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ABSTRACT 

 

Impact of AASHTO LRFD Specifications on the Design of Precast, Pretensioned U-

Beam Bridges. (December 2005) 

Mohsin Adnan, B.S., NWFP University of Engineering and Technology 

Co-Chairs of Advisory Committee: Dr. Mary Beth D. Hueste 
  Dr. Peter B. Keating 

 

 

Texas Department of Transportation (TxDOT) is currently designing its highway 

bridge structures using the AASHTO Standard Specifications for Highway Bridges, and 

it is expected that TxDOT will make transition to the use of the AASHTO LRFD Bridge 

Design Specifications before 2007. The objectives of this portion of the study are to 

evaluate the current LRFD Specifications to assess the calibration of the code with 

respect to typical Texas U54 bridge girders, to perform a critical review of the major 

changes when transitioning to LRFD design, and to recommend guidelines to assist 

TxDOT in implementing the LRFD Specifications. This study focused only on the 

service and ultimate limit states and additional limit states were not evaluated. 

The available literature was reviewed to document the background research 

relevant to the development of the LRFD Specifications, such that it can aid in meeting 

the research objectives. Two detailed design examples, for Texas U54 beams using the 

LRFD and Standard Specifications, were developed as a reference for TxDOT bridge 

design engineers. A parametric study was conducted for Texas U54 beams to perform an 

in-depth analysis of the differences between designs using both specifications. Major 

parameters considered in the parametric study included span length, girder spacing, 

strand diameter and skew angle. Based on the parametric study supplemented by the 

literature review, several conclusions were drawn and recommendations were made. The 

most crucial design issues were significantly restrictive debonding percentages and the 

limitations of approximate method of load distribution. 
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The current LRFD provisions of debonding percentage of 25 percent per section 

and 40 percent per row will pose serious restrictions on the design of Texas U54 bridges. 

This will limit the span capability for the designs incorporating normal strength 

concretes. Based on previous research and successful past practice by TxDOT, it was 

recommended that up to 75% of the strands may be debonded, if certain conditions are 

met. 

The provisions given in the LRFD Specifications for the approximate load 

distribution are subject to certain limitations of span length, edge distance parameter (de) 

and number of beams. If these limitations are violated, the actual load distribution should 

be determined by refined analysis methods. During the parametric study, several of these 

limitations were found to be restrictive for typical Texas U54 beam bridges. Two cases 

with span lengths of 140 ft. and 150 ft., and a 60 degree skew were investigated by 

grillage analysis method. 
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1. INTRODUCTION 

 

1.1 BACKGROUND AND PROBLEM STATEMENT 

 

Until the mid-1990s, the design of bridges in the United States was governed by 

the AASHTO Standard Specifications for Highway Bridges (AASHTO 1992). To ensure 

a more consistent level of reliability among bridge designs, research was directed 

towards developing an alternate design philosophy. As a result, the AASHTO Load and 

Resistance Factor Design (LRFD) Bridge Design Specifications were introduced in 1994 

(AASHTO 1994). The LRFD Specifications are based on reliability theory and include 

significant changes for the design of highway bridges. The latest edition of the Standard 

Specifications (AASHTO 2002) will not be updated again, and the Federal Highway 

Administration (FHWA) has established a mandatory goal of designing all new bridge 

structures according to the LRFD Specifications no later than 2007. 

Until 1970, the AASHTO Standard Specifications were based on the working 

stress design (WSD) philosophy, alternatively named allowable stress design (ASD). In 

ASD, the allowable stresses are considered to be a fraction of a given structural 

member’s load carrying capacity and the calculated design stresses are restricted to be 

less than or equal to those allowable stresses. The possibility of several loads acting 

simultaneously on the structure is specified through different load combinations, but 

variation in likelihood of those load combinations and loads themselves is not 

recognized in ASD. In the early 1970s, a new design philosophy, load factor design 

(LFD), was introduced to take into account the variability of loads by using different 

multipliers for dead, live, wind and other loads to a limited extent (i.e., statistical 

variability of design parameters was not taken into account). As a result, the ASD and 

LFD requirements, as specified in the AASHTO Standard Specifications (AASHTO  
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1992, AASHTO 2002), do not provide for a consistent and uniform safety level for 

various groups of bridges (Nowak 1995). 

AASHTO’s National Cooperative Highway Research Program (NCHRP) Project 

12-33 was initiated in July of 1988 to develop the new AASHTO LRFD Specifications 

and Commentary (AASHTO 1998). The project included the development of load 

models, resistance models and a reliability analysis procedure for a wide variety of 

typical bridges in the United States. To calibrate this code, a reliability index related to 

the probability of exceeding a particular limit state was used as a measure of structural 

safety. About 200 representative bridges were chosen from various geographical regions 

of the United States based on current and future trends in bridge designs, rather than 

choosing from existing bridges only. Reliability indices were calculated using an 

iterative procedure for these bridges, which were designed according to the Standard 

Specifications (AASHTO 1992). In order to ensure an adequate level of reliability for 

calibration of the LRFD Specifications, the performance of all the representative bridges 

was evaluated and a corresponding target reliability index was chosen to provide a 

minimum, consistent and uniform safety margin for all structures. The load and 

resistance factors were then calculated so that the structural reliability is close to the 

target reliability index (Nowak 1995). 

This study is part of the Texas Department of Transportation (TxDOT) project 0-

4751 “Impact of AASHTO LRFD Specifications on Design of Texas Bridges.” TxDOT 

is currently designing its highway bridge structures using the Standard Specifications, 

and it is expected that TxDOT will make transition to the use of the LRFD 

Specifications before 2007. It is crucial to assess the impact of the LRFD Specifications 

on the TxDOT bridge design practice because of the significant differences in the design 

philosophies of the Standard and LRFD Specifications.  
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1.2 OBJECTIVES AND SCOPE 

 

The major objectives of the study described in this thesis are (1) to evaluate the 

impact of the current LRFD on the design of typical Texas precast, pretensioned U54 

bridge girders, (2) to perform a critical review of the major changes when transitioning 

from current TxDOT practices to LRFD based design, and (3) to recommend guidelines 

to assist TxDOT in implementing the LRFD Specifications. 

The scope of this study is limited to precast, prestressed Texas U54 beams. 

Detailed design examples were developed and a parametric study was carried out only 

for interior beams. The provisions in TxDOT Bridge Design Manual are based on 

previous research and experience, and these provisions address the needs that are typical 

for Texas bridges. So, in general TxDOT’s past practices, as outlined in their Bridge 

Design Manual (TxDOT 2001, are considered in this study when possible. For example, 

although the modular ratio is usually less than unity in bridge design practice because of 

beam elastic modulus being greater than the deck slab elastic modulus, it is considered to 

be unity for the service limit state design, based on TxDOT practice. The actual value of 

the modular ratio was used for all other limit states in this study. Only the most recent 

editions of the AASHTO LRFD and Standard Specifications (AASHTO 2002, 2004) are 

considered in this study.  

1.3 RESEARCH METHODOLGY 

 

The following five major tasks were performed to achieve the aforementioned 

objectives. 
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1.3.1 Task1: Literature Review and Current State of Practice 

 

Review and synthesis of available literature was performed to document the 

research relevant to the development of the AASHTO LRFD Specifications. The work 

that has been conducted to evaluate different aspects of the specifications are also 

documented. This review of literature and current state of practice thoroughly covers the 

significant changes in the LRFD Specifications with respect to design concerns. For 

example, several issues including the effect of diaphragms and edge-stiffening elements, 

continuity, and skew on live load distribution factors were either not considered in the 

original study by Zokaie et al. (1991) or were deemed by the bridge design community 

as significant enough to be reevaluated. Therefore many studies were initiated to address 

these issues and to evaluate the live load distribution criteria adopted by the LRFD 

Specifications. Certain Departments of Transportation (DOTs) such as Illinois (IDOT), 

California (Caltrans) and Tennessee (TDOT), sponsored research geared towards either 

simplifying and revamping the live load distribution criteria to suit their typical bridge 

construction practices or to justify their previous practices of live load distribution 

(Tobias et al. 2004, Song et al. 2003, Huo et al. 2004). In general, various aspects in the 

development of the LRFD Specifications such as the theory of structural reliability, load 

and resistance models, and adaptation of a new live load model (HL-93) are covered as a 

part of this task. In addition, this review includes issues relevant to precast, pretensioned 

concrete Texas U beam bridges, such as debonding of prestressing strands and live load 

distribution factors. 

 

1.3.2 Task 2:  Develop Detailed Design Examples 

 

Two detailed design examples were developed to illustrate the application of the 

AASHTO Standard Specifications for Highway Bridges, 17th edition (2002) and 

AASHTO LRFD Bridge Design Specifications, 3rd edition (2004), for typical precast, 

pretensioned Texas U54 beam bridges. The purpose of these design examples is to show 
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the differences in the two design approaches and to enable a more thorough comparison 

of the two design specifications.  

HL93 and HS20-44 live load models were used for designs according to the 

LRFD and Standard Specifications, respectively, and the live load distribution factors 

were calculated according to the procedures described in each specification. Prestress 

losses were calculated by an iterative procedure to match TxDOT current practices 

(TxDOT 2004), while using the respective equations given in each specification. This 

iterative procedure results in optimized initial and final concrete strength values. Based 

on TxDOT practice (TxDOT 2001), the modular ratio between beam and slab concrete 

will be considered as unity for the service limit state design, in which the number of 

strands and optimum values of initial and final concrete strengths are determined. All the 

limits states and load combinations are considered applicable to the design of typical 

bridge structures in the state of Texas as prescribed by both specifications except the 

extreme event limit state in the LRFD Specifications because extreme events like ice 

pressure do not occur in Texas, TxDOT does not design for earthquakes, and stream 

current rarely controls the design (TxDOT 2001). Moreover, TxDOT’s debonding 

provisions are followed throughout the study and the debonding requirement will be 

evaluated at several sections as per the methodology of the TxDOT prestressed girder 

design software PSTRS14 (TxDOT 2004). Maximum camber in the bridge girders is 

determined by the hyperbolic functions method (Sinno 1968). PSTRS14 (TxDOT 2004), 

which was recently updated for LRFD design, is used to check the detailed design by the 

Standard and LRFD Specifications to ensure consistency with TxDOT practices. 

