesesesesesens 35
Web Crushing Failure of Specimen B3EL .........cccoocovivinivencncceee, 37
Crack of End Block at Failure of Specimen B1E2............cccecevvevenee. 38
Crack of End Block at Failure of Specimen B3E2...........ccccocevvveenne. 39
Pure shear Failure of Specimen B2EL..........ccccoveieviiiivie e, 40
Shear/Bond Failure of Specimen B4E2...........cccooiiiiviinininece, 41
Shear strength versus number of non-tensioned embedded strands..... 43

Normalized shear strength versus anchorage of non-tensioned strands 44

Tension force in longitudinal reinforcement along shear span............. 45
Tensile stressin longitudinal reinforcement along shear span............. 47
Force Variations in Flexural Reinforcement over Beam Span.............. 52
Shear and Moment Resistance Forces near SUPPOIT ........ccccevererereennn 53
Proposed Detail Reinforcement in the digphragm..........cccccoveeeieecnneene 55
Bent Strand at Girder ENd ..o 57

viii



Figure 5.5
Figure 5.6
Figure 5.7

Figure5.8

Bent SIrand DELAIIS. ... nnns 59

Cross Section Of Bridge.......cceverirerienienieseseeee e 62
Bridge Elevation showing Abutment and Pier Locations....................... 62
Required Strand Embedment at Beam ENnd...........ccoccoviveninincneneenene, 64

ix



Table 3.1

Table3.2

Table 3.3

Table4.1

Table 4.2

Table4.3

Table4.4

Table5.1

LIST OF TABLES

The propertiesof Specimens 1, 2and 3.......ccccccvevieeieevie e, 12
Summary of Test RESUITS.........coeeiiiiiesereseeeeee e 22
Recommended Embedment Lengths............cccocoveiiieincieccie e 26
Properties Of SPECIMENS.........ccocuviirirerese e 31
TESt SPECIMENS.....c.eeiiieecie et re e 36
Summary of Test RESUITS.........ccooiiireresereeeee s 37
Parameters to calculate Strand StrESS.........oovveeeeeeieerese e 46
Data from Example 9.4 of the PCI Bridge Design Manua14.............. 57



CHAPTER 1
INTRODUCTION
1.1 Problem Statement

The shear capacity of pretensioned concrete sinspien I-girders can be
significantly increased by extending and bendimgrsts that already exist in the bottom
flange into the end diaphragﬁ’rsz' % In a recent investigation on shear limits in pstc
prestressed concrete girdéi% for the Nebraska Department of Roads (NDOR), all
strands in the bottom flange of the girders wer¢éemked and bent into the end
diaphragms. This provided sufficient anchoragetlierstrands to act as a “tension tie” to
develop the strut-and-tie mechanism for shearteasss.

The developed tension tie can significantly enhasicear capacity. However,
extending and bending all strands available inbibigom flange of the girders may cause
steel congestion in the diaphragm. Knowledge of #émehorage capacity of non-
prestressed bent strands would be useful in detergithe number of strands required to
be bent into the diaphragms.

In a long bed prestressing operation, severaldiegtrand already exists in the gap
between girder ends. After the prestress is retkasd the girders are separated, strand
extensions beyond the face of girder ends are giyaemoved and discarded. In
Nebraska and several other states, it has begirdhece for over two decades to remove
all but four to twelve strand extensions.

These strands are then bent in the plant, as sihowigure 1.1, using a simple

strand-bending tool. This technique is rather saraid adds almost nothing to the cost



of girder fabrication. However, the number of betrtands and the embedment lengths
has been selected by trial and adjustment basedservation of the behavior of actual

bridges, rather than using design calculations.

Figure 1.1 Prestressing Strands Being Extendedantl
Another reason for extending strands in prestressmitrete girders beyond
member ends and bending them into cast-in-placévani pier is to control creep and
shrinkage effects in bridges designed to be simpéns for girder and deck weights and
continuous spans for additional loddsWhen the prestressed concrete girders are set on
piers or abutments, and made continuous reinforoemecast-in-place decks, the beams

are restrained at their ends.



As a result, time-dependent movement occurring #fie deck concrete is cured
causes positive restraint moments over the pidns. @ehavior depends on the amount of
girder creep that is being restrained; girders mam#inuous at a relatively young age
experience large restraint moments.

There are a number of methods to estimate the dependent restraint moment
over bridge piers. They include a time-step compaalysis as described by Ma etdl.
and by Oesterle et af), a closed form solution by Freyermithand a common-practice
empirical recommendation by Mirmiran et df). These methods vary in their
consideration of whether the positive restraint rantrshould be calculated assuming a
cracked or an uncracked section in the area oeepitrs. This research project does not
address how the moment should be calculated. Itodstrates how, for a given
calculated moment, the strand embedment requirenosnbe calculated. It is assumed
that the moment is a serviceability limit stateigegarameter for which an allowable
working design is specified. It is reasonable tsuase the stress limit in the prestressing
strands = 30 ksi (207 MPa) as a means of crackaofithe stress-versus-embedment-
length formula developed herein would permit otB&ess limits to be used by the
designer.

Another benefit of embedding strands into end diagims is to enhance
resistance to shear. There is adequate evidérfed of the importance of anchorage of
longitudinal reinforcement at member ends. Thigeserally the bottom reinforcement at
the abutments. In simple span construction, use@Xample in Texas and Florida, it is

also the bottom reinforcement at the piers. Iniooiius span construction, such as that



used in the Midwest, the tensile longitudinal remeEment at the piers to be considered
in shear design is the top continuity reinforcemé&nt that situation, extension of bottom
strands into pier diaphragms is not relevant t@asHesign.

Design for shear is based on the strength limitiestdhus, checking of strand
embedment at the abutments, and at the piers rfgulsispan construction, should be
based on factored loads and the stress in thedstrat can be achieved at pull-out
failure.

1.2 Resear ch Objectives and Approach

The work presented herein discusses the evaluafitime pullout capacity of 0.5
in. and 0.6 in. (12.7 and 15.2 mm) diameter straad gives recommendations for
determining the required number and length of sisan be bent and embedded into the
diaphragms.

Anchorage of the longitudinal reinforcement intoidge diaphragms is an
effective and virtually no-cost means of achievihg maximum capacity of precast
prestressed beams and avoiding unacceptable cgadk@to restraint moments.

1.3 Scope and L ayout

This study focuses on the behavior of the end zoh@recast pretensioned
concrete bridge girders. The proposed design mstheil be based on available
experimental results and empirical analysis. Thsige of regions of members near
support, considered “disturbed regions” or D-regioising special procedures including

the strut-and-tie method, is not the focus of tafgort.



Chapter 2 contains background information andeaditire review of pullout tests
and beam end anchorages for pretensioned concrege lgirders.

Chapter 3 deals with the experimental program dibptitests of non-prestressed
90-degree bent strands. A design equation to deterthe embedment length of 0.5-in.
and 0.6-in. diameter strands is proposed. Recomatieng for determining the required
number and length of strands to be bent and embadttethe diaphragms are proposed.

Chapter 4 covers the experimental investigatiorfutifscale shear tests of the
anchorage at beam ends. The anchorage detailirenitance the shear capacity of
concrete bridge girders is proposed.

Chapter 5 contains a design procedure of a 90-ddugat strand anchorage. In
addition, a confinement reinforcement detail in #w®d diaphragm is presented for
practical use. Two design examples are illustratebis chapter as well.

Chapter 6 summarizes the conclusions and recomrienslaof the research

project.



