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PRE F ACE 

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 
experi mental 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 1. AI-Rashid Chair in Civil Engineering. The 
detailed 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. 
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IMP L E MEN TAT ION 

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 addi tion, 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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C HAP T E R 

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 
fi ve 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 [6,1]. 
In composite slab and girder bridges, the decks would be 
longi tudinally 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 
eli minate 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 co ncr ete with su bsequent corrosion of the rein forc in g 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 
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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 wi th 
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 di stribution of the transverse 
prestress? If nominal uniform compressi ve 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 ser ies [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 the 
interrelationship between the structural and durability 
aspects 
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To help fulfill these objectives, the overall research program 
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 explJsure specimens. 
The final area was the formulation of design recommendations for deck 
prestressing incorporating the ,results from both th4! structural and 
the durabi 11 ty studies. 

The scope of the research primarily covers prestressing of 
co mposi te cast-in-place bri dge decks over mu I tip Ie girder s of the 
general configuration shown in Fig. 1.3. However, many of the 
conclusions and recommendations relating to the durabil1 ty aspects are 
equally applicable to decks of other bridge types. S,::>me 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 prestrea,sing of bridge 
decks is presented in Chapter 3. Procedures and results of analytical 
and experi mental stud ies 0 f the effecti ven ess IJ f tr a ns ver se 
prestressing are gi ven in Chapter 4. Procedures and results of both 
vertical load tests and concentrated edge load tests to determine 
effecti veness of edge spacing are gi ven in ChaptE~r 5. A brief 
overview of the results of the analytical parameter studies are 
inoluded in Chapter 6. The major oonclusions 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 st~ries [12]. 
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C HAP T E R 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 ~!.!~~!..£. A t low I eve Iso flo ad, an un c r a c ked, 
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 

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 gi ve 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 shap~ 

7 
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For slabs continuous over flexible supports, numerical moment 
d i str i bution procedures may be used. Equi va lent fra me 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 effecti ve member stif'fnesses. This 
"equivalent frame" is then analyzed by conventional means. 

Another set of commonly used elastic analysis methods rely on 
numerical procedures and digi tal electronic compute:rs. Included in 
this group is the discrete element technique, whel"e 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 deflecti:)n 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 te'chnique 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 incre,ases, 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, whtle 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 i.n most bridge 
decks) in-plane compressi ve forces are induced in the alab because as 
the slab deflects vertically, the edges tend to move outward and react 
against the bounding elements (Fi g. 2.1). Known as compressi ve 
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 



9 

characterized by three stages, as shown in Fig. 2.2. In the phase 
from A to B, elastic behavior initially occurs, 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 compressi ve membrane strength at point B. The load at B 
characteristically is developed at a deflection of approximately one
half the slab thickness. Between points Band 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 di stributed 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 fai lure occurs may also be affected by arching action. 
Since compressi ve me mbr ane act ion reduces t he amount of fIe xu ral 
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 
contri bution 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. Appli ed loads are assi gned to each str ip by the analyst's 
judgment, 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 principle 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 capaci ty. 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. 

Compressi ve membrane effects for uniformly loaded slabs may be 
taken into account in a manner similar to the strip method of analysis 
[16,17J. 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 [18J for a punching shear mode of failure to include 
the effects of arching. The idealized mechanical model adopted for 
this si tuation 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. 2.4(b) are: 

The oblique compression force T8/2n from the compressed 
coni cal shell 

Hori zontal forces from rei nforcement R1 and R2 

Horizontal compressive forces in the concrete, R3 

Boundary restraints Fb and Mb 

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 practi cal boundary condi tions. Consi dering 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 gi ve the ultimate punching load of 
the slab. 

2.2 Previous Applications of Prestressed Concrete Slabs 

Prestressed slabs have been used in a number of design 
si tuations. These applications can gi ve insi ght 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, pa ve ments. 

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 subsectlon will introduce only a few applications. A 
much more detailed summary is gi ven in Chapter 3. 

Posttensioned box girder bridges are often constructed with 
transversely posttensioned deck slabs. In such a desi gn 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 ad jacent girders and act compositely wi th 
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 application~ 
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 \Hlson 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 concr ete, 
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 durabi li ty. 

2.2.2 Buildings. Posttensioned concrete slabs have become a 
very pop ular for m of constructio n for com merci al and r esi dential 
bu ildi ngs includi ng park i ng st ructur es, apart ments 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 
compressi ve 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 ,22J. Salt and melting ice from parked 
vehicles tend to accumulate in local ized 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 [23J. 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 wi th 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 [23J. The one area of difficulty has been the transverse 
expansion joints, wher e move ments 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 
arnnr. 
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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 bettE'r to the site's 
severe condi tions." The prestressed concrete pavement was installed 
at a cost of $18/sq. yd. instead of $24/sq. yd. E:stimated 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 Ontar io Min istry of Tr ansporta tion 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 O1'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 ccncentrated 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 di scussed 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-beclm bridges, with 
special attention to shear connectors 
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For the purpose of bridge deck desi gn, the most important resu lts 
of this research are the analytical studies mentioned above [24,25J 
and the design recommendations published by Newmark [26], all of which 
form the basis for current AASHTO provisions. 

2.3.2 Ontar i o. Be ginn i ng 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 compressi ve membrane action into bridge deck desi gn. 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 throu gh 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 [30J. 

Research is currently (1985) underway at McMaster Uni versi ty 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 .Q.ther Research. In 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 di stribution factors dependent on the 
aspect ratio, relati ve stiffness of beams and floor, relati ve 
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 a1. [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 deek behavior but 
not directly associated with the major efforts at the' University of 
Illinois or Ontario ha ve 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 T~~xas [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 Tex,as, researchers 
are investigating the strength and fatigue characteristics of the 
Ontario design using full scale bridge span models with both a cast
in-place s lab 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 relati vely 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 Specification s. 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 longi tudinal 
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 
s peci fi cations. 

Loads: The HS 20 design live load basically conaists of a 
32 kaxle 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 + 513 (LL + I» 

where: DL = dead load 

(LL + I) = li ve load inclu ding 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 posi tioned one foot from the face of the curb or ra il 
<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 = rroment per foot width of slab (ft-Ib) 

p = wheel load (lb) (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 gi ving moments per unit length presented by Pucher [41] and 
Homberg [42]. Once the fi xed end moments are found in this way, they 
may be distributed transversely across the deck to obtain the design 
rroments. 

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 ei ther 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 reinforcing 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 mlnlmUrn 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 i mplici tly provided 
by check ing the equa tion (8.16.8.4): 

where: = stress in reinforcing at service loads (ksi) 

A 

z < 170 k/in. for moderate exposure 

~ 130 k/in. for severe exposure 

= 

= 

thickness of concrete cover (in.) 

effecti ve area of concrete surrou nding flexural 
tension reinforcement (1n.2) 

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

where 

«S + 10)/30) ~ 0.542 

S = effective transverse span length (ft). 

Allowable stresses for service load design are (8.15.2): 

f c = 0.4 f ~ 

fs = 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 requiremlmts at service 
loa d san d s t r eng t h c r it e ria ( 9. , 3. 1 ). C over r eq u ire me n t s for 
prestressed and conventional steel in slabs are 1-1/;~ in. In the top 
surface, increased to 2 In. if deicer salts will be USE!d, and 1 in. in 
the bottom (9.25.0. 

Allowable prestressing steel stresses are gi ven a~, (9.15.1): 

0.7 fs at release 
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and 

0.8 f; under service loads after losses 

where: ul timate strength of prestressing steel 

yield point stress of prestressing steel 

Concrete com pressi ve stresses are not to exceed 0.55 fbi in 
posttensioned slabs immediately after release, or 0.40 fc at service 
loads after all losses have occurred (9.15.2). Tensile concrete 
stressed permi tted are as follows: 

6 Ifh for normal exposure with bonded reinforcing 

3 Ifh for severe exposure with bonded reinforcing 

o without bonded reinforcing 

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

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

p* (f:u/fb) ~ 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 cal cuI ati ng the strength requi rem ents of the pres tressed 
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 2201 IS (where S = effecti ve transverse span length in 
feet), not to exceed 67%. This steel must be placed in the middle 
one-half of the slab span, wi th an addi tional amount of reinforcing, 
at least half again as much, to be distributed in the outer quarter 
s pans of the sl ab (3.24.10). 

2.4.2 OHBDC Provisions. The Ontari 0 Desi gn Code allows the use 
of elastic----or--ultlmate 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 0.3S 
reinforcement in each direction in the top and bot1::,om 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 defll~tion when used 
with steel box girders with widely spaced diaphragms. Also, 
cantilever portions of the deck must be analyzed and designed by 
conventional means. 

Condi tions 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 mini mum 
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 ~Ipaced 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 support,~d by diaphragms 
or other means 

The r6:Juired mlnlmum 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 
reinforcing. 

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 
addi tion, 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]. 



C HAP T E R 3 

TRANSVERSE PRESTRESSING 

3.1 Introduction 

Even though the idea of transverse prestressing in bridge decks 
for improved durabili ty 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 extensi ve 1 i terature review revealed that the earl iest 
applications of transverse prestressing in bridge decks were 
apparently in Europe around 1960 [1]. 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 feasibili ty of 
transverse prestressing of composite cast-in-place dec:ks 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 composi te 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 requtring subsequent 
major steps to develop composite action. 

Since the Dallas bridge, there have been several other 
transversely prestressed bridges built in the Uni ted ;3tates [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. ~6 summarized 
approximately 30 bridges built around the world whic~ 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 ;)f transverse 
prestressing in compositive cast-in-place decks. 

Several hi gh ly deta iled theses and di ssertattons ha ve 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] 
sum mar ized both the durab ility experi ments and the ;jevel opmen t 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-di mensional fini te element analysi s. Re'sults from the 
deSign, construction and testing of a model bridge wel:"e 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 desi gn 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 
wi th 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 someti mes contain anti-corrosi ves or corrosion inhibitors [68]. 
Uhbonded 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 distinct 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 nu mber of unbonded monostrand anchor,s are ava ilable 
for thin sections. Most of the available multistrand posttensioning 
anchors are either cone, bell or plate type. Their design generally 
calls for a capab ili ty of hand ling at least fi ve tendo ns. 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 hor izontal planes, as shown In Fi g. 3.2b, are probably 
better suited for thin-section appl1 cations. 01 scussions 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 
easily adaptable for applications of transverse prestressing in bridge 
decks. 

At present, the most common multistrand posttenaioning duct is 
circular. However, industry is designing flat, rectangular ducts, 
both rigid and flexible, which are compatible with the new ly developed 
thin-section anc hor s. 

3.4 Current Aeplicable Code Provisions and Practice 

3.4.1 Design Bending ~2.!!!.ents. 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. In 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 posi ti ve and regati ve 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 U.s. to place the same amount of reinforcement 
over the girder regions for negati ve 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 th!:! slab over the 
girders is smaller than that gi ven by current AASHTO Specifications. 
Table 3.1 compares the relati ve amounts of reinforcement suggested by 
New mark and S less to tha t of current AASHTO practice. Thi stable 
reveals that AASHTO is conservati ve for the maximum negclti ve moment in 
the slab over the girders, and is extremely conservative for the 
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Straight 6 Sent bars 

Sent bars 
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o e t 

Straight 6 Bent bors 

Section A-A 

Fig. 3.3 Transverse reinforcement in bridge 
decks [601 

Table 3.1 Relative Amounts of Transverse 
Reinforcement in Bridge Slab 

AASHTO Newm~rk and Siess 

Slab LocatiC'n 
Middle of Over the Middle C'f Over the 

Panel Girders Panel Girders 

BottC'm 1.0 0.5 1.0 0.4 
(+ Mom.) 

Top 0.5 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 Distri butions. Prestr essing tendons spaced along 
the edge of a bridge deck represents a fairly complex analysis 
problem. There is very little information available in the li terature 
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 over all research progra m. These computer progra ms offer great 
flexibility for determining stress distributions in transversely 
prestressed bridge decks. Almustafa, in his work, describes the 
three-di mensional finite element analysis program which he used for 
parametric investigations of structural effects in transversely 
prestressed slab-gi rder bridges [60]. 

3.4.3 Use of ..QiaphraS,.!!!.!. 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 longi tudinal direction for several 
spans for live load only. Besides end diaphragms, interior diaphragms 
are generally used between girders at one or more loeations 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 nu mber of problems have occurred 
in posttensioned applications in both bridges and buildings which 
indicated that design procedures and criteria of anchorage zones for 
posttension ing tendo ns need ed further e xa mination and refine men t. 
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 penetr ation of aggressi ve 
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 posttensiol1ing anchorage 
zones, a comprehensi ve analytical and experi mental research p rogra m 
was conducted at The University of Texas at Austin [73,74,75]. That 
study resulted in recommendations and guidelines for clnchorage zone 
design of thin-web posttensioned me mbers as shown in Fig. 3.6. 
Because of geometry differences, the recommendations from that study 
are of limi ted 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 !nchor 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 (!oncrete cover, 
adequate concrete quality and adequate compaction exist so that 
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"uncracked" concrete provides the necessary barrier to inhibi t 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 [68,16,11] 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 a well
protected bonded tendon [11]. 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 [16] 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 in i tia 1 se t. The use of an expansi ve a gent and an ad mi xture 
that controls bleeding also produces superior grout. 

However, in unbonded construction, corrosion failures produce 
dramatic failures. Schupack's [11] 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 [16], HERON [68] and PTI [18] 
recom mend ations call for the unbonded tendo n to be cover ed wi th 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 ad jacent to the anchor exposed to 
concrete as shown in Fig. 3.9 should be di scontinued. 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 sui table non-shrink mortar. 
Finally, current practice calls for special care in tendon place ment 
to ensure no punctures or indentations in the sheathing leaving the 
strand unprotected. 

Schupack [77] recently presented an excellent ide,l 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 rHquires 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 recom mended by the recent HERON and PTI reports [68,78]. With the 
tendon isolated by a plastic sheathing, the HERON and PTI reports 
recom mend 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 
var iou s other cou ntr ies. 

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 ~Ire 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 plclstic sheathings 
argue strongly for thicker, tougher sheathings which can better resist 
shipping, handling and local tie tendencies to producE~ cuts or slits 
in the sheathin~ 

3.4.6 Transverse Prestressing Specifications. The current 
AASHTO Specifications [11] relating to prestressingiolere developed 
principally for longi tudinal 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 11 mi ted 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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C HAP T E R 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 experi mental 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 effecti ve di stribution 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 major result s 
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 an ultimate 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 
di fficu It 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 desi gn practice. The pri mary objecti VE~ 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 utilizl~s 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 desi gned by the 
Texas State Department of Highways and Public Transportation (TSDHPT) 
and to be located over Oso Bay in Corpus Christi, Texas. The 
superstructure of the prototype bridge consists of TSDHPT Type C 
prestressed concrete girders, simply supported between bents wi th 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. In addition, fewer expansion joints provide 
for a smoother riding surface on a bridge. However, since the 
laboratory model was only a single span, the mc,del deck slab 
necessarily represented those cases in which the decl< 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 
with 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 
actua 1 prototype bri dge cou ld be bui lt follow ing the I"ecom mendations 
derived from the research study. This would have permi tted 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 permi t this. 

The prototype structure was first desi gned 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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requirements and of the overall desi gn and construction of the bridge 
model is provided by Mora in Ref. 61. 

Two series of tests were conducted on the bridge model. The 
first series involved the determination of stresses introduced into 
the slab with the application of transverse prestressing. Taking 
advantage of symmetry in the model, each half of the bridge slab was 
constructed with a di ffer en t trans ver se strand profi Ie, name ly 
straight tendons and a combination of straight and draped tendons. A 
total of four transverse posttensioning tests were conducted on the 
model: two on each half of the bridge, one with end and interior 
diaphragms in place, the other with the interior diaphragms removed. 

The second series of tests consisted of single lateral load 
applications to determine tendon spacing effects and of vertical load 
testing of the bridge model to si mulated vehicular li ve load. These 
latter tests were conducted for loads representing s\~rvice, factored 
design and ultimate conditions. All are reported in the next chapter. 

4.4.1 Two-Dimensional Finite Element Analysi.s of Structural 
Effects. A 1'WO-dfiilensional finite elementanalysis \olasconducted to 
aid in the deck design of the model bridge. A two-dimensional 
analysis seemed appropriate because of the belief that the lateral 
girder stiffness effects on the transverse stress dis'=.ribution of the 
bridge deck were predominately in~lane. 

