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Abstract
COMPARISON OF POST-TENSIONED CAST IN PLACE
CONCRETE AND STEEL-CONCRETE

COMPOSITE BENT CAPS

FRANCISCO DAVID BERROCAL RUIZ

The University of Texas at Arlington, 2015

Supervising Professor: Nur Yazdani

Civil engineering projects are conditioned not only by the technology available
but also by resources availability as well as budget and construction time. Special
conditions applicable to particular projects can also control their development.

The correct selection from the different feasible alternatives can determine the
final output of a project. In that sense, the importance of bridge structures on both the
overall budget and schedule of civil engineering projects makes the selection of the
proper structural typology decisive for their success or failure. In some cases, special
characteristics can establish the need of innovative solutions to guarantee a successful
development of the project.

The evolution of the urban areas and consequently the increase in their
population, translates into increasing traffic volumes that, eventually, may overcome the
existing transportation infrastructures capacity. The construction of new projects to
increase the capacity of the transportation system in consolidated urban areas generates
conflicts with existing infrastructures that may require the development of new
construction processes, techniques and structural typologies to limit the impact on the

traffic.



The complexity of the IH-635 Managed Lanes Project located in Dallas County
has posed several technical and constructive challenges, leading to the adoption of
solutions different from the traditionally adopted. The particular solution given to the
substructure of Bridge 4 crossing over IH-35E on the IH-635 project has been analyzed
on this study. Two alternatives will be analyzed in terms of structural behavior, cost-
efficiency and schedule: the original cast in place post-tensioned concrete structure and

the finally built steel-concrete composite prefabricated bent cap solution.

vi
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Chapter 1

INTRODUCTION

1.1 Introduction

The construction market has dramatically changed during the last decades.
Construction companies from all around the world have internationalized their operations,
looking for new growing opportunities abroad in markets with an increasing
competitiveness. In that sense, it is extremely important for the projects main contractors
and developing agencies to accurately determine, from the set of feasible engineering
alternatives, the one that better guarantee the successful development of the projects.

An aspect of large transportation projects stands out from the rest of them for its
remarkable influence in the overall result of the project: bridge structures. Bridges
construction can determine whether a project is successfully developed or not because of
the amount of resources and time needed in their construction. Also, the need of
increasing the capacity of existing transportation infrastructures in already consolidated
urban areas, where maintaining a minimum service level for the ftraffic during the
construction of the project is key to keep the normal daily activity, has posed other

challenges for the structural engineer.

1.2 Project Background

The IH-635 Managed Lanes Project is located in North Dallas (Texas) and

comprises works on both IH-35 and IH-635 freeways. Started in early 2011, it is expected

to be completed and opened to public on summer 2015. After its completion, it will



dramatically increase the traffic capacity of this important east-west corridor in Dallas. It
will consist of four to six general purpose lanes per bound, two managed lanes per

bound, and two to three frontage road lanes per bound.
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Figure 1-1 Project Location

The IH-35 IH-635 interchange became one of the major landmarks of the project

because of its complexity and extensive use of structures. A new Loop 12-IH 635 WB



direct connector has been built, implying the construction of a new bridge (Bridge 4) to

solve its crossing over IH-35 highway northbound direction.
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Figure 1-2 Bridge 4 Location

The LBJ Project design and construction teams faced there one of the many
challenges they needed to overcome for the successful development of the project. The
IH-35 and its existing interchange with IH-635 is a major traffic corridor in Dallas area,
supporting high traffic volumes, particularly during peak hours. The construction of a new
bridge using conventional design and construction methodologies over this important
corridor may imply closing the highway to the traffic and, therefore, seriously impacting

the traffic and overall economic activity in this important area of the Metroplex.



Bridge 4 crossing over IH 35E
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Figure 1-3 Bridge 4 Crossing over |IH-35E

The singularity of the problem faced needed of an innovative solution. The
originally designed post-tensioned cast in place concrete bent cap solution could not be
built without a long term closure of the IH-35E highway for the required form work and
concrete curing times. The solution to be adopted may have to be prefabricated and
simply supported on the columns to limit to the minimum the impact to the traffic. With
spans varying from 74.5 ft. to 86 ft. (22.71 to 26.21 m.) between supports, a precast
prestressed concrete bent cap would have been too heavy to be safely lifted. A
composite steel-concrete bent cap, consisting of a rectangular shaped section of steel
with a top compression concrete slab, was designed and built as a lighter alternative

complying with the previously mentioned requirements.
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Figure 1-4 Bridge 4 Typical Section

This study will consist of the performance of a comparison between both

solutions in terms of structural behavior, cost-efficiency and construction time.

1.3 Need Statement

Selecting the most appropriate solution for the design of a bridge structure is a
difficult task that involves the contribution of professionals with different backgrounds.
The particular conditions of the project in hand have to be deeply analyzed to obtain the

expected outcome in terms of quality, safety, cost and schedule.



The continuous development of our cities translates in increasing traffic volumes
that will eventually overcome the existing transportation infrastructures capacity.
Therefore, the construction of new projects to increase traffic capacity of our highways
and toll ways in consolidated urban areas and conflicting with other existing
infrastructures may lead to the development of new construction processes, techniques
and structural typologies.

The current construction market conditions, with an increasing competitiveness
for the construction companies, have made the design optimization key for the structural
engineer success. In that sense, the availability of comprehensive and detailed guidance
documents describing the new processes, techniques and structural typologies is
extremely important to ensure that engineers properly comply with their commitment with
the society.

In the opinion of this research’s author, engineers like himself with a privileged
position in a major construction company and therefore, with a unique opportunity of
participating in large construction projects have the responsibility of showing to the
engineering community those innovative methods, solutions or techniques used in such

projects. This research is the result of that commitment

1.4 Research Objectives

The objective of this research is to establish adequate modeling techniques to be
used in the analysis and design of both structural typologies in future researches, and
conduct a comparison between the two previously discussed structural solutions in terms
of structural behavior at service, cost-efficiency and construction schedule. The tasks to

be completed are:



- Literature Review. Currently available literature about bridge design, cost
estimation and construction scheduling methodologies will be analyzed,
identifying their applicability to the case in study

- Structural analysis. Both the posttensioned concrete bent cap original design
and the steel-concrete composite bent cap alternative will be modeled using
the commercial software ABAQUS to accurately simulate their structural
behavior.

- Cost estimation. The total direct cost of both structural alternatives has been
determined for their use in preliminary studies.

- Construction scheduling. The construction time required for both solutions
have been determined to be used as guidance for preliminary studies.

- Conclusions. The results obtained are compared to determine the

advantages and disadvantages of each of the solutions analyzed.

1.5 Thesis Organization

Chapter 1 introduces the problem in hand and its controlling parameters. The
justification of its need, objectives of the research and the document organization are
also presented in this chapter.

Chapter 2 presents the current situation of bridge substructure design in the
available literature and related researches. Cost estimation and construction planning
literature references are also researched to better establish methodologies to be used in

subsequent chapter’s analyses.



Chapter 3 describes the finite element model analysis performed for the two bent
cap typologies studied, establishing the required parameters for the development of
accurate models and methods for their validations.

Chapter 4 provides the cost analysis and construction schedule of the two
solutions studied in this Thesis.

Chapter 5 summarizes the results obtained, allowing for their comparison and
discussion.

Chapter 6 includes the conclusions drawn from the work performed in this thesis.
Proposals for future researches are also provided.

Appendix A includes the drawings in which the general geometry of Bridge 4 and
the particular details of the two different structural alternatives studied are shown.

Appendix B presents a summary of the load calculations performed by modeling
the bridge using the software PGSuper.

Appendix C provides the prestress losses calculations performed to determine
the effective prestress force to be applied in the development of the first finite element
model.

Appendix D shows the hand calculations performed to validate the results
obtained from the post-tensioned bent cap model developed in Abaqus.

Appendix E presents the calculations performed to validate the composite bent
cap model developed using Abaqus.

Appendix F includes the detailed estimates obtained for the two structural
solutions studied.

Finally, a list of the references used in the development of this thesis is included.



Chapter 2

BACKGROUND AND LITERATURE REVIEW

This chapter presents the information gathered about the topic under analysis.
After a brief historical introduction, substructure typologies available in the literature
researched are presented and their main characteristics are outlined. Once the two
typologies proposed have been described, cost estimation and construction planning
methodologies are investigated to determine the techniques that will better serve for the

purposes of this study. Finally, the case under analysis is described.

2.1 Historical Introduction

Bridge building is inherent to human society development. The first bridge in
human history was probably built in prehistoric times when the need of crossing a river
made a man cut a tree and use it for that purpose.

For a long time, the bridge building technology did not experience a noticeable
advance, and bridges were built from locally and naturally available materials. It is not
until the rise of the Roman Empire when this technology sees a revolution. The need of
an extensive net of transportation infrastructures to allow quick and safe communication
and transportation of people and goods led to the discovery of the stone arc. Some of
those bridges have become major landmarks, like the Alcantara Bridge in Spain, which is

still opened to traffic after 2,000 years in service.



Figure 2-1 The Alcantara Bridge (Spain)

The fall of the Roman Empire changed drastically the way bridges were seen.
They were no longer an essential infrastructure and they had the disadvantage of being
hard to defend from invaders. As a consequence, many of them were demolished during
the Middle Ages.

Bridge construction did not experience an increase until the Renaissance, but the
lack of new materials prevented engineers from developing new bridge typologies. That
situation changed during the 19" century with the availability of new construction
materials. Improvements in the fabrication processes of gray iron first and steel later cut
the prices of those materials. Later, the discovery and development of reinforced and
prestressed concrete meant a new revolution for the structural engineering. The
appearance of those new construction materials, joined to the development of the
modern Mechanics of Materials theory, led to the development of the modern bridge

concept.

10



2.2 Structural Background

2.2.1 Introduction

The terms pier and bent are used to refer to any type of substructure used to
transfer the bridge superstructure loads to the bridge foundation in intermediate supports
between abutments.

The evolution of pier typologies is a consequence of the intensive use of bridges
caused by the changes in our transportation infrastructures (Zhao & Tonias, 2012). While
bridges were originally used to cross over natural features, the development of the
modern transportation networks and their interactions and conflicts have introduced new
design constraints for bridges.

The literature available about bridge design usually establishes bridge
classifications based mainly, when not exclusively, in the superstructure typology —this is,
beams and deck- the materials used and, in some cases, other criteria. For example,
(Lebet & Hirt, 2013) establish the following as main criteria for bridge classification:

- Type of use.

- Geometry.

- Structural form.

- Type of slab.

- Cross section.

- Slab position.

- Erection method.

- Slab construction.

11



Most of the bridge classifications are based in a single criterion. For example, the
classifications proposed by (Lee & Sternberg, 2015) and (Zhao & Tonias, 2012) are
based only in the structural form of the bridge superstructure. Other authors base their

classifications in more than one criterion.

Table 2-1 Bridge Classification Based on Slab Position and Structural Form.

(Barker & Puckett, 2013)

BRIDGE CLASIFICATION
Main structure below the deck line Arched and truss-arched bridges
Suspension, cable-stayed and through-
truss bridges

Main structure above the deck line

Main structure coincident with the

. Girder and slab bridges
deck line

This widespread consideration of a bridge being only its superstructure has led to
a general lack of information about the possible alternatives that the structural engineer
has when facing the design of a bridge substructure.

In general, abutment design is deeply analyzed (Zhao & Tonias, 2012),
particularly when referring to integral abutments. For example, (Barr, Halling, Huffaker, &
Boyle, 2013) investigated the reasons behind abutment spalling on an integral abutment
bridge in Salt Lake City by first instrumenting and monitoring the bridge and second by
developing and calibrating a finite element model of the bridge. (Nikravan, 2013) studied
the structural behavior of integral bridges when subjected to temperature variations using
3D finite element models, and determined the key parameters that impact the behavior of

such bridges.

12



However, pier typologies are generally omitted or, in the best of the scenarios,
limited to the standard solutions made of cast in place reinforced concrete supported
either by one —hammerhead bent cap- or more than one —column and pile bent cap
(Chen & Duan, 2014). Some special typologies like the straddle bent caps are briefly
described in other documents (Colleti & Sheahan, 2012), but their main characteristics

and design processes are not covered in depth.

Some public agencies have also published several documents detailing the
design process of the most common bent cap typologies. Design examples of rectangular
column bent caps (TxDOT, Rectangular Bent Cap Design Example, 2010), inverted T
column bent caps (TxDOT, Inverted Tee Bent Cap Design Example, 2010) and
hammerhead bent caps (AZDOT, ND) have been developed to help the structural
engineer. However, it is difficult for the engineer to find guidance in the design of the two

special substructure typologies analyzed in this report.

2.2.2 Hammerhead Pier

This solution consists of the use of one or more columns and a hammer shaped
pier cap. Conventionally made of reinforced concrete, this typology is mainly used in
urban areas where the space available for the column placement is limited by underpass
traffic or existing utilities. In those cases, hammerhead piers with a single column are
widely used.

Structurally, this typology works as a rigid-frame structure with one or two
cantilevered ends. The characteristic hammerhead shape of this pier type is the result of
the cantilevered section optimization. The design is more efficient if the cantilevered

portions are balanced in both ends of the cap, resulting in a smaller column section.
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Design wise, hammerhead caps are usually considered deep members, what implies that
shear deformations are not negligible and, therefore, the Bernoulli hypothesis is not
applicable. Under those conditions, the applicable codes establish the strut-and-tie
method as the preferred simplified design methodology to be applied in the design of
hammerhead piers. (Nicholas, Barth, & Boyajian, 2011) compared the reinforcing
requirements of the strength design approach for flexure and shear and the strut-and-tie

model method in their application to hammerhead piers design.

Figure 2-2 a) Balanced Hammerhead Pier b) Unbalanced Hammerhead Pier

As a variation of this type of substructure element, prestress can be introduced.
(Pereira, 1994) conducted a research to analyze the behavior of hammerhead piers
reinforced with T-headed bars and different levels of prestressing in the cantilever ends

by testing under static loading six pier models.
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2.2.3 Bent Pier

The bent pier consists of a bent beam supported by two of more columns and
constituting a rigid frame structure. Usually made of reinforced concrete, this is the most
common type of pier in highway bridges (Zhao & Tonias, 2012).

Different variations of this type of pier can be found depending on the section
used for the bent beam. The most common sections are the rectangular; and the inverted

T section, that is used when a higher modulus of inertia is needed to resist the loads

applied.

Figure 2-3 a) Rectangular Bent Pier b) Inverted T Bent Pier

Although columns are usually made of reinforced concrete, other alternatives like
cast-in shell steel piles are available. (Ferley, 2013) developed finite element models to
analyze the behavior of the connections between reinforced concrete bent caps and cast-
in-shell piles under lateral loads.

(Bracci, Keating, & Hueste, 2000) studied the cause of unexpected cracks in the
cantilevered regions of reinforced concrete bent caps when subjected to service loads.

The research consisted of testing 16 full-scale specimens until failure, and concluded that
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the flexural cracking was related to the stress levels in longitudinal reinforcement below
the service stress limits in the applicable codes.

As a variation of this typology, prestress can be introduced while keeping the
rigid frame configuration. (Billington S. L., 1994) studied the structural behavior of two-
span continuous bent caps with different levels of prestress by constructing and loading
to failure 4 models.

A singularity of the inverted T section is that the girders are usually supported by
the bottom flange. (Furlong, Ferguson, & Ma, 1971) studied the behavior of the structural
section under that particular loading case by performing 24 load tests over 6 different
specimens. As a result of the study, reinforcement details and design procedures for the

bottom flange as well as the web shear strength for inverted T bent caps were provided.

2.2.4 Solid Wall Pier

A solid wall pier is constituted by a reinforced concrete solid wall. Because of the
slenderness of the solution and the possibility of being built streamlined, this typology of
pier is mainly used in water crossings.

Its use in highway bridges is limited to not excessively wide bridges. The use of
wide solid wall piers can create a tunnel effect and may need of the placement of

illumination systems.

16



Figure 2-4 Solid Wall Pier

2.2.5 Integral Pier

This type of pier implies a rigid connection to the bridge superstructure. Integral
connections between bridge superstructure and substructure, for bridges either made of
concrete or made of steel, are used to reduce the structure depth and increase the
vertical clearance (Colleti & Sheahan, 2012), and improve the structural seismic
performance (Wassef & Davis, 2004).

Several studies have been performed to analyze some particular aspects of
integral piers. For example, (Ales, 1994) developed a new connection detail between an
integral steel cap girder and concrete piers, while (Wassef & Davis, 2004) included the
development of recommended methodologies, specifications and design examples about

integral steel box-beam pier caps. Also, (Denio, Yura, & Kreger, 1995) studied the shear
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strength and reinforcing details to be provided in the connection between steel bent caps

and concrete piers by performing eleven static load tests over six pier cap specimens.

Figure 2-5 Integral Steel Pier Cap

2.2.6 Proposed Pier Typologies

As stated before, the construction of new transportation infrastructures and the
improvement of the existing ones in urban areas may imply impacting traffic flows in
existing roadways. These impacts not only affect the traffic, but also the general activity
of the area, by limiting the regular development of the economic activity and generating
discomfort to the public in general.

The pier caps typologies described before imply a cast in place construction
when made of concrete, or a considerable amount of work to be performed in the
crossing area when made of steel. However, limiting the impact of new project
construction over existing traffic in situations like the one studied in this research can only

be achieved by the use of prefabricated solutions.
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Structural prefabricated systems have been successfully used in different

structure typologies with the well-known advantages:

Reduction of the construction time and the number of operations to be
performed in situ.

- Improved in plant quality control.

- Work zone safety improvement.

- Lower environmental impact.

The development of bridge substructure prefabricated structural systems will add
to the previously exposed advantages a reduction in the number and time of traffic
detours and closures. In that sense, different researches have been performed to study
the applicability of such systems to bridge substructure construction. For example, (Unly,
2010) proposed different precast reinforced concrete systems applicable to the
construction of abutments and bent caps.

(Billington, Barnes, & Breen, 1998) proposed reinforced concrete precast
systems applicable to the construction of single and double column inverted T
hammerhead pier caps and developed connection details between the different elements
forming the pier caps.

(Matsumoto, et al., 2001) developed a precast reinforced concrete system for the
construction of pile bent caps to be used in nonseismic regions and three different
connection details to cast in place or precast trestle piles. The study includes testing of
the systems described and proposes design methodologies for the elements proposed.

Other systems have been applied successfully. For example, precast post-
tensioned simply supported bent caps with an inverted T section and with spans up to 58
ft. (17.68 m.) have been successfully used for the u-section bridges along the managed

lanes in the LBJ project.
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However, there is a practical limit for the span length of these precast elements
due to their self-weight to allow for their safely lifting and placement.

Two pier cap typologies are presented in this dissertation. The first one consist of
the use of cast in place posttensioned concrete pier cap with a rectangular section, and
simply supported on concrete columns built at both sides of the affected roadway. In this
case, the pier cap will work as a prestressed concrete girder simply supported at both
ends. The original design of Bridge 4 used this typology in the crossing over IH-35E in
the LBJ project.

The second proposed typology tries to solve the weight problem that limits the
application of the previously described precast concrete systems by using different
materials applied to the same structural concept: the use of a composite steel-concrete
section, constituted by a rectangular steel section topped by a cast in place concrete slab
to resist the top compression, and again simply supported at both ends. This solution has
also the advantage of simplifying the construction process by changing the time
consuming process of post-tensioning the tendons on an elevated position by simply
lifting and placing the steel-concrete section once the concrete slab has reached enough

strength to support its self-weight.

2.3 Cost Estimation Background

Accurately determining the cost of a construction project is a difficult task that
implies the use of experience, engineering judgment and scientific principles (Bhargava,
2009). Guidance and databases including unit cost for different construction activities and
materials are very useful for the cost estimator, but he usually needs to face the problem

of the opacity of the companies and their reticence to make public such data.
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Different methods are available for the estimator depending on the project stage

and information available, and accuracy needed (Pratt, 2011):

Preliminary estimating techniques. Estimates prepared in early stages of the
project are usually prepared using these techniques because of the lack of
detailed information about the project.

Detailed estimating techniques. These methods are intended to be used at
advanced stages of the project, when the information available about the
project is more detailed and none or few design decisions are left to be

made.

The importance of precisely estimating construction cost in all the phases of a

project is essential for its successful development. Design wise, it is crucial to properly

determine construction cost at early stages of the project as an aid for the decision

makers (Samphaongoen, 2009) to ensure the appropriate structural typology selection.

Independently from the level of development of the project, the following two

different types of cost can be defined (Pratt, 2011):

Direct cost. It can be defined as the cost of material, labor and equipment
directly used for the construction of a unit measurement of the construction
activities identified for the project. This cost, provided that the construction
processes are optimized, should not significantly vary depending on the
company performing the work.

Indirect cost or general expenses. It is included in this category the cost of all
the auxiliary items that the contractor needs to properly develop his activity
but that are not specifically related to any of the construction activities
identified for the project. This cost may greatly vary depending on the

construction company policies and internal methods of operation.
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The cost of the pier cap typologies proposed in this research will be evaluated in
terms of direct cost to provide designers with accurate information for alternative

selection processes.

2.4 Scheduling Background

(Mubarak, 2010) defined scheduling as

‘The determination of the timing and sequence of operations in the
project and their assembly to give the overall completion time’.

Construction scheduling has evolved as the construction market conditions
changed in the past (Hutchings, 2004). Nowadays, the competitiveness in the
construction market leaves no room for the companies to misestimate the time needed
for the project completion.

Therefore, if the proper estimation of a project cost is important, precisely
knowing the time needed for the project completion is crucial to meet the deadlines and
vital for the project success. In the same way that it was previously discussed when
referring to cost estimation, schedules are developed during the different phases a
project consists of. Depending on the particular case, correct conclusions obtained from
an alternative selection process may condition the project development.

