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CHAPTER 1

INTRODUCTION

1.1 PROBLEM STATEMENT

Constructing prestressed concrete bridges exceedinggrtain length and/or
weight is constrained by the contemporary capacitieprecast concrete producers, as
well as the shipping capacity limitations of thghways of most states. Thus, all bridges
with spans exceeding these limits have to be dedigvith structural steel plate girders.
However, due to various reasons, there has beeati@al tendency to increase precast
concrete bridge spans. This presents a real dgalléor researchers, professionals and
practitioners in the field to find a technicallyag@ble, economic, and aesthetic solution
that allows for extending span capacity.

It is widely known that for continuous, relativelgrge-span bridges, the critical
section is generally at the pier due to large negamnoments or large shear forces.
Therefore, in order to utilize precast concretéiiigiges efficiently, the beam at the pier
needs to be deepened. The deepened beam is alelgisiothe high values of negative
moments and shear forces, and creates an optimaralbstructural system.

One of the alternatives to deepening the secticadding a composite precast
haunch block underneath the pier segment. Throhgh utilization of a haunched
concrete girder, a large number of relatively shbght girders, interconnected using
post-tensioned cables, are proven to result indotigan-usual pre-stressed concrete

bridge spans. A one-piece variable depth precastrete pier segment would be
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economical if standard forms could be used, artifht and weight were within local
capabilities. This is, however, not the case.

The haunch block alternative enlarges the spancidgpaf the precast elements
used as bridge girders by allowing for the use obmstant section depth standard girder
form. Because it can be fabricated and shippednallsr sections, this alternative also
reduces the cost of the project. Allowing for #t@mplete elimination of false-work
(temporary towers) is one of the unique advantajedhis system, especially in water-
crossing bridges, in addition to keeping enoughrelece below the bridge.

The first option utilizes a variable-depth pier s®mt. However, in the context of
large spans, the pier segment is likely to excégupgg capacities. Please refer to figure
1.1-1 for the two alternatives of deepening the pegment.

In addition to increasing the span length, thiseaesh sought to develop
approximate prestress loss formulas for use in-fgostioned spliced girder construction
based on recently proposed high-strength concretgrpss loss prediction methods. In
2002, NCHRP project 18-07 resulted in new guidalifte estimating prestress losses in
pre-tensioned high-strength concrete bridge gird@ise scope of NCHRP 18-07 did not
include post-tensioned applications. The desigunlajmes developed in 18-07 were
recently extended to post-tensioned spliced giegglications. Loss prediction in these
applications is complex and time-consuming withth& use of a computer program.
This research project sought to develop approxirfataulas for the prediction of these
losses.

Given that the previously discussed span lengthsldvbe accomplished by a
post-tensioned girder system, the importance ofeptimg the corrosion sensitive post-

tensioning steel is a focus in this research pt@eavell. After the collapse of two post-
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tensioned structures in England and the recenbdesy of corroded tendons in several
Florida bridges, many owners began to investigad@ grouted post-tensioned structures
more closely. Numerous investigations found tlyptcal grout mixes, equipment, and
procedures used in the past, as well as field oigpeprocedures, were not adequate to
protect the post-tensioning steel. This researofegt seeks to determine what changes,
if any, need to be made to the Nebraska DepartofeRbads’ Post-Tensioning Special
Provisions to ensure that the full, corrosion-fdesign life of post-tensioning tendons in

Nebraska'’s bridges will be attained.

1.2 RESEARCH OBJECTIVES
The objectives of this research project are thobe:-f

1) Develop a cost-effective and aesthetically att#p haunched concrete
girder for continuous spans in excess of 160 fBe¢. developed system must
be adaptable to standardization for various spgan® W00 feet, as well as
various girder spacing. It must be usable with stendard NU-1100, 1350,
1600, 1800 and 2000 I-girder sizes already avalabiNebraska. Finally, it
must provide superstructure span-to-depth ratiospewable to those used for
structural steel plate girders.

2) Revise the Nebraska Department of Roads’ Passidring Special
Provisions in accordance with recent tendon caorosiiscoveries, research
and recommendations.

3) Develop approximate formulas to estimate timpethelent prestress losses in

both pre-tensioning and post-tensioning steel basedCHRP 18-07.



In order to accomplish the objectives stated altbgdollowing tasks were performed:
Task 1: Reviewing Recently Constructed Bridges

A collection of recently constructed bridges aesatibed in detail in Chapter 2.
These bridges are: Cockshutt Road Bridge, Brantfoid (1977); Kingston Road Bridge,
Scarborough, ON (1977); Annacis Channel East Bridgancouver, B.C. (1984);
Umpqua River Bridge, Sutherlin, OR (1970); T'2Btreet Bridge, Snohomish, WA
(1985); Choctawhatchee Bridge, Walton, FL (1988jelBy Creek Bridge, Pike County,
KY (1989); Provencher Bridge, Winnipeg, MB (1998xker Overhead, Skeena District,
B.C. (1990); Eddyville-Cline Hill Section, Little llE Creek Bridges 1-10, Corvallis—
Newport Highway (US20), OR (2000); Rock Cut Bridy®A (1997); US 27—-Moore
Haven Bridge, FL (1999); and Bow River, Calgary, £802).
Task 2: Establishing the Spliced Girder System

The spliced girder system was established as fslléwtwo-piece composite pier
segment, composed of an NU-I beam and a precasichablock, were connected
together horizontally as shown in Figure 1.1-1A. Amght-inch pocket was created
between the two precast pieces to contain all tirezéntal shear reinforcement. This
pocket was then cast with a flowable concrete nfterainstalling the confinement
reinforcement and the pier segment over the habladk. Please refer to Figures 1.2-1
and 1.2-2 for the concrete dimensions of the prepogier segment-haunch block
connection. A full-scale specimen with all the pepd concrete dimensions and

reinforcement details is described in detail in @tba4.



Task 3: Theoretical Design and Detailing

The system selected in task 2 was subjected tory therough analysis. A
convenient design procedure was developed in dodeheck for various service loads
and strength limits to determine the reinforcenuattils. A complete design example of
a three-span bridge was developed as an examplfgpb€ation of the design procedure.
Task 4: Experimental Verification

In order to study the capacity of the interfaceMeen the haunch block and the
pier segment, push-off and pull-out tests weregoeréd. Push-off and pull-out tests
were conducted on small-scale members. The puskpdtimens consisted of two
precast pieces connected together by casting denaréhe pocket created between these
pieces. Between the precast concrete and the pothkete was horizontal shear
reinforcement. The push-off specimens were thefestéd to vertical force until failure.
Each of the pull-out specimens consisted of onecgste piece that had the insert
hardware, which was pulled until failure. Pull-@und push-off specimens represented the
connection behavior between the haunch block aadpter segment. The purpose of
these specimens was to estimate the capacity ohtiadace between the bottom flange
components in horizontal shear and verify the dgped theory.

A full-scale test was also performed. The specimoensisted of two precast
pieces connected together by a horizontal congoete The two precast pieces were an
I-beam and a haunch block. The I-beam was an Igwa A. The haunch block was
located at the top of the I-beam. The specimensiaply supported from both ends and
was loaded at its mid-span. lowa type A girdethis shallowest lowa girders. It has a

height of 32 in.
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Task 5: Tendon Corrosion Literature Review

Literature relevant to the revision of the NebraSlepartment of Roads’ Post-
Tensioning Special Provisions was reviewed. Timsluded case studies of post-
tensioned tendon corrosion problems, guides fordawp these problems in the future,
and post-tensioning special provisions from otl&tes.
Task 6: Parametric Study and For mula Development

A prestress loss analysis was performed on a repi@s/e sample of post-
tensioned spliced girder bridges using the metras®th on NCHRP 18-07 and modified
to include post-tensioning. Formulas were develdmesed on the parametric study.
Task 7: Revision of Post-Tensioning Special Provisions

The document was revised in accordance with thdirfgs in the literature
review.
Task 8: Final Report

A final report that includes the results of tagk#hrough 8 was prepared based

on the experimental and analytical results.

1.3 GOALSAND BENEFITS

Several goals and benefits can be achieved by dixigbridge spans as follows:

a- Enhancing safety when shoulder piers are eliminst@derpass applications.

b- Enhancing hydraulic capacity in bridging waterways.

o
1

Minimizing environmental impact on constructed ksiess.

o
1

Adaptability to Single Point Interchange (SPUI) asithilar recent interchange

geometries requiring extended spans.



In addition, precast prestressed concrete has @gnéeen shown to offer advantages

over steel in terms of low initial cost, constroctispeed, and maintenance savings.

1.4 SCOPE AND LAYOUT

This study focuses on extending the span capatiylsl girder bridges. A total
of six chapters are included in this report.

In this chapter, the problem statement, the rebkealgectives, the goals and
benefits have been presented.

In Chapter 2, the span capacities of the concredgd systems are studied. Four
different precast concrete bridge systems are edveWithin the first system, three
methods of continuity are covered. Comparisons éetwhe system capacities and the
method capacities are performed. Finally, desigartshare presented for NU2000 for the
four systems.

Chapter 3 analyzes the spliced concrete I-girdelgbs using standard haunch
block shapes composite with the pier segment. Aamgte of a three-span bridge is
using the precast haunch block is given. The erpsntal investigations are presented in
this chapter. The experimental investigations insi eight push-off specimens, two
pull-out specimens and one full-scale test.

Chapter 4 discusses the approximate formulas deeélto estimate the losses in
post-tension spliced girder construction based @HRP 18-07. An overview of
NCHRP 18-07 is given followed by an explanatioriref work done to extend the results
of NCHRP 18-07 to post-tensioned construction. Ppheametric study undertaken to
develop the approximate formulas is then discuss$édally, the formulas are presented

and evaluated.

10



Chapter 5 addresses post-tensioning quality cont#lsurvey of the general
performance of post-tensioned bridge construcsoronducted, followed by a review of
recent corrosion problems experienced with a feMated post-tensioned bridges. The
chapter also includes an in-depth look at tendorrosmn, grout properties, and
thixotropic grout. Various methods used to insgecigrout voids and tendon corrosion
are surveyed. A brief look at the positive andatieg aspects is included, followed by
final conclusions and recommendations.

Appendix A contains the preliminary design chartseal for the five Nebraska
beams (NU1100 through NU2000) using the four stliidiedge systems. Preliminary
design charts using the three studied bridge methathin the first system are also
presented.

Appendix B contains the material properties usethe push-off specimens, the
pull-out specimens and the full-scale test.

Appendix C contains the description of the pushaoid the pull-out specimens.

Appendix D contains the strain gauge readingserptsh-off specimens.

Appendix E contains the strain gauge readingserfuli-scale test.

Appendix F covers full-scale specimen productidnpging and handling.

Appendix G includes parametric study for developimg approximate prestressed
formula

Appendix H was written by Dr. Tadros, Dr. Salehdddr. Girgis in a format
suitable for publication as a chapter in the PGil@e Design Manual. It has already been
submitted to PCI. It is expected to be acceptedptdalication, with possible technical
and editorial changes, based on the comments dedera the standard PCI review

process. Methods to extend precast concrete brapgas are discussed. Several

11



important post-tensing issues are covered. Thrampbes are covered. The first example
is a two-span bridge with two precast beams, postibned in two stages. The second
example is also a post-tensioned two-span bridgeh, three precast beams. The third
example is a post-tensioned single span bridgetiwithe precast beams.

Appendix J is the revised NDOR Post-Tensioning Bp&govisions

12



CHAPTER 2

EFFECTIVENESS OF I-GIRDER SPLICING ALTERNATIVES

2.1 INTRODUCTION

As the trend moves toward extending the span ctgmof precast concrete
bridges, the need for an optimum system increales. paper presents four different
systems for building concrete NU I-girder bridgeed Figure 2.1-1). Within the first
system four different methods are studied, inclgdire advantages and disadvantages of
each system. The actual bridge capacity of eactersyss the least of four different
capacities: the ultimate negative moment capattigyultimate positive moment capacity,
the service lll positive moment capacity, and theas capacity. The capacity of each
system is carefully calculated and NU2000 spantshare presented. System capacities
are compared, and recommendations for improving ctggacity of each system are
presented.

A number of prestressed concrete I-girder bridge im the past several decades
have demonstrated the ability of precast, presttespliced girder bridges to compete
with structural steel plate girder bridges in ti2® foot to more than 300 foot span range.
Some states limit the maximum transportable lermfta member to 120 feet and the
weight to 70 tons. Others, including Pennsylvaiigshington, Nebraska and Florida,
have permitted precast girders with lengths upltout 175 feet and weights up t0100
tons to be shipped by truck.

Experience has shown that the simplest and mosieacal system is when full

span-length pieces are installed directly ontortpermanent supports as in system |.

13



When span lengths exceed the maximum shippableghlesrgweight, however, girder
segments must be spliced at intermediate locatrotige girder away from the piers as in
system Il through system IV, as shown in FigureR.1

Bridge designers are often constrained to usingdsta, readily-available girder
types and sizes. They may thus be required to ma#ers work for spans and spacing
beyond their normal capacity. This is especiallyetin situations where the structural
depth must be limited due to clearance requirememdsroadway grade constraints.

There are several other ways, however, to exterdsgan capacity limits of
standard products. These include using high stneeghcrete, establishing moment
continuity for superimposed deck and live loadiagd utilizing pier geometry to allow
longer spans. This paper focuses on establishingeanbcontinuity and girder splicing.
The paper presents a unique attempt to integrate cmampare the successes and
limitations of the main girder splicing approachadized throughout the past half

century or more.

14



Splicing Precast Concrete Bridges

Y

0]

Full Span Segment Bridg

Cantilever Type Bridges:
Span has a full piece and a portion of the next segment.

There is a precast pier segment centerd over #re pi
There are Three types of pier segment as follows

!
System | :

There is a joint
between the precast
segments over the pier

i ”

System II:

=3

Prismatic Pier Segme

' #

System Ill: System IV: Vertically
Segmented Pier Segm

—

Prismatic Pier Segme

Y

Negative Moment

Reinforcement

Post-tensioning is used to splice the partial sEgments
The bridge is continuous for all loads

Y

Non Prestressed Reinforcement Op

Yy

Y

nt

Prestressed Reinforcement + Non-Prestressed Regmfient

!

!
Method A Method B
No continuous reinforcement in the girder Coupling of 150 ksi threaded rods in the girderftapge
+ Deck reinforcement + Deck reinforcement
The bridge is continuous for the S.1.D.L +L.L. The bridge is continuous for Deck slab + S.I.DILL*
Y Y
Method C Method D

Girder Post-Tensioning
+ Deck Reinforcement
The bridge is continuous for Deck slab + S.I.DLLL

Stitched Splice

+ Deck Reinforcement
The bridge is continuous for Deck slab + S.LBL.L.

Figure 2.1-1 Splicing Precast Concrete Bridges Flasviart
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2.2 BRIDGE ASSUMPTIONS

In order to study the capacities of each system @arform the comparison,

assumptions need to be made, as shown in Table 2.2-

Table 2.2-1 Bridge Assumptions

Bridge Data Girder Spacing 8-10-12 ft | See Figure 2.2-1
Overall Width 46 ft-6 in.
Number of Spans 2-3
Deck Slab Thickness 8-10 ft girder spacing = 7.5 in.
12 ft girder spacing = 8.0n.
Span Data Two Span Bridge L-L
Three Span Bridge System | | 0.85L-L-0.85L
Method B
Three Span Bridge System IV 0.8L-L-0.8L
28-days strength = 8,000 psi
Precast Concrete Release strength = 5,500 psi|
Concrete Data Unit weight =150 pcf*
Cast in Place Concrete 28-days strength = 4,000 psi
Unit weight =150 pcf*
Reinforcement | Steel bars Yield strength =60 ks
Data Es =29,000 ksi
Strands: Ultimate strength =270 Kksi
See table 2 for prestress losses Es =28,500 Ksi
Low—Relaxation Strands 0.6 in.
Threaded Rods Min. yield stress** =120 kdi
Ultimate stress*** =150 Kksi
Load Data S.I.D.L. Future wearing surface = 25 paf
Barrier load = 0.3 kips/ft
Live Loads HL93
Post- Stages: Applied at one stage After casting thpltiagm
tensioning**** | Tendons: 3, 3.75 in. diameter, | Inside duct area > 2.5 strands area
15-0.6 in. strands each

* 148 pcf for young’'s modulus calculations and 1 for weight calculations

*%

*k%k

*kkk

16

Elongation for 20 bar diameter 4% for yield sse
Reduction in area is 20% for ultimate stress
For initial and time dependent losses, pleaster to Table 2.2-2



46'-6"

V.
‘JV

44'-0" 1-3"

A
3
=
W

A
|

/_l
\_I

*7.5‘
8.0" NU I-Girder
5'-3 ‘ 3 Spaces @ 12'-0" = 36'-0" 5'-3"
=‘=
3-3 4 Spaces @ 10'-0" = 40'-0" 3-3"
3-3" 5 Spaces @ 8'-0" = 40'-0" 3-3"

Figure 2 Typical Cross Section

Table 2.2-2 Assumed Effective Prestressing at Ea@onstruction Stage

Construction Stage St_res_s in Stress in Post-Tensioning
Pretensioning Strand Strand
Pretensioning Strands 0.92(0.%9)f
Post-Tensioning Strands 0.87(0.%0)f 0.92(0.78)fu
Service Loads 0.82(0.7%)f 0.82(0.78)f
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2.3 DESIGN CONSIDERATIONS

Maximum bridge spans are calculated accordingedaliowing considerations:
a. Partial prestressed -Ultimate negative bendiaghant only
b. Fully prestressed -Ultimate positive bending reatrat 0.4 L

-Girder bottom flange tensile stress (servite I

At0.4L=019/f,

c. Ultimate shear stresg, = ®(025f b, d, )

cTwTv

For the locations of the critical sections, refefitible 3

Table 3 Critical Section Locations

Design Criteria System | System Il System Il Systy
. . the fac_e of Pier Center | many sections are studieg
Negative Moment Section the 8in. . )
. Line near the pier
diaphragm
Shear Critical Sections 8 ft-0 in. from_the Pier many sections are studieq
Center Line near the pier
Positive Moment section 04 L

The c/h value is less than or equal 0.4, with #oliti compression reinforcement as
needed. Although the negative moment section isutated as a cracked section, the
structural analysis is calculated using the full@ete section properties.

Deck reinforcement according to the empirical desgg# 4 @12 in. at the top in

each direction and # 5 @12 in. at the bottom irheadicection. Mild reinforcement is

18



added in the deck slab in the negative moment asesgeded. The maximum additional

mild reinforcement is a group of 3#8 top and botetmM2” as shown in figure 2.3-1.

19



#4@12" each direction #4@12" each direction Max. additional 3#8 @12"

1 7 F 1 Z y Yy w1
S < N S SR SR,
4. - M #5@12" each direction
#5@12" each direction Max. additional 3#8 @12"
~—=2_ NU I-Girder ~—2_ NU I-Girder
Max. Pretension Capacity
58-0.6 Pretension Strands
System I, Method A
#4@12" each direction #4@12" each direction Max. additional 348 @12"

— e —
N
™
N
N\
5

4 M #5@12" each direction

#5@12" each direction Max. additional 3#8 @1

(4) 1-3/8" diamete
Grade 150 ksi threaded rods

NU I-Girder ~2_ NU I-Girder

Max. Pretension Capacity
58-0.6 Pretension Strands

System |, Method B

#4@12" each direction -
@ #4@12" each direction Max. additional 3#8 @12"

#5@12" each direction ;!77: #5@12" each direction

Max. additional 3#8 @12
NU I-Girder ~T2_ NU I-Girder
Max. Pretension Capacity
46-0.6 Pretension Strands

System |, Method C and Systems II, llI,1V
a) Positive Moment Section b) Negative Moment Section
Reinforcement [At 0.4 L] Reinforcement at the Pier

A % i

Figure 2.3-1 Positive and Negative Moment Sectiondthforcement
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2.4 DESIGN SYSTEMS

Precast prestressed concrete I-girders can béeetfic designed and constructed
by utilizing one full precast segment per span amgting continuity over the pier as in
system | or using a cantilever type bridge in whick pier segment is centered on the
pier as in system Il through system. l¥ontinuity methods in system | efficiently utilize
the bridge girder, which leads to a reduction irdgi size or an increase in girder
spacing, consequently reducing bridge cost. Sglithe girders gives the designer the
flexibility to increase the bridge spans more thhe maximum length of the precast
segments. Another feature of spliced girders is ahitity to adapt to a horizontally-
curved alignment. By casting the I-girders in appiately short segment lengths and
providing the necessary transverse diaphragmsgmgelgments may be chorded along a
curved alignment. This scheme results in an efficieaming system without sacrificing
aesthetics. There are several potential systemsréating continuity and girder splicing
as shown in Figure 2.1-1. Each system is studield isymaximum capacity is specified.

Each of the following sections is devoted to onéheke systems/methods.