CHAPTER 2
BACKGROUND INFORMATION

2.1 Introduction

The use of untensioned, bonded prestressing strand for concrete reinforcing is
quite common in the precast prestressed concrete industry. This use includes lifting
handles, reinforcing for crack control, and connection reinforcing between precast
elements. The use of untensioned, bonded prestressing strands as the anchorage
reinforcement at member end, by extending the strands beyond member end and bending
them into the end diaphragm, can also result in also avoiding bond failure, which causes
the girder to not reach its maximum shear capacity™2. The latter use provides justification
for studying the behavior of the embedment length of a 90-degree bent untensioned
strand. Much research has been conducted to determine the embedment length of
pretensioned straight strands. In the Missouri study®, untensioned straight, frayed and bent
strands were aso investigated. However, the Missouri experimental program for 90-
degree bent untensioned strands considered only 0.5-in. diameter strands. Use of 0.6-in.
strands has been increasing in recent years. Therefore, pullout tests on 0.5-in. and 0.6-in.
diameter strands were undertaken and are presented in Chapter 3.
2.2 Background

The bond characteristics and development length of strands were studied using
mostly prestressed straight strands 1) One exception is the University of Missouri
study performed in the 1970s 2 The objective of the Missouri study was to examine the

use of embedded prestressing strands to develop positive moment continuity of precast,



prestressed I-beam members. Most of the experiments in the Missouri study focused on
comparison of the bond characteristics of untensioned bent strands, straight strands, and
frayed strands. In this research project, only pullout tests of non-prestressed bent strands
were performed to expand the scope of the Missouri tests.

The full tensile strength of a prestressing strand can usualy be developed at a
section, provided the strand extends in the concrete a sufficient distance beyond that
section. The length of bar beyond the section required to develop the strength of the bar is
known as the development length. When the straight length of strand available for
anchorage is insufficient, the reinforcement should be bent to aid anchorage. 90-degree
bent anchorages for prestressing strands have distinct advantages that have been
recognized by concrete bridge engineers in some states.

The bond of untensioned strands in concrete differs from that of plain, deformed
reinforcing bars, and tensioned prestressing strands. A 90-degree bent strand loaded in
tension develops stresses in the manner shown in Figure 2.1. The stress in the strand is
resisted by bond on the surface of the strand and by bearing on the concrete inside the
bent strand. The horizontal part of the embedded strand moves inward, leaving a gap
between the vertical part of the strand and the concrete outside the bend. Failure in the
direct pullout bent strand testing involves splitting cracks of the concrete surrounding the
strand. Because of the flexibility of non-tensioned prestressing strands, the vertical part of
the strand near the tail does not tend to straighten and produce compressive stress on the

outside of thetail, unlike mild sted!.
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Figure 2.1 Stresses acting on pullout strand

2.3 Beam End Anchorage Enhances Shear Capacity

The traditional and simple 45-degree truss model clearly and correctly shows that
the stresses in the longitudinal tensile reinforcement in the shear span are larger than
those predicted from beam theory. If the longitudinal tensile reinforcement is not well
anchored in the beam support region, premature shear failure is unavoidable. Bridge I-
beams can take advantage of the existing beam end diaphragm, where the beam strands
can be anchored.

In beams with a small shear span-depth ratio &d, arch action is the predominant
mode of shear resistance after the onset of diagona cracking. Accordingly, the bottom
strands are required to function as the tie of this arch. The straight strand anchorage for a

pretensioned concrete beam is likely to reduce the ultimate shear strength due to strand



dip. In such situations, it is better to carry al of the bottom strands to the end zone and
bend them up at the beam end.

A benefit of embedding strands into end diaphragms is to enhance resistance to
shear. This method generally uses the bottom reinforcement at the abutments. In simple
gpan construction, used for example in Texas and Florida, there is aso bottom
reinforcement at the piers. In continuous span construction such as that used in the
Midwest, top continuity reinforcement at the piersis considered in shear design. For this
situation, extension of the bottom strands into the pier diaphragmsis not relevant to shear

design.



CHAPTER 3

PULLOUT CAPACITY OF NON-PRESTRESSED BENT STRANDS

3.1 Introduction
Traditionally, the anchorage performance of varimisforcing bars embedded in
concrete of different strengths is determined fromiout tests. This chapter covers the
experimental program of pull-out tests of variedlteorage lengths for non-prestressed
90-degree bent strands in the end diaphragm. $riréisiearch project, only pullout tests of
non-prestressed bent strands were performed im twaxpand the scope of the Missouri
tests.
3.2 Experimental Program
To study the behavior of a 90-degree bent unterdigtrand embedded in a
concrete mass, a series of 55 direct pullout tests conducted on specimens that
contained 22 different embedment lengthEhe objectives of the experimental
investigation were to:
(1) Determine the pullout capacity of various embedntemgths of untensioned bent
strands in a simulated concrete diaphragm.
(2) Recommend a method for determining the requiredoaurand length of strands
that need to be bent and embedded into the diapistag
In designing the pullout test specimens, the falhgyv parameters were

considered:

10



(1) Strand horizontal embedment length, Which is defined as the distance from the
end face of the pretensioned I-girder to the céneepf the vertical leg of the extended
strand, as shown in Figure 3.1;

(2) Strand vertical embedment length, Which represents the vertical portion of the
extended bent strand, as shown in Figure 3.1; and

(3) Diameter of strands.

The total embedment length¢(lequals to k+L,) was considered as the effective
embedment length of the strand. The specified eaccompressive strength for all
specimens was 4000 psi (28 MPa). This strengthhetisved to be at the low end of
what is currently used in practice. The resultthid investigation should be conservative

for higher strength concrete.

S~ Ly

Recommended Reinforced Bar

Strands

Ny

Figure 3.1 Bent Strand Details
Diaphragm reinforcement, diaphragm volume and ooitl between girders aid

in confining the embedded strands and improving thiechorage capacity. However, it

11



was more conservative and convenient to ignoreetbfects using a plain concrete mass
in the experimental program. It should be notedydwer, that placing a reinforcing bar
on the inside corner of the strand bend in thehdagm is a recommended detail as it
significantly enhances strand anchorage.
3.3 Specimens and Test Procedures

Three specimens were designed and fabricated atJtinersity of Nebraska
Structures Laboratory. Table 3.1 shows the progeedf Specimens 1, 2 and 3. The strand
spacing shown in the table is centerline to ceineedpacing. The horizontal embedment
length for Specimen 1 was 6 in. (150 mm). The galttmbedment lengths varied from 4
to 25 in. (100 to 635 mm).

Table 3.1: ThePropertiesof Specimens 1, 2and 3

Specified | Average
: Ln Ly _Strand Strar_ld Concrete | Concrete
Specimen . Diameter | Spacing
(in.) (in.) (in.) (in.) Strength Strength
' ' (psi) (psi)
1 6 varies 4 to 25 0.5 4 4000 5350
2 10 varies 4 to 25 0.5 4 4000 5350
3 6 varies 12 to 46 0.6 6 4000 4063

Strands of 0.5 in. (13 mm) diameter Grade 270 (186&@) low relaxation steel
were used in this specimen. The total thickneshetpecimen was 12 in. (305 mm). The
cover of the vertical portion of the bent strandsvéain. (150 mm). A 4 in. (100 mm)
spacing of the bent strands was chosen to avoiddéwvelopment of splitting cracks
between strands that propagate to the surface.athimn reduces the pullout capacity of

the adjacent strands.

12



Specimen 2 was identical to Specimen 1, except timattotal thickness of
Specimen 2 was increased to 20 in. (510 mm). Thexethe cover of the vertical portion
of the bent strand was increased from 6 to 10160 (to 250 mm). Also, the horizontal
embedment length was increased to 10 in. (250 mMh@se two specimens were designed
to investigate the effect of the horizontal embedintength on pullout capacity.

For Specimen 3, the horizontal embedment length @vas. (150 mm). The
vertical embedment length was varied from 12 tan4§305 to 1170 mm). Strands of 0.6
in. (15 mm) diameter Grade 270 (1860 MPa) low rafiexn steel were used. The total
thickness of the specimen was 12 in. (305 mm).

