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ABSTRACT

For several years, the most common application of high-performance concrete (HPC)
has been in the building industry where concrete strengths of 100 MPa and more have been
frequently used in the lower columns of high-rise buildings. In comparison, strengths of
about 60 MPa have been considered the maximum achievable in the precast, prestressed
concrete industry; this appears to be very timid especially considering that several research
studies have indicated that the potential advantages from the utilization of HPC with its
increased strength and improved durability for precast, prestressed concrete highway bridges
are quite promising. In spite of this, there is still some disagreement within the industry that
HPC is beneficial. The misconception that the benefits of the material do not justify its higher
cost and the increased quality control requirements associated with its production seems to
deter most designers and precast concrete producers from exploiting it. The use of HPC in
bridges is unlikely to advance quickly without a clear economic incentive for precasters to

utilize the material widely. This study is intended to help provide such an incentive.

The overall objective of the study is to assess the potential economic benefits from the
utilization of concretes with compressive strengths of up to about 100 MPa for continuous,
precast, pretensioned I-girder highway bridges. These were chosen because they represent
the most common type of precast, prestressed concrete bridges constructed in North America.
The problem is formulated as an optimal design problem. Refined computer-oriented
structural analysis methods combined with modern computational design optimization
techniques are used to develop an optimization system that is utilized to perform extensive
economic studies on this type of bridges. The results of these studies are presented,
interpreted and discussed. It is shown that the cost savings with HPC can far outweigh its
additional material and production costs, particularly for the longer span bridges. Sensitivity
analyses of the obtained results with respect to the major assumptions made in developing the
optimization system are performed. These analyses suggest that the findings of this study are

applicable to a wide range of practicai values surrounding those assumed.
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Of all the structures that man builds, none are more noble, truthful,

enduring and beautiful than great bridges.

Noble because a bridge stands in simple dignity, spanning space
decisively from one point to another as it soars over some obstruction

in service to society.

Truthful because a bridge stands exposed to the world revealing its

from, its material, and its function for all to see.

Enduring because bridges are constructed to span generations,

centuries, millennia or more.

Beautiful because.... well, most bridges ARE beautiful!

C.Seimand T. Y. Lin,
Esthetics in Concrete Bridge Design,
ACI MP-1, 1990.
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CHAPTER 1

INTRODUCTION

1.1 GENERAL

In 1950, the first precast, prestressed concrete bridge to be built in North America
was completed in the United States. It was a small highway girder bridge in Madison County,
Tennessee [1,2]. The superstructure consisted of precast girders placed longitudinally side by
side under a cast-in-place concrete deck slab. The girders were 8-inch blocks made in a block
machine and strung on a seven-wire strand “like a string of beads” {1]. This bridge was
followed shortly thereafter by the justly more famous cast-in-place, post-tensioned Walnut
Lane Memorial Bridge in Philadelphia, Pennsylvania, and soon by many other structures.
During that period, post-tensioning received most of the attention. It was not until the
manufacturers of precast concrete products had the equipment, knowledge and experience
to produce acceptable precast, pretensioned concrete girders, that the use of prestressed
concrete in bridge construction started to grow rapidly. The introduction of standard girder
cross sections in general and of I-girders in particular has helped this growth significantly. In
an exhaustive survey [3] on the performance of highway bridges in the United States
published in 1992, it is indicated that the percentage of the total population of bridges which
are constructed of prestressed concrete has increased steadily from almost 0% in 1950 to
about 50% in 1989. It is also noted that, during that period, the most common type of
prestressed concrete bridges used nationally was I-girder bridges, also known as slab-on-
girder bridges (see Fig. 1.1). More than 35,000 bridges constructed, or about half of all
prestressed concrete bridges, were of this type (42.1% simple and 6.0% continuous I-girders).
The survey also indicates that, during the ten-year period prior to its publishing, slab-on-

girder bridges have covered more than one-third of the prestressed concrete bridge market.
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Figure 1.1 Typical slab-on-girder bridge cross section

There are no indications that these patterns have changed since then. Similar trends have been
observed in Canada [4]. At comparable ages and spans, smaller percentages of prestressed
concrete bridges were classified “structurally deficient” than steel or timber bridges [3,5].
Most of the early prestressed concrete bridges, while approaching the end of their planned
fifty-year service life, are still in use. Based on some inspection [6] and testing [7] results, a

large number of these bridges may last for many years beyond their planned service life.

Along with these developments in the area of precast, prestressed concrete bridge
engineering, there came another important development in the broader area of structural
engineering. For at least the past three decades, the trend in structural design has been
towards improving the final design to the maximum degree possible without impairing the
functional purposes the structure is supposed to serve. This trend in the design process can
be attributed to several reasons. Firstly, the advent of relatively low-cost, high-power
computers, and the developments in structural analysis methods and mathematical
programming techniques have made both the analysis and design processes, regardless of
complexity, manageable with relative ease. Secondly, the practical attainment of improved

construction materials, such as high-strength / high-performance concrete, and thirdly,
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scarcity of resources and the need for efficiency in today’s competitive world have
contributed to design progress. It is safe to say that, until very recently, most bridge designers
have kept their distance from those significant innovations in computer-oriented analysis and
design methods, and in construction materials. And yet, as was mentioned earlier, the majority
of those early bridges have performed, and are still performing very well after about fifty years
of service. One may wonder though about the impact such innovations would have on bridge

engineering, particularly with regard to the economy of bridge design and construction.

1.2 OBJECTIVE

The overall objective of this study is to assess the potential economic benefits from
the utilization of concretes with compressive strengths of up to about 100 MPa for
continuous, precast, pretensioned slab-on-girder highway bridges. These were chosen because
they represent the most common type of prestressed concrete bridges constructed in North
America, as was mentioned in the previous section. To reach the above objective, computer-
oriented structural analysis methods combined with computational design optimization
techniques are used to develop an optimization system that can be utilized to perform

economic studies on the type of bridges investigated.

1.3 SCOPE

The intent of this study is to look beyond current precast concrete production
capabilities, and bridge analysis, design and construction methods. Although current practice
is considered as the basis for the assumptions made in developing the optimization system,
it is not used as a means to restrict potential applications of high-strength / high-performance

concrete in precast, prestressed concrete slab-on-girder bridges.

For engineers, the central problem in design optimization is the formulation and

execution of problems rather than the mathematical techniques themselves. This is the central
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theme of the approach used in this study. In this approach, optimization is considered as a
new perspective to the process of design, and one that gives considerable insight into the

engineering design process. Mathematical techniques are not treated in detail

The findings of this study are based on a slab-on-girder bridge of a configuration
typical or representative of the majority of existing bridges of this type. It is outside the
scope of this study to consider every possible variation in bridge geometry or layout. The

results obtained, however, are general enough to apply for all bridges of this kind.

1.4 ORGANIZATION

This thesis is divided into eight chapters and two appendices. Chapter 2 contains the
portion of the literature review dealing with the development and applications of high-
strength / high-performance concrete in the precast, prestressed concrete industry. The
potential advantages from the use of the material for highway bridges are outlined. Then,
some of the challenges causing opposition to the widespread utilization of the material in the
precast concrete industry are discussed. Chapter 3 presents the part of the literature review
related to design economics of precast, prestressed concrete slab-on-girder bridges. Different
previous approaches to solving the optimal design problem of this type of bridges are
critically reviewed. Then, the latest significant developments in optimizing girder shapes for
optimal utilization of high-strength / high-performance concrete are discussed. In Chapter
4, the bases of a highly efficient refined method of live load analysis for continuous slab-on-
girder bridges are described. Next, an approach for determining creep and shrinkage effects
in continuous bridges is explained. The behaviour of deck slabs is then discussed, and an
empirical method for slab design that is not based on conventional analysis is presented.
Chapter 5 describes the formulation of the optimal design problem of slab-on-girder bridges.
A standard design optimization mathematical model is presented. Then, a design optimization
software package is introduced to solve the optimal design problem. The information

provided in Chapters 4 and 5 are used to develop the optimization system. The application
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of this system is illustrated, and its validity is tested in Chapter 6 through a numerical design
example. The system is then used to perform economic studies on a slab-on-girder bridge of
a configuration typical of most existing bridges of this type. The findings of these economic
studies are interpreted and discussed. In Chapter 7, the governing design criteria of the
problem under consideration are identified and their significance studied. Then, sensitivities
of the obtained results with respect to the different assumptions made in developing the
optimization system are investigated. The conclusions of this study along with the

recommendations for further research are listed in Chapter 8.

Appendix A contains the input data file required by the design optimization program
to solve the numerical design example of Chapter 6. In Appendix B, the output data file

generated by the program for the design example is given.



CHAPTER 2

HIGH-PERFORMANCE CONCRETE FOR BRIDGES

2.1 INTRODUCTION

For several years, the most common application of high-strength / high-performance
concrete has been in the building industry. Concrete strengths of 100 MPa and more have
been frequently used in the lower columns of high-rise buildings. In comparison, strengths of
about 60 MPa have been considered the maximum achievable in the precast, prestressed
concrete industry; this appears to be very timid especially in the light of the potential

advantages of the material that have been indicated in several research studies.

This chapter deals with the utilization of high-strength / high-performance concrete
in highway bridges. An historical account of the development of concrete strength since the
beginning of this century is first presented. The distinction between high-strength and high-
performance concretes is later made. Then, applications of the material in the building
industry and, to a larger extent, in the precast, prestressed concrete industry are discussed.
The potential advantages from the use of the material for slab-on-girder bridges are then
presented. Finally, some of the challenges causing opposition to the widespread utilization of

the material in the precast industry are discussed.

2.2 HISTORICAL DEVELOPMENT OF CONCRETE STRENGTH

Since the time structural concrete was introduced as a construction material, it has
been characterized mainly by its strength. This is because, compared to most other
characteristics, testing of strength is relatively easy. Furthermore, strength is perhaps the most
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important overall indicator of concrete quality because it is directly related to the structure
of hardened cement paste. Although strength is not a direct measure of concrete durability,
it has a strong relationship to the water / cementitious materials ratio of the concrete. This
ratio, in turn, influences durability and other properties of the concrete by controlling
porosity. Concrete compressive strength, in particular, has long been widely used in
specifying, controlling and evaluating concrete quality [8].

At the turn of the twentieth century, when the most dramatic growth of knowledge
relating to construction with concrete occurred, cube tests produced compressive strengths
in the 12.5 to 18.2 MPa range [9]. Later on, attention was brought to the need for
manufacturing concrete of strengths very much in excess of those commonly produced then.
In 1932, Towles [10] discussed the possible benefits of using concrete with strength of
48 MPa as compared to the maximum practical strength, at that time, of about 35 MPa. He
stated that “the subject is not one of merely speculative interest, but of an immediate practical
importance,” and recommended that more work be done to develop methods for practical
production of much stronger concretes in order to make the way clear to raise the strength
standards of that time. Apparently, however, not much was done for a long time after that
since more than forty years later, there was still an urgent need for research in this field [11].
By that time, concrete strengths around 55 MPa were achievable in building construction, not
much more than what Towles [10] had hoped for. Additionally, there was little information
in the literature concerning the properties of stronger concretes making it difficult to extend

the codes and specifications that cover design and construction using such concretes.

Figure 2.1, which is adopted from Ref. [12], shows typical stress-strain curves for a
range of concrete strengths under uniaxial compression. An equation developed by Loov [12]
was used to fit actual experimental values from published stress-strain curves in order to
produce the curves shown in the figure. It can be readily appreciated that the stress-strain
curves, and thus the physical properties, of concretes of higher strength differ significantly

from those of normal-strength concretes. The shape of the ascending part of the curves
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Figure 2.1 Stress-strain curves for various concrete strengths
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becomes steeper with increasing compressive strength, and thus the modulus of elasticity
increases. Moreover, the strain at maximum stress usually tends to increase slightly with
increasing strength. Also, the slope of the descending part becomes steeper for the high-
strength concretes than for normal-strength concretes, so the former in effect are more brittle
than the latter. These differences make it essential that the properties of high-strength
concrete be clearly understood and incorporated into design codes before the material can be

widely used.

Considerable research has been carried out in many countries on high-strength
concrete over the past twenty years or so, primarily dealing with the selection and
proportioning of materials, and determination of physical characteristics of the concrete. A
recent report from the American Concrete Institute (ACI) Committee 363 on High-Strength
Concrete [13] has cited over 390 references covering all aspects of the topic. These and other
efforts have brought about much better understanding of the material and its properties. With
the advent of chemical admixtures (superplasticizers) and mineral admixtures (pozzolanic
materials), and better quality control, concretes of strengths of 100 MPa and more have been
produced consistently and used on a routine basis particularly in high-rise buildings [14].
While the use of high-strength concrete only a few years ago was an exclusive technology in
a few developed countries, the recent profusion of literature reported in technical journals,
and presentations made at national and international professional meetings on the topic clearly

demonstrate that this material is in the process of being mature on all continents.

The most recent development in this field is the introduction of a new breed of
concretes that is expected to revolutionize the way structures are built. French researchers
have developed a Portland cement based material with 200-MPa compressive strength while
maintaining good workability properties [15,16]. The material, known as reactive powder
concrete, exhibits high ductility in addition to the ultra high strength. Such strength is
achieved by improving the homogeneity of the mix through the elimination of coarse

aggregates and careful selection of the grain size of different ground quartz powders.
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Concrete is pressed before and after setting so that the entrapped air can be eliminated as well
as most of the shrinkage accompanying hydration reactions. Furthermore, the microstructure
is improved after setting through a heat treatment that changes the nature of the hydrates
formed. The high ductility exhibited by the material is a result of the use of steel fibres. Work
is currently in progress to enhance this material’s performance characteristics leading to a
material with a compressive strength of up to 800-MPa. Efforts are being made to introduce
reactive powder concrete into the construction market in Canada [17,18] and the United
States [19,20].

2.3 HIGH-STRENGTH vs. HIGH-PERFORMANCE CONCRETE

It is natural to refer to concrete that exhibits a higher strength than usual as high-
strength concrete. However, in recent practical applications of this kind of concrete, the
emphasis has in many cases gradually shifted from the compressive strength only to other
characteristics of the material, such as a high modulus of elasticity, high density, low
permeability and increased durability [21]. Therefore, it is logical to refer to such concrete by

the more general term high-performance concrete (HPC).

HPC is not clearly defined for highway applications. Several definitions exist that are
mostly dependent upon the production capacities and practices at different locations. The
American Strategic Highway Research Program (SHRP) on High-Performance Concrete, for
example, defines HPC for highway applications in terms of strength, durability attributes and
water/cementitious materials ratio as follows [22]:

. It shall have one of the following strength characteristics:

4-hour compressive strength > 21 MPa termed as very early strength concrete,

24-hour compressive strength > 34 MPa termed as high early strength concrete, or

28-day compressive strength > 69 MPa termed as very high strength concrete.
. It shall have a durability factor 2 80% after 300 cycles of freezing and thawing.

. It shall have a water/cementitious materials ratio < 0.35.
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Another definition of HPC for highway structures has been proposed by the Federal
Highway Administration (FHWA) [23]. The definition consists of four durability and four
strength parameters. Associated with each definition parameter are performance criteria,
testing procedures to measure performance, and recommendations to relate performance to
adverse field conditions. To specify an HPC concrete mixture using the FHW A definition of
the material, a user states the level of performance desired for each performance
characteristic, based on field conditions. Updates will be required to keep the definition

current with improvements in technology and with field experience.

A more generic definition has been recently proposed in a special report from the ACI
High-Performance Concrete Committee [24]. HPC is defined in this report as concrete that
meets special performance and uniformity requirements that cannot always be achieved
routinely by using conventional ingredients, normal mixing and placing procedures, and
typical curing practices. These requirements may involve enhancements of placement and
compaction without segregation, long-term mechanical properties, early-age strength,
toughness, volume stability, or service life in severe environments. This was a general
definition to cover all structures as there was a strong feeling within the Committee that to

define HPC more precisely would be restrictive.

All of the above definitions and several others [25,26] are attempts to establish a clear
understanding of HPC, and to stimulate and standardize its utilization. However, they
basically remain as guides for bridge designers, and they identify areas in which additional

research is needed.

2.4 APPLICATIONS OF HPC
2.4.1 HPC in the Building Industry

The most common application of HPC has been in the lower columns of high-rise

buildings where conventional concrete would make those unacceptably large. Since the
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columns in high-rise buildings are likely to be located in prime retail rentable floor space,
minimization of the size of these columns is advantageous for the architect’s layout as well

as for the owner who wants to maximize rentable floor space.

An outstanding example of the use of HPC in a major construction project is Seattle’s
Two Union Square building which was completed in 1988. Concrete with a compressive
strength of 97 MPa was originally specified to construct all 18 columns of the 62-storey
building. However, the designer also wished to achieve a modulus of elasticity of 50 GPa in
order to meet the occupant-comfort criterion for the completed building. To achieve the
modulus of elasticity, testing showed that it was necessary to use a concrete compressive
strength of 131 MPa. This has been the highest strength used so far in an actual construction
project [27]. Among other more recent examples are the Pacific First Center, also in Seattle
(124-MPa concrete) [28], and the 31-storey building at 225 W. Wacker Drive in Chicago (97-
MPa concrete) [29]; both were completed in 1989. In Canada, HPC has been utilized in the
construction of several high-rise buildings. However, the maximum concrete strengths
achieved have been usually less than those achieved in the United States. Examples include
La Laurentienne Building in Montréal which was built in 1984. Concrete with a compressive
strength of 90 MPa was used to construct an experimental column that carried through the
four sub-basement floors of the 26-storey building [30]. In 1990, 80 MPa and 100 MPa
concretes were utilized to cast the basement columns of the new library of Concordia
University in Montréal [31]. There exist many other examples of the use of HPC in building
applications in Canada [32] and the United States [33].

2.4.2 HPC in the Precast, Prestressed Concrete Industry
2.4.2.1 General:

In a relatively recent survey conducted by the Precast/Prestressed Concrete Institute
(PCT) High-Strength Concrete Committee, the average 28-day concrete strength used in the
American precast, prestressed concrete industry was found to be 41 MPa [34]. The maximum
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strength that producers felt they can reliably supply was 59 MPa. Strengths in the same order
of magnitude represent the norm in the Canadian industry. These strengths are much less than
those in the 100 MPa range that have been achieved for many buildings. A number of
obstacles to the use of higher-strength concretes were identified in the PCI survey by the
producers; they included the increased material cost and additional quality control required
to produce such concretes, and the claim that engineers do not specify higher strengths.

Aitcin and Neville [21] have explained that in many locations the use of HPC is
precluded by its unavailability. At the same time, the unavailability is often a reflection of the
lack of demand. It is just possible that both the designers and the producers are reluctant to
depart from the familiar; they cannot be blamed. Conversely, in those areas where there are
designers keen on exploiting HPC, there is always a producer or two who can supply the
material to the given specifications. This availability of HPC, in turn, encourages other
designers to use it and consequently helps the spread of its utilization.

2.4.2.2 Examples of the Use of HPC in Precast Bridges:

Since the early nineties, some precast, prestressed concrete bridges, most of them
experimental / demonstration bridges, have been constructed in North America and elsewhere
in the world to showcase the advantages of HPC, and to provide the economic incentive for
precast concrete producers to utilize the material. Designers of these bridges have utilized
concrete strengths that are greater than those commonly used in the precast concrete industry.
These strengths, however, have mostly remained well below those used in building

construction practice.

It should be noted that the list of example bridges presented in this section is not
inclusive of all HPC bridges; the purpose of this discussion is to illustrate the successful use
of the material in some significant applications rather than listing every bridge project that has
utilized HPC. In addition, emphasis is placed on HPC bridge projects in Canada since, in
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general, there has been more acceptance of the material in this country compared to the
United States and most other countries. This fact is evident from the 100 or so bridge projects
that have used HPC in Canada since 1990 [35].

During 1990, a single-span, slab-on-girder highway bridge with an overall length of
52 m and a clear span of 50 m was constructed in British Columbia, approximately 700 km
northwest of Vancouver [36]. The Esker Overhead was built to eliminate a level crossing of
the Canadian National Railway in northwestern British Columbia. The remote location of this
structure, combined with the high cost of transporting heavy girders, prompted designers to
employ a single-span structure. Reducing the shipping weight of girders and lowering erection
costs were achieved by precasting the span in three segments using 2300 mm deep I-girders
and a 60-MPa concrete strength at 28 days. These segments were erected on falsework,

closure diaphragms were cast, and the three segments were post-tensioned together.

In 1992, an experimental HPC bridge was constructed over the Portneuf river,
approximately 60 km west of Québec City [37,38]. The structure was a portal frame bridge
with an overall length of 27.1 m and a clear span of 24.8 m. The superstructure was built of
five precast, post-tensioned, 60-MPa, air-entrained concrete rectangular beams with depths
varying from 515 to 550 mm, on which a 170 mm thick concrete slab was poured to form a
built-up T-beam section. After casting the slab, the bridge was post-tensioned longitudinally
with external tendons running between the precast beams. At the ends of the deck, some
transverse tendons were post-tensioned to counteract the anchorage stresses of the
longitudinal prestress. An average 28-day compressive strength of 75.3 MPa was achieved
for the precast beams. For the cast-in-place slab, the actual concrete strength was 70.7 MPa.
Long-term behaviour of the bridge is currently being investigated through an extensive

monitoring program [39].

In 1996, two HPC bridges, forming part of Ontario’s Highway 407 Express Toll

Route, were constructed as a demonstration project [40]. Both structures are single-span,
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slab-on-girder bridges with spans of 34 m each. Concrete with a design compressive strength
of 60 MPa at 28 days was utilized for the 235 mm thick, cast-in-place deck slabs and barrier
walls of both bridges. Test results indicated that the actual 28-day concrete strength for both
structures varied between 70 and 80 MPa. Relying on the low permeability of such concrete
to provide corrosion protection for the reinforcement, uncoated reinforcing steel was used,
and waterproofing membranes and asphalt paving on the decks were eliminated. Standard
Canadian Prestressed Concrete Institute (CPCI) Type 1900 precast, pretensioned [-girders
were used for both bridges. However, HPC (60-MPa concrete at transfer) was used for
girders of only one of the bridges. The actual strength achieved at 28 days was about 80 MPa.
The use of HPC instead of a 40-MPa concrete to manufacture the girders allowed a reduction
in their number for that bridge from four girders to three. Long-term performance of the two

bridges is currently being monitored.

HPC was used extensively throughout the design and construction process of the
Confederation Bridge linking Prince Edward Island with New Brunswick [41,42]. The bridge,
which was completed in May of 1997, has a total length of 12.9 km, and is designed as a
series of distinct portal frames. The main bridge consists of 44 spans of 250 m each. The
superstructure was constructed out of precast, post-tensioned box girder concrete segments
using the balanced cantilever method. For this structure to have a 100-year service life in an
aggressive marine environment, the designer specified HPC with a strength of 55 MPa at 28
days and 60 MPa at 91 days. The main agent of deterioration was expected to be that of
chloride penetration and subsequent corrosion of the embedded reinforcing and post-
tensioning steels. Other deteriorating agents included alkali-aggregate reaction, sulfate attack,
freezing and thawing, and ice abrasion of the bridge pier shafts. Using HPC in combination
with significant concrete cover was found to be the most effective way of protecting the
structure against all these adverse agents. An average 28-day compressive strength of
81.9 MPa was achieved. The Confederation Bridge represents the largest usage of HPC in

a prestressed concrete bridge in North America so far.
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Several experimental / demonstration HPC bridges have been constructed in the
United States over the past few years. The Braker Lane Bridge, for example, was built in
1990 to cross Interstate I-35 in Austin, Texas [43]. This slab-on-girder bridge consists of two,
simply supported spans of 26 m each. It was constructed using 1016-mm deep Texas Type
C precast, pretensioned I-girders fabricated with a concrete of 66-MPa design strength at 28
days. This allowed a design with increased transverse girder spacing and, consequently, fewer
girders compared to a design with normal-strength concrete. For this bridge, eleven girders
per span spaced at 2.6 m were used compared to seventeen or eighteen girders spaced at
approximately 1.5 m if the girders were to be used with a 41-MPa concrete. Actual concrete
compressive strengths at 28 days averaged 92.4 MPa. Another HPC structure, also in Texas,
was built in 1997 to cross State Highway 249 in Houston {44,45,46]. The Louetta Road
Overpass consists of two adjacent bridges. Each bridge consists of three, simply supported
spans. The spans range in length from 37 to 41.3 m. These long spans were needed because
of some roadway constraints underneath the structure. The superstructures consist of the
newly developed precast, pretensioned, 1372-mm deep Texas U-beams with composite
precast / cast-in-place concrete deck slabs. The U-beams are designed for concretes with
specified 56-day design strengths varying between 69 and 90 MPa. Actual concrete strengths
ranged from 90 to 110 MPa. This project involved a detailed instrumentation plan for
monitoring long-term behaviour of the two bridges. In Nebraska, a HPC slab-on-girder
bridge with an overall length of 68.6 m was constructed in 1996 at 120th Street and Giles
Road in Omaha [47]. This bridge consists of three continuous spans of equal lengths. It was
constructed using 1100-mm deep Nebraska Type NU1100 precast, pretensioned I-girders
fabricated with a concrete of 82.7-MPa design strength at 56 days. This allowed a design with
oniy seven lines of girders compared to eleven lines of Nebraska Type 3A girders, which are
even deeper than Type NU1100, made with a 34.5-MPa concrete. Actual concrete
compressive strength at 56 days was slightly more than 96 MPa. Long-term performance of
the bridge is currently being monitored. In New Hampshire, another HPC slab-on-girder
bridge was built in 1996 to carry State Route 104 over the Newfound River in Bristol [48].

The bridge is a 19.8-m, single-span structure. It was constructed using standard American
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Association of State Highway and Transportation Officials (AASHTO) Type III precast,
pretensioned girders fabricated with a concrete of 55.2-MPa design strength at 28 days. Two
fewer girders were required for this bridge compared to a design with a 34.5-MPa concrete.
The structure was instrumented to determine how well HPC aids the bridge’s initial and long-
term performance. Some other HPC bridges have been also built in Washington {49], North
Carolina [50] and Virginia {51].

Apart from Canada and the United States, several HPC bridges have been constructed
in a number of other countries over the past few years. France [52,53,54,55,56,57,58],
Norway [59,60,61,62], Japan [63,64], the Netherlands [65], Denmark [66], Spain [67], India
[68] and several other countries all have bridges built with HPC. Most of these bridges were
constructed on experimental bases to establish the economical and structural feasibility of

using HPC for prestressed concrete bridges.

2.5 IMPACT OF HPC ON THE PRECAST CONCRETE INDUSTRY
2.5.1 Advantages of HPC
2.5.1.1 General:

The potential advantages from the utilization of HPC for precast, prestressed concrete
highway bridges have been indicated in several research studies [69,70,71,72,73,74,75]. Some
of these advantages were mentioned briefly in the previous section. They are further discussed

in this section.

2.5.1.2 Cost Effectiveness:

The main reason for considering the use of HPC especially for precast, prestressed
concrete bridge I-girders is the possible reduction in overall costs leading consequently to less
expensive bridges. This would help stretch out the services Federal and Provincial

transportation authorities can provide with the funds available. The cost savings with HPC
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may come from several areas. Although the basic concrete cost per cubic metre is obviously
increased, primarily due to increased mix constituent and quality control costs, this may be
partially or fully offset by the reduced quantities of concrete required in the form of fewer
girders for a given span length as a result of the proportionate increase in girder capacity. One
area of cost which may not change very much is the cost of prestressing strands. Typically,
the total number of strands required for any bridge design decreases only slightly as the
concrete strength increases. As the number of required girders decreases, the number of
strands per girder increases, usually resulting in little net change in strand requirements.
Consequently, the cost of prestressing strands may remain relatively unchanged. The most
significant cost savings in using HPC may come from the reduction in non-material costs
associated with the production of girders. These include the labour to produce the girders,
the precaster’s overhead allocated to each girder, transportation costs and erection costs. The
amount of non-material costs associated with a HPC girder is the same as that for a normal-
strength concrete girder; the cost savings come from the reduction in the number of girders
[43]. Some earlier studies [76,77,78,79,80,81] have revealed that, for a given span, it is most
economical to use as few girder lines as possible, ie. to place girders at the largest practical
transverse spacing, although the fact that this could be achieved through the use of HPC was
not directly acknowledged in them.

Alternatively, for a given transverse girder spacing, the use of HPC may result in
significant increases in girder span lengths [43,73,74,75]. When span lengths increase, the
number of piers and foundations can be reduced for multi-span bridges, reducing in turn the
cost of the substructure. If the bridge is crossing an existing roadway, a reduction in the
number of piers and foundations would also ease traffic disruptions to the roadway

underneath during construction of the bridge.

In 1990, Adelman and Cousins {82] reported the results of a study comparing the cost
effectiveness of the use of HPC to normal-strength concrete for pretensioned AASHTO

girders. Cost comparisons showed that the utilization of HPC, instead of normal-strength
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concrete, to manufacture the girders could reduce the cost of a two-lane interstate bridge by
as much as 17 US$/m? depending on the span length and transverse girder spacing.
Considering a typical three-span bridge in Louisiana, the specification of 69-MPa concrete
instead of 41-MPa concrete would reduce the superstructure cost by US$ 17,000, or
approximately 5% of the total bridge construction cost. Even though the cost data used are
not current, cost comparisons using this data are enlightening. In some recent actual bridge
projects, however, it was found that the initial costs of HPC bridges can be sometimes higher
than those of equivalent designs with normal-strength concrete [40,48]. This may be
attributed to the fact that most precasters and contractors are still unfamiliar with HPC.
Therefore, they assume higher risk levels and subsequently submit higher bids. Another
possibility is that HPC requires additional mix development and testing under increased
quality control requirements which increases the initial costs. If these costs are distributed
over a small volume of concrete, such as the case in most experimental / demonstration bridge
projects, this could inflate the cost of HPC. It is anticipated that initial costs associated with
the use of HPC will diminish significantly with increased familiarity with the material, and
increased frequency of applications since mix trial, testing and developmental premiums

would be spread more proportionally.