 

1.3.3 Task 3:  Conduct Parametric Study 

 

A parametric study was conducted to perform an in-depth analysis of the 

differences between designs using the current Standard and LRFD Specifications 

(AASHTO 2002, 2004). The focus of this study was on the bridge types that were of 

most interest to TxDOT for future bridge structures. Appropriate parameters were 
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selected based on collaboration of the research team and TxDOT. Because a great 

number of variations were possible, spreadsheet programs and a MatLAB program were 

developed and used to expedite the design calculations for a particular set of parameters. 

The entire parametric study was carried out for interior beams to be consistent with 

TxDOT current practices. 

Any automated calculation process facilitated by a computer program, such as a 

spreadsheet or MatLAB solution, is prone to errors and inaccuracies. To ensure that the 

entire design process was error free, the spreadsheet and MatLAB results were checked 

against the detailed design examples and the TxDOT design software PSTRS14 (TxDOT 

2004). Different design trends were determined and compared, graphically and in tabular 

format, for both specifications. In addition, the parametric study was helpful for 

determining the most critical and controlling limit states for the design of different types 

of bridges.  

 

1.3.4 Task 4:  Identify Important Design Issues 

 

The parametric study, supplemented by the literature review, was used to identify 

needs for revising the design criteria for pretensioned concrete Texas U beams. Areas 

that necessitate additional study include the validation of AASHTO LRFD live load 

distribution factors formulas (especially for wider girder spacings and span lengths 

longer than 140 ft.) and the LRFD debonding provisions. 

The debonding provisions of the LRFD Specifications are fairly restrictive. The 

LRFD Specifications limit the debonding of strands to 25% per section and 40% per 

row, whereas the TxDOT Bridge Design Manual guidelines (TxDOT 2001) allow 

debonding of strands up to 75% per row per section. The new LRFD debonding 

provisions restrict the span capability of Texas U54 girders. Further investigation into 

the basis for the LRFD debonding limits was conducted as part of this study. 

 



7 

1.3.5 Task 5:  Provide Guidelines for Revised Design Criteria 

 

It becomes mandatory to apply refined analysis procedures recommended by the 

LRFD Specifications in a case when any particular bridge design parameter violates the 

limitations set by the LRFD Specifications for the use of its provisions. This typically 

occurs when a particular bridge geometry is outside the allowable range for the use of 

the LRFD live load distribution factor formulas and/or uniform distribution of permanent 

dead loads. Refined analysis techniques as allowed by the LRFD Specifications, such as 

grillage analysis, was employed to validate the existing distribution factors beyond the 

limitations set by the specifications. Following the review of the research for the current 

and LRFD debonding limits, recommendations were made regarding appropriate limits 

for future designs. 

A grillage analogy model was developed for Texas U54 beams to study the 

validity of the LRFD live load distribution factor formulas beyond the span length limit. 

The grillage analogy is a simplified analysis procedure in which the bridge 

superstructure system is represented by transverse and longitudinal grid members. 

Careful evaluation of grid member properties and support conditions is an essential step. 

Two cases were evaluated through grillage analysis method to determine the 

applicability of the LRFD live load distribution factors. These cases were selected 

because for 8.5 ft. spacing and 60 degree skew, possible design span lengths were found 

to be more than 140 ft., which is the limit for live load distribution factors formulas to be 

valid for spread box beams.  

1.4 ORGANIZATION OF THESIS 

 

This thesis is organized in the following manner. Section 2 provides the literature 

review regarding code calibration and reliability theory, development of live load 

models and live load distribution factors, debonding provisions, and refined analysis 

procedures used in the study. In Section 3 the issues regarding selection of parameters 



8 

and analysis and design procedures for the parametric study are discussed. Section 4 

gives a detailed account of the parametric study results. Section 5 provides information 

on the details of the selection and application of grillage analogy method and presents a 

detailed discussion on the assumptions and bridge superstructure modeling procedure. 

Finally, Section 6 gives a summary, conclusions and recommendations for future 

research. Additional information such as detailed results of the parametric study, 

complete detailed design examples, and results of the grillage analysis are presented in 

the appendices. Throughout this study, whenever applicable, the notations have been 

kept consistent with the LRFD and Standard Specifications (AASHTO 2004, 2002). 
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2. LITERATURE REVIEW 

 

2.1 INTRODUCTION 

 

This section consists of a review and synthesis of the available literature to 

document the research relevant to the development of the AASHTO LRFD Bridge 

Design Specifications. This review of literature and the current state of practice is 

intended to thoroughly cover the significant changes in the LRFD Specifications with 

respect to design concerns. For example, several issues including the effect of 

diaphragms and edge-stiffening elements, continuity, and skew. on live load distribution 

were either not considered in the original study by Zokaie et al. (1991) or were deemed 

by the bridge design community as significant enough to be reevaluated. Therefore, 

many studies were initiated to address these issues and to evaluate the live load 

distribution criteria adopted by the LRFD Specifications.  

A comparison of the LRFD and Standard Specifications is also provided. In 

general, various aspects in the development of the state-of-the-art LRFD Specifications 

such as the theory of structural reliability and load and resistance models, including the 

adaptation of a new live load (HL-93), are discussed. More specifically, literature review 

is carried out with special emphasis on the issues relevant to precast, pretensioned 

concrete Texas U beam bridges, such as debonding of prestressing strands and live load 

distribution factors.  

 

2.2 AASHTO STANDARD AND LRFD SPECIFICATIONS 

 

Until 1970, the AASHTO Standard Specifications were based on working stress 

design (WSD) philosophy, alternatively named allowable stress design (ASD). In ASD, 
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the allowable stresses are considered to be a fraction of a given structural member’s load 

carrying capacity and the calculated design stresses are restricted to be less than or equal 

to those allowable stresses. The possibility of several loads acting simultaneously on the 

structure is specified through different load combinations, but variation in likelihood of 

those load combinations and loads themselves is not recognized in ASD. In the early 

1970s, a new design philosophy, load factor design (LFD), was introduced to take into 

account the variability of loads by using different multipliers for dead, live, wind and 

other loads to a limited extent. However, the statistical variability of the design 

parameters was not taken into account. As a result, the ASD and LFD requirements, as 

specified in the AASHTO Standard Specifications (AASHTO 1992, AASHTO 2002), do 

not provide for a consistent and uniform safety level for various groups of bridges 

(Nowak 1995). 

AASHTO’s National Cooperative Highway Research Program (NCHRP) Project 

12-33 was initiated in 1988 to develop the new AASHTO LRFD Specifications and 

Commentary. The project included the development of load models, resistance models 

and a reliability analysis procedure for a wide variety of typical bridges in the United 

States. To calibrate this code, a reliability index related to the probability of exceeding a 

particular limit state was used as a measure of structural performance.  

 

2.2.1 Significant Changes 

 

Designs according to the LRFD Specifications will not necessarily be lighter, 

heavier, weaker or stronger in comparison with designs per the Standard Specifications. 

Rather, more uniform reliability for bridge structures will result. To facilitate the 

understanding and application of the design provisions, a parallel commentary is 

provided in the LRFD Specifications. This feature is not present in the Standard 

Specifications. The LRFD Specifications explicitly allow the use of refined methods of 

analysis in conjunction with the code provisions. Hueste and Cuadros (2003), Richard 

and Nielson (2002), and Mertz and Kulicki (1996) discuss the significant changes in the 
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AASHTO LRFD Specifications as compared to the AASHTO Standard Specifications. 

Some significant differences between the two code specifications are outlined below.  

 

2.2.1.1 Limit States and Load Combinations 

 

The way in which the LRFD and Standard Specifications (AASHTO 2004, 2002) 

address several limit states is fundamentally the same, but the LRFD Specifications 

explicitly groups the design criteria in four different limit state categories: (1) service, 

(2) strength, (3) fatigue and fracture, and (4) extreme event limit states. The 

serviceability limit states ensure that the stress, deformation and crack width in a bridge 

structure are within acceptable limits for its intended service life. The purpose of 

strength limit states is to ensure that under a statistically significant load combination 

during the entire design life, the bridge structure will have enough strength and stability 

to maintain the overall structural integrity, although it may experience some degree of 

damage and distress. The crack growth, during the design life of the bridge structure, 

under the action of repetitive loads can lead to fracture. The fatigue and fracture limit 

state is intended to limit such crack growth.  The extreme event limit state relates to the 

structural survival of a bridge during a major earthquake or flood, or when collided by a 

vessel, vehicle, or ice flow, possibly under scoured conditions. These limit states are 

considered to be unique occurrences whose return period may be significantly greater 

than the design life of the bridge.  

In general, new load factors are introduced to ensure that a minimum target 

safety level is achieved in the strength design of all bridges. The limit states in the LRFD 

Specifications are categorized with the intention of ensuring that all the limit states are 

equally important. The serviceability limit state is further divided into Service I and 

Service III for the design of prestressed concrete bridge girders, where Service I 

addresses compression stresses, while Service III addresses tensile stresses with a 

specific objective of crack control. Table 2.1 compares serviceability and strength limit 

states in the LRFD and Standard Specifications (AASHTO 2004, 2002). 
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Table 2.1  Comparison of Serviceability and Strength Limit States 
Standard Specifications LRFD Specifications 

Service: 
( ) ( )1.0 1.0Q D L I= + +  

Strength: 
( ) ( )1.3 1.0 1.67Q D L I= + +⎡ ⎤⎣ ⎦  

Service I: 
( ) ( )1.0 1.0Q D L I= + +  

Service III: 
( ) ( )1.0 0.8Q D L I= + +  

 
Strength I: 

( ) ( )1.0 1.25 1.5( ) 1.75Q DC DW L I= + + +⎡ ⎤⎣ ⎦

( ) ( )1.0 0.9 0.65( ) 1.75Q DC DW L I= + + +⎡ ⎤⎣ ⎦  
 

where: 

DC = Dead load of structural components and non-structural attachments 
 DW = Dead load of wearing surface and utilities 
 D = Dead load of all components 
 L = Vehicular live load 

I = Vehicular dynamic load allowance 
 

2.2.1.2 Load and Resistance Factors 

 

In the Standard Specifications, pretensioned concrete bridge girders are designed 

to satisfy the ASD and LFD philosophies. To satisfy ASD, the pretensioned concrete 

bridge girders must stay within allowable initial flexural stress limits at release, as well 

as final flexural stress limits at service load conditions. To satisfy LFD, the ultimate 

flexural and shear capacity of the section is checked. The Standard Specifications give 

several load combination groups and requires that the structure be able to resist the load 

combination in each applicable load group corresponding to ASD and LFD. The general 

design equation is of the following form, 

[ ]( )n i iR Group N Lφ γ β≥ = ∑                                         (2.1) 

where: 

φ = Resistance factor 
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Rn  = Nominal resistance 
N = Group number 
γ = Load factor 
βi  = Coefficient that varies with the type of load and depends on the load 

group and design method 
Li  = Force effect  
 

In the AASHTO LRFD Specifications, the load and resistance factors are chosen 

more systematically based on reliability theory and on the statistical variation of the load 

and resistance. Moreover, additional factors are introduced in the general design 

equation that take into account consideration of ductility, redundancy, and operational 

importance. The general design equation that is required to be satisfied for all limit states 

is as follows. 