Different methods are available for the project scheduler depending on the grade
of accuracy and the additional information required. The two most common

methodologies are:

- Bar (Gantt) charts. Originally developed by Henry L. Gantt, this method is by

far the most extended one for scheduling construction projects (Newitt,
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2009). The chart consists of a graphical representation of the activities to be
completed for the project completion, their duration and order of precedence.
Bar charts are the simplest method used nowadays in project scheduling,
and have the advantage of being easy to develop, read and update. But that
simplicity becomes also its major disadvantage because of its incapacity of

showing activities relationships in large and complex projects (Hutchings,

2004)
Month July
Calendar Date 1{2|3 516|789 [10|11]12[13|14]|15[16|17|18[19(20|21|22
Work Day 112 |3 [H[4 W [W[5 |6 |7 [8[9 |W[W[0]|11[12[13]14]|W|W]|15
Survey

Install Temp. Power

Excavate

FRIP Footings

Termite Treatment

FRIPS Foundation

WP & Plaster Fdn.

Cure Foundation

Figure 2-6 Gantt Chart Example (Newitt, 2009)

Critical Path Method (CPM). This methodology is usually used in conjunction
with Gantt Charts in project scheduling applied to complex projects. The
method consist of determining those activities that will condition the
construction process, and then establishing and showing graphically the
construction paths through them and determining the duration of those paths.
This method has the advantage of properly showing the activities

precedence relationships in large projects. Between its disadvantages, the
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CPM is complex to implement and understand, requiring a better qualified

staff (Newitt, 2009).

Dorill Inatalt Pour Strlg
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1
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Install utilties Form work

subs' POs

Figure 2-7 Network Schedule (Hutchings, 2004)

- Program evaluation and Review Technique (PERT). This method is a
variation of the CPM in which different times (optimistic time, most likely time,
pessimistic time) to account for the fact that actual activities duration may
vary from those assigned. Therefore, it is considered a probabilistic method.

- Linear scheduling method (LSM). This method consists of the graphical
representation of the activities, precedence relationships and duration times
in a flowchart like diagram. It can be considered a simplification of the CPM
method for use in construction projects with a low number of activities with

large associated quantities (Mubarak, 2010).
2.5 Case of Study Background
Approximately 13 miles long, the LBJ Express includes improvements along IH-

635 corridor from Luna Road to Greenville Avenue, as well as between Loop 12 and

Valwood Parkway on IH-35E. The works that are being performed includes the
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reconstruction of the IH-635 highway and its frontage roads, and the construction of 4
new managed lanes (two per bound).

Because of its complexity and the extensive use of bridges, the IH-35 IH-635
interchange became one of the major landmarks of the project. To provide direct access
from both Loop 12 to the new managed lanes, a new Loop 12-IH 635 WB direct
connector has been built. Its crossing over IH-35E has been solved with the construction
of Bridge 4.

With a total length of 1,016 ft. (304.8 m), the bridge is divided into 9 spans with 3
TX54 girders per span, with the exception of span 3 that is constituted by 3 steel plate
girders. The future extension of the bridge with two new girders per span was also
considered in the design.

Spans 6 to 9 and the bent caps 7 to 9 were in conflict with the corridor IH-35E.
The typology originally designed for these bent caps consisted of a cast in place post-
tensioned rectangular section simply supported on two cast in place columns, with span
lengths varying from 74.5 ft. (22.71 m) for bent 7 to 86 ft. (26.21 m) for bent 9.

The construction of that solution, implying a long term closure of IH-35E, will
have seriously affected the overall traffic flow in the area. To limit the conflicts with IH35E
traffic, an alternative prefabricated solution formed by a rectangular steel section topped

with a concrete slab simply supported by cast in placed column was proposed and built.
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Figure 2-8 Bridge 4 Location Before Construction
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Figure 2-9 Bridge 4 Plan View
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Figure 2-11 Bent Caps 7, 8 and 9 in Place
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Both alternatives applied to the particular geometry of bent 7 in Bridge 4 have
been analyzed in terms of structural behavior, cost and construction schedule. The main

characteristics of the post-tensioned solution are:

- The bent cap section is 6.33 ft. (1.93 m) wide and 8.5 ft. (2.59 m) high.

- It is simply supported on two cast in place 6 ft. (1.83 m) diameter concrete
columns. The pin connection is achieved by using elastomeric pads and a
shear key to ensure the transmission of the prestressing force.

- The span length is 74.5 ft. (22.71 m).

- It carries the loads from spans 6 and 7. Although the current bridge has only
3 TX54 girders per span, two additional girders have been considered to
account for the future extension of the bridge.

- 6 parabolic tendons with 31 0.6 in. (15.24 mm) diameter grade 270 low
relaxation prestressing steel strands are to be installed. The nominal area of
each tendon is 6.727 in’ (4,340 mmz). The jacking force per tendon is 1,362
kips (6,058.48 kN).

- The concrete nominal strength is 6,000 psi (41.37 MPa), and the strength

required at jacking is 5,000 psi (34.47 MPa)).
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Figure 2-12 Bridge 4 Construction. Girders in Place
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The main characteristics of the composite solution are:

The bent cap steel section is 6.00 ft. (1.83 m) wide and 5.67 ft. (1.73 m) high,

topped by a concrete slab 10 in. (254 mm) thick.

- Two diaphragms are placed at each support, as well as girder stiffeners at
each girder location. Also, interior stiffeners are placed spaced as required
by design.

- The concrete slab is connected to the steel section by the use of shear studs
with heads.

- Grade 50 structural steel is used in the steel section.

- The top slab concrete nominal strength is 6,000 psi (41.37 MPa).

- It is simply supported on two cast in place 6 ft. (1.83 m) diameter concrete
columns. The pin connection is achieved by using elastomeric pads placed
on top of the columns.

- The span length is 74.5 ft. (22.71 m).

- It carries the loads from spans 6 and 7. Although the current bridge has only

3 TX54 girders per span, two additional girders have been considered to

account for the future extension of the bridge.

Additional information about the two proposed solutions can be found in

Appendix A.
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Figure 2-13 Bridge 4 Finished and in Service
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Chapter 3

FINITE ELEMENT MODELLING

The main objective of this chapter is establish modelling techniques to be used in
the application of the finite element method using the commercial software Abaqus to
model the structural typologies presented minimizing the computational cost of running
the models. First, the materials models to be used are presented. The second part
describes the live loads to be used in the models based on the applicable structural
codes. Then, after describing the boundary conditions assumed, the models developed
are presented. Finally, the validation of the two models developed is performed to

investigate the accuracy of the results obtained.

3.1 Materials

Properly modelling material properties is essential for developing accurate finite
element models (FEM) since the material models will determine how the structure
behaves when subjected to the design loading case.

The commercial software Abaqus includes several material models to help the
user in FEM development. The material properties used in the development of the FEM

models included in this research are described below.

3.1.1 Concrete

Abaqus software includes the following three models applicable to concrete as a

brittle material:
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Brittle cracking model. This model is intended to be used for materials with brittle
behavior dominated by tensile cracking, allowing the removal of elements in the model
based on a failure criterion. It assumes a simplified linear elastic response for the
material in compression, and a linear elastic-plastic behavior in tension. However, the
behavior of concrete when subjected to compressive stresses is known to be plastic.
Therefore, the use of this model is not adequate for models like the ones developed in
this dissertation, in which concrete is going to be subjected mainly to compression.

Concrete smeared cracking model. Also thought to be used for modelling brittle
materials dominated by tensile cracking, it allows for the use of a plastic behavior for the
material under compression and it uses a linear elastic-plastic model under tension. It
only accounts for tensile cracking (that means it does not model properly compression
failure, and therefore, is considered not adequate for the cases of study). It models the
postfailure behavior and the reinforcement interaction by the use of the tension stiffening
concept: after reaching the tensile stress limit for the concrete, the tensional stresses are
gradually transferred from the concrete element to the reinforcement element.

Concrete damage plasticity (CDP) model. This model is intended to be used for
materials with brittle behavior with the possibility of establishing failure criterions in
compression and tension by the use of damage parameters. It models both the behaviors
of the material in tension and compression as linear elastic-plastic, and it considers
tension stiffening to model the tension postfailure behavior and reinforcement interaction.
This is the material model that better approximates the behavior of concrete in the two
FEM to be analyzed and, therefore, have been used in this study.

Different parameters have to be determined to properly define the concrete
damage plasticity model in Abaqus. The first five parameters to be defined are related to

the performance of concrete under compound stress and determine the shape and
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orientation of the failure surface. In the absence of more accurate empirical data,

(Kmiecik & Kaminski, 2011) propose the following values to be used:

Table 3-1 Default Parameters of CDP Model under Compound Stress

(Kmiecik & Kaminski, 2011)

Parameter name Value
Dilatation angle 36
Eccentricity 0.1
Jrofeo 116
K 0.667
Viscosity parameter 0

The stress-strain curve for the concrete in compression is obtained using the
following model applicable to concrete strengths from 2,175.57 to 18,129.71 psi (15 to

125 MPa) (Wight & MacGregor, 2012):

o n(ec/so)

fle  n=1+(gc/e0)"™* ™M

where

f.=peak stress.

go=strain when f; reaches f'.. (See Eq. (2))

n=a curve-fitting factor. (See Eq. (3))

E.= initial tangent modulus (when £.=0). (See Eq. (6))

k=factor that calibrates the slope of the ascending and descending branches of

the curve. (See Egs. (4) and (5)).
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g =L2(-1) )

E; \n—1
n=08+ (L) (3)
k=1if %/, <1 (4)
k=067+(2) 2 1if /g > 1 (5)

The initial tangent modulus is taken for normal weight concrete as (AASHTO,

2012):

— I .
EC - 1,820\/f c (kSl) (6)
18,000 f= /rc= 17,500 psi
16,000 f=
14,000 |-
f.= 13,500 psi
12,000 |-
k]
< 10,000 f=
4
5 f.= 8,800 psi
0
8,000 -
6,000 )
fc=4.500 psi
4,000
2,000
N
0 0.001 0.002 0.003 0.004
Strain infin

NOTE: 1 psi = 6,894.76 Pa

Figure 3-1 Typical Stress-Strain Curves for Concrete in Compression

(Wight & MacGregor, 2012)
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The previous figure shows the stress-strain curves for different concrete
strengths obtained by the application of the described model. As can be observed, the
behavior of concrete subjected to compressive uniaxial loading is plastic, although the
first portion of the curve can be approximated by a straight line with a slope of E.. Also, a
maximum value of stress and its corresponding strain must be defined as a limit for total
compression crushing failure of the concrete. Those two limiting values in the
compressive behavior of concrete have been taken as 0.5f; and 0.3f. (Wahalathantri,

Thambiratnam, Chan, & Fawzia, 2011).

€o . &
Strain, €,

Figure 3-2 Compressive stress-strain curve adopted for modelling concrete with Abaqus

(Wahalathantri, Thambiratnam, Chan, & Fawzia, 2011)

The following stress-strain relationship for the behavior of concrete when

subjected to uniaxial tension has been initially followed (Kmiecik & Kaminski, 2011):
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Oy = ECSt lf Et < Er (7)

o = fr(er/e)" (8)

where

E.= initial tangent modulus (when £.=0). (See Eq. (6)
f=tensile strength of the concrete. (See Eq. (9))
g.=strain when f; reaches f..

n=weakening rate. Assumed a value of 0.4 (Kmiecik & Kaminski, 2011).

The tensile strength of the concrete is taken as its modulus of rupture (AASHTO,

2012):

£ =024/F" )

However, this type of curves is known to cause run time errors in Abaqus
material models. Therefore, the simplified stress-strain relationship shown in Figure 3-3
(Wahalathantri, Thambiratnam, Chan, & Fawzia, 2011) have been used in the
development of the finite element models. The material model used implies an elastic
behavior up to the modulus of rupture of the material. The subsequent discharge branch,
that defines the plastic behavior of the material, is approximated by using three line

segments.
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Figure 3-3 Modified Tension Stiffening Model for Abaqus (Wahalathantri, Thambiratnam,

Chan, & Fawzia, 2011)

The compressive damage parameter d. is related to the plastic strain by the

following equation (Birtel & Mark, 2006):

_ OcE;Y
eP'(1/b—1)+0 B (10)

d, =1

where the compressive plastic strain is proportional to the inelastic strain &,"=¢.-

o.E." using the parameter b.. A value of 0.7 for this parameter has been used since it

accurately simulates the unloading path of concrete under compression.
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Figure 3-4 Definition of Inelastic Strain, Plastic Strain and Damage Parameter for (Cyclic)

Compression Loading (Birtel & Mark, 2006)

| To=isom fom=2.56 MPa_ [,=25 mm
,  (w) acc. Horditk dc =16mm W, = 180 pm. 4, = 16 mm
(1992) | ;(‘5"3 0/37 Reinhardt. Comelissen (1984)
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Figure 3-5 Definition of Cracking Strain, Plastic Strain and Damage Parameter for

(Cyclic) Tensile Loading (Birtel & Mark, 2006)
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Following the same concept, the tension damage parameter d; can be defined as

follows (Birtel & Mark, 2006):

oEc!
l —
el " (1/b—1)+0rE;

d,=1- (11)

where the tensile plastic strain is proportional to the cracking strain £t°k=£t-0tEc'1
using the experimentally determined parameter b, equal to 0.1.

The following tables and figures summarize the values obtained for the
compressive behavior for a concrete strength of 6,000 psi (41.37 MPa), as well as its
damage parameter.

As discussed above, compressive concrete behavior have been assumed to be
linear elastic up to half its peak strength (3,000 psi or 20.68 MPa), followed by a strain
hardening branch till the point the material reaches its maximum strength. Finally, a strain

softening branch extends up to a limiting stress of 1,800 psi (12.41 MPa) or 0.3f.

41



Table 3-2 Concrete Compressive Behavior Model

f'e 6,000.000 psi 41.369 MPa
E. 4,458,071.332 psi 30,737.327 MPa
v 0.200
3.2
£ 1.958E-03
K 1 if e/gp<=1
1.337 if ec/ep>1
b, 0.7
e d. g € oc(psi) | oc(MPa)
- - - 0.000E+00 0.00 0.00
- - - 2.500E-04 | 1,113.82 7.68
- - - 5.000E-04 | 2,216.26 15.28
0.000E+00 0.000 0.000E+00 6.835E-04 | 3,000.00 20.68
2.664E-05 0.013 3.805E-05 9.335E-04 | 3,991.89 27.52
6.897E-05 0.027 9.853E-05 1.183E-03 | 4,836.80 33.35
1.441E-04 0.048 2.059E-04 1.433E-03 | 5,472.86 37.73
2.581E-04 0.078 3.688E-04 1.683E-03 | 5,861.15 40.41
4.282E-04 0.120 6.118E-04 1.958E-03 | 6,000.00 41.37
6.673E-04 0.186 9.533E-04 2.208E-03 | 5,591.81 38.55
9.393E-04 0.265 1.342E-03 2.458E-03 | 4,974.29 34.30
1.223E-03 0.353 1.747E-03 2.708E-03 | 4,280.41 29.51
1.504E-03 0.443 2.149E-03 2.958E-03 | 3,607.08 24.87
1.773E-03 0.530 2.533E-03 3.208E-03 | 3,005.93 20.73
2.029E-03 0.608 2.898E-03 3.458E-03 | 2,494.47 17.20
2.270E-03 0.677 3.243E-03 3.708E-03 | 2,070.85 14.28
2.446E-03 0.722 3.495E-03 3.899E-03 | 1,800.00 12.41
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Figure 3-6 Stress-Strain Curve. Concrete Under Uniaxial Compression
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Figure 3-7 Damage Parameter. Concrete Under Compression
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In the same way, the tensile performance for a concrete strength of 6,000 psi
(41.37 MPa), as well as the tensile damage parameter, are shown in the following tables
and figures.

Tensile concrete behavior has been considered linear elastic up to the modulus
of rupture of the material, followed by a strain softening branch divided in three different
areas as discussed before.

Table 3-3 Concrete Tensile Behavior Model

f'e 6,000.000 psi 41.369 MPa
n 0.400
Y 0.200
E. 4,458,071.332 psi 30,737.327 MPa
f, 587.878 psi 4.053 MPa
€ 1.319e-04
by 0.1
& d: e £ oc(psi) | oc(MPa)
0.000E+00 0.000 0.000E+00 0.000E+00 0.00 0.00
0.000E+00 0.000 0.000E+00 2.198E-05 97.98 0.68
0.000E+00 0.000 0.000E+00 4.396E-05 195.96 1.35
0.000E+00 0.000 0.000E+00 6.593E-05 293.94 2.03
0.000E+00 0.000 0.000E+00 8.791E-05 391.92 2.70
0.000E+00 0.000 0.000E+00 1.099E-04 489.90 3.38
0.000E+00 0.000 0.000E+00 1.319E-04 587.88 4.05
2.110E-06 0.135 2.110E-05 1.429E-04 542.81 3.74
4.220E-06 0.254 4.220E-05 1.538E-04 497.74 3.43
6.330E-06 0.359 6.330E-05 1.648E-04 452.67 3.12
1.308E-05 0.555 1.308E-04 2.253E-04 421.31 2.90
1.982E-05 0.671 1.982E-04 2.857E-04 389.96 2.69
2.657E-05 0.748 2.657E-04 3.462E-04 358.61 2.47
3.332E-05 0.803 3.332E-04 4.066E-04 327.25 2.26
4.007E-05 0.845 4.007E-04 4.670E-04 295.90 2.04
4.681E-05 0.877 4.681E-04 5.275E-04 264.54 1.82
5.791E-05 0.910 5.791E-04 6.308E-04 230.25 1.59
6.901E-05 0.934 6.901E-04 7.341E-04 195.96 1.35
8.011E-05 0.952 8.011E-04 8.374E-04 161.67 1.11
9.121E-05 0.966 9.121E-04 9.407E-04 127.37 0.88
1.023E-04 0.978 1.023E-03 1.044E-03 93.08 0.64
1.134E-04 0.987 1.134E-03 1.147E-03 58.79 0.41
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Figure 3-8 Stress-Strain Curve. Concrete Under Uniaxial Tension
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Figure 3-9 Damage Parameter. Concrete Under Tension

45



3.1.2 Reinforcing Steel

The reinforcing steel considered in the FEM performed is grade 60, with a yield
strength of 60,000 psi (413.69 MPa). The following figure shows the strain-stress curves
for different grades of steel. For a grade 60 steel, it can be seen that after the initial
elastic behavior up to the yielding point, a perfectly plastic behavior take place followed
by a strain hardening branch. Finally, a strain softening branch extends up to the ultimate

strength of the material

140
Grade 90 7
120 4 800

Grade 75
100 T
Grade 60 J gop
Grade 40 400
40 ]

Stress [ksi]
(i)
[ ]
MPa

[=x]
=

200
20 i
0 | N (N I I N I R | )
0 100 200

Strain, 0.001

Figure 3-10 Typical Stress-Strain Curves for Reinforcing Steel

(Nilson, Darwin, & Dolan, 2004)

For the purpose of modelling the material, reinforcing steel has been considered
an elastic-perfectly plastic material. Steel elastic properties have been taken as follows

(AASHTO, 2012):
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E = 29x10° psi (200,000 MPa)
v=03

f, = 60,000 psi (413.69 MPa)

The material model considered for reinforcing steel is shown in the following

figure:

70,000
60,000 /
50,000

20,000 //
10,000

o
o
o

B
o

o
o
o

w
o

Stress (psi)

o o o
o o o
+ o o
S oy ~
o Ne) o
o Q N
o o —
Strain

NOTE: 1 psi = 6,894.76 Pa

Figure 3-11 Grade 60 Reinforcing Steel. Stress-Strain Curve
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3.1.3 Prestressing Steel

Unless reinforcing steel, in which the yielding stress can be clearly defined from
the results of a uniaxial tension test, yielding stress limit for prestressing steels is no that
clear. Different arbitrary methods that identify the yielding point as the stress reached at a
certain strain are usually used. The following figures show the stress-strain curve for
different prestressing steels and the 1% strain criteria to determine the yielding stress.

Also, the criterion for determining the failure strain of the steel is included.

0 0.02 0.04 0.06 0.08 0.1
350 T T T T 2400
Prestressing strand
200 MNominal strength:
B {270 ksi){1860 MPa) = 2000
250 =
Stress-relieved wire 1600
E 200 k (235 ksi)(1620 MPa)
7] High-strength ®
2 prestressing bar 7 1200 %
@ 150 = (160 ksi)(1104 MPa)
Assuming — = 500
100 =] | s=me - T T T T T~
Elasti -
Mgsufus - ~ = Grade 60 Reinfarcing bar A
— Yield strength 60 ksi = 424 MPa 400
50
0 1 1 1 1 0
0 0.02 0.04 0.06 0.08 0.1

Strain

Figure 3-12 Typical Stress-Strain Curves for Prestressing Steel (Naaman, 2012)
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Figure 3-13 Typical Determination of Yield Strength for Prestressing Steel

(Naaman, 2012)

Prestressing steel will be modelled as an elastic-plastic material, with the

following properties (AASHTO, 2012):

Low relaxation Grade 270 prestressing steel
E = 28.5x105psi (196,500.63 MPa)
v=03
fou = 270,000 psi (1,861.59 MPa)

£y = 0.035
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foy = 243,000 psi (1,675.43 MPa)

31-0.6” (15.24 mm) @ strands. Nominal area 6.727 in? (4,340 mmz) per tendon

The stress-strain curve obtained based on the previously described criteria and

data for the prestressing steel is shown in the following figure:

300,000

250,000
200,000 r
150,000 /
100,000 /
50,000 /
L/ . .

Stress (psi)

0.000E+00
8.526E-03
3.500E-02

NOTE: 1 psi = 6,894.76 Pa Strain

Figure 3-14 Grade 270 Low Relaxation Prestressing Steel.