2.4.1 System I Full Span Segment

System | is the easiest and most economical sydtEwever bridges in this
system are limited by shipping and handling capecitThe shipping and handling
capacity in Nebraska is 160 ft. The precast pianethis system span between the
permanent supports (pier, abutment). Four methbdseating continuity are studied to

optimize this system.
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Deck bars for SIDL+LL

I

r 1 ]
Method A

]

Deck bars for SIDL+LL

Threaded Rods for deck weight ;
Method B

s |

1]

Deck bars for SIDL+LL

N

Method C h |_| ﬂ

Figure 2.4.1-1 System | Methods

2.4.1.1 Method A: Conventional Deck Reinforcement

This method is the simplest and perhaps the leasilycof existing methods.
Continuity is created by placing mild reinforceménthe deck over the piers. The girder
self-weight and deck slab weight are carried by $imaple span precast segments.
However, superimposed dead load and live load @améed by the continuous composite
girder/slab system. This method does not requirgaegquipment or a specialized
contractor. But the superstructure is continuodg for the superimposed dead loads and

live loads, which is approximately only one third the total loads. Consequently,
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method A has small negative moments and relativiglly positive moments, leading to a

relatively high pretension force which causes Ipgistress losses and bottom cracking at

the piers.
420
Deck rebar for SIDL+LL
| s, |
[ ] ]
| | |
370 ﬂ
L L
\\ Continuity Method A

320
& A~
- \\
2 \
S
o 270 \QX
()
()]
S
0 po—8 |
\
i =l I B :: o MU
\?\\\E
—O— Positive moment section, concrete tension at service — —©°
170 7_ —5— Positive moment section, ultimate
—&— Negative moment section, ultimate
—&— Shear section
e \laximum transportable length
120 T T T T T T 1
8 8.5 9 9.5 10 10.5 11 11.5 12

Girder Spacings S (ft)
Figure 2.4.1.1-1 Method A NU2000 Span Capacities

2.4.1.2 Method B: Threaded Rod Splicing

In this method, I-girders are fabricated with 150 kigh strength threaded rods
embedded in the top flange. The threaded rods aokhamically spliced in the field at the
diaphragms over the piers. The diaphragm concsetken placed, and the deck slab is

cast after the diaphragm gains the required stierfigpr more details, see Ma et al
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(1998). This is a relatively new system. The fipsidge using this system has been
designed and was scheduled for construction neak&;INebraska in the fall of 2002.
As opposed to Method A, this method allows for shperstructure to be continuous for
the deck slab in addition to the superimposed dead and live load, which is almost
70% of the total load. Accordingly, Method B canpiove the span capacity of a given
girder size by 10 to 15% over Method A. The negativoment created by the deck slab
weight, superimposed dead load and live load resltioe need for crack control bottom

reinforcement over the piers.
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2.4.1.3 Method C: Full Length Post-tensioning

This method is more expensive than the previouhoast It requires full-length
ducts and usually necessitates widening the gwddys. It also requires end blocks to
resist stress cogenerations at the anchorage zones.

Continuity in this method is created through pestsioning the full length of the
bridge. This method, like Method B, allows for thaperstructure to be continuous for
the deck slab in addition to the superimposed dead and live load which is almost
70% of the total load. This is an effective methespecially if spliced segmental I-beams

are needed for spans longer than the shipping ddjeslof single-piece spans.
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Figure 2.4.1.3-1 Method C NU2000 Span Capacities
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2.4.1.4 Method D: Stitched Splice

This type of splicing the girder is not commonthis type of splice, the precast,
pretensioned segments are post-tensioned acrossptioe, using short tendons or
threaded bars. It should be noted that preciserakgt of the post-tensioning ducts is
essential for the effectiveness of the post-temsgrif proper alignment is not achieved,
considerable frictional losses can result, whichrelases the effectiveness of the post-
tensioning. Oversized ducts are often used to geosome tolerance. In addition,
because of the short length of the tendons, angb®eating losses can be unacceptably
large. To reduce anchorage seating losses, thef tiseeaded bars that are post-tensioned
by power wrench is recommended.

End blocks are required at the spliced ends ofgtraers in order to house the
post-tensioning hardware and provide the “end zoeigforcement to resist concentrated

concrete stresses due to post-tensioning forces.

2.4.1.5 Concrete NU |-Beam Capacities

Within the first system, the threaded rod contyuitethod gives the largest span
capacity without changing the web width. The reioément steel in the deck slab
method, method A, gives a higher capacity than-sioning in beams beyond a 10.25
ft girder spacing using NU2000 girders. The reioémnent steel in the deck slab method
is mostly controlled by the positive moment conereinsion at service. The threaded rod
continuity method is controlled by the ultimate agge moment. Adding a steel plate at
the bottom flange of the NU I-girder at the negatmoment section can improve the

capacity of this system.
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Post-tensioning results in a high gap between tyeadties of the positive
moment section (service and ultimate) and thosthefultimate negative moment and
shear. The negative moment capacity controls tegdef the NU2000 girder.

For a comparison among the system capacities dfodstA, B and C with a 10 ft

girder spacing, refer to Figure 2.4.1.5-1.

204+
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190-
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Figure 2.4.1.5-1 Comparison among System | Method€apacities

2.4.2 System Il: Segmental Construction with Constat Cross Section
The precast pieces used in this system are splhicthdpost-tensioning tendons
away from the pier, as shown in Figure 2.4.2-1. 3ystem allows for larger bridge spans

than the maximum transportable concrete precastndedhe field segments are
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pretensioned to carry the beam self-weight durihgpgng and construction and to
contribute to the flexure capacity of the positaement section. The pier segments can
have some pretensioning to carry the beam selfiweigring shipping and construction,
and top convention reinforcement to contributehte flexure capacity of the negative

moment section. All the precast pieces have thedata NU cross-section.

Field Segment Pier Segment Field Segment
L ]

Figure 2.4.2-1 System Il layout

2.4.2.1 Concrete NU |-Beam Capacities
As shown in Figure 2.4.2.1-1, the ultimate negath@ment capacity controls the
design. The maximum segmental span length for sigtem is higher than the span

capacities. Consequently, the system is not opéichfar this reason.
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Figure 2.4.2.1-1 System Il NU2000 Span Capacities

2.4.2.2 System |l Discussion and Recommendations

The positive service tension capacity is closeh® positive ultimate moment
capacity, indicating that this system is efficidot these design criteria. However, the
large difference between the negative and the ipestapacities makes this system
inefficient overall. See Figure 2.4.2.1-1.

Generally for this system the ultimate shear ared thimate negative moment
capacity are lower then the positive ultimate moheapacity and the tension service

capacity, respectively. Significant capacity ire ghositive region remains unused. For
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example, for an NU2000 girder spacing of 10 feetuhimate positive span capacity is
270 while the ultimate negative capacity limits 8pgan to 165 ft. That is why the pier

segment needs to be deepened to optimize thewstwad in system Il or IV.

2.4.2.3 Improving the Efficiency of Systems | andl|

In long-span spliced bridges, the sections overpibe are often subject to high
shear and bending moment. In most cases, thesernsentay limit the span capacities of
the system as we see in system Il and system ladeth and C. In such cases, designers
often use deeper sections at the pier in orderatesfg shear and flexure design
requirements. Usually this is done by varying thebwdepth as in system Il or by
increasing the thickness of the girder’'s bottonmdla at the pier section. An alternative
approach is to increase the web height of the piatel keep the bottom flange

unchanged as in system IIl.
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2.4.3 System lll: Segmental Construction with Curvd Pier Segment

The third system is the first method of deepenimg pier segment by using a
curved haunched girder. For a two-span bridge,etlmecast pieces are used in this
system: two field segments and a one-piece cunagdspgment. This system is the same

as system Il, with the exception of the pier segrsevariable depth. See Kamel (1996).

Field Segment Pier Segment Field Segment

—— SSS—
T w1

Figure 2.4.3-1 System Il Layout

2.4.3.1 Concrete NU |I-Beam Capacities

Here we see little improvement from System II. Thémate negative moment
capacity still controls the design. The ultimatea capacity is improved from system |l
as can be seen from figure 2.4.3.-1. The maximugmsatal span length for this system

is much higher than the span capacities.
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2.4.3.2 System lll Discussion and Recommendation timprove the System
Capacity
For system Ill, the ultimate negative moment capgacontrols the design. The
critical section for the ultimate negative momesitfound to be three quarters of the
distance from the pier center line to the end efdhrved portion of the pier segment.
The tension positive service capacity is closeh® tltimate positive moment

capacity, indicating that this system is efficidot these design criteria. However, the
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large difference between the negative and theipesiapacities makes this an inefficient
system overall. See Figure 2.4.3.1-1 for SysterMlUR00O span chart.

The maximum segmental span length for this systerhigher than the span
capacities. Generally for this system the ultinsktear and the ultimate negative moment
capacity are lower then the ultimate positive moheapacity and the tension service
capacity. Significant capacity remains unused. Thathy the pier segment needs to be
deepened more so that all the capacities are eHaalever if the pier segment was
deepened to optimize the system capacities, tlgihthand the weight of the pier segment
would be greater than the shipping and handlinqao#&yp It is therefore recommended
that a two-piece pier segment be used. This pigmeat consists of a straight haunch

block and I-girder to optimize the structure, shagSystem IV.
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2.4.4 System IV: Segmental Construction with Two Br Segment Pieces: A Straight
Haunch Block and an NU I-Girder.

The fourth system is the second method of deepetiiagpier segment. The
system utilizes a two-piece pier segment: a sttamglunch block and an NU-I girder.
Refer to figure 2.4.4-1. Dividing the pier segmartibd two pieces allows constructing a

deeper pier segment within the allowable shippimg) lzsandling capacities.

Field Segment Pier Segment Field Segment
[ ——————

| aunch Bloc |
| R I

L L

Figure 2.4.4-1 System IV Layout
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2.4.4.1 Concrete NU |-Beam Capacities

The ultimate negative moment capacities, the utemaositive moment
capacities, the service lll positive moment capesjtand the ultimate shear capacities

are almost the same for all girders (with some fication for the web).

450
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250 —4A— Negative moment section, ultimate
—&— Shear section
200 ‘ |
8 8.5 9 9.5 10 10.5 11 11.5 12

Girder Spacings S (ft)
Figure 2.4.4.1-1 System IV NU2000 Span Capacities

2.4.4.2 Optimizing the Haunch Block
The system is most efficient because all the céipacare equal. In order to

achieve this goal, a two-piece pier segment is ,usti an NU I-girder and a straight
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haunch block underneath. Haunch block dimensiors48i(L) in length and 0.9(h) deep
were found to be the most efficient haunch blode sequalizing the ultimate negative,
the ultimate positive, the service Ill positive,dathe shear capacities with some
modifications as shown in Table 2.4.4.2-1.

(Where h is the girder height and L is the spagtien

Table 2.4.4.2-1 Two-Span Bridge NU I-Girder Web With Modifications for System

\Y,
8 ft Girder Spacing | 10 ft Girder Spacing 12 ftd&ir Spacing
Web width (in.) Web width (in.) Web width (in.)
NU2000 7.0 7.5 8.0

With minor adjustments for the web width, it isanlethat system IV is superior in
terms of span capacity, as shown in Figure 2.4Bag. maximum segmental span length
for shipping is lower than the span capacities dgstem V. For this system it is
recommended to barge the girder or splice more ¢im&npiece together in the field. See

Figure 2.4.4.1-1 for System IV NU2000 span chart.
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2.4.5 Systems Comparisons

Figure 2.4.5-1 shows a comparison between thedgstems using NU2000 and
girder spacing of 10 feet. The span capacity ot3ydl is about 16% less than that of
system |, because system Il has higher negativeantthan system |, which controls the
design. The span capacity of system Il is almgsiaéto that of system I. However, in
system lll, the maximum transportable span is higBgstem IV is superior in terms of

span capacity and provides 60% improvement in sppacity over System |.
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Figure 2.4.5-1 Comparison between the Four System&apacities
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2.4.6 Three Span Bridges

For system | method B: The span ratio 0.85L-L-0.8%s found to be the most
efficient ratio. This ratio can be calculated ga&iy multiplying the ratio 0.8 times the
percentage of all the loads on the continuous beamh is almost 70%, added to the
ratio 1.0, times the percentage of the all loadghensimply supported beam which is
almost 30%. The ultimate negative moment contrbks design for a girder spacing
greater than 8.5 ft. For a girder spacing of 8 f&r less, the design is controlled by
service lll positive moment. Also, the positive\see capacity is close to the ultimate
service capacity, indicating that this system fecieint. The precast pieces in this system
are longer than the maximum transportable length.

For system IV: The span ratio is 0.8L-L-0.8L. Thiéinoate negative moment
capacities, the ultimate positive capacities, #r&ise Il positive moment capacities, and
the shear capacities are almost equal for all ggrdeith some modifications for the web,

as explained in Table 2.4.6-1.

Table 2.4.6-1 Three-Span Bridge NU I-Girder Web Widh Modifications for System

vV
8 ft Girder Spacing | 10 ft Girder Spacing 12 ftd&ir Spacing
Web width (in.) Web width (in.) Web width (in.)
NU2000 7.0 7.5 8.0
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2.5 CONCLUSIONS

When the capacities are far apart, the lower céypaontrols the design, leading
to under-utilized capacities. The second systemahiasge gap of up to 130 ft between
the span capacities of the positive moment se¢siervice and ultimate) and those of the
ultimate negative moment and shear, while the $iystem has only a 60 ft gap.

The third system has a smaller gap than the sesgattm, reaching 100 ft
between the span capacities of the positive morsection (service and ultimate) and
those of the ultimate negative moment and shear.

With the suggested haunch block dimensions (0.5vd @9 h), and using the
modifications in table 2.4.4.2-1, the fourth systeras found to be the most efficient
system. All capacities of the system are equal. Gaps between the capacities that
existed in the previous systems were avoided. htlagion, ranking the four systems
according to span capacities, the fourth systemived the highest rank, followed by the

third, the first, and the second system, in thdear
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CHAPTER 3

VERTICALLY SEGMENTED PRECAST CONCRETE SPLICED I-GIR DER

3.1 INTRODUCTION

For continuous span precast prestressed conqukteds I-girder bridges, the
critical location is generally at the pier due &rge negative moments or large shear
forces. Because of clearance requirements and Iswectural forces in the positive
moment zone, the optimum overall solution is oftelnaunched girder system where the
standard prismatic girder size is deepened ovepitrearea to meet the relatively high
forces. Also, in the negative moment zone, theodnotflange of the I-beam is much
smaller than the deck slab available in the pasithoment zone to resist the required
compression force component of the applied flexutdéten standard I-beam shapes are
produced in depths ranging up to 6 to 8 feet. Beeaf the need to use the standard
sizes as repetitively as possible and to clearh®aat obstructions during shipping, one
solution is to have a separate precast haunch lalodkto attach it to the girder bottom
flange to form a deeper section for the negativenertt zone.

This chapter provides a summary of extensivertéteal and experimental
research on the feasibility of splicing a haunabcklonto a standard I-girder to form an
efficient negative moment zone. The theory andgefor the horizontal shear between
the haunch block and the pier segment was venifiidd three types of specimens: small
shear specimens, small connector pull-out specimand a large beam specimen,
representing the pier zone of a continuous spatigéri Reinforcement details of the

haunch block, the I-beam and the connection betwi®m were evaluated for
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practicality and efficiency. A full-scale speciméd8.5 ft long by 4 ft wide with a depth

varying from 2.25 ft to 4.3 ft, was produced by eegast producer to investigate
production and handling issues. The research hagmed the tremendous potential of
this novel system for I-girder spans up to 350, fedthout the need to purchase special

forms for non-standard I-beam shapes.

3.2 PROPOSED CONNECTION DETAILS

To connect the haunch-block with the pier segmant8 in. pocket is created
between the two precast elements, which will bledilwith a flowable concrete after
installing the pier segment. Figure 3.2-1A showss ¢levation of the connection. Figure
3.2-1B shows cross sections in the pier segmemdmablock connection. Figure 1-C
shows the horizontal shear reinforcement details.

The horizontal shear reinforcement was 1-1/4 i@6xn. lubricated threaded rods
@ 12 in. spacing, each with a welded hex nut tre trned before installing the pier
segment such that the extension below the bottorthefl-beam was 8 inches. Each
threaded rod was confined in the NU girder by ark4eng, 3.5-in. outside diameter
spring.

A full-scale specimen was manufactured by two mepeoducers in Nebraska as
shown in Figure 3.2-2. The purpose of manufactutieggspecimen is to go through the
production process to uncover any potential probleaa well as for demonstration

purposes. For more details, refer to Appendix F.
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3.3 DESIGN EXAMPLE

This design example demonstrates the design adfnaskew bridge with three
spans (240ft-300ft-240 ft) using five NU2000 beaars] two haunch blocks in the girder
line, and post-tensioning, as shown in Figure 3.BHs example illustrates the design of
a typical interior beam at the critical sections ulimate positive flexure, ultimate
negative flexure, LRFD shear, and service Il & plositive moment cross section due to
prestress, dead and live loading. The superstrictomsists of five girder lines spaced at
10’-0” centers, as shown in Figure 3.3-1. The carapive strength of the precast beams
is 10 ksi and of the CIP slab is 4 ksi. The bearasdasigned to act compositely with the
8-in., cast-in-place concrete slab to resist aflesimposed dead loads, live loads and
impact. An additional %2 in. wearing course is cdesed an integral part of the 8-in. slab.
The design is in accordance withRFD Specifications, 2" Edition 1998 and Interims

1999 and 2000.

3.3.1 Construction Sequence

First, each of the haunch blocks is installed a¥er pier and two temporary
supports. The pier segments are then installed theehaunch blocks and the horizontal
joint is cast. Then, the field segments are instland the wet joints between the
segments are cast. Post-tensioning is then apglretithe deck slab is cast. Finally, the

barriers are installed, the wearing surface cast tiae bridge opened to traffic.
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3.3.2 Prestress Force

Post-tensioning is applied at only one stage af#&sting the wet joint between
segments. Three 3.75 in., diameter ducts are ustekicalculations. Each duct contains
15-0.6 inch strands. The post-tensioning profilesi®wn in Figure 3.3-2. The pre-

tensioning is 46-0.6 inch strands only in the fisdgyments.

3.3.3 Shear Forces and Bending Moments

The shear forces and the bending moments due $trgge, dead and live loading
are shown in Table 3.3.3-1. The live load distiitnutfactors are calculated based on the
LRFD equations without the span upper limit of Z40These distribution factors are
calculated based on 10 ft girder spacing and arageespan length of 270 ft. The post-
tensioning is calculated by dividing the structunt® short elements. The post-tensioning

effect at each node of an element is then convéotéd equivalent nodal force.
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Table 3.3.3-1 Unfactored Shear Force and Bending Naents for a Typical Interior
Girder

Positive Negative Negative | Shear Force
Bending Bending Bending at 13 ft
Moment Moment at | Moment at from the
at0.4L Haunch Block | Pier C.L. Pier C.L.*
(k.ft) End (k.ft) (k.ft) (kips)
Girder W eight 3,552.1 -4,290.5 -9504.1 164.9
Deck Slab 3,248.2 -3,949.5 -8079.66 128.4
Wearing Surface 866.2 -1,053.2 -2154.58 34.3
Barrier 415.8 -505.536 -1034.2 16.4
Live Load 5,401.3 -4,842.79 -7329.72 181.6
Post-Tensioning
Total Moment -3,528.4 6,093.3 11,743.8| ---—---
Post-Tensioning
Secondary Effect 318.6 687.0 797.3 0.0

* The shear force critical section is located &fftifrom the pier center line at the second
span
3.3.4 Capacities of the Critical Sections

The stress at the NU I-beam bottom flange at Q.#dm the first span is -0.08
ksi tension due to service Ill. The LRFD allowaldasile stress is 0.6 ksi. The strength
limit state design is summarized in Table 3.3.4-ie horizontal shear is 82 kif at the

pier centerline.

Table 3.3.4-1 Critical Sections Shear Force and Bdimmg Moments Capacities

Positive Negative Negative Shear Force
Bending Bending Bending at 13 ft
Moment Moment at Moment at from the
at0.4 L Haunch Block Pier C.L. Pier C.L.
(k.ft) End (k.ft) (k.ft) (kips)
LRFD Due to
Factored Load 19,771.6 -20,986.6 -39,331.3 756.4
Section Capacity
(DM, & B V,) 23,700.2 -21,3689*% | -39,9522.64%)|  1428.4*

* The maximum shear capacity is calculated basethe®quationgv, = 09f.h,d,
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3.4 EXPERIMENTAL INVESTIGATIONS

Three types of tests were done to verify the caitpaaction between the two
precast pieces, the haunch block and the I-giraled, to estimate the capacity of the
proposed horizontal shear reinforcement detailsvéen these two precast pieces. The
first type was push-off tests, which were donewa groups of reinforcement. The other

two types were the pull out tests and the full stast.

3.4.1 Push-Off Tests

Seven push-off specimens in two groups with dafierheights and different
numbers of rods were used, as described in Tahlé-3. The first group tested a 1-1/2
in. (38.1 mm) diameter mild steel coil bolt andluted two specimens. The second
group tested a 1-1/4 in. (31.75 mm) diameter hteel £oil treaded rod and included five
specimens.

Each specimen had two precast pieces. An 8 in.nf@)0Opocket was created
between these two precast pieces, containing paneochorizontal shear reinforcement.
The pocket was cast with flowable concrete aftedwdhe geometry of that pocket had
the same dimensions as those proposed in theystahs The first specimen in the first
group had double the pocket size [16 in. (400 mnajd its horizontal shear
reinforcement was not staggered as shown in Ta#llé-3. Only specimen 6 is explained

in detail.
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3.4.1.1 The Sixth Push-Off Specimen
3.4.1.1.1 Specimen Configurations

As shown in Figure 3.4.1.1.1-1, the specimen load threaded rods, two on each
of the precast concrete faces. The rods were stedjge the pocket. The thickness of the
pocket was 8 in. (200 mm), as in the real systeon.réinforcement details, also refer to
Figure 3.4.1.1.1-1B. The roughened surface usddisnspecimen was a plastic roofing

sheet which was also proposed for the real system.

