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PREFACE

This report is the second in a series which summarizes a detailed
investigation assessing the use of deck prestressing as a method of
improving durability of bridge decks. The first report summarized an
extensive experimental corrosion study which was conducted to assess
the use of deck prestressing as a method of improving bridge deck
durability. This report summarizes an extensive analytical and
experimental program which was performed to document the structural
behavior of bridge decks utilizing transverse prestressing. The third
and final report in the series draws on the findings from the
durability and structural studies. The final report develops design
recommendations and suggested AASHTO Specification provisions to use
combined longitudinal and transverse prestressing for economical and
durable bridge decks. The third report also contains several design
examples to illustrate the application of the design recommendations
and procedures.

This work is part of Research Project 3-5-82-316, entitled
"Application of Transverse Prestressing to Bridge Decks." The study
was conducted at the Phil M. Ferguson Structural Engineering
Laboratory as part of the overall research program of the Center for
Transportation Research, Bureau of Engineering Research, of The
University of Texas at Austin. The work was sponsored jointly by the
Texas State Department of Highways and Public Transportation and the
Federal Highway Administration.

Liaison with the TSDHPT was maintained through the contact
representative, Mr, James C. Wall; the Area IV Committee Chairman, Mr.
Robert L. Reed; and the State Bridge Engineer, Mr. Wayne Henneberger.
Mr. Jerry W. Bowman was the contact representative for the Federal
Highway Administration.

The overall study was directed by Dr. Ramon L. Carrasquillo,
Associate Professor of Civil Engineering, and Dr, John E. Breen, who
holds the Nasser I, Al-Rashid Chair in Civil Engineering. The
detaliled work was carried out under the immediate supervision of Dr.
Randall W. Poston, Research Engineer, Center for Transportation
Research.
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SUMMARY

Transverse prestressing of bridge decks is an attractive concept
with substantial benefits in both economy and improved durability.
This report summarizes a series of inter-related physical tests and
computer analyses which were conducted to provide necessary
information for development of design criteria for transverse
prestressing of bridge decks. It addresses such important design
areas as the effective distribution of edge prestressing force across
a bridge slab as affected by both diaphragm and girder restraints,
realistic friction losses in transverse prestressing systems, and the
behavior of transversely prestressed decks under typical wheel
loadings. The principal attention is focused on slab and girder
bridges but analytical results are extended to box girder bridges.
Experimental verification of the analysis programs allowed substantial
parameter studies to be carried out with reasonable confidence. The
results of the major experimental and analytical studies are
summarized in this report.



IMPLEMENTATTION

This report is the second in a series which summarizes a major
experimental and analytical study aimed at developing specific
recommendations for design of posttensioned bridge decks. The
recommendations should be considered by the Texas State Department of
Highways and Public Transportation and by AASHTO for inclusion in
design specifications and codes. It contains documentation of the
structural analysis and behavior study on which many of the design
recommendations are based. In addition, it contains specific
information regarding the structural effects of transverse
prestressing for a wide range of bridge variables. Many of the
illustrations presented could be used as design aids in developing
transverse prestressed deck standards. The use of transversely
prestressed bridge decks should lead to more durable bridge decks and
should result in important savings in both maintenance and replacement
funds.
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believed that the benefits of possible increased durability of bridge
decks would more than offset the higher cost of prestressing steel,
higher strength concrete and extra labor operations associated with
prestressing.

1.2 Design Needs for Transverse Prestressing

Anton Tedesko [ 7] in 1976 was the first person to clearly expound
both the durability and economic benefits of transverse prestressing,
Although Tedesko suggested that the advantages of transverse pre-

stressing have a reasonable theoretical basis, there are few

documented studies and observations of the actual behavior of such a
bridge system [7,8,9,20]. When one examines the present AASHTO Design
Specification [11] for prestressed concrete, it is elear that the
provisions have been basically developed for longitudinal
prestressing. While the provisions may be utilized for transverse
prestressing, they do not account for many important variables. For
instance, no guidance is given on factors affecting the distribution
of prestressing across the slab. Such questions include how much does
the lateral stiffness of the longitudinal girders and transverse
diaphragms influence the actual distribution of the transverse
prestress? If nominal uniform compressive stresses are applied along
the edge of the bridge slab, how much is still actually effective at
the region over the middle girder? If transverse prestressing is from

one edge only, what level of transverse prestressing exists at the far

end of the bridge? Additional questions exist which are fundamentally
related to the combination of structural effects and durability
requirements. Those questions are addressed in the other two reports
in this series [5,121.

1.3 Objectives of this Research

The principal objective of the overall research project was to
examine the concept of improving the durability of bridge decks with
deck prestressing. This principal objective can be further
categorized into:

1. Evaluation of the effect of major variables on corrosion
protection

2. Evaluation of the structural effects of transverse
prestressing

3. Recommendation of design criteria for the economic
application of deck prestressing considering the
interrelationship between the structural and durability
aspects

%



CHAPTER 1

INTRODUCTION

1.1 Problems with Bridge Deck Durability

There are approximately 560,000 bridges in the U. S., of which
45% are structurally deficient or functionally obsolete requiring
close to $50 billion in repair [1,2,3]. Additionally, the interstate
highway system that stretches over 40,000 miles across the country
will require close to $500 billion in repairs over the next decade
according to the U, S. Department of Transportation [1]. State
highway agencies expect bridges to last 50 years or more, but many
show signs of corrosion of reinforcement and concrete delamination in
five years or less [3]. The problem has become so severe that the
phrase "the bridge deck problem" has been coined to specifically imply
the distress suffered by bridge decks [3,4].

The cracking suffered by bridge decks under moving vehicular
loads facilitates the penetration of water, oxygen, and chloride ions
into the concrete, resulting in corrosion of the reinforcement and
surface spalling. The mechanism of deterioration has been detailed in
the first report in this series [5]. One suggestion for improving
bridge deck durability is the application of deck prestressing [6,7].
In composite slab and girder bridges, the decks would be
longitudinally and transversely prestressed. In posttensioned box
girder bridges, the decks are now longitudinally prestressed and only
transverse prestressing would have to be added. "Active
reinforcement" of a deck by prestressing would minimize or possibly
eliminate cracking of the bridge deck.

Figure 1.1 illustrates the corrosion protection mechanism of
prestressing. Since corrosion producing elements can penetrate
uncracked concrete with insufficient cover, concrete quality or
composition, it is assumed throughout this report that all normal
precautions involving provision of adequate cover and concrete quality
will be observed. Even in such a well designed and constructed
conventional reinforced concrete slab, which more than likely cracks
under service load conditions, water, oxygen and salt can penetrate
the concrete with subsequent corrosion of the reinforcing steel.
However, under the action of prestressing, the applied compressive
force prevents cracks from forming or closes the cracks preventing
penetration of the corrosion-producing elements.

Unlike many of the other corrosion protection alternatives, there
are possible economic advantages in using deck prestressing because of
the use of "high efficiency" materials. The utilization of
prestressing with smaller, more efficient steel elements would tend to
reduce congestion and make concrete placement easier. Moreover, it is



a) conventional

b) prestressed

Fig. 1.1 Corrosion protection mechanism of prestressing



believed that the benefits of possible increased durability of bridge
decks would more than offset the higher cost of prestressing steel,
higher strength concrete and extra labor operations associated with
prestressing.