Stress-Strain Curve
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3.1.4 Structural Steel

Structural steels presents similar stress-strain curves to those obtained for
reinforcing steel in uniaxial tension tests, with an elastic branch and a well-defined
yielding point, followed by strain hardening and strain softening curves. The following

figure shows the stress-strain curve for different structural steels.
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88, A913 (50), A992
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50 A36

25

1 1 1 |

0 5 10 15 20
Strain (%)

NOTE: 1 ksi = 6.89 MPa

Figure 3-15 Typical Stress-Strain Curves Structural Steel

For the purpose of modelling the material, structural steel has been considered

an elastic-perfectly plastic material. Steel properties have been taken as follows

(AASHTO, 2012):

51



A709 Grade 50 steel
E = 29x10° psi (200,000 MPa)
v=03
F, = 65,000 psi (448.16 MPa)

E, = 50,000 psi (344.74 MPa)

The material model considered for reinforcing steel is shown in the following

figure:

70,000

60,000 /
50,000 /

20,000 //
10,000

IS
o

o o
o o
o o

w
o

Stress (psi)

o ™ -

F Q S

w w w

o < o

8 N S

o — o
NOTE: 1 psi = 6,894.76 Pa Strain

Figure 3-16 Grade 50 Structural Steel. Stress-Strain Curve
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3.2 Loads

The two models have been analyzed subjected to HL-93 loading as per
applicable code requirements (AASHTO, 2012). Therefore, the loads applied to the caps

consist of the following:

- Girder reactions at supports for the controlling load combination (Strength 1)
obtained by considering the superstructure self-weight, the lane load and the
truck or tandem per code provisions.

- Factored bent cap self-weight for the critical load combination (Strength 1).

Truck Load

_ 8 K
14 #t 4“1-lﬁ41
L ane Load

PLLLIIILILDLDI BRI a1 Jusen

e
¢y g
i 7 B
Girder line T
reaction

NOTE: 1 ft=0.30m
1TK=445kN

Figure 3-17 Live Load Model
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The girder reactions at supports have been determined by modelling with the
software PGSuper the two bridge spans that load the pier cap under analysis. The
following table summarizes the results obtained in that model. Further information can be

found in Appendix B.

Table 3-4 Summary of Girder Reactions at Support

GIRDER .
LN | TOTAL REACTION, kip (kN)
1 285.69 (1,270.75)
2 336.87 (1,489.40)
3 433.27 (1,927.18)
4 531.15 (2,362.55)
5 556.31 (2,474.47)

Finally, the unfactored self-weight of the caps materials have been considered by
using the following unit weights for the materials. A load factor y, of 1.25 (AASHTO,

2012) have been considered in the models.

- Normal weight concrete: 0.145 kcf (23.04 KN/ms).

- Structural steel 0.490 kcf (77.84 KN/m®).

3.3 Boundary Conditions

The post-tensioned and composite caps have been considered simply supported

at both ends as shown in the figure below. This consideration translates as follows in

terms of modelling with Abaqus:
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- At both ends, movements along the x axis (oriented transversally to the
element) are released. Constraining these movements generates additional
stresses under the deformations caused by the Poisson effect, and does not
properly model the actual behavior of the cap.

- At the left end, rotation about the x axis is released. This complies with the
assumption of having a pin support at that end of the member.

- The support at the right end is modeled as a roller. Therefore, movement

along the z axis and rotation about the x axis are released.

Figure 3-18 Boundary Conditions

3.4 Post-Tensioned Concrete Cap Model

3.4.1 Introduction

The prestressed concrete cap has the following characteristics:

- It has been modeled as a simply supported beam, spanning between the two
columns a total length of 74.5 ft. (22.71 m).
- The cross section of the concrete cap is 8.5 ft. (2.59 m) high by 6.33 ft. (1.93

m) wide.
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- The cap serves as support for 10 girders (5 from the backward span and 5
from the forward span). The actual bridge has only three girders for span, but
other two were considered in the design for future extension of the bridge.

- The cap is prestressed with 6 tendons following parabolic shapes. Each
tendon is constituted by 31-0.6” (15.24 mm) ® grade 270 low relaxation steel

strands.

The following figures summarize the main features of the prestressed concrete

cap modeled. Additional information can be found in Appendix A.
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2.083+0.002882139.02- 17

=

2.283+2.002393(x-39.00°

6.250-0.15498(BL75-X)
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Figure 3-21 Prestressed Concrete Cap Typical Section




The following parts have been included in the Abaqus model for the prestressed

concrete bent cap:

Concrete cap section. The concrete solid is modeled using a 3D deformable
homogeneous solid element simply supported at its ends (pinned-roller

boundary conditions).

Figure 3-22 Concrete Cap Part in Abaqus Model

Reinforcement. Both longitudinal and transverse reinforcement have been
included in the model. The rebar has been modeled as 3D wire elements
with truss sections (capable of developing only axial stresses) with a cross
sectional area equal to the actual area of the rebar. To guarantee the

deformation compatibility and a proper stress transmission between concrete
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and rebar, the reinforcement is embedded into the concrete section (host
region). By doing so, the degrees of freedom of the truss elements that form
the reinforcement wires are constrained by the adjacent concrete solid

elements.

Figure 3-23 Reinforcement Parts in Abaqus Model

Prestressing tendons. The effects of the prestressing tendons on the
structure have been modeled as the combination of a homogeneous axial
compressive stress and a vertical force obtained using the load-balancing
method. Since the contribution of prestressing steel to the stiffness of the
section is minimum (Saiedi, 2007), prestressing tendons have not been

included in the FEM.
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3.4.2 Prestressing Force
The effect of the post-tensioning tendons on the model will be taking into account
by the introduction of two different loads:
- A compressive force applied at the ends of the member. This force has been
determined by deducting the prestress losses to the jacking force to obtain
the effective prestress force. This force is introduced into the model as a
constant compressive pressure at both ends due to the fact that the center of
gravity of the tendons coincides with the center of gravity of the section at
both ends of the members.
- A vertical distributed load due to the load-balancing effect of the draped
tendons. This force is obtained by imposing equilibrium at the tensioned

tendon. The procedure followed is explained below.

3.4.2.1 Prestress Loss

The prestress force at jacking per tendon for the post-tensioned concrete cap is
defined in the drawings to be 972.97 kips (4,327.99 kN). However, to properly model the
behavior of the structure, instantaneous and long term prestress losses shall be
considered. For a post-tensioned member, the total losses can be obtained as (AASHTO,
2012):

Afpr = Afpr + Afpa + Afpes + Afpir (12)

where

Afyr is the total loss (ksi).

Afpeis the loss due to friction (ksi).

Afpa is the loss due to anchorage set (ksi).
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Afes is the sum of all losses or gains due to elastic shortening or extension at the

time of application of prestress and/or external loads (ksi).

Afy 1 are the losses due to long-term shrinkage and creep of concrete, and

relaxation of the steel (ksi).

The methodology followed to obtain the prestress losses is described below. The
complete analysis performed is included in Appendix C. A total prestress loss of 57.83 ksi
(398.74 MPa) has been obtained. Therefore, the long term prestress force to be
considered in the FEM is 972.97 Kips (4,327.78 kN) per tendon.

Friction Loss

The friction between the prestressing tendon and the duct in which it is place
reduces the prestress force applied to the tendon. This loss can be estimated as

(AASHTO, 2012):

Afpr = fpj(1 — e~(xrim) (13)
where
fpj is the stress in the prestressing steel at jacking (ksi).
x is the length of a prestressing tendon from the jacking end to any point under
consideration (ft).
k wobble friction coefficient (per foot of tendon). Taken as 0.0002 per bridge
drawings.
M is the coefficient of friction. Taken as 0.23 per bridge drawings.
a is the sum of the absolute values of angular change of prestressing steel path
from jacking end, or from the nearest jacking end if tensioning is done equally at
both ends, to the point under investigation (rad).
The prestress loss caused by friction between the tendon and the duct obtained

following the outlined procedure is 7.842 ksi (54.07MPa) per tendon.
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Anchorage Set Loss

Anchorage set at release of the tendons is assumed to be 0.375 inches (0.95
cm) per the bridge drawings. With that information, the prestress loss due to

anchorage set can be determined as follows:

Afpa =~ Es (13)
where
AL is the anchorage set (in).
L is the total length of tendon (in).
E; is the prestressing steel Young Modulus (ksi)
The prestress loss caused by setting of the anchorage at member ends obtained

with the above explained procedure is 10.995 ksi (75.81 MPa) per tendon.

Elastic Shortening Loss

The loss caused by the elastic shortening of the element can be calculated as
follows (AASHTO, 2012):

N-1E
AprS = TE_Z_fcgp (14)

However, according to section C5.9.5.2.3B-1 of (AASHTO, 2012), the following

alternative equation can be used to estimate the elastic shortening loss in post-tensioned

members:
Af _ N-1A4psfppe(Igterdg)—emMgAy 15
PES ™ Hy 2 AglgEe; (15)
A,DS(Ig+emAg)+T
where

A is the area of prestressing steel (in2).
A, is the gross area of section (in?).

E. is the modulus of elasticity of concrete at transfer (ksi).
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E, is the modulus of elasticity of prestressing tendons (ksi).

em is the average eccentricity at midspan (in).

foot is the stress in prestressing steel immediately prior to transfer (ksi).

ly is the moment of inertia of the gross concrete section (in*).

Mg is the midspan moment due to member self-weight (kip-in).

N is the number of identical prestressing tendons.

fyj is the stress in the prestressing steel at jacking (ksi).

The prestress loss due to elastic shortening of the member when subjected to
the prestressing force have been estimated to be 2.936 ksi (75.81 MPa) using the
outlined procedure.

Creep, Shrinkage and Relaxation of Prestressing Steel Losses

Several methods of obtaining these losses are included in (AASHTO, 2012). The
equation proposed in 5.9.5.3 is approximate and intended to be used only for standard
precast pretensioned members. The procedure outlined in 5.9.5.4 is intended to be used
when a more accurate estimation of time dependent losses is required. However, that
procedure is not intended to be used for post-tensioned elements with no composite
action. Therefore, time dependent losses due to creep and shrinkage will be determined
using 5.4.3.2.

The creep coefficient is defined as (AASHTO, 2012):

W(t,t) = 1.9 k- kpe - kp - keg - £;7O118 (16)
in which
ke = 1.45 — 0.13(V/S) = 1.0 a7
5
ke =T (19)
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kia = (gmapse) (20)

61—4f1 i+t
where
H is the relative humidity (%).
ks is the factor for the effect of the volume-to-surface ratio of the component.
ks is the factor for the effect of concrete strength.
ki is the humidity factor for creep.
ki is the time development factor.
t is the maturity of concrete (day) defined as age of concrete between time of
loading for creep calculations, or end of curing for shrinkage calculations, and
time being considered for analysis of creep or shrinkage effects.
t; is the age of concrete at time of load application (day).
V/S is the volume-to-surface ration (in).
fs is the specified compressive strength of concrete at time of prestressing for
pretensioned members and at time of initial loading for nonprestressed members.
If concrete age at time of initial loading is unknown at design time, fci may be
taken as 0.80 f'c (ksi)

Once obtained the creep coefficient, the loss due to creep can be obtained as

follows
f “Aps
e = 2 (21)
=W &4 (22)
Afps(CR) = &+ E, (23)
where

& is the instantaneous strain (initial elastic strain) due to loading.

€. is the deformation due to creep.
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The values obtained for different maturity times have been represented in the
following figure. As can be observed in the figure below, the prestress loss caused by
creep of the concrete tends quickly to a value close to 9 kips (62.05 MPa). The final value

of 8.842 kips (90.97 MPa) obtained will be used in the calculations.
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Figure 3-24 Prestress Loss per Tendon. Creep Loss Af,5(C)

The strain due to shrinkage at a time t can be calculated as (AASHTO, 2012):

Esp = kskhskfktd0'48 . 10_3 (24)
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where

kps =2 —0.014H (25)

And the total shrinkage loss is determined by:
Afps(SH) =&n" Eps (26)
The prestress loss caused by shrinkage of the concrete has been calculated for
different maturity times. The following figure, that summarize the results obtained, shows
how shrinkage loss tends asymptotically to a value close to 13 ksi (89.63 MPa). The final

value of 13.188 ksi (90.93 MPa) obtained has been used to determine the long term

prestress force.
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Figure 3-25 Prestress Loss per Tendon. Shrinkage Loss Af,s(SH)

Finally, the loss caused by the relaxation of the strands is determined by the

following equation:

Afps (RL) = fpbt - fps(t) (27)
in which
= _ logio(® (fpbr _
fos(®) = e [1 ~ 2220 (222 g 55| 28)
where

k is 30 for low relaxation strands.

t is the duration of loading in hours.
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The values obtained for the steel relaxation loss for different times after loading
are represented in the following graphic. A final value of 14.027 ksi (96.72 MPa) has

been considered in the calculations.
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Figure 3-26 Prestress Loss per Tendon. Steel Relaxation Loss Af,s(RL)

3.4.2.2 Load-Balancing Force

An advantageous feature of draped post-tensioned tendons is that they develop
a vertical force capable of counteracting or balancing the external loads applied to the
prestressed member. This load is equal to the force required to keep the tendon in its
draped shape at jacking. The following figure shows the load-balancing effect of a

parabolic draped tendon.
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Figure 3-27 Load Balancing Force. Draped Tendons

The load-balancing force have been obtained considering the following

simplifications

- The tendon force acts horizontally at the ends of the member and, therefore,
vertical components of that force due to the inclination of the tendon are
neglected.

- The load-balancing force is applied towards the center of curvature of the
parabola that the tendons define. However, the radius of curvature of such
parabolas is considered large enough to neglect that effect and assume that
the load-balancing force is applied vertically along the tendon.

w

a=drape

Figure 3-28 Parabolic Tendon Free Body Diagram
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Figure 3-28 shows the free body diagram at mid-span of a parabolic tendon. By

the application of equilibrium equations, taking summation of moments from the left end:

YM=0 (29)
“yl=pxa (30)
2 4

8P
w:L—Z“ (31)

Considering the previously exposed, the load-balancing force applied to the

model for each type of tendon takes a value of:

__ 8%972.971%4.167

W, = ———————— = 4.944 kip/ft (73.305 kN/m) (32)
w, = W = 3.361 kip/ft (49.833 kN/m) (34)
w, = %12115 =1.779 kip/ft (23.377 kN/m) (35)

And the total load-balancing force is:

w=2%w, +2%wp+2*w, = 20.168 kip/ft (299.031kN/m)  (36)

3.3.3 Element Types
As explained above, two different types of parts have been included in the model:
the 3D deformable homogeneous solid and 3D wires with truss sections. Abaqus library

includes, for each type of part to be modeled, two types of finite elements (FE): linear
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(constant strain elements) and quadratic (linear strain elements). Although the level of
mesh refinement needed is usually smaller if quadratic elements are used, only linear
elements have been utilized in the development of the model due to the fact that they are
more accurate when modelling plastic behavior (Dassault Systemes Simulia Corp,

Abaqus 6.9 Theory Manual).

With that into consideration, the 3D wires that form the steel reinforcement have

been modeled using the linear FE T3D2.

T 3D 2
L L LNumberofnodes

3 Dimensional
Truss

Figure 3-29 Abaqus Naming Convention for Truss Elements

end 2

end 1

Figure 3-30 Abaqus 2 Nodes 3D Truss Element T3D2

For a 3D homogeneous solid part, Abaqus library includes two main types of
elements: isoparametric (hexahedral) and tetrahedral. Tetrahedral elements have been

used in this model due to their ability to better adapt to any member geometry.
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C 3D 4

L L Number of nodes

- 3 Dimensional
Continuum

Figure 3-31 Abaqus Naming Convention for Continuum Elements

face 4 4

face 3

face 2

face 1

Figure 3-32 Abaqus 4 Nodes 3D Tetrahedral Element C3D4

3.3.4 Mesh Generation

Finite element models accuracy depends not only on the type of elements
selected but also on the number of them. A smaller size of element and, consequently, a
larger number of them, results in the development of more accurate models. Models with
mesh maximum sizes varying from 15 to 5 inches (381 to 127 mm) have been generated
and analyzed. It was found that the computer does not have capacity to run models with
mesh sizes below 5 inches (127 mm), for a total of approximately 77,000 nodes. The

following table summarizes the main characteristics of the meshes analyzed.
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Table 3-6 Post-Tensioned Cap Model. Mesh Characteristics

Mesh size| Number of Number of 3D Number of 3D
(in) nodes truss elements | continuum elements
15 9,782 5,930 17,689
14 10,831 6,520 19,885
13 11,880 6,800 23,633
12 13,865 7,612 29,482
11 16,445 8,270 39,600
10 19,395 9,238 49,651

9 22,684 10,330 61,095
8 29,304 11,346 90,373
7 38,766 13,150 131,772
6 51,198 15,224 186,819
5 77,506 18,112 315,285

The following figure represents the variation in the number of nodes in the model
when the maximum element size decreases. As can be observed, the number of nodes
and therefore the computational cost and the accuracy of the model, grow exponentially

as the maximum mesh size decreases.

90,000
80,000
70,000

60,000 /
50,000 /
40,000 /

/
30,000
20,000 /

10,000

0 T T T T T T T T T T 1
15 14 13 12 11 10 9 8 7 6 5

Number of nodes

NOTE: 1in = 25.4 mm Mesh size (in)

Figure 3-33 Post-Tensioned Cap Model. Number of Nodes vs. Mesh Size
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Figure 3-34 Post-Tensioned Cap Model.5 Inches (127 mm) Mesh Size Detail

3.3.5 FEM validation
To determine if the model developed tends to the correct solution when the mesh
is refined, one of the results obtained has to be checked using alternative procedures. To
optimize the model development procedure, the result to be confirmed has to be chosen
so that the time required in that verification is limited to the minimum.
The solution obtained implies that the concrete element remains within the elastic
limits for both top and bottom fiber stresses under the bending action:
- The top fiber compression stress at maximum moment section is found to be
2,106.2 psi (14.52 MPa), below the elastic limit of 3,000 psi (20.684 MPa)

defined in the material model.
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- The bottom fiber compression stress at maximum moment section is found to

be 539.4 psi (3.72 MPa), below the elastic and fracture limit of 587.88 psi

(4.053 MPa).

s, 533
(Avg: 75%)
+1.012e+03
~ +7.191e+02
+4.266e+02
+1,341e+02
-1.5842+02
-4.509e+02
-7.434e+02
- -1.036e+03
_-1.328e+03
-1.621e+03
-1.913e+03
- -2.206e+03
| -2.398e+03

NOTE: 1 psi = 6.894.76 Pa

Figure 3-35 Post-Tensioned Cap. Bending Stresses (psi) Distribution.

5 Inches (127 mm) Mesh Model

Under those circumstances, simplified hand calculations performed with the

following assumptions provide accurate enough reference values to check the adequacy

of the results obtained:

- The structure behaves elastically and, therefore, the superposition principle

is applicable.
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- Straight sections before deformation remain straight after deformation
(Bernoulli’s hypothesis).

- The contribution of the longitudinal steel to the section strength will be
neglected, so that there is no need of transforming the different materials that
form the structural section.

The calculations performed under these hypotheses are included in Appendix E.

The results obtained are shown in the following table. There are small differences due to
already mentioned approximations in the hand calculations. As can be seen, the model

developed adequately simulates the structural behavior of the bent cap.

Table 3-7 Post-tensioned Concrete Cap Model. Validation Analysis. US Units

Max. Bottom Fiber Stress. | Max. Bottom Fiber Stress. | _. .
. . . Difference (psi)
Model (psi) Hand Calculations (psi)
539.4 560.5 21.1
Max. Top Fiber Stress. Max. Top Fiber Stress. . )
) ] . Difference (psi)
Model (psi) Hand Calculations (psi)
-2,106.2 -2,066.7 39.5

Table 3-8 Post-Tensioned Concrete Cap Model. Validation Analysis. SI Units

Max. Bottom Fiber Stress. | Max. Bottom Fiber Stress. Difference
Model (MPa) Hand Calculations (MPa) (MPa)
0.4 0.4 0.0
Max. Top Fiber Stress. Max. Top Fiber Stress. Difference
Model (MPa) Hand Calculations (MPa) (MPa)
-1.5 -1.4 0.1
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3.4 Steel-Concrete Composite Cap Model

3.4.1 Introduction

The steel-concrete composite concrete cap has the following characteristics:

- It has been modeled as a simply supported beam, spanning between the two
columns a total length of 74.5 ft. (22.708 m).

- The cross section of cap consists of a steel box girder with a top slab 10
inches (254 mm) thick. The connection between these two elements is
achieved by the use of studs embedded in the concrete section after pouring.

- The cap serves as support for 10 girders (5 from the backward span and 5
from the forward span). Although the bridge built has only three girders per
span, its section is planned to be widened in the future by the addition of two

new girders.

The following figures summarize the main features of the steel-concrete

composite cap modeled. Additional information can be found in Appendix A.
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The following parts have been included in the Abaqus model for the steel-

concrete composite bent cap:

- Concrete slab section. The concrete solid is modeled using a 3D deformable

homogeneous solid element.

Figure 3-38 Concrete Slab Part in Abaqus Model

- Reinforcement. Following the same criteria used in the previous model,
concrete slab reinforcement has been modeled as 3D wire elements with
truss sections (capable of developing only axial stresses) with a cross
sectional area equal to the actual area of the rebar. This reinforcement is
embedded into the concrete section to guarantee the deformation

compatibility and a proper stress transmission between concrete and rebar.
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In that way, the degrees of freedom of the truss elements that form the

reinforcement wires are constrained by the adjacent concrete solid elements.