2.5.1.3 Structural Advantages:

There are many structural advantages of using HPC for precast, prestressed concrete
highway bridges. One advantage of HPC is its greater compressive strength, which can be
evaluated in relation to unit cost, unit weight and unit volume. HPC, with its greater
compressive strength per unit cost, is the least expensive means of carrying compressive
force. In addition, the material’s greater compressive strength per unit weight and unit volume
allows lighter and more slender bridge members and piers to be used, leading consequently

to improved horizontal clearance underneath the structure [70,71}.

Other advantages of HPC include increased modulus of elasticity and increased
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tensile strength. Increased modulus of elasticity gives smaller elastic shortening losses at the
transfer of prestress in pretensioned girders. In addition, increased stiffness is advantageous
when deflections or stability govern the design of the bridge. Increased tensile strength is
advantageous in service load design of prestressed concrete because it increases the

permissible stress range under service conditions [70,71].

Weerasckera [83] and Mitchell et al. [84] studied the influence of HPC on the transfer
length and development length of pretensioning strands. They found that an increase in the
concrete compressive strength results in a reduction of the transfer and development lengths.
These improved bond characteristics permit the use of larger pretensioning strands which are
required to effectively utilize HPC in precast bridge girders, as will be discussed in detail later
in Sec. 2.5.2.2.

In general, HPC can decrease the effects of volume changes, such as creep and
shrinkage. Based on an extensive review of the information available in the literature, Dilger
and Wang [85] presented a detailed discussion on creep and shrinkage of HPC. They
indicated that total creep of HPC is significantly lower than that of normal-strength concrete.
In some cases, the ultimate creep coefficient of HPC can be as low as 50% or even 30% of
the value observed for normal-strength concrete. Additionally, total shrinkage of HPC is also
lower than, or similar to, that of normal-strength concrete. Reduced creep and shrinkage of

HPC reduces, in turn, the long-term prestress losses [86].

2.5.1.4 Durability Aspects:

Several researchers [87,88] have found that primarily due to its low permeability, HPC
exhibits excellent durability to various physical and chemical agents that are responsible for
concrete deterioration. As was discussed in Sec. 2.4.2.2., in the case of the Confederation
Bridge for example, using HPC can be a very effective way of protecting bridges against

corrosion of the reinforcement, alkali-aggregate reaction, sulfate attack, freezing and thawing,
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and abrasion. This is possible because of the low porosity, and more uniform and
homogeneous microstructure of HPC compared to that of normal-strength concrete.
Although the initial costs of HPC bridges may be sometimes higher than those of equivalent
designs with normal-strength concrete, the increased durability of the former translates into
longer service lives and fewer repairs, leading consequently to a reduction in the life-cycle

costs.

2.5.2 Opposition to the Use of HPC
2.5.2.1 General:

From the above discussion, it is apparent that HPC should enable the design and
construction of more economical, more structurally efficient and more durable precast,
prestressed concrete highway bridges. However, as with every new concept introduced into
any field, there is some opposition. According to the PCI High-Strength Concrete Committee
survey discussed in Sec. 2.4.2.1, 10% of the responses indicated that there are absolutely no
benefits gained from the utilization of HPC in the precast, prestressed concrete industry [34].
Some argue that as promising as HPC is, there is a price to pay. However, such argument
stems primarily from the fact that there are still a number of gray areas when it comes to the

utilization of HPC in the industry; some of these are discussed next.

2.5.2.2 Strength Limitations:

There is an argument that the benefits of HPC in precast, prestressed bridge girders
diminish with increasing concrete compressive strengths, particularly at the wider girder
spacings. At relatively lower concrete strengths, the increase in girder span length, as a result
of strength increase, comes from an increase in the prestressing force at a large eccentricity
and an increase in the allowable tensile strength of the concrete. However, at higher concrete
strengths, the increase in span length is limited to the increase in the allowable tensile strength

of the concrete because additional prestressing cannot be fitted into the girder cross section
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below its neutral axis. Because the allowable tensile strength of concrete is usually taken as
some factor of the square root of the concrete strength, the increase in span length becomes
relatively small at the higher strengths, and thus HPC cannot be used efficiently [89,90].

To effectively utilize HPC, ways to apply additional prestressing force to the girder
cross section are required. Using closer strand spacing or larger diameter strands can be one
solution. In 1988, a FHWA memorandum prohibited the use of 15.2-mm-diameter strands in
pretensioned concrete girders in the United States in favour of 12.7-mm-diameter strands at
a centre-to-centre spacing of 50.8 mm [91]. This moratorium was ordered because of
concerns related to the transfer and development of the larger strands with their greater
prestressing force. Recent experimental investigations, however, have shown that 12.7-mm-
diameter strands can be spaced at 44.5 mm centre-to-centre with no significant difference
between the moment capacities of bridge girders with this spacing and those with 50.8 mm
spacing [91]. In addition, it has been recommended that 15.2-mm-diameter strands should be
allowed for use in pretensioned concrete girders at a centre-to-centre spacing of 50 mm
[91,92,93]. Although 15.2-mm-diameter strands require longer transfer lengths in normal-
strength concrete girders, their use in HPC girders is associated with a reduction of these
lengths as was discussed in Sec. 2.5.1.3. These larger strands have been recently used in the
Louetta Road Overpass project, described in Sec. 2.4.2.2. They were deemed necessary to
fully utilize concrete strengths greater than 69 MPa. However, their use required a special
approval from FHWA based on their performance results from experimental testing
conducted on this project [44,45,46]. This and other projects have recently helped to lift the
moratorium mentioned above. The current Ontario Highway Bridge Design Code (OHBDC)
[94] does not explicitly prohibit the use of 15.2-mm-diameter strands in pretensioned concrete

girders. However, their use is not common in Canada.

Another way of effectively utilizing HPC is to conduct optimization studies on
precast, prestressed concrete girder shapes in order to develop new cross sections that will

take full advantage of HPC. It is expected that enlarging the bottom flanges to accommodate
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more strands may be the most effective solution to improve the efficiency of HPC girders.

2.5.2.3 Time-Dependent Deflections of Shallower Girder Sections:

As was discussed in Sec. 2.5.1.2, the use of HPC can result in significant increases in
girder span lengths for a given transverse girder spacing. Some of these long spans may
exceed the practical limit for highway transportation. For such cases, girder transportation
requires detailed planning and cooperation from Federal and Provincial authorities. Because
handling and transportation constraints may impose a limit on maximum span lengths,
economies gained through the use of HPC may also be limited if one considers only increased
span lengths. However, HPC may result in significant economies by allowing shallower girder
sections to span longer lengths. In a recent study, Russell [89] considered a bridge span of
30.5 m, which is very common throughout the United States. He found out that using a 40-
MPa concrete would require a 1371-mm deep AASHTO Type IV cross section to bridge the
30.5 m span. However, by using a 70-MPa concrete, that same bridge could be constructed

from the 1016-mm deep Texas Type C cross section.

The observation that longer span lengths can be achieved using shallower girder cross
sections can be very important if one considers the expense of bridge piers, abutments and
approaches. The cost of these components will usually exceed the cost savings associated
with the efficiency of deeper girders. If the elevation of a bridge can be reduced, the total cost
of the bridge will decline. Therefore, the utilization of HPC would lead to potentially large
savings [89].

In advocating shallower girder sections, some concern may be expressed regarding
time-dependent deflections. The use of shallower sections may require more attention to
detailing in order to reduce creep and shrinkage. For example, designers may incorporate mild
steel reinforcement or other design features to negate time-dependent effects. Moreover,

aggregates and other concrete constituents may require selection based on time-dependent
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properties and not solely on strength [89]. Analytical and experimental studies on these
- aspects are needed. Long-term field measurements are also required in order to assess the

accuracy of the research resuits.

2.5.2.4 Lateral Stability:

Another matter of controversy has to do with the lateral stability (roll equilibrium) of
precast, prestressed HPC I-girders during lifting, transportation and erection. This is natural
because these girders tend to be longer and more slender than normal-strength concrete
girders. As the cross sectional areas reduce and masses decrease, there is the possibility of

increased vulnerability to stability problems.

The lateral stability of long precast I-girders during lifting and erection can be
improved by moving the lifting points inward away from the girder ends. Mast [95] reported
that this is the most effective means of improving lateral stability. He found out that moving
the lifting points a few percent of the span length may more than double the factor of safety
against lateral instability. However, moving the lifting points towards midspan could increase
the top fibre tensile stresses and the bottom fibre compressive stresses at transfer conditions.
Imper and Laszlo [96] have suggested using temporary post-tensioning in the flanges where
necessary to control stresses. Additionally, using HPC with its increased compressive strength
to cast the girders can help to satisfy allowable stress criteria. Another way of improving the
lateral stability during lifting and erection is to raise the girder’s roll axis. This may be
achieved by attaching a lifting frame to the girder that can maintain some kind of twist

restraint on the girder’s end, while at the same time raising the lifting point [89].

To improve the lateral stability of long precast I-girders during transportation, they
are often braced using a king post truss system; steel posts are attached to the girder sides at
midspan and several prestressing strands are partially tensioned over the posts and anchored

in bearing plates near or at each end of the girder. Although such bracing has been used for
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many years, recent studies [97,98] have revealed that this system has only minimal effects on
the behaviour of girders when subjected to lateral loads. The steel area of the prestressing
strands is usually too small to make a significant contribution to the lateral stiffness of the
girder. The use of temporary post-tensioning of the top flange was reported to be more
effective in this regard than lateral bracing.

While lateral stability cannot be overlooked when handling and shipping long precast,
prestressed HPC I-girders, it should not become a limiting factor for handling common design
cases, especially that there have been projects where such girders were lifted, transported and
erected without any lateral stability problems. For example, in the Annacis Channel East
Bridge in British Columbia, I-girders with a depth of 2300 mm and a top flange width of
1000 mm were successfully produced, transported and installed in single pieces of 51 m long
[99]. Additional research studies may be needed to ascertain shipping and handling

requirements for longer HPC I-girders.

2.6 SUMMARY

It has been shown in this chapter that the potential advantages from the utilization of
HPC with its increased strength and improved durability for precast, prestressed concrete
highway bridges are quite promising. Despite of this, there is still some disagreement in the
precast industry that HPC is beneficial. This can be attributed to the fact that the benefits of
the material are not fully understood within the industry due, in part, to the lack of research
in this area. More significantly, the higher initial costs that have been reported recently for
some HPC bridges seem to deter most designers and precast concrete producers from
exploiting the material The use of HPC is unlikely to advance quickly without a clear
economic incentive for precasters to utilize the material widely. There lies the need for more
extensive cost effectiveness analyses of the use of HPC for precast, prestressed highway

bridges.
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CHAPTER 3

DESIGN ECONOMICS OF PRECAST I-GIRDER BRIDGES

3.1 INTRODUCTION

A designer’s cherished goal is to develop an optimal solution for the structural design
under consideration. In prestressed concrete design, “optimal solution” normally implies the
most economic structure. This chapter deals with design economics of precast, prestressed
concrete slab-on-girder highway bridges. Different previous approaches to solving the optimal
design problem of this type of bridges are reviewed. Then, the latest significant developments

in optimizing girder shapes for optimal utilization of HPC are discussed.

3.2 DESIGN OPTIMIZATION OF PRECAST CONCRETE I-GIRDER BRIDGES
3.2.1 General

Traditionally, the process of design in structural engineering has relied solely on
the designer’s experience, intuition and ingenuity. Although this process has worked well
as evidenced by the existence of many fine structures, it has led to a less than rigorous
approach to design. Moreover, it has been quite labourious and time consuming, and has often
led to conservative designs that were not the best (optimum). In structural engineering, “best”
generally implies cost effective and durable structures. Scarcity of resources and the need for
efficiency in today’s competitive world force the designer to evince much greater interest in
computational design optimization techniques. These have matured over the past four decades
[100], and can be of significant aid to the designer not only in the creative process of finding
the optimal design, but also in substantially reducing the amount of effort and time required

to do so. Despite this, there has always been an obvious gap between the progress of the
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optimization theory, and its application to the practice of structural engineering in general
and bridge engineering in particular. In 1994, Cohn and Dinovitzer [101] estimated that the
published record on structural optimization since 1960 can conservatively be placed at some
150 books and 2500 papers, the vast majority of which deals with the theoretical aspects of
optimization. Documentation in a comprehensive catalogue of published examples [101]
shows that, in practice, very little work has been done in the area of optimizing precast,
prestressed concrete slab-on-girder highway bridges. Some of the results of this work are

presented herein.

3.2.2 Previous Work on Optimizing Precast Concrete I-Girder Bridges

Lounis and Cohn [102] defined the optimal bridge superstructure as “one of minimum
total cost, using standardized girder sections and traffic loading”. In this context, they
identified three levels of optimization and indicated that the overall economic impact increases
with higher levels [102,103]. These three levels are discussed below.

Level 1: Component Optimization

This is the most widely reported optimization procedure due to its relative simplicity.
It involves the optimization of the cross-sectional dimensions of the bridge superstructure’s
components (e.g. girders, deck slab), prestressing and non-prestressing reinforcements, and
prestressing tendon profile, defined by its eccentricities at the critical sections. If standard
precast I-girders are used, cross-sectional dimensions of the girders are known a priori, and

are thus eliminated from the optimization procedure.

One of the earliest studies in this area was that reported in 1961 by Bonasia [104]. He
developed a computer program which can be used to select and design post-tensioned
standard AASHTO girders in simple-span highway bridges. The method used was essentially
a trial-and-error method for which a computer was needed to carry out the repetitive

calculations involved. Girders were tested for successively increasing span lengths until their
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limiting values for each girder were found, for a given girder spacing and slab thickness. The
program then calculated the required amount of prestressing steel and its eccentricity at mid-
span. Using the computer program, some design charts were developed that could be utilized
to determine the optimal girder size for any given span length, girder spacing and slab
thickness; alternatively, they could be utilized to determine the maximum girder spacing and
slab thickness for any girder given its span length. It is worth mentioning that the
girders’ concrete compressive strength in this study was fixed at a modest 34.5 MPa. This
same concrete strength was used later in the development of another computer program by
Naaman [105] for the selection and design of pretensioned AASHTO bridge girders. The
program was used to produce design charts that could be used to select the best girder for a
given span length and girder spacing. Using these charts also, the required prestressing force,
number of strands and the most feasible mid-span eccentricity could be determined. It was
indicated that the selection capability of the program, which was based on choosing the
smallest suitable girder, may be extended in order to follow a minimum cost criterion based
on given unit prices. Such extension, however, was not performed in this study. Jacques [77]
utilized a minimum cost criterion to evaluate the economy of a proposed Colorado precast
I-girder section that can be used to reach a simple span of 46 m. Computer programs were
developed in order to perform cost effectiveness comparisons between the new section
and several other I-girder sections commonly used in the United States. Girder concrete
strengths were taken as 41.4 and 48.3 MPa. A similar approach was used later by
Rabbat and Russell [79,80,81] to evaluate the cost effectiveness of a series of I-girder cross
sections in order to determine which represented optimal designs that could be promoted
as national or regional standards in the United States. The investigation was limited to
pretensioned girders of simple spans in excess of 24.4 m and made with concretes
having compressive strengths up to 48.3 MPa. More recently, Russell ez al. [90] have utilized
the same methods used by Rabbat and Russell [79,80,81] to study the applications and
limitations of HPC in precast, prestressed bridge I-girders. They adopted a minimum cost
criterion as a measure of comparison of the efficiency of the various girder cross sections

investigated.
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It can be noted that although minimum cost was used as a criterion for optimization
in the majority of the studies reported in the previous paragraph, formal design
optimization techniques were not utilized. The approach used was to “translate” the
conventional design process of trail and error into computer code, and instruct the
computer to carry out the substantial amount of repetitive calculations involved. This
is only part of what formal design optimization techniques are intended for. They are also
intended to transform the conventional design process of trial and error into a more formal
and systematic procedure that is based on a clear and precise understanding of the design
problem under consideration. This will be discussed further in Chapter 5. It suffices here to
say that design optimization techniques force the designer to clearly and precisely
identify a set of design variables that describe the design of the structure, an objective
function that measures the relative merit of alternate acceptable (feasible) designs, and all
design constraints on performance that the final design must satisfy [106,107). Once these
have been identified, it is said that the optimal design problem has been formulated. If both
the objective function as well as the constraints are linear functions of the design variables,
then the optimal design problem is called a linear programming problem. Conversely, if the
objective function or any of the constraints are nonlinear functions of the design variables,
then the problem is a nonlinear programming problem. In prestressed concrete design
optimization, the problem is normally nonlinear, requiring nonlinear optimization procedures
to be used. When these were in their infancy during the sixties, and even after they matured
and became available through commercial software two decades later, it was more
feasible, although more cumbersome and not very efficient, to reduce the nonlinear
programming problem into a linear one because the software was expensive to obtain and to
operate, and because linear programming methods were more well-developed. The reduction
was mostly based on a transformation of the design variables leading to linear expressions for
the objective function and the constraints; in other words, the problem could be linearized by
representing curved boundaries in the nonlinear design space by a series of straight lines in
a linear design space. Currently, however, design optimization software packages that can

solve nonlinear programming problems are relatively inexpensive and easy to operate.
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It would be more efficient, therefore, to utilize them for prestressed concrete design

optimization.

Kirsch [108] used a linear programming approach to solve the nonlinear programming
problem of optimizing general prestressed concrete continuous I-beams with prismatic cross
sections. Cost of materials (concrete and prestressing steel) was selected as the objective
function to be minimized. Optimnal values of the cross-sectional dimensions, prestressing force
and tendon layout coordinates were determined subject to a set of constraints on the design
variables and allowable working stresses. A similar approach was utilized later to determine
the optimal values of the prestressing force and tendon layout coordinates for a prestressed
concrete continuous I-beam with prescribed, non-prismatic cross section [109]. Linear
programming methods were also used more recently by Kirsch [110] to optimize
indeterminate prestressed concrete flexural systems with uniform concrete dimensions through
what was called a “bounding procedure”. To simplify the optimal design problem, a two-level
formulation was proposed that could reduce the problem size, and eliminate potential
numerical difficulties encountered due to the fundamentally different nature of the design
variables; the concrete dimensions were optimized in the second level and the tendon variables
(prestressing force and layout coordinates) were determined in the first level. As a first step,
a lower bound on the concrete volume was established without evaluating the tendon
variables. The corresponding minimum prestressing force, calculated by linear programming,
was an upper bound. Similarly, a lower bound on the prestressing force was determined by
assuming the maximum concrete dimensions. Based on the two bounding solutions, a lower
bound on the objective function was evaluated. The best of the bounding solutions was first
checked for optimality. If necessary, the search for the optimum was then continued in the
reduced space of the concrete variables using a feasible directions technique. For any
assumed concrete dimensions, a reduced linear programming problem was solved. The
process was repeated until the optimum was reached. Although this bounding procedure is
interesting and potentially helpful for effectively optimizing large structures, such as slab-on-

girder bridges, the efficiency and relative ease of use of the nonlinear-programming-based
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design optimization software packages currently available makes them more effective than
such procedures. Among others who have utilized linear programming methods for
prestressed concrete design optimization was Morris [111]. He linearized the problem to
determine the adequacy of a given concrete trial section, the minimum necessary prestressing
force and the permissible prestressing zone. The study was performed on precast,
pretensioned, simply supported beams. Allowable working stress as well as ultimate strength
constraints were considered. Based on the work done by Morris [111], Fereig [112]
developed preliminary design charts that could be used to determine the required prestressing
force for a given pretensioned, simply supported CPCI bridge girder, for any given span
length and girder spacing. The girders’ concrete strength used to develop these charts was
34.5 MPa at 28 days. Similar charts were later developed for some of the commonly used
bridge I-girder sections in the United States [113,114]. For these more recent charts, the

girders’ concrete strength was taken as 41.4 MPa.

Goble and Lapay [115] seem to have been the first to attempt optimizing prestressed
concrete beams using nonlinear programming techniques. They considered simply supported
precast, pretensioned beams having rather general I-shaped cross sections. Minimum material
(concrete, prestressing and non-prestressing steel, and formwork) cost was selected as a
criterion for optimality subject to multiple design constraints. Optimal concrete cross-
sectional dimensions, and prestressing and non-prestressing reinforcement requirements were
determined. Bandyopadhyay and Kapoor [116] utilized nonlinear programming methods to
minimize the cost of simply supported, prestressed concrete bridge I-girders for three
different design philosophies: working stress design, ultimate strength design and reliability-
based design. They concluded that reliability-based design optimization gives more
economical cross sections than the other two design philosophies. Desayi and Ali [117]
optimized simply supported, post-tensioned concrete I-girders using minimum cost as a
criterion for optimization. The problem was formulated as a nonlinear programming problem,
and was solved to determine the optimal cross-sectional dimensions as well as prestressing
requirements. Similar approaches were utilized by Cohn and MacRae [118,119] for fully
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prstressed (pretensioned and post-tensioned), and partially prestressed concrete I-beams.
Few attempts have been reported on optimizing continuous prestressed concrete girders using
nonlinear programming methods [e.g. 120,121]. It is worth mentioning that the concrete
compressive strength used in the studies reported in this paragraph was in the vicinity
of 40 MPa at 28 days.

Level 2: Configuration or Layout Optimization

This is concerned with finding the optimal combination of longitudinal and transverse
component arrangement within a given bridge system. Specific items considered include the
number of spans, the position of intermediate supports, the restraint conditions (simply
supported or continuous), the number of girders, etc. Relatively much less work has been

reported on this type of optimization than on component optimization.

Torres et al. [122] utilized linear programming methods to develop a computer
program for the optimal design of single-span, precast, prestressed concrete AASHTO girder
bridges. Minimum cost of the superstructure for a given bridge span and width was adopted
as a criterion for optimization. The program was utilized to produce a series of design charts
that could be used to obtain the optimal number of girders and their types for a range of
bridge span lengths and widths, and live load specifications. These charts were based on a
girder concrete strength of 34.5 MPa.

Aguilar et al. [123] developed a computer program that could be used to evaluate a
multitude of preliminary designs and select the most economical configuration of a multi-span,
simply supported slab-on-girder bridge. This included the number of spans and their lengths
as well as the number of girders and their types chosen from the AASHTO cross sections.
The criterion used for optimization was the minimum total cost of the bridge including
superstructure and substructure. The program could handle any constraints that could be
imposed upon the configuration of the bridge such as terrain geometry and soil profiles. Two
design examples were presented to illustrate the application and capabilities of the program.
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Level 3: System Optimization

This involves the optimization of the overall features of the bridge structural
system, including material(s), structural type and configuration as well as component
sizes. This is the most complex optimal design problem and very few attempts to

solve it are known.

Kulka and Lin [4] performed a comparative economic study on four precast,
prestressed concrete bridge systems that have been proven to be conducive to medium-span
bridge structures. They were segmental box sections, AASHTO I-girders, T-girders and wing
sections. The structural system selected was continuous for two spans of lengths varying
between 15 and 46 m. The objective of the study was to find the optimal bridge system for
medium-span construction. The comparisons were made on a material-use basis first, to show
the material (concrete, prestressing and non-prestressing reinforcements) efficiency of the
systems; costs were later assessed to the materials to show a material-cost efficiency. Formal
design optimization techniques were not utilized. Results showed that the T-girder system
was the lowest in material consumption and the highest in material cost effectiveness, while
the wing section system was the highest in material consumption and the lowest in material
cost effectiveness. It should be mentioned, however, that T-girders were considered in this
study for span lengths of up to 31 m only. The I-girder system was more efficient in material
use than the box girder system until a span length of about 31 m, after which the latter became
more efficient. With regard to cost effectiveness, the I-girder system remained the most
economical until a span length of about 43 m. This is due to the higher cost of concrete for
box girders than for I-girders. It is worth mentioning that the concrete strength in this study
was fixed at 34.5 MPa.

Lounis and Cohn [102] optimized short and medium-span precast, pretensioned
concrete slab-on-girder bridge systems. Simply supported I-girder bridges (with one, two
and three equal spans) and continuous I-girder bridges (with two and three equal spans)

were considered. Span lengths were varied between 10 and 30 m. Continuity was achieved
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by mild steel reinforcement in the deck slab. Some of the standard CPCI and AASHTO cross
sections were used. Nonlinear programming methods were utilized to obtain the minimum
superstructure cost, as a criterion for optimization, for the different bridge configurations
investigated. Based on the resulting optimal solutions, some standards were developed for
selecting optimal I-girder bridge systems for various ranges of geometry. For example, it
was found that the optimal longitudinal configuration for bridge lengths not exceeding 27 m
was a single span. For bridge lengths over 27m, the optimal superstructure system was, in
general, a two-span continuous system. Such standards could serve both as guidelines for
preliminary designs and also as yardsticks against which final bridge designs could be
evaluated. However, the optimal solutions presented in this study were based on a girder
concrete compressive strength of 40 MPa; their validity for higher strengths may be

questionable.

3.3 RECENT SIGNIFICANT DEVELOPMENTS
3.3.1 General

It was mentioned in Sec. 2.5.2.2 that one way of effectively utilizing HPC in precast,
prestressed bridge girders is to conduct optimization studies on girder shapes in order to
develop new cross sections that will take full advantage of higher concrete strengths. It was
also indicated that enlarging the bottom flanges to accommodate more prestressing strands

may be a very effective solution to improve the efticiency of HPC girders.

During the past decade, several attempts have been made toward developing new
girder sections, but for reasons not directly related to improving the girders’ performance
when made with HPC. Optimization studies have been conducted to produce new girder
shapes that are structurally more efficient in continuous-span bridges, economically more
competitive with structural steel, and aesthetically more pleasing than the older girder shapes.
It can be noted, however, that most of these studies have resulted in girder cross sections with
enlarged bottom flanges; thus, the need for girders that are expected to utilize higher concrete
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strengths more efficiently was satisfied, although in an indirect way. It is, therefore, relevant
here to discuss the results of some of those studies.

3.3.2 Florida Bulb-Tee Girders

Bulb-tee girders have the same general shape of I-girders, but they are generally
characterized by a wide, flat top flange, a narrow web, and a large, compact bottom flange
that looks like a bulb. The bulb-tee shape was first developed in Washington State by Arthur
R. Anderson in 1959 [124]. This shape was adopted, with slight modifications, as the
AASHTO / PCI bulb-tee standard shape in 1988 to be used as a national standard in the
United States. Some states modified the standard for their own needs and production
capabilities. For example, the thin webs of some of the Colorado shapes, which can be as thin
as 127 mm in some cases [125], can be attributed to the availability of aggregates that allow
easy production of higher strength concretes and to the technology developed by the local
precasters that allows excellent consolidation of concrete. In eastern states, such as
Pennsylvania, relatively shallow girders with depths ranging from 762 to 1600 mm [125]
were necessary to compete economically with structural steel in areas where vertical under-
clearance was a critical concern. In Florida, the need for continuous, long span bridges to
satisfy stringent ship impact requirements has prompted the development of a series of bulb-
tee girders primarily intended for use in continuous bridges [126,127]. Continuity over piers
is one of the changes that are currently taking place in bridge design philosophy. It allows for
longer span lengths with fewer piers, and improves the durability of the bridge by eliminating
deck joints and thereby preventing water, deicing salts and debris from penetrating leaking
joints and damaging the structure. Advantages of continuity will be discussed further in the

next chapter.

There are three designated variations to the Florida bulb-tee. Shape and size of
both flanges and the web width are constant; only the depth of the section is variable (1372,
1600 and 1829 mm). The 165-mm web permits use as either a fully prestressed simply
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supported girder or a combined pretensioned and post-tensioned continuous girder. The
1219-mm wide top flange reduces the amount of formwork required for the cast-in-place
deck slab, and assures composite action with the slab both longitudinally and transversely.
The relatively large 762-mm wide, 191-mm thick bottom flange provides for a well-
balanced cross section that has its neutral axis close to mid-height of the section. This wide
bottom flange can house strands prestressed to approximately 9.0 MN, and it assures
adequate compressive strength for negative moments developed over the bridge piers in

continuous construction [126].

Bridge aesthetics is in revival as evidenced by the many recent publications on the
topic [e.g. 128,129,130). Many designers consider I-girders to be less attractive than box
girders. This could be due to the fact that the sharp angles where flanges join the web and on
the outside edge of flanges are considered unsightly, especially when viewed under bright
sunlight. In an effort to improve its appearance, the Florida bulb-tee girder series was
designed with circular curves, rather than sharp angles, at the points where the flanges join
the web (but not at the edges of the flanges). Another important benefit of the circular curve
between the web and the bottom flange is that it facilitates placement and consolidation of

concrete by eliminating air pockets and thus reducing honeycombing [127].

The Florida bulb-tee girders were first used to construct the Eau Gallie Bridge which
carries State Road 518 over the Indian River near Melboume, Florida. The bridge is
subdivided into five independent structures, each continuous over four spans. Each span is
44.2 m in length. For this span length, a conventional design would have required twelve
AASHTO Type VI simply supported girders. The effectiveness of the 1829-mm deep bulb-tee
girder and the continuous construction permitted a reduction in the number of girders to nine.
Calculated savings were 39% in girder concrete and 45% in prestressing strands. It is worth
mentioning that the girders were fabricated with a concrete of only 41.4-MPa design strength.
Actual strength though was close to 70 MPa at six months [126]. Several other bridges in

Florida, either built or under construction, have utilized the bulb-tee girders.
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3.3.3 Nebraska University Girder Series

Recently, researchers at the University of Nebraska-Lincoln have proposed a series
of optimized precast, prestressed concrete bulb-tee girders, called the Nebraska University
(NU) girder series [131,132]. The girders were developed in “hard” metic units for optimal
performance in a continuous bridge of two equal spans with full-length continuity post-
tensioning. However, they should also perform well in pretensioned bridges with continuity

achieved by mild steel reinforcement in the deck slab, and in simply supported bridges as well.