Figure 4.2 illustrates a cross section and plan view of the 
prototype bridge. The structural skeleton of the Pl"ototype bridge 
consists of seven TDSHPT Type C prestressed concrete girders and 
exterior and interior concrete diaphragms. For purpos,es of the finite 
element analysis, the Type C girders were modeled as r'ectangular beams 
of equivalent lateral stiffness as shown in Fig. 4.3. It was 
important for analysis purposes to model the 14-in. tl)P girder flange 
width of the Type C girder for the equivalent rectanglilar beam. This 
result ed in an eq ui valen t r ec tangu lar girder depth slightly grea ter 
than the Type C girder dept~ However this had no effect on the 
analysis since there were no vertically applied lo,ads in the two
dimensional model. The girders rest on neoprene bearing pads on the 
bridge abutments. Equivalent lateral springs, as de:veloped in Fig. 
4.4, w er e used in the analysis to model the supp()rt condi tions. 
Because of symmetry, it was possi ble to analyze only one-quarter of 
the bridge shown in Fig. 4.2. The resulting finite element model used 
in analysis is shown in Fig. 4.5. The material properties assumed for 
the different elements are provided in Table 4.1a. The bridge slab 
was modeled using an eight-node quadratic quadrilateral plane stress 
element with properties shown in Table 4.1a. Axial stiffening 
elements with the properties shown in Table 4.1a represented the 
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TABLE 4.1(a) Material properties of various elements in 
analysis model 

-----------------------------------------------------------------
Element 

Slab 

Girder 

Diaphragm 

Moclulus of 
Elasticity 

(ks!) 

4000 

4000 

4000 

Poisson's 
Ratio 

0.15 

0.15 

Thickness 
(in.) 

8.25 

55.65· 

Area 
(in. 2) 

216 

·Total thickness = equivalent rectangular girder depth + slab 
thickness = 47.4 + 8.25 = 55.65 in. 

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

-----------------------------------------------------------------
Concrete conpressi ve strength, f 6 5 ksi 

Nonprestressed reinforcement yield strength, fy 60 ksi 

Prestressed reinforcement 
1/2-in. diameter prestressing tendon 

Ultimate strength, fpu 270 ksi 

Area, Aps 0.153 ksi 

Effective prestress after losses, fpe 150 ksi 
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concrete diaphragms. The girders were also modeled using eight-node 
elements having properties shown in Table 4.1 a. 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-di mensional 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 si milar to Case 3 except with the diaphragms 
rerroved. 

The resulting stress contours resulting from eaeh 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 
compressi ve 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 contoul's 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 ar'e 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 compressi ve 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 abut.ment end of the 
bridge, it can be concluded that in this case girder fixi ty 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 r'eveals 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 bri dge deck. The analysis resul ts shown 
in Fig. 4.8 for Case 3. which is for flexible girder supports and 
diaphragms. indicate that in the diaphragm regions there are some 
stress zones where there is a significant reduction in the applied 
edge stress. However. nowhere are the transverse stresses below 70%. 
The transverse stresses are well above 80% and 90% of the compressi ve 
edge stress for most of the bridge deck. The results shown in Fig. 
4.9 for Case 4. which is for flexible girder supports and no 
di aphragms. are even mor e encouragi ng. These res ul ts show that the 
transverse stresses do not fall below 90% of the appl ied edge stress 
anywhere in the bridge deck when the diaphragms are removed. 

The results for Case 4 clearly indicate that the lateral 
stiffness effects of the girders on the transverse stress distribution 
are negligible if girders are on flexible supports. The results from 
Case 3 reveal that the diaphragms do locally restrain slab shortening. 
and thus reduce the compressi ve stresses in the bridge deck near the 
location of the diaphragm. However. there is at most only about a 30% 
reduction in transverse stresses in the regions near the diaphragms. 
These reductions in stresses in the regions near the diaphragms can 
easily be accounted for by locally increasing the prestressing in the 
diaphragm regions as was done for the laboratory bridge model. 

The m agni tude of the el as ti c shorteni ng along the edge of the 
bridge deck for Case 3 approached that obtained from Eq. (4.1): 

where 

P 

L 

A 

E 

PL/AE (4.1) 

the transverse elastic shortening, 

the total load applied along the edge of the 
bri dge deck, 

width of the bridge deck. 

cross-sectional area of the bridge deck, and 

modulus of elasticity of the concrete bridge 
deck. 

For Case 4 where the diaphragms are excluded, the elastic shortening 
along most of the edge of the slab is nurneri call y equal to that gi ven 
by Eq. (4.1). The values of elastic shortening obtained for Cases 3 
and 4 again indicate that there is very little restraint provided by 
either the diaphragms or girders. 

Cases 3 and 4 also provided interesting results for design 
considerations in the longitudinal direction for in-plane forces. The 
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analysis results indicate that the maximum principal longitudinal in
plane tensile stresses due to transverse post tensioning of the bridge 
slab are only of the order of 7% of the applied transverse compressive 
stresses. These results suggest that for in-plane forces there is 
little need for reinforcement in the longitudinal direction to 
actively control cracking, since the tension stresses are small. 
However, there may be a need for longitudinal reinforcement for 
controlling cracking due to vertical loads. 

4.4.2 Design Philosophy. The AASHTO Specification [11 J is qui te 
definitive in its guidance for the transverse design moments in a 
concrete bridge slab. AASHTO implici tly assumes that the behavior of 
a concrete bridge slab is elastic at service load levels. The 
distribution and magnitude of the design moments should not be 
affected by whether the slab is a conventionally rei nforced deck or is 
transversely prestressed. Some studies [48,71 J indicate that the 
AASHTO design moments for bridge decks are quite conservative and 
could be reduced. However, since it was not the maj or purpose of thi s 
st udy to reeval uate current AASHTO provi sions for slab loads, the 
design of the transversely prestressed model bridge deck followed the 
present AASHTO provi sions for the desi gn slab moments. In fact, all 
applicable provisions in the current AASHTO Specifieation [11J were 
followed for design of the deck. 

Perhaps the most important aspect of the posttensioned model 
bridge slab design was the assumption of the limiting tensile 
stresses. The fundamental precept for improving thl;! durability of 
bridge decks wi th transverse prestressing assumes that the concrete 
remains essentially uncracked. Thus, it follows that the extreme 
fiber slab stresses must remain below a realistic tension stress 
index. The index assumed in the current AASHTO provis:lons is 61ft;; for 
normal exposure condi tions. 

The present 6/16 tension index is really based on flexural 
cracking consideration [79J. The allowable tension was changed from 
3~in the 1969 AASHTO Specifications to 6/fc in the 1971 Interim 
AASHTO Specifications. The change was made since experience from the 
building industry showed that at a stress level of 6i1'bprestressed 
concrete remains essentially uncracked. However, this change ignored 
fatigue considerations. Since 1971, research and experience in the 
bridge industry has shown that at a tension stress of 6/f[ cracking 
occurs [79J. At crack locations, prestressing tendons can experience 
large stress ranges which result in mechanical fatigue fracture, and 
thus reduces the capability of a member to carry des:lgn loads. for 
corrosive environments, the current AASHTO Specificatl.ons [11J limit 
tension stresses to 3/f'b which was the allowable tension index for 
normal exposure conditions in the 1969 AASHTO Specifications [lllJ. 
At 3~ there appeared to be no problems wi th fatigue [79]. Adopting 
the 1969 AASHTO Specifications philosophy for normal exposure 
conditions would suggest that for severe corrosive exposure 
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condi tions, the allowable tension stress index should be even smaller 
than 3/fh. A more conservati ve tension stress index would be 0 psi, 
thereby assuring that no cracks form. Addi tionally, since the 
critical path for deicing salt penetration into a bridge slab is from 
above, it is reasonable to assume a more restri cti ve requirement for 
the top fiber than the bottom fiber of a transversely prestressed 
bridge deck. The different cri teri a for the top and bottom of the 
slab would allow some additional economy in the required tendon 
spacings. With these considerations, the decision was made to limit 
the top slab tensile stresses to 0 psi and the bottom slab tensile 
stresses to 2/fb. The value 2/fb seemed to be a reasonable limiting 
tension stress index which is below the 3/fX limit for fatigue 
considerations. 

After establishing limiting tensile stresses, the required tendon 
spacings for the model bridge slab were calculated. Besides 
satisfying the assumed limiting tensile stresses, the calculated 
tendon spacings also reflected the resul ts from the plane stress 
finite element analysis previously discussed in this chapter. The 
reduced stress zones in the near regions of the diaphragms required 
extra tendons to compensate for the restraining effect. Extra tendons 
would produce m ore com pressi on, and thus would com pens at e for the 
transverse stress reductions due to the presence of diaphragms. More 
closely spaced tendons in the diaphragm regions would resul t in a more 
uniform state of stress in the slab. 

The tendon s paci ngs also requi red modif i cati on to account for 
friction losses in the posttensioning system. Friction losses are a 
function of several vari abIes and can be eval uated analyti cally from 
equations if material-dependent friction constants are available 
[11,64,65J. Since prestressing tendons can be draped or straight, the 
fri ction losses depend on the cumulati ve angle change whi ch occurs in 
the tendon direction, known as curvature effect, and also on local 
irregulari ti es in the duct profile whi ch is referred to as "wobble." 
Figure 4.10 illustrates the idea of friction losses for a 
posttensioning tendons due to both wobble and curvature effects. 

The model bridge slab utilized prestressing tendons in grease
filled plastic ducts because of cost considerations, ease of 
construction, availability, and because it was to be a structural 
model and corrosion resistance was not a concern. However, since 
reliable information on the magnitude of friction losses for this type 
of prestressing system was not available, an experimental friction 
test program was conducted. The testing and results of this friction 
study are reported in detail in Ref. 9 and are summarized in 
Fig. 4.11. For a tendon length of 60 ft, which is approximately the 
width of the prototype bridge deck, the straight tendons show a 10% 
loss of force at the dead end compared to the jacking end. In 
contrast, for a tendon which consists of seven full cycles of draping 
as shown pictorially in Fig. 4.11 for the seven-girder prototype 
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Fig. 4.10 Friction losses in posttens:loning 
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bridge, the force at the dead end is only about 70S of the jacking 
force. Even though the experimental friction test was conducted for 
full-scale prototype dimensions, it was reasonable to assume a direct 
translation of the friction losses for the tendon system used in the 
model bridge slab. Therefore, the friction loss valUE!S shown in Fig. 
4.11 were used for the deSign of the slab. 

Finally, the model bridge slab was designed to Emsure adequate 
strength at the factored load condition. Also, the current ACI [80] 
recommendations for minimum bonded reinforcement were used in the 
model bridge design in order to assure overall structural integrity. 

Figure 4.12 summarizes the design philosophy followed in the 
design of the transversely prestressed model bridge slab. Highlights 
of the desi gn calculations for the model bridge slab are presented in 
Sec. 4.4.4. More detailed calculations are presented :In Appendix A. 

4.4.3 Other Design Consideration s. A preli minar:, desi gn of the 
slab identified three possible layouts for the prestressing in the 
transverse direction as shown in Fig. 4.13. These profiles included 
straight middepth tendons (Fig. 4.13a), eccentric straight tendons 
(Fig. 4.13b), and a combination of eccentric straight and draped 
tendons (Fig. 4.13c). The first profile offers ease of construction 
and a "fail-safe" design for ultimate strength considerations since 
the tendons are equally effective in reSisting both negative and 
positi ve moments. The second profile offers a more efficient deSign 
for strength since the internal slab resisting couple utilizes a 
larger moment arm than that for middepth tendons. The last profile 
requires fewer posttensioning strands since some of the tendons are 
draped according to the need for negative or positive moment 
reinforcement. 

However, a closer look at the profiles revealed that only the 
latter two were viable alternati ves for the laboratclry modeL the 
first strand profile, which utilized middepth tendons, was eliminated 
from further consideration for several reasons. The internal 
resisting moment arm was inefficient for the middepth tendons and 
required a slab design dominated by strength considerations. The 
deSign using this tendon profile required far mor'e tendons for 
strength than needed for li miting service load stresses at the extre me 
slab fibers. A good design woo ld stri ve for more of a balance between 
the prestressing tendons required for service and ultimate loads. In 
addition, the required prestressing steel for factored loads exceeded 
the maxi mum allowable steel percentage as specified by AASHTO 
1.5.10(A) [11]. Finally, there was a real concern for the tension 
splitting stresses generated by multiple in-line anchl)rage zones as 
shown in Fig. 4.14. Depending on the stress levels, number of 
anchorages, and their proximity to each other, a splitting type 
failure, as illustrated in Fig. 4.14, could occur. 
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A major deviation from the current AASHTO provisions was made 
concerning the required amount of longitudinal distribution steel. 
AASHTO [11] would have required a large amount of longi tudinal steel. 
However, the analytical study by Almustafa [60J concluded that there 
was no need for flexural reinforcement in the longitudinal direction. 
Accordingly, only the minimum steel for temperature, shrinkage, crack 
control and structural integri ty was specified for the longitudinal 
direction. 

4.4.4 Design Calculations. The desi gn of the transversely 
posttensioned model bridge slab was carried out following the 
guidelines and considerations outlined in the previous sections. The 
approach was to design the slab for the full-scale prototype bridge, 
and then to scale the design according to the similitude requirements 
of the model. A 1/2.23 scale was chosen for the laboratory bridge 
model based on cost, available laboratory facilities, accuracy and 
ease of construction. Only highlights of the calculations follow. 
More detailed calculations are presented in Appendix A. 

4.4.4.1 !:.ull~cale ~rototype ~~ck. The materi al properti es 
assumed for design of the prototype bridge deck are shown in Table 
4.1(b). 

The maximum positive and negative service load plus impact moment 
was computed according to AASHTO for HS20-44 loading for an 8.25 ft 
slab span as 6.04 k-ft/ft. The corresponding moment envelope for a 
typical interior span is shown in Fig. 4.15a. Current design practice 
calls for a moment reversal of half this value at critical sections. 

The maximum concrete stress, fc' was computed for the service 
load moment as + 0.533 ksi assuming a gross uncracked concrete 
section. The stresses are shown for the slab midspan in Fig. 4.15b. 

Straight Tendon Profile. The limi ting tension stresses assumed 
for design were 0 psi at the top of the slab, and 2/fh (140 psi for fh 
= 5000 psi) at the bottom of the slab. The prestressing was designed 
to ensure that these limiting stresses were not exceeded for the 
servi ce load moment. 

The critical sections for design were at the girders for the 
maximum negative moment, and at midspan for the maximum positive 
moment. An assumed 2-in. clear concrete cover allowed a maximum 
tendon eccentricity of 1.875 in. as shown in Fig. 4.16. The 
previously calculated concrete stress was increased to account for the 
friction loss expected in straight tendons as shown in Fig. 4.11. 
According to Fig. 4.11, the stress at the far end of a straight tendon 
is expected to be 0.90 of the stressed end because of friction losses. 
Using elastic beam theory, the following two equations were written to 
sol ve for the required top and bot tom tendon forces whi ch sati sfy the 
limiting tension stresses: 
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-0.9 PT/A - 0.9 PTe/S - 0.9 PB/A + 0.9PBe/S + 0.533 = 0 

-0.9PT/A + 0.9PTe/S - 0.9PB/A - 0.9PBe/S + 0.533 = 0.140 

where 

A = 

S = 

and e = 

required tendon force per foot width of slab 
for the top of the slab, kips 

required tendon force per foot width of slab 
for the bottom of the slab, kips 

area per foot width of slab, in. 2 

3 section modulus per foot width of slab, in. 

tendon eccentricity, in. 

Solving these equations for PT and PB resulted in: 

PT = 28.3 kips 

PB = 23.2 kips 
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( 4.2) 

(4.3) 

These forces were used to compute the required tendon spacings 
assuming the effecti ve prestress force shown in Table 4.1 (b). 

Bottom tendon spacing = 11-7/8 in. 

Top tendon spacing = 9-314 in. 

The unequal tendon spacings for the top and bottom of the slab 
would result in secondary moments in the slab. However, an analysis 
showed that the secondary moment effects were negligible in this case. 

Straight and Draped Tendon Profile. For ease of construction, it 
was decided to utilize an equal spacing between straight and draped 
tendons. Accordingly, the more restrictive 0 psi criterion was used 
for both slab faces. In addi tion, the decision was made to use an 
equal number of straight and draped tendons for a given section as 
shown in Fig. 4.17. 

