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Abstract 
 
 

The Alabama Department of Transportation (ALDOT) is in the process of 

transitioning from the AASHTO Standard Specification for Highway Bridges to the 

LRFD Bridge Design Specifications. One significant difference between the two 

specifications is the seismic design provisions. From a practical point of view, the desire 

is that typical details can be developed for the worst case scenarios which can be 

implemented for bridges throughout the state without a significant cost premium. To 

determine the effects of the updated seismic provisions on current practice, an initial 

study of existing bridges was completed. Three typical, multi-span, prestressed concrete 

I-girder bridges were selected for the study. In order to bracket the demands for typical 

bridges, the primary bridge geometry variables were span length, pier height and pier 

configuration. The bridges’ Earthquake Resisting Systems were re-designed for the worst 

conditions for the state of Alabama. This paper discusses the changes made to the three 

bridges in order to meet the requirements.  

After the re-design of the three bridges, a few conclusions were drawn. There was 

an increase in the connection between the substructure and substructure. Also, the amount 

of hoop reinforcing in the columns, drilled shafts and struts was increased. It was 

concluded that typical details could not be created for the worst seismic scenario in 

Alabama.
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Chapter 1 : Introduction

1.1 Problem Statement 

Alabama Department of Transportation (ALDOT) has been designing bridges using 

the AASHTO Standard Specifications for Highway Bridges (Standard Specification) 

(AASHTO 2002); however, due to Federal Highways Administration (FHWA) 

requirements, ALDOT will begin designing bridges in accordance with AASHTO LRFD 

Bridge Design Specifications (LRFD Specification) (AASHTO 2007). ALDOT has 

chosen to design the bridges with the AASHTO Guide Specifications for LRFD Seismic 

Bridge Design (Guide Specification) (AASHTO 2008). One of the significant differences 

between the two specifications is the seismic design provisions. Under the Standard 

Specification most of the state was classified as Seismic Performance Category A which 

required minimal seismic detailing and no additional analysis. The new requirements will 

influence future bridge design. With changes in the ground acceleration maps, it is 

expected that the substructure elements, the superstructure-to-substructure connections, 

and the foundations will see the most change.  From a practical point of view, ALDOT’s 

Bridge Bureau wants to develop typical details for the worst case scenarios which can be 

implemented for bridges throughout the state without a significant cost premium.    

 

1.2 Objectives and Scope 

Since typical details were trying to be developed, it was important to define the most 

important geometric features of the bridge. It was determined that one important feature 
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was the pier height and the span length. The span length has a significant effect on the 

period and seismic force of the bridge.  For a bridge with long spans, the bridge will have 

a long period of vibration, and a bridge with short spans will have a short period of 

vibration. Equation 1.1 shows the equation to calculate the structure’s period of vibration. 

The pier height affects the stiffness of the bridge which in turn changes the period of 

vibration. When calculating the stiffness for the bridge piers the height of the pier is 

cubed which makes it an influential variable.  The deflection equation for a cantilever 

beam or column with a point load on the end is shown in Equation 1.2. All the other 

variables in design, such as bridge width, foundation type, etc., were to remain somewhat 

constant. ALDOT was asked to choose three bridges to be re-designed with these 

parameters in mind. The three concrete bridges they chose were a short span bridge with 

short pier heights, a long span bridge with short pier heights, and a long span bridge with 

tall pier heights.  

IE

hP

*

* 3

=δ                                                   Equation 1.1 

gK

W
T

*
*2 Π=                                              Equation 1.2 

This study was done to evaluate the seismic bridge design according to the Standard 

Specification and update the seismic design according to the LRFD Specification. This 

study was done to evaluate Three existing standard, multi-span, prestressed concrete I-

girder bridges were selected to be redesigned according to the AASHTO Guide 

Specifications for LRFD Seismic Bridge Design and AASHTO LRFD Bridge Design 

Specifications. The main objectives were the following: 
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1. To determine the effects of LRFD seismic provisions on design and detailing of 

critical elements in the bridge lateral load resisting system.  

2. To determine if typical, economically feasible details can be utilized for all the 

selected bridges.  

 

1.3 Document Organization 

This document is organized into five chapters. Chapter 1 is an introduction to the 

project. Chapter 2 contains a literature review and the comparison of the three design 

specifications investigated during the project. Chapter 3 describes the design process 

for the Guide Specification and the LRFD Specification. Chapter 4 shows the results 

from the re-design of the bridges. Lastly, Chapter 5 contains the conclusions that 

were made based on the case study design results. 
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Chapter 2 : Literature Review

2.1 Introduction 

The three specifications discussed in this section have some differences. The 

design philosophy behind the Guide Specification is different from both the LRFD 

Specification and the Standard Specification. As the knowledge of earthquakes and fault 

zones have increased, the specifications have been updated to accommodate for the new 

information found. The specifications are always changing as new knowledge is 

discovered.  

 

2.2 History  

The compilation of the Standard Specification began in 1921 with the 

organization of the Committee on Bridges and Structures of the American Association of 

State Highway Officials (AASHO). Starting in 1921, the specifications were gradually 

developed. As several actions of the specification were approved, they were made 

available in mimeographed form for use by the State Highway Departments and other 

organizations. A complete specification was available in 1926 and revised in 1928. The 

first edition of the Standard Specification was printed in 1931. The last edition before 

switching to the LRFD design philosophy was printed in 2002 (AASHTO 2002).   

The body of knowledge related to the design of bridges has grown immensely since 

1931. The pace of advancements in bridge design are growing so rapidly that to 

accommodate this growth the Subcommittee of Bridges and Structures has been granted 
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authority under AASHTO’s governing documents to approve and issue Bridge Interims 

each year. In 1986, the Subcommittee submitted a request to the AASHTO Standing 

Committee on Research to undertake an assessment of U.S. bridge design specifications, 

to review foreign design specifications and codes, to consider alternative design 

philosophies to those underlying the Standard Specifications, and to render 

recommendations based on these investigations (AASHTO 2007). The investigation was 

completed in 1987, and it was found that the Standard Specification included discernible 

gaps, inconsistencies, and even some conflicts (AASHTO 2007).  

The Standard Specification did not include the most recently developed design 

philosophies, load-and-resistance factor design (LRFD), which was gaining popularity in 

other areas of structural engineering. Until 1970, the sole design philosophy in the 

Standard Specification was known as working stress design (WSD). “WSD establishes 

allowable stresses as a fraction or percentage of a given material’s load-carrying capacity, 

and requires that calculated design stresses not exceed those allowable stresses” 

(AASHTO 2007). The next design philosophy added was the load factor design (LFD). 

LFD reflects the variable predictability of certain loads types, such as vehicular loads and 

wind forces, through adjust design factors. A further philosophical extension was LRFD 

which takes variability in the behavior of structural elements into account in an explicit 

manner. “LRFD relies on extensive use of statistical methods, but sets forth the results in 

a manner readily usable by bridge designers and analysts” (AASHTO 2007).  

After the 1971 San Fernando earthquake, significant effort was expended to 

develop comprehensive design guidelines for the seismic design of bridges. “That effort 

led to updates of both the AASHTO and Caltrans design provisions and ultimately 
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resulted in the development of ATC-6, Seismic Design Guidelines for Highway Bridges, 

which was published in 1981” (AASHTO 2008). It was adopted as a Guide Specification 

in 1983 by AASHTO. In 1991, the guidelines were formally adopted into the Standard 

Specification, and then revised and reformatted as Division I-A of the Standard 

Specification. After damaging earthquakes in the 1980s and 1990s, it became apparent 

that improvements to the seismic design practice were needed. Several efforts were made 

by different groups in the development of ATC-32, Improved Seismic Design Criteria for 

California Bridges: Provisional Recommendations in 1996, the development of Caltrans’ 

Seismic Design Criteria, the development of publication of MCEER/ATC-49 (NCHRP 

12-49), Recommended LRFD Guidelines for the Seismic Design of Highway Bridges in 

2003, and the development of the South Carolina Seismic Design Specification in 2001. 

In 2005, work began to identify and consolidate the best practices from these four 

documents. “The resulting document was founded on displacement-based design 

principles, recommended a 1000-yr return period earthquake ground motion, and 

comprised a new set of guidelines for seismic design of bridges” (AASHTO 2008). In 

2007, a technical review team refined the document into the Guide Specifications that 

were adopted in 2007 by AASHTO. In the following year more revisions were made, and 

then in 2008, the 2007 document and the revisions were approved as the Guide 

Specification (AASHTO 2008). A 2010 Interim was published for the Guide 

Specification which affected steel bridge design.   
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2.3 Comparison of the Seismic Design Specifications 

This section describes the major differences between the seismic provisions of the 

Guide Specification, LRFD Specification, and the Standard Specification. The 

differences can be broken down into the following categories: 

• New Ground Acceleration Maps 

The Standard Specification uses ground acceleration maps created by the 

United States Geological Survey (USGS) in 1988. The map assumes the soil 

condition to be rock. The seismic loads represented by the acceleration 

coefficients have a 10% probability of exceedance in 50 years which corresponds 

to a return period of approximately 475 years. For the Guide Specification and 

LRFD Specification, the ground acceleration maps depict probabilistic ground 

acceleration and spectral response for 7% probability of exceedance in 75 years 

which corresponds to a return period of approximately 1000 years. Also, the 

Guide Specification and LRFD Specification have maps for peak ground 

acceleration (PGA), 0.2 second spectral response acceleration (SS), and 1.0 

second spectral response acceleration (S1) instead of just one map. Table 2.1 

shows some of the spectral response values for different locations in Alabama. 

The accelerations are higher in north Alabama. The change in the ground 

acceleration maps generates an increase in design earthquake load for Alabama 

bridges. These changes are due to larger return period for the design earthquake 

and the significant amount of research completed on the New Madrid and East 

Tennessee faults. 
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Table 2.1: Oseligee Creek Bridge Bent 3 Design Changes  

Location PGA (g) SS (g) S1 (g) 

Huntsville, AL 0.082 0.186 0.067 
Birmingham, AL 0.083 0.171 0.058 

Muscle Shoals, AL 0.087 0.207 0.076 
Montgomery, AL 0.041 0.094 0.043 

 

• New Design Spectral Shape 

In the AASHTO Standard Specification, the spectral acceleration 

maximum is 2.5 x Acceleration coefficient, A. Unless the ground acceleration is 

greater than or equal to 0.3, then the maximum spectral acceleration is 2.0 x A. 

The response coefficient is decaying a rate of 1/T2/3. The response spectrum 

decreases at a rate of 1/T, but because of the concerns associated with inelastic 

response of longer period bridges, it was decided that the ordinates of the design 

coefficients and spectra should not decrease as rapidly as 1/T but should be 

proportional to 1/T2/3 (AASHTO 2002). The region decreasing at a rate of 1/T is 

the acceleration sensitive region. The design spectrum in the Guide Specification 

and LRFD Specification decreases at a rate of 1/T.  In Figure 2.1, the response 

spectrums for the Guide Specification and Standard Specification are compared. 

The Guide Specification design response spectrum includes the short-period 

transition from the acceleration coefficient, AS, to the peak response region, SDS, 

unlike the Standard Specification. This transition is effective for all modes, 

including the fundamental vibration modes.  According to the Guide 

Specification, the use of the peak response down to zero period is felt to overly 

conservative, particularly for a displacement-based design. (AASHTO 2008) 
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Figure 2.1: Comparison of the response spectrum for the Standard Specification 

and Guide Specification located at the Northeast corner of Alabama 

 
• Importance/Operational Classification 

When assigning a classification to a bridge, the basis of classification shall 

include social/survival and security/defense requirements and also consider 

possible future changes in conditions and requirements (AASHTO 2007). The 

Standard Specification has two different importance classifications which are 

Essential and Other. Essential bridges are defined by the Standard Specification as 

bridges that must continue to function after an earthquake (AASHTO 2002). The 

LRFD Specification has three operational classifications which are Critical, 

Essential, and Other. The LRFD Specification defines a Critical bridge as a bridge 

that must remain open to all traffic after a design earthquake and useable by 

emergency vehicles and security/defense purposes immediately after a large 

earthquake, which is an earthquake with a 2,500 year return period. Essential 
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bridges are defined as bridges that at a minimum are open to emergency vehicles 

and for security/defense purposes immediately after the design earthquake, which 

is an earthquake with a 1,000 year return period (AASHTO 2007). If the bridge is 

critical or essential, then the design requirements will be more strenuous. The 

Guide Specification only specifically addresses Conventional bridges, which is 

defined as Other bridges by the LRFD Specification.   

• Site Factors 

The Standard Specification has four different soil profiles which 

correspond to four site factors. The seismic performance category is first chosen, 

and then according to the soil condition, the elastic seismic response coefficient is 

amplified. The Guide Specification and LRFD Specification have six soil profiles 

which correspond to six soil factors. The site class is chosen before the seismic 

design category is selected in contrast with the Standard Specification. Therefore, 

the spectral response coefficients can either be increased or decreased based on 

the site class.  The soil factors affect the spectral response coefficients which in 

turn affects the seismic design category (SDC).  

• Design Approaches 

The design philosophy is different between the LRFD Specification and 

the Guide Specification. The Guide Specification is a displacement based design; 

while, the LRFD Specification and Standard Specification are force based 

designs. A displacement based design has to meet certain displacement limits set 

by the specification. In a force based design, response modification factors are 

used to modify the elastic forces. Since columns are assumed to deform 
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inelastically where seismic forces exceed their design level, it is appropriate to 

divide the seismic elastic forces by a response modification factor (AASHTO 

2007). Either approach is considered acceptable in the design of bridges. 

 

2.4 Previous Research 

In Virginia, a similar project was done by Widjana in 2003 to investigate the 

effects of the new LRFD deign procedures. He investigated a steel and concrete bridge. 

