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ABSTRACT

DESIGN AND BEHAVIOR OF LARGE CONCRETE
CANTILEVER OVERHANGS WITH COMBINATIONS OF
PRESTRESSED AND NON-PRESTRESSED REINFORCEMENT

by

Scott Douglas Armstrong, M.S.E.
The University of Texas at Austin, 1994
Supervising Professor: John E. Breen

The application of current guide specifications for the design of cantilever overhangs in
concrete bridge piers can result in structures which are overdesigned, expensive, and difficult to
construct. This is because the appropriate application of current design equations is often times
ambiguous to the designer due to the wide variety of cantilever lengths and depths which are
possible. The design is further complicated by the treatment of reinforced concrete and
prestressed concrete in separate chapters and according to different strength and serviceability
criteria in the current AASHTO Standard Specifications for Highway Bridges.

An alternative design approach is presented in this report. This proposed approach
makes use of what is referred to as "structural concrete", which spans the full spectrum from
reinforced to fully prestressed concrete, including combinations of prestressed and non-prestressed
reinforcement. Also inherent in the "structural concrete” approach is the use of strut-and-tie
modelling which offers a transparent design tool based on visualizing the flow of forces in the
structure, and placing the reinforcement as needed to accommodate the force flow. This allows
the designer to avoid the uncertainty often associated with application of design specification

equations.



Four specimens, each with two overhangs, were constructed and tested. Six unique
reinforcing patterns were represented among the eight overhangs. Two of the overhangs were
designed according to the current AASHTO Specification. One was reinforced concrete while the
other was fully prestressed concrete. The other overhangs were designed with varying
combinations of prestressed and non-prestressed reinforcement. Each of the overhangs was
evaluated on the basis of its service and ultimate load behavior, constructability, and reinforcement
costs.

Based on the results of the research it was possible to recommend a design procedure
consistent with the "structural concrete" approach considering both service limit state and ultimate
limit state criteria. This approach has advantages over methods dictated by current design
specifications by being more intuitive in its application and by leading to more easily constructed

and potentially more economical overhangs.
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CHAPTER 1
INTRODUCTION

1.1 Background

1.1.1 Large Cantilever Bridge Piers used on
San Antonio Downtown "Y" Project

The need for this research originated at the Texas Department of Transportation where
large cantilever piers were designed as substructure elements for segmental box girder bridges in
San Antonio Downtown "Y" projects. This project involved the construction of an elevated
freeway over an existing section of at-grade freeway. Frontage roads paralleled the lower level
mainlanes and access to and from the lower level freeway was provided by entrance and exit
ramps. The large cantilever piers were required where entrance or exit ramps prevented
positioning the bridge piers directly below the superstructure. Figure 1.1 illustrates the typical

situation where the large cantilever piers were used.

L Upper Level Expressway |

|
o

Entrance Ramp
to
Lower Level
Expressway

Figure 1.1 Typical Cantilever Bridge Pier
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A large number of cantilever overhang lengths were required to accommodate the variety
of relative positions of the superstructure, lower level mainlanes, frontage roads, and entrance and
exit ramps. Loads were transferred from the superstructure through two transversely spaced
bearings at the end of each span. Thus, each pier was loaded with two left bearings and two right
bearings. For shorter overhangs, only the two left bearings loaded the overhang. These bearings
were close to the column. For longer overhangs, both the left bearings and right bearings loaded
the overhang, and these could be at a considerable distance from the column.

The current AASHTO Standard Specification for Highway Bridges (1) requires the use
of corbel provisions when the shear span to depth ratio (a/d) is less than one. For shorter
overhangs where all bearings were within this limit, it was appropriate to apply the AASHTO
corbel provisions providing reinforcement to resist a shear-friction failure through the overhang
at the face of the column. In the case of longer overhangs, where all bearings were outside this
limit, AASHTO could reasonably be applied to the member by treating it as a beam, although
very often they would be deep beams because of the low span to depth ratios.

However, because of the variety of pier sizes needed to accommodate the overall roadway
geometrics, many overhangs had lengths for which the appropriate AASHTO design provisions
were not obvious. Several overhangs had an a/d ratio for the inside bearing of less than one and
an a/d ratio for the outside bearing of greater than one. In these instances, reinforcement was
provided for both deep beam provisions as well as resistance to a shear-friction failure even
though it may not have been necessary. Consequently, reinforcing cages were heavily congested
and difficult to construct, and may have been significantly over-designed.

The design of the overhangs was further complicated by the use of both reinforced (ie.
non-prestressed) concrete and post-tensioned concrete. The current AASHTO bridge design
specification places different strength and serviceability requirements on each, treating them in
separate chapters as essentially separate and unique materials.

For reinforced concrete, only mild reinforcement is used and the design is largely in
accordance with an ultimate strength design philosophy. The serviceability provisions guard
against fatigue failure of the reinforcement, excessive crack widths, and excessive deflections.
Fatigue failure of the reinforcement is prevented by providing sufficient reinforcement to control
the range of stress experienced by the steel as loads cycle on and off the member. Crack widths
are controlled by providing the required area of steel, but also by using a large enough number

of bars that the crack width formulae are indirectly satisfied. This leads to cracking patterns in
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which the cracks are well distributed and in which crack widths are acceptably small. However,
the required number of bars to satisfy the crack width provisions can become quite numerous,
leading to highly congested reinforcing cages which are difficult to assemble and which create
problems with the placement and consolidation of concrete. Furthermore, the cracking can
significantly reduce the stiffness of the member and can lead to difficulties in obtaining acceptable
service load deflections.