The cover of the vertical portion of the bent stravas 6 in. (150 mm). A 6 in.
(150 mm.) spacing of the bestrands was chosen to prevent cracks from propapati
from the previously pulled strands and affecting thullout capacity of the adjacent
strands. The diaphragm width in a bridge would redlyrallow for a minimum of 6 in.
(150 mm) horizontal strand embedment. Specimensdl3awere designed to study the

effect of strand diameters on pullout capacity.

13
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Embedment Length, Le = Lv+Lh
Ly =4"-25" | steelplate steel plate
| : /0.5 dia. strand
1?" \ chuck
A |, load cell hydraulic jack
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1 1] Group 2
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| 20@4" = 80" ‘ 10"
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Figure 3.2 Specimen 1 and Loading Arrangement
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LVDT
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Embedment Length, Le = Lv+Lh

Lv =4"-25" steel plate steel plate

0.5" dia. strand
Ve

chuck

load cell  hydraulic jack

. 6"
Lh=10"
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| | | Group2
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—— 10" | 20@4" = 80" 10" =
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Figure 3.3 Specimen 2 and Loading Arrangement
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[M LVDT
A

Embedment Length, Le = Lv+Lh

Lv =12"-46 steel plate ~ Steel plate |
0.6" dia. strand
10 \ chuck
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A *[: load cell hydraulic jack
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Lh=6"
Group 1
L1 Group 2
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Group 4
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I LJ_LI %roup Group 8
|
Lv = 46" I
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Figure 3.4 Specimen 3 and Loading Arrangement

23@6" = 138"

Section A-A

10" =

Figures 3.2, 3.3 and 3.4 show sketches of the si@as and loading arrangement.

In order to vary the vertical embedment lengthpdilee plywood forms were built to cast

the specimens (see Figure 3.5). No confining reagiment was used. This approach

would allow test results to be valid in practicegardless of the level of confinement
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reinforcement used in a diaphragm of an actualgerid his conservative approach was

used in order to keep the number of experimentdbies at a manageable level.

Figure 3.5 Specimen Fabrication

Figure 3.6 shows a typical setup of the pullout.teead and strand slip were
recorded during the testing. The load was monitevid a pressure gauge. The strand
slip was carefully measured using a Linear Varidhféerential Transducer (LVDT) with
a range of +/- 2 in. (+/-51 mm).

The method of loading was to apply the load for segonds and then allow the
strand being pulled to slip for two seconds befguplying the next load increment. The
average rate of loading was about 48% per second. The tests were stopped when the

load significantly dropped after reaching a pedkea
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Figure 3.6 Pullout Test Set-Up

Two important relationships were developed andi@tbfrom the test results:

(&) The relationship between the pullout force ahg for the various vertical
embedment lengths; and

(b) The relationship between maximum strand stresgerms of percent of
specified strand strength and total embedmenthengt

To obtain a unified embedment length equationtimeiahips between the ratio of
maximum steel stress to specified ultimate strarehgth (fJ/f,,) and the ratio of vertical

embedment length to nominal strand diametefdg). were plotted.

18



3.4 Test Results and Discussion

The average cylinder strength of Specimens 1 aoil the testing date was 5350
psi (37 MPa). The average concrete strength ofiB@ec3 on the testing date was 4063
psi (28 MPa). Figures 3.7, 3.8 and 3.9 show thaticeiship between the pullout force

and slip for different vertical embedment lengtAssummary of test results is listed in

Table 3.2.
45
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Figure 3.7 Relationship of Pullout Force and Str&hp (Specimen 1)
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Pullout Force (kips)
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Figure 3.8 Relationship of Pullout Force and Str&hp (Specimen 2)
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Pullout Force (kips)
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Figure 3.9 Relationship of Pullout Force and Str&hp (Specimen 3)
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Table 3.2 Summary of Test Results

Specimen| Lh| Lv| Max. Pullouj Specimgn | Ly  Max. Pullopt peSimen| Lh| Lv| Max. Pullout
(in.)] (in.)| Force (kips) @in.) (in. Force (kips (in.) n@)| Force (kips)
1 2 3
6| 4 12.4 10| 4.7 27.27 q 1p 20.4
0.5-in 6 4 18 0.5-in 14 4.7p 31.90 0.6-in 12 28.1
diameter | 6 4 22.7 diamete) 10 4.5 N/A diamefer |6 |12 29.3
6 7 21.9 10| 7.79 34.80 (¢ 14 24.5
6 7 28 10| 7.79 36.30 6 14 29
6 7 30 10| 7.79 36.86 6 14 N/A
6 | 95 34.8 10] 104 39.70 q 1p 22.7
6 | 95 36.2 10] 104 40.30 q 1p 27.3
6 | 95 N/A 10| 10.5 40.33 6| 14 32.7
6 | 11 32.2 10] 12.5 36.19 q 2p 43.8
6 | 11 36.7 10| 12.5 37.50 q 2p N/A
6 | 11 37.7 10| 1214 38.50 q 2p N/A
6 | 13 33.9 10| 1314 34.60 q 3¢ 45.7
6 | 13 36.5 10| 1314 35.20 q 3¢ N/A
6 | 13 38,5 10| 1314 36.83 q 3p N/A
6 | 19 384 10 19 38.60 q 38 50.8
6 | 19 38,5 101 19 38.70 q 38 N/A
6 | 19 39.5 10 19 39.18 q 38 N/A
6 | 25 41.2 10| 25 41.07 q 4p 53.4
6 | 25 41.5 10| 25 41.24 q 4p N/A
6 | 25 N/A 10 25 41.30 6] 47 N/A
6 | 46 54.3
6 | 46 N/A
6 | 46 N/A

The maximum pullout capacities of 0.5 and 0.6 8 @nd 15 mm) diameter
strands were 41.3 and 58.6 kips (184 and 261 ldspactively, for 270 ksi (1860 MPa)
specified strand strength. However, for 0.5 in. (18n) diameter strand, a total
embedment length of 35 in. (890 mm) was needede&mlr §,, the specified strand

strength. For 0.6 in. (15 mm) diameter strand t¢i@ embedment length of 48 in. (1220

mm) was needed to reach Q9f

The specified strand strength of the 0.6 in (15r8)rdiameter strands could not
be attained even with a total embedment length 2firb (1320 mm). For a total

embedment length greater than 44 in.(1120 mm)pthieut force did not significantly

increase (see Figure 3.9).
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Several factors, including concrete strength, lesfetonfinement, and loading
pattern, can affect the strand’s ability to att@gnmaximum specified strength. For that
reason, 0.8f, is conservatively recommended as the maximum dgpaft strands for
both diameters when using a specified concretagtneof 4000 psi (28 MPa).

The test results from this investigation were cared with the results from the
Missouri tests*?, as shown in Figure 3.10. The Missouri study iatkd that concrete
strength was not a controlling factor when concettengths ranged from 3750 to 6900

psi (26 to 48 MPa).
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100 1 o e

°
901 o Ne
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70

60 ¢ 0.5in.dia: Lh=10"
o * ® 0.5 in. dia.: Lh=6"
50 7 " g x m 0.5 in. dia.: Missouri test

404 ° x x 0.6 in. dia.: Lh=6"

30 1 °

20 A

104

O T T T T T T T T T T T 1
0 5 10 15 20 25 30 35 40 45 50 55 60

Embedment Length, Le =Ly +Ly (in.)