The location of the bridges was taken into account in his research. Widjana found that 

there was a significant increase in the time required to design a bridge according to the 

LRFD Guidelines than the Standard Specification. After re-designing the two bridges, the 

following changes in the detailing were discovered: 

• Column shear reinforcement  in potential plastic hinge zones, 

• Transverse reinforcement for confinement at plastic hinges, 

• Spiral spacing, 

• Moment resisting connection between members (column/beam and 

column/footing joints), 

• Minimum required horizontal joint shear reinforcement, 

• Lap splices at bottom of the column, which are not permitted, 

• Column joint spiral reinforcement to be carried into the pier cap beam, and 

• Transverse reinforcement in cap beam-to-column joints. (Widjana 2003) 

Also, the cost increase from the changes in design was evaluated. The impact of the 

changes affected the construction cost of the steel girder bridge by 1.0% and the 

prestressed concrete I-girder bridge by 0.2% (Widjana 2003). 



12 
 

2.5 Conclusion  

The design specifications have undergone many changes over the years. The 

design philosophies of the specifications have changed as each new edition is published. 

The new knowledge gained from research and experiences is helping to develop the best 

design philosophy for the design of bridges.  
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Chapter 3 : Seismic Bridge Design

3.1 Introduction 

The design processes for the three bridges chosen for this project are discussed in 

this chapter. The three bridges chosen as case studies are typical concrete bridges that 

were designed and built in Alabama. The bridges will be designed for the worst case for 

seismic hazard in Alabama. The design process of the Guide Specification and LRFD 

Specification are described throughout this chapter. Two typical design worksheets can 

be viewed in Appendix A and B for both of the design processes. These worksheets 

provide a clearer understanding of the design process. 

Each bridge in this study had been previously designed according to the Standard 

Specification, which required a minimum amount of seismic design for the state of 

Alabama. The maximum Seismic Performance Category (SPC) for Alabama was 

category A. For SPC A, no detailed seismic analysis was required. The design 

requirements were a minimum support length and the connections for the substructure to 

superstructure were designed for 0.2 times the dead load reactions. As will be seen in this 

chapter, there was an increase in the design effort when using the new specifications. 

A crucial part in any design is knowing the load path for the structure. The bridge 

deck distributes the dead, live and lateral loads to the girders. The girders then distribute 

the load into the bent cap beams and abutments. The connection between the girders and 

the substructure must be able to transfer the force between the connecting elements. The 

cap beams and abutments were assumed to remain elastic. The cap beam and abutment 
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beams transfer the load into the columns, and then the columns transfer the load to the 

drilled shafts. Figure 3.1 shows a cross section that aids in visualizing the load path. The 

connections between the elements are crucial in a continuous load path because if the 

connections fail, undesirable performance results in possible structural failure.    

Deck

Girder

Cap Beam

Column

Drilled Shaft

 

Figure 3.1: Load Path Diagram 

 

3.2 Design Process  

The initial seismic calculations and checks were the same for the three bridges. 

This is the case because the worst case hazard for seismic design in Alabama was chosen 

for this project. Therefore, the actual location of the bridges in Alabama for re-design is 
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irrelevant. The steps, checks and calculations described in this section are the same for 

the three bridges designed. 

 

3.3 Design Process for the Guide Specification 

3.3.1 Initial Steps for the Design 

A design worksheet was created in Mathcad (Parametric Technology Corporation 

2007) for concrete bridges in order to facilitate the seismic design process. The input data 

will be assigned to a variable which will represent the input data. The units are hard 

coded into the worksheet. This was done because the units were causing problems later in 

the worksheet. The units used are pounds, inches and feet. Mathcad allows the data and 

the calculations to be seen easily. The worksheet was designed to have all the design 

checks required for seismic design of concrete bridges in SDC B. Most information that 

needs to be modified for bridge design is at the beginning of the worksheet. Other values 

will need to be assigned to variables later in the worksheet. The main purpose of the 

design worksheet is to aid in the seismic bridge design process.  

The first step in the seismic design process was to input all the information about 

the bridge into the design worksheet. The length, width, span lengths, deck thickness, 

column diameters, drilled shaft diameters, column heights, girder areas, guard rail areas, 

and cap beam volumes were input into the sheet. Using that information, the column 

areas and drilled shaft areas were calculated. Some dimensions which are easier to input 

as feet were then converted to inches.   
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3.3.2 Applicability of Specification 

The Guide Specification supplies flowcharts which can be followed to ensure all 

the requirements for seismic design are checked. First of all, the initial sizing of columns 

should be done for strength and service load combinations defined in the LRFD 

Specification. If the Guide Specification is going to be used for the design, the first task is 

to verify that the Guide Specification can be used. The Guide Specification applies to the 

design and construction of Conventional Bridges to resist the effects of earthquake 

motions. Critical and Essential bridges are not specifically addressed in the Guide 

Specification. The bridges analyzed and designed in this research are classified as 

Conventional Bridges.   

 

3.3.3 Performance Criteria    

The next item to be investigated was the performance criteria the bridges will be 

assigned. According to the Guide Specification, bridges shall be designed for life safety 

performance objective considering a seismic hazard corresponding to a 7% probability of 

exceedance in 75 years. Life Safety implies that the bridge has a low probability of 

collapse but may suffer significant damage and that significant disruption to service is 

possible. Also, partial or complete replacement may be required after the a design seismic 

event. If a higher performance criterion is desired by the owner, the bridge can be 

designed to that higher criterion. The bridges in this project were designed for life safety.   
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3.3.4 Foundation Investigation and Liquefaction 

A foundation investigation needs to be done in the location that the bridge will be 

built.  For bridges in SDC B and where loose to very loose saturated sands are in the 

subsurface profile, the potential of liquefaction should be considered since the 

liquefaction of these soils could affect the stability of the structure. The Guide 

Specification commentary discusses when liquefaction needs to be considered. It was 

assumed that the bridges considered in this thesis would not be affected by liquefaction. 

 

3.3.5 Earthquake Resisting System 

For SDC B, the identification of an earthquake resisting system (ERS) should be 

considered. For the selected bridges, a Type 1 earthquake resisting system was chosen. 

Type 1 structures have ductile substructures with essentially an elastic superstructure. 

This category includes conventional plastic hinging in columns and abutments that limits 

inertial forces by full mobilization of passive soil resistance. Also included are 

foundations that may limit inertial forces by in-ground hinging (AASHTO 2008).  

 

3.3.6 General Design Response Spectrum 

A response spectrum was created for the bridges.  The response spectrum is 

created by using the seismic hazard maps and the site classification. The USGS seismic 

parameters CD-ROM, accompanying the Guide Specification, with the seismic hazard 

maps will determine the accelerations based on the latitude and longitude. The maps in 

the Guide Specification are for Site Class B. For this project, it was assumed that the soil 

condition would be Site Class D. In northeast and northwest Alabama, which are regions 
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of high seismic activity, Site Class D is a good assumption as the worst case scenario for 

the soil conditions. After determining these values, a response spectrum was created by 

using a series of equations. The next step in the design process was to select the seismic 

design category. The SDC is used to permit different requirements for methods of 

analysis, minimum support lengths, column design details and foundation design. This is 

based on the 1-second period design spectral acceleration which is dependent on location 

and site classification. For all the bridges in this project, the Seismic Design Category is 

B. After this step in the process, the design will change depending on the bridge. 

 

3.3.7 Displacement Demand Analysis 

Since the Guide Specification is displacement based, a displacement demand 

analysis was done on the bridges. The first step in this process was to select an analysis 

procedure. The applicability of the procedure is determined by the regularity of a bridge, 

which is a function of the number of spans and the distribution of weight and stiffness. 

According to Section 4.2 of the Guide Specification, regular bridges shall be taken as 

those having fewer than seven spans; no abrupt or unusual changes in weight, stiffness, or 

geometry; and that satisfy requirements specified about the maximum subtended angle 

(curved bridge), span length ratio from span-to-span, and maximum bent/pier stiffness 

ratio from span-to-span. All the bridges that were designed were able to use analysis 

Procedures 1 or 2.  Procedure 1, which is an equivalent static analysis, was chosen to 

determine the displacement demands for these bridges. Both the uniform load method 

and single-mode spectral analysis were used in the analysis of the bridges.  
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Both the uniform load method and single-mode spectral analysis are allowable 

analysis procedures to estimate the fundamental period. The uniform load method is 

suitable for regular bridges that respond principally in their fundamental mode of 

vibration. It is an equivalent static method of analysis that uses a uniform lateral load to 

approximate the effect of seismic loads. This method calculates the displacements with 

reasonable accuracy, but the method can overestimate the transverse shears at the 

abutments by up to 100 percent. The single-mode spectral analysis is slightly more 

complicated. The analysis procedure is based on the fundamental mode of vibration in 

either the longitudinal or transverse direction. The mode shape is found by applying a 

uniform load horizontal to the bridge and calculating the corresponding deformed shape. 

Both methods can be seen in Appendix A; however since the results from the two 

methods were similar, the uniform load method was chosen for in the design because it is 

simpler. 

Before either method can be utilized, an analytical bridge model must be created. 

SAP 2000 Bridge Modeler (Computer & Structures 2007) was used to build a model that 

represented the bridge. The bridge modeler allows the designer the ability to create cross-

sections that accurately represent the bridge. When creating the model, it was assumed 

that the drilled shafts would be considered fixed at the rock line and the contribution of 

the soil resistance would be neglected. When the Guide Specification was being created, 

the issue of the abutment contribution to the earthquake resisting system was heavily 

debated. However, according to the Guide Specification, the abutments should not be 

included in the earthquake resisting system. Therefore, the abutment’s restraint was 

restricted to the vertical direction only because of the difficulty in modeling the soil 
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pressure. If the abutment beam is supported by drilled shafts, which are considered 

structural elements, it was decided to use the abutments as part of the earthquake resisting 

system.  If the abutments have drilled shafts, they are not relying on soil pressure to resist 

forces.      

After building the model, a uniform load was applied. According to both methods, 

a uniform 1.0 kip/ft or kip/in load, po was converted into point loads that were applied to 

the joints along the bridge deck. Figure 3.2 shows the transverse and longitudinal 

loadings. After the load was applied and the model analyzed, the displacement of the 

structure was determined. For the uniform load method, the maximum deflections in the 

longitudinal and transverse directions were determined. The calculations for the stiffness, 

weight, period, spectral acceleration and the equivalent static earthquake loading can be 

seen in the sample calculation in Appendix A starting on page 116. Once the deflection 

was known, the stiffness of the bridge in both directions was calculated, and the stiffness 

equation can be viewed in Equation 3.1. The weight of the bridge was determined in 

order to be able to calculate the period of the bridge. A program was created in the 

Mathcad worksheet to calculate the spectral acceleration of the structure. Once all of 

these calculations were completed, then the equivalent static earthquake load, pe, was 

determined. All the above elements were calculated for both the longitudinal and 

transverse directions. There is also a displacement magnifier that must be applied to 

structures with a short period. The magnifier is dependent on the bridges SDS, SD1 and the 

structure period. The assumption that displacements of an elastic system will be the same 

as those of an elasto-plastic system is not valid for short-period structures that are 

expected to perform inelastically (AASHTO 2008). If the displacement magnifier is 
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applicable, the displacement is multiplied by the magnifier. Instead of re-inputting the 

new loading into the SAP model, the Guide Specification allows the designer to scale the 

displacements by pe/po.  

Transverse Loading

Longitudinal 
Loading

Bridge Deck

 

Figure 3.2: Loading Directions 
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K o=                                          Equation 3.1 

The single-mode spectral analysis was also used to analyze the bridge. The 

process was more complex than the uniform load method. A bridge model was built, and 

a uniform load was converted into point loads and applied at the joints along the bridge 

deck. After analyses, the displacement along the deck was found. This was a time 

consuming task, because no way was determined to find the displacement of the joints 

only along the deck edge. In the end, this had to be done by looking at each joint 

individually. With the displacements put into a table and graphed, a best-fit line was 

fitted to the data. The equation of this line was used to calculate the shape functions α, β 

and γ. The equation for α, β and γ are shown in Equation 3.2, Equation 3.3 and Equation 

3.4, respectively. The factor )(xvs is the displacement along the length of the bridge, and 

)(xw  is the unfactored dead load of the superstructure and substructure along the length 

of the bridge. These factors are later used to determine the period and equivalent static 

earthquake load. The response spectral acceleration was also calculated for this method. 

The equivalent static earthquake load is a line function that can be applied to the 
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structure, and the force and the deflection along the length of the bridge can be seen in 

Appendix A. This method was more time consuming than the uniform load method but is 

more accurate for non-standard bridges.  

∫= dxxvs )(α                                               Equation 3.2 

∫= dxxvxw s )()(β                                         Equation 3.3 

∫= dxxvxw s )()( 2γ                                         Equation 3.4 

 

3.3.8 Column Design 

After the analysis has been completed, column design can begin. The first step 

was to verify that the columns of each bent meet the deflection criteria. For seismic 

loading, the a load factor of 1.0 is used in column design. The deflection at the top of the 

bent was found for both the transverse and longitudinal direction. The Guide 

Specification contains a simplified equation for bridges in SDC B or C which can be used 

instead of doing a more rigorous pushover analysis. The simplified equation for SDC B is 

displayed in Equation 3.5. Equation 3.6 shows the calculation for the x variable in 

Equation 3.5.  The equations are primarily intended for determining the displacement 

capacities of bridges with single- and multi-column reinforced concrete piers for which 

there is no provision for fusing or isolation between the superstructure and substructure 

during design event accelerations. The equations are calibrated for columns that have 

clear heights that are greater than or equal to 15 ft. The formulas are not intended for use 

with configuration of bents with struts at mid-height (AASHTO 2008). The equations are 

a function of column clear height, column diameter and end restraint condition, such as 

fixed or pinned. If the equation for SDC B is not satisfied, then the allowable 



23 
 

displacement capacity can be increased by meeting detailing requirements of a higher 

SDC, or a pushover analysis can be done. If the equation is not satisfied, it means the 

bridge is more prone to fail in shear. 

 ooc HxH 12.0)32.0)ln(27.1(12.0 ≥−−×=∆                Equation 3.5 
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=                                                  Equation 3.6 

A pushover analysis was done on all of the bridges that were investigated in this 

project. A pushover analysis is an incremental analysis that captures the overall nonlinear 

behavior of the elements by pushing them laterally to initiate plastic action. Each 

increment of loading pushes the frame laterally, through all possible stages, until the 

potential collapse mechanism is achieved. The Nonlinear Static Procedure is expected to 

provide a more realistic measure of behavior than may be obtained from elastic analysis 

procedures. SAP Bridge Modeler has the ability to do the seismic design of a bridge. By 

setting the SDC to D in the SAP seismic design program, a pushover analysis will be 

completed by SAP. The bridge’s displacement demand and capacity are calculated during 

this analysis process.    