Post-tensioned concrete, on the other hand, is designed under the AASHTO criteria
primarily in accordance with a service load, or working stress, design philosophy. Members are
required to be "fully post-tensioned" which means that the tensile stresses in the concrete under
service loads are limited to levels below which cracking would be expected to occur. This results
in quantities of post-tensioning which are much greater than what would be required if an ultimate
strength design approach governed. Excessive camber of a member can be a problem when the
large amounts of post-tensioning required by service load stress criteria are used. The high
camber occurs over time with creep and shrinkage of the concrete under the large post-tensioning
force. In the event that a fully post-tensioned member does crack due to poor construction or an
extreme overload, a sufficient number of reinforcihg elements often may not be present to control
the cracking. Additionally, fully-post tensioned concrete exhibits considerably less ductility than
reinforced concrete. This results in less warning of distress and less general structural integrity
when the structure is subjected to unanticipated accidental loads.

As previously mentioned, some of the piers in San Antonio were designed using
AASHTO reinforced concrete provisions while others were designed using AASHTO fully post-
tensioned concrete provisions. Because of the greatly different design approaches required by the
AASHTO provisions, it was not uncommon for two adjacent overhangs, having only slightly
different strength requirements, to be designed with significantly different strengths and service
load behavior. This would occur when the first overhang was designed using reinforced concrete,
but it would not be possible to provide enough mild reinforcement in the second overhang,
without the cage becoming excessively congested. The second overhang would have to be
redesigned as a fully post-tensioned member, basically governed by the service load design
provisions of AASHTO.



1.1.2 Strut-and-Tie Modelling

The ambiguity associated with the design of the overhangs with intermediate a/d ratios
(in which deep beam, corbel, and shear-friction provisions all were applied), and the highly
congested reinforcing cages which resulted, could have been alleviated with the use of strut-and-tie
modelling.

In strut-and-tie modelling (2), the designer is directed toward an approach which
emphasizes tracing the flow of forces through a structure. The flow of forces, or load paths, are
made up of zones of compressive and tensile stresses. The zones of compressive stresses are
referred to as struts and the load carrying capacity of the struts is a function of the compressive
strength of the concrete. The zones of tensile stresses are referred to as ties. The ties are made
up of reinforcement which is provided in sufficient quantities to carry the tension forces.

The strut-and-tie modelling approach is in contrast to the section by section approach to
design inherent in today’s design codes. It is this section by section approach that caused the
difficulty faced by the designers in determining whether overhangs with intermediate a/d ratios
should be designed as corbels or as deep beams. Strut-and-tie modelling offers an approach which
is transparent and allows the designer to visualize more clearly where reinforcement is needed,
giving a more rational approach to the design of members for which application of more empirical
code equations is not obvious.

It is commonly recognized that the traditional section by section analysis and design works
satisfactorily, and may be the preferred method of design, in those regions of a structure where
the Bernouli assumption that plane sections remain plane is valid. These regions are referred to
as B-regions. The longer cantilever overhangs in San Antonio could reasonably be treated as
having a large portion of B-region.

The strut and tie approach is preferred in those regions of a structure where the Bernouli
assumption is not valid and the appropriate application of existing and generally highly empirical
code equations is not clear to the designer. These regions are referred to as Discontinuity regions
or D-regions. The overhangs of the large cantilever piers in San Antonio with bearings close to

the column should be treated as D-regions.

1.1.3 "Structural Concrete"
The situation described in Section 1.1.1 where two adjacent overhangs would have
significantly different strengths and service load performance is fundamentally irrational and is a
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consequence of the AASHTO treatment of reinforced concrete in one chapter as if one material,
while post-tensioned concrete is treated in a separate chapter as if a separate material. A more
reasonable approach would involve the use of what many researchers traditionally referred to as
partial prestressing, but which now is giving way to a more unified approach termed "structural
concrete".

Partial prestressing was a term used for designs based on combinations of mild and
pretensioned (or post-tensioned) reinforcement. An ultimate strength design approach is taken
considering the contributions at ultimate of both non-prestressed and prestressed reinforcement
so that the member strength is in proportion to the demand from factored loads. This design
approach is closely patterned after the procedure for a member designed with only mild
reinforcement.

Members designed with combinations of non-prestressed and prestressed reinforcement
offer many advantages over either reinforced concrete or fully post-tensioned concrete for cases
like the large cantilever overhangs used in San Antonio. The highly congested cages of the
reinforced concrete members could be greatly reduced by substitution of post-tensioning for some
of the mild reinforcement. This would lead to cages which would be much easier to assemble and
to members for which good placement and consolidation of concrete would be easier to achieve.
The overhangs might be expected to be cracked at loads below or slightly above service loads, but
the mild reinforcement would be available to distribute the cracks and control the crack widths.
The expected amount of cracking would be less than for the reinforced concrete overhangs, so
greater member stiffness would be available to control service load deflections.