               [ ]n i i iR Q Qφ η γ≥ = ∑                                   (2.2) 

where:  

γi  = Statistical load factor applied to the force effects 
Qi  = Force effect 
ηi  = ηD ηR ηI  is the load modification factor 
ηD  = Ductility factor  
ηR  = Redundancy factor 
ηI  = Operational importance factor 
 

2.2.1.3 Live Load Model 

 

The live load model specified in the current Standard Specifications (AASHTO 

2002) is the maximum effect of each of the following as separate loadings: (1) HS20-44 

truck load, and (2) HS20-44 lane load. The live load model used in the Standard 

Specifications did not prove adequate because its accuracy varied with the span length 

(Kulicki 1994). The live load model in the LRFD Specifications, HL-93, consists of the 

superposition of the design truck load HS20-44 or the design tandem load with the 

design lane load, whichever produces the maximum effect. This new live load model 
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more accurately represents the truck traffic on national highways and was developed to 

give a consistent margin of safety for a wide range of spans (Kulicki 1994).  

 

2.2.1.4 Live Load Distribution Factors and Skew Effect 

 

Major changes have occurred in the way live load distribution factors (DFs) are 

calculated in the LRFD Specifications. A variety of formulas depending upon the 

location (interior or exterior) of the girder, type of resistance (bending moment, shear 

force or fatigue), and type of bridge superstructure have been specified. To make live 

load DFs more accurate for a wider range of bridge geometries and types, additional 

parameters such as bridge type, span length, girder depth, girder location, transverse and 

longitudinal stiffness, and skew were taken into account. The bridge type corresponding 

to the TxDOT U54 beam comes under the category of type ‘c’, which is concrete deck 

on concrete spread box beams. The live load DF formulas for precast, prestressed box 

beams are given in Table 2.2. Application of the LRFD live load DF formula is only 

valid within certain limitations, as noted in Eq. 2.3. In addition, some general restrictions 

such as span curvature to be lesser than 12 degrees and girders to be parallel and 

prismatic are also imposed on the use of these formulas. In general, LRFD live load DFs 

are found to give a more accurate estimate of load distribution as compared to the lever 

rule or the DFs in the Standard Specifications. 

The Standard Specifications live load DF formulas are of the form S/D, where, S 

is the girder spacing and D is 11 for prestressed concrete girders and TxDOT Bridge 

Design Manual (TxDOT 2001) also recommends the same value for TxDOT U54 

beams. 

These Standard Specifications formulas were found to give valid results for 

typical bridge geometries (i.e., girder spacing of 6 ft. and span length of 60 ft.), but lose 

accuracy when the bridge parameters are varied (Zokaie 2000). 
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Table 2.2  LRFD Live Load Distribution Factors for Concrete Deck on Concrete 
Spread Box Beams 

Category Distribution Factor Formulas Range of 
Applicability 

0.35 0.25

2

0.6 0.125

2

One Design Lane Loaded:

3.0 12.0
Two or More Design Lanes Loaded:

6.3 12.0

S Sd
L

S Sd
L

⎛ ⎞ ⎛ ⎞
⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

⎛ ⎞ ⎛ ⎞
⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

 

6.0 18.0
20 140
18 65

3b

S
L
d

N

≤ ≤
≤ ≤
≤ ≤
≥

 
Live Load Distribution per 

Lane for Moment in 
Interior Beams 

Use Lever Rule 18.0S >  

int

One Design Lane Loaded:
Lever Rule
Two or More Design Lanes Loaded:

0.97
28.5

erior

e

g e g
de

= ×

= +

 
0 4.5
6.0 18.0

ed
S

≤ ≤
≤ ≤  

Live Load Distribution per 
Lane for Moment in 

Exterior Longitudinal 
Beams 

Use Lever Rule 18.0S >  

0.6 0.1

0.8 0.1

One Design Lane Loaded:

10 12.0
Two or More Design Lanes Loaded:

7.4 12.0

S d
L

S d
L

⎛ ⎞ ⎛ ⎞
⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

⎛ ⎞ ⎛ ⎞
⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

 

6.0 18.0
20 140
18 65

3b

S
L
d

N

≤ ≤
≤ ≤
≤ ≤
≥

 
Live Load Distribution per 
Lane for Shear in Interior 

Beams 

Use Lever Rule 18.0S >  

int

One Design Lane Loaded:
Lever Rule
Two or More Design Lanes Loaded:

0.8
10

erior

e

g e g
de

= ×

= +

 0 4.5ed≤ ≤  Live Load Distribution per 
Lane for Shear in Exterior 

Beams 

Use Lever Rule 18.0S >  
where:  

S  = Beam spacing, ft. 
L  = Span length, ft. 
d  = Girder depth, in. 
Nb  = Number of beams.  
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de  = Distance from the exterior web of exterior beam to the interior edge of 
curb or traffic barrier, in. 

 
For the Standard Specifications (AASHTO 2002), the live load DF formula for 

interior girders consisting of a concrete deck on spread box beams (similar to Texas U54 

beams), originally developed by Mortarjemi and Vanhorn (1969), is as follows. 

 

int
2                                                (2.3)L

erior
B

N SDFM k
N L

= +

 

where: 

NL = Number of design traffic lanes 
NB  = Number of beams ( 4 10BN≤ ≤ ) 
S  = Beam spacing, ft. ( 6.57 11.0BN≤ ≤ ) 
L  = Span length, ft. 
k  = 0.07 (0.10 0.26) 0.2 0.12L L BW N N N− − − −  
W = Roadway width between curbs, ft. ( 32 66W≤ ≤ ) 

 

The LRFD Specifications provide skew correction factors for the live load DFs 

to account for the resulting reduction in bending moment in all girders and increase in 

the shear force in exterior girders. These correction factors can significantly affect the 

final design. The effects due to transverse and longitudinal stiffness, skew, curved 

alignment and continuity are ignored in the Standard Specifications. 

 

2.2.1.5 Dynamic Load Allowance Factor 

 

The dynamic load allowance (IM) is an increment to be applied to the static lane 

load to account for wheel load impact from moving vehicles. The LRFD Specifications 

give a dynamic load allowance factor for all limit states as 33%, except 15% for the 

fatigue and fracture limit state and 75% for design of deck joints. The Standard 

Specification uses the following formula to calculate the impact factor, I.  
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50 30%
125

I
L

= ≤
+

                    (2.4) 

where: 

 L = Span length, ft. 

 

The new IM factor can substantially increase the live load moments for LRFD 

designs as compared to designs based on the Standard Specifications, especially for 

longer spans (e.g. a 48.5% increase for a 100 ft. span and a 75% increase for a 140 ft. 

span). 

 

2.2.1.6 Allowable Stress Limits 

 

The LRFD Specifications (AASHTO 2004) give the allowable stress limits in 

units of ksi as compared to psi in the Standard Specifications and thus, the coefficients 

are different. Moreover, the tensile stress limit at initial loading stage at transfer has 

slightly increased from               in the Standard Specifications to              in the 

LRFD Specifications. The compressive stress limit at intermediate loading stage at 

service has increased from             in the Standard Specifications to            in the LRFD 

Specifications. For the compressive stress at the final loading stage at service, the LRFD 

Specifications has introduced a multiplier as a reduction factor to account for the fact 

that the unconfined concrete of the compression sides of the box girders are expected to 

creep to failure at a stress far lower than the nominal strength of the concrete.  

 

2.2.1.7 Effective Flange Width 

 

The provisions for determining the effective flange width are the same in both 

specifications except that in the LRFD Specifications commentary it is mentioned that 

for open boxes, such as Texas U54 beams, the effective flange width of each web should 

7.5 ( )cif psi′ 7.59 ( )cif psi′

0.40 cf ′ 0.45 cf ′
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be determined as though each web was an individual supporting element. The Standard 

Specifications do not mention any guideline to determine the effective flange width for 

open box beams. 

 

2.2.1.8 Transfer Length, Development Length,  and Debonding 

 

The transfer length of prestressing strands is determined as 50 bd  in the Standard 

Specifications as compared to the LRFD Specifications where the transfer length is 

increased to 60 bd . The development length is determined by Eq. 2.5 in the Standard 

Specifications and by Eq. 2.6  in the LRFD Specifications. The Standard Specifications 

in Art. 9.28.3 require the development length, calculated by the Eq. 2.5, to be doubled 

when tension at service load is allowed in the precompressed tensile zone for the region 

where one or more strands are debonded. 

 

* 2
3d su sel f f D⎛ ⎞= −⎜ ⎟

⎝ ⎠
                  (2.5) 

2
3d ps pe bl f f dκ ⎛ ⎞= −⎜ ⎟

⎝ ⎠
                 (2.6) 

where:  
*

suf  or psf  = Average stress in prestressing steel for the ultimate conditions, ksi 

sef  or pef   = Effective stress in prestressing steel after all losses, ksi 
κ  = Modification factor taken as 1.6 for precast, prestressed beams 
D or bd       = Diameter of prestressing strands, in. 
 