After completing the displacement capacity check, the minimum support lengths 

for the girders were calculated for the bridge. The support length was checked at each 

abutment and bent.  The minimum support lengths are a function of span length, column 

height and the skew angle. Since the bridge is in SDC B, the minimum support length 

must be increased by 150% as required by Article 4.12.2.   

According to the Guide Specification, the shear demand for a column in SDC B 

shall be determined on the basis of the lesser of: the force obtained from a linear elastic 

seismic analysis or the force corresponding to plastic hinging of the column including 
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overstrength. It is recommended that the plastic hinging forces be used whenever 

practical. Both methods are included in the design worksheet. In order to know which 

case is more practical, a moment capacity analysis was completed. When the bridge was 

analyzed by SAP 2000, a linear elastic analysis has been done; therefore, the linear elastic 

loads can be taken directly from the model. However, the loads coming out of SAP 2000 

need to be amplified by pe/po.   

The moment capacity of the column was found by creating an interaction diagram 

using PCA Column (PCA 2004); although, any column design program could be used. A 

worksheet was set up using Microsoft Excel to help keep the information organized. To 

find the moment capacity of the column, the axial dead load was input into PCA Column 

along with the moment due to the dead load. The moment capacity must be amplified by 

an overstrength factor which depends on the yield stress of the reinforcement being used. 

The amplification factor for ASTM A706 reinforcement and ASTM A615 Grade 60 

reinforcement is 1.2 and 1.4, respectively (AASHTO 2008). After the moment capacity 

was determined, the shear force in the column was calculated by equilibrium based on the 

moment capacity at the top and bottom and the column length. A model of the bent was 

created in order to apply the shear force at the center of mass of the superstructure and to 

determine the axial forces in the column due to overturning. The axial load from 

overturning is added to and subtracted from the dead load axial force. The reason for 

subtracting the seismic axial load is because the column could be in tension, or uplift, 

instead of compression. Next, the shear force of the column bent needs to be recalculated 

by re-entering the new axial forces into PCA column. The new shear force for the bent 

must be within 10% of the previous shear force. If not, the designer must iterate until the 
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shear force is within 10% of the previous value. The interaction diagram was used to 

verify that the elastic loads on the column from the model did not exceed the failure 

envelope of the interaction diagram. Both the uplift and compressive cases must be 

checked for the axial load. As long as all the points fall within the failure envelope 

interaction diagram, the column design strength is sufficient. 

After calculating the shear force, the plastic hinge length needs to be determined. 

The plastic hinge length is a function of the height of the column to the point of fixity, 

yield stress of the reinforcing and longitudinal bar diameter. The maximum of equations 

3.7 and 3.8 is the plastic hinge length. The plastic hinge region is a function of the 

column diameter, plastic hinge length and the location where the moment exceeds 75% of 

the maximum plastic moment. A program was written in Mathcad to calculate both the 

plastic hinge length and plastic hinge region. These programs can be seen in Appendix A 

on page 128. 

   )15.0(08.0 bly dfhlp ××+×=                       Equation 3.7 

  bly dflp ××= 03.0                                 Equation 3.8 

The next step was to determine the column shear capacity in the plastic hinge 

region. The column diameter, spacing of lateral reinforcing, area of lateral reinforcing, 

diameter of lateral reinforcing, column cover and diameter of the hoop were input at the 

beginning of the design process. If values need to be altered later in the design, the 

designer can make the necessary changes. The concrete shear capacity is calculated first. 

According to Article 8.6.2 of the Guide Specification, a reinforcement ratio, ρs, for the 

column is calculated, and it was verified that ρs times the reinforcing yield stress is less 

than or equal to 0.35. Then a ratio for the ductility of the column was created in order to 
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determine the compressive stress, vc, of the column. This compressive stress was 

multiplied by the affected area, which is 0.8 times the gross area, and the shear capacity 

of the concrete was determined by this. A program was written in Mathcad to calculate 

the compressive stress on the column and can be viewed in Appendix A. If the axial load 

on the column is not compressive, then the concrete shear strength is equal to zero.  

After calculating the concrete shear capacity, it was time to calculate the shear 

reinforcement capacity. The maximum shear capacity is dependent on the number of 

shear planes, area of the spiral, yield strength of the transverse reinforcement, diameter of 

the reinforcement, spacing of the transverse reinforcing, compressive stress of the 

concrete and the affected area of the column. A program was written in Mathcad to 

calculate the shear strength of the transverse reinforcement. After the shear reinforcement 

capacity and concrete shear capacity were calculated, they were summed together and 

multiplied by a phi factor, which is 0.9 for shear. The combined shear capacity was 

checked against the applied shear force to verify that the combined shear capacity was 

greater than or equal to the shear force.  

There are several checks that need to be made in order verify the longitudinal and 

shear reinforcement are sufficient. For transverse reinforcing, the minimum ratio is 

required to be greater than or equal to 0.003 according to Article 8.6.5. If the transverse 

reinforcing does not meet this criteria, the spacing or the bar size of the seismic hoop can 

be modified. The maximum longitudinal reinforcement ratio must be less than 0.04 times 

the area of the column, and the minimum longitudinal reinforcement ratio is 0.007 times 

the area of the column. If the minimum longitudinal reinforcing does not meet the 

standard, then the column size can be decreased, or the longitudinal reinforcing can be 
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increased. If the longitudinal reinforcing exceeds the maximum, the section size can be 

increased, or the longitudinal reinforcing can be decreased.  

 

3.3.9 Seismic Design Category B Detailing 

The spacing requirements within the plastic hinge region are stricter than outside 

the hinge region. The Guide Specification has specific requirements of how the hooks for 

the transverse reinforcing must be bent. The hoop requirements specify that the bar shall 

be a closed or continuously wound tie. A closed tie may be made of several reinforcing 

elements with 135 degree hooks having a six-diameter but not less than 3 in. extension at 

each end. A continuously wound tie shall have at each end a 135 degree hook with a six-

diameter but not less than 3 in. extension that engages the longitudinal reinforcing. In 

Figure 3.1, two options are shown for the hook detail. The Illinois Department of 

Transportation allows for the seismic hoops to be mechanically spliced or welded, and 

the details of this connection are shown in Figure 3.2 (Tobias et. al. 2008). The maximum 

spacing of the transverse reinforcing is governed by the column diameter and diameter of 

the longitudinal reinforcing. The Guide Specification has a maximum spacing set at six 

inches. According to Article 8.8.9, the smallest of the following shall be used as the 

maximum spacing in the plastic hinge zone: one fifth of the column diameter, six times 

the diameter of the longitudinal reinforcing or six inches. Then, the maximum spacing 

needs to be checked to ensure that it will provide sufficient strength. 
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Figure 3.3: Seismic Hoop Detail 

 

Figure 3.4: Illinois DOT Seismic Hoop Detail (Tobias et. al. 2008) 
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The requirement of the extension of transverse reinforcing into the bent cap beam 

and the drilled shaft was calculated. This requirement is not addressed in the Guide 

Specification for SDC B, but it is specified for SDC C and D. The extension is 

specifically addressed for SDC B in the LRFD Specification; therefore, that criterion was 

used here. The extension is an important part of the design. If the lateral reinforcing does 

not extend into both the bent cap beam and drilled shaft, a plane of weakness is formed at 

these joints. The column will be more likely to shear off at this point if the extension is 

not made. The extension is the larger of either 15 in. or one-half the column diameter.  

 

3.3.10 Requirements outside the Plastic Hinge Region 

For the design of the transverse reinforcing outside the plastic hinge zone, the 

LRFD Specification was used because the Guide Specification does not address the 

region outside the plastic hinge zone. This region encompasses the region in the column 

between the plastic hinge regions and the drilled shafts. All of these calculations can be 

viewed in Appendix A beginning on page 134. The region outside the plastic hinge zone 

was designed for the same shear force as the region inside the plastic hinge zone. The 

shear resistance of the steel reinforcement was calculated in a similar manner as in the 

Guide Specification. The shear resistance of the concrete was calculated in a little 

different manner. The concrete and steel reinforcing shear resistances were combined 

together, multiplied by a phi factor of 0.9, and checked to verify the combined value is 

greater than or equal to the shear force. If the resistance is less than the shear force, the 

spacing of the lateral reinforcing can be decreased, the reinforcing size can be increased 

or the column size can be increased. 
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The LRFD Specification has its own criteria for spacing outside the hinge zone. 

For the minimum transverse reinforcing, a requirement for the minimum transverse 

reinforcing is given in Article 5.8.2.5-1. The transverse reinforcing was then checked 

against the minimum reinforcing value and verified that it was greater than or equal to the 

minimum value. The maximum transverse reinforcing check in Article 5.8.2.7 has a few 

more steps than the minimum requirements. A shear stress on the concrete is first 

calculated, and the next step in the process is dependent on the shear stress. A program 

created in Mathcad to aid in this process can be seen in Appendix A on page 136. The 

maximum spacing, dependent on the shear stress, is either 24 in. or 12 in. After the 

maximum spacing is determined, it was checked to verify it supplies the strength needed 

in the design.  

 

3.4 Design Process for the LRFD Specification  

3.4.1 Major Differences from the Guide Specification 

The initial steps in the seismic design of bridges in the LRFD Specification are 

similar to the Guide Specification; however, there are a few differences. As stated earlier, 

the primary difference is that the LRFD Specification is a forced based design and the 

Guide Specification is a displacement based design.  The LRFD Specification also 

supplies a flow chart for seismic design. Instead of specifically stating the preliminary 

steps needed for the design, the flow chart instructs designers to do preliminary planning 

and design. It does not specify that an earthquake resisting system has to be identified or 

that liquefaction has to be checked. When selecting the Seismic Performance Zone, there 

is a slight difference in the upper limits for the 1-second period spectral acceleration 
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range. The upper limits in the LRFD Specification are less than or equal to and not just 

less than like in the Guide Specification. Another difference is that the LRFD 

Specification can be used for the design of any classification of bridge. The differences 

after the initial design will be discussed later in this chapter. 

 

3.4.2 Initial Steps for Design 

Many of the initial steps for the LRFD Specification are similar to the Guide 

Specification. A new design worksheet was created in Mathcad for the LRFD 

Specification. The sheet is used in the same manner as for the Guide Specification. The 

first step was to input all the information about the bridge that was previously described. 

A response spectrum is generated in the same way as before. Instead of being called 

seismic design categories, the LRFD Specification refers to the design categories as 

Seismic Performance Zones (SPZ). Also, instead of using letters, the SPZs are numbers, 

beginning with 1 and ending with 4. Therefore, SPZ 2 is equivalent to SDC B.  

After the seismic performance zone is determined, the response modification 

factors, R, for the structure were chosen. The LRFD Specification recognizes it is 

uneconomical to design a bridge to resist large earthquakes elastically; therefore, columns 

are assumed to deform inelastically where seismic forces exceed their design strength, 

which is established by dividing the elastically computed force effects by the appropriate 

R-factor. The R-factor for connections is smaller than those for substructure members in 

order preserve the integrity of the bridge is connections under extreme loads. Table 3.1 

displays the R-factors that were used in the design of the structures for this project. As 
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can be seen from the chart, the R-factor for the abutment to superstructure connection 

actually amplifies the design force. 

Table 3.1: Response Modification Factors for LRFD Specifications 

 Response Modification Factors 
Multiple Column Bents 5.0 

Connections: Superstructure to Abutment 0.8 
Columns to Bent Cap 1.0 
Column to Foundation 1.0 

 

The uniform load method and the single-mode spectral analysis were also used in 

the analysis of the bridges. Since these methods have previously been described in the 

Guide Specification, they will not be discussed in detail here. After the analysis has been 

completed on the structure, two load combinations were created from the equivalent 

seismic loads that were determined during analysis. The load combinations are made up 

of the loads from both the transverse and longitudinal direction. The load combinations 

are shown in Equations 3.5 and 3.6. The maximum load combination was used in the 

design of the structures. The Mathcad worksheet was set up in a way that the elastic loads 

from SAP can be brought into the worksheet without any modification. An R equivalent 

value was created by dividing the largest load combination by the R-factor. The R 

equivalent value represents the greatest load combination from the equivalent seismic 

loads divided by the response modification factor. The R-equivalent value was created to 

avoid having to re-input the loads into SAP. Later, the shear forces from SAP were 

multiplied by the R-equivalent value in order to have the correct loading. This can be 

better explained by referring to the worksheet in Appendix B. The shear force for the 

drilled shafts was taken as twice as much as the columns which the drilled shafts were 
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supporting. This can be done because the drilled shaft R-factor is half as much as the 

columns. These loads were used in design. 

Load Case 1 =  22 )3.0()0.1( eLongeTran pp ×+×                Equation 3.9 

  Load Case 2 = 22 )3.0()0.1( eTraneLong pp ×+×               Equation 3.10 

 

3.4.3 Column Design 

One of the first steps in the seismic design of the structure was to calculate the 

minimum support length. The minimum support length was calculated in the same 

manner as in the Guide Specification. The span length, column height and angle of skew 

are still the controlling factors in the calculation for the minimum support length. 

After the minimum support length was calculated, the minimum and maximum 

amount longitudinal reinforcing was checked. The area of the longitudinal reinforcing 

was calculated. Programs were set up in the worksheet to check the minimum and 

maximum longitudinal reinforcing requirements. According to Article 5.10.11.3, the 

minimum longitudinal reinforcing is 0.01 times the gross area of the column, and the 

maximum longitudinal reinforcing is 0.06 times the gross area of the column. Also, the 

flexural resistance of the column needs be checked. This can be done by using any kind 

of column design program that creates a column interaction diagram. For this project, 

PCA Column was used to develop column interaction diagrams. All critical load 

combinations were checked to ensure they fell within the interaction diagram. 