3.4.1.1.2 Test Setup and Instrumentations

The push-off specimen was attached to nine stehbgefour 1-% in. threaded
rods, and two 440 kips hydraulic jacks, as showRigure 3.4.1.1.2-1. During the push-
off test, each jack pushed one beam, and both edetlbeams were pushing another
crossing beam, which pushed the specimen pockehasoncentrated load. The load
was applied and increased incrementally. The preggauges and the strain gauges were

continuously monitored using a digital data acdigisisystem through a computer.
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Figure 3.4.1.1.1-1 The Sixth Push-Off Specimeneiails
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Figure 3.4.1.1.2-1 Push-Off Specimens Test-Setup
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Table 3.4.1-1 Push-Off Specimens

Push-off test Number Height Elevation
of Rods| in. (mm)
Group 1 | Specimen 1) 4 bolts, 18 (460)

(using 2 bolts B [
mild per face 18"
steel) n F‘

Specimen 2| 3 bolts 18 (460)

Group 2 | Specimen 3 2 12 (309)

Specimen 4 3 18 (460Q) —

Specimen 5 4 24 (610)

Specimen 6

Specimen 7 5 30 (762)

3.4.1.1.3 Observations
At 350 kips, the cracking load, a hair crack depebb as a straight line between
the haunch block and the pocket concrete. Thiskadat not get wider until failure. The

specimen failed at the load of 633 kips. At failutee whole pocket settled down by 1.25
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inches. The two precast concrete parts openedamp fhe bottom. There was a small
chunk of concrete that failed at the nut locatias,shown in Figure 3.4.1.1.3-1. Many

diagonal cracks could be observed inside the pdoi®teen the two precast pieces.

Figure 3.4.1.1.3-1 The Sixth Specimen Mode of Faikl

3.4.1.1.4 Coil Rods Strain Gauge Readings
Twelve strain gauges were glued to the four rddeir locations are shown in

Figure 3.4.1.1.4-1. Three strain gauges readirgsalao shown in the Figure.
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3.4.1.2 Push-Off Tests Results and Discussion
It is recommended to use Loov and Patnaik’s 19%iaon, since it gives closer failure loads tharFDRequation to the obtained test results as
shown in Tables 1 and 2. The yield strength fohlsgength coil threaded rods should be takenGfsf@om the ultimate failure capacity.

Table 3.4.1.2-1 Summary of Group 1 Specimen’s Capidies (fy = 42.845 ksi, fy = 295.4 MPa)

Specimen ID Specimen 1 Specimen 2
Failure Load P ( kips) 700 558
Cracking Load 550 350
ps fy X 10 (psi) 0.421 0.210
LRFD V, 5 @A, +I4Af, +J] /Ac 520.6 310.3
Equation Calculated Failure Load (P kips) 374.85 223.42
IF_)c;ct)r\]/;kznd V. = M‘m & k?O.E 1017.17 731.52
(1994® ' Calculated Failure Load (P kips) 732.36 526.7

Table 3.4.1.2-2 Summary of Group 2 Specimen’s Capities (fy = 90 ksi =0.65 fpu, fy =620.6 MPa)

Specimen ID Specimen 3| Specimen 4 Specimen|5  Spexind Specimen 7
Failure Load P ( kips) 336.0 422.0 604.0 633.0 806.0
Cracking Load 80.0 170.0 420.0 350 320.0
ps fy X 1C (psi) 0.346 0.229 0.346 0.346 0.275
LRFD v, @A, +{Af, +J| /A (psi) 4435 329.0 4435 4435 374.8
Equation Calculated Failure Load (P kips) 212.9 236.9 42538 4258 449.8
Iﬁg?r\]/;kznd V. =Kkl \/m & k:O._5 (psi) 598.8 494.0 598.8 598.8 538.4
(1994)® ’ Calculated Failure Load (P kips) 2874 355.7 574.8 574.8 646.0
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3.4.2 The Pull-Out Test

The NU I-beam bottom flange with the two cuts fbe connection was
simulated by the pull-out specimen, as shown iufe.4.2-1A section A-A. A 7 in.
(175 mm) concrete stem also simulated the web efptist-tensioned NU I-beam as
shown in Figure 3.4.2-1. The objective of this t&as to estimate the maximum pull-

out force using the new system-- the lubricatedi rooi.

3.4.2.1 Pull-Out Specimens Test Setup
As shown in Figure 3.4.2.1-1, the test set-up ist&d of a coil rod going into

the insert and holding a hole jack, 110 kips (489\3, and a load cell.

3.4.2.2 Observations
The three rods were tested. Nothing happenedeteghcimen until the

capacity of the jack was reached. No cracks wesermvied.

Figure 3.4.2.1-1 Pull-Out Specimens Test Setup

3.4.2.3 Pull-Off Test Discussion
The test results of the pull-out using 1-1/4" lgbted coil rods were

satisfactory and larger than 82 k/ft, which is riegghin the design example.
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Figure 3.4.2-1 Pull-Out Specimen Details
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3.4.3 Full-Scale Test
3.4.3.1 Specimen Modeling

The specimen consisted of two precast pieces ctethéogether by a horizontal
concrete joint. The two precast pieces were amlvband a haunch block, similar to the
real system except that the I-beam was an lowa Aypestead of an NU I-girder. The
haunch block was located at the top of the I-beBme. specimen was simply supported
from both ends and was loaded at its midpoint,hasva in the longitudinal section in
Figure 3.4.3.1-1. The midpoint simulated the pieaction and the two end-supports

simulated the two field segments reactions.

3.4.3.2 Loading and Measurements

Loads were applied at one point load at the mahspf the specimen. Two oll
jacks with capacity of 440 kips each were used. Jeximen was loaded to failure due
to horizontal shear. During the test, displacemantee mid-span were measured. A total
of 20 strain gauges were installed on the reinfoer® steel and 4 strain gauges were
installed on the concrete to measure the concteta sat the compression block. From
the 20 strain gauges, five strain gauges were liedtdo measure the bottom flange
longitudinal reinforcement strain. Six strain gasigeere installed to measure the vertical
shear reinforcement strain.

Nine strain gauges were installed to measure thzdrdgal shear reinforcement
strain. Two LVDTs were set up at the specimen éodseasure the slippage between the

precast I- girder and the concrete joint. PleaseFsgure 3.4.3.2-1.
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3.4.3.3 Test Results
3.4.3.3.1 Load-Deflection

The load-deflection curve at the mid-span is showrrigure 3.4.3.3.1-1. The
curve shows that the deflection went to a valuel.db in. at the maximum load. At
failure, the deflection continued to increase withincrease in the load. The estimated
deflection was 0.7 inches. The south LVDT did retard a significant movement until
failure, and then a displacement of up to 0.3 iaswecorded. The failure happened
between the haunch block and the concrete jointveder, some displacement was
recorded by the LVDT between the I-girder and tbeccete joint. Please refer to Figure
3.4.3.3.1-2. The north LVDT did not record a sigraht movement, where no failure

was observed.

3.4.3.3.2 Concrete Strain at Mid-Span

Four strain gauges were glued at 6 in. south anith w6 the mid-span, at 1 in. and
2 in. from the top surface of the specimen. Theliregs of these four strain gauges were
very consistent and the average of these readirags almost 0.0015 in. /in., which
indicates that there was no flexure concrete cossjwa failure. Please refer to Figure

3.4.3.3.2-1.

3.4.3.3.3 Flexural Reinforcement Strains
Five strain gauges were glued to the longitudirahforcement Two strain
gauges were glued to the first layer from the boittwo strain gauges were glued to the

second layer, and one strain gauge was glued tihitiselayer. The readings of these five
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strain gauges were consistent. The three layers alenost at yield at the failure load.
Please refer to Figure 3.4.3.3.3-1.
3.4.3.3.4 Vertical Shear Reinforcement Strains

Six strain gauges were glued to the vertical shlmesrforcement Three strain
gauges at the south end of the specimen were ¢ghuthe bottom I-beam vertical stirrups
at 15 in., 30 in. and 45 in. from the edge of th&dim plate at the support. Thregain
gauges were glued to the north end of the specimtre same sequence of the previous
strain gauges.

The readings of the south strain gauges are showkigure 3.4.3.3.4-1A. The
readings of the north strain gauges are shownguargi3.4.3.3.4-1B. The reinforcement
was far from yielding as it was expected. The narld the south strain gauge readings
were consistent, which means that the load wagicantd the test setup was perfectly

aligned.

3.4.3.3.5 Horizontal Shear Reinforcement Strains

Nine strain gauges were glued to the horizontadushenforcement. Two of these
strain gauges did not work. Two of the threaded rdtS3ST and HS5NB) yielded. The
first rod mentioned was located right at the bemigrof the observed horizontal shear
failure. Three strain gauge readings were veryectosyielding. Those rods are: HS1ST,
HS5SB and HS4NB. The north strain gauge readings wary close to the strain gauges
located at the same distance but south of the meeciOne can see this consistency in
the two pairs of strain gauges, HS5NB&HS5SB and $EE2HS2NB. Please refer to

Figure 3.4.3.3.5-1.
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3.4.3.3.6 Crack Pattern

Figure 3.4.3.3.6-1 shows the crack patterns deedlapthe specimen while testing.
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3.4.3.3.7 Summary and Discussion of the Beam UltireaCapacities

It is recommended to use Loov and Patnaik’s 19%&&on, since it gives closer
failure loads than the LRFD equation to the obtaitest results, as shown in Table 7 and
Figure 3.4.3.3.7-1.

Table 3.4.3.3.7-1 Summary of the Maximum, Load Capaty (P kips) for Different
Ultimate Capacities.

Point Load Capacity
(kips)

Ultimate Flexure Capacity (cahted) 636.40)

Ultimate vertical shear capacity using two brancles| 784.85%7

5@3in. (calculated)
Ultimate Horizontal Shear Capacity Using the 545,349
Following two Equations

V, =kA,[@5+ p, ) T A,

\Y
V,, = d_u (calcaid)

Ultimate Horizontal Shear Capacity Using the 519.59°
Following two Equations

V, =k a5+ p,1,) F A
L= Q)
(1))

Ultimate Horizontal Shear Capacity Using the 251.407
Following two Equations
Vn=CAbV+ U- (A/f+ Pc)

Y
Vin =gt (calceid)

A%
Ultimate Horizontal Shear Capacity Using the 239.5¢7
Following two Equations
Vn=CAbV+ U- (A/f+ Pc)
L_)Q,)

(I)(b)
Ultimate Horizontal Shear Capacity 564.007
From the Full Scale Test s@tved)
WThe critical section for flexural capacity is atchspan
@ The vertical shear capacity due to only the I-beapacity
®)The critical section for horizontal shear is atgih. from the support or 55.8 in. from the end
of the base plate
®The horizontal shear failure happened at almosfréih the support.
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Figure 3.4.3.3.6-1Crack Patterns
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3.5 DISCUSSION

This paper introduces a cost-effective and aesthlbtiappealing revolution in
extending precast concrete bridge spans. Throutgngxe theoretical and experimental
research, it has been shown for the first time ¢banecting a haunch block to a standard
I-girder in the pier segment results in extendimg $pans of prestressed concrete bridges
to up to 350 ft, while meeting the limitations dfigping and handling capacities. This
approach efficiently substitutes for a customizetbepened pier segment while
optimizing the negative and the positive momenac#es.

The presented innovative horizontal shear reinforr@ uses 1-1/4 in. lubricated
coil threaded rods, inserted in the form befordicgghe concrete, and then later turned
to protrude 8 in. into the pocket. The reinforcemaliows for utilization of standard
forms, which enhances the cost efficiency of theppsed system.

The proposed system was progressively tested sewgn push-off specimens, a
pull-out specimen, and a full-scale specimen. Basedhe experimental results, Loov
and Patnaik’s 1994 equation is recommended oveA#®HTO LRFD, as the latter was

found to be unnecessarily conservative as showigure 3.4.3.3.7-1.

3.6 CONCLUSIONS

Through the utilization of a segmental haunchedcoete girder system, a large
number of relatively short, light girders, interometed using post tensioned cables, are
proven to result in longer-than-usual pre-stressmttrete bridge spans. This alternative
enlarges the span capacity of the precast bridgergi In other words, it increases the

span-to-depth ratio for the girder. It can alstuee the cost of the project because it is
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possible to completely eliminate the false-workm@rary towers). This is one of the
advantageous features of this system, especiallatar-crossing bridges.

This system is more cost-effective than the tradal solution of deepening the
pier segment for several reasons. It allows forubke of beams of less height and/or
weight. It also allows for more spacing betweenniigaand thus fewer beams can be
used. As far as aesthetics and clearance are o@uaGethis system allows for the
utilization of girders of less height. This resultsmore clearance below the bridge and

more pleasing aesthetics.
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CHAPTER 4
APPROXIMATE FORMULAS FOR PRESTRESSED LOSSES IN HIGH -

STRENGTH CONCRETE

4.1 INTRODUCTION
4.1.1 Problem Statement

The primary purpose of calculating losses in pessing is to accurately predict
the stress and deformation in concrete membersruselwice conditions. In 2002,
National Cooperative Highway Research Program ptdi8-07 (Tadros et. al.) resulted
in new guidelines for estimating prestress loseggré-tensioned high-strength concrete
bridge girders. In recent months, the guidelinegetbped in NCHRP 18-07 have been
expanded to include post-tensioned spliced girgeti@tions as well. The purpose of
this research project is to develop approximatentdas to estimate prestress losses in
high-strength concrete post-tension spliced giagslications based on the guidelines

developed in NCHRP 18-07.

4.1.2 Prestressed Losses

Loss of prestress is the reduction of tensile stresprestressing strands due to
contraction of the concrete around the strandaxagiion of stress within the strands and
external factors which reduce the total initialc®rbefore it is applied to the concrete.
Prestress loss in pre-tensioned girders is the siom of elastic effects, shrinkage,
creep and relaxation losses. Formulas currenty Uy various codes to determine the

concrete modulus of elasticity, shrinkage and creape been empirically established
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based primarily on data for normal-strength comcmith compressive strength up to

6.0ksi(Al-Omaishi).

4.1.2.1 Elastic Effects

Elastic effects are stress gains or losses intbstqe@ssing steel that occur when an
applied load causes a shortening or lengtheningeotteel such that the force exerted on
the concrete member by the steel changes. Thi#tsas the shortening or lengthening
of the concrete member and an accompanying elgatic or loss in the steel. Elastic
effects affect concrete stress throughout thedff@ prestressed element. In a spliced
girder bridge with two stage post-tensioning, etasffects are introduced during the

following events.

1) At transfer, elastic effects consist of a los® do pre-tensioning force and a
gain due to member self weight.

2) During first stage post-tensioning, they resnlta loss in the pre-tensioning
steel.

3) During deck placement, they consist of gainisath the pre-tensioning and first
stage post-tensioning steel.

4) During second stage post-tensioning, they irellodses in both pre-tensioning
and first stage post-tensioning steel.

5) Finally, elastic effects at the application ofperimposed dead loads and live
loads consist of gains in the pre-tensioning st both stages of the post-

tensioning steel.
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Elastic effects are different in high-strength aate as compared with normal
strength concrete due to high strength concretgjheln modulus of elasticity. The
modulus of elasticity, E, of a material is defineslthe change of stress with respect to
strain in the linear elastic range — a materiatifngss. Concrete is an elastoplastic
material and therefore has a modulus of elastiEythat varies non-linearly with stress.
It is approximated as a linear value by drawingna bn the stress-strain curve from the
origin to the point on the curve located ayd, i.e. the secant modulus at/Z.
Accurately approximating the value of the modulfi®lasticity of concrete allows for
prediction of a component’s initial camber and ®tagprestress gains and losses.
Variables influencing Einclude cement paste stiffness, porosity and caiipa of the
boundary zone between the paste and aggregatesegaty stiffness, and concrete

constituent proportions.

4.1.2.2 Shrinkage

Shrinkage loss is a long-term loss caused by cteisreatural tendency to shrink
over time due to loss of water. It is caused priipdy shrinkage of the cement paste
and depends on a number of variables includingcthrecrete strength, stiffness and
proportion of aggregates, ambient conditions, amd and shape of the specimen. It
continues throughout the service life of the bridg8hrinkage strain of HSC can be

different than normal concrete.
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4.1.2.3 Creep

Creep loss is a long-term loss caused by concrelels plastic deformation
under prolonged stress. It depends on a numbear@bles including the level of stress,
duration of loading, strength and age of the cde¢réaumidity, amount of steel
reinforcement, cement paste content, w/cm ratigregate proportions and properties,
and type of curing. It continues throughout thesise life of the bridge. Creep in high-

strength concrete is generally less than in nostralkgth concrete.

4.1.2.4 Relaxation

When a strand is stressed and held at a constam,dhe stress in the strand
decreases with time. This decrease in stressllexidhe intrinsic relaxation loss. The
most commonly used type of prestressing steel emtarket today is the low-relaxation
strand.

The predecessor of the low relaxation strand wasstress relieved strand. Low
relaxation strands undergo an extra production stepntrolled heating to about 668
and then cooling while under tension. This redueésxation loss to about 25% of that
of its predecessor. Due to wide-spread use ofridaxation strands, relaxation effects

are far less significant than in the past.

4.2 NCHRP PROJECT 18-07
4.2.1 Background

NCHRP project 18-07 dealt primarily with time degent loss prediction in
high-strength pre-tensioned girders. It involvedting conducted using concrete mixes

from 4 different states — Nebraska, New HampsHiexas and Washington. Three high
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strength concrete mixes and one deck mix wereddsten each state for a total of 16
mixes. The modulus of elasticity, strength, shamgd, and creep specimens were tested.
Components of prestress loss unaffected by conswength, for example strand
relaxation before transfer and post-tensioningdsdike friction and wobble, were not
addressed in 18-07.

In this project, a more accurate equation for datowg the modulus of elasticity
of concrete was developed. Proposed formulasdiimating shrinkage and creep were
developed as well based on extensive test datalcul@®on of relaxation in low-
relaxation strands was simplified to a single ieaisie.

A total of seven girders were instrumented in tbr fparticipating states. The
method developed in NCHRP 18-07 was verified by ganmg its predicted results with
the loss measured in these girders. In additiothi® verification, prestress loss data
obtained from other tests were compared to thosmated by the proposed method to
assess the method'’s reliability. Prestress lossarements were reported for tests on 31
pretensioned concrete girders in 7 states rangimge from 200 days to 28 years. They
represented a wide range of environmental conditiomaterial properties and
construction practices. The girders had | anddsmtions and had spans ranging from 45
to 152 feet. The methods for calculating prestless developed in NCHRP 18-07 were
proven to be reasonably conservative and acculatgives better correlation with tests

than the AASHTO LRFD Refined Method and the PCI-Bbidthod.

4.2.2 Modulus of Elasticity
NCHRP 18-07 included Haboratory tests of a set of three 4” x 8"cylirsléor

each state’s three HSC mixes and each state’srdecla total of 16 mixes, at 1, 3, 7, 14,
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28, 56, 90, 128 and 256 days. A total of 108 ci@ns were tested in the laboratory, E
field testing included 18 cylinders from each plahe concrete in the cylinders was the
same as the mix selected for each state’s instnedeagirders. They were cured under
the same conditions as the girders. The resudtqugation includes a variable to account
for the effect of local aggregate stiffness QnHg, as well as a variable to allow upper or
lower bound modulus of elasticity values to be glated, k. K; varies from 0.975 for
the softest aggregate (Nebraska) to 1.359 for #nédst aggregate (Texas). In Nebraska,
K, varies from 0.788 for a lower bound value to 1.2drlan upper bound value. The
equation also accounts for the variability of caterdensity with varying strength. A
detailed example of loss calculation in a postiterexd girder using the NCHRP 18-07
modulus of elasticity formula is included in thegpapdices of this report.

The following are the NCHRP 18-07 proposed modolfuslasticity equations:

E, = 33000K,K,w "*\[f', (ksi) (4.2.2-1)
w,_ = 0.140+f'_/1000 (kcf) (4.2.2-2)

where: K is a factor to account for local aggregate stgfds is a factor allowing for
an upper or lower bound modulus of elasticity clatan, w is the density of concrete in
kips per cubic foot and §is the 28 day concrete strength.

The following chart is a summary of NCHRP 18-07 miod of elasticity test

results and compares current prediction methods té proposed method.
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Figure 4.2.2-1 NCHRP 18-07 Modulus of Elasticity &st Results

Another major point made in NCHRP 18-07 relevantelastic effects is that
when external loads, including initial prestresst jnefore transfer and post-tensioning
loads, are introduced to taansformed section, the elastic effects are automatically
accounted for. That is to say, when the changmirtrete stress due to external loading
is calculated using the transformed section rathan the net or gross sections, elastic
effects need not be considered.

There are two options for calculating elastic losgain due to various loadings.
The first option involves using an iterative nettgn analysis. Using this option with
gross section properties to approximate net segtioperties is the common practice at
present. The second and preferred option involssg a non-iterative transformed

section analysis. Using the second option for udatng elastic gains or losses
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eliminates the need to account for elastic effegtsteration. For a further explanation

see Hennessey et. al.