The Standard Specifications do not give any limit on the debonding percentage. 

The LRFD Specifications in Article 5.11.4.3 limit the debonding of strands to 40% per 

horizontal row and 25% per section. Debonding termination is allowed at any section, if 

and only if, it is done for less than 40% of the total debonded strands or 4 strands, 

whichever is greater. The LRFD Specifications in Commentary 5.11.4.3, however, allow 
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the consideration of successful past practices regarding debonding and further instruct to 

perform a thorough investigation of shear resistance of the sections in the debonded 

regions. The Standard Specifications do not specify any limit on the allowable 

debonding length of the debonded strands. The LRFD Specifications allow the strands to 

be debonded to any length as long as the total resistance developed at any section 

satisfies all the limit states.  

 

2.2.1.9 Initial and Final Relaxation Losses 

 

The LRFD Specifications recommend new equations for the calculation of the 

initial and final relaxation losses. The equations for relaxation losses in low relaxation 

strands are given in Table 2.3. 

 

Table 2.3  Comparison of Relaxation Loss Equations in the LRFD and Standard 
Specifications 

Standard Specifications LRFD Specifications 

Final Relaxation Loss: 
( )  5000 -  0.10  -  0.05   S CCR ES SH CR⎡ ⎤= +⎣ ⎦

 

Initial Relaxation Loss: 

1
log(24.0 )= 0.55

40.0
pj

pR pj
py

ftf f
f

⎡ ⎤×
∆ −⎢ ⎥

⎢ ⎥⎣ ⎦
 

 
Final Relaxation Loss: 

( )2 30% 20.0 - 0.4 - 0.2pR pES pSR pCRf f f f⎡ ⎤∆ = ∆ ∆ + ∆⎣ ⎦
 

 

where: 

,SH  pSRf∆   = Loss of prestress due to concrete shrinkage, ksi 
,EC   pESf∆   = Loss of prestress due to elastic shortening, ksi 
,CCR pCRf∆  = Loss of prestress due to creep of concrete, ksi 
,SCR 2 pRf∆  = Loss of prestress due to final relaxation of prestressing steel, ksi 

1pRf∆  = Loss of prestress due to initial relaxation of prestressing steel, ksi 

pjf   = Initial stress in the tendon at the end of stressing operation, ksi 

yf   = Specified yield strength of prestressing steel, ksi 
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t   = Time estimated in days from stressing to transfer, days 
 

2.2.1.10 Shear Design 

 

The design for transverse shear in the LRFD Specifications is based on the 

Modified Compression Field Theory (MCFT), in which the angle of diagonal 

compressive stress is considered to be a variable and is determined in an iterative way. 

On the contrary, the transverse shear design in the Standard Specifications consider the 

diagonal compressive stress angle as constant at 45 degrees. This change is significant 

for prestressed concrete members because the angle of inclination of the diagonal 

compressive stress is typically 20 degrees to 40 degrees due to the effect of the 

prestressing force. Moreover, in MCFT the critical section for shear design is determined 

in an iterative process, whereas in the Standard Specifications the critical section is 

constant at a pre-determined section corresponding to the 45 degree angle assumed for 

the diagonal compressive stress. The MCFT method is a rational method that is based on 

equilibrium, compatibility and constitutive relationships. It is a unified method 

applicable to both prestressed and non-prestressed concrete members. It also accounts 

for the tension in the longitudinal reinforcement due to shear and the stress transfer 

across the cracks.  

The interface shear design in the LRFD Specifications is based on shear friction 

theory and is significantly different from that of the Standard Specifications. This 

method assumes a discontinuity along the shear plane and the relative displacement is 

considered to be resisted by cohesion and friction, maintained by the shear friction 

reinforcement crossing the crack. 
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2.3 CODE CALIBRATION AND APPLICATION OF RELIABILITY 

THEORY 

2.3.1 Introduction 

 

The main parts of Standard Specifications (AASHTO 2002) were written about 

60 years ago and there have been many changes and adjustments at different times 

which have resulted in gaps and inconsistencies (Nowak 1995). Moreover, the Standard 

Specifications (AASHTO 2002) do not provide for a consistent and uniform safety level 

for various groups of bridges. Therefore, in order to overcome these shortcomings 

rewriting the specifications based on the state-of-the-art knowledge about various 

branches of bridge engineering was required. Lately, a new generation of bridge design 

specifications, based on structural reliability theory, have been developed such as the 

OHBDC (Ontario Highway Bridge Design Code), the AASHTO LRFD, and the 

Eurocode. 

The major tool in the development of the LRFD Specifications (AASHTO 2004) 

is a reliability analysis procedure that employs probability of failure to maximize the 

structural safety within the economic constraints. In order to design structures to a 

predefined target reliability level and to provide a consistent margin of safety for a 

variety of bridge structure types, the theory of probability and statistics is applied to 

derive the load and resistance factors. The greater the safety margin, the lesser is the risk 

of failure of the structural system. But a higher safety level will also cause the cost of 

initial investment in terms of design and construction to increase. On the contrary, the 

probability of failure decreases with a higher safety level. Thus, selection of the desired 

level of safety margin is a trade off between economy and safety. 
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2.3.2 Calibration Procedure 

 

The calibration procedure was developed by Nowak et al (1987) and is described 

in Nowak (1995; 1999). The LRFD Specifications (AASHTO 2004) is calibrated in such 

a way so as to provide the same target safety level as that of previous satisfactory 

performances of bridges (Nowak 1999). The major steps in the calibration procedure of 

AASHTO LRFD specifications were selection of representative bridges and 

establishment of statistical database for load and resistance parameters, development of 

load and resistance models, calculation of reliability indices for selected bridges, 

selection of target reliability index and calculation of load and resistance factors (Nowak 

1995). These steps are briefly outlined in the following. 

About 200 representative bridges were chosen from various geographical regions 

of the United States based on current and future trends in bridge designs instead of 

choosing very old bridges. Reliability indices were calculated using an iterative 

procedure for these bridges, which were designed according to the Standard 

Specifications (AASHTO 1992). To ensure an adequate level of reliability for 

calibration of the LRFD Specifications, the performance of all representative bridges 

was evaluated and a corresponding target reliability index was chosen to provide a 

minimum, consistent and uniform safety margin for all structures. The load and 

resistance factors for the LRFD Specifications were calculated so that the resulting 

designs have a reliability index close to the target value (Nowak 1995). 

 

2.3.3 Probabilistic Load Models 

 

Load components can include dead load, live load (static and dynamic), 

environmental forces (wind, earthquake, temperature, water pressure, ice pressure), and 

special forces (collision forces, emergency braking) (Nowak 1995). These load 

components are further divided into subcomponents. The load models are developed 

using the available statistical data, surveys and other observations. Load components are 
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treated as normal random variables and their variation is described by the cumulative 

distribution function (CDF), mean value or bias factor (ratio of mean to nominal) and 

coefficient of variation (ratio of standard deviation to mean). The relationship among 

various load parameters is described in terms of the coefficients of correlation. Several 

load combinations were also considered in the reliability analysis. 

The self weight of permanent structural or non-structural components under the 

action of gravity forces is termed as dead load. Due to the difference in variation 

between subcomponents, the dead load was further categorized into weight of factory 

made elements, cast-in-place concrete members, wearing surface and miscellaneous 

items (e.g. railing, luminaries) (Nowak 1999; Nowak and Szerszen 1996). Bias factors 

(ratio of mean to nominal value) were taken as used in Nowak (1999), while the 

coefficient of variations (ratio of standard deviation to mean value) were taken as 

recommended by Ellingwood et al. (1980). The thickness of the asphalt surface was 

modeled on the basis of statistical data available from Ontario Ministry of 

Transportation (MTO) and reported by Nowak and Zhou (1985). The average thickness 

of asphalt is 3.5 in. which needs to be verified for the United States.  

 

Table 2.4  Statistical Parameters of Dead Load (Nowak and Szerszen 1996) 

COMPONENT 
BIAS 

FACTOR 

COEFFICIENT OF 

VARIATION 

Factory made members, D1 1.03 0.08 

Cast-in-place members, D2 1.05 0.10 

Asphalt, D3 3.5 in. 0.25 

Miscellaneous, D4 1.03-1.05 0.08-0.10 
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2.3.4 Probabilistic Resistance Models 

 

In order to be able to quantify the safety reserve for resistance by reliability 

theory, accurate prediction of load carrying capacity of structural components is of 

paramount importance.   

 

2.3.4.1 Development of Probabilistic Resistance Models 

 

The bridge capacity is dependant upon the resistance of its components and 

connections. The resistance of a component, R, is assumed to be a lognormal random 

variable that is primarily dependant on material strength, and dimensions. Uncertainty in 

this case is caused by three major factors namely, material properties M, fabrication 

(dimensions) factor F, and analysis approximations factor P. Material uncertainty is 

caused by the variation in strength of material, modulus of elasticity, cracking stress, and 

chemical composition, whereas fabrication uncertainty is the result of variations in 

geometry, dimensions, and section modulus, and analysis uncertainty exists due to 

approximation in the methods of analysis, and  idealized stress strain distribution models 

(Nowak et al. 1994).  Material and fabrication uncertainties are combined by Nowak et 

al (1994) into one single variable MF. The statistical parameters for professional factor P 

are taken from the available literature (Nowak et al 1994). The statistical parameters for 

mechanical properties of concrete and prestressing steel were taken from available test 

data (Ellingwood et al 1980) for use in the simulations. 

The statistical parameters such as bias factor (ratio of mean to nominal) and 

coefficient of variation (ratio of standard deviation to mean) are at the heart of the 

reliability methods used. In the absence of extensive experimental database, Monte Carlo 

simulation technique was used to calculate these parameters for bending and shear 

capacity. Flexural capacity of prestressed concrete AASHTO type girders is established 

by the strain incremental approach and moment-curvature relationships were developed 
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and the shear capacity of concrete components is calculated by the modified 

compression field theory (Nowak 1995). 