According to Fig. 4.11., the effective stress at the far end of a 
combination of straight and draped tendons would be between 70~ and 
90~ of the stress at the stressing end. For design purposes, an 
average value of 80~ was assumed. With the same definition of 
variables as in Eqs. (4.2 and (4.3), Eq. (4.4) was written to satisfy 
the limiting tension of 0 psi under superimposed loads at the critical 
negati ve moment section: 

-0.8 PT IA - 0.8 F1'e/S - 0.8 PB/A + 0.8 PBe/S = 0.533 = 0 (4.8 ) 
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But, PB = PT / 3 in this case as shown in Fig. 4.17, and thus solving 
for PT resulted in: 

PT = 29.1 kips 

Based on this prestressing force, the required tendon spacing was 
comp uted as 9-112 in. For a gi ven r epe at in g section, the d esi gn 
required one straight tendon top and bottom, and two draping tendons. 

An analysis of this tendon profile also revealed that the 
secondary moment effects were negligible. 

According to the results of the finite element analysis shown in 
Fig. 4.8, the stresses in the regions near the diaphragms are as low 
as 701. of the applied edge stress. Thus, to compensate for the 
restraining effects, the previously calculated tendon spacings were 
conservatively cut in half in the diaphragm regions. This reduced 
tendon spacing was extended over a 4-ft. region at both the end and 
interior diaphragm locations. Figure 4.18 shows the results from the 
finite element analysis in which the transverse posttensioning was 
doubled in the 4-ft region surrounding the diaphragms. The transverse 
slab stresses in the diaphragm regions are in general at least equal 
to or greater than the applied edge stress in the nondiaphragm 
regions. A check of the compression concrete stresses reveals that 
even in this diaphragm region the concrete compressi ve stresses are 
well below the 0.4 fd 11 mi t specified in AASHTO. 

The current ACI recommendations [80] for the use of bonded 
reinforcement with unbonded prestressing tendons were followed to 
ensure overall structural integrity of the bridge slab. Even though 
the ACI recommendation is primarily for buildings, some bonded 
reinforcement is required in bridges to ensure overall flexural 
performance at ultimate conditions, to control cracking at service 
loads, and to provide strength during construction unti 1 the 
posttensioning is completed. This requirement translated into the use 
of 114 reinforcing bars at 12-in. spacing for both the top and bottom 
of the bridge deck in the transverse direction. Since Almustafa's 
[60] finite element analysis revealed that the AASHTO requirement for 
longitudinal distribution steel was excessive, it was decided to use 
the bonded reinforcement requirement for this direction as well. This 
would prvoide for an easier construction since both the top and bottom 
mats of steel in both directions would have the same reinforcing bar 
spacing. 

A check of the AASHTO requirement for temperature and shrinkage 
steel revealed that the bonded reinforcement satisfied the required 
1/8 in.2 of reinforcement per foot width of slab. 

The factored moment envelope for a typical interior deck span of 
the bridge was computed according to AASHTO and is shown in Fig. 4.19. 
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A check of ulti mate strength showed that for both tendon profiles, the 
prestressing alone was not qui te enough to meet the strength 
requirement. However, the ultimate strength of the deck was satisfied 
by including the bonded reinforcement in the calculations. Ultimate 
moment calculations are shown in detail in Appendix A. 

Finally, a check of both strand profiles revealed that the 
minimum and maximum steel percentages of AASHTD were satisfied as 
shown in Appendix A. 

The details of the reinforcement for the transversely prestressed 
prototype bridge deck are shown in Fig. 4.20. As outlined in the 
design, in the near regions of the diaphragms, the tendon spacing was 
reduced to one-half of that in the nondiaphragm regions, as shown in 
Fig. 4.21. 

4.5 Method of Analysis 

4.5.1 General. In order to provide a realistic analysis of any 
structure, it is necessary that the analytical method used be 
sufficiently rigorous to model all significant behavior of the 
structure under the specified loads. Since the objecti ve of this 
study is to determine the transverse stress distribution in a bridge 
slab due to the application of the transverse prestrl!ss loading, the 
most important characteristic to be analyzed is the in-plane behavior 
of the slab. As shown in Fig. 4.22, this in-plane hehavior may be 
affected by the existence of longitudinal girders in a slab-girder 
bridge and the existence of nonrigid diaphragms at the ends or 
inter medi ate locations in the br idge. Further mor e, the in-p lane 
behavior of the slab may be affected by the bending actions of the 
slab itself, especially when draped prestress is used" because of the 
existence of the girders and diaphragms. Thus, any analytical method 
must be capable of modeling the in-plane and bending behavior of the 
slab and the influence of the girders and diaphragms. 

Since it seemed that the diaphragms may be the most influential 
variable on the transverse stress distribution in the slab, the finite 
element method was the most practical choice since 't:.he bridge slab, 
longitudinal members and diaphragms can be easily modeled under any 
spec i fied loading. 

4.5.2 Finite Element Method. The finite elem'~nt method is a 
discretization teChnique which replaces a structural system with 
infinite degrees of freedom by one with finite degrees of freedom. 
The original structure is d1scretized into a finite number of 
structurally deformed elements interconnected together at the nodal 
points where continuity and equilibrium are to be saUsfied. In the 
displacement formulation of the finite element method, the stiffness 
matrix of each element of the discretized structur'e is basically 
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derived from an assumed displacement function. The stiffness of the 
entire structure is then obtained by the usual direct stiffness 
technique. Along with the specified displacement boundary condi tions 
and the applied nodal loads, this global stiffness matri x is solved 
for the unknown displacements and stresses. 

The stiffness of a bridge structure consists of three stiffness 
systems: 

1. In-plane and bending stiffnesses of the bridge deck (modeled 
by shell elements) 

2. Beam stiffnesses of longitudinal members and diaphragms 

3. Stiffness due to eccentricity between the deck and the 
supporting beams 

Fig. 4.23 illustrates the finite element modeling of girder-slab and 
box girder bridges. 

Both the shell and beam elements are developed to account for the 
first two of the above stiffness systems, respecti vely. The stiffness 
matrix for beam elements is first derived referring to nodal points on 
the local axes of the beam elements and subsequently transformed to 
cornmon nodal points at the midsurface of the bridgE! deck by a usual 
stiffness matrix transformation. For the deck ShE!ll elements, no 
transformation is necessary because the local and global axes 
coincide. To account for stiffness system 3, which essentially 
represents the true composite action, a special transformation of the 
beam stiffness matrices (which are formulated on thetr local axes) to 
that of the midsurface of the deck shell elements [81]. is necessary 
and shown in Fig. 4.24. This eccentricity tran:;lformation will 
introduce suitable coupling between the in-plane and bending 
stiffnesses of the bridge structure. 

The basic assumptions in deriving these elements are: 

1. The material is isotropic, homogeneous and linearly elastic. 

2. Small deformation theory is adopted bu t the Kirchhoff 
hypothesis is relaxed so that normals to the midsurface 
before deformation remain straight but not necesarlly normal 
to the midsurface after deformation. 

3. The stress normal to the shell midsurface is equal to zero. 

Since the proposed solution is fully three-di mensi()nal, no special 
consideration has to be gi ven to such effects as torsion, shear lag 
and other local effects. Isopara metric for mu lation WciS used to deri ve 
both elements. The shell element is a four-node quadrilateral with 
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six degrees of freedom per node. The beam element is a two-node 
straight element with six degrees of freedom per node. The shape 
functions for displacement and rotation for shell and beam ele ments 
are assu med to be inde pendent linear functions. The thickness of the 
shell element is assumed constant for each element and structures with 
smooth variations in thickness are appropriate with abrupt steps in 
thickness. 

4.5.3 Finite Element Modeling of Bridge Structures. As shown in 
Fig. 4.23, the slabs of slab-girder and box girder bridges are 
idealized as shell-type elements. The girders and end and interior 
diaphragms of a slab-girder bridge are idealized as beam-type elements 
with special eccentricity transformation to account for the composite 
action. In the modeling used for the slab-girder bridge members, the 
width of the slab panel between the girders was taken from girder 
center-to-center. This assumes that the girders are one-di mensional 
line elements, as shown in Fig. 4.25. The girder-slab connection is 
idealized as a point connection on the vertical axis of the girder and 
not as a real finite-width connection. This results in a local 
distortion of the actual transverse stresses in the slab in the 
vicinity of these connections. The webs of a box girder bridge are 
idealized as shell-type elements. Plane stress ele ments are used to 
model the end diaphragms in a box girder bridge. More realistic 
boundary conditions are imposed in the finite element idealization 
used than those usually assumed in folded plate and finite strip 
methods. Because of the actual idealization of the diaphragms, they 
are not assumed to be infinitely stiff in their own plane and 
perfectly flexible normal to their own plane. At the end diaphragm 
nodal supports, the nodes are prevented from vertical movement only. 

In this study, the bridges considered will be subjected to 
transverse prestress loading prior to grouting only. Thus, no bond 
stresses are developed between the tendons and slab concrete. 
Consequently, the transverse posttensioned tendons exert pure external 
loads. In modeling the posttensioned tendons forces, conventional 
allowance was made for tendon losses. Draped transverse posttensioned 
tendons press against the concrete slab and thus subject the slab to 
horizontal and vertical loads and possibly end moments. These forces 
are calculated using the "equi valent load concept" [65] and input as 
external loads. 

4.5.4 Finite Element Analysis Program. The development of the 
fini te element computer program UTSCA and a listing are detailed in 
Ref. 60. The computer program is coded in standard FORTRAN IV and is 
practically machine independent. 

The computer program UTSCA provides a powerful tool for the 
analysis of a wide variety of structural problems. Several examples 
relevant to this study have been chosen to illustrate the application 
of the program and the validi ty of the results obtained. The results 
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obtained are compared with values obtained from ei ther other 
analytical solutions or experi mental tests. These examples are shown, 
for reference, in Table 4.2. 

Example 1, shown in Fig. 4.26(a), was taken from a report by 
Mehrain (82). The three-beam-slab bridge has been chosen to compare 
the present shell and beam elements to more complicated folded plate 
elements used in the original report. This example provides an 
adequate verification of the performance of both the eccentric beam 
and shell elements. As shown in Fig. 4.26, the agreement with the 
folded plate method is very good despite the relatively small number 
of elements used to idealize the bridge. 

Example 2, shown in Fig. 4.27, was taken from a report by Willam 
and Scordelis [83] who used folded plate theory for the analysis. 
This four-beam-slab bridge has been chosen to illustrate the 
applicability of the present computer program when the structure is 
subjected to di fferent types of loadings, especially horizontal 
transverse loading. The three loading cases are analyzed using a very 
crude mesh (6x6 elements), and the results are shown in Fig. 4.27. 
The results of the present computer program are in good agree ment wi th 
those of the folded p late method. 

Example 3, shown in Fig. 4.28(a), was taken from a report by 
Sengupta and Breen [84]. The six-girder-slab bridge, with and without 
end and interior diaphragms, has been chosen to verify the 
applicability of the beam element when it is used to model a diaphragm 
in a girder-slab bridge. Different cases of diaphragms are analyzed 
and the results obtained are compared to the results obtained from 
experimental tests. Since the values originally gi ven by Sengupta and 
Breen are experi mentally deter mined inf luence -line -type value s, the 
values obtained from the present program are only compared to three 
girder points for each case. Figure 4.28(b) shows that the results 
from the computer program are in good agreement with the experimental 
results. 

Example 4 has been chosen to demonstrate the adequacy of the 
present shell element to idealize skew plates, without even referring 
to a special skew formulation. Due to the lack of orthogonality and 
the presence of singularity at the obtuse corners, the analysis of 
skew plate is more complicated than that of rectangular plates. The 
resu Its of the present program obtained for different skew angles and 
boundary conditions are compared to those obtained by Morley [85], and 
shown in Table 4.3. Since convergence of the finite element results 
is very slow in the case of skewed plates, a highly refined mesh is 
required to provide acceptable resu lts. The convergence can also be 
improved by releasing the corner rotations from clamping. 

The last example, Example 5, was taken from a report by Kabir and 
Scordelis [86] to demonstrate the efficiency of the present shell 
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TABLE 4.3 EXAMPLE 4: SKEW PLATES 
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1 • 
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element in modeling box girder bridges. The single cell composite 
box, shown in Fig. 4.29(a), has been previously analyz.ed using the 
folded plate and finite strip methods. The results for the three 
methods, shown in Fig. 4.29(b), are in good agreement. 

4.5.5 Summary. The present finite element program has been 
tested as o~Tfned in Section 4.5.4 using five different structures. 
The results obtained from the present program compare favorably with 
other analytical and experimental results. Therefore, the computer 
program developed for this study can be adequately used to analyze 
girder-slab and box girder bridges of different geom1etries under 
different types of loadings. 

4.6 Stressing Experiments on Slab-Girder Bridge Model 

4.6.1 General. The basic purpose of the experi mental study was 
to use the physical model to verify the results obtain.ed using the 
mathematical model, thus providing a "calibration" for the 
mathematical models. 

A direct model at approxi mately half scale of the prototype slab
girder bridge outlined in Section 4.3 was const ruc ted, instru mented 
and measurements were made during stressing to corroborate the 
transverse stress distribution in the model slab to that predicted 
using the finite element model. Based on cost, available laboratory 
faci li ties, accuracy of instru mentation and material avai labili ty, a 
1/2.23 scale was chosen for this model. 

4.6.2 Dimensions and Material Properties. The stru.ctural model 
consists of seven prestressed Texas Type-C girders with end diaphragms 
and interior diaphragms at third points. The model had a 3.18-in. 
thick slab and the spacing between girders was 41.06-in. Model layout 
and girder and diaphragm reinforcement are shown in Figs. 4.30 to 
4.32. 

The concrete mix design was made using 3/8-in. maximum size of 
aggregate for the girders, diaphragms and for the slab. Conventional 
sand was employed in all mix designs. Table 4.4 ShO~IS the final 
proportion of cement, water and aggregates emplt:>yed during 
construction. 

In addition to the modeling of concrete material, the 
reinforcement was also scaled as shown in Table 4.5. Where exact 
scaling of reinforcement area was not possible, spacings were changed 
to provide the correct force relationship. 

4.6.3 Transverse Prestressing. As outlined in Section 4.3, two 
different prestress profiles were used to provide the required 
transverse strength. One-half of the model slab was provided with 
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TABLE 4.4 CONCRETE MIX PROPORTIONS PER CUBIC YARD 

Component Girder Slab 

Cement type I, lb. 800 658 

Water, gals. 3~ 36 

3/8" max. size agg., lb. 1590 1590 

Sand, lb. 1273 1400 

Admixtures Tricene L 
4 oz./sack 

Concrete Compressive Strengths 

Member 

Slab, straight-draped 
strand half 

Slab, straight strand half 

Girders 

Diaphragms 

28-Day 

psi 

5400 

4500 

5000 

4000 

DiaphragJlls 

565 

36 

15~6 

1473 

90-Day 
(Stressing) 
psi 

5850 

4950 
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Type of 
reinforcement 
in prototype 

1/2" dia'. 
prestressing 
strand, 
grade 270K 

13 bars, 
grade 60 

I~ bars, 
grade 60 

15 bars, 
grade 60 

16 bars, 
grade 60 

18 threaded 
steel rod 

TABLE 4.5 REINFORCEMENT FOR THE MODEL 

Type 
Girder 

1/2" dia. 
prestressing 
strand, 
grade 270K 

6 mm deformed 
bars, 
grade 60 

6 mm deformed 
bars, grade 60 

13 bars, 
grade 60 

13 bars, 
grade 60 

of reinforcement 1n 
Slab 

1/4" dia. 
prestressing 
strand, 
grade 250K 

6 mm deformed 
bars, grade 60 

model 
Diaphragm 

6 mm deformed 
bars, grade 60 

13 bars, 
grade 60 

1/2" dia. 
prestressing 
strand 
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straight strands and the other half with a combination of straight and 
draped str ands. Based on the indi cations of the fin i te element 
analysis, the amount of transverse prestressing steel in the slab was 
doubled in the diaphragm regions to account for the diaphragm 
restraint effects, as shown in Fig. 4.33. The transverse prestressing 
reinforcement is shown in Fig. 4.34. One-quarter in. diameter Grade 
250K strands were used for the tranverse prestressing. 