The next step in the design process was to design the transverse reinforcing in the 

end regions. The initial input for the program includes the shear and axial load for the 

column, column diameter, phi factor for shear, spacing of the transverse reinforcing, area 
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and diameter of the transverse reinforcing, concrete cover, hoop diameter and 

longitudinal bars diameter. For a nonprestressed section, the LRFD Specification allows 

β and θ to be 2.0 and 45 degrees, respectively. β is the factor indicating the ability of 

diagonally cracked concrete to transmit tension and shear, and θ is the angle of 

inclination of diagonal compressive stresses (AASHTO 2007). These factors were used to 

calculate the shear capacity of the concrete. The effective shear depth of the column was 

calculated. A program was created in Mathcad to determine the allowable shear 

resistance of the concrete. The checks the program makes can be seen in Appendix B on 

page 188. The shear capacity of the concrete is dependent on f’c, β, column diameter, 

effective shear depth, gross area of the column and the minimum axial compressive load, 

which is the reason the minimum axial load was calculated in the beginning of the 

worksheet. After the concrete shear capacity is calculated, the shear reinforcement 

capacity was calculated. The shear reinforcement capacity is based on the area of 

reinforcing, reinforcing yield stress, shear depth, θ, and the spacing of the transverse 

reinforcing. The equations for the concrete and reinforcing shear capacity are shown in 

Equations 3.11 and 3.12, respectively. Equations 3.13, 3.14, and 3.15 show the 

calculation for the dv variable. The shear reinforcement capacity and concrete shear 

capacity were summed together, multiplied by the phi factor for shear, and checked to 

verify the capacity is greater than the demand. 
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The length of the plastic hinge region was then calculated. Once again, a program 

was created in the Mathcad worksheet to calculate the length of the plastic hinge region. 

The plastic hinge region is dependent on the column diameter and the height. According 

to Article 5.10.11.4.1c, the largest of the following options determines the plastic hinge 

region: the column diameter, 1/6 times the column height in inches, or 18 in. According 

to the LRFD Specification, the spacing in the plastic hinge region is the smallest of either 

¼ the column diameter or 4 in. The shear strength of the reinforcing and concrete were 

again checked against the shear force to verify they were still greater than or equal to the 

load. Also as described in the Guide Specification, an extension of the transverse 

reinforcing into the bent cap beam and drilled shaft is required. The requirements for this 

extension are the same as before. 

 For the transverse reinforcing within the plastic hinge region, the hoops must be 

detailed to be seismic hoops. The requirements, which are described in the Guide 

Specification, to be a seismic hoop are the same as in the LRFD Specification. However, 

there are a few additional requirements in the plastic hinge region. There is a minimum 

required volumetric ratio of the seismic hoop reinforcing. The volumetric ratio must be 

greater than or equal to 0.12 times the compressive stress of the concrete divided by the 

yield stress of the reinforcing bars. Equation 3.16 shows the formula for the volumetric 

ratio, and Equation 3.17 is the equation the volumetric ratio is compared against. If this 

requirement is failed, then the spacing of the lateral reinforcing can be decreased, the area 



36 
 

of the lateral reinforcing can be increased, or the diameter of the column can be 

decreased.  
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The LRFD Specification does not allow lap splices in longitudinal reinforcement 

in the plastic hinge region. In the design and construction process, it is often desirable to 

lap longitudinal reinforcement with dowels at the column base; however, this is 

undesirable for seismic performance. The splice occurs in a potential plastic hinge region 

where requirements for bond is critical, and lapping the main reinforcement will tend to 

concentrate plastic deformation close to the base and reduce the effective plastic hinge 

length as a result of stiffening over the splice length. 

3.4.4 Requirements outside the Plastic Hinge Zone 

The requirements outside the plastic hinge zone are the same as described in the 

Guide Specification; therefore, please refer back the Guide Specification process for this 

information.   

   

3.5 Connection Design 

3.5.1 Connection between Substructure and Superstructure 

For the connection between the substructure and superstructure, the same design 

process was used for the LRFD Specification and Guide Specification. The Guide 

Specification does not address the connection of the girders to the bent cap beam or 

abutment. The LRFD Specification and AISC Steel Construction Manual were used as 
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the standards for design. ALDOT has standard clip angle details that have been used for 

this connection. Their current connection uses an L6x6x1/2x12 connected to the bent cap 

beam with an anchor bolt, either 1.25 in. or 1.5 in. in diameter, and two precast screw 

inserts in the girder. Figure 3.3 shows the current connection used by ALDOT. After 

designing a few of the bridges, it became evident the current connection would have to 

change. The same angle size of 6x6 was still kept, but the length and thickness of the 

angle had to increased, along with the number of anchor bolts in certain situations. Also, 

instead of using the precast screw inserts, it was decided to use a through bolt in the 

girder. This will provide much more strength than the precast inserts. The new 

connection is displayed in Figure 3.4. 

 

Figure 3.2: Standard Specification Connection used by ALDOT (Taken from 
ALDOT Standard Details Standard Drawing I-131 Sheet 7 of 8) 
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Figure 3.3: Modified Substructure to Superstructure Connection 

 

 Several pieces of information must be input in the beginning of the worksheet for 

the connection. The entire shear force for the bent is evenly distributed among the girders 

and their connections. The Mathcad sheet has the resistance factors from the LRFD 

Specification that are relevant to the connection design. An ASTM A307 Grade C bolt 

was used. The ultimate tensile stress, Fu, for this bolt is 58 ksi. The angle properties that 

were input are yield stress, ultimate stress, thickness, height, width and length, and the 

height above the bevel, which is the k-value in the AISC Steel Manual. The distance from 

the vertical leg to the center of the hole of the through bolt was used in calculating the 

bolt tension. The hole diameter is 0.25 in. larger than the bolt diameter. This is staying 

consistent with ALDOT’s previous details. The block shear length and block shear width 

for the angle was calculated. The distances from the center of the bolt to the edge of the 

angle and to the toe of the fillet were determined. 
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 After the initial information is input into the worksheet, the design of the 

connection can begin. The calculations for the connection can be seen in Appendix A 

beginning on page 151. The shear force for the angle is calculated by dividing the entire 

shear force for the bent or abutment by the number of connections. Each girder has two 

clip angles. The shear force for the angle was used as the shear force for the bolt if there 

is only one bolt. If there is more than one bolt, the shear force for the angle needs to be 

divided by the number of bolts. To simplify the design process, it was assumed that the 

anchor bolts and through bolts have the same diameter and are the same material. The 

first design check was the shear resistance of the bolt. The bolt shear resistance was 

calculated and compared to the applied shear force. If the shear resistance was too low, 

the diameter could be increased, the grade can be changed, or the number can be 

increased. 

The next check was the bearing resistance of both slotted and standard holes. The 

bearing strength for standard holes is dependent on the bolt diameter, angle thickness, 

and ultimate stress. The bearing strength for slotted holes is dependent on the ultimate 

stress of the angle, angle thickness, and clear distance between the bolt hole and the end 

of the member. These bearing strengths were checked against the bolt shear and verified 

that the bearing strength was greater than the shear per bolt. 

The tensile strength of the bolt was then calculated. The shear force that the angle 

encounters was converted into a tensile force. It was assumed the shear force enters at the 

mid-height of the angle, and the tension force of the anchor bolt is located 4 in. away 

from where the moment is being summed. After the moments were summed, the tension 

force was determined. The tension resistance of the bolt is dependent on the area and the 
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ultimate strength of the bolt. The tension was then checked to verify it was greater than or 

equal to the shear force per bolt.  

The final check for the bolt is the combined tension and shear check. A program 

was created in the Mathcad worksheet to calculate the combined tension and shear 

resistance and be seen in Appendix A on page 154. The combined resistance is dependent 

on the shear resistance, the area, and tension capacity. The combined tension and shear 

resistance was checked against the shear force per bolt to ensure the resistance was 

greater than or equal to the shear force. If the connection fails, then increase the area of 

the bolt, change the grade of bolt, or increase the number of bolts. 

All of the strength checks for the angle come out of the AISC Steel Manual. The 

first check made for the angle strength was the block shear check. The block shear length 

and width were calculated by hand and input into the program in the initial steps. Since 

the tensile stress is uniform, according the AISC Manual the shear lag factor for this 

situation is 1.0 (AISC 2005). The block shear equations in the worksheet need to be 

changed as the number of bolt holes within the angle changes. A program was created to 

verify that the block shear resistance was greater than or equal to the shear per angle.  

Next, the member was checked to ensure it had sufficient tensile strength. 

According to the AISC Manual, the shear lag factor for single angles with 2 or 3 fasteners 

per line in the direction of the loading is 0.6; therefore, it is conservative to use this factor 

even if there is one bolt. The net tensile and effective areas were calculated. The effective 

area was used to calculate the tensile resistance of the angle. It was verified that the 

tensile resistance was greater than or equal to the shear force per angle.  
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The angle was also checked for bending strength. A SAP model was created of 

the angle, and a shear force was applied at the bolt location in the top leg. The critical 

section for bending in the angle is a found just above the bevel. The k distance in the 

AISC Manual is the distance above the bevel (AISC 2005). The moment was determined 

at that point, and then compared to the moment resistance of the angle. The moment 

resistance was calculated by determining the plastic section modulus for the angle and 

multiplying it by the yield stress of the angle and the flexural phi factor. The bending 

strength is dependent on the length and thickness of the angle. 

The last design check made for the connection was the shear resistance of the 

angle. The shear resistance calculation is dependent on the yield stress of the angle and 

area of the angle. The calculated shear resistance was compared to the shear force per 

angle and verified it is greater than or equal to the applied shear. 

 

3.5.2 Connection of Drilled Shaft 

The drilled shaft is designed in the same way as a section outside the plastic hinge 

zone. The drilled shaft is a capacity protected member, which means that it must remain 

elastic. In the Guide Specification design, the drilled shaft is designed for the 

overstrength moment capacity or the elastic force in the column, whichever method is 

chosen by the designer. According to the LRFD Specification, seismic forces for 

foundations, other than pile bents and retaining walls, shall be determined by dividing the 

elastic seismic forces by half the R-factor. Therefore, the drilled shafts of the structures in 

this project were divided by R/2. Also as addressed earlier, there must be an extension of 

the plastic hinge reinforcing a certain distance into the drilled shaft. 
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3.6 Conclusion 

A description of the design processes used for the design of the three bridges 

chosen for this study is provided in this chapter. As can be seen, the design process for 

the bridges in Alabama in SDC B is a more in depth process than the previous design 

process in the Standard Specification. However, the worksheets developed for these 

design processes help in the seismic design of the bridges.     
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Chapter 4 : Bridge Design

4.1 Introduction 

The three bridges chosen for this study are described in this chapter. Following 

the description, the design according to the Guide Specification and LRFD Specification 

are detailed. The transverse reinforcing and the superstructure to substructure connection 

saw the most changes. The design worksheets for the bridges can be seen in the Appendix 

A, B, D, E, G, and H.   

4.2 Oseligee Creek Bridge 

4.2.1 Description of the Bridge 

Oseligee Creek Bridge consists of three 80 ft, simple spans. The concrete bridge 

is 240-ft long and 32-ft 9-in. wide. The substructure has a 7-in. thick concrete deck 

supported by four AASHTO Type III girders that are equally spaced at 8-ft 4-in. on 

center. Eight inch thick web walls are located at the abutments, bents, and at mid-span. 

The bridge has two bents which are made of a 4 ft x 5 ft x 30 ft cap beam, two 42-in. 

diameter circular concrete columns, and two 42-in. diameter circular drilled shafts. The 

abutments, which are 3 ft x 3.5 ft x 35 ft, are supported by two 42-in. diameter circular 

drilled shafts. The columns and drilled shafts have 6 in. of cover. The columns have an 

average above ground height of 9 ft. Currently, the column and drilled shaft longitudinal 

reinforcing is (12) - #11 bars, and the transverse reinforcing is #5 hoops at 12 in. o.c. It 

was assumed that 4,000 psi concrete and 60,000 psi reinforcing was used in the design 

and construction.  A 3-D model of the bridge is shown in Figure 4.1. 
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Figure 4.1: 3-D SAP Model of Oseligee Creek Bridge 

4.2.2 Results from Guide Specification Design 

One of the first steps required to design this bridge was to create a bridge model 

in SAP. From the plans, a model was created. Both the uniform load method and single-

mode spectral analysis were done on this bridge. The full results from those analysis and 

design can be seen in Appendix A beginning on page 111. The uniform load was applied 

to the bridge model as described earlier. The maximum deflections in the longitudinal 

and transverse directions from the unit uniform load were 1.671 in. and 3.228 in., 

respectively. The design maximum deflections in the longitudinal and transverse 

directions were 0.643 in. and 1.009 in., respectively. The maximum deflections from the 

single-mode spectral method were somewhat lower in the longitudinal direction and 

slightly lower in the transverse direction. The SAP model produced a period of 0.394 sec 

in the transverse direction and 0.441 sec in the longitudinal direction.  The response 
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spectrum of the bridge in Figure 4.2 shows that the periods fall on the horizontal section. 

As can be seen by these deflections, this is a very stiff bridge.   

 

Figure 4.2: Response Spectrum of Oseligee Creek Bridge  

The displacement capacity of the columns had to be verified. When the simplified 

equations were checked for the above ground height, approximately 9 ft, the columns 

failed the capacity equations. After discussing this with ALDOT, it was decided to allow 

hinging to occur below ground. The point of fixity was assumed at the rock line. After 

allowing below ground hinging, Bent 3 satisfied the simplified equations; however, Bent 

2 still did not satisfy the equations because of the diameter-to-length ratio was too large. 

It was determined that in order to satisfy the equations with a 42 in. diameter column the 

clear column height would have to be 20 ft. The Bent 2 clear column height was 18 ft, 

and Bent 3 column height was nearly 26 ft. According to the Guide Specification, a 

pushover analysis can be done to verify the displacement capacity of the bridge. The 

bridge satisfied the pushover analysis, and these results can be seen in Table 4.1. Figure 

4.3 shows a pushover curve diagram of one of the load cases created in SAP. From the 
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location of the displacement demand on the curve, it can be seen that the demand 

displacement is still in the curves elastic portion. After the displacement analysis was 

completed the minimum support length was calculated. The minimum support lengths for 

the bents and abutments were all approximately 17.5 in.  