The reduction of post-tensioning offers advantages over fully post-tensioned members in
that excessive cambering of the member could be avoided, ductility could be improved, cost
savings are possible, and the presence of some mild reinforcement would help to control cracking
in the event that a crack did occur.

The term partial prestressing is not advocated here because it has historically been the
source of confusion among researchers and structural engineers. The confusion has centered
around the manner in which the degree of partial prestressing would be defined. Several different
definitions have been proposed through the years but no single definition has earned universal
acceptance and usage.

The proposed term "structural concrete” would apply to the full spectrum from plain

concrete, to mild, prestressed, or mixed reinforcement. With this term, the need for a single,
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universally accepted, definition of the degree of prestressing is eliminated and the related
confusion is avoided. Also embodied in the structural concrete approach is a unified design
methodology which is applicable to all structural concrete, regardless of the type of reinforcement
that is used. It is hoped that eventually this integrated approach will replace the current approach
taken in AASHTO and other codes which treats reinforced and prestressed concrete in separate

chapters and with different strength and serviceability criteria.
1.2 Objectives of Research

The primary objective of this research is to develop a design procedure for use on large
cantilever bridgé pier overhangs of intermediate length for which application of the current
AASHTO provisions is ambiguous. The procedure should be rational, transparent, and easy to
vse. It should result in overhangs which have acceptable service load performance as well as
ultimate strength, and which would be more easily constructed and economical than designs
resulting from current AASHTO standards. It is envisioned that this procedure will incorporate
combinations of mild reinforcement with prestressed reinforcement and use of strut-and-tie
modelling in any D-regions.

Toward this end, an experimental program was conducted involving the construction and
testing of multiple cantilever overhangs, some designed in accordance with current AASHTO
standards, and others designed according to alternative procedures incorporating mixed non-
prestressed and prestressed reinforcement. Where appropriate, strut-and-tie modelling was also
used.

The test results should provide the basis for evaluating the strength, serviceability, and
constructability inherent in current AASHTO designs and in suggested new designs. This
experimental evidence will allow for a realistic comparison to be made between the contrasting

approaches.



1.3 Organization of Thesis

This thesis is divided into seven chapters. The contents of Chapters 2 through 7 are

briefly described here:

Chapter 2: Experimental Program -------- detailed description of specimen design, fabrication,
and testing.

Chapter 3: Test Results --------------------- presentation of data collected during the testing of each
specimen.

Chapter 4: Analysis of Test Results ------ analysis and discussion of service load and ultimate load
behavior of each specimen as well as
comparison between specimens.

Chapter 5: Overhang Constructability ---- discussion of construction related topics and costs

and Economics

Chapter 6: Design Recommendations ---- discussion of recommended design procedure.

Chapter 7: Summary and Conclusions --- summary of key elements of experimental program
and significant findings from research.



CHAPTER 2
EXPERIMENTAL PROGRAM

2.1 Introduction

The experimental program involved the construction and testing of eight cantilever
overhangs. All eight overhangs had the same external dimensions. Four specimens were
constructed, each with two overhangs. Four different approaches were taken to design the
primary moment reinforcement for each of the four specimens. The moment reinforcement on
both overhangs of each specimen was the same. The shear reinforcement was the same on both
overhangs of the first two specimens and different on each overhang of the third and fourth
specimens. Thus, a total of six different reinforcement patterns and design schemes were
represented in the eight overhangs.

The test specimens had similar geometries and loading to the intermediate length
overhangs used on the San Antonio project. The reinforcement in the first two specimens was
designed in accordance with the current AASHTO provisions for reinforced and fully post-
tensioned concrete. The third specimen was post-tensioned concrete, but based on an ultimate
strength design philosophy. The fourth specimen was of structural concrete with a mix of
prestressed and non-prestressed main reinforcement based on an ultimate strength design
philosophy.

Each specimen was loaded to failure with specific observation made of the service load
behavior. Service loading of the test specimens simulated superstructure dead loads and traffic

live loads.
2.2 Design and Loading of the Specimens

22.1 Specimen Dimensions
The dimensions of the specimen overhang was determined by examining typical cantilever
piers utilized on the San Antonio Downtown "Y" project. Overhang lengths varied in these piers

from less than 2 feet to approxiniately 25 feet. The maximum depths of the caps, at the column

8
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face, varied from 8 feet to as much as 13 feet, and the widths of the piers averaged 8 to 10 feet.
The average distance between the left and right bearings was approximately 12 feet.

Each of these dimensions was considered to arrive at a typical prototype overhang of
intermediate length for which design of the reinforcement by the current AASHTO provisions
would be ambiguous. The overall dimensions of this overhang are shown in Figure 2.1.