4.6.4 Instrumentation. The basic purpose of the model study was 
the comparison of measured slab transverse prestress distribution with 
that predicted by the finite element analysis. Two quantities need to 
be accurately measured; the transverse strand force and the concrete 
strain on the top and bottom surfaces of the slab. The forces in the 
strands were sampled and monitored using a large number of small load 
cells. All strands had load cells whi Ie tensioning. Approxi rna tely 
10% of the strands in Test 1, 38% of the strands in Tests 2 and 3, and 
30% of the strands in Test 4 had load cells left in position to sample 
subsequent load changes. The concrete strains were deter mined using 
electrical resistance strain gages. The positions of surface strain 
gages and per manent load cells in Test 1 are shown in Fi g. 4.35. 

4.6.5 lest Program. Four basic tests were conducted using the 
bridge model. These tests are listed in Table 1l.6. The first two 
tests had both end and interior diaphragms in place and are termed the 
all-diaphragm cases. The last two tests had only end diaphragms in 
place and are termed the end-diaphragm cases. After finishing the 
first two tests, the interior diaphragms were destroyed in order to 
test the end-diaphragm cases. Every test was conducted separately 
from the others. This means that only one-half of the model bridge 
slab was prestressed in each test. 

Each test consisted of very carefully tensioning each strand 
while monitoring slab deformations. All results are reported for 
completed stressing of all tendons in the half span. 

4.6.6 Finite Element Analysis of Bridge t~odel. Using the actual 
mea sured di mensions and experimentally sampling material properties 
for each bridge model, finite element analyses for the four tests were 
perfor med. Except in the analysi s of Test 1, where average value of 
the monitored strand forces as used to model the tranverse prestress 
forces, step-wise strand force distribution, as sampled from the 
permanent load cells, was used to model these forces [60]. In Tests 1 
and 4 with straight strands, the very low levels of friction loss 
(less than 2%) were neglected so that only one-half of the model need 
be considered in the analysis. For Tests 2 and 3, the entire bridge 
was analyzed in order to model the more substantial friction losses 
along the draped strands. Note Test 2R (a repeat test) was used for 
all comparisons because strand forces were in question in Test 2. 
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Table 4.6 Test Cases 

Test Bridge Case 

Ii 1 All-Diaphragm 

{I 2 All-Diaphragm 

{I 2R All-Diaphragm 

Ii 3 End-Diaphragm 

{I 4 End-Diaphragm 

Prestress Profile 

Straight 

Straight and Draped 

Straight and Draped 

Straight and Draped 

Straight 

\0 
0\ 
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4.6.7 Comparison of Experimental and Analytical Results. Since 
only half of the model deck was transversely prestressed in each test, 
concrete strains were only measured in the stressed half. Therefore, 
in comparing the experimental and analytical results, the transverse 
stress distribution in the slab is only given for the stressed half. 
Each tested half was also divided into tendon jacking or "live" end 
and tendon anchored or "dead" end si des. 

The comparison between test and analytical results is illustrated 
in Figs. 4.36 to 4.39. Triangles indicate the measured stress 
percentage from gages located at the solid circle while the analytical 
val ues are plotted as contours. All val ues are shown as percentages 
of the applied edge stress. The experimental values correspond to the 
mid-depth stress determined by averaging results from top and bottom 
surface strain gages to cancel local slab bending effects. As 
indicated in Sec. 4.5.3, the method of modeling the girder-slab 
connection distorts the local bending effects in the slab in the 
vicinity of the girders. In computing the stress percentages, the 
stresses obtained from the anal yti cal and experimental resul ts were 
di vided by an average nominal compressi ve stress. The average nominal 
compressi ve stress is the average edge PIA stress based on measured 
stressing loads. The values of PIA were 597 psi for Tests 1 and 4, 
and 450 psi for Tests 2 and 3. 

Actual slab top and bottom stress values were very sensitive to 
both prestressing force effects and to local bending effects due to 
tendon eccentri ci ty. Tendon eccentri ci ty in the thin model sl ab was 
very difficult to control due to possible placement errors of the 
strands. Very small eccentrici ties can greatly affect local bending 
stresses. Tendon placement errors on the order of l/8-in. can cause 
extreme fi ber stress changes of about 15%. Such errors are cancelled 
out by consi deration of the average middepth stresses. Because both 
analytical modeling and experimental errors cast doubt on accuracy of 
slab bending stresses, in arriving at general assessment of the 
measure of agreement between the experimental and analytical results, 
most weight was gi ven to the mid-surface stress ratios. 

In spite of taking all possible precautions, some errors in 
experimental tests are unavoidable. It is difficult to draw any 
definite quantititative conclusions regarding the verification of the 
analytical results from direct comparison with the experimental 
results using only Figs. 4.36 to 4.39. However, an approximate 
indication or measure of the general agreement between the analytical 
and experimental results can be determined. Since for an ideal 
situation, the experimental values ought to equal the analytical 
values, the ratios of these values should be close to 1. An 
indication of agreement may then be obtained from examining the mean 
value of these scattered values and the corresponding standard 
variation for each test. These ratios and their mean and standard 
deviation values are gi ven in Table 1I.7 for Tests 1 to 4. The effects 
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Table 4:7 Ratios of Experimental to Analytical Stresses 

Mean Standard 
Total Points (Exp. / Anal.) Deviation 

Top Stresses 53 0.98 0.19 

Test 1 Bottom Stresses 31 0.99 0.19 

Middle Stresses 25 0.99 0.10 

Mean Standard 
Total Points (Exp. / Anal.) Deviation 

Top Stresses 47 1. 12 0.46 
Test 2R Bottom Stresses 42 1.23 0.46 

Middle Stresses 42 1. 14 0.07 

Mean Standard 
Total Points (Exp. / Ana 1.) Deviation 

Test 3 Top Stresses 49 1. 26 0.44 

Bottom Stresses 44 1. 12 0.44 

Middle Stresses 44 loll 0.07 

Mean Standard 
Total Points (Exp. / Anal.) Deviation 

Top Stresses 53 1.00 0.18 

Tes~ 4 Bottom Stresses 37 1.13 0.18 

Middle Stresses 32 1.08 0.07 
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of the experimental and analytical modeling uncertainties on the slab 
top and bottom stresses can be clearly seen in Table !J.7 where the 
standard deviation values for the draped tendon slabs is extremely 
high as compared to the straight tendon slabs. However, the mean 
values and the standard deviations for the averaged middle stresses 
are very acceptable. The overall average for all four tests for the 
middle stresses are 1.08 for the mean and 0.08 for standard deviation. 
These comparisons definitely show the analytical procedures to be 
powerful predi ctors of transverse stress distri bution. 

From the comparison of the analytical and experimental results, 
the following conclusions were reached. 

1. The maximum discrepancy observed occurs in the slab extreme 
fiber stresses due both to modeling errors of the girder
slab connnection and of experimental discrepancies such as 
the effects of tendon placement errors. Verification of the 
finite element program has been totally based on the 
comparison of slab middepth stresses, which are not affected 
by pl acem ent errors and local bendi ng eff ects. 

2. An accurate step-wise distribution of strand forces should 
al ways be used in modeling transverse prestress forces. 

3. As predicted by the finite element program, the effect of 
the lateral resistance of the girders, wi thout diaphragms, 
on the slab transverse stress distri bution was confined to 
the regions of the slab which are over the girders. 

4. The test resul ts accurately confirmed the stress peaks in 
the end and interior diaphragm regions predicted by the 
fi ni te el ement program, as shown in Fi gs. 4.36 to 4.39 along 
sections Band C. It also shows that the slab transverse 
stresses are mostly affected by the existence of the 
di aphragms. 





C HAP T E R 5 

VERTICAL AND EDGE LOAD TESTS 

5.1 Vertical Load Test Program 

5.1.1 Introduct ion. Lateral posttensioning stress distri but ion 
tests on the bridge model, carried out as outlined in Section 4.6 
showed that transversely prestressing the deck of a slab-girder bridge 
can effectively develop compressive stresses in the slab to counteract 
tensile stresses that would occur due to shrinkage and to live loads. 
The vertical load tests presented in this section address the 
performance of the transversely prestressed bridge deck under various 
levels of dead and live load. 

Specific objectives of the vertical load test program were: 

1. To document the behavior of the transversely prestressed 
bridge deck under various levels of loading up to failure 
including service and factored load 

2. To identify modes of failure and the load levels at which 
they occur 

3. To determine and quantify design factors from a structural 
standpoint, including critical loading conditions, 
di str ibution of concentrated loads and stresses induced by 
li ve loads 

A bridge deck is subject to a great number of loading conditions. 
Selected for particular study were load placements which would produce 
maximum positive and maximum negative moments in both interior and 
exterior transverse slab spans, as well as minimum positive moment in 
the interior region of the slab. Minimum positive moments were a 
concern due to the possibil i ty of stress reversal occurring when a 
high ratio of live to dead load exists, particularly where a draped 
strand profile has been used. Minimum positive moments in the 
exterior slab span were not chosen for testing since analysis 
indicated the magnitude of these moments to be significantly less than 
in the interior region. Also, punching shear was not selected for 
separate study because if it were a critical load condition, it would 
be apparent in the other tests. 

One final simplification of the testing program was that the 
effect of intermediate diaphragms was excluded from study. These 
diaphragms influence slab behavior only through a slight increase in 
distribution of the load among the girders. Therefore, only the more 
severe case of a slab and girder bridge without intermediate 
diaphragms was examined. 
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Using the Westergaard [28] contour surface, it was found that for 
the girder spacing under consideration, the effect of other axles of 
an AASHTO HS20-44 truck on the transverse and longitudinal slab 
moments 14-ft away would be negligible. Therefore, only a single axle 
of each truck was modeled. 

The positioning of indi vidual wheel loads relative to the girders 
to represent a given loading condition was determined by elastic 
analysis of a simply supported continuous beam. In most instances, 
placement of one wheel in a critical loading location resulted in the 
other wheel on the axle being located on top of a bridge girder. Such 
loads acting directly over the girder have only a secondary effect on 
the moments in the slab, and thus were excluded from the test~ 
Consequently, each loading condition was modeled using just one or two 
wheel loads. The actual locations of vertical load application were 
chosen to minimize the effects of one test on another. Vertical load 
application points for each test are shown in Fig. 5.1. 

The loaded area representing each wheel load was established 
using criteria set forth in the AASHTO Specifications, Section 3.30. 
For a wheel load of 16 k, the tire print is taken as 8 in. in the 
direction of traffic and 20-in. wide. Applying the model scale factor 
of 2.23 to this, each wheel in the tests was modeled as a loaded area 
measuring 3.59 by 8.97 in. 

In a direct model where the stress in the prototype is equivalent 
to the stress in the model, the scale factor for concentrated loads is 
equal to the linear di mensions scale factor squared. Thus, for the 
dimension scale factor of 2.23, a wheel load of 16 k, and allowance 
for live load impact of 30%, the service level live load applied to 
the model was taken as: 

Service eLL + I) = (16) (1.3) 1 (2.23)2 = 4.18 kips 

Factored load using AASHTO Specifications is: 

u = 1.3 CDL + 5/3 (LL + I» 

Similarly then, factored live load applied in the model tests was 
calculated as: 

Factored (LL + I) = (1.3) (5/3) (4.18) = 9.06 kips 

For tests involving live loads equal to or greater than factored load, 
the equivalent dead load was increased 30% from servlce to factored 
level. This was accomplished by decreasing the spacing of the 
compensation dead load blocks on top of the model bridge deck. 

Loads were applied to the deck at the specified points by pulling 
from beneath the bridge using rams and tension rods which were 
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anchored to the floor and which passed through drilled holes in the 
deck. The magnitude of the applied load was monitored by measuring 
hydraulic pressure at the pump. A pressure transducer of either 5 ksi 
or 10 ksi capacity was utilized for this purpose and read with a 
strain indicator. 

Three categories of data were collected during the vertical load 
tests: vertical deflections of the bridge model slab and girders, 
strains at selected locations on the bridge deck surfaces, and tension 
force in some of the slab prestressing tendons. Instrumentation 
details are reported in Ref. 63. Vertical deflection measurements 
were obtained using a combination of linear potentiometers and 
mechanical dial gages, positioned as shown in Figs. 5.~~ and 5.3. 

Surface concrete strains were measured with electrical resistance 
strain gages of either 30 mm or 60 mm gage length and were read 
manually using a strain indicator. For most of the vertical load 
tests, concrete strain readings were obtained only at locations near 
the load application points where strain gages had been installed 
previously for the posttensioning stress distribution tests. These 
locations are shown in Fig. 5.4. To obtain data on sla.b curvature, a 
pattern of strain gages was placed around the maximum positive 
interior moment load position on the straight and draped tendon side 
of the bridge only. the locations of these gages are detailed in 
Fi g. 5.5. 

In order to account for the slab behavior analytically, the force 
in the transverse posttensioning strands must be known. Therefore, 
the forces in the strands were sampled using a large number of small 
load cells especially fabricated for this model. Approximately 31% of 
the straight strands and 41% of the straight and draped strands were 
monitored on the live end with the load cells. 

The sequence in which the vertical load tests were performed was 
determined by three factors. First, only enough strand anchors were 
avai lable to stress one-half of the bridge deck at a ti me. Thus, a 
complete set of tests was carried out on the straight strand side of 
the bridge model (north end) while the straight and draped strand side 
of the deck remained unstressed. Then the straight posttensioning 
tendons were released, the straight and draped tendons stressed, and 
the series of tests repeated on the other side of the bridge (south 
end). The second factor affecting test sequence \oIas that the 
compensating dead load blocks had to be moved after the service load 
tests to increase the dead load to factored level. Finally, in order 
to minimize the possibility of structural damage produc.ed by one test 
influencing the results of another test, it was desirable to co~plete 
all other tests before beginning the ultimate load test~ These last 
two considerations required that for a gi ven side of the bridge model, 
all the service load tests be performed first, follolo/ed by all the 
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Fig. 5.2 Vertical deflection instr~mentation locations for 
positive moment and minimum positive moment tests 
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factored load tests, before the ultimate loadings were applied. A 
sum mary of the vertical load test sequence is gi ven in Table 5.1. 

At the beginning of each test, zero readings were taken for the 
potentiometers, dial gages and strain gages. The load cells measuring 
strand forces were only read at the start of the test. Predetermined 
load increments were then applied with deflecti.on and strain 
measurements taken after each loading increment. For service and 
factored load tests, the load increments were one-fourth of the full 
4.18 and 9.06 kip loads, respectively. In ultimate load tests, the 
loading sequence duplicated that of the factored load test up to 
factored load level. Load increments were then set at one service 
live load each (4.18 k) until the factored moment capacity of the 
adjacent girders or the li mi t of the loading system was reached. This 
peak load level was always at a point where the load-deflection curve 
indicated significant stiffness remained in the slab. All tests were 
terminated after the maximum load was achieved. 

5.1.2 Test Results. Data gathered during the vertical load 
tests were primarily either vertical deflections of the bridge model 
slab and girders, or surface strains of the deck under a gi ven load. 
This information was processed into the more useful form of slab 
deflections relative to the girders, stresses and curvatures of the 
bridge deck [63]. 

Instead of including the entire volu me of data collected during 
the vertical load tests in this report, only a portion representati ve 
of the overall results will be presented. Complete vertical load test 
data may be found in Ref. 63. 

5.1.3 Service Load Tests. Profiles of the relati ve bridge slab 
deflections in both the longitudinal and transverse directions for all 
the service load tests are shown in Figs. 5.6 through 5.11. Note that 
for the transverse slab profiles, relative deflection is by definition 
zero where the slab intersects the girder flanges. 

In viewing the slab deflection profiles, the accuracy of the 
relative deflections must be considered. This is especially true in 
the service load tests where the magnitude of the deflections, only a 
few thousandths of an inch, approach the accuracy limitations of the 
instrumentation. Positive moment tests indicate a slight tendency for 
gr eater deflection with straight and draped strands than for straight 
strands only. Also, the slab deflected more in the area towards the 
midspan of the bridge than it did in the area towards the bridge 
supports. However, neither of these tendencies are apparent in the 
results from the negative moment tests as shown in Figs. 5.8 and 5.9. 
Another trend in the posi ti ve moment tests is that deflections for the 
interior load locations were slightly larger than those for the 
exterior load locations for both strand arrangements. As expected for 
the exter ior negati ve moment tests, deflections in the outside slab 
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TABLE 5.1 Vertical Load Test Sequence 

Test No. Strand Pattern Load Pattern Load Level 

1 straight M + ext. service 
2 " M + into " 
3 II M + min. I! 