Table 4.1: Pushover Analysis Results  

Load Case Demand (in.) Capacity (in.) Check 

Bent 2 Transverse Direction  0.96 2.75 OK 

Bent 2 Longitudinal Direction 1.24 2.12 OK 

Bent 3 Transverse Direction 1.06 3.61 OK 

Bent 3 Longitudinal Direction 1.14 4.63 OK 
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Figure 4.3: Oseligee Creek Bridge Pushover Curve for Load Case Bent 2 
Transverse Direction 

For this particular bridge, it was decided that the overstrength moment capacity 

would be used in the design. The overstrength capacity may be a little conservative; 
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however, it was important to complete a design with this approach because this method is 

preferred by the Guide Specification. Interaction diagrams were generated for the 

columns and drilled shafts to verify their capacity. The interaction diagrams can be seen 

in Appendix C starting on page 224. All longitudinal reinforcing for the columns and 

drilled shafts proved to be sufficient.   

After calculating the seismic forces, the plastic hinge length was calculated. Both 

Bent 2 and Bent 3 were controlled by 1.5 times the column diameter or 63 in. The 

transverse reinforcing in the plastic hinge region is #5 hoops at 6 in. o.c. and was detailed 

as seismic hoops. The hoop spacing was controlled by the maximum allowed by the 

Guide Specification. The minimum transverse reinforcement requirement was satisfied. 

The maximum and minimum longitudinal reinforcement requirements were satisfied by 

the reinforcing of (12)-#11 bars. The extension of the transverse reinforcing into the cap 

beam and the drilled shaft was 21 in. which was controlled by half the column diameter. 

The region outside the plastic hinge was designed according to the LRFD 

Specification because the Guide Specification does not address this region. In the current 

design, the hoop spacing was set at 12 in. on center. That was used as the maximum 

spacing outside the plastic hinge zone. For both Bent 2 and 3, #5 hoops at 12 in. on 

center. were sufficient to provide the required strength. This confinement steel 

configuration was sufficient in satisfying the minimum and maximum requirements.  

The connection between the superstructure and substructure was also affected by 

the new design forces. The angles used in the design are ASTM A36 steel, and the bolts 

are ASTM A307 Grade C. The standard holes were ¼-in. larger than the anchor or 

through bolt diameter, and the slotted hole was ¼-in. wider than the anchor bolt diameter 
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and six inches long. The length of the slotted hole was maintained at six inches. If the 

connection required expansion, it was redesigned as an expansion connection. Both 

abutments allowed for expansion. The clip angle at the abutments was an L6x6x3/4x12 

with one 1.25-in. diameter anchor bolt and through bolt. The detail for this connection is 

displayed in Figure 4.4. For Bent 2, the side span girder connection was designed for 

expansion. The other set of girders for Bent 2 and all the girders supported by Bent 3 

have fixed connections. For the fixed connection, an L6x6x7/8x16 was used. The 

expansion connection used a 20-in. long angle.  The angle was connected to the 

substructure with two 1.25-in. diameter anchor bolts and through bolts. These details are 

shown in Figure 4.5. The length of the angle was controlled by the spacing of the bolt 

holes, and the thickness of the angle was controlled by the angle’s bending strength. The 

combined tension and shear check was what drove the need for two through bolts and 

anchor bolts. 

 

Figure 4.4: Oseligee Creek Bridge Abutment Connection (Expansion) 
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Figure 4.5: Oseligee Creek Bridge Bent 2 & 3 Connections  
A) Expansion B) Fixed 

 
4.3.2 Results from LRFD Specification Design 

The same bridge model that was created for the Guide Specification was used. 

The same analysis procedures were used for both specifications. Therefore, the unit 

deflections were the same. All the analysis and design can be seen in Appendix B starting 

on page 167. The equivalent seismic loads for both the transverse and longitudinal 

direction were 0.255 kips per inch. Since the LRFD Specification does not have an 

amplification factor for structures with short periods, the maximum deflections in the 

transverse and longitudinal direction were 0.823 in. and 0.426 in., respectively. Since the 

equivalent seismic loads were the same, the load combination, as described in Equations 

3.9 and 3.10, for both cases was 0.266 kip per inch. 
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The next step in the design process was to input the shear forces and axial forces 

from the SAP model into the worksheet, and then convert those loads into the design 

loads. After the loads were calculated, the minimum support lengths were calculated, and 

they were the same as for the Guide Specification. The minimum and maximum 

longitudinal reinforcing check in the columns was satisfied with (12)-#11 bars. The 

interaction diagrams used in the Guide Specification were also used in the LRFD 

Specification design. All of the controlling load combinations fell within the interaction 

diagrams. The columns in both Bents 2 and 3 had more than adequate shear strength for 

the design. The length of the plastic hinge zone was controlled by the column diameter 

for Bent 2, which is 42 in, and controlled by 1/6 the column height for Bent 3. The 

spacing within the plastic hinge was controlled by the maximum spacing set by the LRFD 

Specification or 4 in. The plastic hinge reinforcing was #5 hoops at 4 in. on center. The 

transverse reinforcement volumetric ratio was satisfied by this spacing. The column 

extension in the drilled shaft and bent cap beam was 21 in., which was controlled by half 

the diameter of the column.  

The region outside the plastic hinge was designed in the same manner as the 

Guide Specification, but different loads were used in the LRFD Specification design. 

Outside the plastic hinge the transverse reinforcing was #5 hoops at 12 in. on center. This 

is the same spacing as in the Guide Specification; therefore, all the requirements for this 

region were met.    

The connection between the girders and abutments or cap beams underwent some 

changes in the redesign. The expansion connection at the abutments was an 

L6x6x3/4x12. The thickness of the angle was governed by the angle bending strength. 
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The connections at the bents were L6x6x1/2x12. The connections at the abutments and 

bents required one 1.5-in. diameter anchor bolt and through bolt. The connection details 

for the abutment and bents are displayed in Figures 4.6 and 4.7.    

 

Figure 4.6: Oseligee Creek Bridge Abutment Connection (Expansion) 

 

 

Figure 4.7: Oseligee Creek Bridge Bent 2 & 3 Connections 
A) Fixed  B) Expansion 
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4.2.3 Comparison of Standard, Guide, and LRFD Specifications 

 After all the design calculations were completed, there were a few differences 

between the codes. There was increase in the amount of hoops in the columns. This 

increase came from having a plastic hinge zone. The change in hoops can be seen in 

Tables 4.2 and 4.3. Figures 4.8, 4.9, 4.10 and 4.11 show the changes in column design. 

The figures compare the Standard Specification with the Guide Specification and the 

LRFD Specification. As can be seen from the table and figures, the LRFD Specification 

increased the amount of hoops the most. Even though the length of the plastic hinge zone 

is longer for the Guide Specification the larger spacing requires fewer hoops than the 

LRFD Specification. 

Table 4.2: Oseligee Creek Bridge Bent 2 Design Changes  

Category 
Standard 

Specification Guide Specification 
LRFD  

Specification 

Stirrup Size #5 #5 #5 

Stirrup Spacing Outside 
Plastic Hinging Region 12 in. o.c. 12 in. o.c. 12 in. o.c. 

Stirrup Spacing Inside 
Plastic Hinging Region 12 in. o.c. 6 in. o.c. 4 in. o.c. 
Length of Plastic Hinge 

Region 0 63 in. 42 in. 
Number of Stirrups per 

Column 34 51 60 

% Increase in Stirrups 0 50% 77% 
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Table 4.3: Oseligee Creek Bridge Bent 3 Design Changes  

Category 
Standard 

Specification Guide Specification 
LRFD 

Specification 
Stirrup Size #5 #5 #5 

Stirrup Spacing Outside 
Plastic Hinging Region 12 in. o.c. 12 in. o.c. 12 in. o.c. 

Stirrup Spacing Inside 
Plastic Hinging Region 12 in. o.c. 6 in. o.c. 4 in. o.c. 
Length of Plastic Hinge 

Region 0 63 in. 52 in. 
Number of Stirrups per 

Column 34 51 62 

% Increase in Stirrups 0 50% 82% 
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Figure 4.8: Oseligee Creek Bridge Bent 2 Guide Specification vs. Standard Specification 
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Figure 4.9: Oseligee Creek Bridge Bent 3 Guide Specification vs. Standard Specification 
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Figure 4.10: Oseligee Creek Bridge Bent 2 LRFD Specification vs. Standard Specification  
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Figure 4.11: Oseligee Creek Bridge Bent 3 LRFD Specification vs. Standard Specification
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The connection between the substructure and superstructure experienced some 

expected changes. Table 4.4 is the best way to see the differences in the design. If two 

numbers are in one cell, then the smaller number is for the fixed connection and the 

larger number is for the expansion connection. Instead of having the threaded inserts, a 

through bolt was used in the design. For the Guide Specification design, the number of 

anchor bolts was increased at Bents 2 and 3. The Standard Specification and LRFD 

Specification had the same connections at Bents 2 and 3. The thickness of the angle had 

to be increased at the connection between the abutments and the superstructure for both 

the LRFD Specification and Guide Specification. The same size anchor bolt was used for 

all three specifications. 

Table 4.4: Oseligee Creek Bridge Connection Design Changes 

Category 
Standard 

Specification 
Guide  

Specification 
LRFD  

Specification 
BENT 2 & 3 

Angle Thickness (in.) 0.5 0.875 0.5 
Angle Length (in.) 12 16 or 20 12 
Bolt Diameter (in.) 1.25 1.25 1.25 

Number of bolts/angle 1 2 1 
ABUTMENT 

Angle Thickness (in.) 0.5 0.75 0.75 
Angle Length (in.) 12 12 12 
Bolt Diameter (in.) 1.25 1.25 1.5 

Number of bolts/angle 1 1 1 
 

4.3 Little Bear Creek Bridge 

4.3.1 Description of the Bridge 

Little Bear Creek Bridge is a three span concrete prestressed I-girder bridge with 

85-ft long side spans and a 130-ft middle span. The total length and width of the bridge is 

300 ft and 42 ft 9 in., respectively. The short span superstructure consists of a 7-in. thick 

concrete deck supported by six AASHTO Type III girders spaced equally. The short 
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spans have 8 in. thick web walls located at the abutments, bents and mid-span. The long 

span superstructure consists of a 7-in. thick concrete deck supported by six BT-72 girders 

equally spaced. The long span has 8-in. thick web walls at the bents and quarter points of 

the span. There are two bents which consist of a cap beam and two 54-in. diameter 

circular columns which are supported by 60-in. diameter circular drilled shafts. The bent 

cap beam allows for the change in size for the girders and has a total depth of 9 ft 4 in., 

width of 5 ft and length of 40 ft. Currently, the columns and drilled shafts longitudinal 

reinforcing is (24)-#11 bars.  The transverse reinforcing in the columns and drilled shafts 

are #5 hoops at 12 in. on center and #6 hoops at 12 in. on center, respectively. The 

columns have 3 in. of cover, and the drilled shafts have 6 in. of cover.  Bent 2 has an 

above ground height of 12 ft, and Bent 3 has an above ground height of 16 ft 8 in. 

Abutment 1, which is 3 ft x 3.5 ft x 45 ft, is supported by three 42-in. diameter circular 

drilled shafts. Abutment 2 has the same dimension as Abutment 1, but it is supported by a 

spread footing. In Figure 4.12, a 3-D model of the bridge is displayed. 

 

Figure 4.12: 3-D SAP Model of Little Bear Creek Bridge 
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4.3.2 Results from Guide Specification Design 

In order for the analysis of the structure to begin, a model was created in SAP 

2000 Bridge Modeler. Since one abutment of the bridge is supported by a spread footing 

and not drilled shafts, the abutment’s contribution to the earthquake resisting system was 

neglected; therefore, it was only restrained in the vertical direction and allowed to freely 

move in the longitudinal and transverse directions. When the uniform load was applied to 

the structure, the maximum deflection was found at the abutment with no drilled shafts. 

For all the calculations for this bridge refer to Appendix D beginning on page 236. The 

maximum deflections in the transverse and longitudinal directions from the unit uniform 

load were 5.263 in. and 0.647 in., respectively. After applying the equivalent seismic 

load, the maximum deflections from the uniform load method were 0.448 in. 

longitudinally and 1.486 in. transversely. The SAP model produced a period of 0.546 sec 

transversely and 0.441 sec in the longitudinal direction.  The response spectrum of the 

bridge in Figure 4.13 shows both periods on the horizontal portion of the graph, with the 

transverse period close to the edge of the horizontal portion. 

 

Figure 4.13: Response Spectrum for Little Bear Creek Bridge 
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The next step was to check the displacement demand and capacity of the columns. 

The deflections of the bents were taken from the SAP model and used for the 

displacement demand. Since the columns for both of the bents are short and stiff, the 

bents failed the requirements of the simplified equations; therefore, a pushover analysis 

was done on the bridge with the SAP. The results from the analysis can be viewed in 

Table 4.5, and a sample of a pushover curve is displayed in Figure 4.14. Since the 

demand displacement is at the point of transition from elastic to plastic, it is practical to 

design for the elastic forces. The minimum support length ranged from 16.3 in. to 18 in.  

Table 4.5: Pushover Analysis Results 

Load Case Demand (in) Capacity (in) Check 

Bent 2 Transverse Direction 0.69 2.80 OK 

Bent 2 Longitudinal Direction 0.35 1.52 OK 

Bent 3 Transverse Direction 3.30 13.21 OK 

Bent 3 Longitudinal Direction 0.50 2.51 OK 
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Figure 4.14: Little Bear Creek Bridge Pushover Curve for Load Case Bent 3 
Transverse Direction 
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After the displacement demand was satisfied, the next step in the process was to 

design the column for shear strength. Interaction diagrams were created for the columns 

and drilled shafts of each bent and can be viewed in Appendix F starting on page 354. For 

the columns in Bent 3 the longitudinal reinforcing had to be increased from (24)-#11 bars 

to (28)-#11 bars. This increase was because of the uplift force from the seismic load. 