 

The resistance of a component, R, is computed as 

nR R MFP=                              (2.7) 

The mean value of R is calculated as  

R n M F Pm R m m m=                            (2.8) 

where the mR, mM, mF, and mP are the means of R, M, F and P respectively. The 

coefficient of variation of R, (VR), may be approximated as 

2 2 2
R M F PV V V V≈ + +                            (2.9) 

The final calculated statistical parameters for resistance of prestressed concrete 

bridges are shown in Table 2.5. 

 

Table 2.5  Statistical Parameters for Resistance of Prestressed Concrete Bridges 
(Nowak et al. 1994) 

FM P R 
Limit State 

Bias COV Bias COV Bias COV 

Moment 1.04 0.04 1.01 0.06 1.05 0.075 

Shear 1.07 0.08 1.075 0.1 1.15 0.13 

 

2.3.5 Reliability Analysis of Prestressed Concrete Girder Bridges 

 

As resistance is a product of parameters M, F, and P, therefore, Nowak (1995) 

assumed that the cumulative distribution function (CDF) of R is lognormal. The CDF of 

the load is treated as a normal distribution function because Q is a sum of the 

components of dead, live and dynamic load.  

 

If R – Q > 0, then the structure fails. Probability of failure, PF, can be defined as 
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( 0)FP Prob R Q= − <                           (2.10) 

Very often structural safety is related to the limit states. Generally, a limit state 

function can be a function of many variables (e.g. material properties, structural 

geometry and dimensions, analysis techniques etc.), which makes the direct calculation 

of PF very complex. Therefore, it becomes very convenient to measure the structural 

safety in terms of a reliability index. The reliability index, β, defined as a function of PF, 

1( )FPβ −= −Φ                            (2.11) 

where: 

Φ-1  = Inverse standard normal distribution function  

 

As an example, a normal random variable having a reliability index of 3.5 is said 

to have a probability of failure of 0.0233%.  

For the cases where the R and Q are best treated using dissimilar distribution 

functions, iterative methods such as the Rackwitz-Fiessler can be used to determine the 

value of β (Nowak 1999; Rackwitz and Fiessler 1978). Reliability indices are also 

calculated for bridges designed according to AASHTO Standard specifications, which 

gives a considerable variation in β values. Nowak (1999) assumed that safety level 

corresponding to 60 ft. span, 6 ft. spacing and simple span moment is considered 

acceptable. Therefore, target reliability index was set equal to 3.5 which is the average β 

value considering all the girder types for the aforementioned span and spacing. In 

general, it can be different for different consideration scenarios depending upon the 

acceptability level of the consequences of potential failure and the cost of increasing 

safety. The calculated load and resistance factors provide a consistent and uniform 

reliability of design, as depicted in the Figures 2.1 and 2.2. 
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Figure 2.1  Reliability Indices for LRFD Code, Simple Span Moments in 

Prestressed Concrete Girders (Nowak 1999). 
 
 

 
Figure 2.2  Reliability Indices for AASHTO Standard (1992), Simple Span 

Moments in Prestressed Concrete Girders (Nowak 1999). 
 
 

Nowak and Saraf (1996) designed each structural component to satisfy ultimate 

limit state, serviceability limit state and fatigue limit state. Ultimate limit state was 

considered to be reached upon loss of flexural strength, shear strength, stability or onset 

of rupture et cetera. Serviceability limit state was assumed to be related to cracking, 

deflection and vibration. Design of a wide range of prestressed concrete girders revealed 
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that instead of ultimate limit state, serviceability limit state (allowable tension stress at 

the final stage) always governed. For serviceability limit state the β value is 1.0 for 

tension stress limit and 3.0 for compression stress limit, whereas, for ultimate limit state 

the β value is 3.5. Lower β values for serviceability limit state indicate the lesser severity 

of consequences as compared to ultimate limit states. Nowak (1999) have clearly stated 

that bridges designed according to their proposed load and resistance factors have 

reliability index greater than 3.5 and the same value has been proposed by Nowak and 

Saraf (1996).  

  

2.3.6 Future Trends and Challenges  

 

Perhaps the most important issue facing code writers as well as researchers and 

engineers involved in safety evaluation of new and existing bridges is that of the 

selection of target reliability levels. Currently, only strength limit state is calibrated, 

other limit states such as service, fatigue and fracture and extreme event limit states need 

to be calibrated based on the structural reliability theory. In general, future research will 

be geared towards resolving the issues like time dependent reliability models, 

deterioration models and bridge reliability, bridge load and resistance reliability models, 

nonlinear reliability analysis of bridge structures, reliability of a bridge as a link in 

transportation network systems and lifetime reliability. 

 

2.4 DEVELOPMENT OF VEHICULAR LIVE LOAD MODEL 

 

Kulicki (1994) discusses the development of the vehicular live load model, 

HL93, adopted by the AASHTO LRFD Specifications. This study considered twenty 

two representative vehicles from a report released by National Transportation Research 

Board. This report reviewed the vehicles configurations allowed by various states as 
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exceptions to the allowable weight limits. The bending moment ratio (i.e. ratio between 

exclusion vehicle and 1989 AASHTO live load moments) varied from 0.9 to 1.8 with 

respect to various spans, which called for a new live load model that can represent the 

exclusion vehicles adequately. Therefore, five candidate notional loads were selected for 

the development of a new live load model for the AASHTO LRFD Specifications:  

 

(1) A single vehicle weighing a total of 57 tons with a fixed wheel base, axle 

spacing and weights,  

(2) A design family, HL93, consisting of a combination of a design tandem or 

design HS-20 truck with a uniform load of 0.64 kips per running foot of the 

lane,  

(3) HS25 truck load followed and preceded by a uniform load of 0.48 kips per 

running foot of the lane, with the uniformly distributed load broken for the 

HS vehicle,  

(4) A family of three loads consisting of a tandem, a four-axle single unit, with a 

tridem rear combination, and a 3-S-3 axle configuration taken together with a 

uniform load, preceding and following that axle grouping, and  

(5) An equivalent uniform load in kips per foot of the lane required to produce 

the same force effect as that produced by the envelope of the exclusion 

vehicles.  

  

The equivalent uniform load option was eliminated due to the possibility of a 

complex equation required to represent such a load. A comparison of four remaining 

possible live load models was performed for various combinations of moments and 

shears in simply supported beams and continuous beams. The HL93 live load model 

proved to be the best combination to represent the exclusion vehicles. Moreover, the 

results showed that this live load model was independent of the span length and a single 

live load factor will suffice to represent all the force effects. 
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2.5 VEHICULAR LIVE LOAD DISTRIBUTION FACTORS 

2.5.1 Introduction 

 

The lateral distribution of vehicular live load has a significant impact in 

quantification of the demand on highway bridges. Determination of accurate lateral 

distribution of live load to the bridge girders is a complex issue that has been the topic of 

research over the past several decades. Many approximate methods with varying levels 

of accuracy have been proposed and verified based on analytical studies, field and 

laboratory testing (Zellin et al. 1973, Sanders and Elleby 1970, Motarjemi and Vanhorn 

1969, Scordelis 1966, Arya et al. 1960 et cetera). Zokaie et al. (1991) has not only 

documented various proposed formulas as a result of these past researches but also 

compared their levels of accuracy. In general, bridge design community has been using 

the empirical relations for live load distribution as recommended by AASHTO Standard 

Specifications (AASHTO 1989), with only minor changes since 1931, and recent 

additions to these specifications have included improved load distribution factors for 

particular types of superstructures based on tests and/or mathematical analyses (Zokaie 

et al. 1991).  

In 1994, AASHTO LRFD Specifications (AASHTO 1994) introduced a 

comprehensive set of live load DF formulas that resulted from the NCHRP 12-26 

project, entitled “Distribution of Live Loads on Highway Bridges” (Zokaie 2000). 

Although these formulas are also approximate but they consistently give conservative 

results, with a better accuracy, for a wide range of bridge types and bridge geometric 

parameters when compared to the other formulas available in the literature (Zokaie et al. 

1991). Despite the universal agreement about the superiority of LRFD Specifications 

(AASHTO 2004) live load DFs over Standard Specifications (AASHTO 2002) live load 

DFs, the former still lack in accuracy. Primarily due to overlooking various structural 

and non-structural components of a typical bridge as noticed by Chen and Aswad 

(1996), Barr et al. (2001), and Eamon and Nowak (2002) among others.   
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2.5.2 Development of AASHTO LRFD Live Load Distribution Factor Formulas 

 

The current AASHTO LRFD live load DF formulas are the result of study by 

Zokaie et al. (1991). The procedures followed by this study are comprehensively 

summarized in the following. 

 

2.5.2.1 History and Objectives 

 

In 1994, AASHTO LRFD Specifications (AASHTO 1994) introduced a 

comprehensive set of live load distribution factor formulas (LLDF) that resulted from 

the NCHRP 12-26 project, entitled “Distribution of Live Loads on Highway Bridges” 

(Zokaie 2000). The NCHRP 12-26 project was initiated in 1985 to improve the accuracy 

of the S/D formulas of the Standard Specifications and to develop comprehensive 

specifications for distribution of wheel loads on highway bridges (Zokaie 2000; Zokaie 

et al. 1991). The resulting recommendations out of this project were adopted by 

AASHTO as the guide specifications for lateral distribution of vehicular live loads on 

highway bridges (Guide 1994). With the advent of the first edition of the LRFD 

Specifications (AASHTO 1994), the formulas that were developed for the Standard 

Specifications (AASHTO 1996) needed to be modified to take into account the changes 

in vehicular live load model and multiple presence factors (Zokaie 2000). Thus, the 

formulas were recalibrated and incorporated in the LRFD Specifications (AASHTO 

1994). 

The objectives of this project were to evaluate the available methods for live load 

distribution, develop additional formulas to improve the accuracy of existing methods, 

and to provide guidelines for the selection of most efficient refined analysis methods.  

 

 



32 

2.5.2.2 Procedure 

 

Several hundred bridges were selected from the National Bridge Inventory File 

(NBIF) to create a representative database of all the bridges in the United States (Zokaie 

2000). The focus of this project was on typical bridge types such as beam-slab bridges, 

box girder bridges, slab bridges, multi-box beam bridges, and spread box beam bridges. 