4.2.3 Shrinkage

NCHRP 18-07 tested twelve laboratory shrinkage ispa&ts in each of the four
states. Three specimens were tested for eacheo$ttie’s three high-strength girder
mixes and three specimens were tested for eadisstlick mix for a total of 16 mixes.
One of the high-strength mixes from each state thassame as the one used in that
state’s instrumented bridge girders. A total ofsh@inkage specimens were tested in the
lab.

In addition to the laboratory testing, 3 specimeveye made from the same
materials as Nebraska’s girders and monitored enfifld. They were subjected to the
same curing and environmental conditions as thegbrgirders.

The NCHRP 18-07 proposed shrinkage strain forrmdtudes factors to account
for the age of the member, the volume-to-surfad® raf the member, humidity and
concrete strength. A detailed example of lossutalion in a post-tensioned girder using
the NCHRP 18-07 shrinkage strain formula is inctligethe appendices of this report.

The following is the NCHRP 18-07 proposed shrinksiyain formula:

€., = 480xL0°K 4k K, K,

(4.2.3-1)
K =— ' (4.2.3-2)
9 B1-4f +t o
-
kK= S/ (4.2.3-3)
73E

81



k.. = 2-0.0143H) (4.2.3-4)

5
1+f,

Kk, = (4.2.3-5)

where: kq is the time development correction factorys is the size factor, k is the
humidity correction factor for shrinkage;, ik the concrete strength correction factor, t is
the time in days, § is the concrete strength at release, V/S is themwe to surface ratio
and H is the average annual ambient relative huynidi%.

The following graph shows a summary of shrinkage data from NCHRP 18-07
and compares current and proposed shrinkage predichethods. Notice the

significantly lower shrinkage values predicted gdine proposed method.
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Figure 4.2.3-1 NCHRP 18-07 Shrinkage Test Results
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4.2.4 Creep

NCHRP 18-07 included laboratory creep tests onlallhigh-strength mixes.
Four 4” x 4” x 24” specimens were tested for eack. nThree specimens were loaded at
one day and one specimen was loaded at 56 daydotah of 48 creep tests were
conducted.

The NCHRP 18-07 proposed creep factor formula ohetufactors to account for
the age of the member, the loading age of the merhbenidity, volume-to-surface ratio
and concrete strength. The time development fasttire same as used in the shrinkage
formula, as is the size factor and concrete stherigttor. The humidity factor is
different, however.

The following is the NCHRP 18-07 proposed creepoiaformula:

W =190k kKKK, (4.2.4-1)
K, =— L (4.2.4-2)

9 1-4f, +t o
k, =t°"® (4.2.4-3)
K,. = 156-0.008H (4.2.4-4)
= 1064-94V /S (4.2.4.5)

73t
5

= 4.2.4-6
CT et ( )

where: kg is the time development correction factqy,i& the loading age factors s the

size factor, k. is the humidity correction factor for creep, ik the concrete strength
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correction factor, t is the time in days; s the concrete strength at release, V/S is the
volume to surface ratio and H is the average anaudient relative humidity in %.
The following graph shows a summary of creep coieffit test data from NCHRP

18-07 and compares current and proposed creepcpoedmethods.
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Figure 4.2.4-1 NCHRP 18-07 Creep Coefficient Te&esults,
Specimens Loaded at 1 Day

4.2.5 Relaxation
Stress loss due to relaxation of prestressing dsrahf .., tensioned initially tof can be

estimated as follows:

M e WKL, (4.2.5-1)
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where:

)] = relaxation reduction factor that reflects thetfthat actual relaxation will be
less than the intrinsic relaxation due to the stabetrease in strand stress due to
shrinkage and creep losses:
= 1- 3[(SH + CR/fpJ

foo = effective stress in prestressing strands, ksi

L, = intrinsic (constant-length) relaxation loss weih accounting for member
shortening due to creep and shrinkage:

= [log(241)/45][/f,y — 0.55] f;

t = time for which relaxation loss is calculatedys
foi = initial stress at the beginning of relaxatioedgeriod, ksi
foy = yield strength of strands, ksi

These values typically range from 1.8 to 3.0ksis k relatively small component
of prestressed loss and is assumed in NCHRP 18-b& 2.4ksi for the detailed method

and 2.5 ksi for the approximate formula.

4.2.6 Losses Step By Step

Figure 4.2.6-1 is plot taken from NCHRP 18-07 oéss$ versus time in the
strands in a pretensioned concrete girder. It shibe losses and gains occurring at
various stages in its life from jacking to finahi. A step by step description follows the

plot.
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Figure 4.2.6-1 NCHRP 18-07 Plot of Pretensioned fdier Losses
Jacking (points A to B): Loss due to prestmegdied anchorage seating. This
component was not considered in NCHRP 18-07.

Tensioning to prestress transfer (points B to I@)sses due to relaxation and
temperature change from that of the bare stratidetétemperature of the
strand embedded in concrete. This component wiasongidered in NCHRP
18-07.

Prestress transfer (points C to D): Instantasqwestress loss due to
prestressing force and self weight.

Prestress transfer to deck placement (points B)it Prestress loss due to
shrinkage and creep of girder concrete and relaxati prestressing strands.
Deck placement (points E to F): Instantanegastpess gain due to deck

weight on the non-composite section.
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6) Deck placement to superimposed dead load (pbitasG): Prestress loss due
to shrinkage and creep of girder concrete and aéilax of prestressing
strands.

7) Superimposed dead load (points G to H): Inatanus prestress gain due to
superimposed dead load on the composite section.

8) Superimposed dead load to final time (point® Kt Prestressed loss due to
shrinkage and creep of girder concrete and relaxati prestressing strands.

9) Live load (points | to J): Instantaneous prestrgain due to live load on the

composite section.

4.2.7 Approximate Formula

NCHRP project 18-07 also included a simplified dation and a parametric
study of prestress losses in pretensioned higingitnegirders for the development of an
approximate formula to predict long term losses,dreep, shrinkage and relaxation. The
derivation and results of the parametric studyggwen in NCHRP 18-07.

The formula, as given in equation (4.2.7-1), ineélsidhree terms. The first is the
creep term, the second is the shrinkage term amdhilhd is the relaxation term. The
approximate method proved to be almost as accastthe NCHRP 18-07 detailed

method and much simpler. The final form of theragpnate formula is as follows:

ps

fp
Af 7 =100

o VnYs #120Y,Y5 + 25 (4.2.7-1)

g

Y, = 1.7 - 001H = correction factor for humidity (4.2.7-2)
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Yo = % = correction factor for concrete strength (4.2.7-3)

ci

A = area of prestressing steel
A, = gross section area
where: vy, is the correction factor for humidity,s: is the correction factor for concrete

strength, Asis the area of prestressing steg]if\the gross section area, H is the average
annual ambient relative humidity in % ang & the concrete strength at release.
Notice the humidity factor in the approximate fortmis different than the
humidity factors used in the creep and shrinkagaftas. This approximate formula
was the starting point for the development of thstgensioned spliced girder bridge

approximate formulas.

4.3 SPLICED GIRDER BRIDGES

The next step to continue the work done in NCHRFOZ8vas to extend its
applicability to post-tensioned spliced girder domstion. A method was developed for
this task using loss formulas from NCHRP 18-07. ntt¢gorth, this method will be
referred to as the “Detailed Method.” Adding ptetsioning greatly complicates the
analysis. Figure 4.3-1 is a plot taken from a dmiénalyzed using the detailed method.
There are three stages of prestressing steel sgpieges 1) pretensioning, 2) first stage
post-tensioning and 3) second stage post-tensioningtep by step description follows

the plot.
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Figure 4.3-1 Plot of Two-Stage Post-Tensioned Gied Losses
Using The Detailed Method

The following is a step by step description of tbeses in the figure above. It

includes all of the prestressing steels.

1) Prestress release/transfer (1 day): Instantaiess in pretensioning steel due

to pretensioning force and self weight

2) Release to first stage post-tensioning (1 td&): Loss in pretensioning

steel due to shrinkage and creep of girder conamaderelaxation of strands.

3) First stage post-tensioning (30 days): Instauas loss in pretensioning steel

due to elastic shortening caused by first stagéteosioning.

4) First stage post-tensioning to deck placemehtl¢d/s to 60 days): Loss in

pretensioning and first stage post-tensioning steelto shrinkage and creep

of girder concrete and relaxation of strands.
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5) Deck placement (60 days): Instantaneous ggmmdatensioning and first stage
post-tensioning steel due to deck weight on thecmnposite section.

6) Second stage post-tensioning (60 days): Irest@oius loss in pretensioning
and first stage post-tensioning steel due to ela$iortening caused by second
stage post-tensioning.

7) Superimposed dead load (60 days): Instantangaiasin pretensioning, first
stage post-tensioning and second stage post-temgiosteels due to
superimposed dead load on the composite section.

8) Superimposed dead load to final time (60 day2a®00 days): Loss in all
prestressing steels due to shrinkage and creepirdérgconcrete and
relaxation of strands.

9) Live load: Instantaneous gain in all prestmggsteels due to live load on the
composite section.

In the above plot, first stage post-tensioningssuaned to occur at 30 days. Deck
placement, second stage post-tensioning, and suypesed dead loading are all assumed
to occur at the same time, in this case at 60 dayss is a reasonable assumption is
made to simplify the calculations. The sectioassumed to behave as a composite with
post-tensioning steel immediately after each passibning event, i.e. the grout is
assumed to cure immediately. The deck is assumdzk tfully cured at the time of
second stage post-tensioning. This will result silghtly unconservative elastic
shortening values due to second stage post-tengi@md slightly unconservative creep
values from the time of second stage post-tensipmintill the time when the deck

actually reaches its 28 day compressive strength.
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The first two stages of losses shown in Figurel41?2.the NCHRP 18-07 plot of
pretensioned girder losses, are not shown in FigB€el — the Detailed Method. These
stages are 1) pretensioning loss due to stressady dnchorage seating and 2)
pretensioning loss due to relaxation and tempegatbange from that of the bare strand
to the temperature of the strand embedded in ctncideither of these components were

considered in NCHRP 18-07.

4.4  APPROXIMATE FORMULA DEVELOPMENT
4.4.1 Problem Statement

Given the cumbersome task of calculating lossgsost-tension spliced girders
using the detailed method, even with a spreadstestgned for the task, the desire arose
to develop approximate formulas to estimate thesdssquickly and reasonably
conservatively. As a first step in this procebsg¢ formulas were desired.

1) A formula to estimate losses in the pretensigsieel at the time of first stage

post-tensioning
2) A formula to estimate losses in the pretensigsiteel at final time
3) A formula to estimate losses in the first stpgst-tensioning steel at final

time

These formulas apply only to one stage post-teesidimidges and focus on long
term losses. Additional formulas to predict lossesbridges with two stage post-
tensioning are desirable as well. However, thatld/aot benefit Nebraska’s current

situation. Nebraska currently specifies only otage of post-tensioning. Figure 4.4.1-1
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shows graphically the locations at which formulaesrevdeveloped. The numbers on the

graph correspond to numbers 1), 2) and 3) above.
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Figure 4.4.1-1 Points For Which Approximate Formuas Were Developed

A parametric study was conducted to look at losa large number of bridges.
To this end, a spreadsheet was developed to quigdign bridges within the boundaries

described in the “Assumptions” section of this mepo

4.4.2 Assumptions

The primary assumption governing the developmenhefformulas for losses at
final time was the following: overestimating prestsed loss is conservative for loss in
both prestressing steels. The primary governimgaeconditions during the service life

of the bridge are compression in the bottom flaonger the pier, tension in the top flange
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over the pier and tension in the bottom flange.4L.0 Overestimating losses will give
larger compression values over the pier and laegesion values at 0.4L
The primary assumption governing the developmehtthe formula for

pretensioning losses at the time of first staget-f@ssioning was the following:
underestimating prestressed loss is conservativEhe primary governing service
condition here is compression in the bottom flaafyeD.4L due to pre-tensioning and
post-tensioning. Underestimating losses will glaeger compression values at this
location and is therefore conservative. The red&iof the assumptions that follow are
based on these two.

As with the detailed method, the approximate foaswere developed to find the
losses at the section of maximum prestressing stantricity. On a two span bridge
this is at 0.4L.

The level of pre-tensioning was determined basedro@llowable bottom fiber

tensile stress limit of0.19\/E due to 150% of the girder self weightyMo account for

additional forces during construction and transgah. The level of post-tensioning
was determined based on required AASHTO serviaa $ta@ss limits.

Only NU shapes were considered. Spans ranged8@dnto 220ft.

The pre-tensioning steel jacking stress is heltstamt in this study at 202.5ksi.
The area of pre-tensioning steel varies. Initidss transfer most often occurs about 16
hours after the cement in the concrete mix begirtsytirate. This time is assumed to be
1 day.

A parabolic post-tensioning tendon profile was asstl with the first parabola
extending from 0.0L to 0.4L, the second parabol@rding from 0.4L to 0.9L and the
third parabola extending from 0.9L to 1.0L.
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Another factor influencing girder creep is the tiatevhich the post-tensioning is
applied. A younger concrete with a loweywill creep more than a more fully hydrated
concrete. Therefore the time of post-tensioningoisservatively assumed to be 30 days
after the precast section is cast. This allowsfeery optimistic construction schedule.

The amount of time that passes before deck pladeaisn affects creep. The
weight of the deck, as well as shrinkage of thekammcrete, will reduce the compressive
stress at the prestressing steel locations indbk#iye region. Therefore the time of deck
placement is conservatively assumed to be 6 moafties the section is cast. This
placement time is on the high side but is not usoeaable.

The 160ft transportation limit was ignored. Thidlwause an overestimation of
pretensioning steel, resulting in conservative gnedues.

Only two span post-tensioning systems with onegsesegment per span and a
splice joint over the pier were considered. In altispan post-tensioned bridge, the
level of prestressing in the positive section isager than is required in that section. The
level of post-tensioning is governed, not by thastie stress limit in the positive region,
but by the tensile stress limit over the pier. Teeel of pre-tensioning steel in the
positive region is governed by the transportatiequirement. The girders end up with
more total prestressing than is required to meetdhsile stress limit at 0.4L. This is not
true of a single span post-tensioned bridge in kwhie total level of prestressing is
governed only by the maximum positive moment aviserload. This means that
developing the approximate formulas based on teepcat 0.4L in a two span bridge will
be more conservative than based on the creep aspaidlin a one span bridge.

The V/S ratios for the NU1100PT to NU2000PT girdensge from 3.25 to 3.30

respectively. Girder shrinkage is a function af ¥WS ratio. Smaller V/S ratios increase
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shrinkage due to greater concrete exposure andténg moisture evaporation. A V/S
ratio of 3.25 was selected.

Span length, deck thickness, girder spacing, andebaselection were also
considered. The issue here is DL/LL ratio. A leigiDL/LL ratio will reduce the
concrete compressive stress at prestressing stelidns in the positive region while a
lower DL/LL ratio will increase this stress. Shapans, thin deck slabs, close girder
spacings, and light weight barriers (New Jerseyo@gosed to open rail) reduce the
DL/LL ratio. Barrier loads were ignored and girdggacing was set at 10’-0".

In calculating the prestressing required for tramsgiion and construction
purposes, the transformed section at 28 days vk us

Cracking was not allowed in the girder over the pieder live load.

The moments due to secondary post-tensioning eftecthe pier location range
from a minimum of about 3% to a maximum of abou¥l6f the primary moment. One
of these values were assumed for each stressdimagked. The most conservative value
for the given stress limit was selected. For eXamphen checking tensile stress over
the pier, 3% was selected as the conservative vatusmall value for this stress check
would require more post-tensioning steel.

An equal number of strands were assumed presegddn duct. A maximum of
four ducts were used. A maximum of 15 — 0.6” dimnetrands were used per duct.
The location of the centroid of the top and bottalucts were a minimum of 4” from the
surface of the concrete. Tendons were spaced 2y2&'t. For a few sections using 12
ksi concrete, the section could handle stress froome than 4 — 15 strand tendons,
allowing a longer span. In these few instancesyas assumed that each duct could

accommodate more than 15 strands. The most exttaseewas an NU2000 spanning
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220ft with 18 strands per duct. This is not tgtaibrrect but will have little effect on the
final results. Transformed section properties Wil affected slightly, as will friction
losses. But the effects will not be of consequence

Effective deck width used to calculate compositetiea properties over the pier
is per AASHTO LRFD Art. 4.6.2.6.1.

Live load calculations are based on HL-93 loadirsg pgr AASHTO LRFD
Specifications, Article 3.6.

Strength limit states were checked at 0.4L and twepier for the most extreme
cases. Tensile stress over the pier usually gedesmce cracking was not allowed at
this location.

Duct spacing was held constant at 5.25”. Duct tlonawas varied to meet
AASHTO tensile and compressive stress limits.

Post-tensioning is applied when splice joint cotecreaches 6000psi (lower than
fc=8000psi). The splice joint over the pier is madithic with the diaphragm at that

location. These approximate equations were deedl@ssuming a compressive stress
limit of 0.6f'c and a tensile stress limit cﬂ).19\/Ein the I-section over the pier at the

time of post-tensioning. This would create a tiensnd compressive stress limit problem
at the splice joint if there were no diaphragm othex pier. But with the diaphragm

present, the stress in the splice joint due to-f®ioning is much less than would be the
case if only the I-section was taking the forceherefore, these equations are valid only
if the splice joint over the pier is monolithic withe diaphragm at that location. If there
were splice joints somewhere in the span, stressslidue to post-tensioning would need

to be checked there as well.
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The assumption that will most quickly be “unassufnéat the purpose of
expanding the usefulness of the equations is thstant 70% humidity.

A qgirder spacing and deck width were assumed shel the interior girder
loading controlled the design.

A deck thickness of 7.0” was assumed. This istleas the Nebraska Department
of Roads BOPP Manual minimum of 8.0” for a 10’ desgacing. The 8.0” value given
in the BOPP Manual includes the half inch wearingace, so the minimum effective
thickness allowed by NDOR for our spacing is 7.%he AASHTO LRFC specifications
allows a minimum effective thickness of 7.0”. Thamaller value allows less load
sharing between girders and results in a more coatpee girder design.

Concrete strengths ranging from 8ksi to 12ksi wested. Concrete strength at
release was assumed to be Q.8five load moments for the various sections goahs

lengths were obtained using ConSpan.

4.4.3 Parametric Study

The parametric study was conducted. A spreadshagtdeveloped to quickly
design each bridge within the guidelines of theuagdions above. Appendix G
describes the steps in the design of each bridgadimg determination of losses using

the Detailed Method.
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4.4.4 Approximate Formulas
The parametric study led to the development ofetlagporoximate formulas for
estimating prestressed losses. The NCHRP 18-Obdpmate formula was the model

for each of these.

4.4.4.1 Formula #1

The first formula developed was to predict timeategent prestress losses in the
pretensioning steel at the time of post-tensioniuegduring the first period, as shown in
Figure 4.4.1-1. The key assumption in the develagrof this formula is that
underestimating prestressed losses is conservalivs. is the opposite of what was
assumed for the other two formulas. The reasanisttonservative is that the stress
limits investigated at this point in the constraatprocess are due to stress from
pretensioning and post-tensioning steel, not frexaddor live loads. If we underestimate

the loss then we overestimate the stress due str@ssing, giving conservative results.

f.
Af i =20 ‘; P\, Ve + 55Y, Y, + 1.0 (4.4.4.1-1)
g
y, =1.7- 001H (4.4.4.1-2)
Yt = > (4.4.4.1-3)
st 1+f(;i e i N

where:yy is the correction factor for humidity,s; is the correction factor for concrete

strength, {i is the stress in the pretensioning steel at re|egss the area of the
pretensioning steel, As the gross section area, H is the average amamnoailent

humidity and fg is the concrete release strength.
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Notice the similarities between Formula #1 andNIBHRP 18-07 approximate
formula, equation 4.2.7-1. Both have three temngeep term, a shrinkage term and a
relaxation term. In both, the creep term consié&s multiplier, the level of prestressing
and factors to correct for humidity and concretersjth. In both formulas, the shrinkage
term consists of a multiplier and factors to carfec humidity and strength. In both, the
relaxation term is assumed to be a constant. Arwbih, the strength and humidity

correction factors are identical.

Also notice the differences between Formula #1f petailed Approx Ratio of
Approx
and the NCHRP formula. The creep multiplier in the Afpin Afpin to
(ksi) (ksi)  Detailed
NCHRP formula is 5 times as large as the creepiphelt 55 51 0.93
5.8 5.3 0.92
in this formula, 10.0 as opposed to 2.0. Thisxjseeted. 5.9 5.5 0.93
5.6 5.4 0.96
The NCHRP formula predicts creep at final time vehas | -7 5.5 0.97
6.5 5.8 0.90
Formula #1 predicts creep at the time of post-tamsg, 5.3 5.3 1.00
6.1 5.6 0.92
which is anywhere from 30 to 120 days or so. lozesp 6.1 5.7 0.94
5.7 5.6 0.97
will have occurred at this time. 6.3 5.8 0.92
6.3 5.9 0.94
Also, the NCHRP formula is used to predict cre¢p -9 o.7 0.97
6.5 6.0 0.93
in girders with much larger amounts of pretensignin 6.4 6.1 0.96
5.8 4.6 0.80
: : 6.0 4.9 0.82
steel. Most of the prestressing that happenslioesp
P J PP 6.4 5.2 0.81
girder construction comes in the form of post-tensig. 6.6 53 0.80
6.3 5.2 0.83

This means that the level of pretensioning in ggde

Figure 4.4.4.1-1
Comparison of Formula
#1 Results to Detailed

Method Results

used in spliced girder bridges will be much lowEor
both these reasons, it makes sense that the nerltynl

the creep term in this formula would be much smalle
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than the creep term in the NCHRP 18-07 formula.