The NU girder series comprises eight sections designated according to their depths
in mm as NU750, 900, 1100, 1350, 1600, 1800, 2000 and 2400. This wide range of depths
was considered to provide flexibility for bridge designers because of the smaller increments
between depths, and because of the close match with existing I-girder depths that are used
by most other states. Two sets of relatively thin web widths exist; 150 mm for pretensioned
girders and 175 mm for post-tensioned girders. Shape and size of both flanges are identical
for the entire series. This allows the use of only one set of forms with web extension panels.
For the pretensioned girders, the top flange is 1225-mm wide and the bottom flange is 975-
mm wide. For the post-tensioned girders, width of the top flange is 1250 mm and that of the
bottom flange is 1000 mm. The bottom flanges were made as wide as can be accommodated
in existing precast concrete plants because it was found that, for a given total cross-sectional
area and a given bottom flange area, the girder with the wider bottom flange has better
structural efficiency. This is due to the fact that a greater number of prestressing strands can
be fitted in the bottom row of the wider flanged section and thus at the greatest eccentricity
from the centroid of the concrete section. This allows the wider flanged section a greater
positive moment resistance for a given area of strands, and thus increases the maximum
achievable span length of a given girder. One potential problem, however, with the bottom
flanges of this girder series may be their relatively narrow edge thickness; with only 135 mm
of edge thickness, most precasters may have difficulty getting the concrete properly placed

in the corners of the bulb. It is worth mentioning that although the Nebraska researchers
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recognized the drive towards the increased use of HPC, they based their optimum section on
a concrete of only 41.4-MPa strength at 28 days [132].

Aesthetic aspects were considered in the development of the NU girder series. Similar
to the Florida bulb-tee girders, the NU girder series was designed with circular curves, rather
than sharp angles, at the points where the flanges join the web. In addition, sharp angles were
eliminated on the outside edge of the flanges in favour of circular curves [132].

Some economic studies were performed by the Nebraska researchers to compare the
cost effectiveness of the NU1800 girder relative to some of the commonly used girders in the
United States and Canada. It was found that the NU girder was slightly better than the other

girders at longer span lengths [132].

3.3.4 Texas U-Beam

Aesthetics and economy were the primary design considerations for this precast,
prestressed concrete open-top trapezoidal girder with sloping webs, developed at the Texas
Department of Transportation [133]. The emphasis on aesthetics came from the perception
that I-shaped girders are unattractive. The girders are spaced relatively close together with
many visual break lines along the side face of the bridge. To some observers, this is
considered to be unsightly. I-shaped girder bridges are very common in Texas, and are both
durable and economical. However, something common may eventually be considered

unattractive even though still functional

To achieve the desired aesthetics, yet maintain the economy of precast, prestressed
concrete girders manufactured under controlled plant conditions, two new metric cross
sections of the U-beam were developed such that the number of girders and the number of
visual break lines are reduced by replacing the I-shaped girders with more widely-spaced
girders having smoother lines. The Texas Type U40 girder, having a depth of 1016 mm, was
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proposed as an aesthetic alternative to the 1016-mm deep Texas Type C girder. Likewise, the
Texas Type U54 girder, having a depth of 1372 mm, was proposed as an aesthetically
pleasing alternative to the 1372-mm deep AASHTO Type IV girder. The Texas Type C girder
and, to a larger extent, the AASHTO Type IV girder constitute most of the prestressed
concrete bridge girders used in Texas. Depths of the new sections were maintained
approximately the same as existing girder sections, primarily to facilitate widening of existing
bridges. Both U-beam types have web widths of 126 mm, two top flange widths of 400 mm
each, and a bottom flange width of 1400 mm [133]. The U-beam sections were designed for
use in pretensioned, simply supported bridges to span lengths comparable to those spanned
by the I-girder sections. Type US54, for example, was designed to span 35.1 m if manufactured
with a concrete of 55-MPa strength at 28 days, which is the maximum strength typically used
in Texas. This is comparable to the 36.6 m preferred maximum length of the equally deep
AASHTO Type IV girder.

Construction cost cornparisons between I-girders and U-beams were performed [133].
It was found that the price per unit length of the latter was higher than that for the former
because I-girders have lighter sections. It was argued, however, that bridges constructed
with U-beams should be economically competitive with bridges constructed with I-girders;
because I-girders are usually more closely spaced than U-beams, 1.7 to 2.0 times as many [-
girders are typically required per span. Therefore, the total weight of a U-beam span is usually
less because the reduced number of U-beams more than offsets the additional girder weight,
particularly with Type U54 girders. Reduced superstructure dead weight leads to a reduction
in substructure, with fewer and/or smaller piers required, and consequently a reduction in
cost. The foundation requirements for the overall structure are likewise reduced. It is
important to remember though that these economic advantages in favour of U-beams over
I-girders are based on the utilization of normal-strength concretes to manufacture the girders,
and on the relatively narrow I-girder spacings that are typical of current slab-on-girder bridge
construction. Using HPC to fabricate the girders would allow for wider girder spacings, and

may consequently reduce any economical gap in favour of U-beams over I-girders
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significantly, or even eliminate it altogether. The U-beam transportation cost was found to
be a higher percentage of the total cost per unit length than that for I-girders because special
transport equipment is typically required. I-girders can usually be transported with 5- to 7-
axle pole-type rigs, while the heavier U-beams may require 8- to 10-axle rigs, which may
possibly include additional jeep or dolly units.

Although the U-beam was proposed as an aesthetic and economical alternative to I-
girders, its developers anticipated that the majority of Texas bridge construction will continue
using I-girders, and that U-beam bridges will be constructed at the more visible and/or urban
locations where aesthetic structures are more appropriate [133]. As was mentioned in Sec.
2.4.2.2, Type U54 girders have been recently used successfully for the superstructure of the
Louetta Road Overpass in Houston [44,45,46].

3.3.5 New England Bulb-Tee Girders

The most recent development in this field is the introduction of a new precast,
prestressed concrete bulb-tee bridge girder series in the New England region which comprise
six states [134). For several years, the New England standard has been the AASHTO girders.
These, however, were beginning to suffer limitations in their range of applicability in this
region because precasters did not have the forms needed to fabricate the deeper sections that
were required for the longer spans which have been increasingly called for in bridge design
practice in recent years. This added to the fact that structural steel was already a strong
economic competitor with a solid foothold in the New England market, has prompted the
development of a new precast girder standard for the region that would be competitive with
steel and would meet the often conflicting requirements posed by the New England
environment: on the one hand, the depth, shipping length and weight of the girders have to
be kept to 2 minimum due to the limitations of existing roads, particularly in rural areas; on
the other hand, highway design considerations are pushing designers to use longer spans in

order to improve safety on roadways under bridges by providing greater side clearances, and
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also to minimize the impact on environmentally sensitive areas such as wetlands.

The general features of the bulb-tee shapes developed in Florida and Nebraska, and
described in Secs 3.3.2 and 3.3.3, respectively, were adopted for the New England bulb-tee
(NEBT) girder series. The NEBT girder series was developed in hard metric units. It
comprises five sections designated according to their depths in mm as NEBT1000, 1200,
1400, 1600 and 1800. The relatively thick 180-mm wide web in intended to be
accommodative of both pretensioning and post-tensioning. Shape and size of both flanges are
identical for the entire series. The top flange is 1200-mm wide and the bottom flange is 810-
mm wide. The depth of the bottom flange is 220 mm, allowing the bottom bulb to house up
to 52 straight 12.7-mm-diameter prestressing strands at a large eccentricity. In order to be
practical in New England, the NEBT girder series was designed to achieve a simple span of
38.1 m, the typical maximum shipping length that most New England states can normally
accommodate. Other girder parameters included a typical girder spacing of 2.44 t0 2.74 m.
Similar to the NU girder series, the NEBT series was designed with circular curves, rather
than sharp angles, to enhance its appearance [134].

The first application of the new NEBT girders in an actual bridge project was in the
Summer Street Bridge over the West Service Road Extension in Boston, Massachusetts. The
bridge, which was completed in August 1997, is an 18.6-m, single-span structure. The
NEBT1200 section was chosen for the superstructure. Girders were cast with a 41.4-MPa
concrete. Several other bridges all over the New England region are currently under

construction [134].

3.4 SUMMARY

In spite of the significant aid that computational design optimization techniques can
provide to the designer, there has always been an obvious gap between the progress of the

optimization theory and its application to the practice of structural engineering in general and
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bridge engineering in particular. Very little work has been done in the area of optimizing
precast, prestressed concrete slab-on-girder highway bridges. Most of this work has dealt
with simple-span bridges using linear programming methods that are not very efficient for
the type of problem considered. It has been indicated that the overall economic impact
increases with higher levels of optimization, from component optimization to configuration
or layout optimization to the overall bridge system optimization. Yet, most of the reported
work in this area have dealt with the first level only. The overwhelming majority of previous
studies have utilized concretes with compressive strengths in the vicinity of only 40 MPa or
even less. It is apparent, therefore, that there is a need for more extensive economic studies
to evaluate the effectiveness of using HPC in continuous slab-on-girder bridges which are
increasingly called for in bridge design practice. These studies should make use of the more
efficient nonlinear programming techniques, and should move toward higher levels of

optimization.
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CHAPTER 4

ANALYSIS OF CONTINUOUS SLAB-ON-GIRDER BRIDGES

4.1 INTRODUCTION

The word analysis implies the conceptual break up of a whole into parts so that one
can have an insight into the complete entity. In the context of structural engineering, analysis
usually refers to load (force) analysis, a process in which one determines the distribution of
load effects, such as bending moments, shear forces and deflections, in the various
cornponents of a structure. Final design of the structural components is based on such effects.
Another less commonly used term in structural engineering is strength analysis, which refers
to the process of determining the strength of the whole structure or its components. The term
analysis is used in this chapter only in the meaning of load analysis. In the context of bridge

engineering, the term load distribution is often used instead of analysis.

This chapter deals with the analysis of continuous slab-on-girder highway bridges.
Advantages and methods of achieving continuity in this type of bridges are first discussed.
Then, a highly efficient refined method of live load analysis to determine longitudinal
moments, shears and deflections in girders is described. Creep and shrinkage effects in
continuous bridges are then dealt with. Finally, the behaviour of deck slabs is discussed and

an empirical method for slab design that is not based on conventional analysis is presented.

4.2 CONTINUITY IN SLAB-ON-GIRDER BRIDGES
4.2.1 General

During the late fifties and early sixties, most multi-span slab-on-girder bridges
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constructed in North America consisted of a series of simple spans. Extensive experimental
and analytical investigations directed toward improving the design and construction of this
type of bridges were conducted at the Portland Cement Association in the early sixties [135].
One of the areas studied concerned the feasibility of establishing live-load continuity between
the precast girders. It was found that there are several reasons that should encourage

designers to utilize such continuity.

4.2.2 Advantages of Continuity

The most important reason for introducing continuity in bridges is the desire to
eliminate joints at the piers. Joints can be eliminated also between the deck slab and the
abutments in what is called an integral bridge [136,137]. This provides a continuous road
surface from one approach embankment to the other. However, it presents a challenge to
engineers because the design involves structure-soil interaction and structure-pavement
interaction, and so requires the combined skills of structural engineering, geotechnical
engineering and highway engineering. Moreover, there are many uncertainties associated
with the behaviour and design of such a bridge [138]. Currently, there is no design guidance
available for integral bridges, and therefore they are not considered in the present
study. The elimination of many or even all deck joints improves the durability of the bridge
by preventing water, deicing salts and debris from penetrating leaking joints and
damaging the structure. Thus, initial and maintenance costs are reduced, both for the joints
and the bridge, and the life of the structure is extended. Another reason for the
introduction of continuity in bridges is the desire for longer spans; continuity allows
a given girder to span greater lengths than if it were simply supported [139]. Mid-span
bending moments and deflections are reduced when continuity is established, permitting
the use of more slender girder sections. When a standard section is used, continuity will
permit a reduction in positive moment reinforcement and prestressing force. Either
alternative can lead to reduced costs if the means used to achieve continuity are not too
costly [135].
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The most widely used method to establish continuity is to place conventional
reinforcing bars in the cast-in-place concrete deck slab over the piers to resist the negative
moments there. This method is explained in detail in the following section. Other methods for
achieving continuity also exist {140,141,142]. However, they are more expensive, and require

speciality contractors.
4.2.3 Construction Method for Continuous Slab-on-Girder Bridges
Figure 4.1 illustrates the construction sequence for a two-span continuous slab-on-

girder bridge. The procedure is identical for bridges with a greater number of spans. Initially,

the precast, prestressed concrete girders are erected between piers as if they were going to
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:Cast-in-place deck slab :

Diaphragms

Figure 4.1 Construction sequence for a two-span bridge with precast, prestressed concrete
girders made continuous
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be simply supported in the final structure. Then, reinforcing bars are embedded in the cast-in-
place deck slab across the piers to resist the negative bending moments induced by live loads.
Continuity or closure diaphragms are then cast between the ends of adjacent girders at interior
supports. These diaphragms, which are usually cast before the deck is placed, connect the
girders so that the bridge becomes continuous for any loads applied to the composite
structure. In many cases, reinforcing bars or prestressing strands are extended from the ends
of the girders into the continuity diaphragms to provide connections for positive moment
transfer between girders. Bridges constructed in this manner are often referred to as being

continuous for live load.

4.3 LIVE LOAD ANALYSIS FOR SLAB-ON-GIRDER BRIDGES
4.3.1 General

In order to account properly for the construction sequence of slab-on-girder bridges,
the moments at different cross sections are computed as follows: initially, when the girders
are placed simply supported on the substructure, the analysis under the girder and slab self-
weight is carried out as for simple beams. At this stage, the stresses are determined using the
girder section only. Subsequently, when continuity is established, the analysis for live load,
and traffic barrier and pavement weights is carried out as for continuous beams. Composite
action of the precast girders and cast-in-place slab must be considered in evaluating the

stresses produced by these loads.

4.3.2 Methods of Analysis

Dead load effects are often obtained using methods of statics such as the beam
analogy method. Live load effects, on the other hand, are not so easily determined because
of the wide variety of parameters (from the structure’s geometry to its components’ material
properties) that influence exactly how live loads are distributed, especially in continuous

bridges. Methods of live load distribution analysis range in sophistication from the overly
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simplificd AASHTO method [143] to the highly complex refined finite element method. The
former, because of being too simple, is excessively conservative, and the latter, which requires
fairly large standard computer programs, is prone to common errors of idealization and

interpretation of results as well as being relatively costly.

Other refined methods which are frequently used for live load analysis of bridge
superstructures, especially in Europe, include the grillage analogy method and the orthotropic
plate theory method. Both of them are computer-based, but they differ in the way they
mathematically idealize the structure. The grillage analogy method uses a discrete idealization
in which the flexural and torsional stiffnesses of the actual structure in both longitudinal and
transverse directions are concentrated in discrete beams of the grillage [144]. The orthotropic
plate theory method, on the other hand, utilizes a continuous idealization in which stiffnesses

are uniformly distributed in both the longitudinal and transverse directions [145].

In a third type of idealization, the longitudinal flexural and torsional stiffnesses of a
slab-on-girder bridge are concentrated in a number of discrete longitudinal girders while the
transverse flexural and torsional stiffnesses are uniformly distributed along the length in the
form of an infinite number of transverse beams, which thereby constitute a transverse medium.
This idealization is shown schematically in Fig. 4.2, and is considered a closer representation
of a slab-on-girder type of bridge than the other two idealizations. Because the properties of
the bridge are represented discretely insofar as longitudinal stiffness is concerned and
continuously insofar as transverse stiffness is concerned, this representation is referred to as
the semicontinuum idealization. In an early form of the semicontinuum idealization developed
in the late fifties, the torsional stiffnesses of the longitudinal girders and the deck slab were
either ignored completely or, in the case of longitudinal effects, were handled in an
approximate manner [146]. During the early eighties, Jaeger and Bakht [147,148,149]
formalized this idealization into a general method that can take proper account of torsional
stiffnesses in both the longitudinal and transverse directions; it was appropriately referred to

as the semicontinuum method.
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The current OHBDC [94] permits a simplified method in determining the live load
longitudinal moments in continuous-span I-girder bridges. According to this method, the
positive and negative moment portions of a bridge girder can be idealized separately for
purposes of live load distribution as simply supported girders having equivalent spans that are
based on points of contra flexure in the corresponding continuous girder. Recently, Jaeger er
al. [150] have reported that this method is valid for the positive moment regions, but is
inaccurate for negative moments. A revision of the OHBDC method was proposed to be
included in the new Canadian Highway Bridge Design Code (CHBDC), but only for bridges
with two equal spans. The validity of the revision still needs to be confirmed for bridges with

more than two unequal spans.

Because of the uncertainties that are still associated with the OHBDC method, the
semicontinuum method discussed earlier is used in this study for live load analysis. The
method is approved by the OHBDC as a refined method of analysis. Moreover, it has been
recently incorporated in the AASHTO LRFD Bridge Design Specifications [151]. The validity
and accuracy of this method have been verified with respect to the grillage method, the
accuracy of which is often taken for granted [152]. Very good correlation exists between the
results of the semicontinuum method and the grillage method which requires much larger
computer power. In the following section, the bases of the semicontinuum method are
presented in detail since the method is still not widely known among most bridge engineers.
Reference is extensively made to Refs [147,148,149,153]. In the interest of clarity, these

references are usually not explicitly cited in the discussion since they are for the same authors.

4.4 THE GENERAL SEMICONTINUUM METHOD
4.4.1 Load Distribution

It has been mentioned previously that in the context of bridge engineering, the term
load distribution is often used instead of analysis to refer to the distribution of load effects

in the various components of a bridge. In order to establish the meaning of this term,



50

reference is made to Fig. 4.3 in which three simply supported longitudinal girders, of span L,
are connected by a transverse beam at mid-span. This assembly represents a very simple
idealization of a slab-on-girder bridge with the longitudinal girders representing the actual
girders in the bridge and the transverse beam representing the deck slab. The middle girder

carries a central point load, P.

In the absence of any connection between these girders, the entire load will, of course,
be carried by the loaded girder and the bending moment diagram will be the familiar triangular
one with a maximum value of PL/4; this diagram is often referred to as the free bending
moment diagram. However, since the girders are connected, a portion of the load P will be
taken by the outer girders, which do not themselves carry the external load. How much of P
is distributed to the outer girders will depend upon the girder stiffnesses, and their spans and
spacings. If the flexural stiffness of the transverse beam is a very small fraction of the
stiffnesses of the longitudinal girders and the spacings of the latter are relatively large, then
hardly any load will be transferred to the girders not carrying the direct load. On the other
hand, an infinitely stiff transverse beam will compel the three girders to deflect equally, and

in that case each girder will accept a load of P/3.

Assuming that the load sustained by each of the symmetrical outer girders is P,, the
bending moment diagrams for the three girders will be as shown in Fig. 4.3. Obviously, the
transference of load from the externally loaded girder to the girders not carrying the load
directly takes place because the loaded girder has a tendency to deflect more than its
neighbours, and the tendency of the transverse beam is to reduce the differential deflection
between adjacent girders. The process of load transference from the loaded girders to girders

which are not directly loaded is often referred to as load distribution.

4.4.2 Distribution Factors and Coeflicients

Distribution factors and distribution coefficients are non-dimensional measures of load
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distribution in a bridge. At a given point of a transverse section, the distribution factor for a
. certain response is equal to the ratio of the response at that point to the average response at
the cross section containing the point. For example, in the case shown in Fig. 4.3, the average
moment in the three girders is PL/12, so that the distribution factor for longitudinal moment
in the middle girder at mid-span is equal to (P,L/4)/(PL/12), or 3P,/P. It is noted that the
terms distribution factor and distribution coefficient are interchangeable. The latter term is

used in this discussion.

In the simple case shown in Fig. 4.3, the bending moment diagrams of the three
girders are all of the same shape, being the familiar triangle. The bending moment diagram for
any one girder can be regarded as the free bending moment diagram multiplied by a number
which is called the distribution coefficient. Referring again to Fig. 4.3, the distribution
coefficients are P./P, P,/P and P./P.

4.4.3 Harmonic Analysis of Beams
4.4.3.1 General:

As was discussed in Sec. 4.3.2, for the purpose of analysis a bridge superstructure
must usually be idealized as a mathematical model such as an assembly of finite elements, a
grillage, an orthotropic plate or a semicontinuum. Similarly, applied loads also require
appropriate mathematical idealization. For example, loads concentrated over relatively
small lengths are often idealized as point loads for the purposes of beam analysis.
These point loads, like the actual loads, are discontinuous functions with respect to the span
of the beam. It is possible, and sometimes convenient for analysis, to represent a
discontinuous load on a beam as a continuous function or a series of continuous functions by
means of a harmonic series. For the method of analysis presented herein, the wheel loads of
a design vehicle are represented by harmonic components as explained below. Only the
final form of the harmonic series is given; derivation of the various expressions is given

elsewhere [149].
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4.4.3.2 Point Loads on Simply Supported Beams:

A point load P on a simply supported beam of span L can be represented as a

in = Sin a— 4, l

where ¢ is the distance of the point load from the left support, and x is the distance along the

span, also measured from the left support.

Therefore, according to Eq. (4.1), a point load is equivalent to the sum of an infinite
number of distributed loads, each of which corresponds to a term of the series and is a
continuous function of x. For example, if ¢ equals L/4 in Eq. (4.1), one obtains the
representation of a point load at the quarter-span point. This series is diagrammatically shown
in Fig. 4.4. As shown in the figure, the load corresponding to the first term (or harmonic) has
the shape of a half sine wave, and that corresponding to the second has the shape of two half
sine waves, and so on. For this particular case, the contribution to the p, series is zero for
harmonic numbers that are divisible by 4. For other harmonics, the load consists of as many
half sine waves as the harmonic number. It can be readily appreciated that when the harmonic
number becomes sufficiently large, the harmonic load consists of a large number of small
patches of loads acting alternately in upward and downward directions. When the effects of
these upward and downward loads nearly cancel each other, the series can be regarded as

having converged.

From elementary beam theory, it is known that the load intensity p,, shear force V.
bending moment M, and slope 6, of a beam of uniform flexural stiffness EI are related to its
deflection w by the following equations:
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p, = EI ;7 (4.2a)
dw
V. = -EI 0 (4.2b)
d2
M, = -EI -dx—‘;’ (4.2c)
dw
6, = = (4.2d)

Thus values of V,, M,, 6, and w can be obtained by successively integrating the right-
hand side of Eq. (4.1) with respect to x. The end conditions of a simply supported beam are
such that all constants of integration are equal to zero, and the following equations are
obtained:

sin—— cos—— (4.3a)
L

— sin—— sin— (4.3b)

= — COS—— 4.3c
7°El n L L (4.4¢)
3 -
= 2PL L smETE sinn—nl (4.3d)
A*El o-1 n* L L

4.4.3.3 Uniformly Distributed Loads on Simply Supported Beams:

A uniformly distributed load of intensity q on a simply supported beam of span L can

be represented by the following expression:

p, = — 2 sin——~ (4.4)
=1.3,5
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The equations for the various beam responses can then be obtained by successively inlegrating
the right-hand side of Eq. (4.4) with respect to x. As was the case for the point load, the

various constants of integration are all found to be equal to zero, and the following equations

are obtained:
v, = 4L gy Lo (4.52)
7% w135 N’ L
2 -
M, = 22 L sin 2% (4.5b)
T =135 N
L} « 1 nmx
8, = 4q — cos—— (4.5¢
n*El nﬂz.;ﬁ n? L ( )
_ 4Lt « 1 nmXx
w = — Sin— 4.5d
WEl o135 n° L (4.5d)

As mentioned previously, one of the reasons for representing discontinuous loads on
a beam by a harmonic series is that this mathematical idealization provides a continuous load
function with respect to the span. In the case of a uniformly distributed load covering the
entire length of the span, the load is already a continuous function of the span, and it is
therefore relevant to ask why such a load should be analyzed into a harmonic series. The
reason is that each term of the harmonic series has the property that a load of that shape will
produce a deflection of the same shape. This property is of indispensable importance in
establishing the load distribution properties of bridges, as will be seen later. This behaviour
is illustrated in Fig. 4.5. It can be readily seen that the deflected shape of a beam subjected to
loading in the shape of two half sine waves is also in the shape of two half sine waves.

Further, the bending moments also have the same shape as the loading.

For a load that is uniformly distributed over a length 2u (which is smaller than the span
L) of a simply supported beam as shown in Fig. 4.6, the harmonic series representation is

given as follows:
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Applied loading Deflected shape

Figure 4.5 Deflection of a beam under sinusoidal loading

u u ] Total load, P

x.

+x % D
(o]

Figure 4.6 Load uniformly distributed over part of the span of a simply supported beam
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sin sin (4.6)

where P is the total load, and ¢ is the distance of the centre of gravity of the load from the
same support from which x is measured. The other beam responses can be obtained in the

manner discussed earlier

V==Y -Lz sin—— sin cos (4.7a)

X

sin sin sin (4.7b)

2PL? «—~ 1 . nmc . nmu nmx
0 = — sin sin cos (4.7¢)
*  m%EI a1 nt L L L
4 -
© = 2PL i sin nnc sin nwu sin nmx (4.7d)
m5uEl a:1 n? L L L

4.4.4 The Semicontinuum Method for Bridges
4.4.4.1 Significance of Harmonic Load Representation:

Similarly to the analysis of single beams, any loading along a longitudinal line of a
bridge can be represented by a harmonic series. Figure 4.7 shows four simply supported
longitudinal girders connected by three transverse beams with the second girder subjected to
a point load at mid-span. The various girders will receive different patierns of loads. For
example, as shown in the figure, girder 1 will accept loading in the form of three downward-
acting point loads. Because of the different patterns of loading accepted by the various
girders, their deflection patterns will differ from each other. The analysis of the problem
shown in Fig. 4.7 will require the solution of 36 unknowns. If the number of transverse beams
is increased to seven, as would be required for a realistic grillage idealization, the number of
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Figure 4.7 Distribution of loads in four girders connected by three transverse beams
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unknowns will be increased to 84.

The number of transverse beams is now greatly increased and, as shown in Fig. 4.8,
the second girder is subjected to a distributed load which is in the shape of a half sine wave.
This loading, as discussed in Sec. 4.4.3.2, corresponds to the first term of a harmonic series
representing a point load. For this case, all the loadings accepted by the various girders will
have the same shape. Consequently, the deflection profiles of the girders will have the same
shapes and will be related to each other by scalar multipliers. The implication of similar
deflection patterns of the girders is that the assembly of beams can now be “exactly” analyzed
by considering only a transverse slice of the structure. In this way, the number of unknowns
for the four girders is reduced to eight without compromising accuracy. In fact, accuracy is
enhanced with the seven (or some such small number) that are employed in the usual grillage
idealization.

The distribution of loading represented by the second term of the harmonic series is
shown in Fig. 4.9. As can be seen, the loads carried by the various girders in this case are also
of similar shapes, with the result that the problem of distribution of this loading and those

represented by higher harmonics can again be solved by determining only eight unknowns.

It can be noted that the various harmonics are distributed among the girders in
different ways, with the result that when the distributed loads are added up, the total loads
accepted by the girders are not, in general, similar to one another. This phenomenon is
illustrated in Fig. 4.10 for a bridge with four girders carrying a point load at the mid-span of
girder 2. For a point load at mid-span, the even-numbered harmonic terms of the series are
all equal to zero, and the load is represented by only the odd-numbered terms. It can be seen
in the figure that the sums of the loads accepted by the various girders do not have similar
shapes. The key to the efficiency of the semicontinuum method lies in the separation of the
dissimilar loads accepted by the various girders into components of similar shapes, as a result

of which the number of unknowns is drastically reduced.
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Figure 4.8 Distribution of first harmonic loading
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Figure 4.10 Loads accepted by the various girders of a bridge with four girders

4.4.4.2 First Harmonic Relationships:

A simply supported slab-on-girder bridge is shown in Fig. 4.11. The behaviour of this
bridge is first examined under pure first harmonic conditions, i.e. an externally applied line
load in the shape of a half sine wave is applied. It has been previously shown in Fig. 4.8 that
the vertical loads accepted by all longitudinal girders have this same half sine wave shape. It
can also be verified, as shown below, that the distribution of twisting moments along the
girders (which are also the distributed bending moments in the transverse medium) have the

same half sine wave shape as the applied loading.

Figure 4.12 shows girders 1 and 2 and the portion of transverse medium (deck slab)
between them. The girders are all of length L and are a distance S, apart. A coordinate x is
measured in the longitudinal direction of the bridge. The externally applied load is of intensity
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P sin(nx/L)

Figure 4.11 Bridge subjected to a sinusoidal load

P sin(wx/L) as shown in Fig. 4.11.

The interaction of force and moment between the girders and transverse medium is

now examined. The girders may deflect into pure sine wave forms defined by the equations

£
|
K
v
5
|

(4.8a)

(4.8b)

where, as shown in Fig. 4.13, w is the vertical deflection, a is its amplitude, and the subscripts

1 and 2 refer to the girder numbers. At the same time, the girders are permitted to rotate

about their respective longitudinal centre lines through angles defined by the equations
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c

Girder No. ! 2

Figure 4.12 Segment of a bridge

X

3, = sin—L- (4.9a)
62 = v, sin% (4.9b)

where, as shown in Fig. 4.14, d is the rotation from the initially vertical position of a girder,

v is its amplitude, and the subscripts refer to the girder numbers.

Figure 4.15 shows the combination of distributed vertical loading and distributed
twisting moment that is needed to achieve the deflection a,, sin(nx/L) and the rotation v,

sin (nx/L) in girder m. The intensity of the vertical line load, p;, is given by

a_ sinT (4.10)
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,..L.q w, = a, sin (nx/L) = a, sin (nx/L)

/
N
£
i

1“’ Girder No. 1 Girder No. 2

Figure 4.13 Girder deflections

] /6 = v, sin (tx/L) 8, = v, sin (tx/L)

.