1.2 Design Needs for Transverse Prestressing

Anton Tedesko [ 7] in 1976 was the first person to clearly expound
both the durability and economic benefits of transverse prestressing.
Although Tedesko suggested that the advantages of transverse pre-
stressing have a reasonable theoretical basis, there are few
documented studies and observations of the actual behavior of such a
bridge system [7,8,9,20]. When one examines the present AASHTO Design
Specification [11] for prestressed concrete, it is clear that the
provisions have been basically developed for longitudinal
prestressing. While the provisions may be utilized for transverse
prestressing, they do not account for many important variables. For
instance, no guidance is given on factors affecting the distribution
of prestressing across the slab. Such questions include how much does
the lateral stiffness of the longitudinal girders and transverse
diaphragms influence the actual distribution of the transverse
prestress? If nominal uniform compressive stresses are applied along
the edge of the bridge slab, how much is still actually effective at
the region over the middle girder? If transverse prestressing is from
one edge only, what level of transverse prestressing exists at the far
end of the bridge? Additional questions exist which are fundamentally
related to the combination of structural effects and durability
requirements. Those questions are addressed in the other two reports
in this series [5,12].

1.3 Objectives of this Research

The principal objective of the overall research project was to
examine the concept of improving the durability of bridge decks with
deck prestressing. This principal objective can be further
categorized into:

1. Evaluation of the effect of major variables on corrosion
protection

2. Evaluation of the structural effects of transverse
prestressing

3. Recommendation of design criteria for the economic
application of deck prestressing considering t he
interrelationship between the structural and durability
aspects



To help fulfill these objectives, the overall research progranm
was divided into three areas, as shown in Fig. 1.2. The first area
was the structural phase summarized in this report in which both
analytical and experimental studies were conducted. The second area
was the durability phase, in which the main emphasis was the
experimental investigation of prestressed concrete exposure specimens.
The final area was the formulation of desigh recommendations for deck
prestressing incorporating the results from both the structural and
the durability studies.

The scope of the research primarily covers prestressing of
composite cast~in~place bridge decks over multiple girders of the
general configuration shown in Fig. 1.3. However, many of the
conclusions and recommendations relating to the durability aspects are
equally applicable to decks of other bridge types. Some examples of
structural considerations in box girder bridges are included in this
report.

1.4  Report Contents

This report primarily covers the structural effects of the
research study shown in Fig. 1.2. A brief review of the basis for
current bridge deck design is presented in Chapter 2. A general
background of factors affecting transverse prestressing of bridge
decks is presented in Chapter 3. Procedures and results of analytical
and experimental studies of the effectiveness of transverse
prestressing are given in Chapter 4. Procedures and results of both
vertical load tests and concentrated edge load tests to determine
effectiveness of edge spacing are given in Chapter 5. A brief
overview of the results of the analytical parameter studies are
included in Chapter 6. The major conclusions from the structural
analysis and experimental phases of the research study are summarized
in Chapter 7.

Actual design implications, procedures, criteria, and examples
are contained in the concluding Report 316~F in this series [12].
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CHAPTER 2

BACKGROUND OF SLAB DESIGN

Prestressed bridge decks may be considered a special case of
concrete slabs. In this chapter, a brief summary of concrete slab
behavior and analysis is presented, followed by examples of situations
in which concrete slabs have been prestressed to satisfy design
requirements. Major research efforts pertaining to concrete bridge
decks are discussed, and finally, the current methods of bridge deck
design are outlined.

2.1 Review of Concrete Slab Behavior and Analysis

The discussion of concrete slabs may be divided into the areas of
elastic and inelastic behavior and analysis. An excellent overview of
both these areas of reinforced concrete slabs is given by Park and
Gamble [13].

2.1.1 Elastic. At low levels of load, an uncracked,
unrestrained concrete slab may be analyzed by classic elastic theory.
The basic equation often referred to as "Lagrange's Equation," is a
fourth-order partial differential equation relating deflection loading
and the flexural stiffness of the slab section. This equation
assumes:

Equilibrium is satisfied at every point in the slab

. The material is linearly elastic and isotropic.
y Deflections are small relative to the slab thickness.
. Any straight line perpendicular to the middle surface of the

slab before bending remains straight and perpendicular to
the middle surface after bending

* Direct stresses normal to the middle surface are negligible

Because the boundary conditions are usually complicated for practical
cases, direct solution of the differential equation can be quite
difficult. Consequently, many approximate analytical techniques have
been developed.

For simple cases, "exact"” solutions give the deflection of the
slab by evaluating enough terms of a suitable series expansion.
Internal slab forces are then found using the various derivatives of
the deflected shape.

7



For slabs continuous over flexible supports, numerical moment
distribution procedures may be used. Equivalent frame analysis
methods are used extensively to analyze slabs in multi-story
buildings. A strip of slab, including beams and columns, is used as a
two-dimensional frame based on effective member stiffnesses. This
"equivalent frame" is then analyzed by conventional means.

Another set of commonly used elastic analysis methods rely on
numerical procedures and digital electronic computers. Included in
this group is the discrete element technique, where the slab is
modeled as a grid composed of beam and torsional elements. This
method is especially useful for slabs integral with girders and floor
beams. In the finite difference technique, the slab is partitioned
using a linear mesh. The intersection of mesh lines is considered a
node. Equations can then be written for the deflection of each node
in terms of the surrounding nodes, and solved simultaneously for the
unknown deflections. Provided the boundary conditions are simple, the
finite difference method is good for finding numerical answers to
complex slab problems. A very effective analysis technique is the
widely known finite element method. The slab is divided into
triangular or quadrilateral areas, referred to as elements, connected
together at specified nodes. Each element has approximate bending
stiffness properties assigned to it. The response of the slab is then
found by the solution of equations written for continuity and
equilibrium at each of the nodes. The finite element method is well
adapted to slab analysis, since a large amount of discretion may be
used in selection of the size and type of elements to be used.

2.1.2 Inelastic. As the load on a slab increases, elastic
behavior ceases when cracking of the concrete develops. With further
load, the critical sections reach the yield moment, maintaining close
to that moment capacity with increased curvature, while yielding of
the reinforcement spreads to other sections of the slab. The spread
of plastic hinging is known as the formation of yield lines. The load
level corresponding to the various stages of behavior is primarily
influenced by the span to thickness ratio, reinforcement ratio, and
edge restraint of the slab. The edge conditions assume particular
importance if significant lateral and rotational restraint is provided
by the slab surrounding the loaded area and/or the vertical slab
supports. Under these circumstances (which occur in most bridge
decks) in-plane compressive forces are induced in the slab because as
the slab deflects vertically, the edges tend to move outward and react
against the bounding elements (Fig., 2.1). Known as compressive
membrane action or arching, this effect greatly enhances both the
ultimate load capacity and stiffness of the slab.

In the case of a slab without edge restraint, failure will occur
when the yield lines extend to the point that further redistribution
of moments is no longer possible. For a uniformly loaded
underreinforced slab with sufficient edge restraint, behavior is



characterized by three stages, as shown in Fig. 2.2. In the phase
from A to B, elastic behavior initially ocecurs, followed by cracking
and the formation of yield lines. During this stage, restraint forces
due to arching increase linearly from commencement of loading (A) to
the maximum compressive membrane strength at point B. The load at B
characteristically is developed at a deflection of approximately one-
half the slab thickness, Between points B and C, the geometry of the
slab has changed sufficiently such that the in-plane forces detract
from slab strength, and contribute to further deflection. As
illustrated in Fig. 2.3, this happens because the centroid of
compression in the middle of the slab is below the centroid of
compression at the slab edges. At point C, enough deflection has
occurred to eliminate the horizontal restraining forces and instead,
activate the reinforcing as a tensile net. Failure of the slab is at
point D when the reinforcement fractures or loses anchorage. When a
slab is loaded with a concentrated load instead of distributed load,
the failure mode will usually be punching shear before the slab
reaches maximum arching strength at point B, The load at which this
punching shear failure occurs may also be affected by arching action.
Since compressive membrane action reduces the amount of flexural
cracking, more concrete is available in compression to resist shear
stresses around the periphery of the loaded area, thus increasing
shear strength.

The analysis of two-way concrete slabs at ultimate behavior is
generally accomplished using either the strip or yield line methods.
More recently, techniques have been developed to account for the
contribution to flexural and shear strength of arching effects.