Figure 3-39 Reinforcement Parts in Concrete Slab

Steel cap section. The steel section is modeled using 3D deformable shell
elements. It is considered simply supported at both ends (pinned-roller
boundary conditions). The top flange of the steel cap section is tied to the
bottom surface of the concrete slab to guarantee compatibility in the
deformations and a correct stress transmission between the two elements.
Using the tie interaction, the degrees of freedom of the nodes in the concrete
slab surface are constrained by the degrees of freedom of the nodes in the

steel cap surface.
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Figure 3-40 Steel Cap Part in Abaqus Model

Stiffeners and diaphragms. Stiffeners have to be added to the model to
prevent the failure of the steel plates due to instabilities when subjected to
compressive stresses. Three types of stiffeners have been included:
diaphragms at support locations, girder stiffeners at girder locations and
interior stiffeners distributed along the length of the member. In all the cases,
stiffeners are modeled as 3D deformable homogeneous shells. The correct
interaction between the steel cap section and the stiffeners is achieved by
merging both stiffeners and steel cap section. After the merging process, the

combination of the different elements behaves as a single part.
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Ch

Figure 3-41 Stiffeners and Diaphragms Parts in Abaqus Model

3.4.2 Element Types

For this model, three different types of elements have been used: 3D deformable
homogeneous solid, 3D wires with truss sections and 3D deformable shells. The first two
types have been previously described. For the 3D shell elements, like for the rest of the
element types to be used in structural analyses, Abaqus library includes two types of
finite elements (FE): linear (constant strain elements) and quadratic (linear strain
elements). Although the level of mesh refinement needed is usually smaller if quadratic
elements are used, only linear elements have been utilized in the development of the
model due to the fact that they are more accurate when modelling plastic behavior
(Dassault Systemes Simulia Corp, Abaqus 6.9 Theory Manual).

For a 3D conventional shell element, Abaqus library includes two main types of

elements: triangular and rectangular. Triangular elements have been used in this model
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due to their ability to better adapt to any member geometry. With that into consideration,
the 3D shells that form the steel cap, the stiffeners and the diagrams have been modeled

using the linear FE S3.

S 3
L Number of nodes

Conventional shell

Figure 3-42 Abaqus Naming Convention for

Conventional Shell Elements

Ll

face 3 face 2

1 face 1

Figure 3-43 Abaqus 3 Nodes 3D Conventional Shell Element S3

3.4.3 Mesh Generation

Following the same procedure described for the post-tensioned cap model,
meshes varying from 15 to 3 inches (381 to 76.2 mm) have been investigated. The
computer utilized reached its computational capacity limit for the 3 inches (76.2 mm)
model, for a total of approximately 93,000 nodes. The following table summarizes the

main characteristics of the meshes analyzed.
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Table 3-9 Composite Bent Cap Model. Mesh Characteristics

Mesh size| Mesh size Number of 3D Number of 3D shell Numbgr of 3D
(in) (mm) Number of nodes truss elements elements continuum
elements
15 381.0 4,675 1,534 5,139 2,062
14 355.6 5,153 1,664 5,746 2,211
13 330.2 5,479 1,768 5,895 2,609
12 304.8 6,517 1,924 7,445 3,014
11 279.4 7,187 2,106 7,902 3,839
10 254.0 8,600 2,314 9,547 5,416
9 228.6 10,134 2,574 11,110 7,876
8 203.2 12,812 2,886 13,794 12,453
7 177.8 16,089 3,302 16,627 18,402
6 152.4 20,456 3,848 21,030 24,900
5 127.0 30,332 4,628 33,079 38,735
4 101.6 49,154 5,798 50,679 82,148
3 76.2 93,025 7,722 93,336 185,470

The following figure represents how the number of nodes in the model varies
when decreasing the maximum element size. As can be observed, the number of nodes
and therefore the computational cost and the accuracy of the model, grow exponentially

as the maximum mesh size decreases.
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Figure 3-44 Composite Cap Model. Number of Nodes vs. Mesh Size
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Figure 3-45 Composite Cap Model. 3 Inches (76.2 mm) Mesh Detail

3.4.4 FEM Validation

Following the same procedure outlined for the previous model, the composite
cap model will be validated by the determination of the bending stresses using alternative
methods. The following figures show the bending stresses distribution in both the

concrete slab and the steel section.
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Figure 3-46 Bending Stresses (psi) Distribution in Concrete Slab.

3 Inches (76.2 mm) Mesh Model
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Figure 3-47 Bending Stresses (psi) Distribution in Steel Section.

3 Inches (76.2 mm) Mesh Model
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Simplified hand calculations to check the accuracy of the model developed have

been performed with the following assumptions:

- The structure behaves elastically and, therefore, the superposition principle
is applicable. Also, this assumption allows the consideration of a
homogeneous section after the transformation of the concrete slab into an
equivalent structural steel section.

- Straight sections before deformation remain straight after deformation
(Bernoulli’'s hypothesis).

- The contribution of the longitudinal steel to the section strength will be

neglected.

The calculations performed under these hypotheses are included in Appendix E.
The results obtained are shown in the following table. There are small differences due to
simplifications adopted in the hand calculations. As can be seen, the model developed

adequately simulates the structural behavior of the bent cap.

Table 3-10 Composite Cap Model. Validation Analysis. US Units

Max. Bottom Fiber Stress. | Max. Bottom Fiber Stress. Difference (psi)
Model (psi) Hand Calculations (psi)
52,930.0 49,908.6 3,021.4
Max. Top Fiber Stress. Max. Top Fiber Stress. Difference (psi)
Model (psi) Hand Calculations (psi)
-5,356.0 -5,099.4 256.6
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Table 3-11 Composite Cap Model. Validation Analysis. SI Units

Max. Bottom Fiber Stress. | Max. Bottom Fiber Stress. Difference
Model (MPa) Hand Calculations (MPa) (MPa)
36.5 34.4 2.1
Max. Top Fiber Stress. Max. Top Fiber Stress. Difference
Model (MPa) Hand Calculations (MPa) (MPa)
-3.7 -3.5 0.2
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Chapter 4

COST ESTIMATE AND SCHEDULE

This chapter describes the methods followed in the estimation of the cost and
construction time of the two structural typologies described. First, the materials and
activities involved are identified. In the second part of the chapter, actual unit costs for the
LBJ project are applied to obtain the corresponding estimates. Finally, the time required
for the construction of the two solutions and the time the traffic will be impacted for both

of them are determined.

4 1. Materials and Activities Identified

4.1.1 Post-Tensioned Bent Cap

The following materials are to be used in the construction of the post-tensioned

concrete bent cap:

- Concrete with a nominal compressive strength of 6,000 psi (41.37 MPa).

- Grade 60 reinforcing steel.

- Grade 270 low relaxation prestressing steel.

- Other materials and elements, such as grout, plastic ducts and end

anchorages.

The construction process for the post-tensioned concrete bent cap consists of

the following activities:
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- Shoring structure placement. A shoring structure will be required to resist the
self-weight of the post-tensioned cap until the moment it has enough strength
to become a self-supporting structure. A long term closure to traffic has to be
performed in the roadway below the bent cap. This closure will extend up to
the end of the bent cap construction process.

- Form work. This activity consists of the placement of the forms that will
provide the concrete element the desired shape.

- Rebar placement. Working inside the forms previously placed to layout the
rebar will be difficult and time consuming. For that reason, the cage formed
by the rebar is prepared at ground level ant then lifted to its final position
inside the forms. This activity is performed simultaneously to the previous
one.

- Placement of additional elements for prestressing tendons (ducts and end
anchorages). This activity is performed simultaneously to the previous one.

- Concrete pouring. After the rebar, ducts and end anchorages are placed, the
concrete is poured and vibrated. Enough curing time has to be provided for
the concrete to achieve the minimum required strength to perform the
following activity. For typical concretes fabricated with cement Type | and
moist-cured, the variation of strength with time is defined by (Wight &

MacGregor, 2012):

t

fei = 4.00+0.85t fe (37)

where
'« is the concrete strength at time t (psi).

t is the curing time (days).
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f'¢ is the nominal concrete strength (psi).

Solving for t in the previous equation,

_ 4f
E= Giossry (38)

Considering a nominal concrete strength of 6,000 psi (41.37 MPa) and a required
strength at jacking of 5,000 psi (34.47 MPa), the stressing of the tendons cannot
occur before 12 days after pouring of the concrete.

- Tendons placement, stressing and ducts grouting. Once the concrete has
achieved the required strength, tendons are placed in the ducts. After
tensioning them to its final stress, the ducts are grouted to prevent corrosion
and ensure adherence between tendons and ducts and the surrounding
concrete.

- Form work and shoring structure removal. After tensioning the tendons, the
structure is ready to sustain its own self-weight. Both forms and auxiliary
structure are removed, and traffic can be restored in the roadway below the

bent cap.

4.2.2 Composite Bent Cap

The following materials are to be used in the construction of the composite bent

cap:

- Concrete with a nominal compressive strength of 6,000 psi (41.37 MPa).
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Grade 60 reinforcing steel.

A709 Grade 50 structural steel.

The construction process of the composite bent cap comprises a lower number

of activities when compare with the post-tensioned concrete cap process. The activities

identified are:

Concrete slab form work. After the delivery of the steel section to the
construction site, the forms that will allow the pouring of the concrete slab are
placed. This activity is performed at ground level prior to the placement of the
cap on its final location, so traffic is not impacted.

Rebar placement. The concrete slab reinforcement is placed. This activity is
also performed prior the lifting and placement of the pier cap on top of the
columns.

Concrete pouring. After the rebar is placed, the concrete is poured and
vibrated. Enough curing time has to be provided prior to removing the form
work. This activity is performed at ground level. To proceed with the lifting
and placement activity, a minimum concrete strength in the slab is required
so the section is capable of supporting its self-weight. Considering a
minimum required strength of 3,000 psi (20.68 MPa) and a nominal concrete
strength of 6,000 psi (41.37 MPa), following the same procedure outlined
before, the lifting and placement of the cap cannot occur before 4 days after
pouring the concrete slab.

Form work removal. Once the concrete slab has developed enough form

work can be removed. This is the last activity to be performed at ground
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level. After the form work is removed, the pier cap is ready to be place on its
final position.

Lifting and placement of the composite cap in place supported by the already
built cast in place columns. IH35E shall be closed to traffic during this
operation, but it can be restored after finishing the operation. Because of the
short time required to place the cap on its final position, only a night closure

of IH35E is required.

Figure 4-1 Composite Bent Cap Ready to be Placed
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Figure 4-2 Lifting of Composite Bent Cap

4.2. Unit Costs and Cost Estimate

The cost of developing a project can be obtained as the summation of the

following costs for each of the materials and activities identified:

- Direct cost. It can be defined as the cost of material, labor and equipment
directly used for the construction of a unit measurement of the activities
identified for the project. This cost, provided that the construction processes
are optimized, should not significantly vary depending on the company

performing the work.
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Indirect cost or general expenses. It is included in this category the cost of all
the auxiliary items that the contractor needs to properly develop his activity
but that are not specifically related to any of the construction activities
identified for the project. This cost may greatly vary depending on the

construction company policies and internal methods of operation.

To make the results obtained independent from the company performing the

activities, only direct cost will be evaluated. Two set of values are needed in order to

estimate the direct cost of the bent cap construction:

Unit cost for each of the materials and activities identified. A problem that the
cost estimator has to face when approaching the development of a cost
estimate for a given project is the lack of accurate unit costs. The main
reason for this lack of information is the construction companies’ refusal to
make public their costs of operation in a highly competitive market. The unit
costs used in this study are actual costs

Quantity takeoff for each of the materials and activities. Quantities have been
calculated based on the project drawings. A summary of the values obtained

is shown in Appendix F.

For cost estimation purposes, the previously described activities have been

grouped in some cases. The direct cost consequence of the time the IH35E freeway shall

be closed for the construction of both solutions (lane rentals) and the indirect cost caused

to the city economic activity have not been considered in the estimates. However, the

time during which ftraffic will be affected has been determined as explained in the
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following subchapter. Considering that these direct and indirect costs are proportional to
the time the traffic is impacted, a comparison can be established.

Maintenance cost for the two alternatives analyzed has not been considered. In
general, because of the need of restoring the corrosion protective coating in the steel
section, the composite cap will have a higher maintenance cost during its life cycle than
the post-tensioned solution. However, an accurate actual unit cost for the replacement of
such coating was not available.

A total direct cost of $207,373.36 have been obtained for the post-tensioned bent
cap compare to a total of $199,867.37 calculated for the composite solution. Detailed

calculations are shown in Appendix F.

4.3 Activities Duration

Different construction scheduling techniques with varying accuracy and
complexity were identified during the literature review phase of this research. Because of
the short amount of time and reduced number of operations that the construction of the
two proposed solutions imply, the bar (Gantt) chart technique has been used.

The duration of the activities to be performed for the construction of both
solutions have been obtained by directly surveying construction engineers working on the
project.

Because of the importance of the roadway affected by the bridge construction, it
has been assumed that the work is performed during the seven days of the week. In
order to estimate the time in which the traffic on IH35E will be impacted during the

construction of the two solutions, activities that imply a conflict with the traffic below the
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bridge have been differentiated from those that do not. The following Gantt charts show

the time required for the construction of each of the solutions proposed.
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Figure 4-3 Post-Tensioned Bent Cap Construction Schedule
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Figure 4-4 Composite Bent Cap Construction Schedule




Based on the results obtained, the construction of the post-tensioned solution
requires 23 days and affects the traffic below during the complete construction time.
However, the composite solution requires only 10 days to be finished once the steel
section have arrived to the site, with only one day (actually, a few hours during a night)
impacting the IH-35E ftraffic. Therefore, the alternative proposed improves the
construction time required a limits to the minimum the interferences with traffic on the

existing roadway.
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Chapter 5

SUMMARY AND RESULTS DISCUSSION

A summary of the topic investigated in this research is included in this chapter
together with a description and analysis of the results obtained. In the first part of the
chapter, a summary of the case under study and the analysis performed is presented.
The second part describes the modelling techniques and validation methods used. Also,
results obtained are discussed and the main differences between the two structures
modeled are established. The third part presents the results obtained in the cost
estimation performed. Finally, the construction schedules and times of impact to traffic

are compared.

5.1 Summary

Bridges constitute one of the most important elements in transportation projects
because of their impact in the cost and schedule of such projects. Properly determining
the most appropriate structural typology in the design of a bridge involves the contribution
of skilled and experienced professionals with different backgrounds. As a result, bridge
design can be optimized to obtain the expected outcome in terms of quality, safety, cost
and schedule.

The increasing competitiveness scenario construction companies have to deal
with due to the current market conditions have made the design optimization even more
important for the project’s success. In that sense, the availability of comprehensive and

detailed guidance documents describing the new processes, techniques and structural
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typologies is extremely important to ensure that engineers properly comply with their
commitment with the society.

The evolution of pier typologies is a consequence of the intensive use of bridges
caused by the changes in our transportation infrastructures (Zhao & Tonias, 2012). The
evolution of the urban areas and consequently the increase in their population, translates
into increasing traffic volumes that, eventually, may overcome the existing transportation
infrastructures capacity. The construction of new projects to increase the capacity of the
transportation system in consolidated urban areas generates conflicts with existing
infrastructures that requires the development of new construction processes, techniques
and structural typologies to limit the impact on the traffic.

Structural prefabricated systems have been successfully used in different

structure typologies with the well-known advantages:

Reduction of the construction time and the number of operations to be
performed in situ.

- Improved in plant quality control.

- Work zone safety improvement.

- Lower environmental impact.

The development of bridge substructure prefabricated structural systems will add
to the previously exposed advantages a reduction in the number and time of traffic
detours and closures.

Researches proposing different bridge substructure precast systems using
concrete as main material are available, and different systems have been already used in
actual projects. For example, precast post-tensioned simply supported bent caps with an
inverted T section and with spans up to 58 ft. (17.68 m.) have been successfully used for

the u-section bridges along the managed lanes in the LBJ project. However, there is a

102



practical limit for the span length of these precast elements due to their self-weight to
allow for their safely lifting and placement.

The IH-635 Managed Lanes Project is located in North Dallas (Texas) and
comprises works on both IH-35 and IH-635 freeways. Started in early 2011, it is expected
to be completed and opened to public on summer 2015. After its completion, expected for
the end of summer 2015, it will increase noticeably the traffic capacity of this important
east-west corridor in Dallas.

Because of its complexity and the extensive use of bridges, the IH-35 IH-635
interchange became one of the major landmarks of the project. To provide direct access
from both Loop 12 to the new managed lanes, a new Loop 12-IH 635 WB direct
connector has been built. Its crossing over IH-35E has been solved with the construction
of Bridge 4.

The IH-35 and its existing interchange with IH-635 is a major traffic corridor in
Dallas area, supporting high traffic volumes, particularly during peak hours. The
construction of a new bridge using conventional design and construction methodologies
over this important corridor may imply closing the highway to the traffic and, therefore,
seriously impacting the traffic and overall economic activity in this important area of the
Metroplex.

The solution to be adopted may have to be prefabricated and simply supported
on the columns to limit to the minimum the impact to the traffic. With spans varying from
74.5 ft. to 86 ft. (22.71 to 26.21 m.) between supports, a precast prestressed concrete
bent cap would have been too heavy to be safely lifted. A composite steel-concrete bent
cap, consisting of a rectangular shaped section of steel with a top compression concrete
slab, was designed and built as a lighter alternative complying with the previously

mentioned requirements.
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Two pier cap typologies have been presented in this dissertation. The first one
consist of the use of cast in place posttensioned concrete pier cap with a rectangular
section, and simply supported on concrete columns built at both sides of the affected
roadway. In this case, the pier cap will work as a prestressed concrete girder simply
supported at both ends. The original design of Bridge 4 used this typology in the crossing
over IH-35E in the LBJ project.

The second proposed typology tries to solve the weight problem that concrete
has as a material when used to fabricate substructure precast systems. This is achieved
by using a different material applied to the same structural concept: the use of a
composite steel-concrete section, constituted by a rectangular steel section topped by a
cast in place concrete slab to resist the top compression, and again simply supported at
both ends. This solution has also the advantage of simplifying the construction process
by changing the always arduous construction process of a post-tensioned concrete cap
on site on an elevated position by simply lifting and placing the steel-concrete section

once the concrete slab has reached enough strength to support its self-weight.

5.2 FEM Modelling and Results

Finite element models have been developed using the commercial software

Abaqus with the objective of accurately simulating the theoretical structural behavior of

both solutions reducing the computational cost to the minimum. These two models have

been developed under the following hypotheses:
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The concrete have been modeled as an elastic-plastic material with damage
simulation by using the concrete damage plasticity model (CDP model)
available in Abaqus.

Three different types of steel have been used in the two models developed:
reinforcing steel, prestressing steel and structural steel. The three of them
have been modeled as elastic-plastic materials.

Linear finite elements have been used in both models following the software
developer recommendations when modeling structures in which plastic
behavior may be encountered. Using linear elements improves the
convergence of the model and, therefore, reduces the computational cost.
The contact surfaces between different elements and materials in the two
models have been modeled by directly constraining the degrees of freedom
of the nodes in contact to guarantee the deformation compatibility and an
adequate stress transfer between elements. Modeling these surfaces with
the method described reduces considerably the computational resources
required to run the model and does not affect noticeably the accuracy of the
model developed.

In the case of the post-tensioned bent cap model, the prestressing tendons
have not been included in the model because of their low contribution to the
total stiffness of the section (Saiedi, 2007). Tendons overall effects on the
structure have been simulated by properly determining an equivalent set of
forces. In addition to a compressive force, a vertical force has been
determined by the application of the load balancing method. The equivalent
forces obtained using this procedure have been proof adequate to be used in

the modelling of post-tensioned bent cap structures.
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The models developed with the previously described assumptions have been
validated by comparing the results obtained to alternative hand calculations. The
parameters chosen to validate the model were the bending stresses. This selection
allows reducing the time required for the validation process. The small differences
obtained are caused by the simplifications assumed in the hand calculations, like
neglecting the contribution of the rebar working in compression to the overall bending
capacity of the section.

Therefore, based on the results obtained, the models developed are considered
adequate to accurately simulate the structural behavior of the two alternative solutions
proposed.

The results obtained show that, for the post-tensioned concrete bent cap
alternative, the concrete section remains in the elastic range. Therefore, for the given
loading case and with the objective of optimizing the computational cost of running the
model, only the elastic behavior of the material needs to be considered. However, if
future lab tests are performed to determine the postfailure performance of the solution,
the concrete damage plasticity model is proposed to be used to account for the plastic
behavior of the material.

On the other hand, both concrete and steel sections are found to be working in
the plastic range in the composite bent cap model for the given loading case, so the
material properties cannot be simplified.

In terms of structural strength, both solutions show the capability of properly
resisting the imposed loads. The main difference in the structural response of the two
solutions is related to deformations. For that reason, the structural behavior comparison

has been performed in terms of serviceability instead of in terms of strength.
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Figure 5-1 Post-Tensioned Cap Model. Deflections (inches)
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Figure 5-2 Composite Cap Model. Deflections (inches)
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Figures 5-1 and 5-2 show the deflection obtained for the two alternative
solutions. Maximum deflections values of 2.864 inches (72.75 mm) and 0.426 inches
(10.82 mm) are obtained, respectively, for the composite and post-tensioned solutions.
Based on the results obtained for the vertical displacement, it can be seen how the
composite bent cap design has a more flexible behavior that the post-tensioned cap
alternative.

Complying with the serviceability provisions about maximum deflection
(AASHTO, 2012) may not be a problem when using the post-tensioned solution.
However, the design of the composite bent cap solution has to account for that issue by
providing the steel section with a camber to counteract the deflection caused by the

loads.