Figure 3.10 Embedment Length vs @t Maximum Load
As shown in Figure 3.10, the pullout capacity oh+prestressed bent strands

increases with an increase of the embedment legthormalized relationship was
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plotted (see Figure 3.11) between the ratio ofntlagimum steel stresses to the specified
ultimate strand strength and the ratio of the galttmbedment lengths to nominal strand

diameters to obtain a representative vertical emmead length equation.
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2 074 °
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0

0 é lIO 1I5 2I0 2IS 3I0 3I5 4IO 4IS 5I0 5IS 6IO 6I5 7I0 7I5 8I0
L,/d,
Figure 3.11 Vertical Embedment Length-Nominal Digen&atio vs Strand-Stress-to-
Specified-Strength Ratio

The vertical part of the embedment length was damsed to be the only
independent variable in the equation because the(650 mm) horizontal length is fixed
to reflect common diaphragm dimensions in practe.empirical embedment length
equation using the fifth percentile value from lowsound of the test results was
developed:
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where s = developed strand stress

L, = vertical embedment length of non-prestressed steand

fou = specified tensile strength of prestressing tesdo

dp = nominal diameter of strand

Equation 3.1 gives the developed stresses in ttadstcorresponding to the
vertical embedment length. At the upper limit ofuétion 3.1, (0.8f) the vertical
embedment lengths, Lfor 0.5 in. and 0.6 in (13 and 15 mm) diametearsds are 24 in.
and 29 in. (610 and 737 mm), respectively.

It is therefore recommended that the total embedheagth, L, be at least 30 in.
(760 mm) for 0.5 in. (13 mm) diameter strands, ahéast 36 in. (914 mm) for 0.6 in.
(15 mm) diameter strands, to attain a strand soe88f,,. These values are based on the
test results with concrete strength of at leasD48%) (28 MPa).

From Equation 3.1, assuming a service level stetrasds of 30 ksi (210 MPahe
vertical embedment length is about 4 in. (100 mphjs length was the smallest vertical
length used in the testinghe test results of the three specimens testelaatléngth
showed high variability as shown in Figures 3.8 @rid.. Specimens with longer vertical
strand embedment had a narrow range of variabiBgcause of the minimal cost
involved, it is recommended that the minimum veitiembedment used in design not be
less than 10 in. (250 mm), for a total horizontalspvertical embedment of not less than
16 in. (406 mm). With the recommended minimum langhe strand is guaranteed to

develop much higher than the 30 ksi (210 MPa).
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Table 3.3 summarizes the recommended embedmenhsefay both 0.5 in. and
0.6 in. (13 and 150 mm) diameter strands. Thesgtherare recommended based on 4 in.
(100mm) strand spacing for 0.5 in.(13 mm) diamstesinds and 6 in.(150 mm) strand
spacing for 0.6 in.(15 mm) diameter strands.

Table 3.3 Recommended Embedment L engths

Diameter of Strand Total Embedment Length  Total Embedment Length for
for Shear Design (in.) Time-Dependent Design (in.)
(in.)

0.5 30 16

0.6 36 16

26



CHAPTER 4
FULL SCALE TEST OF BEAM END ANCHORAGE

4.1 Introduction

Design for shear is based on the strength limitestdhus, checking strand
embedment at the abutments, and at the piers rigulsispan construction, should be
based on factored loads and the stress in strahddh be achieved at pull-out failure. In
chapter 3, the pullout capacity of non-tensionegsfressing strands was experimentally
investigated. However, the pullout capacity propgose chapter 3 is based on a single
strand pullout without considering the group effecthe tension tie. In a concrete bridge
girder, the bottom flange contains tens of presaesstrands. When the girder is loaded,
all bottom reinforcement is expected to resist thesion force at the same time.
However, due to the extra wide bottom flange of-gitder, the strands at the flange tip
may carry less tension than the strands in thedfntée web. To investigate the pullout
capacity of the non-tensioned prestressed stranitie dottom flange, and to propose an
appropriate detail of anchorage in the beam eridll-ascale test of an NU I-girder was
performed.
4.2 Experimental Program
4.2.1 Testing Specimens

Four non-pretensioned NU 1100 |-beams were desigaezhown in Figures 4.1
and 4.2. All beams were designed for 28-day coacsétength of 8,000 psi. All end
blocks were designed for 4000 psi concrete strengthe shear reinforcement for all

girders and the confinement reinforcement in atl blocks were deformed bars having a
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specified yield strength of 60 ksi. 2#4 bars apactg of 4 in. were provided for shear
reinforcement as shown in Figures 4.1b) and 4.2 Jpecimens were fabricated in the
Bellevue plant of the Rinkers Materials Companyguifeé 4.3 presents the typical
NU1100 I-section with 26 prestressing strands. spléciments had 22 straight strands
with a spacing of 4 in. in the bottom flanges. Hottom strands were 0.6-in. diameter,
Grade 270 ksi, low-relaxation 7-wire strands. Fswaight strands of 0.5-in. diameter,
Grade 270 ksi, low-relaxation 7-wire strands wereviged in the top flanges. The
bottom and top strands were pulled only to a stiessl of 13,100 psi in order to

straighten and keep the strands in the requireitios
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See Details of End Sections
and Bent Strands Profiles

Figure 4.1 a) Typical Longitudinal Reinforcement
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Figure 4.1 b) Typical Shear Reinforcement
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Figure 4.2 Shear Reinforcement at End Section

Figure 4.3 Beam End without End Block of Specini&E?2
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The experimental program was to study two variabtes] to detail the anchorage
blocks at the beam ends. These variables are aarumhlibent non-tensioned strands in
the end blocks and the total strand length embeddtedthe end blocks. Table 4.1
summarizes the properties of the tested speciniggist configurations of the end blocks
were designed by varying the embedment length antbers of bent strands as shown in
Table 4.1. Figures 4.4 a) and b) show an end vietheobent strands in specimen B1E1L.
Figures 4.5 a) and b) show an end view of the bgahds in specimen B3E2. Figures 4.6
and 4.7 show the reinforcement details of the aradeblock used in this study. #5 U-
bars as confinement reinforcement are provided emahorage end blocks.

Table 4.1 Properties of Specimens

Concrete Strength of Concrete Strength of Embedment

_ Girders at Time of Blocks at Time of Lenath Number
Specimen Testing Testing eng of Bent
_ _ (in.) Strands

(psi) (psi)
Specified Actual Specified Actual nL L,

B1E1 8,000 9379.0 4,000 4737 6 30 22
B1E2 8,000 9379.0 4,000 5004 @ 10 22
B2E1 8,000 9671.9 4,000 5665 @ 30 16
B2E2 8,000 9671.9 4,000 5024 @ 10 16
B3E1 8,000 9604.3 4,000 4515 6 30 10
B3E2 8,000 9604.3 4,000 4546 6 10 10
B4E1 8,000 9964.4 4,000 6389 6 30 6

B4E2 8,000 9964.4 4,000 NA 0 0 0

Note: 1 ksi = 6.9 MPa
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Figure 4.4 a) End Section of NU1100 I-girder (B1E1)
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32



Bent Strand

2 strands
4 strands

8 strands (Bend 2 strands)
8 strands (Bend All)

Z‘J JoE - L4'i4"£4'i4"—»6"«»4i4"L4i4"a
blelelol s Lolelobl

Figure 4.5 a) End Section of NU1100 I-girder (B3E2)

Figure 4.5 b) Bent Strands for Specimen B3E2
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4.2.2 Testing Procedure

The load test was performed twice on each beambwthrends but with different
span lengths. One end of the beam was tested wgiplamm length of 30 ft. Due to damage
from the first end testing; the second end of daséim was tested with a shorter span
length. A total of eight tests were performed. €abl2 shows information on the test set-
up and prediction of failure loads using the AASHIRFD method. Figure 4.8 shows
the test set-up for one girder. During testing)ed#ifon was measured at the one-quarter

point and the midspan of the beam using a positarsducer.