.

l Girder No. 1 Girder No. 2

Figure 4.14 Girder rotations
This line load is supported by concentrated reactions at each end equal to [(EI), 7°] a, / L’.
The intensity of the twisting moment, t,, is given by

GJ)_~?
= (_Dm_ v sinﬂ (4.11)
L? L
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Figure 4.15 Forces on girder m due to first harmonic loading

where GJ is the torsional stiffness of the girder under consideration. This distribution of

twisting moment is resisted by concentrated twisting moments [(GJ), ©] v, / L at each end.

The next step is to consider how these distributions of vertical load and twisting
moment come to be applied to the girders from the transverse medium. Figure 4.16 shows the
strip of transverse medium of width Ax contained between values x and (x+Ax) of the
longitudinal coordinate. The slopes of girders 1 and 2 at the ends of this strip are (/L) a, cos
(nx/L) and (m/L)a, cos(nx/L), respectively. The transverse torsional stiffness of the
transverse medium is represented by D,,. Hence, the torsional stiffness of the strip is D, Ax,
and therefore the equal and opposite twisting moments at the ends of the strip are of

magnitude (D,,/S,)(r/L)(a,-a,) cos(ntx/L) Ax. These twisting moments can each be
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I "

a, sin (/L)

A portion of
transverse
medium

Girder No. 1 2

Figure 4.16 Segment of the transverse medium between two adjacent girders

represented as a pair of forces of magnitude (D,,/S,)(%/L)(a,-2a,) cos(nx/L) parallel to one
another, but in opposite senses, and a distance Ax apart as shown in Fig. 4.17. The twisting
moments on all the strips of the transverse medium can now be replaced by such pairs of
forces, the net result of which are downward loadings R, and R, on girders 1 and 2,

respectively, as given by the following equations:

R1 = ?y_x. —2- (az- al) smT (4.123)
1
D 2
R, = = % (a, - a,) sinELZ‘- (4.12b)
1
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Figure 4.17 Forces on a segment of the transverse medium

If girder 1 is assumed to be an outer girder and girder 2 an inner one, then from Egs
(4.10) and (4.12a), the vertical interactive line force between girder 1 and the transverse
medium is
nx _ (ED, LA D,

. 2 . TX
P, sin— a —_— -a,) sin— 4.1
1 L L 1 L 5, L? (a,-a)) L (4.13a)

Therefore, the amplitude P, is given by

_ (ED, n D, n
Bl ek ACSLN (4.13b)

P

Insofar as girder 2 is concerned, there are twisting moments in the transverse medium
on either side of it. Using the same procedure as above, the following equation is derived for
the amplitude P, for the interactive force between an inner girder r and the transverse

medium:
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(EI), n* D 2 D 2
S AT T @A) T F A (4.14)
-1 r

P

r

The forces and moments applied to the strip of transverse medium between x and
(x+Ax) are now considered together with the bending deflections that result. The transverse
flexural stiffness of the transverse medium is denoted by D,. Therefore, the flexural stiffness
of the strip is D, Ax.

At the position of girder 1, the strip experiences an upward force of magnitude P,
sin(ntx/L) Ax, where P, is given by Eq. (4.13b), and a bending moment (which is positive
counterclockwise if rotations are accounted positive clockwise) of magnitude [(GJ), 7° v|]
/ L?sin(rx/L) Ax in accordance with Eq. (4.11). The deflection and rotation at the position
of girder 1 are a, sin(tx/L) and v, sin(nx/L), respectively. The other girders give similar

results.

For brevity, let

_ @n,n*
- —

mf

(4.15)

where the subscript r refers to the girder number. On canceling a common factor of sin(x/L)
between all forces, moments, deflections and rotations, and on canceling a common factor Ax
between the applied forces and moments and the flexural stiffness of the strip, the reactive
forces on a transverse slice of unit width at the mid-span are found to be as shown in Fig.
4.18. It is noted that this figure is representative of the behaviour per unit length of all strips
of the transverse medium, on multiplying throughout by sin(mx/L).

The problem of distributing first harmonic effects in the bridge is thus reduced to
solving the problem of the deflection of a beam supported by a system of linear springs.
Specifically. with reference to Fig. 4.18, an external load of magnitude P is shared between
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Deflected position under load ‘
Girder No. 1 2 3 N i

S, S !

Figure 4.18 Responses at mid-span in a bridge with N girders

the girders as P,, P,, ..., Py. Further, the beam has deflections a,, a,. ..., ay and rotations v,,
U,, ..., Uy in response to (1) the external force P, (2) support forces Py, P,, ..., Py, which are
given by Eqs (4.13b) and (4.14), and (3) restraint moments m,v;, My, ..., MUy, Where m,,

m,, ..., my are given by Eq. (4.15).

As an example, the representation of a transverse strip of a five-girder bridge by a
beam supported on a system of springs is shown in Fig. 4.19. The cross section of the bridge
is shown in Fig. 4.19a. In Fig. 4.19b, the flexural and torsional stiffnesses of the girders are
replaced by springs of stiffnesses k, and m,, respectively, with subscripts referring to girder
numbers. The analogy is now a unit length of deck slab resting on elastic springs. For girder
r, the expression for m, is given by Eg. (4.15). The expression for k. is given by

_ (ED,=*
- —

k

L

(4.16)
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Figure 4.19 Transformation of a bridge into a system of springs
(a) Actual cross section
(b) Deck slab on springs
(c) A system of springs
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The transverse torsional stiffness of the transverse medium (deck slab) is represented by
springs of stiffness ¢, with subscripts referring to the panel number identified in Fig. 4.19a.
The expression for this spring stiffness for panel r is
D, =2
c, ==X — 4.17
S, L (4.17)
The analogy now consists of a system of springs as shown in Fig. 4.19c. The same

logic used for the first harmonic can now be used for higher harmonics.
4.4.4.3 Summary of the Steps in the Solution:

In the case of a bridge with N girders, there are N unknown deflections and N

unknown rotations. The necessary 2N equations to solve for the 2N unknowns are developed

as follows:

1. The first equation is for vertical equilibrium of the whole system.

2. The second equation is for moment equilibrium of the whole system.

3. The next (N- 1) equations are for slope conditions for girders 2 to N, it being noted

that the slope condition for girder 1 is used up in the form of a constant of integration.
4, The remaining (N- 1) equations are for deflection conditions at girders 2 to N, it being
similarly noted that the deflection condition for girder 1 is used up in the form of a

constant of integration.

Derivation of these equations is given in Refs {147,149] and is not presented here. For
the purposes of this discussion, it suffices to give the final form of the set of equations in

matrix notation
{A] {p} =(R} (4.18)

The vector {p} contains the distribution coefficients for a bridge. The matrix [A] and vector

{R} define the geometry of a bridge and the loading, respectively.
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4.4.5 The Case of Continuous Bridges

The semicontinuum method can also be used to analyze the general category of slab-
on-girder bridges with simply supported ends and arbitrarily placed discrete intermediate
supports, of which a continuous bridge is a particular case, as shown in Fig. 4.20. The force
method can be used to determine the statically indeterminate reactions of the intermediate
supports and thereby reduce the statically indeterminate problem into a determinate one. The
following steps are required for the force method:

1. Remove all intermediate supports and, by treating the bridge as simply supported at
its two ends, find deflections at the intermediate support locations due to the applied
load, using the semicontinuum method of Sec. 4.4.4.

2. Again treating the bridge as simply supported at the two ends, find the (usually
upward) forces at each of the intermediate support locations which would bring the
bridge at these locations back to their respective original positions.

3. The bridge with intermediate supports can now be analyzed by the semicontinuum
method of Sec. 4.4.4 as a simply supported bridge which is subjected to downward-
applied loads and the (usually upward) reactions of the intermediate supports
calculated above.

4.4.6 Evaluation of Saint-Venant Torsional Constant, ]

Approximate methods are available to calculate the Saint-Venant torsional constant,
J, of a precast concrete girder. According to such methods, the girder is divided into a number
of rectangles. The torsional constant of the girder is then obtained by simply adding the
torsional constants of the individual idealized rectangles [154]. These methods usually involve
the use of charts. Besides the lack of accuracy that results, reading values out of charts poses

a problem if one needs these values to be input into a computer program.

Refined methods of analysis require a more rational approach in determining J. One
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Figure 4.20 Plans of slab-on-girder bridges with intermediate supports
(a) General case with randomly spaced intermediate supports
(b) Particular case of a continuous-span bridge
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such approach was presented by Eby et al. [155] in a comprehensive study of the various
methods for evaluating J in the general case of precast concrete I-girders. Results obtained
by a finite difference analysis were considered as an “exact” solution, and were compared to
the results obtained using several approximate methods. An algebraic solution to the problem
was then developed by modifying the method that showed the best correlation with the
“exact” method. With reference to Fig. 4.21, the torsional constant of an I-girder can be

obtained as follows:

J=0333(bt) +bt) +db) )+ aD +aD, -021(1+t) (419

where
d, (b, +by)
t, =d, + —2—‘3:—3— (4.20a)
d,(b,+b,)
=d_ + B B 9
L s 25, (4.20b)
b, b;\?
o, = - 0.042 + O.2204-t— - 0.0725 - (4.21a)
1 1
b, b,)?
a, = - 0.042 + 0.2204 — - 0.0725] — (4.21b)
L L
b2
D, =t +— 4.22a
! n ( )
b2
D, =t + —— 4.22b
2 = b 2t ( )

For other precast I-girders that do not conform in shape to the girder shown in Fig.
4.21, such as CPCI 1600, 1900 and 2300 sections [ 156], their dimensions should be idealized
to fit the basic I-shape shown in the figure. The results obtained for these sections should be
considered as somewhat more approximate than those for the basic I-sections. Eby ez al.
[155] reported that the torsional constants computed using Eq. (4.19) were within + 5% of

their respective finite difference values.
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Figure 4.21 General I-girder section and discretization
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4.5 CREEP AND SHRINKAGE EFFECTS IN CONTINUOUS BRIDGES
4.5.1 Creep Moments due to Prestressing and Dead Loads

One of the unique features of the design of slab-on-girder bridges is that positive
moments develop over piers due to creep in the prestressed girders as well as due to the effect
of live loads in remote spans. Positive moments due to creep under sustained loads, ie.
prestressing and dead loads, are partially counteracted by the negative moments resulting
from differential shrinkage between the cast-in-place deck slab and the precast girders. The
assessment of these positive moments is usually not readily possible because of uncertainties
in creep analysis models and the many factors on which it depends (e.g. state of stress,
relative humidity, temperature, volume to surface area ratio, concrete mix design, time). This
has led to some suggestions for neglecting the structural effects of creep (and shrinkage) in
this type of bridges, and just providing a nominal minimum amount of positive reinforcement
between the girders if for no other reason than increasing the structural integrity [139,157].
These suggestions were also based on the observed good performance of structures for which
the design utilized full continuity for superimposed dead loads and live loads, but neglected
the structural consequences of time-dependent effects.

Several methods of creep analysis are proposed in the literature; they differ only in the
assumed creep function, ®(t,ty), which describes the total strain (instantaneous elastic plus
creep) at observation time (measured from casting of concrete, ie. age t) caused by a unit
sustained stress applied at age t, Among the methods proposed in the literature [158]
are the effective modulus method, the rate of creep method, the rate of flow method, the
improved Dischinger method and the Trost-BaZant method (the age-adjusted effective
modulus method). All these methods are based on the assumption that creep varies
linearly with stress, and they all obey the principle of superposition of strains (i.e. the total
strain at time t, £.(t), of a concrete subjected to varying stress is obtained by summing the
strains caused by each stress increment (or decrement), Ad.(t,), applied at age t;). The Trost-

Bazant method, which was originated by Trost during the late sixties and later refined by
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Bazant in the early seventies, is the most practical and widespread method for directly
computing the strain under a varying stress. It has been adopted by the ACI Committee 209
[159] since 1982 to predict creep effects in structural concrete. Recently, Bazant et al. [160],
and Gardner et al. [161] have proposed two different methods as possible alternatives to the
current ACI method. However, their adoption by the ACI Committee 209 is still under
consideration.

According to the Trost-Bazant method, the strain which occurs during a period ¢, to

t due to a stress which varies in magnitude during the same period is given by

1 + @(tt) . Ac (1)

e(t) = ot —
v E(t) E.(t.t)

(4.23)

where o,(t,) is a stress introduced at age t, and sustained during the period t, to t, @(t,l) is
the creep coefficient, ie. the ratio of creep to the instantaneous elastic strain, E(t,) is the
elastic modulus of concrete at age to, Ag.(t) is the final value at age t of a stress increment
increasing gradually from magnitude zero at t;, and E:(t,to) is the age-adjusted effective

modulus of concrete and is given by

E (ty)
I+ x(tty) @ty

E(tty) = (4.24)
where (t,t,) = y is the aging coefficient, which generally varies in value between 0.6 and 0.9.
This coeflicient reduces the creep function to compensate for treating the stress increment as

if it were introduced with its full magnitude at age t, and sustained to age t.

For illustration, reference is made to Fig. 4.22 which shows a continuous girder with
n spans, initially assurned simply supported from age t, (see Fig. 4.22a), and subsequently
made continuous at age t, (see Fig. 4.22b). Using the Trost-Bazant method, the moment

M, (1) induced by creep at support n is given by



80

Precast girder
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(b)

Figure 4.22 Continuous precast girder with n spans

(p(t,to) - (p(tpto)
1+ x @t

M@ = M, (4.25)

where M, is the elastic restraint moment at support n if the girder were continuous and
monolithically cast in a single stage, and can be determined using any elastic analysis method

such as the simple three-moment equation.

Assuming t, = 28 days and t = =, the following values can be obtained from the ACI
Committee 209 report [159]: @(Lty) = 0.96 @,, @(t,.t,) = 0.42 @, and therefore @(t,t,) = 0.54
@, where @, is the ultimate creep coefficient. In the absence of specific creep data for local
aggregates and conditions, an average value of 2.35 v, is suggested for ¢,, with y_ being a
correction factor that is the product of several multipliers depending upon the relative
humidity, volume to surface area ratio, temperature, concrete mix design and age ot loading.

The aforementioned report [159] states that the normal range for @, is between 1.30 and 4.15.



81

Conservatively, @, may be taken as 4.50 [102]. Assuming x = 0.8 and substituting in Eq.

(4.25), one obtains the final moment due to creep at support n as

M (t==) = 0.80M, (4.26)

4.5.2 Shrinkage Moments

Shrinkage of the cast-in-place deck slab with respect to the precast girders induces
negative restraint moments, M,,, over the piers. The differential shrinkage moment is given
by [162]

Ms‘h = esh Es As ys (427)

where ¢, is the differential shrinkage strain = 100x107° [163], E, is the elastic modulus of the
slab concrete, A, is the cross-sectional area of the slab, and y, is the distance between the
centroid of the slab to the centroid of the composite section. The restraint moments induced
by shrinkage can also be determined using the three-moment equation. However, the presence
of creep reduces shrinkage restraint moments. In the absence of accurate experimental data,

the OHBDC [163] recommends the use of a 60% creep reduction factor. Therefore, the final

moment, M, at support n due to the combined effect of creep and shrinkage is

M_, = 080(M,-M,) - 0.40M,, (4.28)

where Mg, Mg, My, are the restraint moments at support n due to prestressing, dead load
and shrinkage, respectively. General formulas for these moments are derived in Ref. [162],

and are given here for completeness.

EI
M =28, (4.292)

M, =bw,L? (4.29b)

Mshn =C Msh (4.29C)



where

_ P ,L(2e,-¢)

0
P 6 EI

(4.29d)
The coefficients a, b and ¢ are given in Table 4.1 for two, three and four-span continuous
girders. In Egs (4.29a - d), ] and L are first moment of inertia of the girder and its span length,
respectively, E is the elastic modulus of the girder concrete, w, is the dead load, P. is the

effective prestressing force, €. and e, are the tendon eccentricities with respect to the centre

of gravity of the composite section at mid-span and support, respectively.

Table 4.1 Restraint moment coefficients in continuous girders

2 - span girder 3 - span girder 4 - span girder
Section
a b c a b c a b c

Fist | 30 lo12s| 15 | 24 | o1 | 12 | 257 {0107 | 1.286
support
Second 24 | o1 | 12 | 172 | 0071 | 0.857
support

Third 257 | 0.107 | 1.286
support __

4.6 ARCHING EFFECT IN BRIDGE DECK SLABS
4.6.1 Internal Arching Action

Until 1979, highway bridges in North America were designed according to the
AASHTO specifications which required the deck slabs of slab-on-girder bridges to be
designed for pure bending. Extensive laboratory and field testing of bridges in Canada
{164,165] and the United States [166] has conclusively shown that these slabs were greatly

over-designed, ie. their load capacities were substantially greater than necessary for safety.
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This very significant enhancement of the deck slab carrying capacity is reportedly caused by
a major change in the way these slabs were believed to carry loads. It was found that the
primary structural action by which deck slabs resist concentrated wheel loads is not flexure,
as traditionally believed, but a complex internal membrane stress state referred to as internal
arching. This action is caused by the cracking of the concrete in the positive moment region
of the deck slab and the accompanying upward shift of the neutral axis in that portion of the
slab. The action is sustained by in-plane compressive membrane forces which develop as a
result of the lateral confinement provided by the surrounding concrete slab, diaphragms and
supporting components acting compositely with the slab. Figure 4.23 illustrates this

phenomenon.

The arching creates what can best be described as an internal compressive dome, the
failure of which usually occurs as a result of over-straining around the perimeter of the wheel
footprint. The resulting failure mode is that of punching shear (see Fig. 4.24), although the
inclination of the fracture surface is much less than 45° due to the presence of large
in-plane compressive forces associated with arching. The arching action, however, cannot
resist the full wheel load. There remains a small flexural component for which a minimum
amount of reinforcement is required. This reinforcement has two purposes: it provides
for both local flexural resistance and global confinement required to develop arching

effects.

4.6.2 Empirical Design Method for Deck Slabs

The findings of the above research were first incorporated as a formal design method
for deck slabs in the OHBDC, first published in 1979. The method was later refined. The
current edition of the OHBDC [94] permits deck slabs of slab-on-girder bridges which
conform to certain conditions to be designed according to an empirical design method that
takes account of internal arching in slabs. When this method is used, it is no longer necessary

to calculate and design for the transverse moments.
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According to the empirical design method, the slab thickness should not be less than
225 mm, and the reinforcement should comprise two orthogonal meshes with a minimum
reinforcement ratio, in each direction of each mesh, of 0.3% of the gross concrete cross-
sectional area as shown in Fig. 4.25. The minimum thickness of 225 mm relates to extra cover
to the reinforcement for protection against corrosion of the steel bars caused by the use of
deicing salts during winter maintenance operations. Corrosion of embedded reinforcement is
a primary cause of rapid and premature deterioration of highway bridges. The use of increased
concrete cover is one effective means of guarding against corrosion of the steel bars. Figure
4.26, which is adopted from Ref. [167], illustrates the bases for specifying a minimum deck
thickness of 225 mm.

According to the current OHBDC [94], the empirical design method is applicable only
when the following conditions are satisfied:
L. There are at least three girders in the system.
2. The bridge has diaphragms at least at all supports. These must extend to the exterior
girders.
The centre-to-centre spacing of girders does not exceed 3.7 m.
4, The slab extends at least 1.0 m beyond the centre line of the exterior girders, or has

a curb of equivalent area of cross section.

5. The ratio of centre-to-centre spacing of girders to thickness of the slab does not
exceed 15.0.
6. Spacing of the reinforcing bars in each face does not exceed 300 mm.

The method has been adopted by the new CHBDC. Moreover, it has been recently
incorporated with some refinements in the AASHTO LRFD Bridge Design Specifications
[151]. Recent tests have resulted in the elimination of condition 1 above from both the
CHBDC and the AASHTO specifications as it was found that an adequate degree of arching
action can develop even with only two girders in the system [168]. Based on recent

experiments, the centre-to-centre spacing of girders in the AASHTO specifications has been
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increased to a maximum of 4.1 m plus the width of the girder web. Also, the ratio in condition
5 above has been increased from 15.0 to 18.0. In addition, the overhang in condition 4 is
taken to be at least 5.0 times the slab thickness, with this condition being satisfied if the
overhang is at least 3.0 times the slab thickness and a curb is made composite with the
overhang. It is worth mentioning that the minimum slab thickness in the AASHTO
specifications is 175 mm.

Several studies have confirmed that the amount of steel reinforcement in deck slabs
can be considerably reduced by taking into account the internal arching action. It is estimated
that about $1 million worth of steel has been saved in Ontario each year for the past fifteen
years or so by using the empirical method to design deck slabs [169]. This initial saving in
material cost does not include the substantial long-term savings resulting from the increased
durability of the deck slabs as a consequence of their reduced steel reinforcement. In addition,
the empirical design method results in a simpler and cleaner reinforcement arrangement

leading consequently to savings in time as well
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CHAPTER 5

FORMULATION OF THE OPTIMAL DESIGN PROBLEM

5.1 INTRODUCTION

In the previous chapter, it was explained that the analysis problem in structural
engineering is concerned with determining the distribution of load effects in the various
components of a structure. Final design of the structural components is based on such effects.
Determining load effects implies calculation of these components’ responses under some
specified inputs. These inputs must include, in addition to the magnitude of the load, sizes of
the various structural components and their configurations, i.e. the design of the structure
must be known at the outset. Yet the determination of these sizes and configurations to meet
performance requirements under the applied loads is the precise purpose of the design
problem. The design of a structure, therefore, must be conducted in a trial-and-error manner.
A preliminary design is estimated and then analysed. If it performs adequately, it is
considered to be a feasible design. But if this trial design does not perform satisfactorily, then
the designer, with the results of the analysis at hand, needs to change it and repeat the analysis

until a feasible design is obtained. It follows, therefore, that design is an iterative process.

There usually exists an infinite number of feasible designs, and designers strive to find
the best (optimal) one. In structural engineering, “best” generally implies cost effective and
durable structures. Traditionally, the process of design has relied solely on the designer’s
experience, intuition and ingenuity. Although this process has worked well as evidenced by
the existence of many fine structures, it has led to a less than rigorous approach to design. In
addition, it has been quite labourious and time consuming, and has often led to conservative

designs that were not the optimum. Scarcity of resources and the need for efficiency in
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today’s competitive world force the designer to evince much greater interest in computational
design optimization techniques. These have matured over the past four decades [100], and
can be of substantial aid to the designer not only in the creative process of finding the optimal
design, but also in significantly reducing the amount of effort and time required to do so.

Design optimization techniques are based on computer-oriented mathematical
programming algorithms that can transform the conventional design process discussed above
into a more formal and systematic procedure. The designer must clearly and precisely identify
a set of design variables that describe the design of the structure, an objective function that
measures the relative merit of alternate feasible designs, and all design constraints on
performance that the final design must satisfy [106,107]. The objective function and all of the
constraints must be functions of the design variables. Once these have been identified, it is
said that the optimal design problem has been formulated. The next step involves transcribing
the above formulation of the specific problem into a well-defined standard mathematical
model This standard model is quite general, and can describe design optimization problems
from different fields of engineering. General-purpose design optimization software packages
utilize this model to solve the optimal design problem. The optimization process consists of
cycling between two distinct phases defined as analysis and optimal design in an iterative
fashion until the optimum is reached. The computer is most suitable to carry out the
substantial amount of repetitive calculations involved, allowing the designer to concentrate

more on the creative side of the design process.

In spite of the significant aid that computational design optimization techniques can
provide to the designer, there has always been an obvious gap between the progress of the
optimization theory and its application to the practice of structural engineering. It has been
suggested that a major reason for this gap is the undisturbed priority of mathematical over
structural aspects of optimization. Often the latter are confined to rather trivial examples
intended to illustrate the successful application of a particular algorithm. This academic

optimization trend is referred to as an “algorithm-seeks-problem” approach, as opposed to
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the engineering need of a “problem-seeks-algorithm” approach [101]. This study is intended,
in part, to fill a portion of the gap between the theory and practice of structural optimization.

This chapter describes the formulation of the optimal design problem of slab-on-girder
bridges. First, the design variables, objective function and design constraints are identified and
defined. Next, the standard design optimization mathematical model is described. Finally, a
design optimization software package is introduced to solve the optimal design problem.

5.2 DESIGN VARIABLES
5.2.1 General

The design of a structure can be described by a set of quantities, some of which are
viewed as variables during the optimization process and are called design variables. Other
quantities defining the design that are not varied by the optimization algorithm are called
preassigned parameters. The design variables, together with the preassigned parameters, will
completely describe the design of a structure [106]. An important first step in the proper
formulation of any optimal design problem is identification of the design variables. If proper
variables are not selected, the formulation will be either incorrect or not possible at all. At the
initial stage of problem formulation, it is sometimes desirable to designate more design
variables than may be apparent from the statement of the problem. This gives an added
flexibility in the formulation. Later, it is possible to assign a fixed value to any variable, i.e.
transform it into a preassigned parameter, and thus eliminate it from the problem formulation.
Another important point is that design variables should be independent of each other as far
as possible. It is sometimes possible to have dependent design variables; however, the
formulation will be unnecessarily complicated because of the additional constraints that have
to be imposed in order to describe the relationships among dependent variables. One solution
in such situations is to substitute for some of those variables in terms of the others, and
thereby eliminating them from the problem and reducing the number of design variables as

well as constraints [107].
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5.2.2 Design Variables for Slab-on-Girder Bridges

A typical cross section of a slab-on-girder bridge is illustrated in Fig. 5.1. For standard
precast I-girders, cross-sectional dimensions are known and become preassigned parameters
instead of design variables. Five CPCI girders [156] are used for this study. These are
commonly utilized in Canada for highway bridges with span lengths of up to about 50 m. The
girders investigated are shown in Fig. 5.2, and their section properties are summarized in

Table 5.1.

|

i

ICast-m—place deck slab !
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—~CPCI precast i
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Figure 5.1 A typical cross section of a slab-on-girder bridge

Table 5.1 Section properties of the CPCI girder types investigated

Girder \ A Moment of | Top section | Bot. section | Torsional
A (mmx10) | ( rr{xbn ) inertia, I | modulus, S, | modulus, S, | constant, J
ype (mm*x109) | (mm’x10% | (mm’x10% | (mm‘x10*)
1200 320 527 53 868 80 004 102 279 412 560
1400 414 636 102 583 134 191 161 409 595 829
1600 499 793 174 715 216 572 220 246 669 544
1900 544 940 | 268 418 279 464 285 696 703 294
2300 604 1135 | 431793 370 763 380 303 748 294
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Figure 5.2 Standard CPCI girder types investigated
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Design variables for the problem under consideration include the following:
. The prestressing force; alternatively, this could be taken as the required amount of
prestressing flexural reinforcement, which is proportional to the prestressing force.
. Eccentricities at girder mid-span and at piers, which define the tendon profile as
shown in Fig. 5.3. The tendons are assumed to be draped at the third-points of the

span; this is in accordance with the current practice of pretensioning.

. The required amounts of non-prestressing flexural reinforcements in the slab and
girders.

. Girder concrete compressive strength at 28 days.

. The deck slab thickness, since composite action of the cast-in-place slab and the

precast girders is assumed.
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Figure 5.3 Tendon profile and locations of critical sections

5.3 OBJECTIVE FUNCTION
5.3.1 General

It has been explained in Sec. 5.1 that there usually exists an infinite number of feasible

designs for a structure. In order to find the optimal one, it is necessary to form a function of



94

the design variables that can be used for comparison of feasible design alternatives. Such a
function is called an objective function for the optimal design problem.

Selection of a proper objective function is an important decision in the design process.
In general, the objective function should represent the most important single property of a
design, but it may represent also a weighted sum of a number of properties. Care must be
taken to optimize with respect to the objective function that most nearly reflects the true goals
of the design problem. Weight is a very commonly used objective function due to the fact that
it is readily quantified. In prestressed concrete design optimization, however, minimum weight
may not be always the cheapest. Cost is of wider practical importance than weight, although
it is often difficult to obtain sufficient data for the construction of a real cost function. A
general cost function may include the cost of materials, fabrication, transportation, etc. In
addition to the costs involved in the design and construction, other factors such as operating
and maintenance costs, repair costs, etc., may be considered. However, it is not usually
desirable to consider an objective function which is as general as possible. The result might
be a “flat” function that is not sensitive to variations in the design variables, and the
optimization process, practically, will not improve the design. Therefore, from a practical
viewpoint, it is desirable to adopt such an objective function that is both sensitive
to variations in the design variables and representative of the most important cost

components [106].

Another approach is to consider both the initial cost of the structure as well as the
failure costs which depend upon the probabilities of failure. Failure costs include such items
as additional replacement costs, damage to property, casualties, business interruption and
legal services. The assumption is that the failure cost is given by the damage cost associated
with a particular failure multiplied by its probability of occurrence. It is, however,
recognized that answering the moral question of what constitutes an appropriate failure
damage cost is likely to be as difficult as estimating the probability of failure of a
structure [106].
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5.3.2 Cost Function

The most relevant objective function in the design of slab-on-girder bridges with a
fixed number of spans is the minimum superstructure cost. This assumes that the cost of piers,
abutments and approaches is relatively unaffected by changes in the number of girders. The
bridge superstructure is assumed herein to consist solely of the deck slab and the girders. The
objective (cost) function is thus taken as the material (concrete and steel) costs plus overhead
and waste, in addition to the labour cost for both the deck slab and the girders. Additionally,
transportation and erection costs for the precast girders are also included. Slab formwork cost
may vary slightly with the change in the number of girders. For example, as the number of
girders decreases, the actual slab formwork area increases; however, the labour cost of
placing this formwork decreases in a way that may partially or fully compensate for the
increase in material cost. Therefore, it was decided to exclude the slab formwork cost from
the cost function. Furthermore, costs of some other items that are relevant to the
superstructure such as wearing surfaces, traffic barriers and drains were not included in the
cost function because their costs are not affected by the use of HPC. Therefore, these items,
if considered, would just add a common cost to all designs, and would not influence the

optimal number of girders.