The shrinkage multiplier in the NCHRP formula, 1,29about twice as large as
the shrinkage multiplier in this formula, 5.5. $lé expected as well since more
shrinkage will occur by final time than by firsage post-tensioning.

And finally, the relaxation term here is 1.0ksicasnpared with 2.5ksi in
NCHRP. This too is expected.

This approximate formula was accurate to withirkdi3or all the bridges
included in the parametric study. Loss valuesedrfgom 6.6ksi to 5.3ksi. A difference
of 1.3ksi is an error of 20%. This sounds large,when the small values of prestress
loss at this point in the life of the girder arensmlered, 20% or 1.3ksi is a reasonable
error. Figure 4.4.4.1-2 is a sample of the dataluis developing Formula #1. The 1.397
factor shown on the chart was the starting pointhe 2.0 factor that ended up being the
creep term multiplier. The idea here is that tteep term multiplier, 2.0, times the

correction factors for both strength and humidity,and, will give a value close to

1.397.

The shrinkage term was a slightly different animalthough shrinkage values
vary due to a number of factors, the differencessanall enough that the shrinkage can
be approximately represented as a constant vatwediven humidity and concrete
strength.

Relaxation was found to be about 1.0ksi duringfitisé period.

Losses/gains due to deck shrinkage must also ®d=sed. Deck shrinkage
causes prestress gains most of the time, but the ¢and occasionally losses) are so

small that a term in the approximate formula tooact for them could not be justified.
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Therefore, adjustments are made to the formulai®ws terms instead. In this way,
deck shrinkage is considered by the formula, eleagh there is not a term to

specifically address its effects. The final lpssdiction results are the real issue.

Pre-tensioning vs. Creep Loss, 1st Period, Pre-
Tensioning Steel

2.5

O
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Figure 4.4.4.1-2 Data Used in Development of Crederm of Formula #1

4.4.4.2 Formula #2

The second formula developed was to predict tinpeddent prestress losses in
the pretensioning steel at final time, assumedtd®000 days, as shown in Figure 4.4.1-
1. The key assumption made with this and the apgtoximate formula is that

overestimating prestressed losses is conservative.

Af =8

pLT

ViV +126Y, Y, + 24 (4.4.4.2-1)

LfoPp +O7ELA,
A

9
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y, =17 - 001H (4.4.4.2-2)

5
= 4.4.4.2-3
Yo =175 r ( )
165
: 8
Vo =| = (4.4.4.2-4)
fC
where: vy is the correction factor for humidity, st is AfpLr Ratio of
Approx
. : (ksi) to
the correction factor for concrete strength indheep _ :
Detailed Approx Detailed
: , | 231 23.2 1.00
term, vt is the correction factor for concrete strength in 270 270 1.00
29.3 31.2 1.07
the shrinkage termgfis the stress in the pretensioning| 26.8 27.4 1.02
29.5 317 1.08
steel at release,As the area of the pretensioning steef, 32.1 34.8 1.08
25.4 26.1 1.03
fou is the tensile strength of the post-tensioninglsis, 28.6 29.7 1.04
31.1 33.0 1.06
is the area of the post-tensioning steel (see ajipen 27.0 28.6 1.06
. . _ 31.1 325 1.04
for a notation explanation),/As the gross section area| 5,4 34.4 1.08
_ _ o 29.5 313 1.06
H is the average annual ambient humidityjg'the 28 331 34.9 1.05
325 36.7 1.13
day concrete strength ang fs the concrete release 25.2 26.4 1.05
26.1 27.2 1.04
strength. 28.4 29.1 1.03
28.1 29.9 1.06
28.5 28.7 1.00

As with the NCHRP 18-07 approximate formu'~ _
Figure 4.4.4.2-1

and the first spliced girder approximate formutast ~ Comparison of Formula #2
to the Detailed Method
formula has creep, shrinkage and relaxation terms.
Other similarities are present as well.
There are significant differences, however. Theeprterm in Formula #2

involves total prestressing, not just pretensioniAfso the creep term also contains a

different correction factor for concrete strendthrt in the NCHRP formula or Formula
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#1. This factor reflects the fact that creep logsost-tensioned girders at final time is
generally less than in pretensioned girders wighstlime amount of total prestressing
since most of the prestressing is applied aftectimerete has reached a higher strength.
As shown in Figure 4.4.4.2-1, Formula #2 was adeu@within 8% of the
Detailed Method in 95% of the bridges investigat&tie largest difference within these

95% is 2.6ksi. Figure 4.4.4.2-2 is a sample ofdata used in developing Formula #2.

(Pre-tensioning + Post-tensioning) vs. Creep Loss in
Pre-Tensioning Steel at Final Time
35.0
30.0 5162
y =6.027x
25.0 z ~
*
& 20.0 - . // *e
g ' L 2 . L 2
W “e
<1 15.0 =
L
10.0 | L~
5.0
0.0
0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00 5.50 6.00
(FpiAptf1A1)/Ag

Figure 4.4.4.2-2 Data Used in Development of Crederm in Formula #2

4.4.4.3 Formula #3

The third formula developed was to predict timeeadefent prestress losses in the

post-tensioning steel at final time as shown iruFegt.4.1-1.
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foA,+07f A,

Af,. =72 A VeVa + 77Y,Yy + 59 (4.4.4.3-1)
9
Y, =1.7- 001H (4.4.4.3-2)
Yst = > (4.4.4.3-3)
st 1+f(':l e
165
: 8
Vo = [f—j (4.4.4.3-4)
where: variables are the same as in Formula #2eabov Afy o Ratio
Approx
The most notable difference in Formula #3 is the (ksi) to
Detailed Approx Detailed
larger relaxation term. In pre-tensioning steignicant 22.1 22.1 1.00

255 255 1.00

relaxation occurs between the time of stressingtaedime 27.8 29.3 1.05
25.5 25.8 1.01

of release. This relaxation is not of consequeace 28.1 29.7 1.06
29.9 32.5 1.09
designers who are only interested in the strefiseistrand 24.5 24.7 101
26.8 27.9 1.04

at the time of release and in the losses thatviolldhe 29.1 30.8 1.06
25.7 27.0 1.05
precaster is responsible for making sure the stessdease | 28.9 30.4 1.05
29.7 32.1 1.08
is that specified by the designer. 27.8 29.3 1.05
30.7 325 1.06

With post-tensioning steel, however, these losses| 30.4 34.1 1.12
24.7 25.7 1.04

have to be accounted for in design. Relaxatiosdesre 25.1 26.4 1.05
26.5 28.1 1.06
considered from the time of jacking to final timéhese 26.3 28.8 1.10

26.5 27.7 1.05

increased loss values are the cause for the larger
Figure 4.4.4.3-1

relaxation term. Comparison of Formula
#3 to the Detailed Method

As shown in Figure 4.4.4.3-1, Formula #3 was
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accurate to within 10% of the Detailed Method i8©6f the bridges investigated. The
largest difference within these 95% is 2.7ksi. ureg4.4.4.3-2 is a sample of the data

used in developing Formula #3.

(Pre-tensioning + Post-tensioning) vs. Creep
Loss in Post-Tensioning Steel at Final Time

30.0
25.0 =
20.0 y=72787x 2 e /
»” o
g 15 O “0’ L *

L J
10.0

e
5.0
0.0 I I I I I I I 1 1

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00 5.50 6.00

Figure 4.4.4.3-2 Data Used in Development of Cre@ferm in Formula #3

4.45 Detailed Method and Approximate Formulas Comared

Having developed approximate formulas to predioietidependent losses in
spliced post-tensioned bridges, we now compare ltisses predicted using these
formulas versus those predicted using the DetalWethod from which they were
developed. The following two numerical examples &aingle stage post-tensioned
bridges designed in the state of Nebraska. Omesingle span structure and the other is

two-span.
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4.4.5.1 Skyline Bridge

The 198" - Skyline Dr. Bridge in Omaha, NE is a 63 000 n2®g(ft - 8.3 in)
long, 17 686 mm (58 ft — 0.3 in) wide single-spaiddee. NU2000PT Nebraska I-girders
were used in its construction. Girder depth wa302@m (6 ft - 6.6 in) and web width
was 175 mm (6.9 in). The bridge cross sectionistet of 7 girders spaced at 2550 mm
(8 ft-4.4 in), a composite 200 mm (8 in.) cast-lage concrete slab and three girder
segments per girder line with two splice joints pegment as shown in Figure 4.4.5.1-1.
The end segments were each 8 750 mm (28 ft — Bl&drnig and the field segment was 45
000 mm (149 ft — 3.3 in) long. The release stremgjtthe precast girders is 7.5ksi, their
28 day compressive strength is 10 ksi. The 28cdaypressive strength of the CIP slab
is 4.3 ksi. The design live load is HL-93.

In the field segment, forty two 0.6in diameter predioning strands were released
at 202.5ksi. For pretensioning and post-tensiodigigils see Figures 4.4.5.1-3 and
Figure 4.4.5.1-4 respectively. Three post-tensignendons, each with 15-0.6 in
diameter strands, run through each girder linekidg stress was 202.8Ksi.

The construction stages were as follows and aceshlswn in Figure 4.4.5.1-2.

Stage 1. Fabrication of precast girder segments.

Stage 2. Erection of precast girder segments onpdesny towers and
abutments.

Stage 3. Construction of splice joints.

Stage 4. Post-tensioning and removal of the tempaoavers.

Stage 5: Placement of deck slab.

106



Stage 6: Construction of barriers

Additional Detailed Method input values are asdai. Relative humidity is

70%. Age at release is 1 day, age at post-temgjasi30 days, age at deck placement is

60 days and age at final is 20,000 days.
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63,000 mm
8675 mm 45,650 mm 8675 mm
AN End segment N Field segment A MSE
Pier Wall
L]]'[‘UJ ELEVATION L[H‘[[J
- NOT TO SCALE -

58 ft- 0 in.

2,56 iy
175 m&‘ﬁ rJ 6in. | | 55 ft- 5in. | 15in,

| ]
(7T TTIIITEI

5.5in F o
5.3 n. 3ft-11in 6 SPACES @ 8 ft- 4.4 in. = 50 ft- 2 in. 3ft- 11 n.

\ 1
39.4 in.

DECK CROSS SECTION
NOT TO SCALE

6.9in.

SECTION - NU 2000
NOT TO SCALE

Figure 4.4.5.1-1 General Layout of the 198— Skyline Dr. Bridge
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L L

End én% AN Field segment % _Pier 1

1. Fabrication and erection of precast girder.
(Contractor has option to assemble the three setgoerthe ground)
i

L }

LU‘H‘HJ 2. Cast wet joint and install intermediate diaplnnag LH_U_UJ

L[lw 3. Post-tensioning and removal of temporary towersLm]‘DJ

LU_U_HJ 4. Cast deck slab LH_U_UJ

Figure 4.4.5.1-2 Construction Sequence of the 198 Skyline Dr. Bridge
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Strand tensioned
to 9.0 KN/strand
(2 kips/strand)

/
—— - place symmetry about —
girder center line

N/

Note: All strands are straight.

Rt
F

End Segments (8-0.6" Strands) Field Segment (45-0.6" strands)

Figure 4.4.5.1-3 Pre-tensioning Scheme of the 188 Skyline Dr. Bridge
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SYMMETRIC ABOUT
€
Deck Slab
-1
77777077 /
Three tendons w/ -— 1

15-0.6 in. strands each

POST-TENSIONING TENDON LAYOUT

NOT TO SCALE

2% slope

R

=

DUCT DETAIL -

NOT TO SCALE

f

A\

5.24 in.
5.24 in.
3.82in.

SECTION 1-1 AT MID-SPAN

NOT TO SCALE

Figure 4.4.5.1-4 Post-tensioning Details of 198- Skyline Dr. Bridge
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The following is a time dependent loss comparisenvben the Detailed Method

and Approximate Formulas.

Detailed Method | Approximate Approximate
Loss (ksi) Formula Loss | Formula / Detailed
(ksi) Method Ratio
Formula #1
Pretensioning Loss At 8.17 6.44 0.788
Time of Post-
Tensioning
Formula #2
Pretensioning Loss At 27.08 31.65 1.169
Final Time
Formula #3
Post-Tensioning Loss 23.76 29.18 1.228
At Final Time

Table 4.4.5.1-1 Loss Prediction Comparison, SkylenBridge

From the results above we see that the approxifoatailas conservatively
predicted time dependent prestress loss in themsieining and post-tensioning steel in
the Skyline Bridge. The level of conservatismeef$ the fact that these formulas were
developed based on a parametric study that ditholtde one span bridges. Formula #1
conservatively underestimated loss by 1.73ksi,102%. Formula #2 overestimated

losses by 16.9% and Formula #3 overestimated Idgs22.8%.
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4.4.5.2 Highway-50 Bridge

The Highway-50 bridge is located on Highway 50 ary County, Nebraska and
was constructed in 2000. It is a two-span bridgé wach span measuring 37 800 mm —
37 800 mm (124 ft — 124 ft) and a total width ofS8D mm (100 ft — 4 in) as shown in
Figure 4.4.5.2-1. NU1350PT Nebraska I-girders wesed in construction with 10 girder
lines spaced at 3 100 mm (10 ft-2 in) each. Gid#gath is 1350 mm (4 ft — 5 1/8 in) and
web width was 175 mm (6.9 in). A composite 200 (8m.) cast-in-place concrete slab
was used. Two girder segments per girder line §eaneen the abutments and the pier.
The release strength of the precast girders wassi5dnd their 28 day compressive
strength was 8ksi. The 28 day compressive streofjthe CIP slab was 5 ksi. The
design live load was HL-93.

Twenty four %" diameter pretensioning strands weeteased at 202.5ksi.
Pretensioning details are shown in Figure 4.4.5.2F®%0 post-tensioning tendons, each
with 15-0.6in diameter strands, run through eactegiline. Jacking stress was 189ksi.
Post-tensioning details are shown in Figure 4.43%5.2

The construction stages were as follows:

Stage 1: Fabrication of precast girder segments.

Stage 2: Erection of precast girder segments opidreand abutments.
Stage 3: Construction of the diaphragm.

Stage 4: Post-tensioning.

Stage 5: Placement of deck slab.

Stage 6: Construction of barriers
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Additional Detailed Method input values are asda. Relative humidity is
70%. Age at release is 1 day, age at post-temgjasi30 days, age at deck placement is
60 days and age at final is 20,000 days. Posteteing secondary effect moment is

769k-in.
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€ ¢ €
Abutment Pier Abutment
124'-0" 124-0"
11
N Left segment N Right segment
ELEVATION
292in. 100 ft- 4 in.
) 14in. ‘ 98 ft-0in. 14in.
i S —— #
1
175 mm 53.11n. i
NU1350
55in. F 28
53 :: 53.1in. \ 9 SPACES @ 3100 mm = 27,900 53.1in.
39.4in. o
SECTION - NU 1350 DECK CROSS SECTION
NOT TO SCALE NOT TO SCALE

Figure 4.4.5.2-1 General Layout of the HW50 Bridge
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Strand tensioned
to 9.0 KN/strand
(2 kips/strand)

\
place symmetry about TN ~ .
girder center line ‘ﬁ /

Note: All strands are straight.

2 x 2"= 4%/ \

At 0.4 L (24-0.5" strands)

Figure 4.4.5.2-2 Pretensioning Scheme of the HWHbidge
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SYMMETRIC ABOUT
¢

Deck Slab

——— ———
v s

Two tendons w/ /

15-15.2 mm strands each

POST-TENSIONING TENDON LAYOUT

NOT TO SCALE

@ IS T

14.0 in.
3.87in.
DUCT DETAIL 3 17.1in. 5.7in.
NOT TO SCALE 4.01in.
AT 04L AT 04L AT Pier
NOT TO SCALE NOT TO SCALE NOT TO SCALE

Figure 4.4.5.2-3 HW50 bridge post-tensioning detiai
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The following is a time dependent loss comparisenvben the Detailed Method

and Approximate Formulas.

Detailed Method | Approximate Approximate
Loss (ksi) Formula Loss | Formula / Detailed
(ksi) Method Ratio
Formula #1
Pretensioning Loss At 7.64 6.65 0.870
Time of Post-
Tensioning
Formula #2
Pretensioning Loss At 29.23 32.69 1.118
Final Time
Formula #3
Post-Tensioning Loss 26.12 29.48 1.129
At Final Time

Table 4.4.5.2-1 Loss Prediction Comparison, Highwa50 Bridge

From the results above we see that all three appeig formulas conservatively
predicted time dependent prestress loss in theqs®ning and post-tensioning steel in
the Highway-50 Bridge. Formula #1 underestimated by 0.99ksi, or 13.0%. This
value is within the 20% range found in the parametudy. Formula #2 overestimated
loss by 11.8%. This is slightly outside of the 8%ge found in the parametric study.
Formula #3 was the most conservative, overestimabiss by 12.9%, slightly outside the

10% range in the parametric study.
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There are a number of reasons for the overestimaftithe approximate formulas
for the pretensioning steel and post-tensioningl stefinal time. One of the most
conservative assumptions made during the paransttrity was that cracking was not
allowed in the precast section over the pier. Figsificantly increases the level of post-
tensioning for a given span. The Highway 50 bridged two tendons with 15 strands
each, a total of 30 strands, and a jacking stre$8%ksi. This configuration would have
resulted in a concrete tensile stress in the preseation over the pier with full live load
greater than the 537 psi allowed (0.2 To keep the precast section from cracking over
the pier with the given jacking stress of 189kagtegirder line would have required
three tendons with 12 strands each, 6 more stithiadsincluded in the bridge. This
additional post-tensioning would have resultecangér prestress loss predictions by the
Detailed Method.

Another relevant assumption made in the paramstindy is that the maximum
stress in the tendon after friction and seatingdesvas 0.7fpu or 189ksi. This usually
allowed a jacking stress of 196ksi or so. The Migi 50 bridge used a jacking stress of
189ksi, lower than the 196ksi assumed in the stwtiych after friction and seating
losses gave a stress at 0.4L of 179.1ksi. Hadkin@ stress of 196ksi been used with
the three tendon profile described above, the testi@ss at 0.4L would have been
185.2. The lower stress at 0.4L used in the HighBabridge partially explains the
reason for the lower loss predictions by the DethMethod than the approximate

formulas.
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The list of assumption that were made in the dgraknt of the approximate
formulas that would have caused them to estimaeover-conservatively continues.
The time at which deck placement was assumed tar ozas 180 days. On the
Highway-50 bridge Detailed Method analysis, thekdeeas placed at 60 days. Since
deck placement reduces the compressive streseaofitrete at the location of the
prestressing steels, an earlier deck placementdimaue reduced creep at final time.

A thicker deck was used on the Highway-50 bridgatwas assumed. This
would have resulted in a larger dead to live Iatbr reducing creep.

All of the above contributed to loss over-predintiny the approximate formulas.

4.5 CONCLUSIONS AND SUGGESTED RESEARCH

Approximate formulas have been developed to pregie dependent prestress
loss in both pretensioning and post-tensioning stespliced girder bridges. The
formulas are conservative and easy to use. Tha ¢td\conservatism in loss predictions
at final time is reasonable in two span bridgeslésg reasonable in single span
structures. A wider range of bridge configuratioegds to be investigated to confirm
the accuracy of the formulas for two span applawetiand to modify the formulas, or
possible develop new formulas, for single sparnctiines. Formulas also need to be

developed to predict these same losses in two-giagjetensioned applications.
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CHAPTER 5

POST-TENSIONING QUALITY CONTROL

5.1 INTRODUCTION
5.1.1 Problem Statement

The importance of protecting the corrosion sensifpost-tensioning steel has
come into focus in recent years. After the cokap$ two post-tensioned structures in
England and the recent discovery of corroded temdiorseveral Florida bridges, many
owners began to investigate their grouted postders structures more closely.
Numerous investigations found that typical groukesi equipment, and procedures used
in the past, as well as field inspection proceduese not adequate to protect the post-
tensioning steel. This research project seeketerohine what changes, if any, need to
be made to the Nebraska Department of Roads Posiereng Special Provisions to
ensure that the full, corrosion free design lifepokt-tensioning tendons in Nebraska’s

bridges will be attained.

5.1.2 General Post-Tensioned Performance

Post-tensioned concrete (as opposed to pre-temsi@oacrete) is a type of
prestressed concrete in which the strands or barplaced in longitudinal or transverse
ducts and tensioned after the hardening of the reteic The prestressing force is

transferred through end anchorages such as thehomwen in Figure 5.1.2 — 1.
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Proper tendon grouting is

Anchor

critical to obtain the requirec

structural bond and tendol Wedge Plate

corrosion protection.  The i
primary causes of corrosiol

Wedges

in post-tensioning tendons

Figure 5.1.2 — 1 Post-Tensioning Anchorage
are standing bleed watel,
water infiltration, reactions caused by chemicaiadures, and exposure to de-icing
chemicals. These often result from one or moréheffollowing: the use of high bleed
grout, poor design details, relaxed inspection sigét, relaxed construction and grouting
operations and weak construction specificationachEof these will be addressed in the
following pages.