21-1"

. > 4t

11 -1

1-10* 193" 120"
Lan

Side View

Figure 2.1 Prototype Dimensions

An attempt was made to keep the model dimensions as close as possible to the prototype,
but, because of the practicality of handling and loading specimens of such enormous size, a scale
factor of 5.5:1 was selected. Also, the decision was made to construct "T" shaped specimens with
two cantilever overhangs rather than "L" shaped specimens with one overhang. This was to
simplify the loading of the specimens. By loading "T" shaped specimens symmetrically on both
sides, the complicated details of anchoring the column of an "L" shaped specimen to develop the
column moment was eliminated. The resulting overall specimen dimensions are shown in Figure
22.

The position of the bearings relative to the column face are shown in Figure 2.3. The a/h

ratios were 0.5 for the inside bearings and 1.5 for the outside bearings.
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Figure 2.3 Location of Loads and Bearing Arrangement
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222 Size and Arrangement of Bearings

The size and arrangement of bearings used was also derived from the typical full scale
bridge. Bearing sizes varied in the full-scale piers depending on whether the bearing was fixed,
sliding, or sliding at an expansion joint. The average dimensions and distances between these
three bearing types was considered in the selection of bearing sizes and arrangements to be used
on the model piers. The size of the bearings used in the tests was 4" x 8",

Since each pier supported a back span and a forward span, each cantilever overhang had

four bearing locations, as shown in Figure 2.3.

223 Size and Grade of Reinforcement

It was desired that the same number and equivalent size of bars be used in the models
that would have been used if full scale piers were being constructed. This was important because
the distribution of the reinforcement was of primary concern for controlling crack widths.

An examination was made of the typical full scale piers to determine the bar sizes that
were used for each of the different types of mild reinforcement. Each model overhang was
designed initially with the prototype dimensions giving the required number and size of each bar.

Reinforcing bars or wires were then selected for the models by scaling each bar by using the
closest available bar or wire diameter resulting when the full scale diameter was divided by 5.5.
A slight adjustment to the number of bars was permitted where the exact diameter was not
available. Similarly, if the yield strength of the model reinforcement was significantly different
than the assumed grade of the prototype reinforcement, 60 ksi, the number of bars or wires was
again adjusted. This was the case for the No. 2 reinforcing bars and the 7 and 9 gauge wires. The
No. 3 reinforcing bars and 10 gauge wire had measured yield strengths close to 60 ksi so no
adjustment was made to the number of these on the basis of yield strength.

The adjustments ensured that the tensile yield provided by the reinforcement in the
models was nearly equivalent to the tensile yield force in the prototype. Table 2.1 lists the size
of reinforcement for the prototype design and the number of bars or wires used in the model
specimens to substitute for each prototype bar.

The post tensioning in the models was similar to what would have been used in a full-
scale design. It was observed that the most common size of tendon used in the San Antonio
project was a 19-strand, 0.6" diameter tendon. The required number of these tendons, with the

effective depth at the location typically observed in the San Antonio designs, was determined for



Reinforcement

Reinforcement

Reinforcement

Type Size Size Number of Model
of of of Bars or wires
Mild Prototype Model Used For Each

Prototype Bar

Moment Bars

Top Bars No. 11 No. 2 0.86
Bottom Bars

Side Face Bars

Shear-Friction Bars

Horizontal Shear Bars No. 8 7 ga. wire 0.77
Top Bars

Bottom Bars

Double Shear Stirrups No. 6 10 ga. wire 1.08
Anchorage Zone Stirrups

Vertical Column Steel No. 18 No. 3 1.20
Column Ties No. 4 9 ga. wire 0.61

Table 2.1 Mild Reinforcement in Models

each overhang. The models were designed with approximately the same number of tendons at
an equivalent effective depth by selecting appropriate combinations of 3/8", 1/2", and 0.6"
diameter strands. In the models, each tendon was a single strand of one of these sizes. The result
was that each single strand tendon in the model represented approximately one 19-strand tendon
in the prototype.

Double vertical shear stirrups were used as web reinforcement, as this was observed to
be typical in the full-scale piers.

224 Concrete Cover and Strength

The typical concrete cover used in the specimens was 0.41 inches. This is in direct scale
with a cover of 2-1/4" which was typically used in the full scale piers. The concrete strength
assumed in the design of the models was 5000 psi which is the same as that typically used in the
full-scale piers.



2.2.5 Critical Load Cases

Load Group I from the AASHTO Bridge Design Specifications was assumed to be critical
for the member so only dead load (D) and live load plus impact (L + I) were considered.

A superstructure was assumed with similar characteristics to that used in San Antonio.
The bridge was wide enough for four lanes of traffic. It was arbitrarily decided that the pier
would be an interior pier in a four span continuous unit with 110 ft spans.

The dead load of the superstructure was taken as the weight of 110 feet of the typical
superstructure increased by a continuity factor of 1.143 since an interior pier was assumed. This
load was assumed to be split evenly between all bearings.

The live loading was based on AASHTO lane loads increased by a continuity factor of
1.223 for the case of the first, third, and fourth spans of the unit loaded. This was further
increased by a factor of 1.213 to account for impact loading.

Two different live load cases were determined to be critical for the design of the
specimen. The case of the outside three lanes loaded was found to produce the maximum
moment at the column face. The case of all four lanes loaded was critical for producing the
maximum shear at the column face. These two cases are referred to as flexure loading and shear
loading, respectively.