The database basically included the details required to build the analytical model of a 

particular bridge required to carry out a finite-element or grillage analysis of bridge 

superstructure. In particular, several parameters such as bridge type, span length, edge to 

edge width, curb to curb width, skew angle, number of girders, girder depth, slab 

thickness, overhang, year built, girder moment of inertia, girder area, and girder 

eccentricity (distance between the centroids of the girder and the slab) were extracted 

from the bridge plans obtained from various state departments of transportations. Among 

other bridge types, the database included 55 spread box beam bridges. The statistical 

analysis of the database parameters was performed with the help of histograms and 

scattergrams plots to identify the range and variation of each parameter, and the degree 

of correlation among several parameters. According to Zokaie (2000), the parameters 

were by and large not found to be correlated to each other. 

For each bridge type three different levels of analyses were considered. The most 

accurate level of analysis, Level Three, included the detailed 3D modeling of the bridge 

superstructure and finite element modeling was recommended for this level of accuracy. 

Level Two included graphical methods, nomographs, influence surfaces, or simplified 

computer programs. Grillage analysis method, which has the comparable level of 

accuracy, was considered to be in Level Two analysis category. Level One analysis 

methods include the empirical formulas developed as the result of experimental or 

analytical studies, which generate approximate results and are simple in their 

application. To identify the most accurate available computer program for a particular 

bridge type, test data from field and laboratory experiments was compiled and analytical 

models developed in the Level Three computer programs. Analytical models were 
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analyzed and results were compared with experimental results. The programs that 

produced the most accurate results were identified for particular bridge types and 

considered as the basis for the evaluation of Level Two and Level One methods. 

Parametric sensitivity study was performed to identify the important parameters 

that affect the lateral distribution of live loads. A finite element model was developed 

using the mean values of all the parameters except the one under consideration, which 

was varied from minimum to maximum in order to recognize its affects on the 

distribution factors under HS20 truck loading. After examining the results, span length, 

girder spacing and beam depth were considered key parameters for spread box beams. 

Since the HS20 truck gage length is constant at 6ft. so it was not considered in 

sensitivity study but it may have a considerable affect on LLDFs if varied. Smaller gage 

width will result in larger distribution factors and larger gage width will result in smaller 

distribution factors. Although, this study is based on AASHTO HS family of trucks, but 

a limited parametric study conducted in this research showed that truck weight and axle 

configuration does not significantly affect the live load distribution. 

According to Zokaie (2000) the development of AASHTO LRFD LLDF 

simplified formulas is based on certain assumptions. It was assumed that there was no 

correlation between parameters considered to be included in the formula. It was also 

assumed that the effect of each parameter can be modeled by an exponential function of 

the form axb, where x is the value of the given parameter and constants a and b are 

determined to represent the degree of variation of the distribution factor. For the selected 

set of key parameters for a particular bridge type the following general form of the 

exponential formulas was devised. 

 

( )( ) ( ) ( ) ( )1 2 3 4.......b b b bg a S L d=                           (2.12) 

where:  

a  = Scale factor 

g  = Distribution factor 

S, L, d = Selected parameters  
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b1, b2, b3, b4 = Exponents of each parameter 

 

The exponents of each parameter are selected to make the exponential curve fit 

the simulated variation between the particular parameter and distribution factor. 

Different values of distribution factor g were calculated for different values of a 

particular parameter in the formula, say S, while keeping all other parameters same as of 

the average bridge and the resulting formulas will be, 

 

( )( ) ( ) ( ) ( )
( )( ) ( ) ( ) ( )

( )( ) ( ) ( ) ( )

1 2 3 4
1 1

1 2 3 4
2 2

1 2 3 4

.......

.......
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=

=

=

                          (2.13) 

 

For the first two equations, we have, 
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                                       (2.15) 

 

So for n number of equations we will get (n-1) different b1 values. If all b1 

values are generally close to each other, then an exponential curve based on the average 

of all b1 values was used to model the variation in the distribution factors. The value of 

scale factor a was determined from the average bridge by the following equation, 
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( ) ( ) ( ) ( )( )1 2 3 4.......

avg
b b b b

avg avg avg

g
a

S L d
=                    (2.16) 

 

This entire procedure was repeated for all other parameters in the similar manner.  

The process of development of simplified formulas was based on certain 

assumptions and parameters which did not affect the load distribution in a significant 

way were ignored altogether. In order to gain confidence in the accuracy of the 

developed formulas and to compare their relative accuracy level with other proposed 

formulas, their verification and evaluation was a very important step. Therefore, the 

bridges in the database were analyzed by a Level Three accurate method, best suited to a 

particular class of bridges as determined earlier. Mean, minimum, maximum and 

standard deviations were determined and compared for all the formulas and the accurate 

method. A low standard deviation was considered to be indicative of relatively higher 

accuracy level for a particular formula. The trends in the accuracy of the formula with 

respect to the Level Three accurate method were analyzed with the help of statistical 

data so obtained. For the optimization of the accuracy level of the developed formulas it 

was made sure that standard deviation is minimized and kept lower than that obtained 

from the AASHTO Standard formulas and to make formulas as simple as possible while 

maintaining the desired level of accuracy. 

Once these base formulas (i.e., formulas for flexure and shear, for single and 

multiple lanes loading, in the interior girders) were established, several extensions of the 

formulas for continuity, skew effects and exterior girder were investigated. Correction 

factors were calculated to take into account the effect of these additional issues. Those 

correction factors were scale factors for base formulas to adjust the calculation. 
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2.5.2.3 Limitations 

 

The AASHTO LRFD Specifications formulas were calibrated against a database 

of real bridges. This database was characterized by particular ranges of span lengths, 

girder spacings, girder depths and over-hang widths etc. Although these formulas 

produce results that are generally within 5% of the results of finite element deck analysis 

results and are most accurate when applied to bridges within the scope of the calibration 

database (Zokaie 2000). The effects of edge stiffening elements were ignored in this 

study. Some special cases where these formulas were recommended to be applied by 

using engineering judgment are non-prismatic girders, varying skew and span lengths in 

continuous bridges, different girder spacings, varying girder widths, large curvatures etc.  

 

2.5.3 Various Subsequent Researches 

 

 In order to determine the suitability and applicability of the new proposed 

formulas to their particular cases, several departments of transportations and independent 

researchers carried different studies. Certain departments of transportation (DOTs) such 

as Illinois (IDOT), California (Caltrans) and Tennessee (TDOT), sponsored researches 

geared towards either simplifying and revamping the live load distribution criteria to suit 

their typical bridge construction practices or to justify their previous practices of live 

load distribution (Tobias et al. 2004, Song et al. 2003, Huo et al. 2004). Part of the 

recommendations made in the researches discussed below is separately summarized in 

section 2.5.5. and are not discussed in this section to avoid repetition.  

 

2.5.3.1 Song et al. (2003) 

 

Song et al. (2003) found that the limitations such as constant deck width, parallel 

beams with approximately equal stiffness, span length-to-width ratio to be greater than 
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2.5 and angular change of less than 12o in plan for a torsionally stiff closed section, on 

the use of the LRFD (AASHTO 1998) live load distribution factor formulas place severe 

restrictions on the routine designs of bridges in California, as box-girder bridges outside 

of these limits are frequently constructed. They performed the grillage analysis for 

multicellular box girder typical California bridges with aspect ratio from 0.93 to 3.28, 

with angular change in curvature from 5.7o to 34.4o and with nonparallel girders or a 

non-prismatic cross section. They concluded that in general these formulas can be used 

for the box girder bridges within the parametric scope considered in this study. The plan 

aspect ratio limit was concluded to be unwarranted because as the plan aspect ratio 

becomes smaller than the limit 2.5, the general trend indicates that the LRFD 

Specifications formula becomes increasingly conservative. Furthermore, it was found 

that the distribution factor from the refined analysis does not vary significantly with the 

different radii of curvature or angular change between the bents. The authors finally 

conclude that because of the small set of bridges used in this study, results presented 

should not be construed to imply an overall conservatism of the LRFD formulas; further 

study of the limits with a more extensive parameter range is warranted. 

 

2.5.3.2 Huo et al. (2004) 

 

Huo et al. (2004) carefully examined Henry’s method which is a simplified live 

load distribution method used by Tennessee Department of Transportation since 1963 

and proposed a modifications to the original method. They introduced the method as 

simple and flexible in application which can treat both interior and exterior beams in a 

bridge and which requires only basic bridge information, such as the width of the bridge, 

the number of traffic lanes, and the number of beams. It was concluded that results of 

Henry’s method were in reasonable agreement with the values from the LRFD 

Specifications (AASHTO 1998) method, the Standard Specifications (AASHTO 1996) 

method, and the finite element analysis (ANSYS 5.7). Effects of four key parameters 
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such as span length, beam spacing, slab thickness, and beam stiffness were documented 

and for all those parameters the Henry’s method was found to be in very good agreement 

with the other two methods of the LRFD and the Standard Specifications. Particularly, 

the LRFD Specifications method was found to have a better correlation with Henry’s 

method. 