Post-tensioned concrete technology developed sadialing the 1960s. In much of
the work done since that time, the majority of gsoused in construction have been a
simple mixture of Portland cement and water. Waiement ratios were typically
specified between 0.47 to 0.53, with expansive @ndion-bleeding admixtures
sometimes specified. In general these grouts apjede performing satisfactorily.
However, on some projects, especially in aggressiwgronments such as marine and
northern climates where chlorides or sulphates vem@untered, these grouts did not
perform as expected (PTI Committee).

The focus of most of the attention surrounding ftession tendon corrosion has been

segmental bridge construction, and rightly so. riyure, segmental bridges are more

susceptible to chloride ingress than their spliceadcrete I-girder counterparts, even with
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the, “no tensile stress allowed in the top of tleekdafter all losses, in the longitudinal
and transverse directions”, requirement found innyngost-tensioned box girder
specifications . Joints between bridge segment® lsametimes provided aggressive
chloride ions unhindered access to the tendon dubVet joint spliced I-girder
construction, although susceptible to its own setpmblems, is a more corrosion
resistant system.

With the wide spread use of new materials and w@olgy in the last 10 years, the
possibilities are far ranging with regard to admifil controls that the Design Engineer
can exert on the properties of the grout in bothftesh and the hardened states. These
improvements are especially helpful in applicatibke bridge decks where de-icing salt
is applied or in salt water environments, both bfck may cause severe exposure of the
post-tensioning elements.

It's important to realize, before we begin the gannto the recent national and
international horror stories surrounding post-tensiendon corrosion, that historically,
post-tensioned construction has had an excellack trecord. Significant corrosion does
not happen often. But when it does, the costhigte

To illustrate the overall success of prestressedrete bridge construction, the 1997
National Bridge Inventory taken by the Federal hvgly Administration showed the

following table:
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Bridge # of Percent of Percent of

Type Bridges Total # Deficient Deficient
Steel 196,741 42.2 63,930 61.2
Timber 43,446 9.3 20,896 20.0
Reinforced Concrete | 141,558 30.4 19,421 18.6
Prestressed 84,400 18.1 3,170 3.0
Concrete
Segmental Box 250 0.1 0 0.0
TOTALS 466,395 104,457

Table 5.1.2 — 1: Federal Highway
Administration National Bridge Inventory
Data, 1997

Note that only 3% of prestressed bridges of alesyfincluding post-tensioned) were
found to be structurally deficient, and no segmlebtadges were rated structurally
deficient.

The second edition of ASBI's “Durability Survey 8egmental Concrete Bridges”,
published in September of 2002, found that, “sedaldamidges are performing well with
time”. The survey found no structurally deficiesgtgmental bridges, and found that 99%
had a superstructure rating of “satisfactory” (6)hagher on a scale of 0 to 9 with O
being, “Failed condition, out of service, beyondrreotive action”, and 9 being,
“Excellent condition”. The survey also found pressed concrete bridges to be the best

performing system on the market. This survey i=cmted every 5 years.
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From these and other statistics we conclude that-teasioned concrete bridge
structures are good long term performers. We wdoldvell to improve small problem

areas rather than to seek an alternative system.
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5.2 BACKGROUND AND LITERATURE REVIEW
5.2.1 Recent Problems

A look at the small number of post-tensioned bridgfeat have received so much
attention nationally in recent years will also shtdve excellent performance of post-
tensioned bridge technology. Internationally, Engl was the first location to have
significant problems. In 1967 the Bickton Meaddwstbridge collapsed suddenly due
to tendon corrosion. It was built in 1952 and wasegmental construction with thin
mortar joints. Both the precast units and mouartg were of extremely poor quality. It
was reported that the precast units were crackddhaneycombed when delivered to the
site to the extent that grout appeared at the sairéd the units during the grouting
operation, i.e. grout squirted out of the bridge.

On December 4, 1984 at about 7:00am, the Ynys-ysQwialge in the neighborhood
of Port Talbot in Wales collapsed. It was a 6Qtfoog single span bridge of segmental
construction. The investigation revealed thatsbégments were joined with thin, highly
permeable mortar joints. Moisture, chlorides angygen had ready access to the
tendons. Tendon corrosion took place at the terssvjoints. There was no evidence of
distress prior to failure (Woodward et. al).

These two collapses, along with a number of otkses Isevere problems, led the
United Kingdom’s Ministry of Transportation to pa@ ban on the construction of new
bonded post-tensioned bridges in 1992 — a veryergasve response. This ban was
partially lifted in 1996.

The United Kingdom’s experience with precast segaleconstruction has been

significantly different the United States’. Alomgth the two corrosion induced failures,
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there have been a number of durability problem$ Wwinded post-tensioned structures.
Specifically these problems have been related ito iortar joints, poor design and

construction practices and mistakes made duringdéségn and/or construction of the
bridges (NCHRP 20-7). We conclude then that tleblems in the U.K. are not due to

intrinsic durability problems with precast segmérnianded post-tension construction.
Lessons can still be learned, however, including rieed for more stringent grouting

requirements and inspection procedures to insue¢ fost-tensioned tendons are
completely encapsulated in a high quality grout.

Now turning our attention closer to home, in thargpof 1999 an examination of the
234 post-tensioned tendons on the Niles ChannelgBriin Florida revealed severe
corrosion damage on two of these tendons. ThesNBleannel Bridge is a 4,580ft low-
level externally post-tensioned segmental bridger ®eawater. It was concluded that
initial corrosion was a result of the absence ogdue to bleed in the corroded areas. It
was also concluded that corrosion continued dubedoroids being recharged with water

leaking through the concrete cover at the anchgra@ne tendon was replaced. (FDOT,

May 2000)
On August 28, 2000 during a routin |_ e
inspection of the Mid-Bay Bridge in Floridi [ s

year), “significant distress” was noted in a po:

L ]

tensioning tendon. Mid-Bay is a 141 spa.”

Figure 5.2.1-1 First
Distressed Tendon Discovered
on The Mid-Bay Bridge

19,270ft long precast segmental externally pc
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tensioned bridge. The polyethylene sheath

surrounding the distressed tendon was crack

exposing the tendon’s high strength prestress

strands and surrounding grout. Several strar"f

were fractured as shown in Figure 5.2.1-1.
This observation led to an immediate “wall Figure 5201ut2 -xigéiiy’s Pulled
through” inspection to check for similar distressother tendons. During this inspection
it was discovered that a tendon in another sparfdikedi by pulling out of the expansion
joint diaphragm, along with its steel duct (Con2001) as shown in Figure 5.2.1-2, a
traumatic sight for any bridge engineer. The an¢tead of the failed tendon is shown in
Figure 5.2.1-3.

A rigorous inspection regiment followed consistimg bore-scope inspections,
vibration testing, Mag-Flux testing and a numberodiers. It became clear that the

tendons of the Mid-Bay Bridge were not grouted pecgied. | —

Little or no grout was found in the anchorage imratdy behind

F]

the anchor head of the failed tendon. As a redthis discovery, =
B
each of the remaining ten anchors in the span conggthe failed

tendon were bore scoped. Each of these anchostymsed
B e T VL

significant voids in the anchors and corroded stsanGrout

Figure 5.2.1-3
Anchor Head of Mid-
Bay’s Failed Tendon

quality was found to be a primary cause for thes@mnee of
voids. Eleven of Mid-Bay's 840 tendons were repthdn

2000.
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Another noteworthy grouting problem was discoverned Florida’s 1-75/1-595
interchange. It consists of nine precast segmditalgirder bridges, each of internal
bonded post-tensioned construction with epoxy int was constructed between 1986
and 1989. During a routing inspection water leakags discovered at a few joints. In
the process of repairing these joints, a numbeurgfrouted ducts were found. The
corrosion dangers are obvious, as well as the wdzbnonstruction that was assumed to

be bonded in design.

And finally Florida’s Sunshine Skyway._

Bridge, constructed in 1986, has perhaf

received the most attention of any U.S. brid

reported to have experienced tendon corros

problems. The bridge is located over low}

Tampa Bay on the west coast of Florida and | Figure 5.2.1-4 Florida’s
Sunshine Skyway Bridge

a total length of 4.1 miles. It consists of a 40uu

foot cable stayed main span as well as high andldgel approach spans. During a

routine inspection of high-level approach pier fies in August of 2000, severe tendon

corrosion was discovered in one g

the piers. A comprehensiv
inspection followed. Three of theeds s

four post-tensioning tendons in thg 3
troubled pier were severel

corroded. One of these tendor-
Figure 5.2.1-5 Corroded Tendon at Anchorage

in Sunshine Skyway'’s Troubled Pier
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had experienced failure in 11 of its 17 strandke grout material found in the cap region
of this pier at the corrosion locations was chadind weak. High chloride content
permeated the corrosion protection system. Fi§uzel-5 shows the corroded tendon at
the anchorage location. The pour backs in a nurmbprers were found to have cracks
that could allow water to leak into voided areasde trumpets and permeate the chalky
grout to areas below the trumpet. Other problerasewound as well. Significant
tendon corrosion problems were found in the pigr aa well as on internal tendons.
Grout in some columns had been contaminated wittride. Also, a significant number
of vertical external tendon polyethylene ducts beatks and/or hollow sounding areas.
Repair costs were approximately $150,000.

Contrary to appearances at this point, all the édhBtates’ problems haven't been in
Florida. The Boston Central artery felt the inflae of tendon corrosion as well, but at a
different stage in the process. Problems withShashine Skyway prompted extensive
inspection of the project during construction. Dgrinspections bleed water voids were
discovered as well as some large voids in duckoth segmental and precast structures.
Officials immediately alerted the grouting crewsti@ problem and changed the grout
specification to a thixotropic grout. No corrodeddons were found.

So how do all these problems show the excellentopaance of post-tensioned
construction? It would seem quite the oppositehat tthese problems show poor
performance. The fact that each one of thesenosgaof corrosion is so earth shattering
to the post-tensioning community and so widely mided is testimony in itself to the
scarcity of such problems. Tendons in post-tergiomridges rarely experience

significant corrosion. So when they do, everyoaark about it. Worldwide experience
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with grouted tendons for over half a century has/en that cementitious grout provides
excellent protection for prestressing steel. Wimatare observing is a potential Achilles

Heel with the system, not a fundamental flaw. Bugzt the heel well.

5.2.2 The Engineering Community Responds

The flood gates of post-tensioning corrosion préeeniterature have opened in the
last ten years or so in an attempt to combat theebat still frustratingly present case of
post-tensioning steel corrosion. Articles, bufisfi and conference papers covering
everything from tendon durability to grouting, plasduct systems, factory applied
corrosion protection, grouting admixtures, thixgicogrout, bleed testing, etc...

The Post-Tensioning Institute responded with tt&pecification For Grouting of
Post-Tensioned Structures. Many of the revisioaslemo the Nebraska Department of
Roads’ Post-Tensioning Special Provisions are basegecommendations made in this
document. It is intended to provide minimum reguoients for the selection, design and
installation of cementitious grouts and ducts fteek post-tensioned systems used in
concrete construction. It was first published @bfuary of 2001, has been updated once
and has a second update on the way soon. The &églar®epartment of Roads’ Special
Provisions update was based partially on the mestnt and as of yet unpublished
version.

It was post-tension tendon corrosion that servedhascatalyst for the American
Segmental Bridge Institute’s Grouting Certificati®nogram. This training has taken
place four times so far — in the fall of 2001, tevio 2002 and in the spring of 2003. A

fall 2003 training is also scheduled. The authant the privilege of attending the spring
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2003 training. The purpose of the ASBI traininggram is to provide supervisors and
inspectors of grouting operations with the trainingcessary to understand and
implement grouting specifications for post-tensinstructures. It's not designed
primarily with the engineer in mind, but engineeas gain great insight into the world of

grouting (yes, it is its own world) by attendingttraining.
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5.3 GROUTING
5.3.1 Grout for Post-Tensioning Steel Corrosion Preention

One of the two primary purposes of post-tensinn
grout is the prevention of corrosion. The otherppse
being structural bond, of course. Neither of thesoses
is achieved when the tendon is not completely sunded

by grout as shown in the bore scope photo in FiguBel-1

(FDOT). Figure 5.3.1-1 Bore
Scope Photo Showing an
Ungrouted Section of
Tendon in the Mid-Bay

Bridge

Post-tensioning grout is made up of Portland
cement, potable water, various admixtures and paago
with no coarse aggregate and usually no fine agdeegBasic properties used to describe
a grout are bleed, segregation, permeability, iiypidet time, strength and volume
change. The most important of these for our puepegll be bleed. Properties like
segregation and permeability are also importantéorosion prevention, but a grout that

has good anti-bleed properties will

OH~
necessarily have low permeability anc \OH 3 0, HO -
not segregate. OH/_ o OH/-

A review of some of the basic CTATHODE CATHO[:E
of steel corrosion in concrete will hel e//
us to see the importance of pos PT TENDON
tensioning grout. When water an 1/2H0 + 1/40,+ e” = OH"

Fe = Fe™'+ 2e”

oxygen are in the presence of ste.,,

Figure 5.3.1-2 Initial Reaction
Leading To Rust
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redox potential exists. Redox potential is simiplg presence of electromotive forces,
i.e. electrons wanting to move. This potentiatlke#o the oxidation (loss of electrons) of
iron in the steel. Steel is defined as iron thattains carbon up to about 1.7% as an
essential alloying constituent. Along with theniroxidation, the reduction (addition of
electrons) of water and oxygen in contact with steel forms hydroxide ions (OH-).

This redox reaction is illustrated Fgure 5.3.1-2 The rusting steel surface acts as the

anode, gaining electrons and forming an iron catidime adjacent steel surface acts as
the cathode, losing electrons and forming hydraxid€he Fe cations (Fe++) are
subsequently changed to oxides of iron by a nurabeomplex reactions that go beyond
the scope of this explanation. The volume of #wction products is several times the
volume of the iron.

Both concrete and grout

o CA sl n& 5 5_1‘ i . pH = 12.5 . .

or) . 5

LR £} . e

S 4. 5 s Som

a _. 5 3 A Baot & o | e e d
d. . 4

The high alkaline (basic, having  |QH~ OH? OH~.OH":OH~_OH~ OH” OH"
PASSIVATING LAYER

normally provide reinforcing stee ;'GQQUAT

with excellent corrosion protection

pH > 7) environment in concrets
Fe

results in the formation of a tightly T L

adhering oxide (OH-) film which
1/ZF 40, + e~=—= OH~

passivates the steel and protects Fo = F*t 58

from corrosion. “The exact

Figure 5.3.1-3 Passivating Film Formed By
composition of the thin and normall Good Quality Grout
invisible film has been difficult to determine. sekems clear, however, that it is made up

of chemical combinations of oxygen and is simplyjlech an oxide film.” (ACI
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Committee 222). The integrity and protective dyadif the film depend on the alkalinity
of the environment. Since grout has a pH highanth2.5, it is usually an excellent
medium for protecting steel from corrosiofigure 5.3.1-3llustrates the passivating
layer formed on post-tensioning steel by good dualiout. This is all in addition to the
grout acting as a low permeability barrier thatvperégs corrosive agents from gaining
access to the steel.

There are a number of

different theories that attempt t [*GROUT. . - =, & 0 5" gpe
...:_f_.‘,-' \,,-' :'. . ; 4C|_02 Hzo A .:q_." OH —w I A:
explain exactly what happens whe OH OHT { 1“ J, la OH )

OH ‘A S e e e U OHT
CATHODE

chlorides (C) come in contact with MUCH RUST (aifﬁdst)
Fez+

this oxide film. One way or anothel

chlorides break down the film an PT TENDON

accelerate the reaction beyond th
1/2H,0 + 1/40, + ™ = OH~
which occurs when water an Fe = Fet*t2e™

oxygen come into  contact witl Figure 5.3.1-4 The effect of Chlorides

unpassivated steel.  “Only unde On Steel Corrosion

conditions where salts are present or the cona@ter has carbonated does the steel
become vulnerable to corrosion” (ACI Committee 22&igure 5.3.1-4 illustrates this
reaction.

In addition to these corrosion issues, high-stiestgels, like those used in post-
tensioning, suffer from additional corrosion woé$igh strength prestressing steels show
a far more sensitive reaction to corrosion atthektreinforcing steels. For example, if a

mild reinforcing bar loses half of its cross sewc#ib area, it loses about half of its
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capacity. If a wire of a prestressing strand

loses half of its cross sectional area, it

lose closer to % of its capacity. Strang

having a very high strength and relativelv

Figure 5.3.1-5 Typical Corrosive
large ratio of surface to cross-section Pitting Found in the Sunshine
Skyway'’s Corroded tendons

area, has to be protected against corros.c..
to a high degree. Figure 5.3.1-5 shows typicatasive pitting found in the Sunshine

Skyway'’s troubled pier (FDOT).

5.3.2 Bleed

Bleed is the process of sedimentation o

solution — in this case water and solid partic
consisting of cement, admixtures, and pozzolans
fine sand, if used. Bleed water tends to migrats
higher points or in long tendons, may congregate

intermediate lenses. Separated water - _ )
Figure 5.3.2-1 Grout Column with

become trapped in the tendon. Figure 5.3.. Intermediate Lens Formation

shows an intermediate lens (VSL). Bleed is a smadblem for concrete but can be
devastating to a post-tensioning grout.

For strand type tendons there is also an additiovedhanism of water transport.
Seven-wire strands consist of six wires wrappedaipiand tightly around a slightly
larger diameter center wire. The space betweesitheires is large enough to permit

passage of water, but not most of the cement partices. Figure 5.3.2-2 shows the
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interstitial areas in a 7-wire strand (FDOT,

The water can then travel through th
interstitial areas between the core wire 8
the outer wires. Since the specific gravity
grout is about twice that of water, the wat
is forced through the spaces between the o1~ -
Figure 5.3.2-2 Interstitial Areas

wires and up the strand causing exaggers Of 7-Wire Strands
bleed. This is known as “wicking”. Wicking genkyaransports water along the length
of the strand to the highest point. It actuallguees, but does not eliminate, the
formation of intermediate lenses because it redtieesgv/c ratio of the filtered grout.

Bleed can be a long-term concern in post-tensiayredt applications. Bleed
water trapped in the duct cannot be readily evapdralt is usually reabsorbed by the
hardened grout and results in a void. Whetheetiea void

or entrapped bleed water, potential corrosion segsst

particularly if corrosion-causing contaminants akailable.

Corrosion often initiates before the bleed wates dahance
to be reabsorbed. This can be due to the presefc
corrosive agents in the bleed water taken from atimes.
Bleed pockets typically form at high points in thect
due to bleed water traveling upwards. This higmpmay

be at the top of a vertical duct, at an anchoragen, or at

Figure 5.3.2-3 Bleed
in Vertical Tendons

the crest of a draped tendon. Higher verticalsrigsult in
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higher pressure heads and will require strongerlbde¢d properties. The amount of
bleed may be considerable in a grout that doescoatain bleed-reducing agents
(Schokker 2003). Figure 5.3.2-3 shows bleed attdpeof a twenty five foot tall duct

containing a 7-wire strand and a standard waterece¢mrout (VSL). Almost ten inches
of bleed accumulated. This speaks volumes to steteing Florida’s pier grout bleed

problems.

5.3.3 Thixotropic Grout

In order to achieve low or no bleed grout, in moases a thixotropic grout
consistency is required. Merriam-Webster's defitieixotropy as, “the property of
various gels of becoming fluid when disturbed as ghyaking” (Merriam-Webster)
Ketchup is an example of a material that has aitedegree of thixotropy — when you
hit the bottle you provide the agitation to stafiowing. Thixotropy is also a desirable
guality to have in paint.

A thixotropic grout is simply one that exhibits di&le properties at rest, but that
becomes fluid when agitated (by mixing and pumpingjhe anti-bleed property of
thixotropic grout causes it to retain water rattiean allowing segregation. A gelling
agent (also known as a thixotropic agent or stadilimust be added as an admixture to
the grout to achieve strong anti-bleed and thiyptrgroperties. The degree of bleed
resistance required is related to the elevatiomghaof the duct. Ducts with larger
elevation changes will typically experience moreeddl due to the increased driving
pressure at the bottom of the grout column. Piegped grouts with strong anti-bleed

properties are likely to contain this type of adtane. The anti-bleed admixtures tend to
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increase set time, but when used at the propergdosat times remain under 12 hours
(Schokker 2003). Fly ash and silica fume may Matitnot necessarily, reduce bleed and
contribute to thixotropy to a lesser extent. Admigs such as viscosity modifiers,
superplasticizers and expansive admixtures do radena grout thixotropic and are not
adequate alone to control bleed. Proper propatafnhigh range water reducer and a
gelling agent will provide optimum anti-bleed chetaistics (Schokker 2003).

Even though the bleed water can be controlled withiater retentive admixture,
there is a plastic reaccommodation of the groudrgo grout setting, which will reduce
the vertical height of the grout (Schokker 2003p ensure more complete filling of the
duct, admixtures that cause grout expansion dutimgy plastic stage may be used.
Expansive admixtures, however, are not a solutiobléed and should not be used as

such.

After years of using cement

water (non-thixotropic) grouts, mos

U N
i i “ Highly Thixotr
thixotropic grouts may look “too ighly Thixotropic

thick”, leading to the misconceptiol

that they will be difficult to pump.