Because the dead load was so small and the column moment was still high; the loading 

fell outside the interaction diagram. The drilled shaft for Bent 3 had the same problem, 

and the longitudinal reinforcing had to be increased to (32)-#11 bars. The longitudinal 

reinforcing in the abutment drilled shafts, the columns of Bent 2, and drilled shafts of 

Bent 2 satisfied the flexural demands. After determining the moment capacity of the 

columns, it was determined that it was not practical to design for the column capacity, but 

to design the bridge for the elastic forces from a linear elastic seismic analysis. The linear 

elastic forces were determined from the moment and shear diagrams provided by the SAP 

model. The shear force from the SAP model is for the unit loading; therefore, it must be 

converted into a design load by multiplying the unit load by the equivalent seismic load.  

The plastic hinge length for the both Bents 2 and 3 was calculated. Both plastic 

hinge regions were controlled by 1.5 times the column diameter or 81 in. The programs 

created in the worksheet were used to calculate the shear strength of the concrete and the 

transverse reinforcing. The column sections proved to have adequate shear strength. The 

maximum and minimum longitudinal reinforcing requirements were satisfied by both 

bents. The transverse reinforcing in the plastic hinge region for both bents were #5 hoops 

at 6 in. on center. The spacing was controlled by the maximum established by the Guide 
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Specification. The extension of lateral reinforcing into the drilled shaft and bent cap beam 

is 27 in., which was controlled by ½ the column diameter. 

Next, the spacing of the transverse reinforcement outside the plastic hinge region 

was designed. The spacing was originally 12 in. on center, but it was changed to 10.5 in. 

on center because the column did not meet the minimum transverse reinforcing 

requirements. The column shear strength in this region was sufficient to resist the column 

shear force.  

The drilled shaft design was done in the same way as the region outside the 

plastic hinge. The transverse reinforcement in the drilled shafts for the bents is #6 hoops 

at 12 in. on center. The shear strength of the concrete and hoops in the drilled shafts for 

both bents was greater than the shear demand. For Bents 2 and 3, the minimum and 

maximum transverse reinforcement requirements were met. The abutment drilled shaft 

shear strength was sufficient to resist the applied shear force. The transverse reinforcing 

in the abutment drilled shaft is #5 hoops at 12 in. o.c. The maximum and minimum 

transverse reinforcing requirements were also satisfied. 

The connection between the substructure and superstructure saw the effects of the 

increased shear forces. An L6x6x1x12 was used for the connection at the bents, but the 

location of the bolt holes in the angle was modified. One 1.5-inch diameter through bolt 

and anchor bolt were used in the connection at the bents. The connection at the abutments 

is an L6x6x1x20, which is connected to the structure with two 1.5-in. diameter anchor 

bolts and through bolts. The details for the connections are displayed in Figures 4.15, 

4.16, and 4.17. The expansion connections are at the abutments and the side span for 

Bent 2. The rest of the connections are fixed. The through bolt hole in the angle is located 
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4 in. from the bottom of the angle for the Type III girders and 3.5 in. from the bottom of 

the angle for the BT-72 girders. The diameter of the bolt was controlled by the bolt shear 

strength. The thickness of the angle was controlled by the angle bending strength.   

 
Figure 4.15: Little Bear Creek Abutment Connection (Expansion) 

 

Figure 4.16: Little Bear Creek Bent 2 & 3 Connections for Bulb Tee Girders  
A) Fixed  B) Expansion 
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Figure 4.17: Little Bear Creek Bent 2 & 3 Connections for Type III Girders  
A) Fixed  B) Expansion 

 
4.3.2 Results from LRFD Specification Design 

The bridge model created for the Guide Specification was also used for the LRFD 

Specification design. For the analysis and design calculations, refer to Appendix E 

starting on page 295. The equivalent seismic loads were 0.378 kips per inch in the 

longitudinal direction and 0.282 kips per inch in the transverse direction. The design 

maximum deflections in the longitudinal and transverse direction are 0.244 in. and 1.485 

in., respectively. The largest factored load for all load combinations that include the 

equivalent seismic forces were 0.387 kips per inch. This load was used in forming the R-

equivalent values for this bridge. For the LRFD Specification, the loads in the columns 
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and drilled shafts were input into the worksheet, and there they were converted into the 

design loads on the structure.  

After the loads had been calculated, the column design was adjusted from its 

previous design. The minimum and maximum longitudinal reinforcing was satisfied for 

both bents. The increase in the longitudinal reinforcing in the columns and drilled shafts 

in Bent 3 were still needed in the LRFD Specification design. The length of the plastic 

hinge region for Bents 2 and 3 was 54 in., which is controlled by the column diameter. 

The design of hoops in this region was #5 hoops at 3 in. on center. The maximum spacing 

allowed by the specification is 4 in. on center; however, the required volumetric ratio 

required 3 in. on center. The extension of the reinforcing in the plastic hinge region is the 

same as the Guide Specification, which is 27 in. 

The design process for the transverse reinforcing outside the plastic hinge region 

was the same as in the Guide Specification. Even though the design loads were different, 

the same transverse reinforcing design was a product of the design calculations for the 

LRFD Specification.  

The connection between the substructure and superstructure was a component of 

the bridge that was influenced by the increase in seismic loads. The connection between 

the bents was an L6x6x1/2x12 with one 1.25-inch diameter anchor bolt and through bolt. 

The connection details are shown in Figures 4.18, 4.19 and 4.20. The connection at the 

abutments is larger than at the bents. An L6x6x1x20 was used for the abutment 

connections. Two 1.5-inch diameter anchor bolts and through bolts were used to connect 

the angle to the structure. The diameter of the bolts was controlled by the combination of 
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shear and tension check. The thickness of the angle was governed by the angle bending 

strength. 

 

Figure 4.18: Little Bear Creek Abutment Connection for Type III Girders 

 

Figure 4.19: Little Bear Creek Bent 2 & 3 Connections for Bulb Tee Girders  
A) Fixed  B) Expansion 
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Figure 4.20: Little Bear Creek Bent 2 & 3 Connections for Type III Girders  
A) Fixed  B) Expansion 

 
4.3.3 Comparison of Standard, Guide, and LRFD Specifications 

 When all the design calculations were done, several differences between the three 

specifications were apparent. There was an increase in hoops in the columns and drilled 

shafts from the Standard Specification. The differences in the number and spacing of the 

hoops for the columns and drilled shafts can be seen in Tables 4.6, 4.7, 4.8 and 4.9. 

Elevation views of the bents are shown in Figures 4.21, 4.22, 4.23 and 4.24. These 

figures visually show the increase in hoops for the columns and drilled shafts. As can be 

seen in the tables, the LRFD Specification required a greater increase in the number of 

hoops. The stirrups within the plastic hinge regions must be detailed as seismic hoops, 
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which is a change from the Standard Specification. The increase of transverse reinforcing 

in the drilled shafts can be attributed to the extension of the plastic hinge zone. Outside 

the plastic hinge region, the spacing of the hoops had to be changed to 10.5 in. for the 

Guide Specification and the LRFD Specification because the Standard Specification 

spacing of 12 in. was not meeting the minimum amount of transverse reinforcing. 

Table 4.6: Little Bear Creek Bridge Column Design Changes for Bent 2 

Category Standard 
Specification 

 Guide  
Specification 

 LRFD  
Specification 

Stirrup Size #5 #5 #5 
Stirrup Spacing 
Outside Plastic 
Hinging Region 

 
12 in. o.c. 

 
10.5 in. o.c. 

 
10.5 in. o.c. 

Stirrup Spacing Inside 
Plastic Hinging Region 

 
12 in. o.c. 

 
6 in. o.c. 

 
3 in. o.c. 

Length of Plastic 
Hinge Region 

 
0 

 
81 in. 

 
54 in. 

Number of Stirrups per 
Column 

 
12 

 
29 

 
49 

% Increase in Stirrups 0 142% 308% 
 

Table 4.7: Little Bear Creek Bridge Column Design Changes for Bent 3 

Category 
Standard 

Specification 
Guide 

 Specification 
LRFD 

Specification 
Stirrup Size #5  #5 #5 

Stirrup Spacing 
Outside Plastic 
Hinging Region 12 in. o.c. 10.5 in. o.c. 10.5 in. o.c. 

Stirrup Spacing Inside 
Plastic Hinging Region 12 in. o.c. 6 in. o.c. 3 in. o.c. 

Length of Plastic 
Hinge Region 0 81 in. 54 in. 

Number of Stirrups per 
Column 17 36 56 

% Increase in Stirrups  0 112% 230% 
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Table 4.8: Little Bear Creek Bridge Drilled Shaft Design Changes for Bent 2 

Category 
Standard 

Specification 
Guide 

 Specification  
LRFD  

Specification 
Stirrup Size #6 #6 #6 

Stirrup Spacing Outside 
Zone 12 in. o.c. 12 in. o.c. 12 in. o.c. 

Stirrup Spacing in 
Extension Zone 12 in. o.c. 6 in. o.c. 3 in. o.c. 

Length Extension Zone 0 27 in. 27 in. 
Number of Stirrups per 

Drilled Shaft 13 16 20 
% Increase in Stirrups 0 23% 54% 

 

Table 4.9: Little Bear Creek Bridge Drilled Shaft Design Changes for Bent 3 

Category Standard 
Specification 

Guide  
Specification 

LRFD 
Specification 

Stirrup Size #6 #6 #6 
Stirrup Spacing Outside 

Zone 
 

12 in. o.c. 
 

12 in. o.c. 
 

12 in. o.c. 
Stirrup Spacing in 
Extension Zone 

 
12 in. o.c. 

 
6 in. o.c. 

 
3 in. o.c. 

Length Extension Zone 0 27 in. 27 in. 
Number of Stirrups per 

Drilled Shaft 
 

12 
 

15 
 

20 
% Increase in Stirrups 0 25% 67% 
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Figure 4.21: Little Bear Creek Bridge Bent 2 Guide Specification vs. Standard Specification 
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Figure 4.22: Little Bear Creek Bridge Bent 3 Guide Specification vs. Standard Specification 
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Figure 4.23: Little Bear Creek Bridge Bent 2 LRFD Specification vs. Standard Specification 
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Figure 4.24: Little Bear Creek Bridge Bent 3 LRFD Specification vs. Standard Specification



75 
 

There were also differences with connections between the superstructure and 

substructure. The differences are listed in Table 4.10. According to the standard details 

ALDOT is currently using, the AASHTO Type III Girder is connected with an 

L6x6x1/2x12 clip angle with a 1.25-in. diameter anchor bolt. The Bulb Tee Type Girder 

is connected with an L6x6x1/2x12 clip angle with a 1.5-in. diameter anchor bolt. For 

both the Guide and LRFD Specification, the same connection for the AASHTO Type III 

Girder and the BT-72 Type Girder can be used other than the location of the bolt holes in 

the vertical leg of the angle. For the Guide Specification, the angle thickness was 

increased and the diameters of the anchor and through bolt were increased. This 

connection was used for both the bents and abutments. The same connection as the 

Standard Specification AASHTO Type III Girder was used for the bents in the LRFD 

Specification design; however for the abutments, the angle thickness had to be increased, 

the length was increased, and the bolt diameters were increased.  
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Table 4.10: Little Bear Creek Bridge Connection Design Changes 

Category Standard 
Specification 

(Type III) 

Standard 
Specification 

(BT-72) 

 Guide 
Specification  

LRFD 
Specification 

BENT 2 & 3 
Angle 

Thickness (in.) 
 

0.5 
 

0.5 
 
1 

 
0.5 

Angle Length 
(in.) 

 
12 

 
12 

 
12 

 
12 

Bolt Diameter  
(in.) 

 
1.25 

 
1.5 

 
1.5 

 
1.25 

Number of 
bolts/angle 

 
1 

 
1 

 
1 

 
1 

ABUTMENT 
Angle 

Thickness (in.) 
 

0.5 
 

---- 
 
1 

 
1 

Angle Length 
(in.) 

 
12 

 
---- 

 
20 

 
20 

Bolt Diameter 
(in.) 

 
1.25 

 
---- 

 
1.5 

 
1.5 

Number of 
bolts/angle 

 
1 

 
---- 

 
2 

 
2 

 

4.4 Scarham Creek Bridge 

4.4.1 Description of the Bridge 

The Scarham Creek Bridge is a four equal span concrete prestressed I-girder 

bridge. The span length is 130 ft, and the total width of the bridge is 42 ft 9 in. The 

girders for all four spans are BT-72 Girders. The superstructure is a 7-inch thick concrete 

slab supported by six girders equally spaced along the width. Eight-inch thick web walls 

are located at the abutments, bents and the quarter points of the bridge. The bridge 

consists of three frame bents containing two circular columns supported by circular 

drilled shafts and a horizontal strut. The three bents have significantly different heights. 