A block

Zonetested earlier

Figure 4.8 Test Set-Up
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Table 4.2 Test Specimens
Specimen r fy | by d d | span| a | a/d % of be25fb.d,

(%) | (ksi)| (in.) | (in.) | (in.) | (in.) | (in.) strands|  (kips)
B1E1 | 1.695 72 | 59| 39.3] 382 360 60 1.53100.0 528.5
B1E2 | 1.695 72 | 59| 39.3] 382 240 60 1.53100.0 528.5
B2E1 | 1.695 72 | 59| 39.3] 382 360 96 2.4472.7 545.0
B2E2 | 1.695 72 | 59| 39.3] 382 252 96 2.4472.7 545.0
B3E1l 1.695 72 | 59| 39.3] 38.2 24C 60 1.53455 541.2
B3E2 | 1.695 72 | 59| 39.3] 382 360 60 153455 541.2
B4E1 | 1.695 72 | 59| 39.3] 382 252 96 2.4427.3 561.4

B4E2 | 1.695 72 | 59| 393 382 360 60 1%3 O 561.4

Note: 1 in. = 25.4 mm; 1 ksi = 6.9 MPa; 1 kip =3lkN. r = vertical shear reinforcement
percentage = #b,s,%, and § = actual stirrup strength.

4.3 Test Resultsand Discussion
4.3.1 UltimateLoadsand Failure Mode

The ultimate shear strengths,(¥) and their modes of failure are summarized in
Table 4.3. Based on this experiment, the beamsbeaseparated into three groups of
failure modes. Specimens B1E1, B1E2, B3E1, and B3&faved in a similar manner.
The beams started cracking in the web betweenuppost and the applied load. The
cracking angle relative to the longitudinal axissvegproximately 45 degrees. While the
applied load increased, the cracks extended frotm track tips toward the support and
the applied load. During the development of thecksa flexure cracks began at the
bottom flange and connected to the diagonal cradkar the failure loads, the cracking
angle became flatter, especially near the supfmalling of the concrete surface of the

web was first visible in the middle region of theelwshear crack. Finally, the beams
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failed in diagonal compression, crushing the camcie the beam webs as shown in

Figure 4.9.

Table 4.3 Summary of Test Results

Specimer] th.test M’u_tesL Vpredifted, o Vitest | _VuTest | Veredcredirrn  Mode of
(kips) | febvdy | (kips)  |Veredicted, LRFD  VBaE2 Veae2 failure
B1E1 530.2| 0.25] 302.5 1.75 1.317 0.78 web crushing
B1E2 542.6| 0.257 302.5 1.79 1.4( 0.78 web crushing
B2E1 472.8| 0.217 311.7 1.52 1.22 0.80 pure shear
B2E2 477.0 0.219 311.7 1.53 1.23 0.80 pure shear
B3E1 494.2| 0.228 309.4 1.59 1.27 0.80 web crushing
B3E2 | 483.0| 0.223 309.4 1.56 1.25 0.80 web crushing
B4E1l 434.9| 0.194 321.0 1.36 1.12 0.83 pure shear
B4E2 387.7 0.173 321.0 1.21 1.0( 0.83 shear/bpnd

Note: 1 in. =25.4 mm; 1 ksi = 6.9 MPa; 1 kip =31kN.

Figure 4.9 Web Crushing Failure of Specimen B3E1

37



A small crack was found at the connection betwéengirder end and the block
around the perimeter of the NU section. At veghhibad levels, the covering concrete at
the corner of the block spalled out in some girdessshown in Figure 4.9. This was
caused by the high bearing stress at the corréeaind block when the beams were bent
with the large deflection. Two patterns of cracktha end block back were observed. For
the end blocks with the total embedment length ®fir8, a few vertical cracks were
found at the end block as shown in Figure 4.10. filsé crack at the mid-block started
from the bottom face when the applied load reacissuit 420 -500 kips, corresponding
to a shear force of 350-375 kips. When the appdbed was increased, the next crack
appeared as numbered in Figure 4.10. At beanrdadiiage, the end blocks were still in

good shape. The cracks were hairline cracks.

Figure 4.10 Crack of End Block at Failure of SpesnB1E2
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For the end blocks with a total embedment lengtii®fin., the vertical cracks
occurred at the mid-block, and started from thedomotface in manner similar to that of
the block with a total embedment length of 36 iowdver, at an applied load higher than
500 kips, a horizontal crack appeared. The hora@dorrtack continued from the vertical
crack and horizontally moved toward both sides led &nd block. At failure, the
horizontal cracks across the blocks were obsengeghawn in Figure 4.11. Similar

behavior occurred in all blocks with an embedmength of 16 in.

Figure 4.11 Crack of End Block at Failure of SpesminB3E2

Specimens B2E1, B2E2 and B4E1, which failed in psinear failure mode,
started cracking from the bottom flanges. Whenldiagls increased, the vertical flexure
crack changed direction to form diagonal cracks mwaded toward the applied load. At

failure, the beams were sheared through, startimy beneath of the applied load and
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moving toward the bottom flange at a distance ofmd@way from the applied load. Six
bars of shear reinforcement with 90-degree hooks welled out of the top flanges. This
behavior is exactly the same for both specimergurEi4.12 represents shear failure of

Specimens B2E1, B2E2, and B4EL1.

Figure 4.12 Pure Shear Failure of Specimen B2E1

Specimen B4E?2 is the only specimen that did noetevend block and failed in
shear-bond failure mode. At an early stage, theksrappeared in a web-shear cracking
form. As the load increased, however, the web sbesrk extended into the beam end
and tended to cut the bottom flange off. At failutee concrete around the bottom flange
at the beam end broke out. It was observed thaitfisiant strand slippage occurred as

shown in Figure 4.13.
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Figure 4.13 Shear/Bond Failure of Specimen B4E2
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4.3.2 Discussion of Test Results

In this research project, all girders have the sproperties as shown in Table 4.1,
except for concrete strength which usually varigse specimens were designed to study
the influence of the total embedment length andntiaber of bent strands embedded in
the blocks on shear capacity. All end blocks preduin this experiment have the same
material properties, detailing, and configurati@ssshown in Table 4.1 and Figures 4.6
and 4.7. The block was reinforced with #5 bars vaitdetail that will be proposed for
practical use. In a real bridge, an end block Jithited width does not exist, but a
continuous end diaphragm does exist. Thus, thedpesheinforcement was provided in
the end blocks of this test to represent the cenfient of the continuous diaphragm.

As shown in Tables 4.2 and 4.3 and Figure 4.14,tése shear capacities are
higher than those predicted by the AASHTO LRFD rodtfor all specimens. This test
shows that anchoring the longitudinal reinforcemarthe end block appears to result in
higher shear strength. The testing specimens whi Ilbngitudinal reinforcement
anchored in the end diaphragm experienced web4agidailure instead of shear bond
failure, as previously discussed. It is also obsérfrom the full-scale testing that the
bulky bottom flange of the NU I-beams is effectimedeveloping the tension tie function
as long as the strand is anchored into the endhcigm.

Based on the test results, the beam without thebdock gives the minimum
shear capacity of 387.8 kips, which is higher tthenpredicted value by about 20 percent.
The beam with the end block and 22 bent strandssgite maximum shear capacity of

542.6 kips, which is higher than the predicted gdly about 80 percent. The embedment
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lengths of 16 in. and 36 in. anchored in the endkd do not show significantly different
results on shear capacity as shown in Figure 44é.number of the embedded strands is

a significant factor that increases shear capacity.
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Figure 4.14 Shear strength versus number of nasielead embedded strands
As shown in Table 4.3, Specimens B1E1l and B1E2 With bent strands
embedded into the end block can reach the maxinmeardimit of 0.25¢b,d, introduced
in the AASHTO LRFD Specification$®. The beams with 10 and 16 bent strands do not
exhibit a significant difference of shear capaesyshown in Figure 4.14. This situation
may arise due to the following reasons: 1) the ishpan to depth ratio, a/d, of the beam
with 16 embedded strands is larger than that ob#em with 10 embedded strands, and

2) the beams with 16 embedded strands lost thpaaties due to insufficient anchorage
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of the shear reinforcement in the top flanges. Avipusly mentioned, six bars of shear
reinforcement were pulled out of the top flangeSpécimen B2E1 and B2E2.