Actually, grout with a given w/c ratio " Mildly Thixotropic

will pump more easily if the water is

not allowed to separate (Schupa

1984). Thixotropic grout is just ¢ Non-Thixotropic

different type of material and we must r Figure 5.3.3-1 Change In Flow With
Degree Of Thixotropy
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educate ourselves to be comfortable with its priogeer

Different grout mixes will exhibit very differentdw patterns. Highly thixotropic
grouts will tend to flow as a wall of grout, filljnthe entire duct cross-section as the grout
front progresses, ificluding the interstices in the strand.” (Schokker 2003) This
conclusion by Schokker seems to contradict our tstaleding of the wicking process,
but is an interesting observation, none the l&&4cking occurs because water is able to
penetrate between the wires in the strand but cetmers particles are not.

Non-thixotropic grouts will flow

more like water. Figure 5.3.3-

illustrates the difference in flow betwee

grouts with varying degrees o

thixotropy. Most prepackaged grou

will exhibit flow somewhere in the rang:

between highly and mildly thixotropic

(Schokker 2003). A highly thixotropic

grout can actually push water throug

the duct without becoming mixed witl

it. This helps ensure that the grout m

in the mixer is the same grout mix that

in the duct. It also means that fc

relatively shallow drapes, high point vents
Figure 5.3.3-2 Non-Thixotropic Grout
may be less critical. Flow, Backflow, and Proper Venting at
Crest of Draped Tendon
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In a draped duct, non-thixotropic grout will runvdothe slope in the duct, filling
the bottom of the duct first, and then backflowhisTbackflow will entrap air and any
water that remains in the duct, making proper vendritical. Backflow is illustrated in
Figure 5.3.3-2. Notice the two vents at the tend@st. Investigations have shown that
there is a tendency for air and water voids to fqust past duct high points (PTI 2001).
A second vent located a minimum of three feet bdyibie crest vent is recommended to

remedy the problem.

5.3.4 THIXOTROPIC GROUT TESTING
Tests are available to test for a variety of gnordperties from permeability to
volume change to strength. Two of the most impadrtasts with respect to corrosion

prevention are bleed and fluidity.

5.3.4.1 BLEED TESTING

Conventional means for testing bleed of grout ascdbed in ASTM C 940.
This test method calls for the placement of a fgestixed grout sample into a 1000mL
graduated cylinder. The grout is allowed to sitisturbed for 3 hours with periodic
measurements of the total sample settlement andneobf bleed water. Following the
allotted time, the bleed water is decanted andvtieme is measured and reported as a
percentage of the original volume.

This procedure does not subject the grout sampleotomn pressure (as in
tendons with a vertical rise) nor the wicking effetprestressing strand and, therefore, is

not representative of field conditions. An altéiviea method investigated involves a
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slight modification to the ASTM C 940 method 3

photographed in Figure 5.3.4.1-1 (VSL). A multip
strand bundle can be placed in the graduated @&ylitcd
simulate the filtering effect. Care must be taken
make sure that the strand wires do not separatagd
cutting. If the strand weave is loosened duri
handling, it will have less wick action and will tnbe Figure 5.3.4.1 — Modified
representative of field conditions. ASTM C 490

Also, this method does not account for the highexsgure in tall tendons.
However, a test method has been developed thatinembhe filter effect and higher
pressure to test grouts for use in tall prestrgstndons. The apparatus consists of a

commercially available filtration funnel, standepsure supply with gauge and valve, and

bleed water collection container as sho

in Figure 5.3.4.1-2. The procedu
involves filling the funnel with grout,
screwing the cap on the funnel, placing t
funnel in the frame, connecting the a
supply, allowing grout to rest in the funne
for ten minutes, pressurizing the funnel
the desired level to simulate a give
vertical rise, maintain pressure for fi

minutes, recording bleed water volume

Figure 5.3.4.1-2 Schupack Filter
Test Setup
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and correlating the bleed volume with allowableedlerolumes for a given vertical rise.
A complete description of the apparatus and pragedan be found in the PTI Guide
Specification. It is also included in the revisddbraska Department of Roads Post-

Tensioning Special Provision.

5.3.4.2 Fluidity

The standard test for fluidity/pumpability has bdba flow cone (ASTM 939).
This test was appropriate for plane cement-wateutgrof the past, but is not effective in
measuring the pumpability of highly thixotropic gts. A modified version of the
standard flow cone, called the modified flow conetimod in the PTI Guide Specification
for Grouting of Post-Tensioned Structures, was bpel in the 1970s. In order to
maintain a driving head on the grout in the flomepthe grout is filled to the top of the
cone. The time to fill a liter container is thevll time.

Since we are most interested in the w

content of the grout, it follows that we woul
want the check the density. The flow cone

traditionally been the method of choice ft

verifying water content but may not be a relia
indicator of such because flow cone efflux tim
vary depending on a number of factors ott Figure 5.3.4.2-1 Mud Balance Test
than water content. A common way to check

density in the field is through the use of a muthbee. This test is quick and easy, as

shown in Figure 5.3.4.2-1 (ECO Grouting Specialistd.). The cup is filled with grout
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and capped, the outside is wiped off to remove &xggout, and the balance is used to
find the density of the grout. Grout densitiesgeufrom 1.7 to 2.3 relative to water. In

the field, the mud balance reading should stay atbove the minimum reading used for
prequalification testing to limit water content bey that tested in the lab. Using the
mud balance in conjunction with the flow cone eesuthat the grout pumped into the

ducts is as close to the grout tested in the Igipasible.

5.3.5 EARLY HISTORY OF THIXOTROPIC GROUT

Thixotropy, as a desirable property for fluids invariety of engineering
applications, is nothing new. Neither is the de$ar a thixotropic post-tensioning grout.
Only in recent years has its value been widelygaaed. Since the late 1960s, however,
research has been done on the development of ibytotgrouts for tall vertical tendons.
Morris Schupack was the lead man in the early yeftisixotropic grout development.

The earliest research in this area was in an attéongllow power companies to
move from unbonded to bonded tendons in their skgn nuclear containment
structures. A thixotropic admixture for groutingQLft tall tendons was developed in the
late 1960s to this end. At that time, the abiliy grout to penetrate between single wire
tendons bunched together on a tight radius was awikn Research addressed grout
sedimentation and penetration (Schupack 1970).

Schupack observed some interesting phenomenorsay#e ft is also important
to remember that in the first 8 to 10 hours after mixing, the free water at the top (of the
test specimen) has to be observed because it has been found that re-absorption of the

water occurs, and the bleeding phenomenon is obscured.” The fact that bleed water is
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reabsorbed by the hardened grout leaving a voidh iduct is a well established
phenomenon. He also observed that locking offtéinelon under pressure did not help
the problem of sedimentation and resulting voids.

Tests were performed to better understand wickiStrand pulled through a die
after stranding, leaving smaller interstitial aressre tested against standard strands and
loosely twisted strands. Strand pulled througheaedthibited wicking similar to strand
not pulled through a die. Loosely twisted straondtained areas between the outer six
wires too great to act as a filter.

Laboratory and field tests with the gellin~

agent consistently showed the elimination
sedimentation in bar type tendons. Surprising
however, the gelling agent tested performed po
on strand type tendons — a difficulty to be overeo;
with future research. Methods were recommen¢ =
to remove bleed water from the top of grout

Figure 5.3.5-1 Tendon Section,
columns. Schupack also found that it w Grout Penetration Between

Strands
difficult to completely surround single wire
tendons on a curvature with grout, but that stitgpd tendons did not have this problem.
Figure 5.3.5-1 shows a section of a tendon tesge8ichupack in the 1960s. Thixotropic
grout was found to penetrate between strands axadh in large tendons.
Schupack continued the development of his gellohgiature with a view toward

grouting 200ft tall strand type tendons in anotherclear containment structure

(Schupack 1974). The benefits of mixing with aahmixer and pre-blending the
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admixture with the cement were recognized, as aglthe need to develop a testing
method for bleed resistance that could simulateptkesure head and bleed exhibited by
a tall column of grout. An appropriate pressuteeffitest was developed. (see Figure
5.3.4.1-2) Thixotropic grout pumpability, peneitd, setting time, strength, and
porosity were also examined. An admixture was ssgftilly developed to meet the
200ft demand, accompanied by the following condusi“...for tendons with any
vertical rise, the proper use of the grouting admixture (thixotropic agentwill greatly
minimize or eliminate the bleed phenomenon.” Just to emphasize the point, this was
thirty years ago.

In more recent years, research has been conducthcettly correlate the results
from the Schupack Filter Tegi the bleed resistance in a strand type tenddmavgiven
elevation change and pressure head to aid in detegnthe required bleed resistance
(Schokker 2002). In other words, if you have aegielevation change, what results do
you need from your grout using the Schupack filést to ensure that you will not have
bleed. The recommendations resulting from thesés tevere included in the Post-
Tensioning Institute’s “Specification for Groutirgf Post-Tensioned Structures”. The
Federal Highway Administration and the Texas Departt of Transportation, along with
others have conducted pressure filter testing afyntfferent grout formulations. The
conclusion in many cases has been to specify coomatigravailable pre-bagged grout
instead of a grout developed in house. It might sound like such a difficult
undertaking, but developing a zero-bleed but #tiil post-tension grout with acceptable
permeability, segregation, set time, strength,\asdme change characteristics that does

not contribute to steel corrosion is a dauntink.tad’he post-tensioning industry is
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leaning heavily toward the use of pre-bagged groMany state agencies have updated
their grouting specifications accordingly. Floridlae United States’ very own 54,000 sq.
mi. corrosion laboratory, has been a leader in &nea. This is also reflected in the

revised Nebraska Department of Roads Post-Tengj@pecial Provision.

5.3.6 Thixotropic Grout Mixing

A special kind of mixer called a colloidal or higinear mixer comes strongly
recommended by thixotropic grout manufacturersxiij action that typically occurs as
concrete is mixed in a paddle mixer does not oedthr post-tensioning grout. As the
paddles churn the concrete, course and fine aggregad together and break up lumps
of cementitious material. And even with this mixiaction, concrete mixes containing
silica fume, with its incredibly small particle sg, sometimes still contain lumps.

Post-tensioning grout has no coarse aggregateaasaly contains fine aggregate.
The mixing action in regular concrete that sernediteak up lumps of cementitious
material is absent. Thixotropic grouts often contsilica fume. Therefore, complete
particle wetting in a post-tension grout is verffidillt without a mixer suited to the task.

The problem is amplified with thixotropic grout$he consistency of the gel that
forms when the grout is at rest and consequerglplgéed resistance depends highly on
the degree of particle wetting. A highly thixotrogrout may be only mildly thixotropic
if not mixed well.

Therefore thixotropic grout manufacturers oftencdyecolloidal mixers. Figure
5.3.6-1 is a picture of a typical colloidal mixeA colloid is simply a substance that

consists of particles dispersed throughout anothdrstance. A colloidal mixer is
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designed to mix such substances. The “mixer” i
colloidal mixer is a high shear centrifugal pum
The inlet and outlet of the pump facilitate
circulation of the grout around the mixing tanH

This type of mixing provides far greater partic

wetting than a standard paddle mixer. Mixinn

Figure 5.3.6-1 Colloidal Mixer
drums are typically between eight and thirte...
cubic feet.

The grout plant containing the colloidal mixer mw@dso contain an agitated
storage tank. Thixotropic grout cannot be allow@demain unagitated. Its thixotropic
characteristics cause it to gel quickly. After mix but before being pumped into the
duct, the storage tank applies a degree of mechlaagitation to the grout much lower

than the mixer. It may be a paddle mixer itsdlhe storage tank will be at least as large

as the mixing tank.
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5.4  INVESTIGATIVE METHODS
This section of the report deals with non-destugcgvaluation techniques applied

to post-tension tendons and ducts.

5.4.1 Borescope Inspection
A bore scope consists of a slender rod with a ungacamera mounted on the
end. The camera’s images are sent to a data &mmuisystem and then to a real-time

monitor. The mini camera is inserted

into the post-tensioning duct via
approximately %" diameter hole drille
in the concrete. Bore scope inspectio
have been used successfully to locé.
voids in grouted tendons worldwid

Once the duct is located, this is by -'

Figure 5.4.1-1 Ft. Lauderdale Airport
the most reliable method of detectir Access Bridge in Florida

voids in grout. It is only mildly destructive, tltamage being easily repaired. Figure
5.3.1-1 showed a bore scope photo of an ungrowgetioa of tendon in the Mid-Bay
Bridge in Florida (Goni). Figure 5.4.1-1 showsitgb patched bore scope inspection
holes in a bridge deck in Ft. Lauderdale, Florida.

Although completely non-destructive evaluation afternal post-tensioned
tendons is ideal, small scale destructive evaloatike drilling holes for bore scope

inspection, should be considered acceptable.
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5.4.2 Impact Echo Testing

Impact-echo is a nondestructive testing technigyacally used to locate
discontinuities such as internal voids, cracks deldminations in concrete. It has also
been used to locate voids in grouted tendons. iMmpact-echo method uses a mechanical
device to introduce a stress pulse to the surfa¢lkeoconcrete. These stress waves are
reflected by internal interfaces (cracks, voidsyare etc.) and by boundaries of the
structure. Reflected waves arrive at the surfalberarimpact has occurred and produce
displacements, which are measured by a receivargdiucer. In principle, impact-echo
is similar to a number of other non-destructive lexgon methods. Therefore, a
considerable amount of time will be dedicated teeiative to other NDE methods in the
following discussion. ASTM C-1383 gives a detailddscription of impact-echo
equipment and technology. Much of the followindormation relating to the impact-
echo method was taken from Carino.

In practice, impact-echo testing relies on threedaomponents: 1) a mechanical
impactor capable of producing short-duration impathe duration of which can be

varied, 2) a high-fidelity receiver to measure sheface g

=

response, and 3) a data acquisition-signal anal
system to capture, process, and store the wavefof
surface motion. In order to accurately measure

surface motion, the transducer (high-fidelity reee)

has to be coupled effectively to the concrete setfe

Figure 5.4.2-1

For most transducers, some type of grease-likeriaht Commerc\cial Impact-Echo
ystem
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is often used as a couplant. Modern impact-eclstruments are based on portable
computers with data acquisition cards and acconmipgrsoftware. Figure 5.4.2-1 shows
the three components of a commercial impact-ecstosiesstem being used to test the web
of a reinforced concrete beam (Carino).

When a disturbance i

applied suddenly at a point on tr

surface of a solid, such as k

impact, the disturbance

propagates through the solid ¢

three different types of waves: *Numbers indicate relative wave-speeds
P-wave, an S-wave and an R-wav~

Figure 5.4.2-2 Stress Waves Caused by
As shown in Figure 5.4.2-2, the P- Impact at a Point
wave and S-wave propagate into the solid alongrgaievave fronts. The P-wave is
associated with the propagation of normal stredslaa S-wave is associated with shear
stress. There is also an R-wave that travels drgaythe impact along the surface.

The P-wave speed, S-wave speed and R-wave speedadnerelated to the

Young’s modulus of elasticityg, Poisson’s ratio}’, and the density,, of the material.

For a Poisson’s ratio of 0.2, which is typical ohcrete, the S-wave speed is 61% of the
P-wave speed and the R-wave speed is 92% of thav8-speed.

When a stress wave traveling through material inesdent on the interface
between a different material 2, a portion of theveves reflected. The amplitude of the

reflection is a function of the angle of inciderazel is a maximum when the angel i€90
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Figure 5.4.2-3 is a

Force

diagram of an impact-echc

test on a plate with a largt

\ Displacement

Time
Contact
air void below the surface fime \
Impact ‘ N Receiver Time

similar to the slab shown ir

-
Figure 5.4.2-4. The P- an L
S-waves are reflected by
internal  defects  or Figure 5.4.2-3 The Impact Echo Method

external boundaries.

When the reflected waves, or echoes, return tctintace, they produce displacements
that are measured by a receiving transducer. eltrdnsducer is placed close enough to
the impact point, the response is dominated by Yeveahoes (Carino). The right side of

Figure 5.4.2-3 shows the pattern of surface digphents that would occur. The large

downward displacement at the beginning of the wavefis caused by the R-wave, and

the series of repeating downward displacementsveél amplitude are due to the arrival

of the P-wave as it undergoes multiple reflectibesveen the surface and the internal
void.

A key development leading to the success of theaaapcho method was the use
of frequency analysis of the recorded waveforms.fréquency analysis of impact-echo
results, the objective is to determine the domirfi@guencies in the recorded waveform.
This is accomplished by using the fast Fourier dfarm technique to transform the
recorded waveform into the frequency domain (Bragkewited by Carino) The

transformation results in an amplitude spectrunh shaws the amplitudes of the various
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frequencies contained in the waveform. For pl&te-$tructures, the thickness frequency
will usually be the dominant peak in the spectruihe value of the peak frequency in
the amplitude spectrum can be used to determindepith of the reflecting interface.
Figure 5.4.2-4 illustrates the use of frequencylyaia of impact-echo tests. The
left graph shows the amplitude spectrum from adest a solid portion of a 0.5 m thick
concrete slab. There is a frequency peak at 3#2 which corresponds to multiple P-
wave reflections between the bottom and top susfatéhe slab. The right graph shows

the amplitude spectrum from a test over a portibthe slab containing a disk-shaped

void. The peak at +
| ) +-
7.32 kHz results 05 nI Solid Slab 02sm § —

YWoid in Slab
from multiple J5azre By 7.32 KHz )
reflections between 23 ] 2%
the top of the slab ©Z 1 © g
and the void 0 5 10 15 20 25 a0 0 5 10 15 20 25 0

Frequency (kHz) Frequency (kHz)
(Carino). _ _
Figure 5.4.2-4 Examples of Amplitude Spectra
Although the From Impact-Echo Tests

impact-echo method has many benefits over and sigaiiner NDE methods, as a means
of locating voids within internally grouted postigton tendons it has received mediocre
reviews. Although relatively easy and inexpensitie, method is only accurate about
60% of the time (Goni). Often voids are “discov®réout follow up bore scope
investigations reveal otherwise. Investigators @n@hasing false leads. Although a

valuable method for detecting many other typedavi$ in concrete as well as
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determining slab depths, impact-echo testing iseadmmended as an accurate method
to detect the presence of voids in grouted postidamg tendon ducts.
5.4.3 Impulse Radar Testing

The purpose of impulse radar testing with respecpadst-tensioning tendon
inspection is to locate the tendon ducts, not teatevoids. Impulse radar testing is

typically followed by bore scope investigation.

Anfenna
cone

In practice, an impulse radar syste . B> _conerefe specimen
T e —+4— prestressed element
consists of a transportable computer, a sn - measured distance
monitor with a built-in keyboard, and one (7%
E |_radar profile
more antennas. The antennas are connecte =
the computer through ports on a specialized ¢ “y

acquisition card. During measurement, t Figure 5.4.3-1 — Radar Profile of a
Concrete and Rebar Specimen

antenna is moved across the surface of uie

concrete by hand. Figure 5.4.3-1 shows a specini#gna rebar in the middle and the

corresponding simplified radar profile underneatihe antenna is moved in the direction

of the arrow (Popel et. al.). nlenna I':].d.aEh:ﬁn
The antenna emits short impulses
. _ RC-A

electromagnetic waves. The waves spread in a s} -

A e =
that can roughly be approximated by the shape ¢ =
cone. If the electromagnetic waves hit an intexfe 1-RCI-A =
between two materials, a part of the wave is régdéc £,

as shown in Figure 5.4.3-2. The amount Figure 5.4.3-2 Reflection of a wave

of intensity “A”, reflection
coefficient “RC” and dielectric
constantse and &-.
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reflection depends on the difference of the dieiecionstants of the two materials. The
reflected parts of the wave are received by therarg. The intensity of the received
reflections of one pulse are recorded in a sinigle &long the vertical axis of the radar
profile (Popel et. al. 1995).

Waves reflected from interfaces near the anteneaeseived earlier and display
higher in the radar profile than waves reflecteahfrinterfaces far away. The intensity of
the reflections is displayed in form of differeml@ars. The recording of all the received
reflections of one pulse is called a scan. Whenahtenna is moved, more scans are
generated and displayed next to the previous sc@he sequential scans form the
complete radar profile. The horizontal axis of taelar profile corresponds to the
measured distance, while the vertical axis cornredpao the depth of the measured
object. Because of the cone shaped radiationeoEkctromagnetic waves, interference
patterns like the rebar in the middle of the specinin figure 2 form a hyperbolic
structure in the radar profile. The multiple hypalas are caused by multiple reflections
of the wave between the rebar and the antennaurd=i4.3-3 is a typical impulse radar
record from a segmental bridge investigation
in Ft. Lauderdale, FL (Goni).

Impulse radar testing has been fow_" -
to accurately locate tendons in segmen =
bridge decks (Goni). A test can be perform =

in less than 5 minutes without cumbersor |

Figure 5.4.3-3 Typical Impulse
Radar Record
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given consideration as the method of choice for RCi@ locate the top tendon crest over

the pier at the splice joint. It should be follahay bore scope inspection.

5.4.4 Magnetic Flux Leakage Testing
The purpose of magnetic flux testing is to identppst-tensioning strand
corrosion and wire breaks. This immediately didifjea it for our purposes of finding
voids in ducts. A MFL test of a post-tensionir=:
tendon consists of measuring changes in an indc :
magnetic field in the close vicinity of the pos
tensioning tendon due to the presence of corrosiol

fracture in the tendon. Figure 5.4.4-1 is a pludtthe

magnetic flux leakage testing device used for makr

post-tensioning evaluation in the Ft. Lauderds
Florida airport access bridge (Ghorbanpoor).