5.3 Cost and Schedule Comparison

The cost of developing a project can be divided in two types. The first one, direct
cost, is defined as the cost of material, labor and equipment directly used for the
construction of a unit measurement of the construction activities identified for the project.
Since this cost is established directly by the market based on the supply and demand
rules, it is intrinsically independent from the company developing the project. The second
one, indirect cost, is defined as the cost of all auxiliary items the contractor needs to
perform the works but that are not specifically related to any of the construction activities
identified for the project. This cost, unlike direct cost, depends on particular structure and

methods of operation of the company in charge of developing the project.
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To make the results obtained independent from the company performing the
activities, only direct cost have been evaluated. The cost of the two solutions proposed
have been obtained using real unit cost of the LBJ project and the quantities determined
based on the project drawings. Also, as stated before, the cost incurred by the possible
impacts on IH35E traffic have not been considered in the determination of the detailed
estimates shown in Appendix F, although the time of impact on the traffic has been
determined. Finally, the maintenance cost for the structural typologies studied has not
been considered because of a lack of actual unit costs. Due to the requirement of
replacing the corrosion protective coating of the steel section, the maintenance cost
during the life cycle of the composite solution will be higher than for the post-tensioned
alternative.

A total direct cost of $207,373.36 have been obtained for the post-tensioned bent
cap compare to a total of $199,867.37 calculated for the composite solution. The results
obtained show that, if traffic impact cost is not considered, the direct cost is very similar
for the two proposed solutions. However, for the particular project in hand, the lane rental
cost of closing IH35E makes the cast in place option unviable.

The main difference between the uses of one of the proposed alternatives is
found after evaluating the construction time required and the duration of the traffic closure
needed. A total of 23 days are required to build the post-tensioned solution, with a traffic
closure needed for the total duration of the construction activities. However, and provided
that the steel section is delivered to the site at the proper timing, casting the concrete
slab and lifting the bent cap to its final position only takes 10 days, with only one night
impacting the traffic on IH-35E.

Therefore, after the evaluation of the direct cost, construction schedule and traffic

impacts, the proposed composite structural typology is considered a valid alternative to
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be used as a prefabricated system in long span bridge substructure elements to limit

impact caused to existing transportation structures.
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Chapter 6

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH

6.1 Conclusions

The following conclusions can be drawn from the research conducted:

- The modelling techniques applied during the performance of this dissertation
are adequate and serve to the purpose of accurately modeling the structural
behavior of the two structural typologies analyzed.

- The composite prefabricated bent cap has a more flexible behavior than the
post-tensioned cast in place one. Special attention needs to be paid to the
serviceability limits in the design of such bent cap typology.

- In the cases in which no conflicts with traffic are expected, the construction
cost (maintenance cost has not been considered) is very similar for the two
solutions proposed.

- The construction time for the composite alternative (10 days), provided that
the steel section has been ordered in advance and has been delivered as
required, is half of the time required to finish the construction of the cast in
place solution (23 days).

- While the construction of the post-tensioned solution requires closing IH-35E
for 23 days, with the traffic closure associated cost and impacts on the traffic,
the prefabricated composite alternative limits it to one night.

- Based on the results obtained, the composite bent cap typology presented in

this research is considered adequate to be proposed as a bridge
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substructure prefabricated system to limit the impact on existing
transportation infrastructures for the use in cases in which the span length

required impedes the use of concrete based solutions.

6.2 Recommendations for Future Research

The following recommendations are presented as proposal for future researches
about bridge substructure elements in general and about the two pier caps typologies

analyzed in this study in particular:

1. The concrete damage plasticity model have been used in the
development of the two finite element models included in this research
because of its capability of modeling the inelastic behavior of concrete
both in tension and compression. The accuracy of the parameters used
to define the concrete material model is essential to properly simulate the
structural behavior of the element under analysis. Developing a database
of values to be used as a function of the concrete nominal strength in the
application of the CDP model will be useful for future researches.

2. Bridge substructure precast systems have been widely analyzed in
previous researches. However, all the solutions found are based on the
use of concrete as main construction material. Concrete precast
elements, although easier to implement as standardized systems, have
as a counterpart their weight, that limits the size of element that can be
safely lifted and placed. Lighter solutions may be explored in order to

propose prefabricated or semi-prefabricated systems capable of
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spanning longer distances to be used in beyond the limits of application
of such precast systems. The composite section analyzed in this
research is proposed as an economic feasible alternative to be further
investigated in future studies about prefabricated bridge substructure
systems.

The connection between the post-tensioned concrete cap and the cast in
place columns has been modeled as a pin support. Releasing the
rotation at both ends of the member minimizes the moment transferred to
the columns. Typically, the idealized pin support is achieved in actual
structures by the use of elastomeric bearing pads. However, the design
and construction of a connection system that behaves similarly to the
idealized pin support and that, at the same time, allows for the
application of the prestress force in situ is not always easy. The
connection detail proposed by the project design team could not be
included in the model developed because of the computation limitations
of the computer used. In order to confirm the adequacy of the system
proposed, and to improve it if possible, further analyses should be
performed. Additional information regarding the proposed connection can

be found in Appendix A.
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4. Determining the most suitable structural typology for a given case is a
difficult task that involves the participation of skilled and experienced
professionals with different backgrounds. The importance of properly
selecting the bridge substructure typology to be used for the success of a
project has been sufficiently justified in the research conducted. Example
of factors that may determine the optimum design are: superstructure
typology, height of the pier cap, availability of space for the pier cap
foundation, possible impacts to traffic in existing roadways and
scheduling and cost constraints. In order to help the Structural Engineer
in taking such important decisions, the development of a comprehensive
database and selection model for optimum bridge substructure design

and construction is proposed for future researches.
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The main disadvantage of the composite bent cap solution proposed is
the flexibility of the element. The development of large deflections under
the application of the design loads requires the fabrication of the steel
section with a predefined camber in order to comply with the
serviceability limits established in the applicable codes provisions. In
those cases in which different structural typologies are used in the two
pier caps supporting a span, the difference in the deflection developed at
each end can generate additional stresses in the bridge superstructure
and slab joints. This effect can be amplified in cases in which, like in the
span 7 of the bridge studied, the exterior girders are alternatively located
at the point of maximum deflection of the bent cap. The analysis of the
importance of the torsional stresses introduced in the bridge

superstructure and slab joints is proposed for a future research.
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Appendix A

Bridge 4 Drawings
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The following drawings show the preliminary design of the post-tensioned
concrete bent cap and the final design for the composite steel-concrete bent cap. All
names and initials have been removed from the sheets for privacy purposes.

Unit conversion factors: 1 ft. = 0.30 m.

1in=25.40 mm

118



SCALE: T = 40'
RECOMMENDAT IONS REGARDING ABUTMENT
BLOPES WD GEOTECHWCAL ASPECTS
LY, PROVOED UNGER THeE DRECT
SUPERVEIDN '
N DOV
SAAD M. HINEIDI, P.E s
TEXAS LICENSE NUMBER 50812 -0 L
FUGAD CONSLL TANTS, NC 780" A o
THPE FIRM REGSTRATION ho.F -205 i
= LU

[2] som sumea euevation TRM TION LTS oF
STA 1038+10,00 1@ 012NNV PGLY PGLy
END SUPER ELEVATIOM TRANSITION o
E STA 1037+60.00 [ OC1ZWNHY PGLI RAL T | vaRES ol il
BT ETAEIGH, _s<{‘
ﬁ!&“h{: o | TS 15PN 122,
. 1
; b G

TYPICAL SECTION
ISPANS 1-2 ,4-9)

6Ll

%
S
%
g
e - s DESICM SPEED = 50 MPH
P sTa Cwseszas /a1 ozs - 210
7/ /ﬁ & N EEEL // ; PLMC AL CLASSP CATION: LRBAN FREEWAY +
NEW MBIUMEERT 3-057-0-2574-01%0¢ s ———ghoce
| i i i i | i §
o1 Sern man | OVIFAL LENGTH O 5STR = OOV A& 0 I S N w03 LoADNG
FOR PAY LMTS i | i { i
540 OVERALL LENGTH OF BRIGE = 101531 MEASURED M.OMG § DCIZsy) 540
20000° PCG_UNIT 1 w.m‘ : 220.00' STEEL UNIT 2 (2200
520 SPAM 1 = 100.00" : SPAN 2 :.on.nr ﬁlun 3 .z:m.ur 520
3 - Txha PCG T 3 - 1x5a PCo 4 - STEEL mams
DCHVSSEIS (=]
500 } T EET
4 @ WE BO4 UV R TAL (LW ST A
- A TscHTE [
480 I o
BE S5TR lr
STA 103547000 <
460 ek % o ey S L in] 460 |
WHGWALL DN | B F— E——————.———_—.—————.
| iwTsec I N TS Ee Y BRIDGEFARMER & ASSOCIATES, INC,
440 WAL NS v 2 A 513 | EXBY, $02E 33 | 440 a THPE RIGISTRATION ¥0,284
O AT SO Py i T ; . 5 |
i 3 . L -\:,\“:_\2.1 8 T G DI A —"""TI Y:::‘_u'vm I e R 5 ’ @’;m? mont of Transportation
420 — =t J:E—— — A AT POL T — =1 420
ZEN i il 2 BTNV
e i 12NNHV
260 e | 3 e s s !” 3 -48°w 05 STO 3o 05 o BRIDGE LAYOUT
T
p.} I I!I SEALF © - 40 SHEET 10F 3
380 1l il 380 g | TEDIRAL AD PROEET WO, AT N,
£ L s 6 XA-XRXK-XNX H 635
B e T
80 (O] ® I 'U';AT ® 360 | © | TEXAS | OALLAS | OMLLAS [5rmas-cacone
1035+00 036+00 1037+00 1038+00 1039+00 T o ToeceTe




g fﬁzﬁslfwms'&r

-~
e

P
_geem T IR

DCEMAY STA 10404528 = - > ’
U35 STA 1040400.73 - P

oclL

i !c'E._l!\Ll. wa o gm iﬂﬂﬁﬂ'{tlll m.u D'l L]

TYPICAL SECTION
(SPAN 3)

HL 93 LOADING

540 |ovERMLL LENGTH rJ BADGE - WW9Y uﬂmﬂ Amn 540
maﬂ‘w 19043 PCY (T 4
T 095, 0, 75587
520 AN 4 ot 4 - w8 i SPAN B = §2.00° SO 1 = 850" 520
3 -T 3 - ez Peo | T T 3 - 1HE4 PCG 3 - TAsA PEG
500 | 2.1 | soo PSS
a, " T3/30/3 | §E BO4 SUPERSTALC ILWE SURMITIA
o it &y wo | oar EEETa) [ |
480 (O i (48008 13.04x f i =3 480
F s i
= : I =
| 460 |tn o il = & AAE e 460
T >i§ BRIDGEFIRHER L ﬁSSOCIATEE INC
L]
L ¥ S
440 | 4 3 -60% coL | T e v »25_ ] 440 m: mlﬂnnms xo m
5 R A1 By 5 71'°);m? exas Department of Transporfatlon
420 |— —_t i = = I = 420
3 e : z DCTRNY
3-8 3 8w 05 VERTCAL CURVE DATA
400 e = = ' 400 BRIDGE LAYOUT
: : LsTa - ?.1,‘_’,{'“ | SCALE ¥ = 40" SHEET 2 OF 3
380 i : -m%;n | 380 0. | rInORAL AD PROECT O MG W,
- I | 6 XA-XRXK-XNX H 635
| | ELEVATION i N N ES
360 : 360 TEXAS | DALLAS | DALLAS | si-804-GA-000S
CONTHL SECTION B
1042+00 1043+00 T a3t [ o Jose.erc




SCALE: T = 40'
§ OCTNe
2007 OVERMLL
ro | 26°-0° ROADWAY L ra
| - a0 |

s | 35

SSTR i S

R Yy || asex \ ﬂ&

TYPICAL SECTION

PLANS FOR
€38 DETAILS.
CX DRAIN TYPL, STATION,

T T ouTt.
SRAIN LOCATIONS " SEET

LZlL

OVERALL LENGTH OF ‘SSTA « 31_1E 0% LT i m.srign i :Digm m_l ' HL 93 LOADING
i FOR BAY LTS i
OVERAL LENGTH (F BAICE = ¥15.8Y (MEASURED ALCNG § DCUZNNHVI SEE_DCISNEES LAvOUT, 540
] i i FOR DETALS
285.43'PCG. uNT 4 mm"m“ T583%
SN T = W09.50° SPAN B » 100.00° SPMN 8 = 1583 520
3 - THSA PG 3 -5 Peo 3 2 Txa0 PCG
=] i | |
* | i 500 % | /DR | BENT CAF B & 0 REVEED
" | 5 |G3/30/7 | WC BOA SUPERSINLCTLME Sl A
s e f oo 5;?“0;, ol mn | veowio e
(=} [ XX 480
I S i X & BENT C38
5 1
L Lol Jo.3n = o } 480
— I ALY & t
2‘ NATLe = BRIDGEFARMER & ASSOCIATES, INC.
§ldy | 2 -1ze ca .iid' Il CONSULTIN GIKEERS
-l Tl I Z -12% co ‘:" ' 440 THPE REGISTRATION %0, 284
3 & ot — |L i, 5 | | r*%uw Department of Transpartatlon
= ol b o e g i ] 420 Ll
g / i I T : BD%DZGEN 04
] verrca cumveoara | [N e s 1)1 12NNHV
Lot da R nde_rngh 1| T i 400 BRIDGE LAYOUT
’
|!| mns;a wraae ill ||t B BCALED 1 - 4D SHEET 3 OF 3
11 B L E ! : Il 380 0. | rInORAL AD PROECT O r—
Lol HH L e | 6 XA-XKKK-KHH H 635
S El g n‘l’m‘ I | STATL DStRCT COUNTY SHET MO
® 1 ] ® .@ | 360 S5 TExas | DALLAS | DALLAS | sa04-ca-oocs
CONTHL SECTION 8
1044+00 1045+00 1046+00 1047+00 1048+00 bl 01 | 068, ETC




ccl

E‘;aw e e
Eg! gﬁ | BT

SCC DLASTOMORC BLAAMG PAD DETAL SHELT 10F 1
FOR PAD DETALS AND MOTE 1 FOR ADDITIONAL
TESTING AEQUREMEMT.

BENT MO, T (S 78 21 44 W

DISTANCE BETWEEN STATION LINE AND BEAM 1 15,968 L
BEAM SPAC, BEAM ANGLE
iC.L. BENT) o MS

SPAN T BEAM 1 0.000 73 20 40
BEMM 2 10.876 124
BEAM 3 10,878 T3 28 42

TOTAL 2.7153

BENT MO8 (5 78 21 44 W)

DISTANCE BETWEEM STATION LINE AND BEAM 1 18,792 L
BEAM SPAC. BEAM ANGLE
AL, BENTI oM S

SPAN B BEAM 1 0.000 T8 28 OT
BEAM 2 10, 743 6 28 10
BEMA 3 10, 743 6 2813

TOTAL 21,488

BENT MO8 (S T8 21 M4 W

DISTANCE BETWEEM STATION LINE AND BEAM 1 15,857 L
BEAM SPAC, BEAM ANGLE
1C.L. BENTI oMs

SPAN 9 BEAM 1 0,000 T8 52 23
BLAM 2 10. 741 T8 55 35
BEAM 3 10, 741 LLERT]

TOTAL 21,482

ITYPE TX54 CRDEAS)

BENT NO.B IS T8 21 44 W)

DISTANCE BETWEEN STATION LINE AND BEAM 1 15,782 L
BEAM SPAC, DEAM MCLE
iC.L, BENT) D MS

SPAN T BEMM 1 0.000 T3 20 a0
B 2 10, 743 524 41
DEAM 3 10, 743 T 28 42

TOTAL EAPEL

BENT NO.B (S 78 21 44 W)

DISTANCE BETWEEN STATION LINE AND BEAM 1 15,857 L
BEAM SPAC. HEAM MNGLE
L. BENTY D MS

SPAN B BEAM 1 0. 000 Te 18 07
BEAM z 10. T Te 28 10
BEM 3 1.1 6 78 13

TOTAL 21,482

ABUT NOL 1O (5 BD 24 12 W1

DISTANCE BETWEEN STATION LINE AND BEAM 1 15,850 L
BEAM SPAC. BEAM AMOLE
1ABUT BNWL) 0D WS

SPAN 9§ DEAM 1 0.000 B0 54 52
BEAM 2 10,802 80 58 03
BEAM 3 10,602 81 01 17

TOTAL 21,203

BEAM
BEAM
BEMM

BROGE 03
BENT C38
_sgen _ ;
Lmﬂ"‘
STA 045+05,
sTa u-a-uw
SPAN 9
ITYFE TX40 GROERSI
(O penetes cenen mmeer
SEE BROGE 03C PLANS FOR
CETALS NOT 530w,
4
BEAM REPORT, SPAN T

HORIZONTAL DISTANGE ® TRUE LENGTH  DEAM DEFLECTIONS
C-CBENT E-E M C-CBAG.  BOL.BMFLG.  SLOPE A 8
109,536 109,01 107,448 109.03 00076 0,116 0,182
109, 498 10a.88 107411 108,99 -0.0n78 o.198
108,460 108,84 107374 10856 -0. 0180 0,182

oA 328,93
BEAM REPORT, S7AN 8

HORIZONTAL DISTANCE = TRUE LENGTH  BEAM BEFLECTIONS.

C-C BENT  E-E BM C-C0AG.  DOT.OMFLG.  SLOPE A s 4

90.974 9. 46 7.7

99,074 9. 46 e

90,974 9, 46 snar
TOTAL 208.38

99,50 ~B. 0267

BEAM REPORT, SPAN 9

HORIZONTAL DISTANCE &
C-C BEWT  E-E BB €-C BAG.

TH. 514 T6. 01 T4, 482
TE. 115 T5.81 T4.084
mnT L) 73,686

TOTAL 228682

TRUE LENGTH BEAM
BOT. 8MFLG. SLOPE

T6.02 =0, 0212
15.62 0. 0209
T5.23 =0, 0207

0. 083 0.113
0.089 0.139

0,089 g.128
DEFLECTIONS
A L]

0,080 0.084
0,072 0. 100
0,082 0.087

SCALE: T = 40"

AL BE, lﬁwﬂlﬂlm

it BT AL e

—SYM_ABOUT
§ 5PN

HL 93 LOADING

S B8 v
WE BO& SUVERSIALC ILHE SUMaT A
RSP TN [pewo |

BRIDGEFMEIIEII B ﬁSSOCIATBB INC

'IP‘: mlﬂlﬂw! ¥0 m

“rexas Department of Transportation

SCALED SHEET 3 OF 3
B FEBIRA AD PROECT W, AT L
GRS 6 HX-XXAX -XXXH H 635
STATE DStACT CawTY SEET A
TEXAS | DALLAS | DALLAS S1-804 -5°-0006
e e A )
2374 o 068, ETC

?m?
BRDGE 04
DC12NNHV
PSTR CONC GIRDER LAYOUT
SPAN NO.07-09




€cl

| §E /

43.240°

T2 SETS OF GRO B RERF @ 107 MAX = 800"

18
e

SCALEIlG™ = 10°

TROL ELEVATION {FT1

TP OF_CaP
ElEv A | ELEV B

48901

ELEV B

SUMMARYT
0 cary
waRe  TYPE| w0.|  SITC
| & | srl ] | =1
L] 5T | 8 -1
0 | 5T 4
K| BT | a4
%2 _| BT | 16|
2] 5T 16
L1} st | 22 -
%5 | st |
wi [T | =
w [ar|z] =
s1_| BT[] =
52 8T | T8 -
53 [or|e0| =
T (st =
o BT | -
w2 | sT|3| =10
2 | Br| 4 .3
WOTES:
1. CHAMFER ALL EXPOSED CORMERS 3.
2.FOR DEARING SEAT ELEVATIONS, SEE
“BHNG SEAT ELEVS" SHEET, SEE
BEARING SEAT RE(NFORCING DETAILS™ SHECT
FOR FORWARD BEARING SEAT REINFORCING
CETAILS
3.SEL SHIET 2 OF 7 FOR SECTIONS A-A & 8-8,
A, ALL DIMEMSIONS ARE ME. J T
TO HORIZONTAL OR VERTICAL,
S.ENDS OF BENT CAP SHALL BE VERTICALLY
PLUNG,
6. THE MORIZONTAL AND VERTICAL TOLERANCE
N THE LOCATION OF DUCTS |5 #3/4 =,
S0% SUBMITTAL
PRELIMINARY
FOR REVIEW ONLY
¥/ | EEo
MO, | e | OF ST TION

ONSULTING
TEFE

BRIDGEFARMER & ASSOCIATES, INC.
c ENGINEERS
wa,

J;m Department of Transportation
015

BRIDGE D4C
DC12NNHV
BENT 7
TI0F T
:;:“x" - | reorea an eecsct b, gnw» ",
EEET| 6 XA-XKXX-XKX | H B35
Lt S T  —  —
Xy LTEXAS | DALLAS | DALLAS | si-p04-58-022
e T e |

2374 01| 08B.ETC




124"