Factored loads were determined by application of AASHTO code Equation (3-10):

YIBp D +p(L+D] [2-1]

For flexural and tension members and a Group I load combination, this equation reduces to the

following:
13[ 10D + 1.67(L + I) 1= 1.3D + 2.17(L + I).

Table 2.2 summarizes critical loads for the specimen.

22.6 Load Similitude
Table 2.2 includes values for Simulated Dead Load Blocks. These loads are applied in
addition to the superstructure and traffic loads to maintain equal bending and shearing stresses

in the scale model as would occur in the prototype structure under equivalent loads.



14

SpeOT 1S9 pue U3 T'T ARl

9°Z @inbi4 UC UMOYS B-B UOII0BS , 4 u
sdiy $9°0 = Bueyieno jo /7 |"/Z episino jo Jybiem jjes sepnjout , ,
sdpj Zg' | = Bueyieno jo jyBiem jjes sepnjpur

82°99 8C'69 speon Ieeyg pelojoe
86°L8 Gy speo- einxe[4 peloloe
Li'vL L'yl oedwy snid speoj el Jeays
18'G¢ €9°01L- 1oedw snid speoj 8Alj einxe|4
L 0G L'0S peo peeq einjoniisiedng
SAvOo1 a3do.Lovd
L6°9Y L6°6Y SpeoT Jeeyg edlAleg
L6°9% LG°'8¢ SPeROT 81NX8|{ 82IAI0S
59 59 Joedwl snjd speo| aAlf Jesys
G'9l 6'v- Joeduwl snjd SPEO| 9Al| 81NX8|4
LY’ Ov LYY 6€ 8¢ peoT| pee einjoniisiadng
Lyl LY'p $300|g peo pes( pelejnwig
SAvO1 30IAH3S
{sdix) {sdpy) {u-dby) (sdny) (sdny) (sd) {sdpy)
eoeg e =L oy 1y
uwnjo) B-B UOI}00g uwnjo) ‘peo wey | ‘peo wey Buuseg Buieeg
e Jeoyg e leoyg 18 JUBWOW episinQ episuy| epIsInQ apisy|




15

The laws of similitude give the relationship between prototype and model loads applied
to the structure as:

Model Loads = Prototype Loads [ (scale factor)® [2-2]

For loads applied to the structure, the relationship is maintained by simply dividing the prototype
loads by the square of the scale factor.

However, since the self weight is related to the volume and mass density of the structure,
the weight of a scale model is reduced from the prototype weight by the cube of the scale factor.
Therefore, to maintain the relationship of Equation [2-2], the weight of the model must be
increased by one times its scale factor. This is often accomplished through the use of
supplementary dead load blocks which are suspended from the bottom of the specimen during
testing. For the specimens on this project, it was possible to slightly increase the loads applied
to the structure through the loading rams to simulate the placement of dead load blocks.

The required increase in loads, AR; and AR, was determined by solving the following
expressions to give the shear and moment at the face of the column equal to that which would
result from the self weight of the overhang times the scale factor:

Shear at Column Face = AR; +AR, + 1.32 =5.5(1.32) = 7.26, and

Moment at Column Face =13(AR;) + 39(AR_) + 19.44(132) = 19.44(7.26) = 141.13

Solving these equations gives:

AR; = 4.47 kips, and
AR, = 1.47 kips.

2.3 Reinforcement Details and Design Procedures

23.1 Introduction

Design procedures used to determine the reinforcement pattern for each overhang, the
column, and the anchorage zones are provided in this section. All designs were based on an
assumed concrete compressive strength of 5000 psi. The actual yield strength was used to
determine the required areas of steel for the No. 2 reinforcing bars and 7 and 9 gauge wires. A

nominal yield strength of 60 ksi was assumed for the No. 3 reinforcing bars and 10 gauge wire,
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and all strand was assumed to be Grade 270. All designs included the use of AASHTO strength
reduction factors, ®, of 0.9 for flexure and 0.85 for shear.

The following pnemonic labels were created for each overhang:

Specimen # Overhang Pnemonic Label
1 north and south CO-RU
2 north and south CO-PS-100S
3 north CO-PU-100S-1
3 south CO-PU-1008-V
4 north CO-PU-74S-1
4 south CO-PU-74S-V

The label provides information relevant to the reinforcement pattern and design

philosophy utilized for each overhang, as explained in Figure 2.4.

— Percent of Primary
Moment Reinforcement
Provided by Post-Tensloning

Type of Structure: Type of Post Tensioning
Cantilever Overhang Reinforcement:
Strand

CO - XX - ##S - X

|

Type of Structural Concrete:

R = Reinforced Concrete Orientation of Web Tension Ties
P = Post -Tensioned Concrete in Srut-and-Tie Mode!:
I = Inclined Tie
V = Vertical Tie
Design Philosophy:

U = Ultimate Strength Design
S = Service Load Design

Figure 24 Overhang Labels
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232 CO-RU (Specimen #1 - north and south overhangs)

This overhang was designed as reinforced concrete in accordance with the provisions of
AASHTO. The reinforcing details are shown in Figure 2.5.