For the present formulation, different superstructure feasible designs are compared
for their relative initial cost effectiveness on a dollar-per-square-metre-of-deck basis, i.e. the

objective function is defined as the minimum initial superstructure cost / deck area, or
Cost = [ngCS +C.V, +C(m, + n, (m_ + msp) + mp)] / WL (5.1)

where n, is the number of girders, n, is the number of positive moment connections at the
piers, C, is the cost of one girder, including cost of materials, production, transportation and
erection, C, is the cost of concrete in the slab per unit volume, C, is the cost of non-

prestressing steel per unit mass, V. is the volume of concrete in the slab, m,, mg,mg, m, are
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the masses of non-prestressing steel in the slab, negative moment steel in the slab at each pier,
positive moment connection steel at each pier, and positive moment steel in the girders,
respectively, W is the width of the bridge, and L is the total length of the bridge.

5.3.3 Unit Cost Estimation

Computing a value for the cost function necessitates that unit costs for the materials,
labour, etc. be established. Establishing these is more difficult a task than it would first
appear. This is primarily due to the variability of the costs of these items within a region, as
well as to the use of HPC as a new product. Because the quality and availability of the raw
materials and labour needed to produce and place concrete can be quite variable, the cost of
using this material may vary to a large extent even on a local basis. Moreover, with HPC
being a new product, most precasters and contractors have little or no experience with its use.
Therefore, they are somewhat uncertain as to what it would cost them to mix and place

concrete with a compressive strength as high as 100 MPa.

Thus, it was necessary to estimate typical or average unit costs for the materials,
labour, etc. in order to compute a value for the cost function. Because the girder concrete
strength was taken as a design variable that can change at each iteration in the optimization
process, it was necessary to have a continuous function for the concrete mix cost. In order
to accomplish this end, several groups of current concrete cost data from local producers’,
and relative cost data from the literature {13,43,72,82,90] were compiled and normalized with
respect to the cost of a 40-MPa concrete mix, which has been assumed to be $95/m’ including
an overhead rate of 18%. Using regression analysis, the following relationship between the

girder concrete strength and the concrete mix cost ratio was established:

! Private communications with Mr. Al Findlay, Contracts Administrator / Chief Estimator,
Con-Force Structures Limited, Calgary and Mr. Chris Huizer, Technical Sales Representative,
Burnco Rock Products Limited, Calgary, January 1997.



97

£’
CMCR = 0.936 + ( 150) (5.2)

in which CMCR is the concrete mix cost ratio and f; is the girder concrete compressive

strength at 28 days. Figure 5.4 depicts a graphical representation of the above relationship.
The concrete mix cost ratio can be obtained from Eq. (5.2) or from Fig. 5.4, for any level of
girder concrete strength, and then multiplied by the cost of mixing 40-MPa concrete to get
the cost of that particular girder concrete mix. In addition to the mix cost and overhead
charges, labour and curing cost an additional $34/m>. Seven-wire, 15.2-mm-diameter
prestressing strands cost $1.78/m for material and labour including a wastage rate of 10% and
an overhead rate of 18%. Epoxy-coated reinforcing steel bars cost $1.68/kg for material and
labour including a wastage rate of 5% and an overhead rate of 15%.
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Figure 5.4 Concrete mix cost ratio vs. concrete strength
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Estimating transportation and erection costs for the precast girders would be very
difficult without a specific bridge project since these costs depend on the distance between
the precasting plant and the construction site, and on the condition of the site among other
factors. Transportation and erection costs, however, represent a major consideration in slab-
on-girder bridge construction, and, therefore, they cannot be ignored just because sufficient
cost data is difficult to obtain. One solution is to specify some type of average costs based on
typical or representative bridge projects. This was the approach used in this study. In this
approach, transportation and erection costs were considered to be the sum of two cost items.
The first item is a fixed cost that is independent of the number of girders transported and
erected. This cost represents the mobilization, setup and dismantling charges of the crane. The
second cost item depends on the number of girders, and is a function of the girder span length
and its mass. Mathematically, the overall transportation and erection costs for the precast

girders may be represented by the following expression:
C.=Cp+n [f() +f(m)] (5.3)

where C, is the transportation and erection costs, G, is a fixed cost representing the
mobilization, setup and dismantling charges of the crane, f (/) is a transportation cost
function of the girder span length, and f (m,) is an erection cost function of the girder mass.
It was estimated that it would cost $500/hour to mobilize, set up and dismantle a 100-
tonne crane. Assuming that one workday (8 hours) is needed for setup and another for
dismantling, the fixed cost portion of Eq. (5.3) would come to be $8000. In order to
establish the second cost item, a typical layout for a slab-on-girder bridge was assumed. It
consists of two equal spans of 30 m in length each. This span length is slightly more than
what is required to cross a typical three-lane urban roadway in order to allow for possible
future road widening. The bridge has three traffic lanes with an overall width of 12 m. The
slab is supported on seven girder lines spaced at 1.67 m. This relatively narrow girder spacing
is in accordance with the spacings currently used in the design and construction of this type

of bridges. The fourteen girders are CPCI Type 1600 which represents an intermediate cross
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section among the CPCI girders. Information from a local precaster indicated that, on
average, a girder of this cross section and length would cost about $6000 to transport and
erect. This figure was used to obtain a value for C,, in Eq. (5.3). Values for f (/) and f (m,)
were estimated, based on cost data from the local precaster and from the literature [170], to
obtain the pre-cakulated value of C,. It should be mentioned here that the cost data obtained
from the literature, which is based on a study conducted during the late sixties, was
adjusted for inflation. Using the transportation and erection general cost trends of the above
study, while utilizing the estimated values of f (/) and f (m ) for the representative bridge as
checkpoints, it was possible to establish Figs 5.5 and 5.6. They relate the transportation
cost per metre to the length of girder, and the erection cost per tonne to the mass
of girder, respectively. Notice the sharp rise in cost per metre of transporting girders
of span lengths exceeding 35 m. This is because steerable trailers with additional axles will
be needed to transport these girders. Although the approach used here to estimate
transportation and erection costs is approximate, it is sufficiently accurate for the
purposes of this study. Some average cost data obtained from the local precaster for slab-
on-girder bridges with layouts deviating from the one described above was compared
to the costs obtained from Figs 5.5 and 5.6 for the same bridges; they came out to be

relatively close.

5.4 DESIGN CONSTRAINTS
5.4.1 General

Any set of values for the design variables represents a design of the structure. Even
if this design is inadequate in terms of its function or its behaviour, it can still be called a
design. Clearly, some designs are useful and others are not. If a design meets all the
requirements placed on it, then it is a feasible design. The restrictions that must be satisfied
in order to produce a feasible design are called design constraints. Each design constraint
must be influenced by one or more design variables. Only then is it meaningful and does it
have influence on the optimal design [106,107].
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In structural engineering, constraints on a design may be classified into two kinds:
functional constraints and practical constraints. The first kind concerns compliance of the
design with both serviceability and ultimate limit state provisions. The second kind of
constraints represents some practical limits imposed on some of the design variables. Design
problems may have equality as well as inequality (< O form) constraints. An equality
constraint may represent, for example, a desired ratio between the width of a cross section
and its depth. An example of an inequality constraint is that calculated stress must be less than
or equal to the allowable stress for the material. A feasible design must satisfy precisely all the
equality constraints. There are, however, many feasible designs with respect to an inequality
constraint. It is, therefore, easier to find feasible designs for a structure having only inequality
constraints [107].

The concept of constraint activity is very important in design optimization. Loosely
speaking, an active constraint corresponds to a critical design requirement, i.e. one whose
presence determines where the optimum will be. An inequality constraint is said to be active
at a design point if it is satisfied at equality, ie. its value is zero or, numerically, a very small
number. For a feasible design, an inequality constraint may or may not be active. However,
all equality constraints are active for all feasible designs. An inequality constraint is said to be
inactive at a design point if it is strictly satisfied, ie. its value is negative. An inequality
constraint is said to be violated at a design point if its value is positive. An equality constraint
is violated at a design point if its value is not identically zero. Note that by these definitions,

an equality constraint is either active or violated at any given design point [107].

For the present formulation, all design constraints are expressed as inequalities; there
are no equality constraints. Furthermore, the constraints are formulated according to the
OHBDC provisions [94] unless otherwise specified. Only the flexural constraints at transfer,
during construction, at serviceability limit states and at ultimate limit states are considered,
in addition to the practical constraints. Other constraints (e.g. shear and deflections) could be
added. However, in general, they have marginal effect on the design. When designing bridges
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with relatively long spans, which is one of the objectives of this study, the allowable stress
requirements for flexure tend to provide designs that can readily conform to the strength
requirements for shear; this is because shear loads increase approximately linearly with span
lengths, but dead load moments tend to increase as the square of the span. In addition, the
relatively high average prestressing force in bridge girders made with HPC contributes
significantly to the shear strength of the girders. Therefore, it was decided not to consider
shear loads in this formulation. It should be mentioned here that the OHBDC does not have
any explicit criteria for limiting deflections in prestressed concrete bridges. Constraints other
than those pertaining to flexure are left to be checked at the final design stage.

§5.4.2 Functional Constraints
§.4.2.1 Stress Constraints at Transfer:

At the time of prestress transfer, concrete stresses at the top face of the girder due
to its own weight must be within the allowable limits at all the critical sections
shown in Fig. 5.3. (Tensile stresses are assumed positive and compressive stresses are

assumed negative)

»| o

Pe M
oo % 202 /f
3 S, o (5.4)

where P, is the initial prestressing force, A is the girder cross-sectional area, e is the tendon
eccentricity, S, is the girder cross section modulus with respect to the top surface, M, is the
moment due to the girder’s own weight and f; is the girder concrete strength at transfer. At
the bottom face of the girder
P, Pe M,
- — - = + == -06f; (5.5)
A S, S,

where S, is the girder cross section modulus with respect to the bottom surface.
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5.4.2.2 Stress Constraints During Construction:

For the usual case where the girder is not shored or temporarily supported during
construction, the girder alone must carry its own weight plus the weight of the wet concrete
of the cast-in-place deck slab. At this stage, which is some time after prestress transfer, the
concrete strength will have reached f. while the prestressing force will lie between the initial

force, P, and the final effective force, P, . As a simplification, the prestressing force is
conservatively taken as P, [171]. The concrete stresses at this stage must satisfy the allowable
limits at all critical sections. At the top face of the precast girder

P Pe M, +M

_Ku ; - dgs £ > -0.45f (5.6)

t t

where My, is the moment caused by the dead load of the slab concrete. At the bottom face
of the precast girder
P,e M, +M

P d,
- = - + &5 -045f
A S, s, ¢ 7

5.4.2.3 Stress Constraints at Serviceability Limit States:

® Stresses in Concrete

The hardening of the cast-in-place concrete slab results in a composite section that will
resist all future loads as a unit. It is assumed that the stresses on the girder due to prestress,
its own weight and weight of the slab remain unchanged from those calculated during
construction. The stresses due to the additional dead load and live load are assumed to be
resisted by the composite section, with the final stresses being found by summing these two
sets of stresses. This assurmes that most prestress losses have occurred before the section
becomes composite. The final concrete stresses must be within the allowable limits at all

critical sections. At the top face of the composite section
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M.+M,

E
S - —= 2> -0.45f (5.8)

tc 8

where M,, is the moment caused by the additional dead load applied after the slab hardens,
M, is the live load moment, S, is the section modulus of the composite transformed section,
E, is the elastic modulus of the cast-in-place slab concrete, E,, is the elastic modulus of the

precast girder concrete, and f_ is the slab concrete compressive strength at 28 days.

At the top face of the precast girder

Pee Mdg+ Mds Mda+ M

{ '
> -0.45f

PC
- =+
A

t t ic

where S, is the section modulus of the composite transformed section at the interface of the
cast-in-place and precast concretes. At the bottom face of the precast girder
Pe M,+M, . M,+M

PC
—_— - +
A S, S, She

L<02 f. (5.10)

where S,. is the section modulus of the composite transformed section with respect to the

bottom face of the composite girder.

It should be mentioned here that the live load used to calculate the moment M, in Egs
(5.8) through (5.10) is based on the 1994 draft CHBDC specifications [172] rather than the
OHBDC provisions [94] or the CAN/CSA-S6-88 Standard, Design of Highway Bridges
[173]. The CHBDC, which still is to be published, is expected to be used by all Federal and
Provincial government departments in Canada. The CHBDC loading is shown in Fig. 5.7.
Dynamic load allowance (DLA) is the same as in the OHBDC for the axle loads. However,
DLA is no longer applied to the uniformly distributed portion of the lane load.
Modification factors for multi-lane loading in the CHBDC are identical to those in the
OHBDC.
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1 2 3 4 S Axle no.

50 125 125§ 175 150 Axle load (kN)
25 62.562.5 87.5 75 Wheel load (kN)

l 1 L L Gross load = 625 kN
. 36m ﬁi 66m . 66m .
) R 18.0m -
(a)

32 80 80 12 9%  Axle load (kN) |

X

9 kN/m
¥y

(®)

Figure 5.7 (a) The CHBDC truck load (1994 draft)
(b) The CHBDC lane load (1994 draft)

® Stresses in Reinforcing Steel

According to the OHBDC [94], the area of the positive moment connection
reinforcing steel bars over the piers shall be sufficient to limit the stress in the bars to 0.6 £,
(e. 240 MPa) at serviceability limit states, where £, is the yield strength of the reinforcing
bars and is taken as 400 MPa. Positive moments develop over piers in continuous slab-on-
girder bridges due to creep in the prestressed girders as well as due to the effect of live loads
in remote spans. In the previous chapter, it was found that the final moment at any support
n, M_,, due to the combined effect of creep and shrinkage is given by Eq. (4.28) which is

repeated here for convenience
M, = 0.80 (M- M) - 0.40M,, (4.28)

Using the appropriate load factors, the serviceability limit state moment at support n, Mg ¢,.

can be written as
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Mg, = 0.80 [0.80 (M- M) - 0.40M,,] + 0.75M, 5.11)

where M, is the live load moment at support n. To satisfy the OHBDC provision [94],
Mg s, should not exceed the service moment at support n, M, provided by the composite

section and given as

M, = A_,(06f) jd, (5.12)

where, as shown in Fig. 5.8, A, is the area of positive moment steel at support n, jd, is the
moment arm with d, being the effective depth of the composite section with respect to

the reinforcing bars. From Fig. 5.8, it can be seen that
jd, =d, - — (5.13)

where k, which locates the neutral axis, is given as [174]

b, f kd /3

n > > v/ :
mzzzzzzzav ) 7T
N.A. |
0 o

—_————- oo -o— 4 —-—-—-—- (= — - —'L>T )

Figure 5.8 Notation for the constraint on the area of the positive moment connection
steel at serviceability limit states
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k = (5.14)

in which n, is the modular ratio between the reinforcing steel and the girder concrete, p is the
reinforcement ratio given as A,/ b, d; with b, being the eftective flange width, and t is the
thickness of the deck slab.

The final form of the constraint on the area of the positive moment connection steel

can be written as
kd
0.80 [0.80 (Mw- M,) - 0.40Mm] +075M,, < Aspn(0.6fy)(ds—-?‘] (5.15)

or simply
Mg s Mg (5.16)
§.4.2.4 Constraints at Ultimate Limit States:

o Ultimate Positive Moment
At ultimate limit states, a structural component should be designed so that the

factored flexural resistance, M,, is equal to or greater than the factored load moment, My, i.e.
M 2 M (3.17)

This constraint ensures the adequacy of positive moment reinforcement at the critical sections

of the girders, ie. at sections 2, 3 and 4 in Fig. 5.3.

Figure 5.9 illustrates the strain and stress distributions, and forces at ultimate Limit
states. According to CSA Standard A23.3-94, Design of Concrete Structures [175], the
maximum strain in the concrete at the extreme compression fibre, €, is ~0.0035. In

addition,
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Figure 5.9 Strain and stress distributions, and forces at ultimate limit states

a, = 0.85 - 0.0015f 2 0.67 (5.18)
and
B, = 0.97 - 0.0025f; p3 0.67 (5.19)

Care should be taken to evaluate a, and B, with respect to the appropriate value of the

concrete compressive strength, f!, depending on the location of the neutral axis as it is

usually the case that the concrete strength of the cast-in-place slab is different from that of the

precast girders

Force equilibrium leads to the following equation for the factored flexural resistance
when the neutral axis is located within the flange (provided by the cast-in-place slab) which
is the usual case for the typical configuration of slab-on-girder bridges [176,177]:

= * -a + _a
M = ¢ A, f,(ds ;) ¢pApfF(dp 2) (5.20)

in which
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) = A, + O AT, 521)
a.d f'b '
1 ¥Yc'cs e

where ¢,, ¢, and ¢, are the material resistance factors for reinforcing bars. prestressing
tendons and concrete, respectively. According to the OHBDC [94], these shall be taken as
0.90, 0.95 and 0.75, respectively. A," is the area of the positive moment reinforcing steel bars
in the girder, A, is the area of the prestressing tendons, £, is the tensile stress in the reinforcing
bars, f, is the stress in the prestressing tendons at factored flexural resistance, and d, is the
effective depth of the composite section with respect to the prestressing tendons. Minor
modifications to Eqgs (5.20) and (5.21) are necessary if the neutral axis is located
below the flange.

Generally, the reinforcing steel stress can be taken as equal to the yield strength, f,.
However, care should be taken to verity that the steel has yielded at the ultimate condition.
Provided that the effective stress in prestressing tendons, . is not less than 60% of their yield
strength, f,,, and the ratio c¢/d,, where c is the depth of the neutral axis, is not greater than

0.5, the stress in the tendons, £, may be found from the approximate equation

_ _ c
fF = fpu[l kpd— (5.22)
P
in which
fPY
k, =2 1.04-—f- (5.23)
pu

where f,, is the ultimate strength of the tendons. Otherwise, f, should be determined by a

more exact method based on strain compatibility [175].

Using the appropriate load factors for ultimate limit states, the factored load positive

moment can be written as
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M, = L1M, + 1.2M, + L5M, + 16M, (5.24)

The first three of these load factors are according to the current OHBDC [94] and are
expected to remain the same in the CHBDC. The fourth factor, associated with the live load
moment, is expected to be in excess of 1.6 [172], compared to 1.4 in the OHBDC. It has been

taken here as 1.6.

® Ultimate Negative Moment

In continuous slab-on-girder bridges, most of the dead load moments are carried by
the girders acting as simple beams. The negative moments over the piers are those due to live
load and any additional dead load applied after continuity is achieved. The factored load

negative moment can thus be written as

M, = L5M, + L6M, (5.25)

This negative moment is resisted by longitudinal reinforcing bars embedded in the cast-in-
place deck slab across the piers. It is usually the case that the depth of the compression block
will be less than the thickness of the bottom flange of the precast girder [162]. For this
reason, the factored flexural resistance, M,, can be determined by assuming the girder to be
a rectangular section with a width equal to the bottom flange width, b,. This leads to the

following equation for M, over the pier under consideration:

M = A fy( d,-%) (5.26)
in which
¢s AS- fy (5 ,77)
a4 = — 2
al ¢c fc’ bf

where A,  is the area of the negative moment reinforcing steel over the pier under
consideration. The final form of the constraint that ensures the adequacy of negative moment

reinforcement over the piers can be represented by Eq. (5.17).
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5.4.3 Practical Constraints
5.4.3.1 Constraint on the Maximum Eccentricity at and Near Girder Mid-span:

This constraint relates to the physical limitations of the girder cross section
with regard to the placement of prestressing strands. Essentially it states that strands
must fit inside the cross section with an adequate concrete cover. Thaus, the design
eccentricity, €., at and near mid-span must be less than or equal to a maximum practical

value, e,,, L€.

€. S Crax (5.28)
in which
€rax = Yo ~ (Aomin (5.29)

where y, is the distance from the centroid of the cross section to the extreme bottom fibre,
and (d,),,, is the minimum feasible value of concrete cover measured from the bottom fibre

to the centroid of the strands.

In order to accurately determine (d.), location of the strands must be known. Figure
5.10 illustrates the layout used in this study for strand placement at and near mid-span. Seven-
wire, 15.2-mm-diameter strands are used rather than 12.7-mm-diameter strands because the
former help to effectively utilize HPC as was previously discussed in Sec. 2.5.2.2. The centre-
to-centre spacing between strands is 50 mm in both vertical and horizontal directions. Groups
of eight strands are bundled at and near mid-span to touch one another in a vertical plane as
shown in the figure; the clear distance between groups of bundled strands is taken as 25 mm.
Strands are positioned in the bottom row first, and by moving to higher rows as required. This
is to achieve maximum eccentricity. If the total number of strands required is large, strands
may be placed within the web. However, in no case may strands be placed above the centroid

of the girder cross section.
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Figure 5.10 Layout used for strand placement at and near girder mid-span

5.4.3.2 Constraint on the Minimum Amount of Flexural Reinforcement:

It is desirable that girders contain sufficient flexural reinforcement at the critical
sections to ensure that a reserve of strength exists after initial cracking. If the girders do not
contain enough reinforcement, they may fail abruptly with rupturing of the steel immediately

after cracking. The total amount of flexural reinforcement should be such that

M, > 1.20M, (5.30)

unless
M > 1L33M; (5.31)

where M, is the cracking moment of the composite section and is given as
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P.e MM,

P
M_=(M, +My) + S, | =+——+f 5
a ( dg ds) be A Sb o Sb (5.32)
where f_, is the cracking strength of concrete and is given as
f. =05 \/fc’ (5.33)

5.4.3.3 Constraint on the Maximum Area of Negative Continuity Reinforcement:

To ensure ductile behaviour, the amount of negative moment continuity reinforcement
over the piers should be limited to 0.5 times the amount that would produce balanced strain

conditions. In other words

p s 05p, (5.34)
in which
$.f. [ 700
=
Py = @, B, B.L | 700+ 1, (5.35)

where p is the ratio of the continuity reinforcement given as A,"/ b, d, and p, is the balanced

reinforcement ratio.

5.4.3.4 Constraint on the Ratio of Girder Spacing to Slab Thickness:

According to the empirical design method for deck slabs allowed by the OHBDC [94],
the ratio of centre-to-centre girder spacing, S, to the thickness of the slab, t, shall not exceed
15.0. This ratio has been increased to 18.0 in the AASHTO LRFD Bridge Design
Specifications [151] as was discussed in Sec. 4.6.2. The latter ratio is used in this study
because it allows a larger limit for this constraint. Thus,

% s 18.0 (5.36)
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5.4.3.5 Constraint on the Slab Overhang:

For dead load analysis, the OHBDC [94] allows the use of the beam analogy method
for bridges having longitudinal girders and an overhanging deck slab provided that the

overhang, S’, does not exceed 60% of the spacing between the girders, nor is it more than

1.80 m. This constraint can be written as

S’ < Minimum (0.60S, 1.80m) (5.37)

5.4.3.6 Other Constraints:

There are some practical constraints that represent explicit lower and upper bounds
on some of the design variables. They represent the smallest and largest allowed practical
values for these design variables. For example, the OHBDC [94] requires the deck slab of

slab-on-girder bridges to have a minimum thickness of 225 mm, ie.

t 2 225 mm (5.38)

Such constraints are quite simple and easy to implement in numerical methods of optimization
if they are treated in their original form without converting them to inequality constraints.

This is discussed further in the next section.

5.5 STANDARD DESIGN OPTIMIZATION MATHEMATICAL MODEL

Once the optimal design problem has been formulated, i.e. the design variables,
objective function and design constraints have been identified, the problem is transcribed into
the following standard design optimization mathematical model: Find the set of n design

variables contained in the vector {b} that will minimize the objective function

f({b}) =£(b,, by, ..., by) (5.39)
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subject to the constraints

h({b)=0, i=1,..k (5.40)
g({bh <0, i=1, .., m (5.41)
b/<bsb’ i=1,..,n (5.42)

where k is the number of equality constraints, m is the number of inequality constraints, b/
and b;" are the lower and upper bounds on the ith design variable, respectively [107].

Although the objective (cost) function represented by Eq. (5.39) will always be
minimized in this study, there is no loss of generality with the above mathematical model
because maximization of f ({b}) can be transformed into minimization of -f ({b}). It should
also be noted that *“> type” inequality constraints can be converted to the “< type” inequalities
represented by Eq. (5.41) by simply multiplying them by - 1. Furthermore, it is possible
to assign a fixed value to any design variable, ie. transform it into a preassigned parameter,
by setting both b/ and b in Eq. (5.42) to beequal to that value. It follows, therefore,
that the above mathematical model is quite general, and can encompass all the
possibilities encountered in design optimization problems from different fields of

engineering.

In numerical calculations, it is desirable to normalize (non-dimensionalize) all the
constraint functions. Consequently, all inequality constraints must be transformed to the form
depicted by Eq. (5.41). This is because active and violated constraints are used in computing
a desirable direction of design change during the optimization process, and usually one
parameter, €,, is used for all constraints to decide if a certain “percent” violation of a
constraint is acceptable; if all constraint violations are less than €,, the design is considered
as feasible. Since different constraints may involve widely different orders of magnitude, it is
not proper to use the same ¢, for all the constraints unless they are normalized. This can be
achieved by dividing the constraints by their respective allowable values [107]. For example,

consider a stress constraint as
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6<so, or ¢6-0,50 (5.43)

where g is the calculated stress in a member and o, is an allowable stress. This constraint may
be normalized as

r-10<0 (5.44)

where r = 0/0,. Here, o, is assumed to be positive; otherwise, sense of the inequality will

change. There are other constraints that may be written in the form

10-r<0 (5.45)

when normalized with respect to their nominal value. For example, the flexural resistance, M,,
of a member should exceed the applied factored moment, M,, ie. M, > M, . When this
constraint is normalized and converted to the standard *“< form”, it is given as in Eq. (5.45)

with r = M,/M,.

Both linear and nonlinear programming problems can be transformed into the form
of Eqs (5.39) through (5.42). In this study, the optimal design problem of slab-on-girder
bridges is highly nonlinear because both the cost function as well as most of the constraints
are nonlinear functions of the design variables. Many numerical methods have been developed
to solve nonlinear optimization problems. The methods start from an initial design provided
by the designer which is iteratively improved until the optimum is reached. Many of these
methods have been incorporated into general-purpose design optimization software packages.
One such package is used in this study and is introduced in the following section to solve the

nonlinear optimal design problem using the mathematical model described above.

5.6 DESIGN OPTIMIZATION SOFTWARE (IDESIGN)
5.6.1 User Interface

IDESIGN (Interactive DESIGN Optimization of Engineering Systems) is a general-
purpose design optimization software package that can solve the general nonlinear
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programming problem [178,179,180]. IDESIGN is widely used in the United States [181]
and elsewhere. It is written in structured, double precision FORTRAN 77, and consists of a
main program and several standard subroutines that need not be changed by the user. In order
to solve a design problem, the user must describe it by coding the following four FORTRAN
subroutines:

USERMF: Minimization (cost) Function evaluation subroutine

USERCEF: Constraint Functions evaluation subroutine

USERMG: Minimization (cost) function Gradient evaluation subroutine

USERCG: Constraint functions Gradients evaluation subroutine
A fifth subroutine, USEROU, may also be provided by the user to perform post-optimality
analyses for the optimal solution and obtain more OUtput. Other subroutines specific to the
design problem may be called through the above subroutines. All of the user-supplied
subroutines must be compiled and linked to IDESIGN to create an executable code with
IDESIGN controlling the flow. Figure 5.11 shows a conceptual layout of the design

optimization procedure.

IDESIGN can be used in either an interactive or batch mode of computation. It has
been designed to accommodate both beginner and experienced users. The beginner can
respond to one menu at a time as guided by the on-line instructions. The expert can prepare
an input data file and thus bypass intermediate menus. IDESIGN requires minimal input data
for the problem; the user must provide the initial design, lower and upper bounds on design
variables, problem parameters, and the parameter values to invoke various options available

in the program [178,179,180). A sample input data file is presented in Appendix A.
5.6.2 Gradient Evaluation Capabilities
Numerical design optimization methods utilize gradients of the cost and constraint

functions during the optimization procedure. The following capabilities to evaluate gradients

and / or check gradient expressions are available in the IDESIGN software package:



Data Entry

IDESIGN

User-Supplied
Design Problem Definition
Subroutines

Interaction for
Specific Design Problem

Output: Optimal Design

Figure 5.11 Conceptual layout of the design optimization procedure
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1. If the user does not program gradient expressions in USERMG and USERCG
subroutines, the program has an option to automatically calculate them. The finite
difference method is employed using the specified value of & (input data).

2. An option is available to determine the optimal value of & for the finite difference
gradient evaluation of cost and constraint functions.

3. If the user has programmed gradient expressions in USERMG and USERCG
subroutines, an option is available to verify them, ie. the gradient evaluation is
checked using the finite difference approach. If the gradient expressions are in error,
an option is available to either stop IDESIGN or continue its execution.

These options have proven to be extremely useful in practical applications [178,179,180]. The

complexity of the problem under investigation herein makes it cumbersome to calculate the

gradients analytically. Numerical evaluation of the gradients is commonly used and practically
justified for such a problem with adequate accuracy being obtained. Therefore, it was decided
to use the finite difference approach available in IDESIGN to calculate the gradients

automatically based on an optimal value of 8.

5.6.3 Convergence Criteria

The central idea behind numerical methods of optimization is to search for the optimal
point in an iterative manner generating a sequence of designs. The success of a method
depends on the guarantee of convergence of the sequence to the optimal point. In IDESIGN,

the following stopping criteria are used to signify convergence of the sequence [180]:

1. The maximum constraint violation should be less than a specified parameter, €,.
2. The length of the search direction vector (convergence parameter) should be less than
a specified parameter, €,.

3. The percentage change in the cost function is less than a specified parameter, €, for

a specified number of consecutive iterations, I, and the design is feasible.

It is important to specify proper values for €,, €, €5 and I; otherwise premature
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convergence may occur, or IDESIGN may not be able to meet the convergence criteria.
Values for these parameters should be selected after some preliminary analyses of the
problem.