The strip method, developed by Hillerborg [14], allows the
selection of a distribution of moments such that:

Equilibrium is satisfied at any point
. Yield moment of the slab at a given section is not exceeded
Boundary conditions are satisfied.

This method ignores torsion and in-plane forces, so that a two-way
slab is considered as a series of independent strips spanning in each
direction. Applied loads are assigned to each strip by the analyst's
Jjudgment, and moments are computed with ordinary beam theory. Such an
analysis is considered a lower bound limit analysis in that it can be
shown that the true ultimate load is greater than or equal to that
calculated.

Limit analysis of concrete slabs by the yield line theory was
mainly developed by Johansen [15]. The ultimate load of a slab is
found by first postulating a collapse mechanism consisting of a series
of plastic hinge lines along which the ultimate moment of the slab has
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been reached. Then, either the pﬁinciple of virtual work or the
equations of equilibrium are applied. If virtual work is used, the
solution is an upper bound one, giving an ultimate strength of the
slab equal to or greater than the actual capacity. If the equations
of equilibrium are used, the solution is a lower bound, and the actual
capacity is at least that calculated. When the solution satisfies
both virtual work and equilibrium, it is unique and equal to the
actual slab capacity.

Compressive membrane effects for uniformly loaded slabs may be
taken into account in a manner similar to the strip method of analysis
[16,17]. The slab is divided into a series of strips spanning in each
direction. Yield sections are introduced into each strip near the
location of yield lines. The portions of the strips between yield
sections are assumed to remain straight and ultimate load is assumed
to occur at a deflection of one-half the slab thickness. Using this
model with the principles of virtual work, and including axial forces
in the strips, the strength of the slab is determined.

The analysis of a concrete slab subject to concentrated loads has
been developed [18] for a punching shear mode of failure to include
the effects of arching. The idealized mechanical model adopted for
this situation is shown in Fig. 2.4. The portion of the slab outside
of the failure cone is considered to be loaded through a compressed
conical shell beneath the perimeter of the loaded area. Forces acting
on the sector element shown in Fig. ZJKb) are: :

. The oblique compression force TB/2n from the compressed
conical shell

. Horizontal forces from reinforcement R1 and Ro

: Horizontal compressive forces in the concrete, R3
Boundary restraints Fy and Mp

The boundary restraint forces are found using assumed maximum boundary
stresses and forces modified by a restraint factor ranging from 0 to 1
to account for practical boundary conditions. Considering the sector
element equilibrium and adopting an empirical failure criterion based
on strain near the shear crack, the theoretical punching load, P, is
determined in an iterative process. This theoretical punching load is
then corrected for dowel effects to give the ultlmate punching load of
the slab.

2.2 Previous Applications of Prestressed Concrete Slabs

Prestressed slabs have been used in a number of design
situations. These applications can give insight into the successful
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implementation of transversely prestressed bridge decks. The three
main areas of usage for prestressed slabs are bridges, buildings and,
more recently, pavements.

2.2.1 Bridges. Longitudinally posttensioned slabs are used for
some short span bridges. This system has the advantages of simple
construction and very small superstructure depth., By far the more
common usage of prestressed slabs in bridges, however, is in bridge
decks. This subsection will introduce only a few applications. &
much more detailed summary is given in Chapter 3.

Posttensioned box girder bridges are often constructed with
transversely posttensioned deck slabs. In such a design the gravity
loads imposed on the deck and the transverse shortening of the deck
due to posttensioning must be analyzed with respect to the box section
as a whole, The resulting deck has the advantage of being in
compression both longitudinally and transversely. In addition, the
prestressed slab is usually thinner than a conventional deck, thus
reducing the superstructure dead load. An example of tendon geometry
for a transversely posttensioned deck is shown in Fig., 2.5.

Precast-prestressed concrete deck panels are routinely used as
stay-in-place forms for typical slab and girder bridges., The 4-in.
thick panels span between adjacent girders and act compositely with
the cast-in-place portion of the deck. Use of the panels saves
materials and labor normally required for deck formwork.

Several innovative uses of prestressed concrete for bridge decks
have been made recently, in addition to the more common applications.
In the early 1970's, a bridge was designed and built in Dallas, Texas,
which incorporated a concrete deck posttensioned in both directions
[20]. To facilitate stressing, measures were taken to ensure the 10~
1/2-in. thick slab was free to move horizontally relative to the steel
floor beam and girder superstructure. Though a detail installed later
connected the slab to the supporting steel beams, composite action was
not utilized in the capacity of the bridge. A recent visit to this
structure, more than a decade after construction, revealed no signs of
cracks or corrosion in the prestressed slab, while adjacent
conventional reinforced concrete segments of bridge deck showed
significant cracking with evidence of water seepage through the
cracks.

In 1983, the deck of the Woodrow Wilson Bridge in Washington,
D.C., was replaced by precast, prestressed concrete slabs. The 8-in.
thick slabs, measuring approximately 46 ft by 10 to 12 ft, were
posttensioned transversely at the casting plant, and longitudinally
after installation in lengths of 140 to 285 ft. Lightweight concrete,
unbonded tendons and non-composite action were utilized in this
design. The advantages of this method of reconstruction were that by
working at night traffic was maintained during peak hours, the project
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was completed swiftly, the cost was relatively low, and the finished
deck was posttensioned in both direction, increasing durability.

2.2.2 Buildings. Posttensioned concrete slabs have become a
very popular form of construction for commercial and residential
buildings including parking structures, apartments and office
buildings. Such designs typically have span-to-depth ratios of 42 to
48, utilize draped tendons, and may be either one-way or two-way
slabs, While stiffness of the supporting elements must be taken into
account, in general the restraint forces in building slabs are reduced
relative to other applications of posttensioning because of the lower
compressive stress levels required.

It is useful to note that many parking garages constructed with
prestressed concrete have experienced severe deterioration due to
chloride induced corrosion [21,22]. Salt and melting ice from parked
vehicles tend to accumulate in localized areas of the garage floor.
Concrete cracks due to temperature, shrinkage, and creep effects
together with insufficient concrete cover, inadequate tendon sheaths,
gaps in the grease coating, and incomplete anchorage protection often
allow the brine solution to penetrate to the susceptible tendon
resulting in heavy corrosion and in some cases tendon failure.

2.2.3 Pavements. From the early 1970's, posttensioned concrete
slabs have been used on a limited basis as a roadway surface resting
on grade [23]. Typically, such pavements consist of a 6-in. thick
slab constructed on a prepared subbase and prestressed in the
longitudinal direction only with a single layer of tendons to a level
of 200-300 psi. Sections of slab up to 600 ft long are stressed as
unit with unbonded tendons. To minimize friction losses between the
slab and the ground, a double layer of polyethylene sheeting is
provided just beneath the concrete.

An extension of this concept, which also incorporates some
features of bridge deck design, was recently constructed as part of
Interstate 70 through Glenwood Canyon in Colorado. As Figs. 2.6 and
2.7 illustrate, the roadway slab is posttensioned with two layers of
unbonded tendons placed at an angle of 60 degrees to the centerline of
the roadway. An 8-in. thick section is used for the on-grade
portions, increasing to a 12-in. depth to provide a 6-ft cantilever.
Note that protection of the anchorages is provided by casting the
concrete barriers over the epoxy-coated anchorage components.

Prestressed pavements built to date are reported to be performing
adequately [23]. The one area of difficulty has been the transverse
expansion joints, where movements of up to 1-1/2-in. must be
accommodated. Typical problems include corroded and frozen expansion
hardware, deterioration of the joint sealer, and failure of the joint
armor.
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A recent application of prestressing in highways for the specific
purpose of improving durability was a prestressed concrete road
pavement built in Lubbock, Texas [57]. The town officials allowed the
prestressed pavement to be substituted for reinforced concrete because
"... they thought prestressing would hold up better to the site's
severe conditions." The prestressed concrete pavement was installed
at a cost of $18/sq. yd. instead of $24/sq. yd. estimated for a
reinforced concrete pavement.