4 II M - into " 
5 " M - ext. " 
6 " M - ext; factored 
7 " M - into tI 

8 " M + min. " 
9 " M + into " 

10 II M + ext. " 
11 " M + ext. ultimate 
12 " M + into " 
13 " M + min. " 
14 " M - into " 
15 " M - ext. " 
16 straight and draped M + ext. service 
17 " M + into " 
18 " M + min. " 
19 " M - into " 
20 " M - ext. " 
21 II M - ext. factored 
22 " M - into " 
23 " M + min. II 

24 " M + into " 
25 II M + ext. " 
26 II M + ext. ultimate 
27 II M + int. II 

28 II M + min. II 

29 " M - into II 

30 II M - ext. " 
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span were somewhat larger than those in the tnterior span. 
Surprisingly, though, the west span of the slab in the interior 
negative moment tests experienced significantly greater deflection 
than the east slab span. Profiles for the minimum positive moment 
loading shown in Figs. 5.10 and 5.11 indicate a very slight uplift 
tendency adjacent to the load and a tendency for downward deflection 
in areas ei ther direction along the span from the load. In both the 
negative moment and the minimum positive moment tests, there was no 
observable difference in the behavior of the straight strands versus 
the straight and draped strands. 

Again, it should be pointed out that because of the magnitude of 
the relative deflections and the limited sensitivity of the 
instrumentation, trends observed at the service load level may not be 
statistically significant. It is significant, however, that these 
deflections are of such small magnitude. The maximum deflection of 
9/1000 of an inch is equi valent to slightly more than 1/64 of an inch 
in the full scale bridge, or a transverse span to deflection ratio of 
almost 4600 under service loads. 

Stresses determined from measured strains on the surfaces of the 
bridge deck due only to service live load ranged from 104 psi tension 
to 345 psi compression for the top surface and from 324 psi tension to 
78 psi compression for the bottom of the slab. Figure 5.12 shows 
slab curvature in the longi tudinal direction as a function of 
longitudinal distance from the load and curvature in the transverse 
direction as a function of transverse distance from the load. Note 
that the curvature in the longitudinal direction is greater toward the 
midspan of the bridge than in the slab nearer the abutments. This 
correlates well with the earlier observation of deflections in the 
positive moment tests. 

There was no visible cracking in the bridge deck during any of 
the service level load tests. Examination of load-deflection curves 
presented later on confirms that the slab indeed remains uncracked 
past service load levels. 

5.1.4 Factored !:oad .!ests. Relati ve slab deflection profi les 
similar to those presented earlier are shown for the factored load 
tests in Figs. 5.13 through 5.18. 

As in the service load tests, there was a tendency for greater 
deflections in the portions of the slab towards the midspan of the 
bridge than in the area nearer the abutments, especially in the 
positive moment tests. Unlike the service load tests, however, there 
was no clear di fference in deflections between the straight strand and 
the straight and draped strand positive moment tests. 

In the negative moment tests, the trend observed earlier for the 
west slab span to display significantly larger deflections than the 
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adjacent loaded span was again very prominent. Also, at factored 
loads there was a tendency for the deck with straight and draped 
strands to deflect sli ghtly more than the deck with straight strands 
only. This characteristic was not evident in the service load tests. 

Only a small amount of uplift was observed in the minimum 
posi ti ve moment tests. The longi tudinal slab profile shown in Fi g. 
5.17 indicates more uplift for the straight strands than for the 
straight and draped strands, but the transverse slab profile shown in 
Fig. 5.18 tends to contradict this. 

Overall, there was no consistent difference found in the 
deflection characteristics between the interior and exterior slab 
spans, contrary to what might be expected. None of the factored load 
tests results in appreciable deflections. The maximum deflection of 
0.019 in. corresponds to a Ii ve load transverse span to deflection 
ratio of 2500 at factored load levels. 

Surface strains indicate slab surface stress due to factored live 
load between 246 psi tension and 747 psi compression on top and 
between 704 psi tension and 203 psi compression on the bottom. :aab 
cur vatur es for the posi ti ve mo ment test for str ai ght and dr aped 
strands under factored load are presented in Fig. 5.19. Again, it is 
apparent that the curvature in the longitudinal direction is slightly 
greater towards the midpsan of the bridge than towards the supports. 

Visible cracking of the bridge deck did not occur in any of the 
factored load tests. There is some evidence, however, that small 
amounts of localized cracking did occur at factored loads: slab 
strains adjacent to the load increased in greater proportion from 
service to factored loads than did the magnitude of the load; the 
gradient of transverse slab curvature is very high near' the load; and 
the load-deflection curves in Figs. 5.26 through 5.31 show a slight 
nonlineari ty near factor ed load. 

5.1.5 !:!,l ti mate .!::~ Iests. Relati ve br idge slab deflection 
profiles for all the ultimate load tests are shown in Figs. 5.20 
through 5.25. Two factors should be remembered when interpreting the 
data from these tests. First, absolute ultimate load (the load at 
which further deflections of the structure are not accompanied by an 
increase in load) was never reached under any of the test conditions. 
The experiments were terminated when either the calculated ulti mate 
capacity of the girders was reached (in order to preclude a girder 
failure), or the loading system approached its maximum limit. Second, 
the maximum load applied to each test location varied slightly, as 
indicated on the figures. The greatest difference between load levels 
for a gi ven type of loading was 6.4% for the positi ve moment tests. 

The slab profiles for the ultimate tests again show a tendency 
for higher deflections in that portion of the slab towards the midspan 
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of the bridge in both the positive and negative moment tests. Similar 
behavior was exhibited at all of the posi ti ve moment test locations, 
except at the interior location with straight and draped stands, where 
somewhat larger deflections were observed. 

Continuing the trend observed earlier, the west slab span of all 
the negati ve moment tests displ ayed si gnificant ly larger deflections 
than the corresponding test slab span (Figs. 5.22 and 5.23). At the 
exterior strai ght strand location for the negati ve moment tests, the 
east slab span experienced larger deflections than the other test 
locations. In general, however, all locations tested for negati ve 
moment behaved similarly. 

The longi tudinal slab profiles for mlnlmum posi tive moment shown 
in Fig. 5.24 seem to indicate a greater sensitivity to uplift for the 
straight strands than for the straight and draped strands. The 
transverse slab profiles in Fig. 5.25, however, do not support this 
assertion. This same situation was also observed during the factored 
load te st s. 

Overall, the only deflection characteristics consistently 
observed through all levels of load were the tendency for slightly 
greater deflections towards midspan of the bridge than towards the 
bridge abutments, and the significantly larger deflections in the west 
span compared to the east span in the negative moment slab tests. 

Once again, the relatively small deflections observed at even the 
very high loads in these tests are notable. In the positive moment 
tests, at 5.6 times the factored live load, the maximum relative 
deflection was 0.210 in., or a transverse span to deflection ratio of 
about 225. Simiarly, in the negative moment tests, at 3.1 times the 
factored live load, a maximum relative deflection of 0.091 in. 
corresponding to a transverse span to deflection ratio of 
approximately 520 was observed. Though the magnitude of these 
deflections in the ultimate tests seems small, it is helpful to note 
that they are significantly larger than the deflections observed 
during the service and factored load tests. This is illustrated in 
Figs. 5.26 and 5.27 where typical deflection profiles are shown for 
various load levels of a positi ve moment test. 

Calculated surface stresses from strains measured in the ultimate 
load tests are of limited usefulness since many of the strains 
measured are beyond the elastic range of the system. The strain 
measurements are still a valid indicator of slab curvature, however, 
and curvatures for the same test location used previously are plotted 
in Fi g. 5.28 for the ulti mate load case. In contrast to the service 
and factored load tests, the curvature in the longitudinal direction 
shows a tendency to be slightly greater toward the bridge abutment 
rather than toward the midspan of the bridge. 
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Relative deflection data for points at the slab midspan along the 
tranverse line of loading were used to plot load-deflection curves. 
The load -d eflection cur ves for the posi ti ve moment tests are shown in 
Fig. 5.29, and the curves for the east and west slab spans of the 
negative moment tests are presented in Figs. 5.30 to 5.31, 
respectively. Curves for the minimum positive moment tests were of 
limited value because of the very small magnitude of the deflections. 
The data for positive moment tests indicate very similar behavior for 
all the test locations. Response of the slab in all cases was 
largely linear through factored load, except for a slight change in 
stiffness between service and factored loads. Load-deflection curves 
for the negative moment tests showed similar behavior for all 
locations, but markedly less stiffness for the west slab span in all 
tests, due to the larger deflections in those spans, as previously 
discussed. The data for these tests does not lend itself to smooth 
curves as well as that for the positive moment tests. However, the 
same type of behavior is again observed in that all test locations 
performed similarly, and response was fairly linear through factored 
10 ad, except fo r a sl i ght d ecr ease in st i ffn ess be tween servi ce and 
factored loads. It is notable that even at the high load levels at 
which the ultimate tests were terminated, significant stiffness still 
remained in the bridge deck system. 

The final observations made during the vertical load tests were 
of the cracking patterns of the concrete. Although the load
deflection curves indicate initial cracking probably occurred in most 
tests around loads of 10 to 15 kips (approximately three times full 
design li ve load plus impact), visible cracks in the top of the slab, 
when they were evident, appeared at load levels around 25 to 30 kips 
for negative moment and 40 kips for positive moment tests. Cracking 
on the bottom of the bridge deck could not be observed during the test 
because of the proximity of the intrumentation. Instead, after the 
hi ghest load le vel h ad been achie ved and deflect ion me asure ments 
taken, cracks visible beneath the bridge deck were marked with a felt
tipped pen and the load re moved. 

In general, cracking on the top of the slab was limited, as shown 
in Fig. 5.32, and cracking on the bottom face of the slab extended 
radially outward from the point of load, primarily in the longitudinal 
direction as shown in Fig. 5.33. These cracks in the longitudinal 
direction also tended to be greater in length in the direction of the 
bridge midspan than towards the bridge abutments. 

In the positive moment tests, cracks approximately 2-ft long 
appeared in the top of the slab over the edge of one of the girder 
flanges in all the test locations except for the straight and draped 
strand interior location. Cracking beneath the slab was modest in the 
positive moment tests for the straight strands, with only minor cracks 
in the exterior location and moderate cracks up to 2 ft long in the 
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Fig. 5.32 Typical cracking in top of bridge slab, positive moment 
test, straight strand exterior location 
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interior location. Cracks beneath the slab for the straight and 
draped strand locations were more pronounced than for the straight 
strand locations. Both the interior and exterior positive moment 
tests yielded widespread cracking, wi th transverse cracks 8 to 12 in. 
long and longitudinal cracks 2 to 3 ft in length. Typical crack 
patterns are shown for the posi ti ve moment tests in Fi gs. 5.32 
and 5.33. 

Cracks in the top of the slab occurred at only the interior 
straight and draped tendon location in the negative moment tests. As 
in the posi ti ve moment case, the crack appear ed over the edge of a 
girder flange in the longitudinal direction for about 2 ft. On the 
bottom surface of the slab, cracks emanated from the points of loading 
and varied in number and length substantially between each negati ve 
moment test. Cracking at the straight and draped strand locations was 
lighter than at the other end of the bridge with practically no cracks 
at the interior location, and minor to moderate cracking at the 
exterior location. On the straight strand end of the bridge, cracking 
was more severe at the interior location, especially in the west slab 
span where longi tUdinal cracks exceeded 4 ft in length. In the 
exterior negative moment tests, cracking for both strand arrangements 
was more pronounced in the outside slab span. 

Figure 5.34 shows cracking in the outside spans of the exterior 
negative moment tests, and Fig. 5.35 presents crack patterns in both 
slab spans at the interior straight strand negative moment test 
location. 

The minimum positive moment tests at both ends of the bridge 
produced some cracking on the bottom of the bridge slab at the points 
of loading, but no vi si ble cracking was observed in the slab span of 
interest in either test. 

In general for all of the tests, cracking on the top surface of 
the deck could be classified as hairline cracking, while cracks 
observed on the bottom of the slab were wider, but definitely less 
than serviceable crack widths. Again, it should be noted that 
cracking did not occur whatsoever in most tests before an applied load 
of at least 2.5 times the service live load plus impact, and that the 
maxi mum crack widths described above were for loads from approxi mately 
6.5 to 12 times the service live load plus impact. 

5.1.6 Discussion of Test Results 

5.1.6.1 System Accuracy. Results of the vertical load tests 
must be interpreted with respect to the accuracy and precision of 
major data such as deflections, stresses, and loads. The deflections 
as measured by linear potentiometers and mechanical dial gages were 
susceptible to the introduction of errors from several sources such as 
electrical stability, slippage, hUman error, and mounting flexibility. 



TOWARD 

BRIDGE 

MIDSPAN .. 

TOWARO 

BR.IOGE 

MIDSPAN 

.. 

147 

(a) straig,h"t strands 

~) straight and draped strands 

Fig. 5.34 Crack patterns on bottom surface of bridge deck, outside 
span df exterior negative moment test locations 



148 

TOWARD 
BRIDGE 

MIDSPAN 

TOWARD 

BRI DOE 
MIO 'SPAN 

..... l---- EAST GIRDER ---.... _ ... 

(a) wes t span 

(b) eas t span 

rig. 5.35 Crack patterns on bottom surface of bridge deck. interior 
negative moment test location, straight strands 



149 

The combined effect of the above error factors on the measured 
deflections was normally within the range of +0.003-0.004 in. While 
this is only 5 to 15% of the gross deflection values under service 
load, it is 50 to 100% of relative service load deflections and 2 to 
7% of relative ultimate load deflections. 

The concrete surface stresses reported for ser vice and factored 
live loads were also subject to a margin of error due to gage 
variation, mounting error and concrete modulus variation. Overall, 
the accuracy of the concrete stress values reported is estimated 
as +15%. 

Load variations were induced by small pressure losses in the 
hydraulic system, calibration errors, and mismatch effects when 
parallel rams were used. The combination of these factors then 
indicates that the applied load at any location was actually 5 to 7% 
less than that reported. 

5.1.6.2 Irregular test results. Some of the slab behavior 
observed was not what might be expected and requires explanation. 
Greater relative slab deflections occurred towards the midspan of the 
bridge than towards the bridge abutments. Two factors can account for 
this. First, since only half of the bridge slab was prestressed at 
any given time, the lower stiffness of the adjacent unstressed slab 
resulted in the prestressed deck near midspan carrying more load, and 
thus exhibiting more deflection. Second, the girder deflections are 
greater towards the midspan region, increasing support deflections for 
the slab, and thus reducing restraint moments acting on a slab span 
over the girders. Consequently, the transverse positive moment 
carried by the slab is increased, along with the corresponding 
deflection. 

Also, relati ve slab deflections in all the negative moment tests 
were always significantly greater for the west than for the east slab 
spans. This can be explained by examining the actual transverse span 
lengths and load locations, variations in the slab thickness, and 
differential girder deflections transversely. 

The influence of each of these factors can be evaluated 
qualitatively by modeling the deck as a six-span continuous beam on 
si mple supports, and comparing the experi mental and calculated ratios 
of west to east slab span deflections. Table 5.2 gives the actual 
di mensions for transverse slab span length and load location for each 
of the negati ve moment tests. Using these di mensions, west to east 
slab span deflection ratios were computed and are shown along with the 
experimental ratios in Table 5.3. For the exterior negative moment 
tests, the experimental ratio was less than that calculated for 
service and factored loads, rut very near the calculated value for the 
maximum load. This is because the stiffness of the exterior girder
slab connection reduces the west span deflection at the lower loads, 
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TABLE 5.2 Planned and Actual Span Lengths and Load Locations 
for Negative Moment Tests 

Dimensions (in. ) 
a b c d 

Planned Interior 18.05 18.05 47.53 47.53 

Planned Exterior 20.07 18.08 47.53 47.53 

Interior, Straight 18.19 17.81 47.88 46.75 

Exterior. Straight 19.69 18.06 47.63 47.13 

Interior, Straight 
and Draped 18.69 17.56 48.00 47.00 

Exterior, Straight 
and Draped 20.19 17.69 47. '75 47.25 



TABLE 

Test 

Interior, 
Straight 
Strands 

Exterior, 
Straight 
Strands 

Interior, 
Straight 
and Draped 
Strands 

Exterior, 
Straight 
and Draped 
Strands 

5.3 West Span to East Span Sl ab 
for Negative Moment Tests 

Load Max. Exp. Lj. (in. ) 
Level West East 

Service 0.007 0.004 

Factored 0.016 0.012 

Max 0.085 0.051 

Service 0.005 0.006 

Factored 0.014 0.012 

Max 0.087 0.060 

Service 0.009 0.006 

Factored 0.019 0.014 

Max 0.085 0.046 

Service 0.006 0.005 

Factored 0.017 0.013 

Max 0.090 0.052 
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Deflection Ratios 

Exp. Calc. Exp. 
Il W/AE AW/toE ~ Calc. 