The above ground heights for the columns in Bent 2 are 25 ft and 34 ft. For Bent 3, the 

above ground column heights are 59 ft and 55 ft. The above ground heights of the 
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columns for Bent 4 are 32 ft and 25 ft.  The cap beam for all three bents is 5.5 ft x 7.5 ft x 

40 ft. For Bents 2 and 4, the columns are 60 in. in diameter which are supported by 66-in. 

diameter drilled shafts. The columns and drilled shafts for Bents 2 and 4 are reinforced 

longitudinally with (24)-#11 bars and transversely with #6 hoops at 12 in. on center. For 

Bent 3, the column diameter is 72 in., and the drilled shaft diameter is 78 in. The columns 

and drilled shafts for Bent 3 are reinforced longitudinally with (32)-#11 bars and 

transversely with #6 hoops at 6 in. on center. The columns and drilled shafts have 3 in. 

and 6 in. of cover, respectively. The dimensions of the struts for Bents 2 and 4 are 3.5 ft x 

6 ft x 19 ft, and the top of the strut is located 12 ft below the bottom of the cap beam. The 

strut for Bents 2 and 4 are reinforced longitudinally with (8)-#11 bars both top and 

bottom and (20)-#5 bars spaced at 6 in. on center along the sides and reinforced 

transversely with #5 hoops at 12 in. on center. The dimensions of the strut for Bent 3 are 

3.5 ft x 10 ft x 18 ft., and the top the strut is located 25 ft below the bottom of the cap 

beam. For Bent 3, the strut is reinforced longitudinally with (8)-#11 bars both top and 

bottom and (36)-#5 bars spaced at 6 in. on center along the sides and reinforced 

transversely with #5 hoops at 12 in. on center.  Both abutment beams are supported by 

three 42-in. diameter drilled shafts. The abutment beam dimensions are 2 ft 11 in. x 4 ft x 

55 ft. The drilled shafts supporting the abutments are reinforced in the longitudinal 

direction with (16)-#11 bars and reinforced in the transverse direction with #5 hoops at 

12 in. on center. Figure 4.25 shows a 3-D model of Scarham Creek Bridge. 
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Figure 4.25: 3-D SAP Model of Scarham Creek Bridge 

 

4.4.2 Results from Guide Specification 

After all the initial design steps had been taken, a bridge model was created in 

SAP. All of the calculations and inputs for the bridge design can be seen in Appendix G 

beginning on page 374. A unit uniform load was applied to the structure which produced 

a maximum deflection longitudinally of 0.382 in. and transversely of 4.330 in. The 

equivalent seismic loads for the longitudinal and transverse directions are 0.502 kips per 

inch and 0.359 kips per inch, respectively. After multiplying the unit maximum 

deflections by pe/po, the design maximum deflections were 0.384 in. in the longitudinal 

direction and 1.553 in. in the transverse direction. From the SAP model, the transverse 

and longitudinal periods were 0.583 sec and 0.448 sec, respectively. From Figure 4.26, it 

is seen the longitudinal period falls within the horizontal region of the response spectrum, 

but the transverse period falls just outside the horizontal region. 
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Figure 4.26: Response Spectrum for Scarham Creek Bridge 

 

Since the bridge consists of frame bents, the simplified equations for displacement 

capacity do not apply to this type of bridge; therefore, it was necessary to do a pushover 

analysis. The struts were allowed to hinge at the plastic hinge lengths, which were 

calculated later in the design process. This relieves some of the flexibility demand of the 

columns and drilled shafts. Once again, SAP was used for pushover analysis, and the 

pushover analysis results can be seen in Table 4.11.  Figure 4.27 shows a one of the 

pushover curves created by SAP. The pushover curve shows that the demand is well 

within the elastic range. As can be seen from the table, the bridge had plenty of ductility 

and satisfied the displacement demand. 
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Table 4.11: Pushover Analysis Results for Scarham Creek 

Load Case Demand (in.) Capacity (in.) Check 

Bent 2 Transverse Direction 2.44 9.77 OK 

Bent 2 Longitudinal Direction 0.55 2.20 OK 

Bent 3 Transverse Direction 6.90 25.64 OK 

Bent 3 Longitudinal Direction 0.87 3.57 OK 

Bent 4 Transverse Direction 2.87 11.47 OK 

Bent 4 Longitudinal Direction 0.62 2.64 OK 
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Figure 4.27: Scarham Creek Bridge Pushover Curve for Load Case Bent 3 
Longitudinal Direction 

 

When the analysis was complete, the columns and drilled shafts of the bents were 

designed. The minimum support lengths ranged from 20 in. to 23 in. It was decided that it 

was practical to design this bridge for the overstrength moment capacity loads instead of 

the linear elastic loads because the difference between the two loadings was insignificant.  

From the interaction diagrams, which can be viewed in Appendix I starting on page 579, 
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the moment capacity of the columns was calculated. Then, the shear forces were 

calculated from the moment capacities.  

After doing the design calculations, Bents 2 and 4 resulted in the same design; 

therefore, they will be discussed together. The plastic hinge regions were 90 in., which 

was controlled by 1.5 times the column diameter. The shear strength of the column was 

greater than the shear demand. The original longitudinal column reinforcing remained the 

same. Both the minimum and maximum reinforcement requirements were satisfied. The 

transverse reinforcing in the plastic hinge region is #6 hoops at 6 in. on center. This value 

was controlled by the maximum allowed spacing. The minimum transverse reinforcement 

requirement was satisfied by this spacing. The extension of the hoops into the cap beam 

and drilled shaft was 30 in., which was controlled by ½ of the column diameter. 

The regions outside the plastic hinge zone for Bents 2 and 4 were designed 

according to LRFD Specification. The combined concrete and reinforcement strength 

was greater than the applied shear.  The transverse reinforcing for this region is #6 hoops 

at 12 in. on center. The maximum spacing could have been larger for seismic design; 

however, it was assumed the original spacing of 12 in. was required for the strength 

design. The minimum transverse reinforcement requirement was also met by this 

configuration. 

Bent 3 contains larger columns and drilled shafts and is taller than the other two, 

so the design was different. The length of the plastic hinge was controlled by 1.5 times 

the column diameter or 108 in. The column’s shear capacity was greater than the shear 

force. The transverse reinforcement for this column was #6 hoops at 6 in on center. and 

was detailed as seismic hoops. The longitudinal reinforcing of (32)-#11 bars satisfied the 
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minimum and maximum reinforcement checks. The extension into the cap beam and 

drilled shaft was 36 in., which was controlled by ½ the column diameter.  

The region outside the plastic hinge zone was similar to the design in Bents 2 and 

4. The transverse reinforcing in this region was #6 hoops at 6 in. on center. The current 

design had the spacing of the transverse reinforcement set at 6 in.; therefore, this was 

used as the maximum spacing because the strength demand was not known. The hoops 

satisfied the maximum and minimum spacing.  

The drilled shafts were designed in the same manner as the region outside the 

plastic hinge. For Bents 2 and 4, the transverse reinforcement was #6 hoops at 12 in. on 

center. Both of these drilled shafts satisfied the minimum and maximum checks. For Bent 

3, the confinement steel was #6 hoops at 6 in. on center. The drilled shaft reinforcing for 

Bent 3 met all the transverse reinforcement requirements.  

The diameter of the drilled shaft and longitudinal reinforcing in the abutment 

drilled shafts were increased in order to supply enough flexural and axial strength. The 

diameter was increased from 42 in. to 54 in., and the longitudinal reinforcing was 

increased to (24)-#11 bars from (16)-#11 bars. This was determined from the interaction 

diagrams. The transverse reinforcement for the drilled shafts is #5 hoops at 10 in. on 

center. The spacing was controlled by the minimum transverse reinforcement 

requirement.  

The same design checks that were made for the columns were done in the strut 

design. The extension of the transverse reinforcing in the plastic hinge zone in the 

columns was not done. The struts were the first elements to hinge, and then the columns 

hinged at the bottom and top. The columns remained elastic at the column to strut 
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connection. No hinging occurred at the connection of the strut and column; therefore, this 

is why the extension was not needed. Since the strut depths were so large, the entire 

length was designed as a plastic hinge zone. The plastic hinge regions for Bents 2 and 4 

and Bent 3 are 108 in. and 180 in., respectively. The plastic hinge lengths were controlled 

by 1.5 times the strut depth. The transverse reinforcing for Bents 2 and 3 is #5 hoops at 4 

in. on center. For Bent 3, the lateral reinforcing was #6 hoops at 3.5 in. on center. The 

hoop spacing was controlled by the minimum amount of transverse reinforcing. To 

satisfy minimum longitudinal requirements, the side reinforcing in Bent 3 was increased 

from #5 bars to #8 bars.   

The increase of shear force on the structure affected the connection between the 

substructure and superstructure. The same connections were used at Bents 2 and 4. The 

expansion connections for the bridge were at the abutments and the left set of girders for 

Bents 2 and 3, and the rest were fixed. For the expansion connection at Bent 2, the angle 

was an L6x6x1x20. The fixed connection at Bent 2 and 4 was an L6x6x1x16. Both the 

angles were connected to the structure with two 1.5-inch diameter anchor bolts and 

through bolts. The Bent 3 connection was an L6x6x1x12, and it was connected with one 

1.5-inch diameter anchor bolt and through bolt. Abutment 1 used an L6x6x1x20 and was 

connected to the superstructure and substructure with two 1.5-inch diameter anchor bolts 

and through bolts. Abutment 5 used an L6x6x3/4x12 and was connected to the structure 

with one 1.25-inch anchor bolt and through bolt. The details of the connection can be 

seen in Figures 4.28, 4.29 and 4.30. The angle thickness was controlled by bending 

strength. The angle length for the connection was governed by the location and sizes of 
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the bolt holes. The number of anchor bolts and size of anchor bolts were controlled by the 

shear strength of the bolt and the combination of tension and shear.  

 

Figure 4.28: Scarham Creek Abutment Connections 
A) Abutment 1(Expansion)  B) Abutment 5 (Expansion) 

 

Figure 4.29: Scarham Creek Bents 2 & 4 Connections 
A) Fixed  B) Expansion  
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Figure 4.30: Scarham Creek Bents 3 Connection  
A) Fixed  B) Expansion 

 
4.4.3 Results from LRFD Specification 

Many of the initial steps taken in the Guide Specification design were also done in 

the LRFD Specification design. The same bridge model was used for this design method. 

The calculations and inputs for this bridge can be seen in Appendix H beginning on page 

479. The design maximum deflections in the longitudinal and transverse direction were 

0.192 in. and 1.553 in., respectively. The same response modification factors that were 

used for the previous two bridges were used for this bridge. The equivalent seismic loads 

for the structure were the same as in the Guide Specification. After combining the 

equivalent seismic loading, the maximum equivalent force was 0.513 kip per inch. This 
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force was divided by the response modification factors to determine the R-equivalent 

values. The linear elastic loads were brought into the design worksheet from SAP, and 

then modified to be used as the design loads.  

After inputting the loads into the worksheet, the design of the columns and drilled 

shafts was done. The minimum support lengths for the bridge range from 20 in. to 23 in. 

Bents 2 and 4 resulted in the same design; therefore, they will be described together. The 

longitudinal reinforcing for the columns was (24)-#11 bars. The maximum and minimum 

requirements were satisfied by the reinforcement. The interaction diagrams were used in 

the verification of the flexural strength of the columns and drilled shafts. The 

combination of the concrete shear strength and the reinforcement shear strength was 

greater than the applied shear force. The plastic hinge region for Bent 2 was 68 in; while, 

the plastic hinge region for Bent 4 is 64 in. The plastic hinge regions were controlled by 

1/6 the column height. The transverse reinforcement in the plastic hinge region for the 

columns #6 hoops at 4 in. on center. The spacing was controlled by the maximum 

allowed by the LRFD Specification. The extension of the transverse reinforcing into the 

drilled shaft and cap beam was 30 in., which was controlled by half the column diameter. 

The lateral reinforcement satisfied the volumetric ratio for hoop reinforcing. 

The columns and drilled shafts in Bent 3 are larger than those in Bents 2 and 4. 

The longitudinal reinforcement of (32)-#11 bars for Bent 3 met the requirements for 

maximum and minimum longitudinal reinforcing. The interaction diagrams were used to 

verify the flexural resistance of the column and drilled shafts. The column’s shear 

resistance was greater than the applied shear force. The transverse reinforcement in the 

columns is #6 hoops at 3 in. on center. The spacing was controlled by the required 
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volumetric ratio of seismic hoop reinforcing. The plastic hinge region for this bent is 118 

in. long, and like Bents 2 and 4, the plastic hinge region was controlled by 1/6 the column 

height. The extension of the transverse reinforcing into the bent cap beam and drilled 

shaft was 36 in., which was controlled by ½ the diameter of the column.  

The column design outside the plastic hinge region and the drilled shaft design 

was the same process as described in the Guide Specification design. The LRFD 

Specification resulted in the same design.  

The strut design was done in a similar manner as the columns; however since the 

struts are rectangular, some of the requirements changed. The struts plastic hinge regions 

for Bents 2 and 4 and Bent 3 are 72 in. and 120 in., respectively. These regions were 

controlled by the depth of the member. For Bents 2 and 4, the transverse reinforcing was 

#6 hoops at 3.5 in. on center. The lateral reinforcing for Bent 3 was #7 hoops at 3.5 in. on 

center. The spacing was governed by the minimum requirement. The spacing outside the 

plastic hinge region for Bents 2 and 4 was #6 hoops at 12 in. on center. The longitudinal 

reinforcing was the same as for the Guide Specification design. All the maximum and 

minimum reinforcing requirements were satisfied in the strut design. 

The connection between the substructure and superstructure was influenced by the 

change in seismic loads. The same type of bolts and angles that were used in the Guide 

Specification were used in the LRFD Specification design. An L6x6x5/8x12 was used for 

the connection of all the bents with one 1.25-inch diameter anchor bolt and through bolt. 

The details for this connection are displayed in Figure 4.31. The connections at the 

abutments were larger than at the bents. Abutment 1 used an L6x6x1x26 and was 

connected to the structure with three 1.5-inch diameter anchor bolts and through bolts. 
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Abutment 5 was connected with an L6x6x7/8x20 and was connected to the structure with 

two 1.5-inch diameter anchor bolts and through bolts.  Figure 4.32 shows the connection 

details. The combination of shear and tension controlled the design of the anchor bolts 

and through bolts for Abutment 1.  The number of bolts for Abutment 5 was controlled 

by the shear force. The angle thickness for both abutments was controlled by bending 

strength. The angle lengths were governed by the spacing of the bolt holes.  

 

Figure 4.31: Scarham Creek Bent 2, 3 & 4 Connections  
A) Fixed  B) Expansion 
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Figure 4.32: Scarham Creek Abutment Connections  
A) Abutment 5 (Expansion)  B) Abutment 1 (Expansion) 

 

 
4.4.4 Comparison of Standard, Guide, and LRFD Specifications 

The comparison of the three specifications allows the differences within the 

designs to be easily seen. An increase in hoops in the columns and drilled shafts from the 

Standard Specification was a major change in the designs. The differences in the number 

and spacing of the hoops can be seen in Tables 4.12, 4.13 and 4.14. The increase in the 

hoops for the struts can be seen in Tables 4.15 and 4.16. Since the stirrup bar diameter 

changed in the strut design, the percent increase is given as the percent increase of area of 

transverse reinforcing. Elevation views of the bents are shown in Figures 4.33-4.41. The 

drawings of the bents give a better visual of what the new required bent design. For Bent 

3, the plastic hinge region in the LRFD Specification design is longer than the plastic 

hinge region in the Guide Specification. The other two bents plastic hinge regions are 

longer in the Guide Specification design versus the LRFD Specification design. With the 
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spacing of 3 in. within the plastic hinge region, the LRFD Specification increased the 

hoops more than the Guide Specification. 