2.3 Related Research

Major research investigations involving concrete bridge decks
have been carried out by both the University of Illinois
[24,25,26,27,28] and the Ontario Ministry of Transportation and
Communications [18,29,30,31]. Numerous other studies {32,33,34,35,36,
37,38,39] dealing with the distribution of wheel loads through the
deck, or with concrete slabs in a more general sense, have also been
reported.

2.3.1 The University of Illinois. Westergaard's classic study
in 1930 [28] of the effect of concentrated loads on an infinitely wide
Simple span slab was the forerunner of later research on bridge decks
at the University of Illinois. This study developed the concept of
replacing concentrated loads with an equivalent small area of uniform
load. It then used a classical elastic analysis to obtain an
influence surface relating moments in the slab to concentrated loads
applied at any location. Although limited by assumptions such as the
supports are simple and non-deflecting, this work formed the
foundation for later studies and directly influenced the present
AASHTO specifications for the distribution of loads in concrete slabs,

A large research program on bridge decks was conducted at the
University of Illinois from 1936 to 1954 [27]. The research can be
classified into four categories:

1, Fundamental analytical and experimental studies concerned
with various aspects of reinforced concrete slabs. Most
notable in this category are the studies [24,25] extending
Westergaard's work using approximate analytical techniques
as discussed in Sec. 2.1.1

2. Investigations of simple-span solid-slab bridges with
integrally cast curbs.

3. Investigations of slab and girder type bridges.

4, Studies of composite construction for I-beam bridges, with
special attention to shear connectors
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For the purpose of bridge deck design, the most important results
of this research are the analytical studies mentioned above [24,25]
and the design recommendations published by Newmark [26], all of which
form the basis for current AASHTO provisions.

2.3.2 Ontario. Beginning in the mid 1960's, as part of the
development of the Ontario Highway Bridge Design Code, the Ontario
Ministry of Transportation and Communication sponsored an extensive
testing program which eventually led to the incorporation of the
effects of compressive membrane action into bridge deck design. Much
of this work [18,29] was carried out at Queen's University in
Kingston, Ontario,

Conventionally designed reinforced concrete bridge decks were
shown to fail in punching shear, not flexure as assumed in design
practice, with an average factor of safety of 16, and minimum of 13.
This behavior was explained through the concept of compressive
membrane enhancement of flexural and shear strength as discussed in
Sec. 2.1.2. From this it was decided that concrete bridge deck design
should be based on requirements for durability and crack control,
rather than the less critical criteria of strength. An empirical deck
design, using a minimum thickness of 9-in. and 0.3% isotropic
reinforcement in the top and bottom portions of the slab, was
proposed, verified through laboratory and prototype tests, and adopted
into the Ontario Highway Bridge Design Code. A concise summary of
this research may be found in the supplement to the OHBDC [ 30].

Research is currently (1985) underway at McMaster University in
Hamilton, Ontario, to extend the concept of the Ontario Bridge Deck
Design using transverse prestressing [31]. This study involves
determining the amount of transverse prestressing required in a single
layer of a 7-in. thick deck to produce a slab design equivalent to the
OHBDC empirical design.

2.3.3 Other Research. 1In the late 1960's, two major studies
were initiated which were closely related to bridge deck design, but
not directly applicable. The objective of these programs was to
develop lateral load distribution criteria for bridges. The first
study, directed by Sanders at Iowa State University, was conducted
under the National Cooperative Highway Research Program [37]. It
resulted in recommended load distribution factors dependent on the
aspect ratio, relative stiffness of beams and floor, relative
diaphragm stiffness, and the extent of continuity. For most cases,
the proposed distribution factors did not give significantly different
values from the current AASHTO Specifications. The second research
program was done at Lehigh University by Van Horn et al. [39]. This
study also developed recommended lateral load distribution factors.
Neither of these studies! recommendations were ever incorporated into
the AASHTO bridge design specifications.
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Many other studies related to concrete bridge deck behavior but
not directly associated with the major efforts at the University of
Illinois or Ontario have been reported. Some of these have dealt with
membrane action in slabs, such as work by Park [36], Taylor and Hayes
[38], Acki and Seki [32], and Brotchie and Holley [34]. Others, such
as a recent study by the New York Highway Department [33] and current
research at Ferguson Laboratory at The University of Texas [35], have
focused on model tests of both conventional and Ontario Bridge Deck
designs. The New York study found factors of safety of at least six
times the design wheel load. At The University of Texas, researchers
are investigating the strength and fatigue characteristics of the
Ontario design using full scale bridge span models with both a cast-
in-place slab and with a deck slab constructed using precast-
prestressed panels as stay-in-place forms.

2.4 Current Design Practice

The design of concrete bridge decks in North America presently
follows either the standard specifications published by the American
Association of State Highway and Transportation Officials (AASHTO)
[11] or the relatively new empirical method of design put forth in the
Ontario Highway Bridge Design Code (OHBDC) [30]. In addition, many
state highway departments require bridge designs which they review to
incorporate more stringent provisions than the design codes.

2.4.,1 AASHTO Specifications. The AASHTO requirements which
pertain to reinforced and prestressed concrete bridge deck design are
summarized in this section. Though many of the provisions for
prestressed concrete were intended for applications of longitudinal
prestressing of superstructure elements, they are often assumed in
this report to apply also to transversely prestressed deck slabs. The
numbers in parentheses refer to the corresponding section in the
specifications.

Loads: The HS 20 design live load basically consists of a
32 k axle load (3.7), increased by 30% to account for
dynamic effects (3.8). The resulting concentrated wheel group
load (including impact) of 20.8 k may be considered, for the
purposes of more exact methods of analysis, to be applied over an
area 8-in. long and 20-in., wide (3.30). When load factor design
is used, the Group I ultimate load is computed as (3.22):

U = 1.3 (DL + 5/3 (LL + I))
where: DL = dead load
(LL + I) = 1live load including impact
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Analysis: For a slab monolithic with the supporting girders, the
span length is taken as the clear distance between slab supports. In
the case of steel girder supports, the span length is the distance
between the edges of the girder flanges, plus one-half of the flange
width (3.24.1).

When analyzing a longitudinal deck edge, the concentrated wheel
load is positioned one foot from the face of the curb or rail
(3.24.2), while the transverse edge, the load is considered directly
at the slab edge and must be supported by a diaphragm or by other
means (3.24.9).

Detailed analysis of the central portion of the slab is usually
circumvented entirely in ordinary slab and girder bridges through the
use of an approximate equation for transverse bending moment in simple
spans (3.24.3):

M = ((S+ 2)/32) P
where: M = moment per foot width of slab (ft-1b)
P = wheel load (1b) (16,000 pounds for H20 loading

plus impact allowance).
S = effective transverse span length (ft).

When the slab is continuous over at least three supports, a continuity
factor of 0.8 is applied to the above value and the positive and
negative moments are assumed to be equal.

Alternately, a more exact elastic analysis is allowed (3.24.3 and
8.4). The most commonly used method for this is the influence
surfaces giving moments per unit length presented by Pucher [41] and
Homberg [42]. Once the fixed end moments are found in this way, they
may be distributed transversely across the deck to obtain the design
moment s,

After determining the design moments by either the empirical
equation or elastic analysis, the deck is designed in 1-ft wide
transverse strips for flexure only, If flexural requirements are
satisfied, shear is considered non-critical (3.24.4),

Design: Reinforced concrete decks may be designed by either the
service load or load factor method (8.14.1). Certain provisions apply
to both methods. Concrete cover is to be taken as a minimum of 2-in.
for the top surface and 1-in. for the bottom of the slab (8.22.1).
Where analysis indicates reinforecing is required, the minimum area of
reinforcement provided must be able to develop a factored moment at
least 1.2 times the cracking moment of the section, based on the
modulus of rupture of the concrete (8.17.1). In the surfaces of slabs
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where reinforcing is not otherwise required, a minimum of 1/8 sq. in.
of steel per ft must be provided to control temperature and shrinkage
cracking, The spacing of this reinforcing is not to exceed 18-in, or
three times the thickness of the slab (8.20). Fatigue considerations
are ignored (8.16), but control of crack width is implicitly provided
by checking the equation (8.16.8.4):

fs = z/(d M3 <0.6 1y
where: £y = stress in reinforcing at service loads (ksi)
z < 170 k/in. for moderate exposure
< 130 k/in. for severe exposure
dg = thickness of concrete cover (in.)
A = effective area of concrete surrounding flexural

tension reinforcement (in.2)

Deflection control is established by requiring a minimum thickness in
ft of (8.9):

((3 + 10)/730) > 0.542
where S = effective transverse span length (ft).