1. 75 1. 10 159 

1.33 1.10 121 

1.67 1.10 152 

0.83 1.63 51 

1.11 1.63 72 

1.45 1.63 89 

1.50 1. 14 132 

1.36 1.14 119 

1.85 1.14 162 

1.20 1.72 70 

1.31 1.72 76 

1.73 1. 72 101 
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but after cracking at maximum load levels, the behavior is better 
modeled as the simple support assumed in the calculations. While 
accounting for the slab behavior at the exterior negati ve moment test 
locations, using actual span lengths and load positions still does not 
fully account for deck behavior at the interior negati ve moment test 
locations. 

Actual slab thicknesses, as measured at the load application 
points, for west and east spans of the inter ior negati ve moment tests 
are shown in Table 5.4. The slab was again analyzed using the 
continuous beam analogy with the measured span lengths and load 
locations, and assuming a uniform concrete thickness as given in Table 
5.4 for the east and west spans and of 3.75 in. for all other spans. 
Results from this analysis are given in Table 5.5. Good agreement 
between analytical and experimental ratios is obtained for service and 
factored load levels with the exception of the straight strand service 
load test. As discussed earlier, however, the results at service load 
levels are especially sensitive to the accuracy of the system. At 
maximum load levels, the discrepancy between east and west slab span 
deflections is not fully accounted for by considering actual slab 
spans, loading positions, and slab thicknesses. 

Table 5.6 presents the measured girder deflections along the 
transverse deck section of interest in the interior negati ve moment 
tests. Note that at service and factored load levels, the girder 
deflections are symmetric around the middle girder. At maxi mum load 
for both test locations, however, the west girder deflects 
approximately 10% more than the east girder, possibly due to 
differences in cracking of the two girders. When the slab analysis is 
repeated with inclusion of support displacements (girder deflections), 
the percent experimental over calculated west to east slab span 
deflections ratios becomes 57% for straight strands and 55% for draped 
strands. Apparently because of cracking in the slab, the full effect 
of differential girder deflections is not reflected in the slab 
behavi or. 

From the preceding di scussion, then, it can be said that the 
unexpected differences between the west and east span relative slab 
deflections are the result of actual slab span lengths, loading 
positions, slab thicknesses, and of differential girder deflections. 

5.1.6.3 General Behavior. From the load-deflection plots given 
in Figs. 5.29 through 5.31, it can be seen that for all of the load 
tests, behavior of the deck slab was essentially linear elastic 
through factored load levels. A slight change in stiffness, probably 
due to initial cracking, did occur in some of the tests between 
service and factored load levels. However, because of the 
prestressing, these cracks close after removal of the factored load, 
and the slab regains its initial stiffness. This behavior is 
demonstrated by the fact that the deck had already been tested at 
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TABLE 5.4 Actual Slab Thicknesses for Interior Negative 
Moment Tests 

Test 

Planned 

Straight Strand s 

Straight and Draped Strands 

TABLE 5.5 West Span to East Span 
Negative Moment Tests, 
Slab Thicknesses 

Test 

Straight Strand s 

Straight and 
Draped Strands 

Load 
Level 

Service 

Factored 

Max. 

Service 

Factored 

Max. 

Slab Thickness (in.) 

West Span East Span 

3.78 

3.69 

3.63 

Deflection 
Accounting 

Exp. 
~\UAE 

1. 75 

1.33 

1.67 

1.50 

1.36 

1.85 

Ratios for 
for Actual 

Calc. 
~ W/~E 

1.33 

1. 33 

1.33 

1.55 

1.55 

1.55 

3.78 

4.00 

4.13 

Interior 

Exp. 
% Calc. 

132 

100 

126 

97 

88 

119 
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TABLE 5.6 Girder Deflections for Interior Negative Moment Tests 

Test 

Straight Strands 

Straight and 
Draped Strand s 

Load 
Level 

Service 

Factored 

Max. 

Serv ice 

Factored 

Max. 

Girder 
West 

0.039 

0.083 

0.400 

0.033 

0.083 

0.349 

De fl e:!tion ( in. ) 
Middle East 

0.0'53 0.038 

0.116 0.083 

0.567 0.366 

0.01.\8 0.033 

0.115 0.081 

0.507 0.315 
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factored loads prior to the tests for which Figs. 5.29 through 5.31 
ar e plotted. 

Although actual failure of the deck slab was never achieved in 
any of the vertical load tests, several statements can be made about 
the deck behavior at failure. The radial crack patterns observed on 
the bottom of the deck as shown in Fi gs. 5.33 through 5.35 are si mi lar 
to the patterns observed in other tests [18,29] of slabs under 
concentrated loading in which the eventual failure mode was punching 
shear. This, in combination with the fact that the flexural cracking 
on the top s lab surface was fair ly li gh t, indicates that the fai lure 
modes for these vertical load tests would have been punching shear had 
that level of load been applied. 

The level of load required to cause such a failure is again 
difficult to identify for these tests since failure was never 
achieved. However, it can be noted that at termination of testing, 
the deck was loaded with an average of 11.9 times service (5.5 times 
factored) live loads in the positive moment tests, and 6.6 times 
service <3.1 times factored) live loads in the negative moment tests, 
including impact. Even at these levels of load, as di scussed in 
Section 5.1.5, the observed cracking was within serviceable limits and 
the load-deflection curves indicated substantial remaining stiffness 
in the deck. 

In determining the critical loading condi tion for design it can 
first be seen from Figs. 5.24 and 5.25 that the minimum positive 
moment load case produces such small upward deflections that it can be 
ignored. Furthermore, examining Figs. 5.29 through 5.31, there 
appears to be no substantial difference between the behavior of decks 
with straight strands only and straight and draped strands, nor 
between interior and exterior test locations. The question of whether 
posi ti ve or negati ve moment loading is more critical is not answered 
conclusively by these data, since at the load level at which the 
negative moment tests were terminated, the east slab spans of the 
negati ve moment test locations had the largest sti ffness, while the 
west slab spans of the sa me tests had the least stiffness. The 
stiffness of the deck in the positive moment tests fell between the 
other two. 

The applied concentrated loads were well distributed 
longitudinally within the bridge slab. At service and factored load 
levels, the relative slab deflections at a distance of one slab span 
length away from the load in each direction were approxi mately half 
the deflections at the load point (Figs. 5.6, 5.8, 5.13, 5.15). At 
higher loads, the slab response was more localized due to cracking 
(Figs. 5.20 and 5.22). In looking at the slab curvatures for the 
interior positi ve moment tests on straight and draped strands (Figs. 
5.12,5.19, and 5.28), it can be seen that the maximum longitudinal 
slab moment is approximately 1/4 to 1/6 the maximum transverse moment. 
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Note that for this bridge, following AASHTO requirements, longi tudinal 
distribution reinforcement in the center portion of the slab amounting 
to 67% of the provided transverse reinforcement would be required. 
This is more than twice what is needed according to these data. 

The strain measurements taken at the interior positive moment 
test with straight and draped strands also allow a comparison between 
the slab stresses and moments assumed in the design, and those 
outlined in Section 5.1.2, along with the measured slab thickness at 
the test location of 3.68 in., experimental transverse live load 
stresses and moments were calculated for service and ulti mate load 
levels. These values, which already include impact, were adjusted for 
the scale factor and are shown in Table 5.7 along with the values 
calculated using the AASHTO design procedure. The design values 
exceed the experimental values by 36 to 44%, indicating that the slab 
moments given by the AASHTO formula are quite conservative for a 
bri dge of these proportions and construction. 

5.1.6.4 Comparisons with Analysis and Other Tests. The most 
commonly used analytical technique for the design of bridge decks is 
influence surfaces based on elastic theory, as published by Pucher and 
Homberg [41,42]. The prototype bridge deck, with dimensional 
modi fications to si mUlate the laboratory model proportions, was 
analyzed using these influence surfaces following the procedure given 
in Ref. 87. This involved modeling the live load as distributed load, 
finding transverse fixed end moments for a unit width continuous beam 
simply supported across the girders, finding the equivalent vertical 
load on the unit width slab from the fixed end moments, and finally 
calculating the actual transverse slab moments given the distributed 
moments and equivalent vertical load. For the maximum positive moment 
at the interior location with straight and draped strands, this 
procedure predicted a service load moment of 3.48 k-ft/ft. This value 
is only 7% below the 3.75 k-ft/ft calculated from the test results. 
One factor which was not accounted for in this analysis, however, was 
the di ffer en ti al gi r der d ef lections. When me asured deflections of 
girders adjacent to the load were included in the analysis (assuming 
other girder deflections as 1/2 that of the nert girder closer to the 
loaded slab span), the calculated maximum positive transverse slab LL 
+ I moment became 3.90 k-ft/ft at service load and 8.56 k-ft/ft at 
factored load. From Table 5.7 it can be seen that these moments are 
in good agreement with the experimental values, being 4.0 and 5.2% 
greater for service and factored load levels, respectively. The 
method of elastic analysis by influence surfaces, then seems to 
predict fairly well the behavior of the bridge deck through factored 
loads, especially when girder deflections are accounted for. 

Tests of reinforced concrete slabs subjected to concentrated 
loads, reported by Batchelor et a1. [18] and Csagoly et a1. [29] 
confirm that the data obtained in the vertical load test program are 
reasonable. In the tests by Batchelor, 1/8 scale models of composite 
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TABLE 5.7 Comparison of Design and Experimental Transverse Slab 
Surface Stresses and Moments 

AASHTO Design Experimental % Design/Exp. 
Service Factored Service Factored Service Factored 

Tensile 
Stress (psi) 469 1017 324 704 145 144 

Compressive 
Stress (psi) 469 1017 345 747 136 136 

Positive 
Moment 
( k-ft/ft) 5.33 11.55 3.75 8.14 142 142 
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slab and steel girder bridges were loaded to failur~ Those specimens 
which modeled conventional deck designs failed in punching shear at 
approximately 16 times the service live load plus impact. This 
compares to the load of 12 times service live load plus impact at 
which the posi ti ve moment vertical load tests were terminated wi thout 
failure. 

Csagoly subjected the decks of various types of existing bridges 
to a single load of 100 kips and measured vertical deflections. For 
the two bridges tested which were of composite concrete deck and 
prestressed I-girder design, the transverse slab span to thickness 
ratios were 13.2 and 11.6, and the slab span to deflection ratios were 
1410 and 1740. In the model bridge, the transverse slab span to 
thickness ratio was 12.6 and 20.1 kip load represents a full scale 
load of 100 kips. From Figs. 5.29 through 5.31, it can be seen that 
at this load level, the slab span to deflection ratios ranged from 913 
to 1440. Thus, the stiffness of the model slab appears to be somewhat 
less than that of the actual bridge decks tested by Csagoly, but 
nevertheless within the same range. 

The question remains that if the slab behavior is so well 
predicted by elastic analysis through factored load, why does the 
actual ultimate load capacity of the slab so grossly exceed that 
predicted? As discussed in Section 2.1.2, while the concrete re mains 
uncracked (as it does through factored loads in this case), behavior 
of the slab is elastic and in-plane forces in the slab have not 
developed. Any analysis of the ultimate strength of the slab, 
however, must take into account the strength enhancement due to 
significant in-plane forces (arching action) which develop along with 
the concrete cracking. 

5.1.7 Conclusions. The major conclusions which can be drawn from 
the vertical load tests concerning the behavior of the transversely 
prestressed bridge deck are as follows: 

1. The results of the vertical load tests are reasonable in 
relation to other reported tests of concrete bridge decks 
subjected to concentrated loads. 

2. No substantial difference between the behavior of the deck 
constructed with straight strands only and with straight and 
draped strands was observed. There also appeared to be no 
significant difference in slab behavior at interior and 
exterior locations. 

3. Uplift in the slab due to the minimum positive moment 
loading conditions was negligible. It is unclear from these 
tests whether posi ti ve or negati ve moment loading condi tions 
are more critical for the prototype bridge 
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4. The transversely prestressed slab exhibited essentially 
linear elastic behavior through factored load levels. Based 
on a I imi ted amount of data, it may be further said that: 
a) the empirical for mu la gi ven by AASHTO for esti mation of 
transverse moment in deck slabs yields values conservative 
by 35 to 45% in this elastic range of behavior; and b) 
methods of analysis based on elastic theory, such as the use 
of influence surfaces, predict slab behavior fairly well in 
the range of loading through factored, especially if 
differential girder deflections are taken into account. 
Otherwise, the results may be sli ghtly unconservati ve 

5. Fai lure of the slab was ne ver achieved, but concrete crack 
patterns indicated the eventual failure mode would be 
punching shear. Though the ultimate load capacity of the 
slab is not known, proof loads of 11.9 and 6.6 times the 
service live load plus impact were applied in the positive 
and negative moment tests, respectively, without the 
occurrence of failure. This high factor of safety above 
what was calculated for the design is due to the development 
of significant compressi ve membrane forces in the slab after 
crack ing 

6. Based on a limited amount of data, the maximum longitudinal 
slab moment is on the order of 1/6 to 1/4 the maximum 
positive transverse slab moment 

5.2 Edge of Slab Posttensioning Stress Distribution Tests 

5.2.1 Test Description. The objectives of the edge of slab 
posttensioning stress distribution tests were: first, to investigate 
the effect of strand spacing on the distribution of horizontal slab 
stresses near the deck edge; and second, to determine if stresses 
induced in the slab by one strand ar e decreased si gn ificantly by the 
subsequent stressing of an adjacent strand. 

To accomplish these objectives, two tests were carried out on the 
laboratory model described in Section 4.6.2. At a location along the 
west slab edge where straight and draped strand construction was used, 
closely spaced 30mm electrical resistance strain gages were installed 
on the top and bottom slab surfaces as shown in Fi~ 5J6. All of the 
posttensioning strands within a longitudinal distance of 20 in. 
(rou@1ly the amount of slab overhang, measured from the center of the 
exterior girder) from the gages were instrumented with the small load 
cells used in previous tests of the model. Both of the tests involved 
stressing the strands within this 40-in. long region and reading the 
strain gages so that the resulting slab stresses could be calculated. 
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In the first test, a single strand in the upper portion of the 
slab was stressed. Load cell and strain gage readings were taken. 
The strand was then released. This process was repeated for each 
upper strand in the test area. 

For the second test, readings were again taken after each strand 
was stressed. However, the tensioned strands were not destressed. 
Strands in the bottom portion of the slab were stressed as well as 
those in the top portion. Referring again to Fig. 5.36, the order of 
strand tensioning began with strand 5, then went to strands 4 top and 
bottom, then to strand 6, and so forth, alternating on each side of 
the center strand, until strands 1 (top and bottom) through 9 had been 
stressed. 

5.2.2 Test Results. The top and bottom concrete surface strains 
measured in the first test were averaged at each gage location to 
eliminate the effects of bending in the data. From these average 
strains, average concrete stresses were computed assuming the 
compressi ve strength of the concrete to be 5000 pSi. The calcu lated 
stresses were then normalized as a percentage of the applied stress as 
follows: 

percent stress = 100 x (tc)/(F/(T x S)) 

where: 'T"c = calculated stress from measured strains 

F = measured strand force 

T = slab thickness 

S = strand spacing 

Finally, since data from strands symmetrical about the strain gages 
(strands 2 and 8, for instance) are for the same distance from the 
tensioned strand, the averages of the percent stress values for such 
strands were used for the particular distance from the stressed 
strand. 

The values obtained for percentage of stress in the slab due to a 
single tensioned strand by the data reduction process described above 
are plotted in Fig. 5.37. Using these values, contour lines 
representing equal stress in the deck overhang were constructed as 
shown in the figure. Note that the pair of strain gages located at a 
distance of 7 in. from the deck edge gave consistently unreasonable 
values of strain, and thus were ignored for the purpose of 
constructing the contour lines. 