 
Table 4.12: Scarham Creek Bridge Bent 2 Design Changes 

Category Standard 
Specification 

Guide 
Specification 

LRFD 
Specification 

Stirrup Size #6  #6 #6 
Stirrup Spacing Outside 
Plastic Hinging Region 

 
12 in. o.c. 

 
12 in. o.c. 

 
12 in. o.c. 

Stirrup Spacing Inside 
Plastic Hinging Region 

 
12 in. o.c. 

 
6 in. o.c. 

 
4 in. o.c. 

Length of Plastic Hinge 
Region 

 
0 

 
90 in. 

 
68 in. 

Number of Stirrups for Both 
Columns 

 
87 

 
133 

 
159 

Increase in Stirrups  0% 53% 83% 
 

Table 4.13: Scarham Creek Bridge Bent 3 Design Changes 

Category Standard 
Specification 

Guide 
Specification 

LRFD 
Specification 

Stirrup Size #6  #6 #6 
Stirrup Spacing Outside 
Plastic Hinging Region 

 
6 in. o.c. 

 
6 in. o.c. 

 
6 in. o.c. 

Stirrup Spacing Inside 
Plastic Hinging Region 

 
6 in. o.c. 

 
6 in. o.c. 

 
3 in. o.c. 

Length of Plastic Hinge 
Region 

 
0 

 
108 in. 

 
118 in. 

Number of Stirrups for Both 
Columns 

 
290 

 
290 

 
397 

 Increase in Stirrups  0% 0% 37% 
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Table 4.14: Scarham Creek Bridge Bent 4 Design Changes 

Category Standard 
Specification 

Guide 
Specification 

LRFD 
Specification 

Stirrup Size #6  #6 #6 
Stirrup Spacing Outside 
Plastic Hinging Region 

 
12 in. o.c. 

 
12 in. o.c. 

 
12 in. o.c. 

Stirrup Spacing Inside 
Plastic Hinging Region 

 
12 in. o.c. 

 
6 in. o.c. 

 
4 in. o.c. 

Length of Plastic Hinge 
Region 

 
0 

 
90 in. 

 
64 in. 

Number of Stirrups for 
Both Columns 

 
83 

 
133 

 
159 

 Increase in Stirrups  0% 60% 92% 

 

Table 4.15: Scarham Bridge Strut 2 and 4 Design Changes 

Category Standard 
Specification 

Guide 
Specification 

LRFD 
Specification 

Stirrup Size #5 #5 #6 
Stirrup Spacing Outside 
Plastic Hinging Region 

 
12 in. o.c. 

 
12 in. o.c. 

 
12 in. o.c. 

Stirrup Spacing Inside 
Plastic Hinging Region 

 
12 in. o.c. 

 
4 in. o.c. 

 
3.5 in. o.c. 

Length of Plastic Hinge 
Region 

 
0 

 
108 in. 

 
72 in. 

Number of Stirrups for Both 
Columns 

 
20 

 
57 

 
66 

 Increase Area of Stirrups 0% 185% 368% 
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Table 4.16: Scarham Bridge Strut 3 Design Changes 

Category Standard 
Specification 

Guide 
Specification 

LRFD 
Specification 

Stirrup Size #5 #6 #7 
Stirrup Spacing Outside 
Plastic Hinging Region 

 
12 in. o.c. 

 
12 in. o.c. 

 
12 in. o.c. 

Stirrup Spacing Inside 
Plastic Hinging Region 

 
12 in. o.c. 

 
3.5 in. o.c. 

 
3.5 in. o.c. 

Length of Plastic Hinge 
Region 

 
0 

 
180 in. 

 
120 in. 

Number of Stirrups for Both 
Columns 

 
19 

 
62 

 
62 

 Increase Area of Stirrups  0% 363% 532% 
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Figure 4.33: Scarham Creek Bridge Bent 2 Standard Specification 
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Figure 4.34: Scarham Creek Bridge Bent 2 Guide Specification 



95 
 

 

Figure 4.35: Scarham Creek Bridge Bent 2 LRFD Specification 
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Figure 4.36: Scarham Creek Bridge Bent 3 Standard Specification 



97 
 

 

Figure 4.37: Scarham Creek Bridge Bent 3 Guide Specification 
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Figure 4.38: Scarham Creek Bridge Bent 3 LRFD Specification 
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Figure 4.39: Scarham Creek Bridge Bent 4 Standard Specification 
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Figure 4.40: Scarham Creek Bridge Bent 4 Guide Specification 
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Figure 4.41: Scarham Creek Bridge Bent 4 LRFD Specification 

 

The connection between the superstructure and substructure was another area that 

changes required. The changes made to the connection are displayed in Table 4.17. As 

can be seen, the lengths and thicknesses of the angles were increased. Also, the number 

of anchor bolts and through bolts was increased in some cases. The increase in angle 

thickness was due to the shear force the angle was resisting. The increase in length at the 
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abutments was needed for the increase in flexural resistance and need to accommodate 

the slotted holes for the expansion connections.  

Table 4.17: Scarham Creek Bridge Connection Changes 

Category Standard 
Specification 

Guide 
Specification 

LRFD 
Specification 

BENT 2  
Angle Thickness (in.) 0.5 1 0.625 

Angle Length (in.) 12 16 or 20 12 
Bolt Diameter (in.) 1.5 1.5 1.25 

Number of bolts/angle 1 2 1 
BENT 3 

Angle Thickness (in.) 0.5 1 0.625 
Angle Length (in.) 12 12 12 
Bolt Diameter  (in.) 1.5 1.5 1.25 

Number of bolts/angle 1 1 1 
BENT 4 

Angle Thickness (in.) 0.5 1 0.625 
Angle Length (in.) 12 16 or 20 12 
Bolt Diameter  (in.) 1.5 1.5 1.25 

Number of bolts/angle 1 2 1 
ABUTMENT 1 

Angle Thickness (in.) 0.5 1 1 
Angle Length (in.) 12 20 26 
Bolt Diameter  (in.) 1.5 1.5 1.5 

Number of bolts/angle 1 2 3 
ABUTMENT 5 

Angle Thickness (in.) 0.5 0.75 0.875 
Angle Length (in.) 12 12 20 
Bolt Diameter  (in.) 1.5 1.25 1.5 

Number of bolts/angle 1 1 2 
 

4.5 Conclusion 

The design of all three bridges was detailed in this chapter. With the increase in 

seismic design forces, the changes in design were seen in the transverse reinforcing and 

the connection between the substructure and superstructure. The design proved that there 
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are some consistencies in the design of the bridges, but there are some differences that 

prohibit a standard connection being designated for all the bridges.  

One of the reasons for this project was to update the design of three bridges from 

the Standard Specification Design to the AASHTO LRFD Bridge Design Specifications. 

From this project, some valuable information was determined about the design of 

concrete bridges in SDC B. If the bridges are being designed according to the Guide 

Specification, then there are a few things that can be concluded. The plastic hinge region 

will be controlled by 1.5 times the column diameter. The extension of transverse 

reinforcing into the cap beam and the drilled shaft will be controlled by ½ the column 

diameter. The spacing of the transverse reinforcement will be controlled by the maximum 

spacing allowed by the Guide Specification which is 6 in. on center. The three parameters 

listed were true for the three bridges that were investigated. The hoop spacing in the strut 

was controlled by the minimum transverse reinforcement ratio because of large member 

size. The consistency in the design process will help to simplify design.  

When bridges are being designed according to the LRFD Specification, there 

seemed to be more inconsistency. The transverse reinforcement spacing within the plastic 

hinge region was controlled by the maximum of 4 in., and in another case, it was 

controlled by the required volumetric ratio of seismic hoop reinforcing. For Little Bear 

Creek Bridge, the plastic hinge region length was controlled by the column diameter, but 

for the Scarham Creek Bridge, 1/6 the height the column controlled the plastic hinge 

region length. For Oseligee Creek Bridge, the plastic hinge length in one column was 

controlled by its diameter and the other was controlled by 1/6 the column’s height. One 

thing that can be concluded is the extension of the transverse reinforcement into the 
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drilled shaft and bent cap beam will be controlled by ½ the column diameter. The strut’s 

confinement steel spacing was controlled by the volumetric ratio of transverse 

reinforcing. The inconsistencies in design can be further investigated by designing more 

bridges.  

In order to improve in the seismic design of bridges, a few changes can be made 

by ALDOT. To meet the simplified deflection equations, the flexibility in the columns 

needs to increased which can be done by decreasing the column’s diameter to length 

ratio. This would allow the simplified equations to be used and eliminate the need of a 

pushover analysis. Also in order to ensure hinging at the column and drilled shaft 

connection, the drilled shafts diameter should be larger than the column’s diameter which 

will provide for the capacity protection needed in the drilled shaft. When designing struts 

for bridges, the flexibility of the strut should be considered. A strut with a large area, 

requires a lot of transverse and longitudinal reinforcing. In order for the bridges in 

Alabama to be more efficiently seismically designed, bridges need to be more flexible to 

meet the new design codes without sacrificing gravity load and stability requirements.   

One of ALDOT’s goals was to determine if it was possible to design a standard, 

econonical connection for all standard concrete bridges in Alabama. It was determined 

that will not be possible for concrete bridges in SDC B. When one of the parameters 

tested changes, there is enough of a change in the design that makes it hard to develop a 

connection that will work in all situations. The design worksheet created will ease the 

process of seismically designing concrete bridges in SDC B. As was seen in the three 

bridges designed, there are inconsistencies in the design of the connections and transverse 

reinforcing. It may be possible to have a certain group of bridges that can be designed in 
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the same way if they have similar column heights, span lengths, and material, but to have 

one standard design for the whole state does not seem realistic for concrete bridges in 

SDC B.  
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Chapter 5 : Conclusions

The case study of the three bridges was done to update the seismic design of 

bridges in the state of Alabama. The bridges chosen were designed for the worst seismic 

hazard in Alabama. The main objectives of this project were to determine the effects of 

the LRFD seismic provisions on the design and detailing and to determine if typical, 

economically feasible details can be utilized for all the selected bridges.  

5.1 Summary of Conclusions 

The differences in the three specifications were sometimes significant. The 

specifications have developed rapidly over the recent years and are still continuously 

being changed. The seismic analysis and design has significantly increased from what 

was required by the Standard Specification for Alabama. The major difference between 

the LRFD Specification and Guide Specification is that the Guide Specification is a 

displacement-based design and the LRFD Specification is a force-based design, which is 

the same approach as the Standard Specification. The design procedures for the LRFD 

Specification and the Guide Specification were described in this work. A worksheet was 

created for both approaches to aid in the seismic design of concrete bridges in SDC B.  

From the analysis and design of the three bridges, valuable information was 

discovered. From the design results, there is to be more consistency in the Guide 

Specification design of the columns and drilled shaft. With the Guide Specification, the 

plastic hinge region, extension of transverse reinforcing, and transverse reinforcing 

spacing within the hinge zone was controlled by the same parameters. The extension of 
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the transverse reinforcement was the only consistent design change in the LRFD 

Specification design. The plastic hinge region was dependent on the column’s height and 

diameter. Also, the transverse reinforcement was governed by both the maximum spacing 

and minimum amount of transverse reinforcement requirements. The only consistency in 

the connection design of the superstructure and substructure was the change of the 

precast screw inserts to a through bolt. In most of the connections, the angle size, anchor 

bolt size and number of anchor bolts increased. The increase in size was due to the 

increase in applied shear force. 

ALDOT’s goal was to evaluate if typical details could be created for the worst 

seismic scenario in Alabama. After the three cases studies were completed, it proves not 

to be possible. There seems to be too many variables that affect the connection design 

and plastic hinge region. However, bridges could be grouped based on certain criteria, 

such as span length, column height and column diameter, and perhaps a certain detail for 

each grouping could be determined. This is something that should be further investigated. 

Until further investigation, the worksheet created should be useful to and with the design 

of concrete bridges in SDC B. 

 

5.2 Future Needs and Recommended Future Work 

Different kinds of bridges should be investigated to evaluate the impact of 

LRFD’s seismic requirements for Alabama’s bridges. The list below contains some topics 

that could be further evaluated. 

1. Design for concrete bridges in SDC A, 

2. Design for steel bridges in SDC A and B, 
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3. Seismic Design for Critical and Essential bridges, 

4. The soil-structure interaction, 

5. Investigate deep foundation issues (Driven piles versus Drilled shafts), and 

6. Connection Development. 

The seismic design of bridges is a complex process. It is important to investigate 

the listed items in order to be fully prepared to design all bridges for Alabama for the 

seismic requirements of AASHTO LRFD. ALDOT is investigating a new way to make 

the substructure to superstructure connection, but the connection designed for this study 

is sufficient for the time being. Currently, ALDOT is making several changes in their 

design process to meet the new requirements. The changes in seismic design discussed in 

this thesis are a step in the direction of having Alabama bridges be design according to 

LRFD requirements.  
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Appendix A: Oseligee Creek Bridge Guide Specification Design 
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Appendix B: Oseligee Creek Bridge LRFD Specification Design 
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Appendix C: Interaction Diagrams of Osiligee Creek Bridge 
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Appendix D: Little Bear Creek Bridge Guide Specification Design 
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Appendix E: Little Bear Creek Bridge LRFD Specification Design 
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Appendix F: Interaction Diagrams for Little Bear Creek Bridge 
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Appendix G: Scarham Creek Bridge Guide Specification Design 
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Appendix H: Scarham Creek Bridge LRFD Specification Design 
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Appendix I: Interaction Diagrams for Scarham Creek Bridge 
 

 



 580 



 581 



 582 



 583 



 584 



 585 



 586 



 587 



 588 



 589 



 590 



 591 



 592 



 593 



 594 



 595 



 596 



 597 



 598 



 599 



 600 



 601 



 602 

 


	Thesis 2003.pdf
	Appendix A
	Appendix B
	Appendix C
	Appendix D
	Appendix E
	Appendix F
	Appendix G
	Appendix H
	Appendix I