Allowable stresses for service load design are (8.15.2):

fo = 0.4 £
fg = 20 ksi (Grade 40 reinf.)
fs = 24 ksi (Grade 60 reinf,)

and the strength reduction factor used with factored load design is
0.90 for flexure (8.16.1.2).

As with other applications of prestressed concrete design,
prestressed decks must satisfy both stress requirements at service
loads and strength criteria (9.13.1). Cover requirements for
prestressed and conventional steel in slabs are 1-1/2 in. in the top
surface, increased to 2 in., if deicer salts will be used, and 1 in. in
the bottom (9.25.1).

Allowable prestressing steel stresses are given as (9.15.1):

0.7 £ at release
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and
0.8 f; under service loads after losses
where: fg = ultimate strength of prestressing steel
F§ = yield point stress of prestressing steel

Concrete compressive stresses are not to exceed 0.55 f§; in
posttensioned slabs immediately after release, or 0.40 fi-at service
loads after all losses have occurred (9.15.2). Ten51le concerete
stressed permitted are as follows:

6 /Il for normal exposure with bonded reinforcing
3 /fé for severe exposure with bonded reinforecing
0 without bonded reinforcing

Also, posttensioned anchorage stresses in the concrete are limited to
3000 psi, but not to exceed 0.9 flj.

Prestress losses may be calculated by a simple method presented
in the specifications, or a lump sum loss may be dssumed (9.16). The
maximum amount of prestressed steel allowed is such that (9.18):

¥ (fgu/fh) < 0.30

where: p* = A;/bd, ratio of prestressing steel.

The minimum amount of steel necessary is the same as for reinforced
concrete slabs.

When calculating the strength requirements of the prestressed
section, the strength reduction factor is taken as 0.95 as opposed to
the 0.90 for non-prestressed reinforced concrete sections (9.14).

Other Requirements: For both reinforced and prestressed concrete
deck slabs, reinforcement parallel to the bridge girders is specified
for the bottom of the deck to provide for distribution of concentrated
loads. The percentage of the main reinforcement required for this
purpose is 220/ /S (where S = effective transverse-span length in
feet), not to exceed 67%. This steel must be placed in the middle
one~half of the slab span, with an additional amount of reinforcing,
at least half again as much, to be distributed in the outer quarter
spans of the slab (3 24, 10)

2.4.2 OHBDC Provisions. The Ontario Design Code allows the use
of elastic or ultimate analysis (but not the empirical moment
equation) and design methods similar to the AASHTO provisions for the
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design of concrete bridge decks., For decks of common composite beam-
slab type bridges, however, an empirical design method may be used
provided certain conditions are met.

This empirical design consists of providing a minimum of 0.3%
reinforcement in each direction in the top and bottom of the deck
(7.8.5.1), which is calculated using an average of the two effective
depths in a given slab face. Such a design is assumed adequate for
crack control and shear requirements, but must be checked for
transverse moment and shears due to differential deflection when used
with steel box girders with widely spaced diaphragms, Also,
cantilever portions of the deck must be analyzed and designed by
conventional means.

Conditions which must be satisfied for the use of the empirical
design may be summarized as follows (7.8.5.2):

1. The slab must not span more than 3.7 m (12 ft) and must
extend past the centerline of the exterior girder a minimum
of 1.0 m (3 ft, 3 in.)

2. Span to thickness ratio is not to exceed 15

3. Minimum slab thickness is 225 mm (9 in.) and maximum spacing
of reinforcement is 300 mm (12 in.)

4, Diaphragms in steel I and box girder bridges must be extended
throughout the bridge cross section and be spaced less than
8.0 m (26 ft)

5. Spacing of shear connectors is not to exceed 0.6 m (2 ft).

6. Transverse edges of the slab must be supported by diaphragms
or other means

The required minimum concrete cover is specified as 50 mm (2 in.)
for the top mat and 30 mm (1-1/4 in.) for the bottom layer of
reinforeing.

2.4.3 Other Design Requirements. Many state highway departments
have requirements for bridge deck design in addition to those found in
the AASHTO Specifications for projects funded with state or federal
monies,. For instance, the Colorado Department of Highways specifies
design must be done by the working stress method, with an allowable
steel stress, regardless of reinforcing grade, of 20 ksi. In
addition, concrete cover is to be 2-1/2 in. for the top reinforcement
and all steel within 4-in., of the upper surfaces of bridge decks and
parapets must be epoxy-coated [43].




CHAPTEHR 3

TRANSVERSE PRESTRESSING

3.1 Introduction

Even though the idea of transverse prestressing in bridge decks
for improved durability is relatively new, there have been numerous
previous applications of transverse prestressing, particularly in box-
girder bridges. This chapter reviews previous applications and
studies of transverse prestressing as well as current prestressing
technology, code provisions and practices which are applicable to its
use.

3.2 Previous Applications of Transverse Prestressing

An extensive literature review revealed that the earliest
applications of transverse prestressing in bridge decks were
apparently in Europe around 1960 [7]. The main reason for its use was
to increase the length of cantilever overhangs in box-girder bridges
and to reduce the number of interior webs as illustrated in Fig. 3.1.
The reduction in number of webs reduced construction costs.
Transverse prestressing was also used in pier regions to reduce
congestion in reinforcing steel layout, to achieve positive connection
between longitudinal beams, and in decks of voided-slab bridges. In
the earliest applications, the idea of enhanced durability in bridge
decks was not specifically recognized.

In contrast to the early European applications, the first
American application was the previously mentioned steel girder
expressway bridge built in Dallas, Texas, in the early 1970's [20].
The concrete deck was posttensioned longitudinally as well as
transversely., In this case, prestressing was specifically used for
crack control and to minimize maintenance. Thus far, the bridge deck
has shown no signs of deterioration. Design studies in connection
with the Dallas bridge concluded that transverse posttensioning should
not be used with composite slab-girder action. This conclusion was
reached because of lack of experimental evidence on slab restraint
effects. The designers were concerned with possible detrimental
interaction between the concrete deck and supporting girders during
transverse posttensioning which might severely reduce the effective
prestress force. The bridge was designed so that the slab would slide
over the beams during posttensioning. In fact, the beam=-slab
interface was greased to reduce friction. Because of the conservative
design philosophy, much of the possible cost reduction was lost due to
the prevention of full composite action.

25
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Based partly on this experience with the Dallas bridge, the
primary focus of the present investigation was the feasibility of
transverse prestressing of composite cast-in-place decks of standard-
type slab-girder bridges. At the inception it was felt that
noncomposite slabs might have to be cast and stressed with subsequent
shear transfer devices installed to produce composite action.
However, it is now apparent that for most bridges of interest, the
procedures verified experimentally and analytically in this study
should permit transverse posttensioning without requiring subsequent
ma jor steps to develop composite action.