To study the efficiency of the anchorage end blatktest and predicted shear
strengths were normalized with the shear capaditgpecimen B4E2. The results are
shown in Table 4.3 and Figure 4.15. Obviously th&SATO LRFD method is rather
conservative in predicting shear capacity, esplgafaihe anchorages are provided at the
beam ends. The beam with 22 embedded strands oam¢eradequate shear capacity
through more than 30 percent of the beam withaaibtbck, and as high as 80 percent of

the shear strength predicted by the LRFD method.

1.60

Vanchorage: Vn(1+0-3n/N)

Normalized Shear Strength

0.80 74 A A A
0.60 -
0.40- & Test data with a/d =1.53
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Figure 4.15 Normalized shear strength versus aageosf non-tensioned strands
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4.4 Analyses of the Strand Stressin the End Blocks

The distribution of the tension force in the strsugdn be calculated using a truss
model and is shown in Figure 4.16 and Table 4.4¢aBse the test results show that the
embedment length does not increase shear capacily, the beams with different
numbers of bent strands are presented. Figuresthdws that the small shear span of 5 ft
affects the increase in tension force more neastpport than the large shear span of 8
ft. In other words, the anchorage will be more @ffe if the load is applied near the
support. This is because when the shear span gerldhan the development length, the

yield strength of the strands can be reached wittemjuiring additional anchorage.

14007 Bl a =60 in. 22 strands
12001 —— B2 a =96 in. 16 strands
- - -B3a=60in. 10 strands
T 10007 — -B4a=96in. 6 strands
©
)
= 800
(O]
o
£ 600
[
9
n
T 400
[ I
¢
200
0 T T T T T T T ‘ ‘
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0

Distance from Support (ft)

Figure 4.16 Tension force in longitudinal reinfarent along shear span
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Table 4.4 Parameters to calculate strand stress

Load Tension Force at Support Measured Crack Strand Stress a‘t
Specimen] Support Face | Width Angle, Bay Support Face

(kips) (kips) (in) (degree) (ksi)
B1E1 636.2 330.3 6 42.9 69.2
B1E2 723.5 338.0 6 42.1 70.8
B2E1 644.7 288.4 6 39.3 64.1
B2E2 770.6 291.0 6 39.8 64.9
B3E1 658.9 307.8 6 41.8 81.2
B3E2 579.6 300.9 6 41.9 80.0
B4E1 702.6 265.4 6 39.4 136.4
B4E2 465.2 241.5 12 40.9 50.6

Note: Support width is considered only a part eflbeam on the 12-in wide bearing pad.

B4E2 is used as a reference beam to calculaterén@dsstresses at the section of
the support face. In Chapter 3 it is shown thatpttoposed equation of the strand stresses
results from the direct pullout tests of individsalands. In this chapter, the strand stress
of Specimen B4E2 was calculated from the tensiotefdue to the load applied from the
beam top. As shown in Table 4.4 and Figure 4.1&,taximum strand stress at the
support face section is 50.6 ksi. Assuming thay dhé length of the bearing area is
effective in developing the tension tie force, émbedment length would be the bearing
width of the support, 12 in. For this beam the ednbent length is considered to be the
straight embedded strands. Compared to the rasul@hapter 3, it is found that for a
total embedment length of 10 in., the minimum giratress is 81.0 ksi. However, the
strand stresses in Chapter 3 are based on bentistda a pretensioned concrete beam,
the strand stress at the considered section caalb@ated from, for example, mpéil 36

for a 0.6-in. diameter strand, where m is the ditafrom the beam end to the section
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considered. If the bearing width is 12 in. apg=f145 ksi, the strand stress at the support
face is 12(145)/36 = 48.3 ksi. This value is cltuséhe stress of 50.6 ksi calculated based
on the test data. Thus, it is proposed that tlandtstress of non-tensioned and tensioned
straight strands can be calculated as:

fs=50.6m/12 = 4.22m 4.0m (4.1)
where { = strand stress of prestressing strand at theoseminsidered (ksi)

m = a distance from the beam end to the sectiosidered (in.)

250.00+
200.00+
e
C
©
& 150.00
£
()
0
o
® 100.00- —=—B1 a =60 in. 22 strands
g ——B2 a =96 in. 16 strands
| |
= - - -B3a=60in. 10 strands
50.00 ¢ .
— -B4a=96in. 6 strands
—e—B4E2 a = 60 in. O strands
OOO T T T T T T T T 1
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0

Distance from Support (ft)

Figure 4.17 Tensile stress in longitudinal reinbanent along shear span
Using Equation 4.1 for other specimens with a supwalth of 6 in., the strand
stress at the support section for an embeddedjistrairand is 25.3 ksi. Therefore, the

strand stress of the bent strands at the suppaibsan each beam can be calculated as
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shown in Table 4.4 and Figure 4.17. The horizdintak of strand stresses are considered
as a lower bound value. However, in calculating rinenber of embedded bent strands,
only the stress at the support face is needed.

Specimen B4E1 gave the most critical strand stwéds36.4 ksi. This specimen
had 6 bent strands and 16 straight strands, anotddeembedded length was 36 in. From
Chapter 3, the strand stresses of the total emldelédgth of 36 in. ranged from 104 —
150 ksi. However, the test in Chapter 3 showed #tatis level of strand stress, the
blocks broke completely. Because the end blockkigmtest did not break out, and only a
few hair-line cracks were observed as explained@bibis test confirmed that the stress
equation in Chapter 3 can be used as a lower boltiet end block with confinement of
reinforcement. Thus, Equation (3.1) may be usedegign the number of bent strands to
enhance shear capacity.

4.5 Conclusions of Beam End Anchorage Experiment

Based on the presented experiments in this chaptefpllowing conclusions can
be drawn:

1. The number of the embedded strands is a signifiactor that increases shear
capacity if the strands are anchored in the enckblaiith confinement reinforcement.

2. The test beams reach the maximum shear capaditsfch,d, with all bent strands
embedded into the end block.

3. The strand stresses in all beams do not exceestréned stress design limit of G,8f

in Chapter 3.
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4. The embedment lengths of 16 in. and 36 in. anchamethe end blocks with
confinement reinforcement do not show significandyferent results on the shear
capacity.

5. If proper reinforcement detail of the concrete diggm at the concrete bridge I-beam
is used, one can reach the maximum shear of @a&f'without adding more mild steel

in bottom flange to meet the requirement of AASHTRFD Specifications Section

5.8.3.5.
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CHAPTER S

APPLICATION OF ANCHORAGE AND DESIGN EXAMPLES

5.1 Introduction

This chapter covers the application of the propo$ednula and design
recommendations of anchorage length for non-presgce 90-degree bent strands in the
end diaphragm. Based on the test results in Ch8med 4, the authors propose a unified
embedment length equation for 0.5 and 0.6 in (18 H» mm) diameter strands. The
equation was fitted at the fifth percentile valuent lower limit. In addition, two
numerical design examples are presented.

5.2 Development Length and Application to Shear Design

The maximum possible shear capacity can be achiévéide bond strength
between the longitudinal flexural reinforcement dahd surrounding concrete does not
control the failure. According to a shear test mtensioned NU I-girder":.l’z), adequate
strand anchorage is necessary to attain the maxishear capacity and avoid bond
failure.