£ 0o

- i
S2. TWSTSSLSI AU 88 MAx .93 VAT &l 1 L)
I o o) SEET 1OF 1 FOR SPACRG E @ 8 a4
[ ~vesreny / % = e SoPE | SLoer
i ! f s ; :/_[ i _zaex s e
7 1 i i ; ]
— f— 53 : I H St |
- H ol o] s2 '
@ | I = : g "Ts I' ! o H /§u@ -
W 2 = ¥ = | ! 5 &
) kil L~ - P 2| EMUMIETL g]ﬂ ° [ | g Eg
— S J‘F:LE E =& = || B o . =l
= L-ET S ESES ® ragfiitig | i = rayl g licg
s A HNE: o ©
i S SEN ) - o le
0 RS TTTT R RIS 1 | :
2] \ ’.’.‘L: s [ L ﬁu s
B Lg POST TENSONNG TENOONS Fum
RV atheorcoient
[TF -1 HL 93 LOADING
SECTION A-A SECTION B-B
T (GRID A REINFORCING) { RE INF )
i SO T T SCALE Ji™ = 107 SCALE ™ = 10
LS
00" 7
L seemmon D0\ smsssicues -y gl 80% SUBMITTAL
SELT 10F T FOR SPAGE @ preyy P
FRCE 00 8 SENEORIND e ki, 75 PRELIMINARY
_ran AN FOR REVIEW ONLY
A
\ === mall B
T I 1
a L2 B T R R K| SRR, W
41 0 EUNRRRE=E S oy ' '
g BT - ?
= —— %.— : 3= | 2 o
- .
= = :'%"—'F F- — 1 L\'l BRIDGEFARMER & ASSOCIATES, INC.
CONSULTING ENGINEERS
!_I 1] IERIIERERAR i ¥ THPE REGISTRATION ¥0.264
| ~ . . rl'guw Department of Transportation
§ POST TENSONNG TONOONS-] B £z 200
BRIDGE 04
an 22 BENT 7
SHEET 2 OF 7
:‘f&" g | TEDIRAL AD PROECT WO, AT N,
L se e e
RIGHT REINFORCIN e | Sr% LTExas | DaLLAS | oMLLAS [ svsod-saaee
SCALE: 1§~ = 70" Al orife [SMTELL SCN L N8
Xxx | 2374 | 01 |oes.ETC




Gcl

8 -8~

L . ol

Vit SLOPE

- 7 E0 SPA TO § - §
d MATCH BARS A 5 o i |
b SLOPE | SLoee = * |
" s =
- conTROL
| ELEVATION ﬁ
VOLELAY WATERSTOP | pomT
REI01 AS MANUFACTURED L 3
BY CETCO O APPROVED |4 g g 8
EQUA o G-
i Y g
| . £
o | | 2% gz
o3 = x4 E ]
™ g!
=2
T yanL
'““fsunsnzmmsu | “-x!uﬁnzlnwsm
11 SECTION D-D HL 93 LOADING
SCALE: J§- = 10 SCALEE - = -0
KOUT RE INFOR TA
SCALES Va® = 1°-0°
80% SUBMITTAL
PRELIMINARY
B-4r FOR REVIEW ONLY
0o L rar oz |
*1 FOPE o T T
By ¥_ -—§ GiRDER B8 | KR/RR/RE] SRRARRRERRRRARRRRRR W
4 g gy [N BT ST o]
o[ 1o P . oY FiNTsm
2l B 3 ~ TP OF CAP
N =
o [=] =] — M-BARS M1 =
9 [k i, BRIDGEFARMER & ASSOCIATES, INC.
Y €COXSULTING ENGINKEERS
° B x ARIN AT TA TBPE REGISTRATION %0, 264
o : WOT T0 SCALE QTW Department of Transportation
e s g s e e r s
i BEFORE PLACING BEARING PAD). BRIDGE 04
[ DC12NNHV
BENT 7
SHEET 3 OF 1
:?&' g | TEDIRAL AD PROECT WO, AT N,
i G XX-XEXK-XNK H 638
MESH RE INFORCEMENT (] e e S
SCALDY Ya© » 1°-0 ; E,(x TEXAS | DALLAS | DALLAS |  s51-804-58-025
TR | SR | SecTin =]
XXX | 2374 o 068, ETC




74"

COLUMN

™

3rape  3apr

2-3

S e e
}
]

oy

-
;
a3

i
g4
H

- SEL DETAIL &

N TA

SCALEs %" = 17-0°

108 OF coLLAM
ELEVATION _\

NGLE 2° 4" 40"
AT T8 OF oL j_o b8t

T -

SCALEs Y4* = 1'-0%

el
DETAIL A

SCALE Y= = 17 -0

..M< :

§ BENT
CaP
g e
PR L L T DU e
!
| ouss z2
[oms 2z
|YCPW
iﬂ:ﬂ.m
by
]

—_—

SECTION G-G

SCALE = = 1°-0"

= THICK
eLasroida T'EER
150 DURCME TER)

BAR 7 ISPIRAL)
YR

Tn;vm;nu.w
hrd

SECTION F-F
3T 107 OF CoLum
SCALE %" < 1-0"

HL 93 LOADING

80% SUBMITTAL

PRELIMINARY
FOR REVIEW ONLY

w0 | _owir RSP TOh [wemoy |

BRIDGEFARMER & ASBOCIATES, INC.
GEE ECRS

NSULTING ENGIX
THPE REGISTRATION 0. 284

:,piﬁ%wmssunnmura Transportatlon
@? o3

BRIDGE 04
DC12NNHV
BENT 7
SHEET 4 OF 7
::&' 0. | FIBORAL AD PROECT WO MG W,
GRARHCS -] KX -XXAK XXX H 635
XXX [—am | pamer | oy S
XAK TEXAS | DALLAS | DALLAS 5180458028
g CovE | secTion ]
XXX | 2374 o 068, ETC




¢l

e
" - T
&0 “

ar-z-ly2e 57| 24 e, o5y &

BAR A BARS K3, K4 & K5

51--11=la-vi-| za -

- 5 -9 o
BAR B =

. L
s
b T
AR K

84’ -8~

55° -2 |4' -107 24" -6°

BAR T

AR _V
g~

ONE FLAT
TuAN

: <|

. 5

g A
T =
-
OME FLAT
TuRN BOTTOM

BAR Z2

HL 93 LOADING

80% SUBMITTAL

PRELIMINARY
FOR REVIEW ONLY

Bl

AT

RSP T Oh [wemoy |

coxN

BRIDGEFARMER & ASSOCIATES, INL;.

SULTIN ¥EER

& ENGI
THPE REGISTRATION 0. 284

r'@)'uw Deportment of Transportatlon
@? 013

BRIDGE 04
DC12NNHV
BENT 7
SHEET 8 OF 7
)(;:‘X'. g | TEDIRAL AD PROECT WO, AT N,
";;:“;(3 6 HX-XXAX -XXXH H 635

EonTRAL | SECTION 8
2374 ['0] 068, ETC

ostAET conTY LT Mo

TEXAS | DALLAS | DALLAS 51-B04-58-C28




8¢l

sl 33 4 -e | vl
TEKGON A1, BY, €1 31-05" 8 STRADS PER TENDOH (TYP |
o
(T) POUR-BACK MATERWL SHALL BE CLASS ‘T~
HPC (5000 PS8 140X CLASS F FLT ASHI
(@) IHE EQUATIONS SHOWN AND CROMATES
PROVOLD AL FOR POST-TENSONIG COMOUNTS.
THE DO_NOT APPLY TD TEMDGH STRAWDS M
THER TEMSINED POSITON,
o L Lo o BLOCKOUT FOR
s
t Irs STALGAT SO
-
e = T P
756560 1= - S 1 oy
4-1:'!2'[_ _— | —X
—_ . ¥ 3 LOADING
T / } N HL 93 L
= RIGHT
gl T S W E g | e
e B8 | L) T ; IPONT O
) SCAE W = 10" L]
NOTES & AL L L L i x4 Fw0 3
1. OM EWD STRESSING SHALL 3 PERFORMED FROM THE END SPECIFIED ON THE LAYOUT.
2. Flll'm!‘ AND INSTALL ALL POST-TENSIONING m COMPONENTS, STHANDS AND GROUT
N ACCORDANCE WITH | TEM 426, “PRE-STHESSING. 0% SUBMITTAL
. SUBMIT DESICN CAL AND POST-TENSIONING DETAILS (SHOP DRAWINGS) IN ACCORDANCE L}
WITH ITEM 426.4 TO m Fﬂi REVIEW AND APPROVAL. i PREL'M'W
4. THE CONTRACTOR AND P.T, SUPPLIER ARE RESPONSIRLE FOR PROVIDING SUPPLEMENTARY FOR REVIEW ONLY
Itli‘umlm lstu.si 70 RESIST STRESSES IN THE AREA IMMEDIATEL Y SURSOUNDING THE P.T. [
|
5. EAORCING INICREERING MITH PRESTRLSSING TENDOWS SHALL BE ADJUSTED AS APPROVED BY The . -
6. JHE ANCHORAGE SYSTEM AND LENGTH OF PROECTING PRESTRESSING STEEL AT THE DEAD END ANCHORAGES |
SHALL PERMIT JACKING WiTH THE SAME JACKING EOUIPMENT THAT WAS USED ONM THE LIVE END. R RO R KR | R A AR W
T. QEMIATIONS FROM DI CONSTRUCTION SEQUENCE, CUCT PATTERM, DUCT SIZE, MWD STAMN 5176 1 LA LI R bl
SHOW SHALL L APPROVLD BY THL ENGINELR OF RELCORD. _{%'_;_ '
B. STRANDS SHALL BE LOW-RELAXATION MEETING THE REQUIREMENTS OF ASTM Ad1S GRADE 270. QI X =5
5 =
. DESIGH 15 us:g ?I‘!‘ o “‘ e =0, z‘}, Ilfeﬂl AT THL Jﬁ“:ae %.Pu:\ﬁum FRICTION, -0 + o __.'!,
TSIONE For A ADDITIGNRL ﬁ'(:su BT Fea Coa I STmts, ! =
10.0UCT PATTE WERE ASSUMED IN THE DESICN 2 -3
PR muma e Ry R B R T, et TENONE By B PRI URNARMER & ASIDCTATES INE.
ot K NI N - THPE REGISTRATION ¥0.264
PLIAGK) ¥ 1305 1P PRk TEMGN - o T N-N
Aas MINIMM = 40,362 1K (31-0,B° STRANDS (8,727 IN'] PER TEMDON) =
SCALET %" - 1 0" SCALE: W+ 1 -0 reﬂmﬁ Department of Transportation
TILBENT CAP CONCRETE SHALL 2 CLASS ‘- COMCRETE 2013
¢ (MIN} = D00 P51 AT 28 ﬂi\’! FIELD mﬂ}! STRENGTH
T80 M - 5500 PRI AT STRESHING [smamuu—n.m 42500 03963(K-0.75 2I50-005IISX0TS B8 4= K €578 BRIDGE 04
PRESTRESSING WOTES: ot o 578 <a X < W20
b - L% Jo IRED JADK ACK I NG el Q"E oo O%|rmoscorsoamond w00 € x ¢ 800 Dgéir_‘rm;v
tmﬂ (S J& m '&'fﬂg& g‘s M'ﬁﬁé“‘l“ Un&% {lmdm Retoil A 250 -0 DORDMET . TH-X 2 250004 1050817 -0 TEDO <= X £ BLTH
1% A.ILNTIDI:I; iy o e 5 OF TONDONS AT 20TH POINTS ALDKE THE CAP (3 o SWEET T OF 7
CowsTRUCT QUENCE. T .
JE APPRVED BY THE ENDINEER OF MEOHD 1t [z slals[e[r[alolw[n[e] s u[w[w][w]w]m]zn]xxx| ows | e P
stk EE%:ET%%; el e R e x |omma|sas . o730 o1 sos [ 6o.3m0| 12308 7678 [murna| ENE | 6 XK-KXXK-KHX H 635
STAGE 23 JACK STRAQOLE BewT T TENDONS In THE SEQUENCE OF C1. 2, BY, B2, A1 L AL, v, | 825 | 5289 | 4522 | 37| 3320 | 2800 | 2537 | 2282 | 203 | 2083 | 235 | 2291 | 2462 | 2,757 | 3436 | 3598 | 448 | 4,177 | 5ATS | 825 :E:A[S ;::‘15 M""“u"s m::;’:’“ﬂ'
%}g !! ﬁ% u&mﬁmc %, | 280|382 | 3o | 2mm | 2200 | vam | oo | vsso | vema | ran | vaes | uses [ e | 1ser | 20ae | 2asa | 2042 | 3270 | 288 | 4200 XXX TonTeL | SECTEM o - 2
= i % |2230| 1833 | 1380 | 1338 | 173 | 1021 | 0902 | 0.8 | 0.767 | 0,750 | 0.7es | 08w | 02w | 1008 | 1052 | 1330 | 1339 | 1780 (2098|2250 XN | 2374 01 068, ETC




6¢l

F SPACING

LUG (TYP)

[ FUTURE GIRDERS

'

SEE_GIRDER LAYDUT '

£T FOR Gl

BNGLE (TYP)

ROER 11

£3.500"
33500 i 50,000
PA
& EbT
A4.500" B.341" B.670" ‘ 5.436" 5.438" | B.215" A4.659" = 39.744"
5.517" 5,647 B.669" 18.875" 18.875" 43917
T® ; ;
l [ GIRDER 1 ——f [ GIRCER 2 ——{ , [ GIRDER 3 ——’{
,

GIRDER SPACING
(MEASURED AL{
PORARD E.LBRNG

l J,—7\.'!5 58"

BACKWARD STATION l FORWARD STATION
T

L
o & o
&
7
r-2 / A
LuG [TYPIJ =l
[ FUTURE. GIRDERS
+ ‘ - - Lntih GIRDER SPACING
| g
LI 74.500° OLUMN SPACING
PLAN
— 12.000° ®L X1 ‘ 53.500° Pl 1"
STUD CONNECTOR SPA : EQ SPa g &
BOE w ) . o
TOP FLANGES FL X 20 3333 TLIB8' (2% PL Y" X 20"
BOTTOM FLANGE PL 14750 L % 46,250 PL ¥
CONCRETE SLAB
LUG (TYR) | e —ocizmn
N w 3.686%
g WP 2 x 2 x % x 147
5
10 1,
¥ e =t INT STIFF ) NT STIFF MI=SLIEE
o 1 DIAPHRAGM F 1% erier I Ll -
A . et
3 &l < ot
o *
o % et
- i
5 —t
Ml L L1 =
Ax2x%x7
S P T
SRS uiom i |\—we o | BEARING PaD
coLuMn 1 — '
' ELEVATION NT
o W |
" : [Zez6 | s
A ‘,_" AL
— CONTROL ELEVATIONS
BENT | TOP_OF CAP TOP_OF_COLUMN
NO. A B . —
FINISHED WP A WP @ WP T’ wP O wP
GROUND 7 | 46595 | 46703 | 469.83 459.26 | 46201

RIS

CONST JOINT
Y1

\L\ 7

TOP OF DRILLED

\L SHAFT

-_— FOR TOP OF FON ELEVATIOf

SEE FOUNDATION DETAILS

L

w

Ll

b

e

o

s

13-

=

R#A T
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STEEL BENT CAPS SHALL ﬁ CLASSIFIED AS MAIN BRIDGE
MEMBERS. TENSION FLANGES AND THE HALF OF WEBS ATTACHED T0
TEWSION FLANGES ARE  FRACTURE CRITICAL AND SHALL CONFORM
T THE FRACTURE CONTROL PLAN.

‘FRACTURE CRITICAL' LEVEL OF TOUGHNESS FOR THE STEEL SHALL

BE CONSIDERED.

fLL STRUCTURAL STEEL. INCLUDING STIFFENERS AND CROSE-FRAMES,
SHALL CONFORM 10 THE REQUIREMENTS OF A709 GRADE 50.

CLASS “H' CONCRETE STRENGTH f'c = 6,000 ps:

ERECTION PLAN: STEEL BOX BENT CAP SHALL BE CAST BEFORE ITS
PLACEMENT, THE CAP SHALL LEAN ON EVERY CROSS FRAME DURING
THE PROCESS AND THEN LIFTED BY CRANES TO I15 FINAL POSITION.
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€el

TOP OF WEB OF
BOX GIRDER

[ COLUMN 1 /J

LEVEL LINE

wEB CAMBER DIAGRAM

¥ BE CUT ON STRAIGHT LINES BETWEEN ORDINATES

SHuw IJFl TO A SMOOTH CURVE AT THE FABRICATOR'S OPTION.
ORDINATE SHOWN INCLUDE TOTAL DEAD LDAD DEFLECTION (FUTURE

OVERLAY AND VERTICAL CURVE CORRECTIONS NOT INCLUDED).

1] STIFFENERS SPACED AS SHOWN QN PLAN VIEW

L\[ coLumw 2

[ COLUMN 1 —|

1 9 7 - 9 9 & 9 9 9 3

’—l COLUMN 2

TYPICAL STRA ARINI

A A F TION DIAGRAM

DEFLECTIONS DUE TO FUTURE DVERLAY ARE NOT INCLUDED

2, 24° NEDPRENE
r[ BENT & COLUMN [BEANMG

-8

o

18

v
[~ COLUMN & BEARING

TABLE OF DEAD LOAD DEFLECTIONS

TOTAL DEAD LOAD DEFLECTION

LOCATION SHDTT;TIME LEIN:E- )m:
COLUMN 1 ] 2.00 .80
" E 0.3
0.6 -7
] 212
wi 242
&2 -0.15.
o e
Z -8.17
2 -0.16
0.3
T} -0.18
i -0.06
COLUMN 2| 12 2.00
E:;fﬂ”'" Q11" STEEL LAMINATES
o 2AT €L
BEARING
| i |
# ] !
i AMINAT! NEOPR]
e BEARINGS
(5@ DUROMETER)
NOTE:  LAMINATED NEOPRENE BEARINGS SHALL BE

MANUFACTURED IN ACCORDANCE WITH ITEM
435 ELASTOMERIC MATERIALS® TEXAS
STANDARD SPECIFICATIONS

CAMBER DIAGRAM TABLE
s
LOCATION Gnd
COLUMN 1 ® 0.00
= 2.41
5 K
z o
wi
&5
2 %
z
E% .18
2 .95
4 ] 0.70
3 il 0.37
COLUMN 2| 12 2,00
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Appendix B

Load Calculations
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The following pages have been extracted from the Bridge Analysis Reports for
each girder line in the Bridge 4 model generated using the software PGSUPER. Only the
pages regarding to the calculation of girder lines reactions are reproduced in this
Appendix.

Unit conversion factor: 1 kip = 4.448 kN.
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Logation from Dexign
""':;'""t Sarvios | ervios I Fiatigues | Etyength | Strongth I
Max | Min | M | sn | e | wn | max | M0 [ s | wn
[eip-1t | [elp-1t) | elpft) | Geip-t%) | foip-5 | fip-h | Mop-st) | Sdpetty | fiip-rty | fap-ty
‘Bpan 2 Gider A, (IS, 57.760 | -68.73 -13n.8s| 5837 (-118.07| -32ez| -sas| s797|-19.40] s00sf-1mE.32
‘Bpan 2 (irder A, 58153 -52.61 |~131.53| -7n22|-12008| -33 15 f-100 35| =mem|-1mm ez e |15 me
‘Bpan 2 Girder A, (1.5H) 901.331 | -78.00 [-13=.72] -76.37 [-127.35] -38. 57 |-105.68 | 6532 |-zov 0| ssmaf-1erz
‘Bpan 2 Girder A, 101.872 -77.90 |-341.07) -77.43|-12861] 3783|105 53| 647 |-208 58| -Evies]-1enms
‘Bpan 2 Girder A, [H) 103551 -80.50 |-345 33| -a0 723|132 5a) 38 g3 f-ipa en | nma|-2ez0s| oire-1maaz
‘Bpan 2 Girder A, (CE) 103725 -80.77 |-945.68] -805a|-13z2 53] -2 7ef-1pa.88| o |-2issm [ rum imass
‘Bpan 2 Girder A, 104,554 -a2.55 |-348.04] -8z 74 |35 12| -ans0f-191m0| Tise |-2ie sz Taz 1T A
‘Bpan 2 Girder A, 105247 -53.67 |-12a. 5] 2382 [-13ea8| a1 aafm| o |-zim| mae-ireas
‘Bpan 2 Girder A, (PRIOFR) 106,664 ] -88.35 153,05 -86.44 [-138 80| a2 sa|-1150e| -7emz|-zzens] ez 12381
‘Bpan 2 Girder A, [FoS) 105081 | -g5.04 |-1sa.61] -8a06 | -4302| a2 45 -1mm2| -re3s f-zmaa7| e f-1z.00
‘Spmn 2 irer A, (100, ) 08,532 | -a007 |-157 58] 007 [-1asan] -acm-ande] Fear o] o |-esss
Total Girderline Reactions at Abutments and Plars
oG L) IDC IO
e | tim | Mz [ i | Max | M | max] min
(icip] i | lpd | Mgl | (eipd | fcip] | i) | (kip)|
soutment 1| 0oo|ooo| 230|232 | 2m2s| 29| 230) 2
Per 2] oo ooof 522] 22z [ 11402 19442 222 a2
et L B EEEEEE E
Total Ginderline Reactions at Abutments and
Plars - Design Vehicles [Inciuding Impact)
Total Live Load
+ L+ Dacign | * LL+1 Fatigue * LL+8 Parmit
Max | Mo [ Max | w0 | Max | man
i) | apl | Ddpd | Mdpd | el | (kip)
soument 1| &788| ooo| sseo| ooo| sass| ooo
Per2] 733| ooo| ssos| ooof si7s]| moo]
soament3] eao| ooo| s133] ooo| ssps| ooo]
* L Lowd vabuse o par girder mnd inciuds impect.
Total Girderiine Reactione st Abutments and Plere (iInciuding Impact)
Decign
Bervion | Beavioe IIl Faliguel | Zdrengin| Etrength 1l
Max | wan | Max [ mam | meax I Min | Max | Min [ Max | mm
g} | (eip] | fepl | g | Mdpd | eipd | (Ep) | (Kip) | Dap] | R
Aoatment 1] =8.25] 3157] es7z| 3.57] snas]ixre 111.20| 2783
Prer 2] 1271812334 [ 18241 ] 122 34] 125 75] e [ 20589 10’0 230 20 108 70
soument 3| 1=8.27 | s assa| sm] zzs)) A:E 231471 splas| 11 27| eoas
Live Load Reactions without impact
Total Girderline Reactions at Abutments
and Plers - Dasign Vehlclea [Without
Impact) e
Total Live Load | Maximum Reaction
Lt Docian’ L Pl | LL Parms] for Girder Line A
e | Min | st | s | ma | e
g | iiph | (eipd | (dg) | (g | g
soutment 1] =2.15] o.oo| 4430 poofs4s]ooo
Fer 2] 61.75] noof 51,43 ooo s17s| noo]
Aptment 3] s5.09] ooa) 4674 noo| seoe] noo]
* Live Lomd vale mow par piter and oo not inciuds impect.
Total Girderiing Reactions at Abutments and Plers -
Rafing Vehicias [Without Impact)
+ LL Deeign|[* LL Lsgal Routine |+ L1 Lsgal Epectal
maoe | min | wam Min | Max | Mn
g | kgl e [kip} kip} {kip]
soatment 1] s2.05| oo]  32s8] ooo| #1291 omo
Brndge: Bndge 4 Job: 001
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+ L1 Decign] * LL Legal Fiowtine |+ L1 Lagal 2 pesial

M i | sax [ wn | we | o
g || g | el | pep | e

Perz|eirsl ool  3spa|  ooo|  3mss

noa
Amitment3] se0=| ooo] | 3=0|  ooo|  GAss|  oog
* Live Lome wnimn mow par gider mnd o ro inciuds imzact.