Since the Dallas bridge, there have been several other
transversely prestressed bridges built in the United States [44,45].
These have been box-girder type bridges, with posttensioning used in
the cast-in-place bridges, and pretensioning used in the precast
segmental bridges. Again, as for their earlier European counterparts,
the primary motivation for transverse prestressing in thses bridges
was to maximize the length of cantilever overhangs and decrease the
number of interior webs. Table 4.1 of Ref., 46 summarized
approximately 30 bridges built around the world which have utilized
transverse prestressing [6,7,44,45,47,48,49,50,51,52,53,54,55,56].

There have been a few studies of transverse prestressing in
bridge decks. However, they were primarily conceptual studies with
little, if any, information on tests or measurements. They dealt with
precast pretensioned units for deck replacements, and completely
ignored composite cast-in~-place decks [10,58,59]. One study [8] in
the 1960's reported on the influence of transverse prestressing on the
strength of prestressed concrete bridge slabs. However, this study
focused only on flat-plate type slabs with no supporting girders. A
detailed literature review revealed no other analytical or
experimental investigations concerning the use of transverse
prestressing in compositive cast-in-place decks.

Several highly detailed theses and dissertations have been
completed as part of the present overall research program at The
University of Texas at Austin. Details of the study not included in
these reports can be found in those references. Poston [46]
summarized both the durability experiments and the development of
design criteria. Almustafa [60] developed techniques for the analysis
of transverse prestressing effects in bridge decks. His study
included a parametric investigation of various structural effects
using three-dimensional finite element analysis. Results from the
design, construction and testing of a model bridge were presented by
Mora [61] and Ralls [9]. Their work primarily involved the
experimental investigation of structural effects in the application of
transverse prestressing to a composite slab-girder bridge model. The
experimental behavior of the model bridge to vertical loads and
development of design procedures was reported by Phipps [63].
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3.3 Prestressing Systems for Bridge Decks

There are three possible systems which can be used for the
application of transverse prestressing in bridge decks. The first is
the utilization of pretensioning prestressing. This system is best
suited for precast deck systems. Pretensioning used in conjunction
with a cast-in-place deck would require large structural bulkheads to
maintain the prestressing until the deck is cast and the subsequent
transfer of force into the hardened concrete can take place. The most
common method for pretensioning tendons is mechanical jacking.
However, in Russia, the electrothermal method of prestressing has
found wide usage in pretensioning. Electric current is used to heat
and expand prestressing steel, which is then held at the ends. As the
steel cools and tends to shrink, it is stressed [64,65]. In
pretensioned systems the details of the protection of the ends of the
tendons become critical. They provide a channel for moisture to enter
the concrete if not fully encapsulated. Also, the use of unprotected
prestressing tendons, which is common in deck pretensioning
applications, has been severely limited by federal and state highway
agencies until further research indicates no potential for corrosion
[66].

The second and third systems applicable to transverse
prestressing involve the use of unbonded and of grouted
posttensioning, respectively. The use of posttensioning is most
prevalent in cast-in-place construction. Stressing is generally
mechanical stressing with hydraulic rams. The electrical method has
been used but it has been found to be uneconomical [65]. In the
bonded system the tendons are posttensioned and then grouted. The
degree of protection provided by the grout varies considerably,
depending on the grout and grouting procedure [67]. In the unbonded
system the tendons are left unbonded but are afforded corrosion
protection through external coverings such as extruded plastic-coating
and grease or wrapping with sisal kraft paper. The greases which are
used sometimes contain anti-corrosives or corrosion inhibitors [68].
Unbonded systems have not been widely accepted in bridge applications
because of the concerns for corrosion protection and for control and
distribution of cracking due to overloads. Posttensioning systems
require protection of the anchors. However, a distinet advantage of
the grouted system is that failure of the end anchors should not
significantly impair the structural integrity of the bridge if
effective bonding has been achieved. The need for complete
encapsulation of the tendon system in a corrosion resistant barrier
and the need for adequate auxiliary bonded reinforcement to ensure
adequate structural integrity are emphasized in the design
recommendations in Report 316-3F of this project.

There is a wide variety of systems available for posttensioning
applications. These include conventional wire and strand systems as
well as the threaded bar system. However, few currently available
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anchor systems are specifically designed for thin deck slab
construction. A number of unbonded monostrand anchors are available
for thin sections. Most of the available multistrand posttensioning
anchors are either cone, bell or plate type. Their design generally
calls for a capability of handling at least five tendons. In these
anchor types the tendons are generally arranged in circular pattern,
as shown in Fig. 3.2a. This pattern is not conducive to use in thin
sections such as deck slabs. Anchors which place the tendons in only
one or two horizontal planes, as shown in Fig. 3.2b, are probably
better suited for thin-section applications, Discussions with
industry representatives indicate some preliminary designs and
prototype testing have been completed for thin-slab section anchors
primarily intended for posttensioned flat-plate building structures.
However, their comments suggest that this type of anchor should be
easlly adaptable for applications of transverse prestressing in bridge
decks.

At present, the most common multistrand posttensioning duct is
circular. However, industry is designing flat, rectangular ducts,
both rigid and flexible, which are compatible with the newly developed
thin-section anchors.

3.4 Current Applicable Code Provisions and Practice

3.4.1 Design Bending Moments. The transverse strength of a
bridge deck must be adequate to resist the imposed external vertical
loads. This strength can be provided by conventional reinforced,
prestressed or partially prestressed concrete., 1In the U, S., the most
common approach for the design of bridge decks is according to the
AASHTO Specifications [11]. The basis for AASHTO transverse slab
design was reviewed in Sec. 2.4.1.

The intent of the AASHTO transverse slab design procedure is to
provide for the same moment capacity at positive and negative moment
regions. However, there is no definitive guidance in AASHTO regarding
the design for possible reversal of moments at a section. It is
general practice in the US. to place the same amount of reinforcement
over the girder regions for negative moment as at the middle section
of the slab panel for positive moment. Half of the above amount of
reinforcement is used at these sections for the case of moment
reversals, as shown in Fig. 3.3.

However, tests performed by Newmark and Siess [27] and others
[48,69] indicate that the maximum negative moment in the slab over the
girders is smaller than that given by current AASHTO Specifications.
Table 3.1 compares the relative amounts of reinforcement suggested by
Newmark and Siess to that of current AASHTO practice. This table
reveals that AASHTO is conservative for the maximum negative moment in
the slab over the girders, and is extremely conservative for the
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Fig. 3.1 Transverse prestressing in box-girder bridges
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Table 3.1 Relative Amounts of Transverse
Reinforcement in Bridge Slab

AASHTO Newmark and Siess
Slab Location ]
Middle of Over the Middle of Over the
Panel Girders Panel Girders
Bottom 1.0 0.5 1.0 0.4
(+ Mom.)
Top " o.5 1.0 0.2 0.7

(= Mom.)
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maximum negative moment at the middle of the slab. Adoption of
smaller maximum negative design moments in the slab would allow a
corresponding increase in concrete cover and protection. It would
also permit greater tendon spacings for transversely prestressed
bridge decks, and thereby reduce costs.

3.4.2 Stress Distributions. Prestressing tendons spaced along
the edge of a bridge deck represents a fairly complex analysis
problem. There is very little information available in the literature
which aids in the analysis of this problem. The physical situation of
forces applied at anchor locations on the edge of a bridge deck
translates into a mathematical problem of finding stresses in an
elastic media where point loads are applied along a straight boundary.

There is a two-dimensional, closed-form theory of elasticity
solution for the problem shown in Fig. 3.4 of a concentrated force
acting on a horizontal straight boundary of an infinitely large plate
[70]. However, this solution is severely limited for the application
of transverse prestressing in bridge decks. It is for a single force
only, and does not include interaction effects of several point loads,
such as the case of many anchor locations along the bridge slab, In
addition, it cannot account for lateral stiffness effects of girders
and diaphragms in a bridge.

There are several discrete-element computer programs available
for the global analysis of conventional slab-girder bridges. However,
these programs only permit vertical loads on the bridge deck. They do
not consider the possibility of in-plane loads such as is the case for
transverse prestressing.