5.6.4 Levels of Output

Several levels of output can be obtained from IDESIGN. This is specified in the input
data. The minimum output gives the optimal design, design variables and constraint activities
along with histories of the cost function, maximum constraint violation and convergence
parameter. More detailed information at each iteration can also be obtained. The detailed
output is used primarily for debugging purposes. A sample minimum output data file is

presented in Appendix B.
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CHAPTER 6

ECONOMIC STUDIES

6.1 INTRODUCTION

The main objective of this chapter is to assess the potential economic benefits from
the utilization of HPC for precast, prestressed concrete slab-on-girder bridges. To reach this
objective, the information provided in Chapters 4 and 5 was used to develop an optimization
system that can be utilized to perform economic studies on this type of bridges. The system
can be used to analyse and design economical slab-on-girder bridges of typical configurations

according to the OHBDC provisions taking into account practical considerations.

This chapter is organized into three main sections. The first states the assumptions
made in developing the optimization system and presents a computer program developed to
perform the analysis phase of the optimization process. The application and capabilities of
the system are demonstrated in the second part of the chapter through a numerical design
example. Finally, in the third part of this chapter, data from a series of economic studies is
presented and discussed to evaluate the cost effectiveness of using concretes with strengths

of up to about 100 MPa for precast, pretensioned slab-on-girder highway bridges.

6.2 ANALYSIS PROGRAM DEVELOPMENT
6.2.1 Assumptions

The following assumptions were made in developing the analysis program and the
USER subroutines of IDESIGN. Some of these assumptions have been mentioned

previously; they are stated here again for completeness.
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Analysis and design conform to the OHBDC provisions [94] except where otherwise
noted.

Flexure governs the design of girders. In general, constraints other than those
pertaining to flexure (e.g. shear and deflections) have marginal effect on the design.
These are left to be checked at the final design stage.

The 1994 draft CHBDC live load specifications shown in Fig. 5.7 [172]. These are
expected to be used by all Federal and Provincial government departments in Canada
once the new Code is published.

Unshored, composite construction. Interface surfaces between the cast-in-place slab
and precast girders are intentionally roughened for proper shear transfer.

Tendon profile and locations of the critical sections are as shown in Fig. 5.3. The
tendons are draped at the third-points of the span. The layout used for strand
placement is as shown in Fig. 5.10; this is in accordance with the current practice of
pretensioning.

A future wearing surface having a thickness of 75 mm will be placed on top of the
concrete deck slab as shown in Fig. 6.1.

Each traffic barrier has a cross-sectional area of 0.3 m*® in accordance with the

OHBDC specifications [163]. This load is distributed equally among the girders.

450 mm 1
ﬁ -

asphalt overlay (75 mm)

\ e
L L X L X
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Figure 6.1 Cross section of a typical slab-on-girder bridge
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Traffic lane width is 3.70 m [94].

There are no intermediate diaphragms in bridges. Conflicting opinions exist on the
benefits gained from the addition of such diaphragmsto slab-on-girder bridges.
Some [182] believe that they improve the distribution of loads to the girders, while
others [183,184] have shown that the addition of intermediate diaphragms to a bridge
may not reduce the maximum moments in girders and may in some cases cause
moderate increases. In any case, the OHBDC [94] states that for slab-on-girder
bridges, the effect of intermediate diaphragms on the structural responses may be
ignored.

Reinforcing steel bars are epoxy-coated. They have a yield strength of 400 MPa and
an elastic modulus of 200,000 MPa.

Seven-wire, low relaxation, 15.2-mm-diameter prestressing strands having a tensile
strength of 1860 MPa are used. The effective stress in strands is 0.60 of their tensile
strength.

The effective prestressing force after losses is 0.80 of the prestressing force at the
time of transfer.

Concrete compressive strength at transfer is 0.70 of the 28-day strength. This ratio
has been previously used satisfactorily in some studies [89]. It is also in accordance
with Canadian and American practices.

The elastic modulus, E,, of concrete is given in accordance with CSA Standard A23.3-
94 [175] as

15

y

E_ = (3300f; + 6900 = (6.1)
e = ﬁ )[ 2300]

where ¥, is the mass density of concrete. For reinforced concrete, Y. is taken as

2450 kg/m’, while for prestressed concrete, it is taken as 2500 kg/m’.

Unit cost estimates for the materials, labour, etc., and for the transportation and

erection charges are in accordance with Sec. 5.3.3.
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6.2.2 Program BRIDGE

As was discussed in Chapter 4, dead load effects in the various components of a slab-
on-girder bridge are often obtained using methods of statics such as the beam analogy
method. Live load effects, on the other hand, are not so easily determined because of the wide
variety of parameters (from the structure’s geometry to its components’ material properties)
that influence exactly how live loads are distributed, especially in continuous bridges. Because
of this, it was necessary to develop a live load analysis computer program that can be
incorporated with IDESIGN into the optimization system. The program was called BRIDGE.
It is written in structured, double precision FORTRAN 77 and is based on the general
semicontinuum method described in Chapter 4. This method is highly efficient and fairly
accurate compared to other refined methods of analysis, such as the finite element method
which requires much larger computer power, and is prone to common errors of idealization

and interpretation of results.

Program BRIDGE works in a batch mode of computation. The designer has to
prepare an input data file describing the configuration or layout of the bridge under
consideration, as well as the loading. Defining the configuration involves specifying the
number of spans, span lengths, number of girder lines, number of traffic lanes, etc. When
identifying the girder cross section for the bridge to be investigated, the designer has to input
the section’s dimensions. The program can then calculate the section’s geometric properties.
This makes it possible to easily describe and examine bridges with precast I-girders other than
the CPCI sections used for this study. The 1994 draft CHBDC live load specifications [172],
shown in Fig. 5.7, are built into BRIDGE. However, it is easy to specify any other design
loading, such as AASHTO loading [151], by modifying the appropriate subroutines in
BRIDGE. The program can handle a multitude of live load cases to determine whether truck
loading or lane loading produces the maximum load effects at the critical sections depending
on the span length of the bridge under consideration. Once the maximum load effects have
been determined by BRIDGE, they are used by the USER subroutines to solve the optimal
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design problem. Subsequent reanalyses are conducted by program BRIDGE during the

iterative design process.

6.3 NUMERICAL DESIGN EXAMPLE
6.3.1 Problem Statement

To illustrate the application of optimal design procedures discussed in Chapter 5 and
the analysis program presented in the previous section, and to test the validity of the
optimization system, a typical slab-on-girder bridge is studied. It consists of two equal spans
of 34 m in length each. This span length is somewhat more than what is required to cross a
typical three-lane urban roadway in order to allow for possible future road widening. The
bridge has three traffic lanes with an overall width of 12 m. The slab is supported on four
girder lines spaced at 3.0 m. This spacing was chosen because it optimized the design of the
exterior and interior girders. Exterior girders are generally required to have a load carrying
capacity greater than or equal to the load carrying capacity of interior girders unless future
widening of the bridge is virtually inconceivable [151]. Design is optimized by increasing the
girder spacing until the service load stressesin the exterior girders are nearly equal
to those in the interior ones. The eight girders are CPCI Type 1600 which represents an
intermediate cross section among the CPCI girders. Strength of the deck slab concrete was
fixed at 35 MPa. In this study, design of this bridge implies finding values for all of the design
variables stated in Sec. 5.2.2.

6.3.2 Solution of the Optimal Design Problem

Appendix B gives the output data file generated by IDESIGN for the above problem.
As shown, the optimal design process starts from an initial design provided by the designer
which is iteratively improved until the optimum is reached. At the first iteration, an optimal
value of & for the finite difference gradient evaluation is determined as was explained in Sec.

5.6.2. At each iteration, values of the design variables, maximum constraint violation,



126

convergence parameter and cost function are given. The file also gives constraint activity at
the optimal point indicating whether a constraint is active or not along with the constraint
function values. Design variable activity is shown at the optimal point, and the final cost

function value is also given.

For the problem under consideration, the following stopping criteria were used in
IDESIGN to signify convergence of the solution:
1. The maximum constraint violation at the optimal point should be less than 1.0x10°>.
2. The convergence parameter value should be less than 1.0x10°".
3. The percentage change in the cost function should be less than 1.0x10* for 5

consecutive iterations.

As was mentioned in Sec. 5.6.3, it is important to specify proper values for these
parameters; otherwise premature convergence may occur, or IDESIGN may not be able to
meet the convergence criteria. Values for these parameters were selected after some

preliminary analyses of the problem.

The starting design estimate is highly infeasible with a maximum constraint violation
of 526%. It takes 6 iterations to obtain a feasible (usable) design with a maximum constraint
violation of 4.65x 10", Five more iterations are needed to reach the optimal design. Figures
6.2 through 6.4 display graphically the history of the iterative design process. Figure 6.2
shows a plot of maximum constraint violation versus the iteration number. Using this graph,
one can locate feasible designs. For example, designs after iteration 5 are feasible, while
designs at all previous iterations have some violation of constraints. Figure 6.3 shows the
convergence parameter history. For this problem, the convergence parameter should be less
than 1.0x107! at the optimum. It can be seen that the parameter is quite close to zero at the
fifth iteration and beyond. The iterative process could have been terminated interactively in
IDESIGN as soon as a feasible design was reached. It is interesting to note the sharp rise in
the plot after the second iteration. This can be explained by considering the actual meaning
of the convergence parameter. In IDESIGN, change in the value of a design variable between
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one iteration and another is associated with a search direction vector. As explained above, for
the problem under consideration, one of the criteria used to signify convergence was for the
length of this vector (called convergence parameter) to be less than 1.0x10™! at the optimum.
If design variables have small values, the direction vector will also have small components.
The effect will be opposite if the design variables have large values. For this problem, the
design variable with the largest value relative to the other variables is the girder concrete
strength. A look at the change in the value of this design variable between the second and the
third iterations (from 47 MPa to 58 MPa) reveals that it is associated with the longest search
direction vector, ie. the largest convergence parameter. Subsequent iterations are
accompanied by shorter search direction vectors as indicated in the plot. Figure 6.4 shows the
variation of the cost function as the iterations progress. It shows that there is a relatively large
increase in the cost function value after the second iteration. This increase is primarily
associated with a large increase in the girder concrete strength (from 47 MPa to 58 MPa) and,
thus, its cost. After the fourth iteration, the change in the cost function value is negligible. For
practical purposes, the iterative process could have been terminated at a feasible design.

152

151 }

150 |

149

Cost function ($/m?)

148

147 L H A 1 e ' s i den Il b

Iteration No.

Figure 6.4 History of the cost function for the design example
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Kirsch [185] has indicated that in many practical design problems, the object is to find an
improved feasible design rather than the theoretical optimum. This is particularly useful in
cases where the cost function is not sensitive to changes in the design variables near the
optimum. He presented some methods intended to introduce improved feasible designs. These
methods, however, require an initial feasible design which might be difficult to find a priori,
especially for large-scale design problems.

At the optimal point, the following values for the design variables were obtained:

. The initial prestressing force, P, in each girder is 6.26 MN, ie. P, is 5.01 MN. This
translates into 32 strands per girder.

. Tendon eccentricity, e, at and near girder mid-span is 699 mm, and eccentricities, €.,

and e,,, over the piers are 423 mm each.

. Area of the positive moment connection reinforcing steel bars over each pier, A, is
2513 mm?

. Area of the negative moment reinforcing steel bars over each pier, A", is 7100 mm?>.

. No positive moment reinforcing steel bars are needed in the girders, i.e. the girders

are fully prestressed.

. Girder concrete compressive strength at 28 days, f/, is 60.2 MPa.

. The deck slab thickness, t, is 225 mm.
Final value of the cost function at the optimal point is $151.69/m’.

It was noted that the active constraints (governing design criteria) at the optimal point
are those represented by Eqs (5.5) and (5.10) which set the limits on compression at transfer
and tension at serviceability limit states, respectively, at the bottom face of the girder. In
addition, the constraint on the ultimate negative moment over the piers (Sec. 5.4.2.4) was also
found to be active at the optimal point. Another active constraint was that on the maximum
eccentricity at and near girder mid-span (Eq. 5.28). Moreover, the optimal deck slab
thickness was found to always correspond to the minimum thickness permitted by the

OHBDC (Eq. 5.38). Constraint activity will be investigated further in the next chapter.
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6.3.3 Graphical Interpretation of the Solution

As a way of verifying the results of the optimization process and of gaining additional
insight into the solution of the design example, graphical interpretation can be very useful.
The graphical solution of the allowable stress conditions in prestressed concrete was first
explored by Magnel [186], and later by Naaman [187] and Loov [188]. The approach used
by Loov is utilized herein.

It is recalled that at the time of prestress transfer, the allowable stress condition at the

top face of the girder can be written as
P. P.e
S P I My < 0.2,/
A s, s, 5.4)

Defining k, as the distance from the centroid of the girder cross section to the lower limit of

the central kem area, or k, = S, /A, one can rewrite Eq. (5.4) as follows:
P, (e-k,) - My < 02,ff1S, (6.2)

Assuming that the ratio P, / P, is R, the above equation can be rewritten as

eskb+—;—[R(Mdg+0.2~/f;S,)] (6.3)

[

Similarly, if k, is the distance from the centroid of the girder cross section to the upper
limit of the central kern area, or k, = S, / A, one can rewrite the allowable stress condition

at the bottom face of the girder at transfer (Eq. 5.5) as

< Pi[R(M + 0.6f. 5] - k, 6.4)

At serviceability limit states, the allowable stress condition at the top face of the

girder (Eq. 5.9) can be rewritten as



131

S
ek, + P_l [(My+ M) + (Mg, + M’)s_.l - 045€ S,] (6.5)

] ic

and at the bottom face of the girder (Eq. 5.10)

L {(My+ M) + (My+ M)—2 - 02/ S, ] - k
CZF[( dg ds) ( da [)S— . J—c b]_ t (6.6)
e be
The geometric properties of the girder cross section, ie. S, S, A, and subsequently
k, and k, are given. Also, the values of S, and S, associated with the transformed composite
section can easily be calculated. The magnitudes of the applied moments, Mg, My, M, and

M, can readily be determined. Moreover, girder concrete strength at transfer, £, and at 28
days, f, are given for a particular design. The only unknown variables in Egs (6.3) to (6.6)

are ¢ and P..

For the design example under consideration, the following information is known:

. S, =0.2166 m’, S, = 0.2203 i’ and A = 0.4994 m*. Subsequently, k, =0.4337 m
and k, = 0.4410 m.

. S,.=1.1698 m* and S, =0.3304 m’.

. At girder mid-span, M, = 1.768 MN'm, M = 2.341 MN-m, M, = 0.642 MN-m and
M, =2.279 MN-m. The magnitude of M, is obtained from program BRIDGE used
aside from [DESIGN.

. f. = 60.2 MPa, obtained from the optimization process. Thus, f; = 42.2 MPa.

To solve the problem graphically, one can plot the curves corresponding to Egs (6.3)
to (6.6) at equality as shown in Fig. 6.5. Each curve separates the plane into two parts, one
where the inequality is satisfied and the other where it is not. If e (or in this case ¢) is plotted
versus P,, the curves will be hyperbola. However, if e, is plotted versus 1/ P,, then straight

lines are obtained and the graphical representation is much simplified. When plotted as shown
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in the figure, the inequality equations delineate a feasible zone limited by the area ABCD.
Essentially any point inside this zone has coordinates P, and e, which satisfy the four
allowable stress inequality conditions, Le. Eqs (6.3) through (6.6). The practical constraint
on maximum eccentricity, e.,, (Eq. 5.28) can also be represented at equality on the same
graph as shown. In this particular case, the line representing e,,, intersected the area ABCD
producing a new reduced feasible zone limited by the area EBCF. Any point inside this new
zone would have satisfactory and practically feasible values of P, and e.. The smallest
(optimal) value for P, is obtained at point E, ie. at the intersection of the lines representing
Eq. (6.6) and e, The coordinates of E can be read on Fig. 6.5 ase, =702 mmand 1/ P, =
0.20 MN"! which leads to P, = 5.00 MN; this corresponds to 32 strands. Thus, it can be seen
that the graphical solution gives the same answer as that obtained from the optimization

process.

6.4 ECONOMIC ANALYSIS
6.4.1 Investigation Layout

In order to achieve the main objective of this study, namely to assess the potential
economic advantages from the utilization of HPC for precast, prestressed concrete slab-on-
girder bridges, the developed optimization system was used to generate some 115 optimal
superstructure designs for a bridge of a configuration typical or representative of most
existing bridges of this type. The resulting designs were compared for their relative initial cost
effectiveness on a dollar-per-square-metre-of-deck basis to determine the economic impact

of using HPC for such bridges.

The representative bridge used for this study consisted of two equal spans. It had
three traffic lanes with an overall width of 12 m. Strength of the cast-in-place deck slab was
fixed at 35 MPa. There were three main parameters that were varied throughout the
generated series of optimal designs due to their potentially significant impact on any economic

analysis. These parameters were girder cross section, number of girder lines (or transverse
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girder spacing) and girder span length. Each of these three parameters is now discussed in
detail.

1. Girder Cross Section

As was mentioned in Sec. 5.2.2, five standard CPCI girder cross sections were used
for this study. These are CPCI Type 1200, 1400, 1600, 1900 and 2300. They are commonly
used in Canada for highway bridges with span lengths of up to about 50 m. It is outside the
scope of this study to examine every I-girder cross section because the number of available
girder sections is simply prohibitive. A recent study [125] has reported over 100 existing
precast, pretensioned bridge girder sections in the United States. In Canada, several Provinces
have developed their own girder sections. However, it has been shown that in some cases, the
use of standard CPCI girders or standard AASHTO girders, for example, results in practically
identical optimal solutions [102]. It is believed that the girder types used for this study
constitute an adequate range over which it would be possible to generalize the conclusions

obtained.

2. Number of Girder Lines (or Transverse Girder Spacing)

Although the fact that, for a given bridge width and span, it is most economical to use
as few girder lines as possible has been known for quite some time [76,77], common practice
in the design and construction of precast, prestressed concrete slab-on-girder bridges has been
to place girders close to each other with transverse spacings rarely exceeding 2.5 m, but most
often less than 2.0 m. As a result of the increase in girder capacity associated with the use of
HPC, it has become possible to convince designers to use fewer girder lines for a given bridge
width and span. In this study, spacings of the girders were varied as 3.0, 4.0 or 6.0 m. Similar
to what was explained in Sec. 6.3.1, these spacings were chosen because they optimized the
design of the exterior and interior girders when 4, 3 or 2 girder lines were used, respectively.
Although the use of 2 girder lines spaced at 6.0 m for a 12-m wide slab-on-girder bridge is
virtually unheard of in North America, there is at least one of a comparable width in Europe.
It has been recently built in Spain [67]. The superstructure is simply supported and consists
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of eight equal spans of 26.25 m each. It is 11.3-m wide, with 2 I-girder lines spaced at 6.5 m
to support a 250-mm thick deck slab. This experimental bridge has no intermediate
diaphragms; the 1738-mm deep, pretensioned girders are just braced over the piers using
precast braces. One might argue that for the bridge layout in this study, a slab overhang
cantilevering 3.0 m would be excessive. However, box-girder bridges with overhangs of
3.0 m and more have performed satisfactorily for many years; there is no apparent reason

why slab-on-girder bridges with similar overhangs should not perform adequately.

It should be noted that while the 4.0-m girder spacing used in this study exceeded the
3.7-m maximum limit imposed by the OHBDC [94] when designing deck slabs according to
the empirical design method, it was less than the equivalent limit in the AASHTO LRFD
specifications [151] as was mentioned in Sec. 4.6.2. The latter limit was used in this case. For
this spacing, the overhang was 2.0 m which would violate the constraint on the length of the
slab overhang imposed by the OHBDC. As was explained in Sec 5.4.3.5, for dead load
analysis, the OHBDC allows the use of the beam analogy method for bridges having
longitudinal girders and an overhanging deck slab provided that the overhang does not exceed
60% of the spacing between the girders, nor is it more than 1.8 m (Eq. 5.37). However, the
Code states that in a case where such condition is not met, “engineering judgement shall be
exercised”’ as to whether the bridge being designed meets it sufficiently closely for the analysis
method to be applicable. It was believed that the 0.2-m difference between the length of the
overhang and the imposed limit could be reasonably overlooked in this case. Therefore, for

the 4.0-m spacing, this constraint was eliminated from the optimization process.

As for the case of the 6.0-m girder spacing, the investigation of the feasibility of using
only 2 girder lines was primarily intended to provide the incentive for designers to consider
as few girder lines as possible, and to promote the need for further research in this case.
Therefore, practical constraints that would have been violated if considered for the case of
2 girder lines were eliminated from the optimization process. These were the constraint on
the length of the overhang discussed above and the constraint on the ratio of centre-to-centre
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girder spacing to the thickness of the slab (Eq. 5.36). These constraints are mostly based on
- conservative empirical results, and in many cases the limits of their applicability could be
extended if more extensive laboratory and field testing is carried out as was discussed in Sec.
4.6.2. In addition, the elimination of these constraints does not jeopardize the flexural strength
of girders in any way. It should be noted that had the constraint represented by Eq. 5.36 not
been eliminated, a 333-ram slab thickness would have been required for this case. Bypassing
this constraint allowed for consistency in the design of the various bridge configurations
investigated in this study by using a 225-mm thick slab for all of them. Sensitivity of the
solutions obtained to different values for the slab thickness will be studied in the next chapter.

3. Girder Span Length

Although this study is directed toward bridges with girders having relatively long
spans, it was necessary to adopt a range of span lengths that would be sufficient to generalize
the conclusions obtained. The range adopted was from 20 m to 52 m. The incremental
increase for the girder span length was taken as 2 m for all cases. This small increment
allowed fairly accurate trends to be obtained and made it easier to identify maximum span

lengths within an acceptable range.

It is recognized that shipping and handling lengths, girder masses, lateral stability of
girders, and prestressing bed capacities that currently exist could limit the type of girders that
can be produced. In addition, adequate design information for use with concretes of very high
strength may not be available. However, these limitations were not used as a means to restrict
potential applications of HPC in precast, prestressed concrete slab-on-girder bridges. The

intent of this study was to look beyond current design and production capabilities.

6.4.2 Interpretation and Discussion of Results
6.4.2.1 Cost Effectiveness Studies:

Some 115 optimal design solutions were generated using the developed optimization
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system in order to evaluate the cost effectiveness of using concretes with strengths of up to
about 100 MPa for precast, prestressed concrete slab-on-girder highway bridges. For every
transverse configuration, i.e. for every specified number of girder lines (referred to from now
on, for simplicity, as just number of girders), girder span lengths were increased over the
adopted range for the girder cross sections considered. For every case, complete design
information was obtained. However, what is of interest for the purpose of studying the
economic impact of using HPC for bridges is the optimal value of the girder concrete

compressive strength, f’, along with the value of the cost function. These are tabulated for
all of the cases investigated in Tables 6.1 through 6.3. Table 6.1 contains the optimal f and

the minimum superstructure cost / deck area for the different combinations of span length and
girder cross section, for the 2-girder bridge. It should be mentioned that the CPCI Type 1200
girder was eliminated from this series because it was found that using 2 of these girders with
a span length of just 22 m would require them to be manufactured with concrete of a strength
of about 100 MPa from the outset. Tables 6.2 and 6.3 contains the results for the 3-girder
bridge and the 4-girder bridge, respectively. It should be emphasized that the cost data
contained in these tables excludes the costs of such items as slab formwork, wearing surfaces,
traffic barriers and drains. As was explained in Chapter 5, this cost data is relative and not
absolute. It was used in this study as a measure of comparison between the various designs.

It should not be used, however, as estimates of the actual costs of bridge superstructures.

It can be noted that the optimal values of f;contained in Tables 6.1 through 6.3 are

distributed in unequal intervals for the equal increments of span length used. For example,
for the 2-girder bridge (Table 6.1), using CPCI Type 1400 girders spanning 20 m would
require them to be manufactured with concrete of a strength of 52.8 MPa. To span 22 m, the
concrete strength used should be 65.0 MPa; up by 12.2 MPa. However, for these girders to
span 24 m, the strength required would be 77.9 MPa; up by 12.9 MPa from the value of f_for

the previous span length. This trend of unequal concrete strength intervals continues for the
rest of the equal span length increments. It is desirable to have equal increments of f_ because
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Table 6.1 Results of the optimal design solutions for the 2-girder bridge

CPCI 2300

length £ Cost f! Cost f’ Cost f! Cost
() (MPa) ($/m’) (MPa) ($/m?) (MPa) ($/m%) (MPa) ($/m?)
20 52.8 94
22 65.0 95 48.2 99
24 77.9 98 57.8 101 449 102
26 91.5 102 67.9 104 52.8 105
28 105.9 107 78.6 107 61.2 107 46.2 110
30 121.1 113 90.0 111 70.0 110 52.9 112
32 101.9 116 79.4 113 60.0 115
34 89.2 118 67.4 118
36 99.4 123 75.2 122
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Table 6.2 Results of the optimal design solutions for the 3-girder bridge

CPCI 1200 CPCI 1400 CPCI 1600 CPCI 1900 CPCI 2300

length | f' | Cost| f/ | Cost| f/ | Cost | f. | Cost| f [ Cost
=) (MPa) | ($/m%) | (MPa) | ($/m%) | (MPa) | (S/m’) | (MPa) | ($/m?) | (MPa) | (S/m’)
20 542 | 97
22 66.7 | 100 | 443 | 105
24 79.8 | 103 | 53.3 | 108
26 934 | 108 | 62.0 | 111 | 46.5 | 118
28 | 108.1 | 113 | 71.7 | 115 | 53.7 | 121
30 [ 123.5 ] 121 | 819 | 119 | 61.3 | 125 | 48.0 | 127

32 926 | 124 | 693 | 129 | 542 | 130 | 41.3 | 136
34 10391 131 | 77.8 | 133 | 60.8 | 134 | 463 | 140
36 1158 | 140 | 86.6 | 140 | 67.7 | 140 | 51.5 | 145
38 1282 152 | 959 | 149 | 749 | 148 | 57.0 | 152
40 105.7 | 160 | 82.5 | 156 | 62.7 | 159
42 1158 171 | 904 | 165 | 68.7 | 167
4 98.6 | 175 | 75.0 | 176
46 107.2 | 186 | 815 | 184
48 88.2 | 194
50 953 | 204

102.5 ] 214
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Table 6.3 Results of the optimal design solutions for the 4-girder bridge

CPCI 1200
flength | £ | Cost | f/ | Cost | f/ | Cost | fi | Cost [ f/ [ Cost
(MPa) | (Sm?) | (MPa) | ($/m®) | (MPa) | (S/m?) | (MPa) | (S/m)) | (MPa) | (S/m?)
22 | 522 | 108
24 | 612 | 112
26 | 717 | 116 | 47.7 | 124
28 | 83.0 | 121 | 552 | 128
30 | 948 | 127 | 63.1 | 133 | 47.4 | 142
32 |107.4| 134 | 714 | 137 | 53.7 | 147 | 420 | 15l
34 |120.6| 144 | 80.2 | 143 | 60.2 | 152 | 47.1 | 156

CPCI 2300

36 89.3 | 151 | 67.1 | 159 | 525 | 163

38 990 | 162 | 744 | 169 | 58.2 [ 172 | 443 | 180
40 109.0{ 176 | 81.9 | 180 | 64.1 | 182 | 48.8 | 189
42 119.5] 191 | 89.8 | 192 [ 70.2 | 192 | 53.5 | 199
4 98.0 | 204 | 76.6 | 203 | 58.4 | 209
46 106.6 | 218 | 833 | 214 | 63.4 | 219
48 90.3 | 226 | 68.7 | 230
50 97.5 | 239 | 742 | 240

52 79.9 | 252
—
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it would make it possible to interpret the results more readily. An increment of 10 MPa is
reasonable within the range of strengths considered. The approach used to equalize the
increments of f/was to plot the data contained in the tables for each of the three bridge

configurations, and then to interpolate on the graphs to find the corresponding values of span

length and cost function for every 10-MPa increment of girder concrete strength.

Figures 6.6 through 6.11 depict the results of the optimal design solutions contained
in Tables 6.1 through 6.3. Figure 6.6, for example, is a plot of girder concrete strength versus
span length for the various girder cross sections in the 2-girder bridge. A plot of the same
values of girder concrete strength versus the corresponding minimum superstructure cost for
the different girder sections in the 2-girder bridge is shown in Fig. 6.7. The results of the 3-
girder bridge are plotted in Figs 6.8 and 6.9, and those of the 4-girder bridge are illustrated
in Figs 6.10 and 6.11.

Before carrying on with the approach outlined above for equalizing the increments of

f!, it is worthwhile mentioning some observations regarding Figs 6.6 to 6.11. It can be noted

that the plots of the relationship between the girder concrete strength and its span length for
all bridge configurations (see Figs 6.6, 6.8 and 6.10) have the same general trends. It can be
seen that, for a given transverse girder spacing (Le. number of girders). increasing the girder
concrete strength results in an increase in its span length. During the optimization process,
span length was considered as a preassigned parameter while concrete strength was treated
as a design variable. By examining constraint activity at the optimal points, it was found that
these span lengths were actually the maximum achievable spans at the corresponding optimal

values of f; . For example, for the 2-girder bridge (Table 6.1), the maximum achievable span

of a CPCI Type 1400 girder made with 65.0-MPa concrete is 22 m. Increasing this girder’s
span length, for the same concrete strength, beyond 22 m would violate the active allowable
stress constraints. It follows, therefore, that Figs 6.6, 6.8 and 6.10 can be used by designers
at the preliminary design stage to determine the maximum achievable span length of a certain
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CPCI girder made with concrete of a specified strength for a given bridge configuration. This
will be discussed further in the next section.