Bndge: Bndge 4 Job: 001

04/072015
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Loaation from Descign
Lt Eupport n
e Sarvios | Servies 1 Fntigues | 1 Sdrongih I

max | Min | stax | win | max | vm | max | wen | tax [ san

Tickp- 18 | elp-T) | felpE) | feip-g¥) | kip-5 | idp-#) | fdp-tt) | flap-tt) | fiapt) | ddp-t)
‘Bpan 2 Ginder B, B5.014 ag3| w102| 07| =2vs| sz|-as7e| zams| we| esi| sams
Spen 2 Gaer B, (07, 75723 | -21.84| gnoe] -2sm| van| am|-sim| saf-erm| esfmm
‘Bpan 2 Ginder B, T5.540 2237 | -] -2ss2| 7azs| -am|sim| sme[-Esa] -ess]-ies
‘Bpon 2 Ginder B, (DAL, 5541 | 4711 -f11'.r.3s| ~4a.93|-105.15] 2250 6651 | -3a.65-17e.34] anm-138m
‘Span 2 Ginder B, 55,655 7.2 [-11z2e] wast [ns | 2oea] s7oe| 2| resr] ssszma
‘Bpan 2 Ginder B, (D50, 57358 | 747 [-1s.00| 7125|131 68| -32 20| a240] save-21mer| w0ms-17aas)
‘Span 2 Ginder B, 37.731 -71.38 [-sa7. 95| 7203 |32 e -as ze mame| smve| | sz e
‘Bpan 2 Ginder B, (1.5H) 900884 | -77.83 [-e55.37 -7R3n |-ean | -3 7 | B7ms| se 71| -zaa0e| e am-imame
‘Span 2 Girder B, 101425 -72.08 [-156.841| -7R.a8|-14167] -2n 30| sazs| | -xes | ssa -1
Span 2 Ginder B, (H) 103.134 -82.55 [-951.35] 8284 |-s4587] -41.13] s0=| 7oss|-2enme] Treslmis
‘Span 2 Ginder B, (C8) 103251 -82.85 [-961.77 8313 |-1a6.26| 41 28| ma9a| rom0| ez 54| TEv|-rmes
‘Span 2 Girder B, 104.217 -54.65 |-154. 24| -84 87 |-an 54| -z ;| szs | -ramn| -6 | s -1esss)
‘Bpan 2 Ginder B, 104,801 -85.78 [-985.73 8558 |-s4ar| 2 7e| sa3v| 7em| e | Temfare
‘Epan 2 Ginder B, [PRFR) 106217 -82.50 [-963 56 -8ae0 |-15aa6] a4 18| ss47| 7757 | -2zaums| rms-2m
Span 2 Girder B, (FoS) 907634 | -91.20[-173.34] =123 -ass s -as s 9757 -s0.2s|-2sm | so.x=|-20e84
Span 2 Girder B, (100} 108,476 | -5223[-1ma78] m223(-asa x| we 12 ser| s1m|-2e1a] sz 2nne

Total Girderline Reactions at Abutments and Plers

oC oW FOC T
e | e | e [ i | e [ wn | e | man
(kg | feipd | (o) | (olpd | (elpd | Delp) | (lph
Attment 1] 000 | ooo| 37| 27| o] snae| x| 2z
Pier 2| 000 | nuoaf 1080 1o s0] 127.43] 12743 1040|100
e [ e E EEEEE

Total Girderline Reactions at Abutments and
Plars - Dealgn Vehicles [Inciuding Impact)

Total Live Load

* LL =i Design | * LL+18 Fatigus | * LL=8 Pomit

Max Min Max in M Min

gy | Pepl | g | g | (el | (elpd
soutment 1| 77.75] ooo| ss] ooo| s1ss| oo
Fler2]| =282| 000 64.12] 000| TEAL| OLOD
Mbutment 3] S2.00) 000 SEE0] 000| B9 | OO0

* Live: Lome vahamn mow par gircier amel includs impect.

Total Girderline Reactions at Abutments and Plers [inciuding Impact)

Earvios | Eervios 111

Srangthi |

Hax | Min
(g} | felp) | ikdp) | ey

W
(dp}

Min | Max
[klp}

Aatrment 1

121.44) 4355|0528 L3659

o723)21 84 [aaties | 3p.50] 13855

Fler 2

23035013753 | 2118

A37.53) 954.95 18T | 33587 ﬁ:f.E - Koc]

1235

Aputment 3

176.10] 5320]158.52

S3.20) 131.50

EXEE

218

Live Load

Reactions without Impact

Total Girderline Reactions at Abutments
and Plers - Design Vehicles [Without

Impac)

Total Live Load

* LL Dwelgn | * LL Faligess | * LL Parmnit

Max | Min
g | ikip)

Hax | Min | Max
[klp) | Mgl | [kp)

Wi
=

Aputment 1

E1.64 | CLOO| 44.52) OO0 &1.64

[T |

Pler 2

T84 ] OLDO| S3u0s| 000 TE.14

ona

Abutment 3

E8.16] 0.00] 51.53| 0.00| 58.16|

0.0g

* Live: Lome| vakumn mow par gircer andl da nt inciuds impect.
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Total Girderiine Reactions at Abutments and Plers -
Rating Vehicies (Without Impact)
* LL Doslgn | * LL Lagal Rowline | * LL Lagal Zpecial

Max | Min Max Min e i
g ikip)| gy L] n) Kip]

Autment 1] §1.64 ]| Q0D 3695 0.0 4789

0.0a|
Pler 2] 78.14 | Q0D 4258 0.0 4929 o.ooj
Abutment 2] 8,15 ] QDD 42H 0. 4738 I'LII'II

* Livw Lo valumn mow par girde T g 00 not includs impact.

Bndge: Bndge 4 Job: 001 04/072013
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Logation from Descign
Left Suppost "
oy Sarvica | Bervios [ Faiguss | Etrength | ]
Max [ im | mamx | wn | e [ wn | M [ ven [ max | wn
[kip-ft] | Delp-%) | felp-) | (eip-#) | Mip-#) | (dp-s) | Rt | fdpos | ade-m | daprh
Span 2 Girder C, 3958 20244 @8z we2om| sasn|11ze| ssas|3ossa| sesafawniz] s
Span 2 Girder T, [C5) 4.854 19948 | s7.a2] 17a36] s74r(11128| asadp|amize| sdzslmesa] sss
Span 2 Girder C, [H) 5042 10087| oess| rrava| oroe|1wnse| ama7|aonzz| sasazsTE| =sad
‘Span 2 Girder C, 6750 EEEE EEEEEEE EEEN EE IEE]
Span 2 Girder C, [1.54) 7252 EEEE e R EE EEE EEEE EE
Span 2 Girder C, 10372 18134| papa| seaes| sans|ioim| sioe|arars| esza[;am| mw
Spanz GierC, (01} 812 | 17as2| s1ss| 6132 s2se|o0s3| snso|zar| eer]azes] Tim
Span 2 Girder C, 21 259 w5en| saa7| 12ams| see| prsa| soe|zmas| oz 46z
SponZGider ©, DA )26 | s2275] s3ei| 12a88| s536| e13s| seafames| smaolisss] aser
Sipan 2 Girder ©, 32 29 1073| 23e1] sran| zem| e2w| amafamaaz]  aarfizma] m
SmnzGier (0.3 32436 | 1ope| 2280 ssvs| 2| e23e| azs[imiaa]  zaaizme| e
Sipan 2 Girder C, 43139 7etd| -aov] es3s| -2s5| sass| rme|1zev| -mdse| sssz| -1ass

Sipon 2 Girder C, (0.4 143248 -540) 6504| -396| 43TE| -TEA|1Z248| -3531) s8.41] -4

TS5BS
Eipan 2 Girder . [HF) 48,6554 GHOT| -2583] £335| -1849] 3463| -967E| S7o4| -S455) E5ES) -Z90ES
Eipon I Ginder O, #8555 5856| -2584] 4333| 4850| 3482] ETE| STE1| -S451] s563] -Z=0TO)
4224
2567

Span 2 Girder C, (0.5 ) 54060 =4241] 3357 -339e| J560| -2568| T359| -T418| 45.43) 4561

Eipon 2 Ginder T, 59461 -55M2] 1834| -45.50| 46558| -34TD| S44s| -S843] =S| S5.84)

Span Z Ginder C, (HP) S9.466 2566 -Sane] 1832 <9.51| 96ET| -34T1| S44s| -9815] =S| €588
Span 2 Girder C, (ILEL ) B4BT2 935| -FEO il | -65.13| 76| 4384| E|AS|-12238] 13.83] .3
Span I Giner C, 54.980 892| -7E35 270| €551| TEB| 402 34739 -12286] 13.55] 86.72
Span 2 Girder C, (ILTL ) 75684 -2306|-11013) -27.20| -9685| -343| 6237| -250(-1T1s4) -16TE|-IT.TZ
Span 2 Giner C, 75.900 -Z370|-11082) -27.79| 9748 -A77| 6274 -32S| 1724 173913858
Epan I Girder T, [0LBL,) BE.456 -53E50|-la4T4) -5555 |-12887 | -2563| B1.35| 3719 -Z21E51 | H5.45)-155.80
Eipon I Ginder ©, BE.E1 -5445|-14578] -56.77 |-12584 | 2608 | -81.52| -38.44( 2333 ) H62EHTLOT
Eipan I Girder C, (L9, ) 57307 |18 -‘I?!.?'EI -H282|-1651.18 | 4042 |-100.45| -&7.58| 27251 -T1.59]-212.46
Eipon 2 Ginder T, 57741 292 -1B1."|H| -H3B88 [-952.48 | 4104 |-101.22| S8.18| 27455 -T2E2]-244.18)
Epan 2 Girder C, (1.5H) 100528 o081 [-19125] s1a1 |- | s a]-10e 76| 7| -zeeas] o]
Span 2 Ginder ©, 101365 H249|-19302) -52 73 |-17339 | 4585 |-107 74| -TeER| -2e A3 | S 152 a3

-188.61) -96TH |-17E.58 | 4604 |-100.52] -83.71| 25850 | <S50z | -235 451
-19833] -97.3 |-179.90 | <4837 |-111.1E| -84.16| -300.53 | -S5.42|-236.20)
Eipan I Girder T, 104,151 | -99.23 |-181.80 | ~48.34 |-112.77| -86.29| -305.17 | -57.31 |-238.78
Epon I Ginder ©, 104.744. =204 08] -300.54 | -183.56 | -S0004 |-113.83 | 5758 207 ST | Sas =M1
Epan I Girder C, [PEXFR] 106.161 | -103.58 | -208.73) -803.72 | -187.83 | -51.73 |-196.38| -91 02| -314.76 ] -=1.52]-247.79|
Span Z Gider C, (FoS) 107578 |-90685 [-X338] -806 89 | -152 11 | -53.44 |-118 56| 5434 304 57| -5 82 | -253 47|
Sipan I Girder C, (1000 905,115 |-908090 | =215 96 | -006.00 | - 19375 | -54.05 | -115.549| -S5.60( -324.17 | -55.60] -255.65

Eipan I Ginder ., (H) #I2.075
Epan I Ginder T, (C5) 103285

REE
i

Total Girderling Reactions at Abutments and Plers
[ ow TDC TOW

Maw | in | Max | &in | Bax | Min | e | Min
ilin] | (i | (ki) | Oieid | fkipd | {kip) | (kdod | (kiod
[T s]
o

Abutment 1 | 000 447) 447 s=30| s==30| 447 447
Pler 2] 000 10.95) 10.35| 15933 | 15933 | 10.95] 10.35)
Abutment 3] 0.00| 000| &.82) S.A2|1DAT|1D4T| EHZ| BAEZ

Total Girderiine Reactions at Abutments and
Plars - Design Venicles (Inciuding iImpact)

Total Live Loasd
+ LL+iM Docign |* L+ Fetigue | * L1+ Parmit

M Wini Max &in Max | Min

g | ik | g | Rl | (g ) fn)

Abutment 1 o] ooo| sum| ooo| 7esa| ooo
Fler2] 124.33] 0D0| 7T253] OD0| #0527) 0.00)
Abutment3] 107.5Z] 000| S590] ODO0| S840 0.00

* Live Lomd valusn mow par girdsr mad includs impact

Total Ginderling Reactions at Abutments and Plers [inciuding Impact)
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143



Decign
Earvios | Servios 111 Fatigus 1 Hrength | Etrength 1l
Max | win | ax | win | max | o0 | max | M | M | man
g} | (kipl | feipl | qopd | oop) (g} | (kig) | Ddpl | e
#outment 1] 153.17] sn4r]130.43] snar] 12077 2338 183.13] =338
Frer 2| 254 67] 17028 | 253 79| 170 28] 2 0a] s 12 43227 12k 54 357 72 ] 1m0 e
Mbatment 3| 216.81 | 10925 | 15531 | ¥05.29] 155.00 m_ﬁﬁ ISTEE| 9666
Live Load Reactions without impact
Total Girderling Reactions at Abutments
and Plers - Dasign Vehicles [Without - -
Impzct) e Maximum Reaction
Total Live Load for Girder Line C
* LL Decign | * LL Fatigus| * LL Permt

Max | Min | Max | Min | B | Bin
i} | iicipl| (g | fdpd | dpl i)

Apuiment 1] 7B.53 III.IIII54.?5 0u00| 7B.53 | 0.00|

Pier 2] 10527 IJ.IIIJI'.'?_"ﬂ- DU} 10527 | .00

Aoutment 3| 23.40] ooof sosz] oo s8.40] ool

* Livw Lowdl vahusn mow e girder el da not inciuds impect.

Total Girderling Reactions at Abutments and Plers -

Rating Vehicles [Without Impact)

* LL Deeign [+ LL Legal Routine [+ LL Legal 3peotal

Max -|I Max | wn | max [ wm

kip} |idpl]  fdn] ikip} g L]

sogment 1] 7emsfon|  sam| om| enm| oo
perzfimrfoon]  smms| om| esm| o
soment 3| seeofonn]  sams| om| es] om

* Live Lows vakumn mo par givder e do not inciuds impack.

Bridge: Bridge 4

Job: 001
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Lossation from Diescign
Lt Support
™ Tervica | Eervios I Fabigus | Etrength | Etrength 11
Max L] Max Wi Max Miri Max Min Max Min
(ip-) | (eip-5 | (eip-5) | (oip-5) | (op-s) | ip-s) | fipoR) | fdpert) | gopom) | poph
Span 2 Girder D, (H) 903040 -106.04 | -224 57) -106.46 | -201.50 | -S2.85|-12451 | 8212)-M1.16| -S3.54|-25614
‘Bpan 2 Ginder D, (CS] 100375 -106.78 | -236 0 -107 17 | -2 57| £333|-125.15] -5228]-342 70| -54.31)-26733
‘Epan 2 Ginder O, 904. 123 -108.85|-228 58] -109.18 | -Z05.28 | -5429(-12851 | 59501 |-H703| -S620)-ITSZ
Epan 2 Girder D, 34.70E -19036 | -231.94] -190.64 | -207.2% | -SE07 [-12759| 89656 |-3=0.13| ST5T|-IMAss
‘Bpan 2 Ginder D, (FEXFR) 106.123 | -144.02 |-336 381 -144 18 |-Z12 07 | -56.54 | -130.27 |-10034 | -357 53| -100.85 | -T79.5d.
‘Epan 2 Ginder O, (FoS] 107.540 =117 66 -2 641 -117.70 | -Z96.85 | -58.51 |-133.75 | -104.00 | -355 50| -104 20 | -256 35
‘Span 2 Girder D, (1.0L) 902081 [-113.04 -243.55'-115]]4 -Z18.73| SB52|-134.56 |05 45 | -358 55| -1DE A5 |- 228 50

Total Girderline Reactions at Abutments and Plers

oc W TD TN
Moy | i | o | Min | Max | Min | Max | Min
[kip] g | eig) | (edp | gy | (kip) | (elip) | (kip)

Apatment 1] 000 0| s3] sea| sess| s2ss] ss3| 563
pier 2| 0.oo] ool 1z 28] 12 29] 1a7.0e 127 05 ] 1228 12 29
Apatment 3| oo noaf ca3] se2]1iasr]1iasr| ez a3

Total Glirderine Reactions at Abutments and

Plars - Dealgn Vehiclas [Inciuding Impact)
Total Liv Losd

* L= Design | * L+ Fatigus |* L= Pamit

Max | Min | Max | Min | Max | Min
fkpd | felp) | el | (dpd | e | kio

Abgtment 1] 2585 000| 7EB7| 0LOO| f02E) OO0
Per2] #122]| 000| =Szs4] 000( 129.78] 000
Mbutment 3] ZS44] 000| 7470 000| 402:28] O0d)

* Live Lomd valumn mow e girdar el inciuds imoeck

Total Ginderline Reactions at Abutments and Plers [inciuding Impact)

Decign
Barvios | Zervine 1] Fatigus | il Eirnghh I

Max | vin | Max | san | max | sin | max | wn | Max | mn
mmmmmmm%rmulmm

Aputment 1] 215.16] sa2n|1ea.77| saa0] 1570 ga.1 e T38| 25046| 77.58

Pier 2| 351.57] 2033533113 202 35| 24z.48] 1 8] 53115 +eE 34 [ 433 7] 185 4]

Atment 3| 245.52] 12038 | 220,45 | 12038] 17222] Bn.1g) g:ﬁ[ 1 25108[ 105.64

Live Losd Reactions without impact

Total Girdering Reactions at Abutments:

and Plers - Dasign Vehicles [Wikhout

Impact) i i

Total Live Load Maximum Reaction

*LL Decign | *LL Fafigue| * LL Fermit for Girder Line D

ax | Mn | Wax | Wim | B | Mo
(elpd |ilapl] dpd | dpd | (kip) Jike)

Abatment 1] 100281 | 000 £=.55] 0uDO | 10021 | OLDO|
Pier 2] 12972 000 &=79| OuDO) 129.08] Q.00
Atutment 3] 1002.82) 0.00) &201) U0 1002=) 0.00§

* Live Lomd valumn mow e girdar st net ieciuds impmck.

Total Girderline Reactions at Abutments and Plers -
Rating Vehicles (Without Impact)
*LL Docign | *1LL Legal Foutine |* LL Legal Speaial

Hax | Min] Max in Hax Min
(Kip} Jikpl] i) (elp} (g L]

Abatment 1] 10084 | 000 (R ooa TE {1s 1]
Pier 2] 129.78] 0.00 &7 T3 ooa TE24 15 1]
Abutment 3] 10B2) 0D0) 3.7 ooa TIE3 1ls 1]

* Livw Lomdl valumn mow e girdar sl oo net ieciuds impact.

Bridge: Bridge 4 Job: 001 04/07/2015
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Looation from Decign
[
" Servioe | Eervica Wl Fatigue 1 EHremgih | Efrength B
lax in [ Win Max Min Bax (L] M M
Beip-fty | Peip-15) | feip-ft | Moip- | (kip-t9 | felp-%) | (eip-2] (eip-99) | (ip-) | Mudp-ot)
‘Byesn 2 Girder E, [PEXFR) 106.085 ] 907 87 |-225.70| -902.03 | -205.45) -53 51] -185 5] -54 78] -345 77| -8538 | -IT166
‘Span 2 Girder E, (FoB) 07 502 -11128]-234.72]-111.32] -21007] -55.52| 18857 -58.30) -356.58 | 8845 |-Z77.77
Span 2 Ginder E, (100, ) 10843 |-11Z2.57 |-236.64 | -11257 | -211.82) -55.39| -1a0.44] -59.53) -350.51 | -99.53[-280.10

Total Ginderling Reactions at Abutments and Plers
(1.4 oW IO TN

e | i | x| Miin | Max | Min | Max | Min
Dip) | | el | Gelpd | i) | (kg | (ki) | (el

Mpuiment 1] 000 | 000) 78] 78] S9ET| 2867 T4 T
Fier 2] 000 | ODOJ 13.65) 13,65 20644 | 20644 | 1265 13.65
Aputment 3] 000 | 0.00) S.81] S.B1) 10695 106.38| 81| &81

Total Ginderline Reactions at Abutments and

Plars - Deslgn Vehicles (Inciuding Impact)
Total Live Load

+ L+ Dacign | * L+ Fatigue [* LL+84 Permit]

Max | Min | Max | win | Max | mmn

] | pl | pdpd | Dded | el | eip)

Mpuiment 1] WESSE| 000| 90534) O00| 1919.33) O00)
Fler2] #5273] 000| 122D6] O0O| 43535) 00D
Mpuiment 3] 24.55] 000 S375] OLDO| 90243] CLDO|

* Livw: Lo wnkmn wow e girder and inciuds inpact.