 

2.5.3.3 Kocsis (2004) 

 

Kocsis (2004) evaluated the AASHTO Standard specifications line loads (curbs, 

sidewalks, barriers and railings) and live load distribution factors. The author discussed 

the computer program SECAN (Semi-continuum Method of Analysis for Bridges) and 

made suggestions for obtaining more accurate distribution factors for line loads, 

AASHTO live loads, and non-AASHTO live loads. The author raised the question as to 

how the line loads should be accurately distributed to bridge girders. He further made his 

point that wearing surface, being spread over almost the entire deck, can be distributed 

equally to all girders but for curbs, sidewalks, barriers, and railings, it would be expected 

that the girder nearest the load should take the largest portion of the load. For a particular 

case of a 175 ft simple span five steel girder bridge with a total weight of sidewalk and 

railing to be 635 lb/ft, he showed that AASHTO Standard uniform distribution of 

sidewalk and railing yielded 254 lb/ft per girder as compared to analysis performed by 

the computer program SECAN which yielded the actual load taken by the exterior girder 

to be 632 lb/ft. His calculations showed that the actual share of the sidewalk and railing 

loads carried by the outer girders is substantially more than that by the AASHTO 

method of dividing the load equally among all the girders. Moreover, he recommends 

the use of SECAN for line load distribution factors and the use of AASHTO (Guide 

1994) formulas for live load distribution. 
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2.5.3.4 Tobias et al. (2004) 

 

The study conducted by Tobias et al. (2004) targeted the typical bridges in 

Illinois bridge inventory such as concrete deck-on-steel stringer construction and 

concrete deck-on-precast prestressed I-beams. Moreover, they considered simply 

supported and continuous bridges, which had span lengths ranging between 20ft to 120ft 

with 10ft increments. The transverse beam spacing varied from 3.5ft to 10ft with 0.5ft 

increments. The continuous structures had two spans of equal lengths. The stringers of 

beams were of constant depths and section moduli throughout each span. The studied 

structures were designed efficiently i.e., the ratios of actual section moduli to required 

were all close to unity. No curved or skewed structures were included in the study and 

interior beams were assumed to govern the design. Only the factored design moments 

and shears were compared because of the dissimilar nature of the two design 

philosophies (LFD and LRFD). For all considered simple spans and continuous spans, 

LRFD design moments ranged between 22% larger to 7% smaller than those computed 

using LFD. For mid-range span (50-90ft) with common Illinios transverse spacings (5.5-

7.5ft) the average increase in design moment over LFD was 3 to 4%. LRFD design 

shears ranged between 41% larger to 3% smaller. For mid-range span (50-90ft) with 

common Illinios transverse spacings (5.5-7.5ft) the average increase in design shears 

over LFD was 24 to 15% with average of about 20%. In general, the disparity between 

predicted shears using LRFD and LFD was found to be more profound for shear than for 

moment. The authors described the pile analogy method provision for calculation of live 

load distribution factor for exterior beam in bridges with diaphragms or cross-frames to 

be very conservative approach. The ratio of longitudinal to transverse stiffness parameter 

(Kg/Lt3) in the live load distribution factor formula is said to have insignificant affect on 

the final calculation of bending moment or shear and was set equal to 1.10 for 

prestressed I-beam shapes and 1.15 for standard Illinois bulb-tee shapes. They 

recommended that the exterior beam overhang cantilever span will be such that the 

interior beam governs primary superstructure design in Illinois for typical bridges and 
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that these bridges be design for two or more lane loading except for fatigue and stud 

design where single lane loading should be checked. 

 

2.5.3.5 Chen and Aswad (1996, 1997) 

 

Chen and Aswad (1996; 1997) reviewed the LRFD live load distribution 

formulas for modern prestressed concrete I-girder and spread box girder bridges with 

larger span-to-depth ratios and compared LRFD’s results with those obtained by finite 

element analysis method. They pointed out certain shortcomings in the methodology 

followed by Zokaie et al. (1991). The “average bridge” and the database of bridges was 

not the representative of the future bridges which are characterized by larger span-to-

depth ratios and higher concrete strengths. As an example, they said that Zokaie et al. 

(1991) considered the average bridge span length to be 65.5 ft., which was well below 

the expected average span of future bridges and thus, a more rigorous analysis is 

required to take into account this increase in average span. The effect of diaphragms was 

not considered in the original study; therefore, the rigid diaphragm model required by 

interim LRFD (AASHTO 1994) provision in section 4.6.2.2.2d produces over-

conservative results. They showed that for spread box girders the finite element analysis 

method produced smaller distribution factors by 6 to 12% for both interior and exterior 

girders. But, in the two cases where the aforementioned LRFD (AASHTO 1994) 

provision of rigid diaphragm model was controlling, the LRFD (AASHTO 1994) 

distribution factors were very conservative by 30% for the cases considered (e.g. 0.785 

and 0.9 by LRFD (AASHTO 1994) as compared to 0.548 and 0.661 by FEA). This 

assumption of rigid diaphragm model for exterior girders is no longer applicable to 

spread box beams in the latest LRFD Specifications (AASHTO 2004). They also 

summarized the conclusions of Lehigh reports on Spread-box beams (Lin and Vanhorn 

1968; Guilford and Vanhorn 1968; Vanhorn 1969): The deflections of the girders 

directly under the truck load were only slightly reduced by the use of mid-span 

diaphragms, the structural function and usefulness of mid-span diaphragms was found to 
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be questionable, and the center-to-center spacing of girders was a reasonably accurate 

estimate of the effective flange width for the composite girder.  

 

2.5.3.6 Eamon and Nowak (2002) 

 

Eamon and Nowak (2002) studied the effects of edge-stiffening elements such as 

barriers, and sidewalks, and other secondary elements such as diaphragms on the 

resistance and load distribution characteristics of composite steel and prestressed 

concrete bridge girders. They found that steel girder bridges tend to benefit more from 

secondary elements in terms of load distribution than general stiffer prestressed concrete 

bridge girders. For the finite element analysis in the elastic range, they found that 

diaphragms reduce the maximum girder moment by up to 13% (4% on average), barriers 

up to 32% (10% on average), sidewalks up to 35% (20% on average), combinations of 

barriers and sidewalks from 9% to 34%, combinations of barriers and diaphragms from 

11% to 25%, and combinations of barriers, sidewalks, and diaphragms from 17% to 

42%.  In general for the elastic finite element analysis case, neglecting barrier and 

diaphragms together lead to discrepancies ranging from 10% to 35%, while if we neglect 

barrier, sidewalk, and diaphragm then the discrepancies ranged from 25% to 55%. 

Finally, they concluded that in the elastic range, secondary elements affect the 

longitudinal and transverse position, and magnitude of maximum girder moment and can 

results in 10% to 40% decrease in girder distribution factor for typical cases. Similarly, 

for inelastic finite element analysis case, girder distribution factors can undergo an 

additional decrease of 5% to 20%. Moreover, they observed that ignoring the secondary 

elements affect can produce varying levels of reliability for the girder bridges designed 

as per LRFD Specifications (AASHTO 1998). 
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2.5.3.7 Khaloo and Mirzabozorg (2003)  

 

Khaloo and Mirzabozorg (2003) conducted a study to assess the effect of skew 

and internal diaphragms on the live load distribution characteristics of simply supported 

bridges consisting of five I-section concrete girders and confirmed that the Standard 

Specifications (AASHTO 1996) approach produces very conservative results when 

compared with the load distribution factors obtained by finite element analysis. The 

scope of their study was defined by the key parameters of girder spacings (1.8, 2.4, 2.7 

m), span lengths (25, 30, 35 m), skew angles (0, 30, 45, 60 degrees), and different 

arrangements and spacings of internal diaphragms. They considered three different 

arrangements for internal diaphragms: In the first system, there were no internal 

diaphragms considered, in the second system internal transverse diaphragms at one third 

of span length parallel to the supporting lines of the deck are considered, in the third 

system internal transverse diaphragms are considered to be perpendicular to the 

longitudinal girders with two different diaphragm spacing patterns followed (i.e. one 

spacing pattern followed the Standard Specifications (AASHTO 1996) and in the other 

diaphragm were considered to spaced at 5m center to center). All of their models 

contained two end diaphragms and the distance of the exterior girder from the edges of 

the deck was constant at 1m. The authors proposed some modifications in relations 

originally proposed by Khaleel and Itani (1990), for the load distribution factor 

calculations for decks with internal diaphragms perpendicular to the longitudinal girders. 

Those relations lower the conservatism in the load distribution factors provided by the 

Standard Specifications (AASHTO 1996). The authors concluded that the arrangement 

of internal diaphragms has a great effect on the load distribution pattern. They showed 

that even in bridges with zero skew without internal diaphragms, the load distribution 

factors of the aforementioned Standard Specifications are very conservative. And this 

difference between the Standard Specifications and finite element analysis increases 

with the increment in skew angle, especially in decks with internal diaphragms 

perpendicular to the longitudinal girders. 
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2.5.3.8 Barr et al. (2001) 

 

Barr et al. (2001) studied the effects of lifts (haunches), intermediate and end 

diaphragms, continuity, skew angle and load type (truck and lane) on the live load 

distribution in a continuous high-performance prestressed concrete girder bridge, 

designed by Washington Department of Transportation (WSDOT). The bridge had five 

W74MG girders and was skewed at 40o with three span lengths 24.4 m, 41.7 m and 24.4 

m. A finely meshed (6000 nodes) finite element model was evaluated with the results of 

field measurements of the bridge and the discrepancy in the maximum moments in each 

girder in the analytical model as compared to the actual field measurements was found to 

be within 6%, with the results by analytical model always on the conservative side. In 

their study, the difference between a rigorous finite element model, which most closely 

represented the actual bridge, and the LRFD Specifications (AASHTO 1998) was up to 

28%. While for the finite element model most similar to that considered in developing 

the LRFD live load distribution factor method (i.e. without lifts, diaphragms, and 

continuity), the LRFD Specifications (AASHTO 1998) distribution factors were only 6% 

higher which matches the 5% value anticipated by Zokaie et al. (1991). It was observed 

in their study that the presence of lifts and end diaphragms were the major factors to 

significantly reduce the distribution factor values. They concluded that in comparison to 

code values for distribution factor, the live load distribution factor by finite element 

method would, if used, either reduce the required concrete release strength by 6.9 MPa 

or could allow for increasing the live load by 39%.  

 

2.5.4 Effect of Various Parameters 

2.5.4.1 Effect of Edge Stiffening Elements 

 

Based on a limited sensitivity study Chen and Aswad (1996) found that exterior 

girder could carry more than 50% of parapet and/or noise wall loads and that the number 
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of girders was a dominant variable for the case of these loads. Eamon and Nowak (2002) 

found that barriers and sidewalks or their combinations are more effective for closely 

spaced girders and longer spans. They also found that steel girder bridges tend to benefit 

more from edge stiffening elements in terms of load distribution than generally stiffer 

prestressed concrete bridge girders. They observed that the addition of the edge-

stiffening elements tends to shift the location of maximum moment away from the edge 

and closer to the center girder and for bridges with longer spans and fewer girders, the 

edge-stiffening elements have least affect on the maximum moment position. Eamon and 

Nowak (2002) also found that barriers decrease all girders deflections but this decrease 

is more for exterior girders as compared to interior ones. Moreover, they noticed that the 

large shifts in the neutral axis upwards at the edges of the bridge are indicative of the 

effectiveness of the addition of sidewalk and barrier or their combination. They also 

found that edge stiffening element effect is dependant upon bridge geometry (i.e. span 

length, bridge width and girder spacing), stiffness of secondary elements relative to that 

of girders or deck slab, and sidewalk width. Kocsis (2004) made his point that wearing 

surface, being spread over almost the entire deck, can be distributed equally to all girders 

but for curbs, sidewalks, barriers, and railings, it would be expected that the girder 

nearest the load should take the largest portion of the load. 