Because of the lack of available analysis techniques for
transversely prestressed bridge decks, two- and three~dimensional
finite element analysis computer programs were developed as part of
the overall research program. These computer programs offer great
flexibility for determining stress distributions in transversely
prestressed bridge decks. Almustafa, in his work, describes the
three-dimensional finite element analysis program which he used for
parametric investigations of structural effects in transversely
prestressed slab-girder bridges [60].

3.4.3 Use of Diaphragms. Since diaphragms are built
perpendicular to the longitudinal girders, and hence parallel to the
main reinforcement in a deck slab, they may have a significant
restraining effect on the prestressing distribution in a transversely
prestressed slab. End diaphragms are usually provided at supports of
Slab-girder bridges. The end diaphragms "tie" the longitudinal
girders together and provide an efficient means of transferring the
lateral loads acting on the superstructure to the substructure.
Additionally, end diaphragms provide support for the deck slab between
the girders at the end regions of a bridge for those cases in which
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the slab is not continuous in the longitudinal direction for several
spans for live load only., Besides end diaphragms, interior diaphragms
are generally used between girders at one or more locations between
end supports. Figure 3.5 shows typical locations and types of
diaphragms used in current practice for a short span bridge.

The effectiveness of end and interior diaphragms in slab-girder
bridges under static and dynamic loading has been investigated by
several researchers [71,72]. They conclude that interior diaphragms
are not necessary based on the structural behavior of the completed
bridge and thus could be omitted., However, interior diaphragms are
useful to aid in bridge erection and to provide lateral stability of
the structural girder skeleton until the deck is cast.

3.4.4 Anchorage Zone Design. A number of problems have occurred
in posttensioned applications in both bridges and buildings which
indicated that design procedures and criteria of anchorage zones for
posttensioning tendons needed further examination and refinement.
Significant cracking occurred in many cases but was controlled by the
presence of additional reinforcement in the anchorage zone. Even
though capacity of the member was not reduced in these cases, the
cracks which appeared provided a path for penetration of aggressive
substances resulting in corrosion., The formation of cracks negates
one of the principal advantages of prestressed concrete, namely the
minimization of service load cracking.

Because of the recent problems with posttensioning anchorage
zones, a comprehensive analytical and experimental research program
was conducted at The University of Texas at Austin [73,74,75]. That
study resulted in recommendations and guidelines for anchorage zone
design of thin-web posttensioned members as shown in Fig. 3.6.
Because of geometry differences, the recommendations from that study
are of limited use in thin-slab applications such as in the case of
transversely prestressed bridge decks.

There is one effect that the Texas research study did not include
which could be critical for transversely prestressed bridge decks.
The recommendations from the study are specifically for single
anchorage zones in a thin section and do not directly consider
interaction effects of multiple anchorages. The application of
transverse prestressing in bridge decks requires the use of multiple
anchors along the edge as shown in Fig. 3.7. While some limited tests
were run in connection with a prototype structure in this project,
further research is needed in this area.

3.4.5 Tendon and Anchor Protection. Even though transverse
prestressing in bridge decks has been suggested as a way of improving
durability, it is implicit that such a "crackfree" design can only
ensure corrosion protection if adequate thickness of concrete cover,
adequate concrete quality and adequate compaction exist so that
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"uncracked" concrete provides the necessary barrier to inhibit the
corrosion mechanism. In addition, its effectiveness depends on
adequate corrosion protection of anchors. There are important
differences between unbonded prestressing and bonded (grouted)
prestressing systems, not only from a structural point of view, but
also in regard to protection against corrosion. With bonded tendons
the prestressing steel is embedded in a portland cement grout, which
results in an alkaline environment with a high pH which should provide
good protection. For unbonded tendons, the prestressing steel is
surrounded by a heavy grease which results in a chemically neutral
environment, which by itself does not provide protection against
corrosion. In some cases, the greases used may contain anti-
corrosives. Furthermore, the lack of bond is particularly critical
for an unbonded tendon since the loss of an anchor or portion of the
tendon to corrosion implies the loss of load-carrying capacity and
thus overall structural integrity. Authorities [68,76,77] agree on
the basic pitfall in the protection of prestressing systems., In
general, prestressing tendons are well protected in sound dense
concrete. However, the protection can break down because of faulty
and careless construction practices which leave prestressing tendons
and anchors vulnerable to attack,

There are several common sense practices which ensure awell-
protected bonded tendon [77]. The first is to ensure an adequate
anchorage plug at the stressing end where the anchor is recessed as
shown in Fig. 3.8. FIP [76] recommends a normal portland cement
mortar with low-shrinkage properties. Adhesion of the mortar to the
concrete hardened in the pocket is improved by using a resin bonding
agent on the sides of the pocket. Secondly, proper grouting provides
adequate protection for the prestressing tendon. There are no known
cases of catastropic failure of bonded tendons due to corrosion in
which proper grouting techniques had been used. A good grout calls
for no bleed voids, which is a separation of the cement and water
before initial set. The use of an expansive agent and an admixture
that controls bleeding also produces superior grout.

However, in unbonded construction, corrosion failures produce
dramatic failures. Schupack's [77] description of the failure is as
follows:

..Failed unbonded tendons, because of the sudden release of
energy, tend to shoot out of their enclosure. The
projectile nature of this type of failure is obviously a
hazard to life, besides the overall structural concern...

The problem is especially critical because if an unbonded tendon
fails, the total tendon is lost. FIP [76], HERON [68] and PTI [T78]
recommendations call for the unbonded tendon to be covered with a
water impermeable grease and then wrapped in a tough protective
sheathing such as polyethylene. Furthermore, the common practice of
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leaving that portion of the strand adjacent to the anchor exposed to
concrete as shown in Fig. 3.9 should be discontinued. The gap between
the end of the sheath and the stressing anchorage contradicts the
basic intent of the grease and sheathing, As for the case of bonded
tendons, the anchor plug for unbonded tendons should be painted with a
resin bonding agent, then packed using a suitable non-shrink mortar.
Finally, current practice calls for special care in tendon placement
to ensure no punctures or indentations in the sheathing leaving the
strand unprotected.

Schupack [T7] recently presented an excellent idea for protecting
prestressing tendons, as shown in Fig. 3.10. His concept calls for
the encapsulation of the tendon completely from end to end which
electrically isolates the tendon. This isolation requires a tough
plastic to take the bearing stresses under the anchor plate. He
estimates that the costs of this protection would be as low as 1% of
the total cost for a parking structure. The same functional concept
is recommended by the recent HERON and PTI reports [68,78]. With the
tendon isolated by a plastic sheathing, the HERON and PTI reports
recommend use of an epoxy capping around all steel components at the
ends of the strand and at the anchorages. This functionally results
in an electrically isolated tendon. However, the concept of the
electrically isolated tendon, which was developed by Schupack and
Suarez [77], is patented in the U.S. and is under patent review in
various other countries.

The Post-Tensioning Institute recently completed a specification
for unbonded tendons [78]. This specification also recommends the
idea of a fully encapsulated tendon at all locations, and the need for
complete water tightness., Additional recommendations are provided for
minimum material properties and construction procedure which should
provide unbonded tendons with corrosion protection. Specific
performance requirements for corrosion preventative coatings and
greases which surround unbonded tendons are also included. The
relative fragility and the generally low cost of plastic sheathings
argue strongly for thicker, tougher sheathings which can better resist
shipping, handling and local tie tendencies to produce cuts or slits
in the sheathing.