Examining Figs 6.7, 6.9 and 6.11 which depict the relationship between girder
concrete strength and the minimum superstructure cost for all bridge configurations reveals
that these plots also have the same general trends. It can be seen that, for a given number of
girders, increasing the girder concrete strength results in an increase in the superstructure cost
because of the higher cost of concretes of higher strength. The shape of the curves mostly
resembles the third-degree curve established previously in Chapter 5 (see Fig. 5.4) for the
relationship between the girder concrete strength and the concrete mix cost ratio. In some
cases, however, it can be noted that the plots take more of a straight line shape than a curved
path. This is especially true for CPCI Type 2300 girders in the 3-girder bridge (see Fig. 6.9)
and for both CPCI Type 1900 and Type 2300 girders in the 4-girder bridge (see Fig. 6.11).
To determine the reasons behind this behaviour, the major cost components were compared
for a CPCI Type 1400 girder and a CPCI Type 2300 girder, both in the 3-girder bridge. The
plot corresponding to the former has a curved shape to it, while the major portion of the plot
corresponding to the latter takes more of a straight line shape. The cost components
considered for comparison were the cost of concrete as well as transportation and erection
costs. It was felt that studying these two cost components more closely would reveal the
reasons behind that behaviour. Figure 6.12 illustrates the variations of these cost components
for a single girder over a range of span lengths for both girder sections. On the same figure
also are plots of the sum of the two cost components for each girder cross section. It helps
here to recall shapes of the plots established previously in Chapter 5 for transportation and
erection costs of precast girders (see Figs 5.5 and 5.6). From Fig. 6.12, it can be noted that
transportation and erection costs constitute the major portion of the total cost of a girder.
Plots representing these costs are mostly straight lines. This is true for both girder sections.
However, for the shallower girder section, the shape of the total cost plot follows primarily
the curved path of the concrete cost plot as it goes to higher strengths. For the other section,

the effect of the concrete cost plot is not that profound because this deeper section can span
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Figure 6.12 Cost components and the corresponding total cost of a single girder in the 3-
girder bridge

longer lengths utilizing relatively lower concrete strengths than the shallower section. Because
of this, the curvature of the plot for the former is flatter than that for the latter. When the
flatter concrete cost curve is added to the mostly straight-line shaped transportation and
erection cost curve, the resulting total cost plot is also mostly a straight line. It follows,
therefore, that transportation and erection cost trends can dominate bridge superstructure
costs in general. For longer and heavier precast girders, closer attention must be paid to the
assessment of the costs associated with their shipping and handling. It is recalled here that
estimates of girder transportation and erection charges used in this study are based on an

average cost of $6000 per girder, as was mentioned in Sec. 5.3.3.

Attention is now drawn back to the approach outlined earlier for equalizing the

increments of f!. Values of the span length corresponding to every 10-MPa increment of f;

were interpolated on Figs 6.6, 6.8 and 6.10, and values of the minimum superstructure cost
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corresponding to the same increments of f_ were interpolated on Figs 6.7, 6.9 and 6.11 for

all bridge configurations. The resulting data was plotted in Figs 6.13, 6.14 and 6.15 for the
2-girder bridge, 3-girder bridge and 4-girder bridge, respectively. It must be noted that in
these figures and in some of the figures to follow, similar values for the cost function were
obtained in some instances for the same span length using different girder cross sections.
Therefore, the curves associated with these values tended to overlap when the data was
plotted. Thus, on occasion it may be difficult to distinguish the resulting curves at some of
the span lengths. Keeping this in mind, as the figures are examined, will lessen any possible

confusion.

Figure 6.13 illustrates the variations in the minimum superstructure cost with span
length for the various girder sections in the 2-girder bridge. Girder concrete strength
associated with the first point on each curve is shown in the figure. Strengths corresponding
to subsequent points on each curve are increased in 10-MPa increments. These curves show
that, for a given girder spacing, the cost of a structure increases with the compressive strength
as was mentioned earlier in this section. It can also be noted that in order to achieve longer
span lengths, the use of concrete of higher strength becomes necessary. Based on these
curves, it is possible to identify the most cost effective designs for various ranges of girder
span length, assuming that there was no practical limit on the level of concrete strength that
can be achieved. It is clear from the curves shown in Fig. 6.13 that for a girder span length
of up to 28 m, it would be most economical to use CPCI Type 1400 cross section for the
girders. Concrete having a compressive strength of about 106 MPa would be required for this
cross section to achieve that span length. From 28 m to about 34.5 m, the most economical
cross section for the girders in this bridge configuration would be CPCI Type 1900. For this
cross section to reach a span length of 34.5 m, it must be manufactured with concrete of a
strength close to 92 MPa. Beyond 34.5 m, the most cost effective design would use CPCI
Type 2300 cross section for the girders. At a span length of 34.5 m, these girders would have
to be made with a concrete of a strength of about 69 MPa. This strength increases with the

increase in span length until it reaches 100 MPa at a span length close to 42 m.
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It is interesting to note in Fig. 6.13 that CPCI Type 1600 cross section never provides
the most economical design at any span length, provided that there was no limit on the level
of concrete strength that can be used to manufacture Type 1400 girders. This was true for all
of the bridge configurations studied, as will be seen shortly. It was expected that Type 1600
would provide the most economical designs for a range of span lengths that is intermediate
between spans associated with Type 1400 and those associated with Type 1900. To find out
why the curves did not behave accordingly, the major cost components were compared for
the different girder sections at a span length of 28 m, where the transition from Type 1400
to Type 1900 occurs. It was found that although the deeper Type 1600 cross section is
structurally more efficient than the shallower Type 1400 section in the sense that it can reach
this span length using a relatively lower concrete strength, the reduction in the material (ie.
concrete) cost is not sufficient enough to absorb the increase in the erection cost of the
heavier Type 1600 section before Type 1900 takes over and becomes economically more
competitive. Once again, the influence of girder erection costs on the overall cost of a bridge

is clearly demonstrated.

The patterns exhibited in Fig. 6.13 for the 2-girder bridge were typical for all bridge
configurations. Figures 6.14 and 6.15 illustrate the variations in the minimum superstructure
cost with span length for the various girder cross sections in the 3-girder bridge and the 4-
girder bridge, respectively. In a manner similar to that used above for the 2-girder bridge, it
is possible to identify the most economical designs for various ranges of girder span length.
It can be noted once again from the curves shown in Figs 6.14 and 6.15 that CPCI Type 1600
cross section never provides the most economical design at any span length, for the range of

concrete strengths considered.

The data plotted separately in Figs 6.13 through 6.15 for the different bridge
configurations was combined in Fig. 6.16 to show the cost effectiveness of the different
layouts. Some data points have been eliminated so that the curves of one configuration do not
intersect those of another in order to lessen any possible confusion. From the figure, it is clear



155

suonesnd1juod a3pLiq snouea 3y 10§ {PJud| ueds "sA 1500 AMONISIANS WINWILIN  9]°9 3Ny

139 0s

(w) PSudy uedg

oy

00T 124D —o—
0061 1040 —=—
0091 10dO ——
001 10dO —e—
00Z1 1DdD —o—

SIOpND) €

SIOpID) §;

SIpID T

& 8
— —

=
(o]
(Ju/g) 1500 aimonnsiadns WNWITUTA

744

0vc

092



156

that for a span length of up to about 42 m, it is most economical to use only 2 girders to carry
the deck slab. Beyond 42 m, the use of 3 girders provides the most cost effective design. This
is assuming that there was no constraints on the production of concretes with compressive
strengths of up to about 100 MPa.

Current production capabilities in some precasting plants might preclude producing
concretes of very high strength. In this case, Figs 6.13 to 6.15 can be used to establish
minimum cost curves for certain maximum concrete strengths. These curves can be used for
design purposes when girder concrete strength is specified. Two such curves are plotted in
Fig. 6.17 for maximum available girder concrete strengths of 60 MPa and 80 MPa. To
explain how these curves were plotted, consider, for example, the one corresponding to a
maximum concrete strength of 80 MPa. Referring to Fig. 6.13 of the 2-girder bridge
configuration, it can be seen that the most economical design would have to utilize 2 CPCI
Type 1400 girders made with concrete of a strength not exceeding 80 MPa for spans up to
24.3 m. Beyond this span length, the most cost effective girders are Type 1600. Thus, there
is a “ump” in the cost curve of Fig. 6.17 at 24.3 m. At 27.8 m, it can be seen from Fig. 6.13
that Type 1900 girders become more economical than Type 1600 girders even though the
concrete strength of the latter has not reached 80 MPa. There is a smooth transition in the
cost curve at 27.8 m from Type 1600 to Type 1900 cross sections. Using 2 Type 1900 girders
proves to be most economical from 27.8 m to about 32 m where the maximum limit on
concrete strength is reached. The cost curve jumps to the next most cost effective alternative
which is 2 Type 2300 girders. These can span up to 37.2 m if manufactured with concrete of
a strength not exceeding 80 MPa. Beyond 37.2 m, the most economical design would have
to use 3 CPCI Type 1900 girders (see Fig. 6.14). There is a big jump in the cost curve
associated with the increase in the number of girders, as shown in Fig. 6.17. Beyond 39.3 m,
it would be no longer possible to use concrete strengths not exceeding 80 MPa to make the
girders. Therefore, the cost curve jumps to the next most economical alternative which is 3
Type 2300 girders. These can be used for spans up to 45.6 m utilizing concrete strengths not

exceeding 80 MPa. Beyond 45.6 m, the most cost effective design would have to utilize 4
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CPCI Type 2300 girders (see Fig. 6.15) if a maximum concrete strength of 80 MPa s to be
used.

Figure 6.17 reveals that, in general, as a result of the increase in girder capacity, the
increase in concrete cost associated with the use of concretes of higher strength can be fully
offset by the reduced number of girders for a given span length. For example, using concrete
with a compressive strength of 60 MPa for CPCI Type 1900 girders to span 33 m would
require 3 girders at a total superstructure cost of $132/m’. Only 2 Type 2300 girders would
be required if the concrete strength specified was increased to 80 MPa resulting in a total
superstructure cost of $116/m”. Thus, a saving of about $16/m* would be achieved. For this
two-span bridge, the cost savings would have exceeded $12,600 or approximately 12% of the
total superstructure cost. The economic advantage of using HPC becomes even more
apparent for longer span lengths. Referring again to Fig. 6.17, it can be seen that a designer
would have to utilize 4 Type 2300 girders made with 60-MPa concrete to span 44 m at a total
superstructure cost of $209/m’ If 80-MPa concrete was used to manufacture the girders. then
only 3 of them would be needed resulting in a total superstructure cost of $ 176/m*, This
would translate into a saving of about $33/m?. For this bridge, the cost savings associated
with the use of the higher-strength concrete would have been close to $35,000 or about 16%

of the total superstructure cost.

Figure 6.17 reveals also that the use of a shallower girder cross section manufactured
with a higher-strength concrete can be more economical than the use of a deeper section
made with a lower-strength concrete. For example, for the range of spans from 27.8 m up to
about 32 m, it is more economical to use 2 CPCI Type 1900 girders made with 80-MPa
concrete than it is to use 2 Type 2300 girders made with 60-MPa concrete. While the saving
in the superstructure cost associated with the use of the shallower section , in this case, did
not exceed 3% within the range of spans considered, it is important to keep in mind that there
will be other savings from the reduced substructure height. There are other ranges of span

lengths in Fig. 6.17 where it can be seen that it is more cost effective to use shallower sections
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with higher concrete strengths than it is to use deeper sections with lower concrete strengths.

Figure 6.18 shows the minimum cost curves for maximum available girder concrete
strengths of 80 MPa and 100 MPa. The patterns exhibited in this figure are, in general, similar
to those demonstrated in Fig. 6.17. It can be seen that as the number of girders decreases as
a result of specifying concretes of higher strength, the total superstructure cost also decreases.
The economic advantage of using shallower sections made with concretes of higher strength
over using deeper sections made with concretes of lower strength is also illustrated. In
addition, Fig. 6.18 shows another important conclusion, which concerns the diminishing
benefits realized with the use of concretes of very high strength for relatively shorter span
lengths. Consider, for example, the range of span lengths from 27.8 m up to about 32 m. It
can be seen that, over this range, the cost curves for strengths of 80 MPa and 100 MPa
completely overlap, which means that there is no benefit realized from the utilization of the
100-MPa concrete for the 2 CPCI Type 1900 girders at a given span length within the range
considered. For these spans, one of the active constraints (governing design criteria) at the
optimal point was that represented by Eg. (5.5) which sets the limit on compressive stresses
at the bottom face of the girder at the time of prestress transfer. For a given span length, there
is a point at which additional prestressing will cause tensile stresses at the top face of the
girder regardless of the concrete strength, thus activating the constraint represented by Eq.
(5.4). Although these tensile stresses would be offset at the service load condition, the dead
load at prestress transfer is constant for a given girder span and cross section. As a result,
there would be no beneficial effect realized for very high-strength concretes at these span
lengths.

6.4.2.2 Analytical Studies:
It was shown in the previous section that, for a given transverse girder spacing,

increasing the girder concrete compressive strength results in an increase in its span length.

Increasing girder span lengths is highly beneficial because it results in a reduction in the
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number of piers and foundations, which in turn reduces the cost of the substructure. If the
bridge is crossing a roadway, a reduction in the number of piers and foundations would also

ease traffic disruptions to the roadway undemneath during construction of the bridge.

Tablke 6.4 contains the maximum achievable span lengths for the various girder cross
sections in the different bridge configurations investigated, at different levels of girder
concrete strength, along with the corresponding minimum superstructure costs. On average,
an increase in concrete strength from 60 to 100 MPa resulted in a 30% increase in span
capability for the five girder types considered in this study. Figures 6.19 through 6.23
illustrate graphically some of the information contained in the table for each of the girders.
From the figures, it is clear that increases in concrete strength allow increases in span limits.

These figures can be used as guidelines at the preliminary design stage.

Figure 6.24 depicts the relationship between girder concrete strength and maximum
span length for the standard CPCI sections studied. The figure illustrates the results of the 3-
girder bridge; however, the trends shown are typical of all bridge configurations. Judging
from the slopes of the plots in this figure, one can conclude that the deeper girders with larger
section modauli utilize the increased concrete strength more efficiently, i.e. the deeper girders
have greater span increase capabilities. This fact was noted also in the previous section. It
must be mentioned, however, that this study is not advocating the use of deeper sections. As
was revealed earlier, the use of shallower sections made with HPC can be more economical

than the use of deeper sections manufactured with normal-strength concrete.

Some previous studies in this area [e.g. 43,89] have indicated that continual increases
in a girder’s concrete strength does not guarantee an increase in its span length. In some
cases, the maximum achievable span length levelled off at some level of concrete strength, ie.
there was no further increase in the maximum span when the strength was increased beyond
this level As was discussed previously in Sec. 2.5.2.2, this levelling off of the maximum span

length occurs because additional prestressing cannot be fitted into the girder cross section
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Table 6.4 Maximum span lengths vs. concrete strengths for the girders investigated,
along with the corresponding minimum superstructure costs

(P T
3.0-m spacing 4.0-m spacing 6.0-m spacing

Girder | f’

[

type | oMPa) Span Cost Cost* | Span Cost Cost* | Span Cost Cost?

(m) ($/m) Sm)| (@ (m) )| (m ($m) (S/m)
60 23.8 111 63 21.0 98 58 §

cpcr| 70 | 257 115 66 | 225 101 61
1200 | 80 | 275 119 70 | 24.1 103 63
S0 29.2 124 74 25.5 107 67 20.8 93 61
100 | 30.8 130 80 {269 110 70 |220 95 63

60 | 293 131 71 25.5 110 63 | 212 95 59
ceci| 70 | 3L7 136 75 | 27.7 114 67 | 228 96 60
1400 | 80 | 340 143 80 | 29.7 118 70 1243 99 64
90 | 362 152 8 | 315 123 75 | 258 101 66
100 | 382 164 92 1333 129 80 | 272 105 70

60 | 340 152 77 297 124 68 | 245 102 62
ceci| 70 | 368 163 82 | 322 129 72 | 264 104 64
1600 | 80 | 395 177 88 | 345 135 76 | 282 107 66
90 | 420 192 9 | 36.7 144 82 | 300 111 70
100 | 445 207 103 | 388 154 87 | 31.6 115 74

60 | 38.7 175 81 33.8 134 71 27.8 106 62
ceci| 70 | 420 191 86 | 36.7 142 74 | 300 110 66
1900 | 80 | 45.0 208 94 | 393 154 80 | 321 114 69
90 | 479 225 101 | 42.0 165 85 | 342 118 72
100 | 507 243 110 | 43 177 91 36.1 124 77

60 | 4.7 212 86 | 39.1 156 74 } 320 115 65
cpci| 70 | 483 231 93 | 425 169 79 | 347 119 68
2300 | 80 | 520 252 101 | 456 182 84 | 372 126 72
90 48.5 196 90 | 396 134 76
100 51.3 211 08 | 418 142 80

* Minimum superstructure cost without transportation and erection charges.
¥ Span lengths are not within the range investigated in this study.
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below its neutral axis at that level of concrete strength. As a result, HPC cannot be used
efficiently. To effectively utilize HPC in this study, 15.2-mm-diameter strands were used
instead of 12.7-mm-diameter strands which represent the norm in the current practice of
pretensioning. It can be seen in Figs 6.19 to 6.23 that by allowing more prestressing force to
be accommodated within the section at a larger eccentricity, the use of 15.2-mm-diameter
strands has eliminated any levelling off of the maximum span lengths at very high-strength
concretes. Thus, the increase in maximum span lengths would continue with each increase in
girder concrete strength, limited only by practical considerations such as shipping and
handling lengths, girder masses, lateral stability and / or prestressing bed capacities.

6.5 SUMMARY

In a relatively recent survey conducted by the PCI High-Strength Concrete
Committee, the average 28-day concrete strength used in the American precast, prestressed
concrete industry was found to be 41 MPa [34]. The maximum strength that producers felt
they can reliably supply was 59 MPa. Strengths in the same order of magnitude represent the
norm in the Canadian industry. These strengths are much less than those in the 100 MPa
range that have been achieved for many buildings. One major reason for the reluctance within
the precast industry to utilize concretes of such high strengths despite their potential
advantages is the misconception that these advantages do not justify the higher costs of the
material and of the increased quality control requirements associated with its production. The
main objective of this chapter was to evaluate the cost effectiveness of using concretes with
strengths of up to about 100 MPa for precast, pretensioned slab-on-girder bridges, and

thereby provide the economic incentive for precasters to use HPC widely.

To reach the above objective, an optimization system was developed to perform a
series of economic studies on slab-on-girder bridges. The application of the system was
illustrated and its validity was tested on a representative bridge of a typical configuration.
Based on the results of some 115 optimal superstructure designs generated by the developed
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optimization system, one can conclude that the economic benefits from using concretes with
strengths of up to 100 MPa for precast, prestressed slab-on-girder bridges are quite
promising, particularly for longer girder span lengths. It was found that the increase in
material cost associated with the use of these concretes can be fully offset by the reduced
number of girders required for a given span length, as a result of the increase in girder
capacity. Moreover, it was shown that it is more economical to use a shallower girder cross
section manufactured with a higher-strength concrete than it is to use a deeper section made
with a lower-strength concrete. This can be accompanied by additional savings from the
reduced substructure height. Charts were developed that can be used to identify the most
cost effective designs for various ranges of girder span length in a variety of bridge
configurations, assuming that there was no practical limit on the level of concrete strength
that can be achieved. For cases where there was a certain maximum concrete strength that can
be obtained, other charts were developed that can be utilized to identify the most economical

designs.

It was shown that the use of HPC makes it possible to reach span lengths previously
unattainable with standard girder sections and concretes of normal strength. On average, an
increase in girder concrete strength from 60 to 100 MPa resulted in a 30% increase in span
capability for the five girder types considered. This results in a reduction in the substructure

cost as a result of the reduced number of piers and foundations for multi-span bridges.

An additional important conclusion that was pointed out in this chapter was that at
relatively shorter span lengths, the economical benefits realized with the use of concretes of
very high strength (in the order of 100 MPa) may diminish. Thus, it would be more
economical not to utilize such high strengths for relatively shorter spans unless it can be
proven that the reduction in the life-cycle costs resulting from the increased durability of
these concretes would more than offset the higher cost of the material.
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CHAPTER 7

CONSTRAINT ACTIVITY AND SENSITIVITY ANALYSIS

7.1 INTRODUCTION

The concept of constraint activity is very important in design optimization. Loosely
speaking, an active constraint corresponds to a critical design requirement, i.e. one whose
presence determines where the optimum will be; this is why active constraints are often
appropriately referred to as the governing design criteria. Another important topic in the area
of optimal design that is often overlooked in the literature on structural optimization is the
study of variations in the optimal solution as some of the original problem parameters are

changed. Such a study is known as post-optimality analysis or sensitivity analysis.

This chapter is organized into two main sections. In the first, the governing design
criteria of the optimal design problem of precast, prestressed concrete slab-on-girder highway
bridges are identified and their significance studied. Sensitivities of the obtained optimal
solutions with respect to the major assumptions made in developing the optimization system

are then investigated in the second section.

7.2 CONSTRAINT ACTIVITY
7.2.1 Governing Design Criteria

All design constraints for the problem under consideration that the optimal design
must satisfy were identified and defined in Sec. 5.4. Formally speaking, an inequality (< 0
form) constraint is said to be active at a design point if it is satisfied at equality, i.e. its value

is zero or, numerically, a very small number. Constraint activity at the optimal point was
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observed for all of the 115 optimal bridge designs generated by the developed optimization
system. The following list outlines the governing design criteria:

1. Concrete allowable compressive stress at the time of prestress transfer at the bottom
face of the girder, ie. Eq. (5.5).
2. Concrete allowable tensile stress at serviceability limit states at the bottom face of the

girder, ie. Eq. (5.10).

3a.  Concrete allowable tensile stress at transfer at the top face of the girder for the shorter
span lengths, ie. Eq. (5.4).

3b.  Maximum eccentricity at and near girder mid-span for the longer span lengths, i.e. Eq.
(5.28).

4, Negative moment over the piers at ultimate limit states (Sec. 5.4.2.4).

5. Minimum deck slab thickness, i.e. Eq. (5.38).

7.2.2 Discussion

It was mentioned in Sec. 6.4.2.1 that during the optimization process, girder span
length was considered as a preassigned parameter while concrete strength was treated as a
design variable. By examining constraint activity at the optimal points, it was found that the
given span lengths were actually the maximum achievable spans at the corresponding optimal
values of concrete compressive strength. In each case, the maximum length was found to
correspond to the lesser of the two maximum lengths obtained from the constraints which set
the limits on allowable compression at transfer and allowable tension at serviceability limit
states, respectively, at the bottom face of the girder. Increasing a girder’s span length, for the
same concrete strength, beyond its given value would violate the active allowable stress
constraints. It was noted that the constraint on ultimate flexural strength, ie. on the positive
moment reinforcement at and near girder mid-span at ultimate limit states was never active
in any of the 115 optimal solutions obtained as it was satisfied by conformance to the
allowable stress requirements. This can be explained by considering the nature of the loads
applied when checking for allowable stresses and when designing for flexural strength.
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Under allowable stress requirements, no load factors are applied, yet dead load contributes
to a larger percentage of the total load as spans get longer. However, in the factored load
design for flexural strength, live load receives a larger multiplier than dead load. Thus, as
spans lengthen and dead load becomes a greater portion of the total unfactored load, flexural
strength constraints tend to be satisfied by the constraints imposed by the allowable stress
limits.

As indicated in the list that outlined the governing design criteria in the previous
section, it was found that in addition to the constraints which set the limits on compression
at transfer and tension at serviceability limit states at the bottom face of the girder being
active, the constraint limiting the eccentricity at and near girder mid-span was also active for
the longer span lengths. This was illustrated graphically for a 34-m span length in the
numerical design example considered in Chapter 6 (see Fig. 6.5). It was shown that the line
representing e, intersected the feasible zone delineated by the allowable stress requirements,
ie. area ABCD, to produce a new reduced feasible zone. Any point inside that new zone had
satisfactory and practically feasible values of P, and e, The smallest (optimal) value
for P, was obtained at the intersection of the lines representing Eq. (6.6) and e,,. It should
be mentioned here that this behaviour emphasizes the importance of the size of the girder’s
bottom flange discussed earlier in Chapters 2 and 3. A larger bottom flange that can
accommodate more prestressing strands at a large eccentricity can be very effective in
improving the efficiency of HPC bridge girders by allowing them to reach longer spans. For
the shorter span lengths, it was noted that the constraint limiting the eccentricity at and near
mid-span ceases to be active and, alternatively, the constraint which sets the limit on the
allowable tension at transfer becomes active. This is illustrated graphically in Fig. 7.1 for the
case of 4 CPCI Type 1200 girder lines having a span length of 22 m each. It can be readily
seen that the line representing e, did not intersect the feasible zone ABCD. In this case, the
smallest value for P, is obtained at point A, ie. at the intersection of the lines representing Eqs
(6.3) and (6.6). This implies that the optimal design does not necessarily require maximum

tendon eccentricity.
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Another governing design criterion was found to be the constraint on negative
moment over the piers at ultimate limit states. This negative moment is due to live load and
any additional dead load applied after continuity is achieved, and is resisted by longitudinal
reinforcing bars embedded in the cast-in-place deck slab across the piers. One reported
potential problem with this type of construction is that cracks may develop near the top
surface of the deck in the pier area due to this negative continuity moment [132]. Exposure
of these cracks to deicing salts can promote deck deterioration. It should be noted, however,
that the use of HPC, with its improved durability, accompanied by an adequate concrete cover

for the deck slab can be an effective solution to this problem.

The last of the governing design criteria was that imposed by the OHBDC [94] on the
deck slab thickness. It was noted that the optimal slab thickness always corresponds to the
225-mm minimum thickness permitted by the Code. As was explained in Sec. 4.6.2, this
thickness relates to extra cover to the reinforcement for protection against possible corrosion

of the steel bars in the deck.

All constraints that were inactive during the optimization process may be disregarded
in the design of prestressed concrete slab-on-girder bridges. Of special interest here is the
constraint on the area of the positive moment connection steel over the piers. As was
explained in Sec. 4.5.1, positive moments develop over piers in continuous slab-on-girder
bridges due to creep in the prestressed girders as well as due to the effect of live loads in
remote spans. Positive moments due to creep under sustained loads, i.e. prestressing and dead
loads, are partially counteracted by the negative moments resulting from differential shrinkage
between the cast-in-place deck slab and the precast girders. The assessment of these positive
moments is usually not readily possible because of uncertainties in creep analysis models and
the many factors on which it depends. This has led to suggestions for neglecting the structural
effects of creep (and shrinkage) in this type of bridges, and just providing a nominal minimum
amount of positive reinforcement between the girders if for no other reason than increasing

the structural integrity [139,157]. These suggestions were also based on the observed good
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performance of structures for which the design utilized full continuity for superimposed dead
loads and live loads, but neglected the structural consequences of time-dependent effects. It
can be said that there may be some merit to such a notion since the constraint on the positive
moment connection steel was never active in any of the 115 optimal design solutions
obtained. With the use of HPC, which can decrease the effects of creep and shrinkage, there

is certainly a stronger case for this notion. Further research is needed in this area.

7.3 SENSITIVITY ANALYSIS
7.3.1 General

The optimal solutions presented in this study were based on a set of assumptions that
were made in developing the optimization system. These assumptions were listed in Sec.
6.2.1, and were generally consistent with current bridge design and construction practices.
It is important, however, to test the validity and possible application of the optimal solutions
obtained outside the range of values assumed. Sensitivity of the cost function with respect to
the major assumptions made in this investigation is now studied. Unless otherwise noted, the
same bridge superstructure configuration was used to carry out the sensitivity analyses. It
consists of two equal spans of 30 m in length each with 3 CPCI Type 1400 girder lines. It was
found that other bridge configurations yielded essentially the same general trends exhibited

by the adopted configuration.

7.3.2 Discussion

® Live Load Factor

It was mentioned in Sec. 5.4.2.4 that the live load factor applied to moments at
ultimate limit states is expected to be in excess of 1.6 in the new CHBDC when it is published
[172], compared to 1.4 in the current OHBDC [94]. In this study, the live load factor was
taken as 1.6. The variation in cost for a range of factors from 1.4 to 1.7 was investigated. It

was found that the cost function is insensitive to variations in the live load factor. This can
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be attributed to the fact that the constraint on the positive moment reinforcement at and near

girder mid-span at ultimate limit states was never active.

® Location of Tendon Deflection Points

In this study, the prestressing tendons were assumed to be draped at the third-points
of the girder span in accordance with the current practice of pretensioning. Figure 7.2
illustrates the effect of changes in the location of the deflection points. It should be noted that
the vertical axis represents the ratio of “cost”, which is the value of the cost function
corresponding to a specified location, to “base cost”, which is the value of the cost function
corresponding to the “base” location; using such a ratio facilitates the comparisons more than
if the absolute values of the cost function were utilized. From the figure, it can be seen that

hardly any differences in cost occur when this parameter is varied as shown.

® The RatioR =P, /P,

Figure 7.3 illustrates the effect of changing the ratio, R, of the effective prestressing
force after losses to the prestressing force at transfer. It is recalled that the ratio adopted in
this study was (.80 corresponding to 20% prestress losses. It can be seen in the figure that
varying R over a range of possible practical values resulted in marginal differences in cost. For
example, assuming 25% losses resulted in about 1.5% difference in cost. In addition,

assuming 15% losses made a difference of less than 1% in the cost of the superstructure.

® TheRatioR,=f./ f'

Marginal differences in cost were also observed when the ratio, R, of the girder
concrete compressive strength at transfer to the 28-day strength was varied over a range of
possible practical values, as shown in Fig. 7.4. The base cost in this case corresponded to R,
equals 0.70.

® Deck Slab Concrete Strength and Thickness
It is recalled that all of the 115 optimal bridge designs generated by the optimization
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system utilized 35-MPa concrete for the cast-in-place deck slab. It is also recalled that the
optimal slab thickness was found to always correspond to the 225-mm minimum thickness
permitted by the OHBDC [94]. To study the effect of changing the slab concrete strength and
its thickness on the cost, Fig. 7.5 was established. It illustrates the variation in cost over a
range of concrete strengths from 35 to 50 MPa for two different slab thicknesses of 200 mm
and 225 mm. It can be seen that, in both cases, the use of concretes of higher strengths for
the bridge deck did not provide any economic advantage due to the practical limitations on
the minimum thickness of a slab. The increased durability of these concretes, however, may

provide a serviceability benefit for the deck that is worth the additional cost of using them.