The primary moment reinforcement was determined from AASHTO Equation (8-15):

M, < oM, = § PS fd (1 - 0.63;/5 J’ [2-3]

[

where M, was the moment at the face of the column from the factored flexure load case. The

number of bars was slightly increased to satisfy AASHTO Equation (8-61):

£ = a i 7 < 06 f, [2-4]

The shear stirrup design was based on a 45° truss model implicit in AASHTO (see Figure
2.6). The quantity of vertical stirrups was determined from AASHTO Equations (8-46) and (8-
47):

V, <9V, = &, + V), [2-5]

equation (8-49):
Vc = 2\/1:4{ bw d ’ [2-6]

and equation (8-53):

V,= 22| [2-7]
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20.17"

277" J

................................ compression strut

S e @Tticipated shear crack
Figure 2.6 45° Compression Strut Implicit in AASHTO Shear Provisions

V, was taken as the sum of the outside reaction from the factored flexure load case and the
factored weight of the outside 27.17" of the overhang. The effective depth of the overhang at
Section a-a in Figure 2.6 was used to determine V, and V.

The side face bars were designed according to the recommendations of Frantz and Breen

(3) for deep flexural members:
For d > 100" (prototype dimension),

pg = 0.011 + 0.0000584 [2-8]
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Ag
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P " 2 1ar -24] 127]

The corbel provisions of AASHTO were used to determine the shear-friction steel
requirement. V,, was taken from the factored shear loading case for the maximum shear at the
face of column. The corbel provisions require the primary moment reinforcement, A; , be made

greater than the larger of A_, as determined above by Equation [2-3], and
24y [2-10]
3
where A ; is determined from AASHTO Equation (8-56):

OV, = AL b [2-11]

A, from Equation [2-3] was found to control.

The corbel provisions further require that longitudinal steel with an area equal to 1/2 Ap
be distributed within 2/3 of the depth of the section adjacent to A . The side face bars within
this region were counted toward partially fulfilling this requirement.

233 CO-PS-100S (Specimen #2 - north and south overhangs)

This overhang was designed as fully post-tensioned concrete in accordance with the
current AASHTO provisions. The reinforcing details are shown in Figure 2.7.

The quantity of primary moment reinforcement was determined by solving Equation [2-
12], which limits the tensile stresses in the extreme fiber of an uncracked section to 3‘/1?- , with

service flexure loads applied.

M
ExtremFiberTemileStress=3fc’=-§+£;l+_s_e_}rf_"’ﬂ

where P = the effective prestressing force = A f.,

A = the cross-sectional area at the face of column,



21

e = the post tensioning eccentricity,
y = the distance from the centroid of the section to the
extreme fiber,
I = the moment of inertia at the section, and
M.\ flex = the moment due to unfactored self weight and
service flexure live loading.
The effective prestress level, f, , was assumed to be equal to 160 ksi.

The shear stirrup design was identical to that of Specimen #1, as this was the typical
manner for determining the vertical stirrup requirement in the fully post tensioned piers in San
Antonio.

The side face reinforcement consisted of 7 Gauge wires at a spacing of 2.07" along both
faces of the cap. This spacing corresponded to No. 8 bars at 12" in the typical full-scale post-
tensioned design.

The corbel provisions of AASHTO were used to determine the shear-friction
requirement, but a slightly different procedure was followed than for Specimen #1. It was
recognized that the post-tensioning provided was governed by service load stress requirements and
was substantially more than was required for factored flexural strength. This was used to
advantage in determining the quantity of shear-friction steel. The ultimate post-tensioning force
was converted to an equivalent area of 82.2 ksi steel (82.2 ksi is the yield strength of the 7 Gauge
wire which was used for the shear-friction steel). Then the area of 82.2 ksi steel required for
flexural strength was determined and subtracted from the equivalent area provided by the post
tensioning. The remaining area was considered to be available to partially fulfill the shear-friction
steel requirement in the upper 1/3 of the beam. The remainder was provided by two No. 2 bars
and three 7 Gauge wires used for the top layer of steel in the overhang, Eight side face bars were
counted towards partially fulfilling the requirement for the middle 1/3.

Ten No. 2 bars were provided along the bottom of the cap which is equivalent to the

typical amount of steel used in the full-scale post-tensioned pier caps.
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234 CO-PU-100S-V (Specimen #3 - south overhang)

This overhang was designed with 100% of the primary moment reinforcement consisting
of post-tensioning strand, but it was determined ignoring AASHTO service load concrete stress
limits and was totally based on an ultimate strength design philosophy. Strut-and-tie modelling
was used in the shear design. The reinforcing details for this overhang are shown in Figure 2.8.

The primary moment reinforcement was determined from AASHTO Equations (9-13):

M, < oM, = GA; fo d |1 - 0.6° Ja , [2-13]

4

and (9-17):
f=f- 0sP% , [2-14]
i
where f‘su = the average stress in prestressing steel at ultimate load,

*

p = the ratio of prestressing, and
£ = the ultimate strength of the prestressing steel.

The shear reinforcement consisted of vertical stirrups only and was designed using a strut-
and-tie model incorporating the horizontal compressive stress block from Equation [2-13]. This
strut-and-tie model is shown in Figure 2.9. This model is one representation of the flow of forces
in the overhang.