Total Ginderline Reactions at Abutments and Plers [Inciuding Impact)

Decign

Earvios | Eervios 111 Fatigus | Etmangih | Etrengin I

Max | Min | Maw | Mim | Bax | Min | Eaw | Min | Max | Min
kip} | (kip) | i) | fdp) | (dpd

ip) | fdp) | fdp) | (dpd

Melp}
soament 1] 252 33| ez [zazr [wse [2ma1] s [Tmods| shasmmeas] seas

Pier 2| J7E.H3 23010 | 347 .08 | 220,90 29314 1_,1*:“5 556.31 Tﬂ-ﬂ 45243 | 184.67

Apetment 3] 738.33] 193,50 213.47 | 113.80] 15753 EEJ&H FEEEE]

Live Load Reactions without impact

Total Girderling Reactions at Abutments
and Plers - Dasign Vahlclea (Without

Impact)
Tokal Live Load

* LL Deign | * LL Fatigue | * LL Parmi
Max || stax [ e | ma |
kip} |icpl] (dpd Jikiph| fkdp] | Gdph
Aptment 1] 115.23] ono] ==.35] 0.00] 115.23] p.00|
Pier 2| 135.26] n.oaf 113.55] no0| 13625 | 0.0
Aptment 3] 10.43] ooa e5.36] ooo| 10243 0.

* Live: Lo wnkmn wow e girder mnd do not inciude impect

Total Girderiing Reactions at Abutments and Plers -
Rating Vehicles [Without Impact)
iuwliu_lm Raoutine |* LL Lagal Spsoial
Max [Min| max [ min | wax | mm
kip} |iapl] g klp} (g} Tklp]
soctment 1] 112 3]om]  7as| oo s oo
Per2li3eom| e om| m=| o
soument 3| mofom|  em| ow| n=] om

* Live: Lo wnkmn wow e girder and do not inciude impect
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Appendix C

Prestress Loss Calculations

149



PRESTRESS LOSSES

Tendons properties

Grade 270 low relaxation steel
Ultimate stress on prestressing
steel

Yielding stress on prestressing
steel

Area or prestressing steel per
tendon

Number of tendons

Total area of prestressing steel
Length of tendons

Forcer per tendon at jacking
Stress in tendon at jacking

Prestressing steel Young modulus

Gross area of section

Concrete strenght at release
Modulus of elasticity of concrete
at transfer

Average eccentricity at low point
Stress in prestressing steel
immediately prior to transfer

Moment of inertia of gross section

Moment at midspan due to
member self-weight
Volume of member
Surface exposed to drying

Friction loss

Wobble friction coefficient
Coefficient of friction

Distance from jacking end (lowest
point)

Angular change from jacking end

Friction loss per tendon

Anchorage set loss

Anchorage set
Length of tendons
Anchorage set loss per tendon

Elastic shortening loss

Total elastic shortening loss
per tendon

=

Qa
Qs
ac

Afpr

D

Dfpes

150

270.000
243.000

6.727

6.000
40.362
81.000

1,362.000
202.468

28,500.000

7,752.000
5.000

4,069.644
1417
202.500

6,720,984.000

64,986.490 Kip-in

4.438.913
1,223.723

0.000
0.230

38.250

0.194
0.139
0.083
0.138
7.842

0.375
972.000
10.995

2.936

ksi

ksi

in

ft
kips
ksi
ksi
in?
ksi
ksi
in
ksi

in*

cf
sf

ft

rad
rad
rad
rad

ksi

1,861.650
1,675.485

43403

260.416

1,396.015
196,507.500

50,015.904
34.475

28,060.193
3.598
1,396.238

2797

7,343.473

124.290
113.806

11.475

for tendons A

for tendons B

for tendons C
Average
54.070

0.953
24.689
75.813

20.246

Mpa
Mpa

cm

cm

Mpa
Mpa

cm
Mpa

Mpa
cm

Mpa

kNm

m
m

Mpa

cm

Mpa

Mpa

Table 5.9.3-1
(AASHTO 2012)



Creep loss

Volume-to-surface ratio
Volume-to-surface coefficient
Relative humidity

Humidity factor for creep
Factor for the effect of concrete
strenght

Time of loading at load application

Instantaneous strain due to
loading

/S

2.591E-04

3627
1.000
60.000
1.080

0.833

20.000

days

9214

cm

The following table summarizes the values for creep loss at different times t from loading application

t(days) | Time development factor kyg | Creep coefficient W(t,t;) Dew":;‘;:":ue to | Creep loss Afps(C) per tendon
ksi Mpa
10 0.196 0.235 6.100E-05 1.739 11.987
50 0.549 0.660 1.709E-04 4872 33.590
100 0.709 0.852 2.206E-04 6.288 43.357
200 0.830 0.997 2.562E-04 7.358 50.733
500 0.924 1.110 2.875E-04 8.194 56.501
1000 0.961 1.154 2.988E-04 8.517 58.726
5000 0.992 1.191 3.086E-04 8.794 60.637
10000 0.996 1.196 3.098E-04 8.830 60.884
15000 0.997 1.198 3.103E-04 8.842 60.967
Creep loss Af¢(C) per tendon

10.000

9.000

8.000

7.000

. 6.000

)
G 5.000
X

< 4000

3.000

2.000

1.000

0.000

2000 4000 6000 8000 10000 12000 14000 16000
Time (days)

NOTE: 1 ksi=6.89 MPa
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Shrinkage loss

Volume-to-surface ratio Vis 3.627 in 9214 cm

Volume-to-surface coefficient ks 1.000

Relative humidity H 60.000 %
Humidity factor for shrinkage ks 1.160

Factor for the effect of concrete ke 0.833

strenght

The following table summarizes the values for shrinkage loss at different times t from loading

t(days) | Time development factor kg Defsor:li'l:::;netlt: to Z:rmkage loss Afps(SH) Pe;;::don
10 0.196 9.098E-05 2593 17.878
50 0.549 2.549E-04 7.266 50.099
100 0.709 3.291E-04 9.379 64.666
200 0.830 3.851E-04 10.974 75.668
500 0.924 4 288E-04 12.222 84.269
1000 0.961 4.457E-04 12.703 §7.588
5000 0.992 4.602E-04 13.116 90.438
10000 0.996 4.621E-04 13.170 90.807
15000 0.997 4.627E-04 13.188 90.931

Shrinkage loss Af 5(SH) per tendon

14.000

-
12.000 r_

10.000

8.000

6.000

Bfs(sH) (ki)

4.000

2.000

0.000
0 2000 4000 6000 8000 10000 12000 14000 16000

Time (days)
NOTE: 1 ksi =6.89 MPa
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Steel relaxation loss

Steel relaxation factor

k 30.000

The following table summarizes the values for steel relaxation
loss at different times t from loading application

t (hours) Stress at prestressing steel at time t Steel relaxation loss Afys(RL)
ksi MPa ksi Mpa
14400 194 547 1,341.402 7.953 54 835
72000 193.210 1,332.185 9.290 64.052
144000 192 635 1,328.216 9.865 68.022
288000 192.059 1,324.246 10.441 71.991
720000 191.298 1,318.999 11.202 77.239
1440000 190.722 1,315.029 11.778 81.208
7200000 189.385 1,305.812 13.115 90.426
14400000 188.810 1,301.842 13.690 94.395
21600000 188.473 1,299.520 14.027 96.717
Steel relaxation loss Af s(RL) per tendon
16.000
14.000
_—--"'_"—-___7
10.000
g
—. 8.000
g
2
5 6000
4,000
2.000
0.000
(1] 5000000 10000000 15000000 20000000 25000000
Time (hours)
NOTE: 1 ksi = 6.89 MPa
TOTAL PRESTRESS LOSS Afpr 57.831 ksi 398.744 MPa
STRESS AT JACKING fpj 202.468 ksi 1,396.015 MPa
EFECTIVE PRESTRESS =
STRESS fpe 144.637 ksi 997.270 MPa
LONG TERM PRESTRESS .
FORCE PER TENDON P 972.971 kips 4,3271.776 kN
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Appendix D
Post-Tensioned Concrete Cap Model.

Validation Calculations
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Since the section behaves elastically, the superposition principle is applicable. The
calculations will be performed for three different loading cases:

- Case 1. Simply supported beam subjected to a uniform compressive force equal to
the total effective prestress force (after losses).

- Case 2. Simply supported beam subjected to the concentrated loads applied by the
beams.

- Case 3. Simply supported beam subjected to a constant distributed load result of
the summation of the load-balancing force caused by the prestressing tendons and
the concrete cap self-weight.

CASE1

=) , &
A L=74.5 ft (22.708 m) '
The compressive force applied to the member is equal to the total effective prestressing
force, so:
P = 6x972,971 = 5,837,826 p (25,523.12 kN)
Under that load, the stress in the member is constant and with a value of (negative for
compressive stress):

A =76x102 = 7,752 in? (5.001 m?)

Oltop = % = —753.07 psi (—5.192 MPa) (compression)

O1bot = § = —753.07 psi (5.192 MPa) (compression)
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CASE 2
PJ_ P2 PB P4 P5

‘lllll .

L=74.5 ft (22.708 m)
R

R:

The forces P, to Ps are the result of the summation of the loads transferred by the
backwards and forwards span beams 1 to 5, so:
P, = 285,690 p (1,270.812 kN)
P, = 336,870 p (1,489.472 kN)
Py = 433,270 p (1,927.281 kN)
P, = 531,150 p (2,362.673 kN)
Ps = 556,310 p (2,474.59 kN)
And the distances between the points of application of the loads and the left support
are:
x; = 1.19 ft (0.363 m)
x, = 6.84 ft (2.085 m)
x3 = 13.51 ft (4.118 m)
x, = 24.38 ft (7.431m)
xs = 35.26 ft (10.747 m)

By equilibrium of moments with respect to the left support:
ZM=0=P1*X1+P2*XZ+P3 *x3+P4*x4+P5*x5_R2*L

R, = 551,175.40 p (2,451.75 kN)
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The maximum moment section is located at the point of application of the force Ps. The
moment at that section is:
M =R, * (L — x5)
M = 259,537,471.70 p — in (29,323.783 kN — m)
So the stresses caused by the bending action are:

bh® 761023 ,
[=—="—""""=67720,984 in* (2.796 m*)

T2 T 12
h
y=5= 51in (1.295m)
M=y . .
Oztop = ——— = —1,969.42 psi (—13.579 MPa) (compression)

M *
O2pot = Ty = 1,969.42 psi (13.579 MPa) (tension)

CASE 3

Jl ]
A

L=74.5 ft (22.708 m)
R]_ RZ

The force w is the result of the summation of the factored self-weight of the cap and the
load-balancing force caused by the prestressing tendons:
W = Wy, + Wy
Wy = 1.25 %y, * A = —813.11p/in (142.294 kN /m) (downwards)
wy, = 1,680.69p/in (294.121 kN/m) (upwards)

w = 867.58 p/in (151.827 kN/m)(upwards)

2

L
ZM=0=W*?—R1*L
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R, = 387,808.26 p (1,725.057 kN)

So the moment at a section located 35.26 ft (10.747 m) from the left support is:

< (35.26 * 12)?
M=(wr—F—

— R, * (35.26 * 12))
M = —86,427,775.45 p — in (—9,765.023 kN/m)
And the bending stresses are:

M=y . .
O3t0p =~ = 655.83 psi (4.522 MPa) (tension)

M *
O3pot = —Ty = —655.83 psi (—4.522 MPa) (compression)

TOTAL STRESSES:

Applying the superposition principle, the total compressive and tensile stresses due to
bending and prestressing are:
Otop = O1top + O2top T O3top = —2,066.66 psi (14.249 MPa) (compression)

Obot = O1pot T O2pot T T3por = 560.52 psi (3.865 MPa) (tension)
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Appendix E
Steel-Concrete Composite Cap Model.

Validation Calculations
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Since the section behaves elastically, the superposition principle is applicable. The

calculations will be performed for two different loading cases:

- Case 1. Simply supported beam subjected to the concentrated loads applied by the
beams.

- Case 2. Simply supported beam subjected to a constant distributed load result of
the summation of the load-balancing force caused by the prestressing tendons and
the concrete cap self-weight.

To analyze the composite section, it will be first converted into a homogeneous section

by obtaining an equivalent section conformed only by one type of material. The conversion

factor, n, is defined as follows:

E. 4,458,071.332

E. = 29000000 _ 1%

n =

And the 10 inches thick concrete slab is converted into a steel slab with its center of

gravity coincident with the original one and a thickness of:

d’' =10 0.154 = 1.54 in (0.039 m)

With that into consideration, the converted section has the following properties:

Yeg = 46.89 in (1.191m)

I, = 257,737 in* (0.107 m*)
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CASE 1
Pl Pz P3 P4 P5

‘11111 .

L=74.5 ft (22.708 m)
R,

R:

The forces P, to Ps are the result of the summation of the loads transferred by the
backwards and forwards span beams 1 to 5, so:
P, = 285,690 p (1,270.812 kN)
P, = 336,870 p (1,489.472 kN)
Py = 433,270 p (1,927.281 kN)
P, = 531,150 p (2,362.673 kN)
Ps = 556,310 p (2,474.59 kN)
And the distances between the points of application of the loads and the left support
are:
x; = 1.19 ft (0.363 m)
x, = 6.84 ft (2.085m)
x; = 13.51 ft (4.118 m)
x, = 24.38 ft (7.431 m)
xs = 35.26 ft (10.747 m)

By equilibrium of moments with respect to the left support:
ZM=0=P1*X1+P2*XZ+P3 *x3+P4*x4+P5*x5_R2*L

= 551,175.40 p (2,451.75 kN)
The maximum moment section is located at the point of application of the force Ps. The

moment at that section is:
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M =R, x (L — x5)
M = 259,537,471.70 p — in (29,323.783 kN/m)
So the stresses caused by the bending action are:

M *
Ottoptr = —# = —31,327.30 psi (215.994 MPa) (compression)

O1top = O1toptr * N = —4,824.41 psi (33.263 MPa) (compression)

_ M * Ybot _ . .
O1pot = = 47,217.56 psi (325.554 MPa) (tension)
CASE 2
w
L=74.5 ft (22.708 m)
Rl I:22

The force w is the result of the summation of the factored self-weight of the steel cap

and the top concrete slab:
W = Wsteer + Weoncrete

Wsteer = 1.25 * Y5 * Agreer

3 3 1 L, 5
Asteel=72*Z+2*68*Z+76*§=194ln (0.125m"?)

1000
Wsteer = 1.25 % 0.490 * VE

«194 = 68.76 p/in (12.033 kN/m)

Wconcrete = 125 * ]/C * Aconcrete

1000
Weoncrete = 1.25 % 0.145 = 173

x76 %10 = 79.72 p/in (13.951 kN/m)

w = 68.76 + 79.72 = 148.48 p/in (25.984 kN/m)
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Because of the symmetry of the loading case, the reactions at supports are equal with a

value of
wL
Ry = R, = —= = 66,370.56 p (295.231 kN)

So the moment at a section located 35.26 ft from the left support is:

< (35.26 x 12)2
M={wr—7—

— R, * (35.26 12))

M = 14,791,484.47 p — in (1,671.213 kN — m)

And the bending stresses are:

M=x*y . _
O2toptr = = —1,785.40 psi (compression)
O2top = Oztoper * N = —274,95 psi(compression)

M *
O2bot = —Ty = 2,590.50 psi (tension)

TOTAL STRESSES:

Applying the superposition principle, the total compressive and tensile stresses are:

Otop = O1top T+ O2top = —5,099.36 psi (—35.159 MPa) (compression)

Opot = O1pot + O2por = 49,908.56 psi (344.107 MPa) (tension)
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Appendix F

Cost Estimation
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ol

POST-TENSIONED BENT CAP ESTIMATE

ITEM DESCRIPTION QUANTITY COST
Concrete f'c 6,000 psi )
(material) Only material UNIT QUANTITY  LENGTH (ft) WIDTH (ft) HEIGTH (ft) TOTALQUANTITY | UNIT PRICE | TOTAL COST ($)
cy 1.00 82.50 6.33 8.50 164.40
cy 1.00 82.50 3.17 0.04 0.40
SUBTOTAL 164.81 86.35 14,231.14
. Includes form work and shoring
Concrete f'c 6,000 psi
(placement) tower placement and re.!moval, and UNIT QUANTITY  LENGTH (ft) WIDTH (ft) HEIGTH (ft) TOTAL QUANTITY | UNIT PRICE | TOTAL COST ($)
concrete pouring
cy 1.00 82.50 6.33 8.50 164.40
cy 1.00 82.50 3.17 0.04 0.40
SUBTOTAL 164.81 806.17 132,862.98
i i ] UNIT WEIGTH
Grade 60 Reinforcing Steel Includes material and labor UNIT QUANTITY LENGTH (ft) DIAMETER (ft) (LB/FT3) TOTAL QUANTITY | UNIT PRICE | TOTAL COST ($)
Bars A (#11) LB 8.00 95.00 0.12 490.00 4,038.08
Bars B (#11) LB 8.00 91.50 0.12 490.00 3,889.31
Bars T (#8) LB 18.00 87.50 0.12 490.00 8,368.40
Bars K1 (#4) LB 44.00 3.75 0.04 490.00 110.24
Bars K2 (#4) LB 16.00 5.00 0.04 490.00 53.45
Bars K3 (#4) LB 16.00 2.58 0.04 490.00 27.62
Bars K4 (#4) LB 22.00 6.00 0.04 490.00 88.19
Bars K5 (#4) LB 15.00 6.79 0.04 490.00 68.07
Bars M1 (#5) LB 28.00 9.46 0.05 490.00 276.48
Bars M2 (#5) LB 26.00 11.54 0.05 490.00 313.27
Bars S1 (#6) LB 108.00 29.79 0.06 490.00 4,836.87
Bars S2 (#5) LB 78.00 23.58 0.05 490.00 1,920.36
Bars S3 (#6) LB 60.00 22.25 0.06 490.00 2,006.91
Bars U (#6) LB 271.00 7.94 0.06 490.00 3,233.69
Bars V2 (#10) LB 32.00 10.00 0.11 490.00 1,379.37
Bars Z2 (#3) LB 4.00 104.72 0.03 490.00 157.43
SUBTOTAL 30,767.74 0.47 14,460.84
31-0.6 in dia. tendon, including all
Grade 270 Low-Lax .
Prestressing Steel additional elements, grout and UNIT  QUANTITY LENGTH (ft) WIDTH (ft) HEIGTH (ft) TOTAL QUANTITY | UNIT PRICE | TOTAL COST ($)
tendon tensioning
Tendons A LFT 2.00 85.00 1.00 1.00 170.00
Tendons B LFT 2.00 85.00 1.00 1.00 170.00
Tendons C LFT 2.00 85.00 1.00 1.00 170.00
SUBTOTAL 510.00 89.84 45,818.40
TOTAL 207,373.36
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COMPOSITE BENT CAP ESTIMATE

ITEM DESCRIPTION QUANTITY COST
C°"c':’:‘z::rggm psi Only material UNIT  QUANTITY LENGTH(ft)  WIDTH (ft) HEIGTH(ft)  TOTALQUANTITY | UNITPRICE | TOTAL COST ($)
cY 1.00 83.50 6.33 0.83 16.32
SUBTOTAL 16.32 86.35 1,409.41
Concrete f'c 6,000 psi Includes form work and shoring UNIT QUANTITY  LENGTH (ft) WIDTH (ft) HEIGTH (ft) TOTALQUANTITY | UNIT PRICE | TOTAL COST ($)
(placement) tower placement and removal
cY 1.00 83.50 6.33 0.83 16.32
SUBTOTAL 16.32 567.78 9,267.31
. : . UNIT WEIGTH
Grade 60 Reinforcing Steel Includes material and labor UNIT  QUANTITY LENGTH (ft) DIAMETER (ft) (LB/FT3) TOTAL QUANTITY | UNIT PRICE | TOTAL COST ($)
Bars A (#4) LB 13.00 84.58 0.12 490.00 5,842.38
Bars B (#4) LB 13.00 84.58 0.12 490.00 5,842.38
Bars S (#4) LB 168.00 13.83 0.12 490.00 12,348.03
SUBTOTAL 24,032.80 0.47 11,295.41
A709 Grade 50 Steel A705 Grade 5.0 St.eel |n.f|nls.h?d UNIT QUANTITY  LENGTH (ft) WIDTH (ft) THICKNESS (ft)  TOTAL QUANTITY | UNIT PRICE [ TOTAL COST ($)
steel cap section including lifting
Bottom flange LB 1.00 46.25 6.00 0.06 8,498.44
LB 1.00 14.75 6.00 0.05 2,258.59
LB 1.00 22.50 6.00 0.05 3,445.31
Top flange LB 2.00 3.33 1.67 0.04 226.83
LB 1.00 3.33 6.33 0.05 538.72
LB 2.00 71.17 1.67 0.04 4,843.38
LB 1.00 2.33 6.33 0.05 377.09
LB 2.00 3.33 1.67 0.04 226.83
LB 5.00 3.25 3.00 0.04 995.31
LB 7.00 1.00 3.00 0.04 428.75
Webs LB 4.00 12.00 5.75 0.06 8,452.50
LB 2.00 59.50 5.75 0.04 13,970.10
Diagonals LB 2.00 83.50 142 0.04 4,830.24
Diaphragm Column 1 LB 4.00 5.67 1.17 0.05 674.88
LB 8.00 5.67 0.58 0.05 674.88
LB 1.00 6.00 5.67 0.10 1,735.42
LB 1.00 6.00 5.67 0.04 694.17
Diaphragm Column 2 LB 4.00 5.67 1.17 0.05 674.88
LB 8.00 5.67 0.58 0.05 674.88
LB 1.00 6.00 5.67 0.06 1,041.25
Girder Stiffener LB 5.00 6.00 5.67 0.06 5,206.25
LB 40.00 5.67 0.67 0.04 3,085.19
Interior Stiffener LB 7.00 6.00 5.67 0.04 4,859.17
LB 28.00 5.67 0.42 0.04 1,349.77
SUBTOTAL 69,762.84 2.55 177,895.23
TOTAL 199,867.37
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