® Transportation and Erection Costs

Although it would be difficult to estimate precast girder transportation and erection
costs without a specific bridge project. it is crucial in a study of this kind to pay closer
attention to the assessment of these costs especially for longer and heavier girders. This is

because, as was indicated in the previous chapter, the cost associated with the girders’
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shipping and handling tends to dominate slab-on-girder bridge construction costs in general.
To show the effect of varying these costs on the total superstructure cost, Fig. 7.6 was
established. Three bridge configurations were examined: a 2-girder bridge, a 3-girder bridge
and a 4-girder bridge. For all configurations, CPCI Type 1900 girders having a span length
of 36 m were used for the superstructure. Two levels of transportation and erection costs
were considered. The first level was based on the average values used originally in developing
the optimization system, i.e. $500/hour for mobilization, setup and dismantling of the crane,
and $6000 for shipping and handling a girder. This first level is referred to here, for
comparison purposes, as low transportation and erection costs. The other level was based on
$750/hour for mobilization, setup and dismantling of the crane, and $12,000 for shipping and
handling a girder. This level is referred to as high transportation and erection costs. It should
be mentioned that adopting these new values necessitated modifying Figs 5.5 and 5.6 to
reflect the changes in these cost items. The importance of having as close an estimate as
possible for transportation and erection costs is obvious from Fig. 7.6. It is clear that as the

number of girders increases for a given bridge project, the increase in the superstructure cost
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associated with high transportation and erection costs becomes higher than that associated

with low transportation and erection costs.
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS

8.1 INTRODUCTION

This chapter gives an overall summary of the motive behind this study, and the
methodology used to achieve the stated objective of the investigation. The conclusions drawn

from the study are outlined. Then, some recommendations for further research are listed.

8.2 SUMMARY

For several years, the most common application of HPC has been in the building
industry. Concrete strengths of 100 MPa and more have been frequently used in the lower
columns of high-rise buildings where conventional concrete would make those unacceptably
large. In comparison, strengths of about 60 MPa have been considered the maximum
achievable in the precast, prestressed concrete industry; this appears to be very timid
especially considering that several research studies have indicated that the potential
advantages from the utilization of HPC with its increased strength and improved durability
for precast, prestressed concrete highway bridges are quite promising. In spite of this, there
is still some disagreement in the precast industry that HPC is beneficial. This can be attributed
to the fact that the benefits of the material are not fully understood within the industry due,
in part, to the lack of research in this area. More significantly, the misconception that those
advantages do not justify the higher cost of the material and the increased quality control
requirements associated with its production, and the higher initial costs that have been
reported lately for some HPC bridges seem to deter most designers and precast concrete

producers from exploiting the material. The use of HPC in bridges in unlikely to advance
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quickly without a clear economic incentive for precasters to utilize the material widely. To

help provide such an incentive, this study was conducted.

The overall objective of this study was to assess the potential economic benefits from
the utilization of concretes with compressive strengths of up to about 100 MPa for
continuous, precast, pretensioned slab-on-girder highway bridges. These were chosen because
they represent the most common type of precast, prestressed concrete bridges constructed
in North America. To reach the above objective, refined computer-oriented structural
analysis methods combined with modern computational design optimization techniques were
used to develop an optimization system that was utilized to perform economic studies on the

type of bridges investigated.

The intent of this study was to look beyond current precast, prestressed concrete
production capabilities, and bridge analysis, design and construction methods. Although
current practice was considered as the basis for the assumptions made in developing the
optimization system, it was not used as a means to restrict potential applications of HPC in
precast, prestressed slab-on-girder bridges. The findings of the study were based on a bridge
of a configuration typical or representative of the majority of existing bridges of this type. It
was outside the scope of this study to consider every possible variation in bridge geometry
or layout. The results obtained, however, are general enough to apply for all slab-on-girder
bridges.

8.3 CONCLUSIONS
Based on the findings of this study, the following conclusions are drawn:
L. Apart from the main objective of this research, namely to assess the potential

economic benefits from the utilization of HPC for precast, prestressed concrete slab-

on-girder bridges, this study was intended to fill a portion of the gap that exists
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between the progress of the optimization theory, and its application to the practice of
structural engineering in general and bridge engineering in particular. It has been
demonstrated that computational structural analysis methods and design optimization
techniques can be combined, and effectively applied to everyday design problems;
thus, providing substantial aid to the designer not only in the creative process of
finding the optimal design, but also in significantly reducing the amount of effort and
time required to do so.

The use of HPC for standard precast, prestressed girders allows them to reach span
lengths previously unattainable with the utilization of concretes of normal strength.
On average, an increase in girder concrete strength from 60 to 100 MPa resulted in
a 30% increase in span capability for the five girder types considered. When span
lengths increase, the number of piers and foundations can be reduced for multi-span
bridges, reducing in turn the cost of the substructure. If the bridge is crossing an
existing roadway, a reduction in the number of piers and foundations would also ease

traffic disruptions on the roadway undemeath during construction of the bridge.

The use of 15.2-mm-diameter prestressing strands eliminates any levelling off of the
maximum span lengths at very high-strength concretes by allowing more prestressing
force to be accommodated within the girder cross section at a larger eccentricity.
Thus, the increase in maximum span lengths continues with each increase in girder
concrete strength, limited only by practical considerations such as shipping and
handling lengths, girder masses, lateral stability and/or prestressing bed capacities.

With HPC being a new product, most precasters and contractors have little or no
experience with its use. Therefore, they are somewhat uncertain as to what it would
cost them to mix concrete with a compressive strength as high as 100 MPa. An
equation and a chart were established that can be used to estimate the cost of a

concrete mix having a compressive strength of up to 100 MPa. They are based on
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several groups of current concrete cost data from local producers and relative cost

data from the literature, and can prove valuable to precasters and contractors.

Although the basic material cost per cubic metre for concretes of higher strengths is
obviously increased, primarily due to increased mix constituent and quality control
costs, this can normally be fully offset by the reduced quantities of concrete required
in the form of fewer girders for a given span length as a result of the proportionate
increase in girder capacity. Consequently, for a given span length, it is more
economical to use a fewer number of girders made with HPC than it is to use a larger
number of them manufactured with normal-strength concrete. This implies that it is
most economical to place girders at the largest practical transverse spacing. This
economic advantage of using HPC becomes more apparent for longer span lengths.
Referring to Fig. 6.17, it can be seen that, for example, using 3 CPCI Type 2300
girders made with 80-MPa concrete to span 44 m is more economical than using 4 of
them made with 60-MPa concrete to span the same length. The cost saving, in this

case, was about 16% of the total superstructure cost.

Despite the fact that a deeper girder with a larger section modulus utilizes the
increased concrete strength more efficiently, ie. the deeper girder has greater span
increase capabilities, the use of a shallower girder cross section manufactured with
a higher-strength concrete to span a given length can be more economical than the
use of a deeper section made with a lower-strength concrete. For example, it is
more economical to use 2 CPCI Type 190G girders made with 80-MPa concrete
than it is to use 2 Type 2300 girders made with 60-MPa concrete for any span
length in the range from 27.8 m up to about 32 m (see Fig. 6.17). Although the
saving in the superstructure cost associated with the use of the shallower section, in
this case, did not exceed 3% within the range of spans considered, it is important to
keep in mind that there will be additional savings from the reduced substructure
height.
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At relatively shorter span lengths, the economical benefits realized with the use of
concretes of very high strength may diminish. For example, it was found that over the
range of span lengths from 27.8 m up to about 32 m, the cost curves for strengths of
80 MPa and 100 MPa completely overlap (see Fig. 6.18), which means that there is
no advantage realized from the utilization of the 100-MPa concrete at any span length
within the range considered. Thus, it would be more economical not to use such a
very high strength for relatively shorter spans unless it can be proven that the
reduction in the life-cycle costs resulting from the increased durability of this concrete

would more than offset the higher cost of the material

Although it would be very difficult to estimate precast girder transportation and
erection costs without a specific bridge project, it is crucial in a study of this kind to
pay closer attention to the assessment of these costs especially for longer and heavier
girders. This is because the cost associated with the girders’ shipping and handling

tends to dominate slab-on-girder bridge construction costs in general.

Ore point that is relevant to the series of girders considered in this investigation is that
CPCI Type 1600 cross section never provides the most economical design at any
given span length, provided that there was no limit on the level of concrete strength
that can be used to manufacture Type 1400 girders. This was true for all of the bridge
configurations studied (see Figs 6.13, 6.14 and 6.15). Although the deeper Type 1600
cross section is structurally more efficient than the shallower Type 1400 section in the
sense that it can reach longer span lengths using relatively lower concrete strengths,
the reduction in the material (Le. concrete) cost is not sufficient enough to absorb the
increase in the erection cost of the heavier Type 1600 section before Type 1900 takes

over and becomes economically more competitive.

The use of HPC for the bridge deck slab does not provide any economic advantage.

This is due to the practical limitations on the minimum thickness of a slab. The
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increased durability of HPC may provide a serviceability benefit for the deck that is
worth the additional cost of using the material.

For all of the 115 optimal bridge designs generated by the optimization system, the
allowable stress inequality conditions governed the flexural design; specifically, the
constraints which set the limits on compression at transfer and tension at serviceability
limit states were active for all optimal designs. Additionally, the constraint which sets
the limit on tension at transfer was active for the shorter span lengths. It was found
that the constraint on the positive moment reinforcement at and near girder mid-span
at ultimate limit states was never active; therefore, this constraint may be disregarded

in the design of prestressed concrete slab-on-girder bridges.

It has been found that the constraint on the area of the positive moment connection
steel over the piers was never active in any of the optimal design solutions obtained.
Thus, there may be some merit to the notion of neglecting the structural effects of
creep and shrinkage in continuous, precast, prestressed concrete slab-on-girder
bridges, and just providing a nominal minimum amount of positive reinforcement
between girders if for no other reason than increasing the structural integrity. Such
notion is primarily based on the observed good performance of structures for which
the design utilized full continuity for superimposed dead loads and live loads, but
neglected the structural consequences of time-dependent effects. With the use of HPC,
which can decrease the effects of creep and shrinkage, there is certainly a stronger

case for that notion.

Sensitivity analyses of the obtained resuits with respect to the major assumptions made
in developing the optimization system suggest that the findings of this study are
applicable to a wide range of practical values surrounding those assumed. For
example, marginal differences in the value of the cost function were obtained when

the ratio of the effective prestressing force to the prestressing force at transfer, and
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the ratio of the concrete compressive strength at transfer to the 28-day strength were
varied over a range of possible practical values.

8.4 RECOMMENDATIONS FOR FURTHER RESEARCH

The following recommendations are suggested for future work in this area:

1. Precast, prestressed I-girders made of HPC tend to be longer and more slender than
those fabricated with normal-strength concrete. As the cross sectional areas reduce
and masses decrease, there is the possibility of increased vulnerability to lateral
stability problems. Ways of improving the stability of long I-girders have been
suggested in the literature as was discussed in Sec. 2.5.2.4. Additional research studies
and field tests may be needed to ascertain shipping and handling requirements for the

longer HPC I-girders.

2. Analytical and experimental studies are needed to test the notion of neglecting the
structural consequences of time-dependent effects in continuous, precast, prestressed
concrete slab-on-girder bridges. Long-term field measurements are also required in

order to assess the accuracy of the research results.

3. It has been seen in this study that had some of the constraints imposed by the OHBDC
empirical design method for deck slabs been adhered to exactly, many of the bridge
configurations investigated would have not been possible. These constraints are
mostly based on conservative empirical results, and in many cases the limits of their
applicability could be extended if more extensive laboratory and field testing were
conducted. Thus, further research is needed on the internal arching action of deck
slabs.

4, Sufficient data for specific cases have been presented in this study which point the way
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for further research on slab-on-girder bridges. The developed optimization system
represents a powerful tool for the analysis and design of this type of bridges; a tool
that can be expanded to include various other bridge configurations, different types

of girder cross sections and different live load specifications.

The methodology used in this study to formulate the optimal design problem of
precast, prestressed concrete slab-on-girder bridges can be used to study the potential
economic benefits from the utilization of HPC for other types of highway bridges,

such as box-girder bridges.
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APPENDIX A

IDESIGN INPUT DATA FILE

This appendix contains the input data file required by IDESIGN to solve the numerical
design example of Sec. 6.3.



1

1

0

BRIDGE NO. 1: 4 - CPCI 1600 L=32n
48 50 0 -1 11 0 2 S

1.0000p-03 1.0000D-01 1.0000D-05 1.0000D-03
5$.5000D+00 1.0000D+400 2.0700D0+01
5.00000-01 2.00000-01 7.33000-01
4.00000-01 -7.0000D-01 6.0000D0-01
4.00000-01 -7.00000-01 6.0000D-01
2.00000-03 1.0000D-10 1.0000D0-01
9.00000-03 1.0000D-10 1.0000D0-01
2.2500D-01 2.25000-01 5.00000-01
3.0000D+00 3.0000D+00 3.0000D+00
1.5000D+00 1.5000D0+00 1.5000D+00
0.0000D+00 0.0000D+00 1.0000D-01
4.70000+01 4.0000D+01 2.0000D+02

[y
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APPENDIX B

IDESIGN OUTPUT DATA FILE

This appendix contains the output data file generated by IDESIGN for the numerical
design example of Sec. 6.3.



TIPSR 2T A IR SRR 22 2 A 22 02 A R R L L A A ddddddd

INTERACTIVE DESIGN OPTIMIZATION OF ENGINEERING
SYSTEMS TO SOLVE THE PROBLEM:
SUBJECT TO HI(B) = 0, AND GI(B) <= 0

REPORT ANY PROBLEMS TO PROFESSOR J.8.ARORA
e e AR AL A T AL A R R L LA LA LA A SR AR L A A

WELCOME TO PROGRAM IDESIGN3.S5

INPUT DATA IS RCHOED

BRIDGE NO. 1: 4 - CPCI 1600 L=3n
11 0 48 S0 0 -1 11 0 2 5

1.0000p-03 1.0000D-01 1.0000D-05 1.0000D-03
1 5.50000+00 1.0000D+00 2.0700D+01
2 5.00000-01 2.00000-01 7.3300D-01
3 4.0000D-01 -7.00000-01 6.0000D-01
4 4.0000D-01 -7.0000D0-01 6.0000D-01
L] 2.00000-03 1.0000D-10 1.0000D-01
6 9.00000-03 1.0000D-10 1.00000-01
7 2.25000-01 2.2500D0-01 $.0000D0-01
8 3.0000D+00 3.0000D+00 3.0000D+00
9 1.5000D+00 1.5000D0+00 1.5000D+00
10 0.0000D+00 0.0000D+00 1.0000D-01
11 4.70000+01 4.0000D+01 2.0000D+02

TR 2222222222222 12222 22 R 2 R 2 R 2R AR AR AR didddildddddd

1: 4 - CPCI 1600

I R e eI R I 2L TR R 2R R 2R XA R R A0 AR AR AR A0l dldddddd

»

ssee

e

POV e W

BRIDGE NO.

NUMBER OF DESIGN VARIABLES

NUMBER OF BQUALITY CONSTRAINTS
NUMBER OF INEQUALITY CONSTRAINTS
MAXIMUM NUMBER OF ITEBRATIONS

PREVIOUS ITERATIONS RUN

PRINTING CODB
GRADIENT CALCULATION INDICATOR

PROBLEM TYPE
ALGORITHM INDICATOR

NO. OF CONSECUTIVE ITER. FOR ACT

(2=LP1

TOL. IN CONSTR.
CONVERGENCE PARAMETER VALUE
DEL FOR P.
ACCEPTABLE CHANGE IN COST PUNC.

D.

5.50000+00
5.00000-01
4.0000D-01
4.0000D-01
2.0000D-03
9.0000D-03
2.25000-01
3.0000D+00
1.5000D+00
0.0000D+00
4.7000D+401

VIOL.

1.0000D+00
2.00000-01
-7.0000D-01
-7.00000-01
1.0000D-10
1.0000D0-10
2.25000-01
3.0000D+00
1.5000D0+00
0.0000D+00
4.0000D+01

0, 1=NLP)

AT OPT.

GRAD. CALCULATION

sss STARTING DESIGN AND ITS LIMITS
P LI I e e T R A R A T R P PR YR R 2 22 Y 2

11
0
48
50
0
-1
11
0
2
5

NH NN RN DN N N

2.0700D+01
7.3300D-01
6.0000D-02
6.0000D-01
1.0000D-01
1.0000D0-01
5.0000D-01
3.0000D+00
1.5000D+00
1.0000D0-01
2.0000D+02

MINIMIZE P(B)

L =34nm

1.0000D0-03
1.0000D-01
1.0000D-05
1.0000D0-03

333333
RPN RCOIESIEN

208



REQUIRED DIMENSION OF ARRAY A=

5212

ewees IDRSIGN IS CHECKING YOUR GRADIENT EXPRESSIONS teete

INITIAL DESIGN VARIABLE

1 5.5000D+00
6 9.00000-03
11 4.7000D+01

COST FUNCTION
1.4757D+02

a
7

CONSTRAINT VALUE

1 -1.7457D+00
6 -1.3254D+01
11 -8.9517D-01
-2.1617D-01
-1.2062D+00
-2.0187D-01
-9.6764D-01
-2.9401D-01
-1.8901D-01
-5.9335D-01

2

12

5.0000D-01
2.2500D0-01

6.3962D-02
-1.0000D+00
-1.5724D-01
-1.6668D-01
-5.8572D+00

1.2164D+00
~-2.0557D-01
-2.7147D+00
-1.3193Dp-01
-2.5926D-01

3 4.0000D-01
8 3.0000D+00

3 ~9.6764D-01
8 -5.8572D+00
3.8697D+00
-9.9318D-01
-1.7099D-01
-1.1241D+00
-1.0741D+00
2.03358D-01
-5.1143D-01
-1.6667D-01

4 4.0000D-01
9 1.5000D+00

4 -2.0557D-01
9 -1.7099D-01
-1.2100D+00
-5.9560D-02
-2.6635D-01
-1.7457D+00
-1.9581D+01
-2.4470D-01
-5.9335D-01

S
10

S
10
15
20
25
30
35
40
45
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2.00000-03
0.0000D+00

-9.6764D-01
-2.6635D-01
-6.64795D+00

5.2632D+00
-8.9517D-01

6.3962D~02
-7.9515D-01
-6.3254D-01
-6.6397D-01

PP ey e AT R DI AL DR DAL AL A AR A AR R A R AR AR Al Al add

1.IDESIGN WILL PIRST CALCULATE THE BEST DELTA POR GRADIENT EXPRESSIONS.
2.??? IN THE TABLES MEAN GRADIENT EVALUATION IS NOT VERIFIED.
{ GIVEN DEL WILL BE REDUCED BY A PACTOR OP 10 PIVE TIMES. )

R a2 222222 2 2222220 R A2 AR A0 2 ddd S0 ddddadldddddd

DBLTA POR PINITE DIPPERENCE (DBL)

1.0000D-05

DELTA FOR PINITE DIFPEBRENCE (DEL)

1.0000D-06

IDESIGN CHECK FPOR THE FINITE DIFFERENCE GRAD. CALCULATIONS IS OK.

OPTIMUM DELTA POR IDESIGN GRADIENT CALCULATIONS.

DEL= 1.0000D-05

*ssees END OF GRADIENT CALCULATIONS fteeee

DESIGN VARIABLES AT ITERATION

1 5.5000D+00
6 9.0000D-03
11 4.7000D+01

MAX VIO
5.2632D+00

DESIGN VARIABLES AT ITERATION =

2
7

1

5.0000D-01
2.25000-01

CONV PARM
.0000D+00

= 1
3 ¢.0000D-01
8 3.0000D+00

cosT
1.4757D+02

1 5.5284D+00 2 7.33000-01 3 3.6241p-01
6 9.0000D-03 7 2.25000-01 8 3.0000D+00
11 4.7002D+01
MAX VIO CONV PARM cosT
1.7801D+00 1.0000D+00 1.4759D+02
DESIGN VARIABLES AT ITERATION = 3

(RQP ALGORITHM USED)

4 4.0000D-01
9 1.5000D+00

2 (RQP ALGORITHM USED)

4 3.6241D-01
9 1.5000D+00

(RQP ALGORITHM USED)

2.0000D-03
0.0000D+00

2.3375D-03
0.0000D+00
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1 6.1358D+00 2 7.0822p-01 3 3.6241D-01 4 3.6241D-01 5 2.5125D-03
6 9.0000D-03 7 2.2500D-01 8 3.0000D+00 9 1.5000D+00 10 0.0000D+00
11 5.7966D+01

MAX VIO CONV PARM cosT
2.2400D-01 4.4149D+01 1.5081D+02

DESIGN VARIABLES AT ITERATION = ¢ (RQP ALGORITHM USED)
1 6.1358D+00 2 7.0822Dp-01 3 3.6241D-01 4 3.6241D-01 5 2.5125D-03
6 6.7500D-03 7 2.25000-01 8 3.0000D+00 9 1.5000D+400 10 0.0000D+00
11 5.7966D+01

MAX VIO CONV PARM cosT
2.2399D-01 2.1897D+00 1.5071D+02

DESIGN VARIABLES AT ITERATION = 5 (RQP ALGORITHM USED)
1 6.2376D+00 2 7.0364D-01 3 3.7864D-01 4 3.7864D-01 5 2.5125D-03
6 7.0996D-03 7 2.2500D-01 8 3.0000D+00 9 1.5000D+00 10 0.0000D+00
11 6.0156D+01

MAX VIO CONV PARX cosT
5.2815D-03 1.1738p-01 1.5168D+02

DESIGN VARIABLES AT ITERATION = 6 (RQP ALGORITHM USED)
1 6.2486D+00 2 17.0196D-01 3 3.9508p-01 4 3.9508D-01 5 2.5125D-03
6 7.0996D-03 7 2.2500D-01 8 3.0000D+00 9 1.5000D+00 10 0.0000D+00
11 6.0222D+01

*eees DRIIGN AT THIS ITERATION IS USABLE *t*te

MAX VIO CONV PARM cosT
4.6509D-05 1.1739D-01 1.5169D+02

DESIGN VARIABLES AT ITERATION = 7 (RQP ALGORITHM USED)
1 6.2542D+00 2 7.0095D-01 3 4.0703Dp-01 4 4.0703Dp-01 5 2.5125D-03
6 7.0996D-03 7 2.2500D-01 8 3.0000D+00 9 1.5000D+00 10 0.0000D+00
11 6.0222D+01

*#*#s%s DESIGN AT THIS ITERATION IS USABLE ****+*

MAX VIO CONV PARNX CosT
3.6247D-05 1.1739D-01 1.5169D+02

DESIGN VARIABLES AT ITERATION = 8 (RQP ALGORITHM USED)
1 6.2567D+00 2 7.0049D-01 3 4.1202D-01 4 4.1202D-01 5 2.5125D-03
6 7.0996D-03 7 2.2500D-01 8 3.0000D+00 9 1.5000D+00 10 0.0000D+00
11 6.0222D+01

#eses DESIGN AT THIS ITERATION IS USABLE ***¢*

MAX VIO CONV PARM cosT
3.4430D-05 1.1738D-01 1.5169D+02

DESIGN VARIABLES AT ITERATION = 9 (RQP ALGORITHM USED)
1 6.2592D+00 2 7.0004D-01 3 4.1635Dp-01 4 4.1635D-01 5 2.5125D-03
6 7.0996D-03 7 2.2500D-01 8 3.0000D+00 9 1.5000D+00 10 0.0000D+00
11 6.0222D+01

#esee DRSIGN AT THIS ITERATION IS USABLE *****

MAX VIO CONV PARM cosT
3.2742p-05 1.1738D-01 1.5165D+02
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DESIGN VARIABLES AT ITERATION = 10 (RQP ALGORITHM USED)

1 6.2616D+00 2 6.99590-01 3 4.2009p-01 4 4¢.2009D-01 5 2.5125D-03
6 7.0996D-03 7 2.2500D-01 8 3.0000D+400 9 1.5000D+00 10 0.0000D+00
11 6.02220+01

eeess DESIGN AT THIS ITERATION IS USABLE **eee

MAX VIO CONV PARM cosT
3.1274D-05 1.1738D-01 1.5169D+02
DESIGN VARIABLES AT ITERATION = 11 (RQP ALGORITHM USED)

2 6.9913D-01 3 4.23300-01 4 4.2330D-01 S5 2.5125p-03
7 2.2500D-01 8 3.0000D+00 9 1.5000D+00 10 0.0000D+00

1 6.2642D+00
6 7.0996D-03
11 6.0222D+01

¢eeees DESIGN AT THIS ITERATION IS USABLE ****e

NAX VIO
3.0132p-05

CONV PARM CosT
1.1738p-01 1.5169D+02

*seee CONVERGRNCE CRITERIA SATISPIED *w#se

I MAX. VIO.  CONV. PARM cosT
11 3.01316D-05 1.17384D-01  1.51693D+02
1222222122122 22222 2]
* HISTORY TABLE *
1224222222222 22220 2]

ITER MAX VIO  CONV PARM cosT
1 5.2632D+00 1.0000D+00 1.4757D+02
2 1.7801D+00 1.0000D+00 1.4759D+02
3 2.2400D-01 4.4149D+01  1.5081D+02
4 2.2399p-01  2.1897D+00  1.5071D+02
S  5.2815D-03 1.1738D-01 1.5168D+02
6§ 4.6509D-05 1.1739D-01 1.5169D+02
7  3.6247D-05 1.1739D-01  1.5169D+02
3  3.4430D-05 1.1738D-01 1.5169D+02
9 3.2742D-05 1.1738D-01 1.5169D+02

10  3.1274D-05  1.1738D-01  1.5169D+02

11 3.0132D-05 1.1738D-01  1.5169D+02
CONSTRAINT ACTIVITY

NO. ACTIVE VALUE LAGR. MULT.

1 -1.23127D+00 0.00000D+00

2 YES -2.80633D-02 1.10413D-02

3 -9.91135D-01 0.00000D+00

4 -2.74287D-01 0.00000D+00

5 -9.91135D-01 0.00000D+00

6 -1.36715D+01 0.00000D+00

7 ~1.00000D+00 0.00000D+00

8 -6.75416D-01 0.00000D+00

9 YES -2.01591D-06 1.00594D+01

10 -6.04359D-01 0.00000D+00

11 -6.54612D-01 0.00000D+00

12 -5.10498D-01 0.00000D+00

13 -1.22868D+00 0.00000D+00

14 -1.20489D+00 0.00000D+00

15 -1.37390D+00 0.00000D+00

16 YES -3.52637D-02 0.00000D+00

17 -5.26573D-01 0.00000D+00



k] ] YEBS
39 YES

-7.31101D0-01
-4.34440D-01

3.01316D-05
-1.20112D+00
-6.75416D-01
-2.01591D-06
-6.04359D-01
-6.54612D-01
-5.48900D0-01
-3.60250D+00
-1.12106D+00
-1.23127D+00
-2.806330-02
-9.91135D-01
-2.74287D-01
-1.08249D+00
~1.93184D+01
-8.00587D-01
-4.03774D-03
-1.65164D+00

1.01807D-13

9.01973p-09
-7.585030-01
-5.18544D-01
-4.45935D-01
-9.31216D-01
-4.05425D-01
-4.46583D-01
~4.05425D-01
-2.59259D0-01
-1.66667D-01

DESIGN VARIABLE ACTIVITY

NO. ACTIVE

UPPER

LOWER
LOWER
LOWER
LOWER

HPowo~SNaUIe WN KM

-

DESIGN
6.26419D+00
6.99126D-01
4.23304D-01
4.23304D-01
2.51250D-03
7.09956D-03
2.250000-01
3.00000D+00
1.50000D+00
0.00000D+00
6.02224D+01

COST PUNCTION AT OPTIMNUX =

0.00000D+00
0.00000D+00
7.62516D-01
0.00000D+00
0.00000D+00
0.00000D+00
0.00000D+00
0.00000D+00
0.00000D+00
0.00000D+00
0.00000D+00
0.00000D+00
1.10413D-02
0.00000D+00
0.00000D+00
0.00000D+00
0.00000D+00
0.00000D+00
0.00000D+00
0.00000D+00
1.10925p-01
3.18911D-01
0.00000D+00
0.00000D+00
0.00000D+00
0.00000D+00
0.00000D+00
0.00000D+00
0.00000D+00
0.00000D+00
0.00000D+00

LOWER
1.00000D+00
2.00000D-01

-7.00000D-01
-7.00000D0-01
1.00000D0-10
1.00000D-10
2.250000-01
3.00000D+400
1.50000D0+400
0.00000D+00
4.00000D+01

UPPBR
2.07000D+01
7.330000-01
6.000000-01
6.00000D-01
1.00000D-01
1.00000D-01
§.00000D-01
3.00000D+00
1.50000D+00
1.00000D0-01
2.00000D+02

1.516930D+02

(2T ST ARSI S22 222 2 A0 2 222 202 A4 ddddd)

COST REDUCTION HAVE MET CONVERGENCE CRITERIA

(T2 TR S 222222 220 2 A0 2 A Q2 20222 ddddd)

NO. OF CALLS POR COST FUNCTION EVALUATION (USERMF)
NO. OF CALLS FOR EVALUATION OF COST FUNCTION GRADIENT
NO. OF CALLS POR CONSTRAINT PFUNCTION EVALUATION (USERCF)
NO. OF CALLS POR EVALUATION OF CONSTRAINT PUNCTION GRADIENTS (USERCG)
NO. OF TOTAL GRADIENT EVALUATIONS ....ccccccveccescsccscsaccanccancns

LAGR. MULT.
0.00000D+00
3.76760D+01
0.00000D+00
0.00000D+00
0.00000D+00
0.00000D+00
1.29232D+01
0.00000D+00
2.19776D+03
0.00000D+00
0.00000D+00

sssessecs s 0o

{USERMG)

...........

w o

169

168

96

212
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