Development of the model began with a finite element analysis of the overhang under the
effect of factored flexure loads and the effective post-tensioning force. The finite element analysis
program used was ANSYS. The effective post tensioning force was based on an assumed stress
in the strand of 160 ksi.

Plots of the principal compressive and tensile stress vectors, shown in Figures 2.10 and
2.11, were generated to obtain a visual image of the elastic stress distribution under factored loads.
The orientation of struts and ties for the model were chosen to resemble the orientation of the
stress vectors. However, struts C2, C,,, C5, and C6 were forced to converge at the center of the
horizontal compressive stress block, and the inclined tensile stresses in the middle of the web were

approximated with a vertical tie T4.
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The force in tic T4 was determined from nodal equilibrium with factored flexure loads
applied to the model. The number of stirrups used for tie T4 was determined from this force
divided by a ®-factor of 0.85. The width over which to distribute the vertical stirrups of tie T4 was
determined from another finite element analysis with service flexure loads and the effective post-
tensioning force applied to the overhang, Figure 2.12 shows the results of this analysis where each
number represents the magnitude of the principal tensile stress in terms of multiples of JEF . The
steel for tie T4 was distributed over the region within the middle of the web with principal tensile
vectors greater than or equal to 1\/fc_/ . The stirrups were placed at a minimum spacing of 1/2".
This was determined from 1.5 times the maximum coarse aggregate size. This resulted in an 8"
tie width between centers of the outside bars. Stirrups were placed at a maximum spacing of 4.36"
throughout all other regions along the overhang. This spacing corresponds with 24" in the full
scale.

Minimum skin steel was used on the sides, top, and bottom faces of the cap. The

maximum spacing of this steel was 3.27", which corresponds to 18" in the full scale.

23.5 CO-PU-100S-I (Specimen #3 - north overhang)

The primary moment, side face, top, and bottom reinforcement were the same as in CO-
PU-100S-V. The shear reinforcement was determined from strut-and-tie modelling, but it
consisted of both vertical and horizontal steel. The reinforcing details are shown in Figure 2.13.

The shear reinforcement was designed using the strut-and-tie model shown in Figure
2.14. This strut-and-tie model is similar to the one used for the CO-PU-100S-V overhang in that
it incorporates the compressive stress block from the flexural design. However, this model uses
inclined ties in the web. The inclined ties more closely match the orientation of principal tensile
stress vectors shown in Figure 2.11.

Vertical stirrups were provided for the vertical component of each tie. The stirrups for
tie T5 were spaced evenly over the horizontal length of the tie. The stirrups for tie T6 were
placed at the minimum spacing of 1/2" and centered on the horizontal center of the tie. This led
to a band of stirrups that was 6.7" between the centers of the outside bars.

The horizontal steel was distributed over three levels at the same height as the side face
bars. Tie T6 required more horizontal steel than tie T5. As a matter of good detailing, the steel
required for T6 was extended through the cap to provide an equal area of steel for T5. This steel
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was further extended into the column. Six of the side face bars were used to partially fulfil the

horizontal shear steel requirement.

23.6 CO-PU-74S-V (Specimen #4 - south overhang)

This overhang was designed as a structural concrete member using a combination of non-
prestressed and prestressed reinforcement based on an ultimate strength design approach.
Seventy-four percent of the primary moment reinforcement was provided by post tensioning strand

and the remaining twenty-six percent was provided by mild reinforcement. The shear
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reinforcement was identical to that used in CO-PU-100S-V. The reinforcing details for this
overhang are shown in Figure 2.15.

Finite element analyses of the overhang under factored and service loads with the reduced
effective post-tensioning force were performed. The magnitude and orientation of the principal
stresses did not change appreciably from what was determined for Specimen # 3 with the higher
post tensioning force, so the shear reinforcement was not changed.

The side face, top, and bottom bars were also similar to CO-PU-1008-V. The differences
were that the top bars and the upper four side face bars were replaced with No. 2 bars of the

primary moment reinforcement.

2.3.7 CO-PU-74S-I (Specimen #4 - north overhang)

The primary moment, side face, top, and bottom bars were identical to that used for CO-
PU-74S-V. The shear reinforcement was the same as for CO-PU-100S-1, except that the
horizontal shear steel requirement was not partially fulfilled by the side face bars. The reinforcing
details for this overhang are shown in Figure 2.16.

23.8 Columns
The column portion of all specimens was identical. Vertical reinforcement and ties were
placed in amounts that were direct scaled models of details typically observed in the full-scale

piers constructed in San Antonio. Reinforcing details for the column are shown in Figure 2.17.