In the second test, the percentage of applied stress in the slab 
was calculated slightly different because both upper and lower strands 
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were stressed, and strands were not destressed during the test. The 
formula used to determine the percentage of applied stress was: 

percent stress = 100 X'Tc «xF) / (314 x T x S x N)) 

where: 'Tc, F, T, S = as before 

N = number of tensioned strands 

The values of percent of applied stress in the slab are plotted 
in Fi g. 5.38 for various numbers of tensioned strands. Note that data 
from the erractic strain gages 7 in. from the slab edge were again 
ignored. As expected, stresses near the strand anchorage are fairly 
high, and not greatly affected by tensioning of addi tional strands. 
There are two instances where tensioning additional strands decreases 
the slab stresses. First, when strands adjacent to the center strand 
(No.5) are tensioned, the stress decreased from 140.1% to 134.7%, a 
relative reduction of 4%. This is due to the elastie shortening of 
the deck in the vicini ty of the center strand. Second, when strands 
located three and four strand spacings away from the center strand 
were tensioned, slab stresses 3 to 5 in. from the deck edge decreased 
slightly. This is to be expected in light of the tensile stresses 
induced by strand tensioning as shown in Fig. 5.37. It is also 
interesting to note that through the duration of this test, the 
tension in the center strand decreased by only 1%, from 5202 to 
5142 lb. 

5.2.3 Design 1,mplications of .!2ata. Because the posttensioning 
forces are applied to the deck in a discretized manner due to the 
spacing of the strands, there will be areas along the edge of the deck 
between strands where the prestressing is ineffectiv~ The extent of 
this area must be know n so that other means of resi sting the imposed 
loads may be provided. Referring again to Fig. 5.38, it can be seen 
that the slab stresses near the deck edge do not change appreciably 
after the adjacent tendons have been tensioned (this corresponds to 4 
tensioned strands in this test). Therefore, by examining the slab 
stresses between two adjacent tendons, an esti mation can be made of 
the size of the ineffectively prestressed area. Figure 5.39 shows 
superi mposed stress contours, from Fi g. 5.37, for two ad jacent tendons 
at the edge of the slab. By inspection, it is found that the 
inadequately stressed area is bounded roughly by an equilateral 
triangle with the slab edge as its base and a side length equal to the 
tendon spacin~ This area extends into the slab a distance from the 
edge equal to the strand spacing times the sine of 60°, or 
approximately 0.85 times the prestress tendon spacin~ Depending on 
the tendon spacing, overhang amount, slab thickness, and curb and rail 
attachment, this area mayor may not require special attention in 
desi gn. 
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The results of the second test discussed earlier indicate that 
the reductions in tendon force and stresses near the slab edge due to 
the tensioning of adjacent tendons are less than 5%. This loss in 
stress, however, is compensated for with the tensioning of strands 
beyond the strands adjacent to the location under consideration. 
Therefore, the loss of posttensioning stresses near the slab edge due 
to tensioning of adjacent strands need not be considered in design. 



6.1 General 

C HAP T E R 6 

ANALYTICAL PARAMETRIC INVESTIGATIONS OF 
SLAB-GI RDEH ArID BOX GIRDER BRIDGES 

The tr ansver se str en gt h of br i dge decks, \lhethcr co mputed 
according to AASHTO design specifications, using influence surfaces of 
Ilomberg or Pucher, or other rigorous analytical methods, can be 
provided by either conventional or prestressed reinforcement. Hhen 
transverse reinforcing bars are used, no direct stresses are 
introduced by the reinforcement. However, prestressed transverse 
reinforcement compresses the slab and introduces stresses in the slab 
as well as other members of the bridge. This is due to the 
res t r a i n i n g act ion 0 f the web s 0 r g i r d e r san d t 11 e d i a ph rag m son the 
transverse movement of the slab. 

The finite element program described in Section 4.5.2 was used to 
study the effects of several parameters on the slab transverse stress 
di stri but ion in both slab-gi rder br idges and box gi rder bridges when 
transverse prestressing is employed. Full results are contained in 
Ref. 60 and are briefly summarized in this chapter. 

6.2 Slab and Girder Bridge 

6.2.1 Dimensions, Material Properties, and Loading. The effects 
of varying each of the parameters were investigated using the 
prototype composite slab-girder bridge, shown in Fig. 6.1. The seven 
girders are standard Texas C-type. Slab thi ckness is 8.25 in. 
Standard end diaphragms and interior diaphragms placed at third points 
are included. Fi gure 6.2 and Table 6.1 gi ve the geometry and material 
properties of the slab, girders and standard diaphragms. 

Based on bridges similar to that of Fig. 6.1, parameter 
variations studied included girder stiffness, bridge length, slab 
thickness, straight and draped tendons, diaphragm stiffness and bridge 
skew. 

6.2.2 Finite Element Modeling. Typical mesh configurations are 
shown in Fig. 6.3. The equivalent loads for the straight prestress 
profile are basically horizontal transverse nodal loads. For the 
draped prestress profile, the equivalent nodal loads are horizontal 
transverse nodal loads and vertical nodal loads determined from load 
balancing concepts. 

6.2.3 Parametric Investigations. The effects of the parameters 
were compared in terms of the top and bottom transverse stresses in 
the slab at the six different critical locations on the bridge shown 
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Table 6.1 Material Properties of Girders, Diaphragms and Slab 

Long. Lateral Shear 
* Area or Moment of Moment of Eccentricity Modulus of Modulus of 

Thickness Inertia Inertia Elasticity Elasticity 
(in.) (in~) (in.) (ksi) (ksi) 

Girder A :: 495 82602 8632 27.035 4460 1828 

End Diaphragm A = 144 3888 768 13.125 4460 1828 

Interior Diaphragm A :: 176 8111 981 15.625 4460 1828 

Slab t = 8.25 40.70 1696 s 

* Eccentricity from the midsurface of the slab. 

t-' ...... 
o 
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in Fig. 6.4. For simplicity the transverse stresses are displayed as 
contours of percentages of the unrestrained (unaffected) stresses in 
the transversely prestressed sl a b when the 10 ngi tud in al gi rd er sand 
transverse diaphragms do not exist. 

The effects of the parameters were also measured in terms of the 
maximum axial force in the end and interior diaphragms. If the 
girders or the diaphragms do not affect slab stresses, axial forces in 
the di aphragms would be zero. Table 6.2 gi ves ali st of the cases 
considered for each parameter. 

6.2.3.1 The Effects of Lateral Stiffness of Girders. In order 
to study the effects of the lateral stiffness of the girders alone, 
all the diaphragms were omitted from the analytical model. The 
analysis results both for straight and for draped strands showed that 
the transverse stress distribution was not affected at all by the 
lateral stiffness of the girders even when different slab thicknesses 
ranging from 6.00 to 8.25 in. were considered. 

6.2.3.2 The Effects of Varying Diaphragm Size. The bridge of 
Fig. 6.1 was analyzed with three di fferent sizes of end and inter ior 
diaphragms as shown in Table 6.2. 

Typical transverse stress contours for one quarter of the slab 
for the end-diaphragm only and the all-diaphragm cases with straight 
strands and standard diaphragms are shown in Figs. 6.5 and 6.6. For 
the end-diaphragm only case of Fig. 6.5 the stresses in the slab are 
affected only near the diaphragm regions and are mostly affected in 
the region of the outer two diaphragms. 

For the all-diaphragm case of Fig. 6.6 the effects of adding the 
interior diaphragms are noticed throughout the slab, increasing the 
top stresses and decreasing the bottom stresses in the interior
diaphragm regions. 

The results of varying diaphragm size are presented in Fig. 6.7 
Figure 6.7(a), (b), (c) show the effect of diaphragm size on 
transverse top and bottom stresses at selected points in the slab. 
Figure 6.7(d) shows the effect of diaphragm size on the maximum axial 
force taken in either end or interior diaphragms (F d ) as a ratio of 
the average edge prestressing per ft (Fs )· 

Stresses at the remote points A, B, C, and D for the end
diaphragm only case do not change as the size of the end diaphragms 
change, as shown in Fig. 6.7(a) and (b) but are affected by the 
addition of interior diaphragms. The results show that the effect of 
diaphragm size was more pronounced in the end-diaphragm region than in 
the interior-diaphragm region. As expected, Fig. 6.7(d) shows that 
increasing the size of the diaphragms will increase the axial force 
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Table 6.2 Slab-Girder Bridge 
Parametric Study Cases 

Diaphragm Size Bridge Slab 
Name in; Length Thickness 

End Interior (ft.) (in. ) 

SDEl 144 -- 76 8.25 
SOE2 264 -- 76 8.25 
SOA3 75 75 76 8.25 
SDA4 144 176 76 8.25 
SDA5 264 264 76 8.25 
ODE6 144 -- 76 8.25 
DDE7 264 -- 76 8.25 
DDA8 144 176 76 8.25 
DDA9 264 264 76 8.'25 

STEl 144 -- 76 6.00 
STE2 144 -- 76 7.00 
STE3 144 -- 76 8.25 
STA4 144 176 76 6.00 
STAS 144 176 76 7.00 
STA6 144 176 76 8.25 

SLEl 144 -- 38 8.25 
SLE2 144 -- 57 8.25 
SLE3 144 -- 76 8.25 
SLA4 144 176 38 8.25 
SLA5 144 176 57 8.25 
SLA6 144 116 76 8.25 

SSE1 I 144 -- 76 8.25 
SSE2 144 76 8.2.5 --
SSE3 144 -- 76 8.25 
SSA4 144 176 76 8.25 
SSAS 144 176 76 8.2.5 
SSA6 144 176 I 76 8.25 

1. Cases with no diaphragms are not included. 
2. Standard diaphragm area: End = 144 in~ 

Interior = 176 in: 

Prestress Skew 
Profile Angle 

Straight 0° 
Straight 0 
Straight 0 
Straight 0 
Straight 0 

Draped 0 
Draped 0 
Draped 0 
Draped 0 

Straight 0 
Straight 0 
Straight 0 
Straight 0 
Straight 0 
Straight 0 

Straight 0 
Straight 0 
Straight 0 
Straight 0 
Straight 0 
Straight 0 

Straight 0° 
Straight 20 0 

J 
Straight 40 0 

I Straight 0 0 

I 
Straight 20 0 

Straight 40° 

3. Diaphragms with cross-eectiona1 area of 264 in~ are assumed 
to be compositely connected to the slab. 
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Fig. 6.5 Transverse stress distribution in deck slab, end
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176 

II.nd cIoptrogm Ilnt.riot'dioptr\:J9n 

N 

IOO--.. _____ ~I 

(a) Top .tr ..... 

.L-..L--------------'----------JI--t-
(b) Bottom s tre.'" l 

Fig. 6~6 Transverse stress distribution in deck slab, 
all-diaphragm. case with straight strands, 
Case = SDA3 



1 

~ 
'" c 

r:S 
...... 

"i .... 
:) 

J 

8 At Bb 
~----------~----~-~,. 

...... -' ~, ..... -x ____ ---x..,.. At , 
"' ........... '-, 

'--x.----1J( 

Btl 
f 
d 

I 
(a) 

8 Ct .. ... \', _ .......... 
\ '""x--____ -x--C 
\ t , , 
'~ 

~ ...... -------x------K 0 Db 

2 
0 

Cb) 

!+---------~------~--~ 
o le.o.O 

AcI,in~ 

ee) 

loa.O 

d .. 
u.-
..... 
"0 

l&.. 

177 

• T.o, _" ... po'nt 

I" 
)( 80uo", ,tr •• , potnt 

•• I -

0 
<# 

:;} 

0.0 1tIO.0 

Ad,1n.2 

Cd) 

• ---- Md~dlaphrogm. 

• ------ all-dlaphrogm 

• t.= 8.25" 

.20= 761 

• Straight tendoN 

-No Skew 

Fig. 6.7 The effect of diaphragm size On slab transverse 
stresses and diaphragm axial force 

.. 
A· 

• 

100.0 



178 

they attract since the stiffer diaphragm imposes more restraint on 
s lab shortening. 

The transverse stress distribution contours are even more 
pronounced for the end-diaphragm and the all-diaphragm cases with 
standard diaphragms and draped strands as shown in Figs. 6.8 and 6.9. 
Since draped strands produce higher compressive stresses at the 
highest draping points, these stresses are critical. Because of this, 
stress contours are only plotted for these maximum stresses. 
Figure 6.8 for the end diaphragm only case shows that only the 
diaphragm regions are affected. In contrast to the greatest variation 
in the slab stresses shown in Fig. 6.5 for the same case with straight 
strands, the variation with draped strands was practically consistent 
from one panel to another. 

Figure 6.9 for the all-diaphragm case with draped strands shows 
that the addition of the interior diaphragms has resulted in a 
decrease in the maxi mum top and bottom stresses at the highest draping 
points in the interior-diaphragm region. The values show 
substantially more effect than the straight strand case. 

The results of varying diaphragm size are shown in Fig. 6.10. 
Figure 6.10(a) and (b) show that for the end-diaphragm only case, the 
stresses at points A, B, C, and 0 are not affected by the end 
diaphragms. The same figures for the all-diaphragm case, show small 
effects at A and B but much larger effects at C and 0 as the interior 
diaphragm size increases. \-lhile the stress at F consistently 
decreases as the size of the end diaphragms increases, the stress at E 
has a minimum point and then increases at larger sizes of the end 
diaphragm. Both Fig. 6.7(d) and Fig. 6.10(d) show similar effect of 
increasing the size of the diaphragms on the maximum diaphragm axial 
force. 

6.2.3.3 The Effects of Varying Slab Thickness. The bridge of 
Fig. 6.1 has been studied with practical slab thickness ranges from 
6.00 in. to 8.25 in. The effects of varying slab thickness are shown 
in Fig. 6.11. 

Slab stress and diaphragm force vary linearly with slab 
thickness. The effects of varying slab thickness are less pronounced 
than the effects of varying diaphragm size. 

6.2.3.4 The Effect of Varying Span Length. Figure 6.12 shows 
that when the span length of the bridge shown in Fig. 6.1 is varied, 
that especially for the all-diaphragm case, decreasing the span length 
tends to increase the relative lateral stiffness of the diaphragms and 
girders and, consequently, increases the effects of the interior 
diaphragms on the transverse stresses in the slab. As is to be 
expected, decreasing the span length increases the restraint due to 
the diaphragms and thus increases the maximum axial force in them. 
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6.2.3.5 The Effects of Varying Bridge Skew. Since a high 
percentage of the bridges built are skewed, the basic bridge of Fig. 
6.1 was studied with skew angles of 20 and 40 degrees. It is more 
favorable, from a structural point of view, to place the interior 
diaphragms parallel to the end diaphragms [88J; however, they are 
usually built perpendicular to the longitudinal girders for ease of 
construction as shown in Fig. 6.13. The straight transverse 
prestressing strands were assumed placed perpendicular to the 
longi tudinal girders. 

As a result of skewing, the symmetry of the bridge is destroyed 
and the complete bridge must be considered for analysis as shown for a 
40-degree skewed bridge in Fig. 6.14. To simplify the mesh for the 
20-degree skew, the interior diaphragms were assumed parallel to the 
end diaphragms. With small skew angles the structural behavior 
difference between the diaphragms parallel to the end or perpendicular 
to the girders is negligible [89J. 

The effects of varying skew angle on the transverse slab stresses 
and the diaphragm axial force is shown in Fig. 6.15. Interior slab 
stresses for the end-diaphragm only case do not change significantly 
with skew angle. For the all-diaphragm case, there is some variation 
at the interior points but large variations at E and F above the end 
diaphragms. The restraining effect of the diaphragms decreases as 
they become more skewed. Slab stresses at E and F return toward 
normal and the restraining force in the diaphragms decreases. 

6.2.4 Possible Method to Account for Diaphragm Effect in ~lab 
and Girder Bridges. The parametric study in the previous section 
indicates some reduction in effective prestress due to diaphragms. To 
counteract or compensate for this reduction, several methods are 
possible: 

1. Applying additional transverse prestressing strands in the 
slab as close to the diaphragm line as possible. 

2. Applying prestress force to the diaphragms themselves. 
prestressing the diaphragms with a force equal to 1.4 
applied transverse force per ft of the slab, the slab 
the diaphragms would have about equal shortening. 

By 
the 
and 

3. Inserting a thin steel plate of thickness equal to the 
maximum shortening in the slab, at one side of each 
diaphragm for construction purposes only. Prior to the 
application of the transverse prestressing, the plates 
should be removed to allow for free shortening of the sla~ 
After the application of the transverse prestressing, the 
gap can be grouted. 
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4. Omit the permanent diaphragms and use small temporary 
di ap hra g ms for const ruction br ac i ng wh i ch can be rem oved 
before transverse prestressing. 

6.3 Box-Girder Bridges 

In constrast to the open-section configuration of the slab-girder 
bridges treated in the previous section, box-girder bridges have 
closed-section configurations. In the open-section slab-girder 
bridges, the transverse elastic shortening of a transversely 
prestressed slab will definitely generate additional transverse 
moments and stresses that should be distributed throughout the 
section. Eventually, these additional moments alter the transverse 
stress distribution in the slab. They must be accounted for in the 
design of transversely prestressed box girder bridge decks. 