Bridge girders are subject to a number of loadiagtepns corresponding to
several failure modes. For example, the load canear the beam end and, if the strands
are cut off at the beam end faces, shear/bondréarught occur because of the lack of
development length. In addition, strand slip cacuoén the transfer zone. This prevents
the beam from attaining its nominal moment capality Recently, researchef® V)
have tried to propose appropriate equations fordtheslopment length of the tensioned

strand.
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A proposed approach for solving this problem issprgéed here. The pullout test
results, discussed in Chapter 3, indicate that-a0.3q760 mm) total embedment length
of a 90-degree hooked 0.5 in. (13 mm) diametendtia required. The corresponding
length for a 0.6 in. (15 mm) diameter strand isi86(914 mm). These lengths can
develop strand stresses of at least,Q.#fowever, the maximum capacity was obtained
when the strands were pulled one at a time. Inadstnuctures, all strands are pulled at
the same time. This action might cause a redudhothe maximum capacity of the
section. The upper limit for Eq (3.1) is thus reellico 0.8 f.. Eqg. (3.1) may be used to
estimate the strand stress if the minimum lengpecified above are not available in
shallow members.

Eg. (3.1) can be applied to satisfy Section 5.8@#.8he requirement of the
AASHTO LRFD Bridge Design Specificatioﬁjs"). According to these specification, the
tension force at each section shall not be gretiten the tensile capacity of the
reinforcement on the flexural tension side of thember. However, due to lack of full
development near the supports (if the strands ateat the beam ends), mild steel
reinforcement may have to be provided to meet thguirement. In practice, this
arrangement is difficult because the bottom flangaically has many prestressing
strands, and any additional steel would create estittn and possible stress
concentration. The proposed solution is to andheistrands in the end diaphragm. When

the strands are embedded in the diaphragm, theogevk stresses in the strands are
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higher at a given section; hence, they can be dedigo meet the tensile force
requirement.

There is no additional cost if the existing straatithe end of girders are bent up
rather than cut off flush with the member end. Thenber of strands that need to be bent
to provide the required anchorage can be deternaaddilows.

Figures 5.1a and 5.1b show a simply supported Isednected to a concentrated
load at midspan and a variation of tension forcéhan longitudinal reinforcement. This
example is used to determine the number of stramalswould be bent into the end

diaphragm.

II////'/_I‘I' ;H\\\\‘\\

a) Beam Subjected to a Point Load

Tension due to shear

Tension due to moment

b) Tension Force in Longitudinal Reinforcement

Figure 5.1 Force Variations in Flexural Reinforcamaver Beam Span
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Figure 5.2 Shear and Moment Resistance ForcesSugguort
From the equilibrium conditions of the free bodggtam, shown in Figure 5.2,
and assuming that the moment at the support isaetmeither axial force nor torsion is

present in the beam, the following equation is ioletd

T (;/l—O.SVS—ijcote (5.1)
¢

where
T =tension force in longitudinal reinforcemekip
¢ = resistant factor for shear
V, = factored shear force at critical section, kip
Vs = shear resistance provided by shear reinforceategiven section, kips
V, = component of the effective prestressing forcehendirection of the applied
shear, kip

B8 = angle of inclination of diagonal compressivessr
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Eqg. (5.1) is the reduced form of Eq. (5.8.3.5-1)the 2000 Interim AASHTO
LRFD Bridge Design Specificatiorfé3), when the factored moment and factored axial
force are zero. To calculate the number of berdnsts, the tensile force in the
reinforcement is set to equal the tensile forcesttged by the strands as:

T =1 Asafps (5.2)

where

n =the number of bent strand(s)

Aps1 = cross-sectional area of one strand, sq in.

fos = the developed stress in each strand, ksi
5.3 Recommendations of Reinforcement Detail in the End Diaphragm

In current pretensioned concrete bridge girder giesonly the length of the
bearing area is considered effective in developimegtension tie force. The extra length
of bent strand embedded in the end diaphragm camowe strand development in this
critical zone of the member. Moreover, appropriaieforcement details of the concrete
diaphragm at beam ends can increase strand stapsgity and reduce demand for
embedment length. Tests on I-beam ends completddisnstudy, utilizing 0.6 in. (15
mm) strands, have demonstrated no drop-off in stegaecity if the embedment length is
reduced from 36 in. (914 mm) to 16 in. (406 mmA. number of factors may contribute
to this enhanced strand anchorage capacity. Tlaeser$ include the confinement of the
diaphragm concrete, the presence of diaphragm steelthe presence of an anchor bar at

the strand bend. However, it is suggested thaalfddU I-beams, a total length of 36 in.
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strand extension be embedded in the diaphragm.cbiservative recommendation does
not take the above-mentioned enhancements intauatco

For inverted tee beams, with 0.5 in. (13 mm) dianetrands, a 30 in. total
extension, based on the pullout tests is recomntendeshorter extension may be
justifiable based on additional inverted tee beanchtesting. For inverted tees that are too
shallow to accommodate this length, a partial arag stress should be calculated using
Equation (3.1).

The detailing of the reinforcement in the end dragm is proposed in Figure 5.3.

1'-6" 10"~
#5@12 in. (/ Beam End
continuous bar /
\.lS End Diaphragm

h  #5@12in. e

[N

®]

prestressing strands

\O

Figure 5.3 Proposed Detail Reinforcement in theltiagm
The test results clearly indicate that the sheaigdeprocedures given in the
AASHTO LRFD Specifications are rather conservafimethe anchorage details used in

Chapter 4. It is believed that the outstandinggreriince of these specimens is the result
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of many factors. Most significantly, the stranderev fully anchored into an end
diaphragm, forming a strong tie of the flexurahfercement. This detail resulted in pure
shear or web crushing, rather than bond or flexfaiklre combined with shear failure, as
reported in most shear testing programs. It haa begfied by testing that the specimen

without the end block results in the lowest sheguacity in this research project.

5.4 Design Examples

Two numerical design examples are presented bdlbe/first example shows the
procedure for obtaining the number of bent strasasesponding to the tensile forces at
the support sections calculated by Eq. (5.1) orddeiced form of Eq. (5.8.3.5-1) in the
2000 Interim AASHTO LRFD Bridge Design Specificatg In addition, the tension
capacity provided by the bent strand anchoragecivasked according to section 5.8.3.5-
1 of the AASHTO LRFD Bridge Design Specifications.

The second example demonstrates an applicatidreaEtommended embedment
length to design for crack control at the bottobefidue to member creep at the interior
support of two-span continuous beams.

Example 1

This example provides the calculations for theunesgi number of bent strands at

the ends of a 120-ft (36.6 m) single-span PCI letbbeam. Information in this example

was obtained from section 9.4 of the PCI BridgeieManual?.
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Table 5.1 shows the values of the data needechisreixample. It was either directly

extracted or obtained by linear interpolation frthra solution in that example.

Table 5.1: Data from Example 9.4 of the PCI Briflgsign Manudf

f[:gsr;a?hc ee Centroid of
Support Vy My Vs Vp tension d
) ) ) . ¥
centerline (kips) (k-ft) (kips) (kips) remfo_rcement
(in.) (in.)
0.00 350.5 0.0 282.6 23.4 4.22 57.95
3.00 349.3 75.1 282.6 23.4 4.22 57.95
13.29 345.2 332.9 282.6 234 4.22 57.95
72.00 321.8 1803.4 282.6 23.4 4.22 57.95

Figure 5.4 shows the proposed bent strand arrangeme

—

|

|

I

1]
N\\N

End View Elevation gg)

Figure 5.4 Bent Strand at Girder End
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Detailed Method: Analysis At thefirst diagonal crack section near the support

In this method the strand embedment at the fimstyahal crack, assumed to be
initiated at the inside face of the support mustadequate to satisfy the anchorage
requirements of the LRFD Bridge Design Specifiam‘ijc?) for longitudinal tension
reinforcement.