Figure 5.4.4-1 Magnetic Flux
Although magnetic flux has had good resu Leakage Testing Device For

Internal Post-Tensioning
on external post-tensioning tendon inspectic.io
(Ghorbanpoor), reliable conclusions have beenaddiltfito obtain with internally post-

tensioned construction (Goni). Data collectioferst but interpretation requires time and

expertise. MFL testing is also not able to evauahdons deep in concrete.
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5.4.5 High Energy X-Ray (Linear Accelerator) Testiny
The purpose of high energy X-Ray testing is to cddtaws inside concrete. This
method holds great promise for a number of apptinat It can accurately show defects

in concrete 48" deep (Goni). In the future g

may also allow the operator to view images
real time. However, it is very expensive a
requires significant traffic control for publig
safety. A large perimeter safety zone is requigel
to prevent X-Ray exposure. It also requir
heavy equipment and is time consuming a
cumbersome. X-Ray testing was us
successfully to inspect grouted structures in
Boston Central Artery after the problems Figure 5.4.5-1 High Energy X-Ray
Florida were publicized. Figure 5.4.5-1 is _ Testing Device
photo of the X-ray testing device used for interpast-tensioning evaluation in the Ft.
Lauderdale, Florida airport access bridge (Goni).

If Nebraska had serious tendon corrosion problentstead a large number of
bridges to inspect for voids, this method wouldwimth pursuing. However, with the
limited number of PT bridges in this state and #meall voids expected, a local

investment in high-energy radiography equipmenttaaiding can not be justified at this

time.
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5.4.6 Conclusions

One of the problems often encountered when att@gptdo locate a post-
tensioning duct using a NDE technique, such as isepadar, is distinguishing between
various material interfaces. For example, to ledht top post-tensioning duct over the
pier section in an NU girder, the NDE method habdable to “look past” two layers of
rebar and 9 to 10 inches of concrete. This assuheesest is conducted in the splice
region where shear reinforcement will not be presdine bottom layer of rebar consists
of at least #4 and #6 bars at 6” O.C. longitudarad #4 bars at 12” O.C. transverse. The
top layer of rebar consists of at least #5 bafateach way. There may be much more
longitudinal deck steel present if ultimate negatmoment capacity was a controlling
factor. The interpretation of the recorded sig(raldar profile) may require some
expertise. However, it is the author’s opiniontthacombination of impulse radar and
bore scope inspection is still preferred for logatiand non-destructive evaluation of

galvanized post-tension ducts.
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5.5 OTHER PROTECTIVE MEASURES
In addition to making significant changes to theafications related to grouting,
a number of other protective measures were coredderhis section briefly discusses

these alternatives and makes a cost comparison.

5.5.1 Plastic Duct Systems
5.5.1.1 Background

The most fundamental change made recently to a euoflstate agencies’ post-
tensioning special provisions is the additionauregment that the duct system form an
airtight and watertight protective barrier and &fbrmed from polyethylene. There are a
number of benefits to such a system. First, tlhisva the complete encapsulation of the

tendon. Because of the more effective

details that are common on plastic d

A
| i
g

systems, systems usually seal the e
tendon more effectively against the :
ingress of contaminants. This also .. %
allows for pressure testing the systerr..;—"

after assembly to ensure a complete

Figure 5.5.1.1-1 Dual Duct System
Incorporating Polyethylene Ducts in
Florida’s Sunshine Skyway

seal. The intention is that, if the duct is
inadvertently not completely filled with
grout (the possibility of which great pains areetako avoid), the risk that this poses to

the tendons is significantly reduced in that thedesd duct system will maintain a
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corrosion-free environment. Figure 5.5.1.1-1 shawl®uble duct system used on
Florida’s Sunshine Skyway. The interior duct isomaf polyethylene.

Second, plastic duct systems allow for the compégetrical isolation of the
tendon. This is impossible with a galvanized dwystem. In highly corrosive
environments electrical monitoring is sometimedreds This is not Nebraska’s
situation.

Plastic ducts have been used for many years intrpssgng technology for such
applications as monostrands, ground anchors, stalgsand external tendons, mostly in
the form of smooth pipes, not allowing transfebohd stresses from the tendon to the
structure. However, between 1968 and 1974 alm6801000 feet of corrugated black
polyethylene ducts were installed in bridges int3ariand for bonded post-tensioning.
After up to 30 years in use no deterioration ofgbé/ethylene ducts has been observed
in bridges eventually demolished or modified (FIBlIBtin 7).

Ducts for bonded post-tensioning have traditionb#gn made from steel strips
with special corrugation. A long experience witlege ducts is available for many
different applications.

In recent years, however, the corrosive behavigiabfanized metal in harsh
environments has been recognized. This speak® tadvantages of plastic duct systems
over and against their galvanized counterpartgshérmost recent publication of the “PTI
Guide Specification for Grouting of Post-Tensiorstductures”, section C2.7.1
addressing types of ducts reads, “Plastic ductsaddyto the system durability by

providing a non-corrosive impermeable layer betwibenconcrete and the grout.
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Galvanized steel ducts are not impermeable andamagde in aggressive
environments.”

In a paper published in the September-October &3 of PCI Journal, Dr.
John E. Breen and his colleagues report on thétsesfua 4 %2 year study conducted to
investigate corrosion protection for internal tensiin segmental bridges. Although
segmental bridge construction was the immediate@m, many of the conclusions and
recommendations presented are applicable to alidaf internal, grouted post-
tensioning tendons. Their findings are revealiRggarding the 15 specimens containing
steel ducts they write, “Galvanized steel ductsensarrroded in all cases... (Galvanized
steel) ducts were corrodéaroughin nearly two-thirds of the specimens, eliminatihg
duct as corrosion protection for the prestressamglon.” (Breen et. al.)

They conclude, “Galvanized steel post-tensioningtglprovide only limited
corrosion protection for internal tendons, and raiyode through in severe exposure
conditions or when low concrete cover has beenigeav Plastic ducts provide a
significant improvement in corrosion protectiomiing prestressing tendon corrosion to
negligible levels and eliminating concrete crackilug to duct corrosion. Plastic post-
tensioning ducts should be used for all internadltas in applications where corrosion is
a concern, including... environments where chloridaring deicing chemicals are
used.”

Even after years of wide spread use, corrugatesdiplduct systems for bonded
post-tensioning are still relatively undevelopedhpared to their galvanized
counterparts. Currently products still differ wiglen material properties, details,

installation procedures and use on site. Theretbey have not yet been standardized as
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has been done for corrugated steel ducts or sniRiohipes. They are also produced in
relatively small quantities and therefore are tgflicmuch more expensive than
corresponding steel ducts.

A number of states have specified plastic ductpést-tensioning steel in bridge
decks and galvanized ducts elsewhere. It's woghtmaning that the only type of bridge
in which the Florida Department of Transportatiiovas corrugated metal ducts is the
spliced I-girder.

Due to the current lack of standardization in ptadtict systems, State
Department of Transportation Post-Tensioning Sp&e@visions often give significant
attention to plastic duct specifications and testin

Testing requirements may resemble the followingniMisota DOT PT Special
Provisions):

Corrugated plastic duct shall be designed so thdbr@e equal to 40% of the
ultimate tensile strength of the tendon will bensterred through the duct into the
surrounding concrete in a length of 762 mm. Twsbaéic pull out tests shall be
conducted to determine compliance of a duct wighftice transfer requirement.
If ten of these tests exceed the specified foerester, the duct is acceptable. The
Contractor shall provide to the Engineer certifiggbst reports verifying that the
duct meets the requirements of these special pomgsin regard to force
transfer.

To satisfy the intent of these tests, the resaoittsthtic pull-out tests from previous
projects utilizing identical duct and prestressisigel with similar concrete and
grout material may be submitted to the Enginedrein of executing new pull-out
tests. However, if the previous results are unptadde or if there is a significant
difference in the materials used, the Contractoallshrovide results from new
tests for this Project.
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Specifications for polyethylene duct material mageamble the following
(Minnesota DOT PT Special Provisions):

Polyethylene duct for internal use shall be cornggh high-density material

conforming to the requirements of ASTM D 3350 “8tad Specification for

Polyethylene Plastics Pipe and Fittings” Type Klass C, Category 5, Grade

P33. The material thickness shall be 2.0 mm * @n26.

Additional requirements for polyethylene duct asef@lows:

Property Value ASTM
Charpy impact strength of Greater than D256
notched specimens at 23degrees C 35 kJ/m2
Tensile impact strength of Greater than D1882
notched specimens at 23 degrees C 130 kJ/m2
Carbon content Greater than

2%

In addition to a lack of standardization, plastictd have
been known to crack. Figure 5.5.1.1-2 is a phaken in one of
the Sunshine Skyway’'s approach piers (FDOT). Thourgleking
has been observed primarily on externally postiteesl systems,
it could still be a strike against use in an inédisnpost-tensioned
system that may cause the duct to come into terduento the

flexure of the concrete member, i.e. Nebraskalsasion.

Figure 5.5.1.1-2
Polyethylene Duct
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5.5.1.2 Nebraska'’s Situation

Plastic duct systems clearly offer more compretvensorrosion protection for

post-tensioning tendons than do galvanized ductesys

In highly aggressive

environments, they provide a valuable barrier dfmvathe tendon to be monitored for

electrical activity, i.e. corrosion, if desired. oWever, for Nebraska’s circumstances,

plastic duct systems are unfavorable for a numbegasons. Galvanized metal ducts are

a standard product with established quality costamld multiple-source availability. The

most vulnerable

location in a draped

tendon in a spliced /(5% ) _
. . . o3 ©
girder bridge is at § . il
) 3%"" L.D. Duct with 5
crest locations ovell /5 - 06 ¢ Strands o
& of Gravity _Z‘
piers. And even at o Feikin %\
AgEas
this Achilles Heel Em e SLE ]
%
locati hiorid AT 04L AND AT PIER
ocation,  chlorides E _
[ENDON ECCENTRICITY
. B qi_ptt
have to penetratg SEALE: o™i

41!

€ of Gravity
of Tendon

through at least 77

of deck concrete, 2"

Figure 5.5.1.2-1 Detalil, 2” Concrete Cover Over Dat

of girder concrete, a sealed duct and a layer ibtiopic grout before reaching the

tendon, which happens to be at the bottom of tlet duthis location. Figure 5.5.1.2-1

shows a cross section of this location. This detail used by the Nebraska Department

of Roads.
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It could be argued that, in reality, the only tqu®tective barrier in that whole
system is the duct. The deck concrete will crask th shrinkage even before live load is
applied. So water can easily find its way to tbp surface of the girder. Nebraska
allows cracking in the girder concrete under ligads. So after a 50 year or so service
life with these cracks opening and closing, itaagonable to think that salt laden water
could find its way to the duct. And if the ductgalvanized steel it is only a matter of
time before it is corroded through.

So that leaves the grout as the final layer ofgotidn. The problem here is that
the grout will be even more cracked than the lisact Post-tensioning is applied to the
bridge before the duct is grouted, obviously. B® grout itself does not see any of the
compressive stress that is locked into the I-sactitt is essentially in a state of zero
stress, even with post-tensioning in place. Thg oampressive stress the grout at the
crest location will ever see in a single stage fp@ssioned bridge is stress transferred to
the grout due to the creep and shrinkage of tleeegirThis stress will be minimal.

Then the deck load is applied along with the supeosed dead load. This brings
the grout at the crest location from zero stress level of tension beyond its modulus of
rupture. The grout in the duct becomes permanendigked due to the deck weight and
superimposed dead load.

Finally, the live load is applied. This live lo&arther opens the cracks already
present in the grout. So to recap the situatioacked deck, cracked girder, cracked
grout. It seems like the only sure line of defefagethe tendon is the duct. This most

certainly argues for the use of non-corrosive piatcts instead of galvanized steel.
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At the same time, however, the cracked I-sectiateufive load disallows the use
of plastic entirely. Cracks opening and closinghia girder concrete over the pier will
cause fatigue cracking in the plastic. Plastictsluare still unproven in this area.
Galvanized ducts are as well, for that matter. thieauthor’s knowledge, fatigue testing
on galvanized ducts is not documented in the liieea But engineering judgment points
us in the direction of steel being better ableasist the fatigue caused by the opening
and closing of cracks in the I-section than polykhe.

Plastic duct systems also allow the anchorage itotdb be completely sealed

from chloride attack. In
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5.5.2 Galvanized / Epoxy Coated Strand

Epoxy coating was considered as an alternative
because of its great potential anticorrosive valbigure 5.5.2-

1 shows externally coated 7-wire epoxy strand. efiepce

has shown that an epoxy coated strand needs talmave

interstices between wires completely filled wittorp to avoid _
Figure 5.5.2-1

Externally Coated

migration of water / humidity along the strand (@anCoating Epoxy Strand

Nebraska'’s strand would have brought with it adaggoup of
additional concerns including the following:

Epoxy coated strand is expensive. Grit impregnatatbt, it is available through
only one supplier in the continental United Stakdsrida Wire and Cable, at a
prohibitively high cost. Much more readily availalincoated strand costs much less. A
cost comparison is presented in the next sectighi®feport.

Anchorage seating losses for epoxy-coated strantyprcally more than that for
uncoated strand; the difference is often large ghda be significant (Breeze et. al.).

Additional care must be taken to avoid damagingetiexy coating during
shipping and installation. Damaged areas take tomepair. Also, small imperfections
in the epoxy coating can lead to accelerated pgittorrosion at these locations (Ganz et.
al.).

Final stressing of epoxy coated strand should $iagie stroke operation because
after one jacking cycle the jaws of the wedgeshmrome contaminated with particles of
epoxy; a second jacking cycle without cleaningghps may result in a loss of gripping

action (Breeze et. al.).
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The use of epoxy-coated strand is not recommend&dyalvanized metal ducts;
severe abrasion of the epoxy will occur duringgtressing operation as the strand comes
in contact with the spiral duct seams.

Although epoxy coated strand can provide a valuabttétional layer of corrosion
protection, the costs, especially financial, outhethe benefits for Nebraska’s situation.

Galvanized strand is another option briefly consde It has long been used for
wire in suspension cables and more recently inciljes. Zinc coated prestressing steel
however, is rarely used for post-tensioning. Feanufactures supply galvanized strand.
Presently, no U.S. specification exists, which gpecthe properties of galvanized
strands suitable for post-tensioning applicatiams$ a&hich specifies the zinc coating
thickness requirements. Two ASTM specificationsvte galvanizing guidelines.

Galvanized strand produced from 270ksi strand nahteormally has a reduced
240ksi tensile strength and does not meet ASTM & réfjuirements. The
approximately 808F temperature of the hot dipped galvanizing procéssiges the
properties of the cold drawn steel wires.

Galvanized strand meeting the 270 grade requirenfeR8TM A 416 is either
produced from higher than 270 grade ungalvanizewnmad or the wires, after
galvanizing, are further reduced in size by dravilrgm through a die or several dies
(PTI Committee for Post-Tensioning System Certifaa. It is not necessary in

Nebraska’s situation.
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5.5.3 Cost Comparison

In the interest of comparing the cost effectiver@smplementing commercially
available pre-bagged thixotropic grout as compavitial other corrosion prevention
alternatives, a cost analysis was performed. Tiggé used in the comparison was the
N-50 interchange bridge in Sarpy County, Nebradka a 250’ long, 100’-6” wide two
span bridge using spliced post-tensioned NU135fegit The splice occurs over the
pier. There are 10 girder lines with a total of@&t-tensioning tendons, 2 tendons per
girder. Each tendon contains 15 strands. Assuteedon length 10% longer than the
bridge length to account for drape.

We begin by comparing the cost of steel vs. plakids. Galvanized steel duct
typically costs about $0.96 per linear foot. Ptiyéene duct costs about $2.83 per linear
foot. Given the bridge configuration above, weédawotal duct length of 5,500°. The
total cost of galvanized duct on this project wobkdabout $5,300 or $0.21 per square
foot of bridge deck. The total cost of polyethydaiuct would be $15,600 or $0.62 per

square foot of bridge deck, for a total cost insecaf

$10,300 or an increase per square foot of $0.4ict I: K
Moving on to coated vs. uncoated strand. ;_'i—'
Given the bridge configuration above we have d't
strand length of 82,500’. Uncoated 0.6” diameter
wire strand costs about $0.24 per linear foot. il&m Figure 5.5.3-1 Post-
Tensioning Grout Discharge

coated strand costs about $0.73 per foot. Thé tota

cost of uncoated strand is $19,800 or $0.94 pearedoot of deck. The total cost of
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coated strand is about $60,200 or $2.85 per sdoat®f deck for a total cost increase of
$40,400 or $1.90 per square foot. Strand costoltEned from a Florida Wire and
Cable representative.

Now to thixotropic vs. plain cement grout. Fig®.&.3-1 shows post-tensioning
grout discharge. A 3 3/8” I.D. duct has an are8.856irf. A 15 strand tendon has an
area of 3.26ihfor a void area of 5.69fn This yields a void volume of 305cf assuming a
factor of 1.4 to account for grout waste. A stadd## sac of cement (S.G. = 3.15)
mixed at a 0.45 wi/c ratio yields 1.16cf of grout éototal sacs required = 263. A sac of
cement costs about $7.00 for a total grout co$tlg840 or $0.07 per square foot of deck.
Pre-bagged grout generally comes in smaller baifspbso, and costs about $16.50 per
cubic foot of mixed grout for a total cost of $5080$0.20 per square foot of deck. This
a cost increase of about $3200 or $0.13 per sdaat®f deck. Pre-bagged grout cost
was obtained from a Sika representative.

To summarize, moving to plastic ducts instead etlswill increase cost about
$0.41/sf. Epoxy coated instead of uncoated stvétdnhcrease cost about $1.90/sf.
Thixotropic instead of plain cement grout will iease $0.13/sf. This seals the case for a
pre-bagged thixotropic grout. The minimal cost@ase is clearly offset by the increase
in durability.

It is also prudent to consider that a colloidal emiwill cost about $7,500 more
than an equivalent paddle mixer, meaning a paddtermwith an additional agitation
tank, comparable pump capacity capable of growitendon within the maximum time

allowed, etc... This initial investment will quickpay for itself.
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5.5.4 The Most Critical Protective Measure — Persarel

The most critical protective measure, one whicmoabe easily fit into a cost
comparison, is the knowledge and experience opénsonnel involved in the grouting
process. The grouting technicians, grouting supers, grouting inspectors, and design
engineers all need to stay knowledgeable and imgbl\Post-tension grouting has
progressed well beyond its infant stages wheneadallon bucket of water and a sac of
cement mixed in a paddle mixer constituted a gaodtg The engineering community
knows better now.

Historically, grouting of post-tension tendons bagn treated as an afterthought.
It is, “what you do when the real construction wakione.” This kind of thinking leads
the occasional ungrouted duct and various tendmosion horror stories that have been
so well publicized in the last five years or sagrffficant re-education is called for in the
post-tension grouting community. This need forcadon is heavily reflected in the

revised Nebraska Department of Roads Post-Tengj@pecial Provisions.

5.6 CONCLUSIONS AND RECOMMENDATIONS

The conclusions reached in light of the previouscassion are reflected in the
changes proposed to the Nebraska Department of sR@adt-Tensioning Special
Provisions found in the appendices of this repditte following is a discussion of some
of the major conclusions reached and changes reeowheal.

The largest body of changes proposed to the spatidn is to the grout itself.
The protection of post-tensioning steel dependsth& tendon being completely

surrounded by quality grout. This calls for noslésan a flowable and yet zero-bleed
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product. Thixotropic grouts can meet both of thesguirements. Commercially
available pre-bagged grout manufacturers are tijpicet shy about advertising their
ability to meet all the grout property requiremelsisl out in Table 5.1 of the Special
Provisions. The need for specialized mixing equpmms also incorporated.

Recommendations were made for new production tgsgquirements. These
ensure that a quality grout is being pumped ingotémdon and a similar, undiluted grout
is exiting the tendon.

Personnel requirements were removed from the pté@snand expanded in the
Special Provisions. These focus on the State étspand on the Grouting Supervisor.
Not included in the recommended changes were egeints for the Design Engineer.
Obviously the Engineer needs to have at least agignably a much greater knowledge
base in post-tension grouting issues than the atgpand supervisor. It is recommended
that Nebraska Department of Roads Engineers inddlvevriting the final Post-Tension
Special Provisions attend the ASBI Grouting Tragniand become ASBI Grouting
Training Certificate holders.

A grouting plan and optional pre-grouting confererare recommended. The
submission of a grouting plan by the Contractoegithe Engineer insight into the level
of understanding of the Contractor and gives thgir&er the opportunity to change
procedures as necessary. The pre-grouting cormkeian be a valuable tool during these
times of grouting re-education. It serves to hkgep everyone knowledgeable and
involved.

Provisions were also made to facilitate inspectibthe tendon after the grouting

operation. The idea behind these provisions i whieen everything goes wrong, as it
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occasionally will, the inspectors need to be ablghysically look into the duct to see
whether or not grout made it to the most criticadations. These may seem the most
extreme of all the proposed changes but are naimmomn among other state agencies.
We believe that these, along with the additionangfes made to the Nebraska
Department of Roads’ Post-Tensioning Special Prawjsare a large step toward
ensuring the full, corrosion free design life ofsptensioning tendons in Nebraska’'s

bridges.
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