23.9 Anchorage Zone Stirrups
The anchorage zone hoops were designed according to the provisions of NCHRP Report
No. 356 (4). The required number of hoops were determined for the post-tensioning force of

Specimen #2 and the same number of hoops was used for all other models.
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2.4 Materials

24.1 Concrete

The mix design used for all four specimens is shown in Table 2.3. The proportions were
selected to produce a mix that would reach a maximum strength of 5000 psi in 7 days. A set
retarder was added to the concrete at the batch plant because the casts were made in the hot
summer months and the travel time from the batch plant was approximately 45 minutes. A
superplasticizer was added to the concrete both at the batch plant and at the laboratory after
delivery. The first dose was used to improve the early strength gain of the concrete. The concrete
slump was measured upon arrival at the laboratory and the second dose of superplasticizer was
used to adjust the slump to the desired level of 9-10 inches. The high slump was required because

of the highly congested reinforcing cages of the scale models.

Mix Constituent | Quantity
Cement 564 #
3/8" Aggregate 1463 #
Sand 1631 #
Water 200 #
Retarder 25 oz
Superplasticizer 45 oz

Table 2.3 Concrete Mix Proportions

Concrete compressive strengths from standard 6" x 12" cylinders broken at the time of

testing are shown for each specimen in Table 2.4.

24.2 Mild Reinforcement
Tensile tests were conducted in the laboratory to determine the yield strengths of all mild
reinforcement as shown in Table 2.5. A 60 kip load controlled test machine and Satec Systems

Model T-6M Extensometer were used to load the steel specimens and monitor the strains. The
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Concrete Age
Specimen # Overhang Strength, at
f'c Testing |

1 CO-RU 5620 psi | 23 days

2 CO-PS-100S 6270 psi | 49 days

3 CO-PU-100S-I 7350 psi | 40 days
CO-PU-100S-V " "

4 CO-PU-74S-| 5440 psi | 29 days
C0O-PU-74S-V " "

Table 24 Concrete Compressive Strengths

yield yield

Mild Diameter Area strength, strain,

Reinforcement {inches) (sq. in.) (ksi) {in/in)
No. 2 reinf. bar 0.247 0.048 75.1 0.00259
No. 3 reinf. bar 0.375 0.11 62.6 0.00216
10 ga. wire 0.131 0.0135 68.7 0.00237
9 ga. wire 0.1505 0.0178 36.5 0.00126
_7_ga. wire 0.177 0.0246 82.2 0.00283

Table 2.5 Mild Reinforcement Properties

No. 2 bars and 7 gauge wires were tested to failure and stress-strain curves for these materials are
shown in Figures 2.18 and 2.19. The 9 and 10 gauge wire were only tested to yielding.

The 7 and 10 gauge wires, and the No. 2 reinforcing bars were annealed through a
process of heat treating to restore their ductility and reduce their yield strengths to values

acceptable for use in place of grade 60 reinforcement. The 9 gauge wire was purchased as "soft
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Black Annealed" which has very ductile properties so it did not have to receive any additional heat
treatment.

2.4.3 Post-Tensioning Strand, Ducts, and Anchorage Hardware

Grade 270 Lo-Lax 7-wire strand was used for all tendons. Three-quarter inch diameter
flexible steel electrical conduit was used as duct material for the tendons.

Anchorage plates were fabricated from 7/8 steel plate. Stressing wedges were anchored
on the dead end with open chucks and on the stressing end with threaded chucks, which were
fitted with nuts which were tightened after stressing to eliminate seating losses.

Stress-strain curves were developed for the strand using the same equipment described
for the mild reinforcement tests. Aluminum collars with brass set screws were fabricated and
placed on the strands at the points where the extensometer gripped the strand. The curves are
shown in Figures 2.20 through 2.22. Strands were secured within the test machine using chucks
and wedges. The strands consistently failed at the wedges so it is expected that the ultimate
strength of the strands might be slightly higher than was achieved in the tests.

2.4.4 Post-Tensioning Grout

The mix design for the grout used on all tendons is shown in Table 2.6. The w/c ratio
for the grout was 0.487. This ratio was taken from the Standard Specifications of the Texas
Department of Transportation (5). Interplast N was used as an expansive admixture to help
accomplish complete filling of the ducts. The Interplast N was added at a rate of 1% of the
weight of the cement, as recommended by the manufacturer.

Compressive strength from standard 2" x 2" grout cubes broken at the time of testing is

shown for each tendon in Table 2.7.

2.5 Fabrication
The scale factor of 5.5 required that strict tolerances be maintained in the fabrication of
the specimens. Minor variations in the steel cages or forms could have resulted in a significant

variation in the cover or changes in the structural performance.
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Ty 1 Cement

Water

Interplast N

30#

14.6#

0.3#

Table 2.6 Grout Mix Proportions

Tendon Grout Age
Specimen # Overhang Number | Strength, at
f'cu Testing |
2 C0-PS-100S 1,2,3,4,5| 1647 2 days
3 CO-PU-100S-l and V 1,4,5 2326 4 days
" " 2,3,6 1669 3 days
4 CO-PU-74S-l and V 1,2,3,4,5] 1913 3 days

Table 2.7 Grout Compressive Strengths

2.5.1 Formwork

All specimens were cast in the same set of timber forms. The forms were constructed
in five separate sections and fastened together with bolts. This facilitated stripping the forms after
the concrete had hardened. Foam rubber weather stripping was used at the contact joint between

sections of the forms to prevent leaking during casting. The forms were arranged for casting the

specimens in a horizontal position as shown in Figure 2.23.