6.3.1 Descriptions of the Bridges Studied. Based on reviews of 
Refs. 90 and 91, three typical sections with the same roadway width 
shown in Fig. 6.16 were chosen for the parametric investigations. The 
range of the parameters for each section used in these investigations 
is listed in Table 6.3. 

Because intermediate interior diaphragms are not usually required 
in concrete box-girder bridges [90,91,92], the analysis of an interior 
portion of the bridge with a uniformly transversely prestressed deck 
is reduced to the simple case of a frame subjected to transverse loads 
in the top member. This is not true in the regions near the end 
diaphragms. As a result of this, it was decided to divide the 
parametric study into two parts. 

The first part included the study of the effects of the top and 
bottom slab thicknesses, section depth, and web inclination on the 
transverse stress distribution in the top slab of an interior portion 
of the bridge using frame analysis. The results are reported in 
Ref. 60. They may be briefly summarized as: 

1. Due to the restraining action of the webs and bottom slab on 
the transverse movement of the top slabs of the three 
sections, the smallest change in the transverse stresses in 
the top slab ar e fou nd in the one-cell sect ion. For 
straight strands, the maximum increases or decreases in the 
transverse stresses in the top slab are less than 10, 15, 
and 30~ for one-, two-, and three-cell sections, 
respectively. 

2. Draped strands produced less variation in the transverse 
stresses in the top slab than the straight strands. 
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Table 6.3 

Section Case t . 
St' 1n 

1 11 
2 11 

1-cell 3 11 
4 11 

1 8 
2 8 

2-cell 3 8 
4 8 

1 8 
2 8 

3-cell 3 8 
4 8 

ts = top slab thickness 
t 

ts = bottom slab thickness 
b 

D ~ section depth. 

t 

Parametric Study Cases, Part II 

D, ft Strand Web sb' in Profile 

12 6 Straight Vertical 
12 6 Draped Vertical 
12 6 Straight Vertical 
12 6 Draped Vertical 

12 6 Straight Vertical 
12 6 Draped Vertical 
12 6 Straight Vertical 
12 6 Draped Vertical 

12 6 Straight Vertical 
12 6 Draped Vertical 
12 6 Straight Vertical 
12 6 Draped Vertical 

Diaphragm 

End 
End 
Pier, Type I 
Pier, Type I 

End 
End 
Pier, Type I 
Pier, Type I 

End 
End 
Pier, Type II 
Pier, Type II 

I 

...... 
\0 
o 
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3. Although the one-cell section with vertical and inclined 
webs had the same stress distribution in the top slab, in 
two- or three-cell sections, the inclined webs introduce 
less restraint. 

4. In order to reduce the transverse moments set up in the 
section due to the elastic shortening of the top slab, the 
di mensions of the webs and bottom slab should be as small as 
possible. 

5. The tensile stresses at the exterior bottom corners in the 
one-cell section are smaller than those in the two- and 
three-cell sections. Since the stiffness of the bottom slab 
in sections with inclined webs is larger than in sections 
with vertical webs, the tensile stresses at the bottom 
corners in sections with inclined webs are larger than those 
in sections with vertical webs. Also, tensile stresses at 
the bottom corners are highest near the piers because the 
bottom slab is thickest. The corner tensile stresses can be 
minimized by the use of the thinnest possible sections that 
are consistent with strength requirements, and with the use 
of vertical webs. 

6. It appears that the most efficient section, from the 
application of transverse prestressing point of view, is the 
one-cell section. 

The second part included the study of the effects of the 
diaphragms on the transverse stress distribution in the top slab using 
the finite element program described in Section 4.5. The effects of 
three typical diaphragms, shown in Fig. 6.17, were investigated. 
These diaphragms represent an end (abutment) diaphragm and two 
commonly used types of pier diaphragms. Type I is a typical diaphragm 
used in one- and two-cell sections while Type II is used in three- and 
multi-cell sections. In studying the effects of the existence of 
these diaphragms on the transverse stress distribution in the top 
slab, only portions of the corresponding affected regions were 
considered for analysis as shown in Figs. 6.18 to 6.20 along with 
their finite element idealizations. 

Based on the results of Part I, it was decided to limit the 
finite element model investigation to the most critical parameter 
values that may affect the transverse stresses in the top slab as 
shown in Table 6.3. It can be seen that such parameter values have 
emphasized thick sections. 

As indicated in Fig. 6.18, the Type I pier diaphragm generally 
used in segmental or cast-in-place one- and two-cell box-girder 
bridges, was not actually modeled by individual finite elements. 
Because such diaphragms are made relatively thick, they were assumed 
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to be completely rigid diaphragms. In their finite element 
presentation, nodes at the pier diaphragm intersection were assumed to 
be rigidly fixed. 

The finite element analysis results are only given for the 
transverse stress distribution in the top sla~ As before, stresses 
are given as percentages of the nominal stresses. Stress contours for 
top and bottom mid surface stresses in the top slab for single-cell 
box girder bridges with end and pier diaphragms are shown in Figs. 
6.21 to 6.23. Si milar stress contours for two- and three-cell box 
girder bridges are shown in Figs. 6.24 to 6.27. 

These figures show that the diaphragm effect on top slab 
transverse stresses generally follow the same trends in all three box 
sections. While the restraint from the end diaphragms are somewhat 
smaller than from the pier diaphragms, both cases cause appreciable 
reductions in the diaphragm vicinity. In regions adjacent to the 
diaphragms, top slab transverse stresses are frequently reduced as 
much as 45 to 90%. 

When the transverse prestressing is used to provide the 
transverse strength of the top slab, it is certainly desirable to 
minimize the interaction between the diaphragms and the top slab at 
the time of prestressing. This is possible in segmental precast 
construction of box girder bridges, where transverse prestressing of 
the top slab is done either by pretensioning in the casting bed or by 
posttensioning transversely before connecting the segments together. 
It is more difficult in cast-in-place construction. In either case, 
massive transverse posttensioning of the pier and end diaphragm 
regions are recommended to produce better transverse compatabi li ty. 
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C HAP T E R 7 

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

7.1 Summary 

The principal objective of the overall study was to examine the 
concept of improving bridge deck design by the application of 
transverse prestressing, and to specifically examine the improvement 
of durabi li ty due to protection from chloride-induced corrosion. The 
specific objective of this report was to provide docu mentation of the 
structural analysis and behavior studies carried out in the 
development of recommendations for proper use of modern prestressing 
systems to ensure effective distribution of transverse prestress 
throughout deck slabs. The scope was primarily limited to bridge 
decks of composite slab-girder bridges; however, analytical 
techniques were extended to include box girder bridges. Many of the 
study findings are applicable to other prestressed and reinforced 
concrete bridge structures. 

The general background of structural bridge slab theory and of 
transverse prestressing are summarized in Chapters 2 and 3. 

To investigate the structural effects of transverse pretressing, 
a model bridge was constructed and tested. Effective prestress 
distribution as determined from the model test results was presented 
in Chapter 4. The structural behavior of a posttensioned slab under 
vertical load and the distribution of concentrated lateral edge loads 
as deter mined in the model test program are summarized in Chapter 5. 
Finite element analyses were also used to study the structural effects 
of transverse prestressing in both slab-girder and box girder bridge& 
The analysis findings were presented in Chapter 6. 

The design implications, recommendations and examples from both 
the durability and structural studies of transverse prestressing will 
be presented in the concluding report of this series, 316-3F. 

1.2 Conclusions 

1.2.1 General Conclusion. The principal conclusion fro m t hi s 
study is that the application of transverse prestressing is possi ble 
in composite slab-girder bridges with currently avai lable technology. 
There is no need to build such bridges noncompositely. However, in 
box girder bridges, substantial lateral prestressing of the diaphragm 
segments will be required. 

1.2.2 Specific Conclusions. The more important conclusions from 
all structural studies may be summarized as follows: 
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1. If diaphragms are omitted from a bridge at the time of 
transverse slab prestressing, the transverse stress 
distribution is essentially uniform and slab stresses equal 
the applied edge stress less normal friction and time 
losses. This implies that the lateral stiffness of girders 
have little effect on transverse stress distribution. 

2. Diaphragms which are in place at the time of transverse 
prestressing significantly affect transverse stress 
di stribution. The overall transverse prestress reduction 
effect of diaphragms depends on cross sectional diaphragm 
sti ffn ess, in ter ior di aphragm spacin g, slab thi ck ness, 
bridge skew angle, and, to some degree, strand profile. 

3. To account for transverse prestress reduction effects of 
diaphragms, two basic approaches can be followed: 

a. Compensate for the diaphragm effects by either using 
additional prestressing in the slab over diaphragm 
regions or by prestressing the diaphragms themselves. 

b. Prevent the diaphragms from affecting transverse slab 
prestress either by removing them or not putting them in 
place before prestressing or by creating temporary gaps 
between the girders and diaphragms to allow for 
unrestrained elastic shortening of the slab at the time 
of transverse prestressing. 

4. Losses in prestressing, especially posttensioning friction 
losses, can result in substantially less effective 
compression to resist. cracking and must be adequately 
accounted for in design. 

5. Jacking sequence of deck transverse posttensioning does not 
have a significant influence on final transverse stress 
distribution in typical bridge decks. 

6. No significant vertical cambers or deflections should arise 
from transverse prestressing a bridge deck to the 
compression levels which are necessary to ensure a "crack
fr ee" design. 

7. A transversely prestressed deck designed in accordance with 
the procedures presented in Report 316-3F and the AASHTO 
slab live load moments, should exhibit essentially linear 
elastic behavior through factored load levels. If a more 
"exact" method is used to determine the slab live load 
moments, the deck should still behave elastically beyond 
service load levels. Failure of a transverely prestressed 
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deck is expected to be by punching shear at a mlnlmum factor 
of safety against live load plus impact of seven. This high 
factor of safety suggests that excluding the effects of 
compressi ve me mbrane forces in the structural anal ysi 13 may 
lead to excessi vely conservati ve deck desi gns. 

8. Errors in prestressing tendon placement in thin slab 
sections can have a pronounced effect on the magnitude of 
extreme fiber stresses. 

9. Both two- and three-dimensional elastic finite element 
analyses provide satisfactory predictions of transverse 
prestressing effects in slab-girder bridge decks. 

7.3 Future Research Needs 

There are several areas involving the structural application of 
transverse prestressing which need further study. They are: 

1. Reevaluation of current AASHTO provisions which are used for 
calculating transverse slab moments due to vehicular loads. 

2. Evaluation of the interaction effects and applicable design 
cri teria where closely spaced multiple anchorages are used 
in thin slab sections. 

3. Experimental verification of transverse stresses near 
diaphragms in box girder bridges. 

4. Feedback from the construction and performance of full-scale 
transversely prestressed bridge decks, together with the 
result s of further research when available, should be used 
to refine the design and analysis recommendations presented 
in this report. 
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A. 1 Slab SEan (AAS8TO 1.3.2(A» 

5 = girder spacing - halt tlange width 

= 8.83 - 14/12 

= 8.25 tt 

A. 2 ImEact Factor (AAS8TO 1.2.12(C» 

I = 50/{125 + 5) ~ 0.30 

: 50/(125 + 8.25) 

: 0.30 

A. 3 Design Moments 

A. 3.1 Dead Load 

MoL = (0.105)(8.25)2/10 

= 0.71 k-tt/tt 

A. 3.2 Live Load (AAS8TO 1.2.5(C) and 1.3.2(C» 

MLL+I = 1.3 (0.8) P (5 + 2)/32 

A. 3.3 Total 

= 1.3 (0.8) (16) (8.25 + 2)/32 

= 5.33 k-tt/tt 

= 0.71 + 5.33 

= 6.04 k-tt/tt 



A. 4 Service Load Stresses 

A = 12(8.25) = 99 in. 2/per ft width of slab 

Sgross = l/C (ignoring steel) 

= 12(8.25)2/6 

= 136 in. 3/per ft width of slab 

fc = !:0.533 ksi 

A. 5 Prestressing 

A. 5.1 Straight Tendon Profile 

A. 5.1.1 Accounting for Friction Losses 

fc = 0.9 PIA 

f c/O.9 = PIA 

!:0.537/0.9 = !:0.592 ksi 

A • 5.1.2 Required Prestressing ~ Service Loads 

° = -PT/99 - PT (1.875/136) - PB(1.875»/ 136 

+ 0.592 

0.140 = -PT/99 + PT (1.875/36) - PB/99 - (PB{1.875»/136 

+ 0.592 

PT = 28.3 kips 

PB = 23.2 kips 

Assuming effective prestress force Pe = 22.95 kips 
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Bottom tendon spacing = 22.95/23.2 

= 0.99 ft 

= 11-718 in. 

Top tendon spacing = 22.94/28.3 

= 0.81 ft 

= 9-3/4 in. 

Check for compression stresses < 0.4 fb OK 

A. 5.2 Draped and Straight Tendon Profile 

A. 5.2.1 Accounting for Friction Losses 

fc = 0.80 PIA 

fC/0.80 = PIA 

~0.533/0.8 = ~0.666 ksi 

A. 5.2.2 Required Prestressing for Service Loads 

o = -PT/99 - (PT(1.875»/136 - PB/99 + (PB(1.875»/136 

+ 0.666 

But, PB = PT/ 3 

PT = 29.1 kips 

Tendon spacing = 22.95/29.1 

= 0.79 ft 

= 9-1/2 in. 

For a given repeating section, there is one straight tendon top 
and bottom, and two draping tendons. 

Check for compression stresses < 0.4 fc OK 
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A. 6 Bonded Reinforcement (ACI 318-83 18.9.2) 

As = 0.004 A 

= 0.004(8.25/2)(12) 

= 0.20 in. 2/per ft width of slab 

Using 1/4 bar: 

S = 0.20/0.20 

= 1 ft 

= 12 in. 

The D4 bars are required top and bottom of slab in the 
transverse direction 

A. 7 Shrinkage and Temperature Reinforcement (AASHTO 1.5.12) 

1.8 in. 2/per ft width of slab 

For 1/4 bar: 

S = 0.20/0.125 

= 1.6 ft 

= 19.2 in. > 18 in. 

Use at least 14 bar at 18 in. in both transverse and 
longitudinal directions on both and top and bottom of 
slab. 

A. 8 Check for Ultimate Moment (AASHTO 1.6.9(A» 

A. 8.1 Straight Tendon Profile 

¢ = 0.95 (for cast-in-place posttensioned concrete) 

As = 0.153 (12/11.875) 

= 0.155 in. 2/per ft 
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fsu = fse + 15000 

= 150,000 + 15000 

= 165 t 000 psi 

= 165 ksi 

Mu = (0.95)(0.155)(165)(6)(1 

= 140 in.-k/ft 

= 11.6 k-ftl ft 

Factored Moment (AASHTO 1.2.22) 

Muf = 1.3(0.11) + 2.11(5.33) 

= 1 2.5 k- ftl ft 

- 0.6 (0.0022(165)/5» 

11.6 < 12.14 (but bonded nonprestressed reinforcement 
provides enough additional strength to 
satisfy requirement) 

A. 8.2 Straight and Draped Tendon Profile 

As = 0.153 (12/9.65) 

= 0.193 in .21 ft 

Mu = (0.95)(0.193)(165)(6)(1 

= 112 in .-kI ft 

= 14.3 k-ftl ft 

Muf = 12.5 k-ft/ft 

14.3 > 12.5 OK 

Minimum Moment (Moment Reversal) 

As = 0.153(12/28.5) 

= 0.064 in .21 ft 

- 0.6(0.0021(165)/5» 



Mu = (0.95)(0.064)(165)(6)(1 - 0.6(0.0009(165)/5» 

= 59.1 in.-klft 

= 4.9 k-ft/ft 

Minimum Moment = Muf/2 = 6.2 

4.9 < 6.2 No good 

Including Bond Reinforcement 

As = 0.20 in.2/ft 

Mu ~ ¢ As fy [0.9d] 

= 0.90 (0.20)(60)(0.9(6» 

= 58.3 in.-klft 

= 4.9 k-ftl ft 

MuTOT = 4.9 + 4.9 

= 9.8 k-ft/ft 

9.8 > 6.2 OK 

A. 9 ~ Maximum and Minimum ~ Percentages 
(AASHTO 1.6.10(A) and 1.6.10(B» 

OK by inspection 
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