3.4.6 Transverse Prestressing Specifications. The current
AASHTO Specifications [11] relating to prestressing were developed
principally for longitudinal prestressing. The early authors of the
AASHTO Specifications for prestressed concrete envisioned the use of
prestressing principally only in the longitudinal direction in precast
girders and box-sections. The present AASHTO Specifications are
severely limited in the coverage of transverse prestressing. This, of
course, is one principal reason why the present research program was
initiated. Report 316-3F [ 12] provides definitive guidance for the
utilization of transverse prestressing in bridge decks.
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CHAPTER 4

STRUCTU RAL BRIDGE MODEL

4,1 Introduction

As previously shown in Fig. 1.2, one major component of the
overall research program was the experimental testing of a laboratory
model bridge to assess the structural effects of transverse
prestressing. This chapter briefly summarizes the experimental
testing which was conducted to determine the effective distribution of
the prestress force, and discusses the design of the transversely
posttensioned deck of the laboratory bridge model. Since the bridge
model had to be designed before detailed results were available, the
design process reported herein may be considered provisional. After
interpretation of the test results, a design process was finalized and
is reported in Report 316-3F [ 12]. Generalized analytical results,
detailed experimental data from testing the model bridge, and
comparisons between analytical and experimental results, can be found
in other studies [9,46,60,61,63] which were a part of the overall
research program on transverse prestressing. The ma jor results
affecting prestress force distribution are briefly summarized in this
chapter. The results pertaining to slab behavior under vertical load
and under single concentrated edge loads are reported in Chapter 5.
The important design implications are discussed in Report 316-3F [ 12].

4.2 General Description

Models are routinely used in structural engineering. In cases
where the structure or material is too complex to represent
analytically, where the structure which must be tested is too large
for laboratory conditions, or where a check of analytical procedures
is required, a model test is very useful.

Under service load conditions, a prototype bridge structure is
subjected to vehicular loads amounting to as much as 100 kips per lane
of traffic. At anultimate limit state, this translates into loads
exceeding 225 kips per lane. Considering the size of a prototype
bridge as well as the level of applied loads, it would have been
difficult to test a full-scale transversely prestressed prototype
bridge. Therefore, a 0.45 scale true model of a prototype bridge was
constructed and tested.

The bridge model utilized transverse prestressing in the deck,
but otherwise was conventional in design. It was constructed using
precast, prestressed concrete girders and exterior and interior
concrete diaphragms. Moreover, the model bridge was designed to take
advantage of composite action between the deck and girders, which is
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standard bridge design practice. The primary objective of the testing
was to experimentally determine the state of stress in the model
bridge deck which was transversely prestressed. Supplemental testing
of the model bridge included vertical load tests simulating vehicular
traffic. This testing was conducted primarily to complete the overall
design verification of a bridge which utilizes transverse
prestressing.

4.3 Model Prototype Design

The prototype structure selected for modeling in the laboratory
was a single span of a conventional multispan bridge designed by the
Texas State Department of Highways and Public Transportation (TSDHPT)
and to be located over 0Oso Bay in Corpus Christi, Texas. The
superstructure of the prototype bridge consists of TSDHPT Type C
prestressed concrete girders, simply supported between bents with a
reinforced concrete deck slab. Figure 4.1 illustrates a typical
layout of the prototype bridge. It is common practice to sometimes
use a continuous deck slab over interior bents even though the girders
are simply supported. Continuous slabs are primarily used to reduce
the number of articulated expansion Joints. These expansion joints
require routine maintenance, and thus fewer expansion joints mean
lower maintenance costs. 1In addition, fewer expansion joints provide
for a smoother riding surface on a bridge. However, since the
laboratory model was only a single span, the model deck slab
necessarily represented those cases in which the deck slabs are not
fully continuous at interior bridge bent locations.

The use of a particular prototype bridge as the focal point of
the laboratory study was appropriate for several reasons. First, it
represents the most common bridge structural system used by the
TSDHPT. Secondly, the bridge is located in a marine enviromment which
will challenge the durability of the slab. Third, the bridge
possesses features which highlight some of the concerns and questions
Wwith respect to the application of transversely prestressed bridge
decks. In particular, the question concerning the effect of the
lateral stiffness of girders and diaphragms on the stress distribution
over the bridge deck. Finally, it was hoped that a portion of the
actual prototype bridge could be built following the recommendations
derived from the research study. This would have permitted a direct
field comparison of the performance of a conventional reinforced
concrete and a transversely prestressed concrete deck system.
Unfortunately, the timing of the research program to that of the
bridge construction did not permit this.

The prototype structure was first designed and the model
dimensions determined by scaling for similitude requirements. The
bridge was designed for AASHTO [11] HS20-44 live load and for an
unshored construction procedure. An excellent account of the modeling
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TABLE 4.1(a) Material properties of various elements in
analysis model

Modulus of Poisson's
Element Elasticity Ratio Thickness Area
(ksi) (in.) (in.2)
Slab 4000 0.15 8.25 ———
Diaphragm 4000 m——— cee—— 216

*Total thickness = equivalent rectangular girder depth + slab
thickness = U47.4 + 8.25 = 55,65 in.

TABLE 4.1(b) Material properties assumed for full-scale prototype
bridge deck design.

Concrete compressive strength, i 5 ksi
Nonprestressed reinforcement yield strength, fy 60 ksi

Prestressed reinforcement
1/2-in. diameter prestressing tendon

Ultimate strength, fou 270 ksi
Area, Aps 0.153 ksi
Effective prestress after losses, f 150 ksi

pe




48

concrete diaphragms. The girders were also modeled using eight-node
elements having properties shown in Table 4,1a. Transverse
posttensioning was modeled as uniformly distributed point loads along
the edge of the bridge deck as shown in Fig. 4.5.

Four analyses were carried out using the two-dimensional finite
element analysis model. The first case was for restrained movement at
the girder supports and with the diaphragms in place. Case 2 was the
same as Case 1 except with all diaphragms removed. Case 3 was for
calculated spring stiffness values corresponding to the girders
resting on neoprene pads as shown in Fig. 4.4, and with all diaphragms
in place. Case 4 was similar to Case 3 except with the diaphragms
removed.

The resulting stress contours resulting from each analysis case
are shown in Figs. 4.6 through 4.9. The contours shown in these
figures are for the same one-quarter symmetry analysis model of Fig.
4.5, The values shown in these figures represent a percentage of the
nominal uniform stress applied along the edge of the bridge slab which
is considered to be 100%. For example, > 70% implies that the average
compressive stresses in the transverse direction are at least 70% of
the applied edge stress in the region bounded by the contour lines,
Case 1 represents a lower bound solution since the girders are
completely restrained. For this case, Fig. 4.6 shows that the normal
stresses are as low as 10% of the applied edge stress in some isolated
regions near the support ends of the girders which is also the
location of the end diaphragms. Figure 4.6 also shows that the
transverse compressive stresses are below 50% of the edge stress for a
substantial portion of the deck. The stress contours shown in Fig,
4.7 for Case 2 are similar to those for Case 1 except that a
Substantially larger portion of the slab is stressed to a value
greater than 90% of the edge stress. This is primarily due to the
absence of the diaphragms. However, the the slab regions near the
support end of the girders, the transverse stresses are as low as 10%
of the applied edge stress even though no diaphragms are present.
This points out a basic problem when the girder supports are fixed.
The girder fixity locally restrains slab shortening at the end of the
bridge, and thus the transverse compressive stresses are significantly
lower than the applied transverse edge stress. Since the slab stress
contours for Case 1 and Case 2 are similar at the abutment end of the
bridge, it can be concluded that in this case girder fixity has a much
more pronounced effect on transverse stress distribution than the
presence of end diaphragms. However, at interior slab locations,
comparing the stress distribution for Cases 1 and 2 reveals that the
presence of interior diaphragms does significantly change the
transverse stresses in the regions near the line of interior
diaphragms, For Case 1, the interior diaphragms locally restrain slab
shortening, and thus the stresses are smaller than those for Case 2 in
a large portion of interior slab locations.
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However, Cases 3 and 4 represent more realistic analyses for
transverse prestressing of a bridge deck. The analysis results shown
in Fig. 4.8 for Case 3, which is f