According to section 5.8.3.5 of AASHTO LRFD, thendde capacity of the
reinforcement of the flexural tension side of thennlber has to be greater than or equal to

the tensile force, T, at the considered sectiooutaied as:

T = (';’C'j +0.5Mu +[ﬁ—o.5\/s—vp} cotd (LRFD Eg. 5.8.3.5-1)
v o Lo

Where M, = factored moment at section corresponding to mari factored shear force

N, = applied factored axial force

d, = effective shear depth

V= factored shear force at given section

Vs = shear resistance provided by shear reinforceategiven section

V), = component in the direction of the applied shefathe effective prestress

force

0 = angle of inclination of diagonal compressivessr
The bearing width of the support is assumed = .6Tine slope of the diagonal crack was
found from Example 9.4 to be 22.3As shown in Figure 5.5, the assumed crack plane
crosses the centroid of the 36-straight strandsdistance of (6/2 + 4.22cot 22.3 = 13.29

in.) from the support. Substituting for the valudsthe various parameters from Table
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5.1, and recognizing that,N-O throughout and that the strength resistanderfac =1.0

for flexure and 0.9 for shear:

M Ny .,V
T=—Y+0.5—+(— -0.5V5 - Vp)cotd
pdy G

- 332912, 3452 51 282 6-23 4)cot22°

" 57.95(1.0) 0.9
= 602.6 kips (2680 kN)

The transfer length for transfer of prestress indeal strands that are terminated
at the end face of the member is specified by REL Specifications to be 60 times the
strand diameter, or 30 in. Since the embedmenartist of these terminated strands is
only 13.29 in., the stress at this critical pomtestimated proportionately as (16.29/30)

fpe= (16.29/30) (149) = 80.9 ksi.

6 Bent Strands Assumed plane of crack
1#5 Deformed bar
72.0"

36 Straight Strands

6.0" -J 4J—4.2200t22.3 =10.29"

6.0" -

Figure 5.5 Bent Strand Details
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Based on the bent strand pullout test stufifhe length bent strand that is
embedded into an end diaphragm, is 30 in. (a horizontal segment of 6 in. and a
vertical segment, . of 24 in.), the strand can develop a stress goyettie equation

fos = (0.017xfy X Ly /dy), but not greater than 0ygf
Substituting for f, =270 ksi, I, =24 in. and g = 0.5 in., the steel stress that can be
developed in the bent strands is 216 ksi.

Let  n=number of bent strands

T < the total tension capacity of embedment of thansts beyond the critical
location of 16.29 in. from member end.

Thus, 602.6 kips # (0.153) (216) + (36-n) (0.153) (80.9)

n >7.6 strands

Therefore, it is required to bend 8 strands intoghd diaphragm.

Approximate Method: At theinside support face section
Simplifying LRFD Equation 5.8.3.5-1 by neglectinget bending moment at
support face and dropping the normal force whicheiserally taken as zero for this type

of member, the equation can be written as:

T = (ﬁ—o.ws —vpj cod (5.1)
¢

Substituting into Eq. 5.1 with the values for x #n3from the Table 5.1, T= 544.7 kips
(2423 kN).
The straight strands are embedded only 6 inch#ssasection. Thus, their stress

is estimated to be (6/30) fpe= (6/30) (149) = 2&8
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The bent strands with a 24 in. vertical embedmemildv still have a capacity of
216 ksi. The number of required bent strands can be calculated from the relationship:
Thus, 544.7 kips # (0.153) (216) + (36-n) (0.153) (29.8)
n >13.36 strands
Therefore, it is required to bend 14 strands ihediaphragm to satisfy the longitudinal

reinforcement anchorage in the LRFD shear designifsgations.

Example 2

An interior girder of a bridge with four equal 18@40 m) spans was chosen from
an example in Reference 6 to illustrate the apptinaof bending strands into the
diaphragms to resist the positive moment over tbe pigure 5.6 shows the cross section
of the bridge. The prestressing steel consists &f %4 in. (13 mm) diameter low-
relaxation strands in each girder.
Assume the following design criteria:
Compressive strength of prestressed beam at refease4000 psi (28 MPa)
Compressive strength of prestressed beam at 28tay5000 psi (34 MPa)
Compressive strength of deck slab and diaphragm: 4500 psi (31 MPa)
Loading: AASHO HS20-44
Prestressing strand: %2 in. (12.7 mm) diameter,rseme, low relaxation steel

-Area of one strand = 0.153 sq {9 mnf)

-Prestressing force (after losses) = 23.6 kipspand (105 kN/strand)
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note: 1in. =254 mm; 1 ft=0.305m

Figure 5.6 Cross Section of Bridge
Figure 5.7 shows the pier location of the bridgeca@ding to the analysis given
in Reference 6, positive moments develop over ibesplue to girder creep and the effect

of live loads in remote spans.

Figure 5.7 Bridge Elevation Showing Abutment aner Riocations
Note that the word “creep” in this report represeait time-dependent effects of
creep and shrinkage of the girder and deck conastevell as of relaxation of the
prestressing steel. It can be seen that the pes#straint moment, M = 883 ft-kips (1197

kN-m), at Pier C is the most critical.
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To design for the 883 ft-kips (1197 kKN-m) momentPatr C, the strands at the
girder end are extended into the diaphragm, as shiowig. 5.8. An approximate area of
untensioned strands may be estimated using theteosmpression lever arm jd = 0.9d,
where d is the effective depth from the top of $kab to the centroid of the strands being
bent.

Assuming that the centroid of the bent strandsiis 4100 mm) from the bottom
fiber, d = 74.5in. (1892 mm). Using= 30 ksi (210 MPa) for crack control,

Aps =M /(0.9d)(f)

Aps = 883,000x12 /(0.9x74.5x30,000)

= 5.27 sq in(3400 mm)
The number of strands required is = 5.27/0.153.4,345e 36 strands.

Such a large number of strands is needed becaube ofry high value of the
creep coefficient used in the analysis in Referégdcend because Reference 6 does not
consider that allowing controlled cracking coulgrsficantly reduce the magnitude of the
restraint moment. Normally the required number @ftbstrands is in the range of 20 to
40 percent of the total number of available botstrands.

The Nebraska Department of Roads has in the padtths rule that 30 percent of
the available bottom strands, but not less thahtestyands, should be bent into the
abutment diaphragm. As discussed above, the totaédment length should not be less

than 16 in. (406 mm). The detail of the bent stsalsdshown in Figure 5.8.
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Figure 5.8 Required Strand Embedment at Beam End
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

Based on the results of non-prestressed bent spraialit tests of 0.5 and 0.6 in.
(13 and 15 mm) diameter strands embedded in cgdaae concrete diaphragms with a
concrete compressive strength of 4000 psi (28 MPg)yeater, the following conclusions
and recommendations can be made:

1. The amount of additional cost in labor and matsrighused by extending
strands and embedding them into end diaphragmegiggible.

2. The pullout capacity of the bent strands is prapodl to the total embedment
length.

3. The pullout stress of a non-prestressed bent stfané given embedment
length can be predicted by Eq. (3.1). This equatan be used to determine the
embedment length required at bridge abutments plymg Section 5.8.3.5 of the
AASHTO LRFD Bridge Design Specifications, which vags that a “tension tie” be
provided at beam end for shear capacity calculgtion

4. It is conservative to assume that strands camad@ipercent of the specified
strand strength, 0.8f when the embedment lengths are at least 30 and. 3860 and
914 mm) for 0.5 and 0.6 in. (13 and 15 mm) diamstiemnds, respectively.

5. A minimum embedment length of 16 in. (406 mm.)dsammended for crack

control (at service load level) due to time-dependestraint positive moments at piers.
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The full-scale tests of NU I-beam end anchoragese ldemonstrated that the
pullout capacity formula can be conservativelyizgitl to establish anchorage of strands
into end diaphragms. This anchorage can be proad@butments to enhance the shear
capacity, and at the piers to control time-depehdestraint member cracking. The
maximum shear capacity of 0.25{d, given in the AASHTO LRFD Bridge Design
Specifications is achievable with adequate stramcharage as recommended in this
study. Utilization of this rather high shear capashould result in significant economy
of I-beam bridge systems, which was not recognigéen the AASHTO Standard

Specifications were used for design.
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