 

2.5.4.2 Effect of Diaphragms 

 

Eamon and Nowak (2002) found that diaphragms tend to make the girder 

deflections uniform among interior and exterior girders and that the addition of stiffer 

midspan diaphragms shift the longitudinal position of maximum moment away from 

midspan closer to the second truck axle and that stiffer girders are not as much affected 

by this longitudinal shift as more flexible ones. They observed that diaphragms have a 

little effect on the shifting the neutral axis of the bridge superstructure. Khaloo and 

Mirzabozorg (2003) concluded that in order to achieve the maximum efficiency for the 

presence of internal diaphragms, they should be placed perpendicular to the longitudinal 
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girders, and the load distribution is negligibly affected by the spacing between internal 

diaphragms that are perpendicular to the longitudinal girders. As per findings of Barr et 

al. (2001), the end diaphragms affect the load distribution significantly in comparison to 

intermediate diaphragms. They found that at high skew angles (≥30o) the intermediate 

diaphragms were slightly beneficial, while introducing the end diaphragms decreased the 

distribution factors and this effect increased with increasing skew (e.g. for exterior 

girders, the decrease was up to 6% for zero skew to 23% for 60o skew angle). 

 

2.5.4.3 Effect of Skew Angle 

 

Khaloo and Mirzabozorg (2003) found the skew angle to be the most influential 

factor on the load distribution and the load distribution factor is always less in the case 

of skewed bridges as compared to those of no skew. They observed that comparing the 

results of finite element analysis with those of the Standard Specifications (AASHTO 

1996), the load distribution decreases by 24% and 26.5% for exterior and interior girders 

respectively, for a skew angle of 60o, but for skew angles less than 30o this reduction is 

insignificant (with the Standard Specifications always conservative). They further 

observed that for all the girders, the effect of skew angle on the load distribution factor 

decreases when span length increases. According to the findings of Barr et al. (2001), 

generally interior girders were more affected by skew than were exterior girders.  

 

2.5.4.4 Effect of Lifts 

 

According to Barr et al. (2001), the lift slightly increases the composite girder 

stiffness and at the same time, it significantly increases the transverse bending stiffness 

of the deck by adding to the effective depth of the deck slab. This change makes the live 

load distribution more uniform and a lower live load distribution factor due to increased 

transverse to longitudinal stiffness, especially at the higher skew angles. In their 
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investigation of the effects of lifts they found that the addition of lifts reduced the 

distribution factors by 17% for exterior girders and 11% for interior girders. 

 

2.5.4.5 Effect of Continuity 

 

Barr et al. (2001) found that in their model the exterior girders in a continuous 

span model faced higher distribution factors as compared to simply supported model and 

their findings complement the results by Zokaie et al. (1991). They further maintained 

that continuity decreased the distribution factor for a low skew angle and increased the 

distribution factor only for skews greater than 40o. 

 

2.5.4.6 Effect of Miscellaneous Other Parameters 

 

Barr et al. (2001) observed that the type of a particular loading does affect the 

distribution of load, as the lane load distribution factor was found by the to be 10% 

lower than the truck load distribution. They further referred to the findings of Stanton 

(1992) that the uniform loads are better distributed among adjacent members in precast 

concrete floors than are concentrated loads.  
 

2.6 DEBONDING OF PRESTRESSING STRANDS 

2.6.1 General Background 

 

The purpose of the partial debonding of the strands, also known as blanketing or 

jacketing, is to decrease the applied prestressing force to the end regions of the beam by 

preventing bond between some of the strands and the concrete. Debonding is used to 

control the excessive tensile stresses that occur in the top fibers of the end regions of the 
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beam due to large amount of prestressing force in the bottom flange, immediately after 

the transfer of prestress and before the application of externally applied loads. 

Debonding is an alternative to harping of strands where the stresses in the extreme fiber 

at the end regions are brought within allowable limits by varying the strand eccentricity 

at the ends of the beam. Harping of strands can be dangerous to workers, relatively 

expensive, and difficult to achieve, especially in the case of a beam with inclined webs 

such as Texas U-beams.  

The adequate anchorage of reinforcement is crucial to the integrity of all 

reinforced and prestressed concrete structures. The anchorage behavior of fully bonded 

strands can be significantly different than that of partially debonded strands. Based on 

past experimental research studies, the LRFD and the Standard Specifications 

(AASHTO 2004, 2002) and TxDOT  Bridge Design Manual (TxDOT 2001) have 

recommended different guidelines regarding debonding of strands.  

The Standard Specifications (AASHTO 2002) require doubling the development 

length when the strands are partially debonded. The LRFD Specifications, among other 

restrictions related to strand debonding, limit the debonding percentage of strands to 

40% per row and 25% per section. When these LRFD Specifications are compared to the 

limits of 75% per row per section in TxDOT Bridge Design Manual (TxDOT 2001), 

they can be very restrictive and can seriously limit the span capability. The reason for 

such a restrictive debonding percentages is stated in the LRFD C 5.11.4.3 as the 

reduction in shear capacity of a beam section due to reduction in horizontal prestressing 

force and increase in the requirement of development length when strands are debonded. 

 

2.6.2 Debonding Requirements 

 

The provisions of the Standard and LRFD Specifications (AASHTO 2002, 2004) 

and TxDOT Bridge Design Manual are discussed in the following. 
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2.6.2.1 Debonding Percentage Limit 

 

The Standard Specifications do not give any limit on the debonding percentage. 

The LRFD Specifications in Article 5.11.4.3 limit the debonding percentage of strands to 

40% per horizontal row and 25% per section. Debonding termination is allowed at any 

section, if and only if, it is done for less than 40% of the total debonded strands or 4 

strands, whichever is greater. The LRFD Specifications in Commentary 5.11.4.3, 

however, allow the consideration of successful past practices regarding debonding and 

further instruct to perform a thorough investigation of shear resistance of the sections in 

the debonded regions. The LRFD Specifications refer to the conclusions drawn in 

research by Shahawy et al. (1993) and Shahawy and Batchelor (1992) that shear 

resistance is primarily influenced by the anchored strength of the strands in the end 

zones of the prestressed concrete beams. The TxDOT Bridge Design Manual allows the 

debonding of strands as long as it satisfy the limit of 75% per row per section. 

 

2.6.2.2 Debonding Length 

 

The Standard Specifications do not specify any limit on the allowable debonding 

length of the debonded strands. The LRFD Specifications allow the strands to be 

debonded to any length as long as the total resistance developed at any section satisfies 

all the limit states. The TxDOT Bridge Design Manual specifies the maximum of 

debonding length as the lesser of the following: 

 

1. Half-span length minus the maximum development length as specified in 

the Standard Specifications (AASHTO 1996) Art. 9.28. 

2. 0.2 times the span length, or 

3. 15 ft. 
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2.6.2.3 Development Length for Debonded Strands 

 

The Standard Specifications in Art. 9.28.3 require the development length, 

calculated by the Eq. 2.21, to be doubled when tension at service load is allowed in the 

precompressed tensile zone for the region where one or more strands are debonded. The 
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The LRFD Specifications mention a general expression of development length in 

Art. 5.11.4.2 for bonded and debonded strands which is given as follows 

2
3d ps pe bl f f dκ ⎛ ⎞≥ −⎜ ⎟

⎝ ⎠
                (2.18) 

where: 

dl  = Development length, in. 
bd  = Strand diameter, in. 
κ  = 1.6 for bonded strands and 2.0 for debonded strands in cases where 

 tension exists in the precompressed tensile zones, ksi 
pef      = Effective prestress prior to the application of the load, ksi 

psf     = Average stress in prestressed strands at the time for which the nominal 
 resistance of the member is required, ksi  
 

2.6.2.4 Transfer Length 

 

The Standard Specifications recommend a transfer length of 0.5 bd , while the 

LRFD Specifications recommend a transfer length of 0.6 bd  in Art. 9.20.2.4 and Art. 

5.11.4.1, respectively.  
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2.6.3 Research on Debonding 

2.6.3.1 General 

 

Almost all the research studies, regarding the comparison of behavior of beams 

with debonded strands to those beams with fully bonded strands, also study the transfer 

and development length. In the following, only those results of various research studies 

are summarized which are related to the effect of debonding of strands in prestressed 

beams with special emphasis on the past researches that considered the effect of 

debonding on the shear capacity of the beam. 

 

2.6.3.2 Barnes, Burns and Kreger (1999) 

 

The objective of the research was to measure the development and transfer length 

for 0.6 in. diameter prestressing strands, placed with center to center spacing of 2 in. 

More specifically, this study was conducted to study the effect of concrete strength, 

surface conditions of the strands, and debonding of strands on the anchorage behavior of 

pretensioned concrete flexural members.  

 

A total of 36 AASHTO TYPE I (TxDOT Type A) I-beams were tested. These 

beams were designed to satisfy ACI 318-99 and the Standard Specifications (AASHTO 

1996) allowable stress limits and to represent the worst case behavior by achieving the 

ultimate strand elongation values of at least 3.5 percent. A cast-in-place deck slab was 

added to the beams to provide a large compressive top flange and its size was 

determined by strain compatibility analysis so as to ensure the total elongation of 3.5 

percent in the bottom row of strands at flexural failure. Beams of span lengths 40 ft. 

were used for fully bonded strands series and beams of span lengths of 54 ft. were used 

for debonded strands series. Concrete with final strength ranging from 5 to 15 ksi and 

initial strength ranging from 4 to 9 ksi was used in the beams. Strands were debonded 
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with percentages of 50%, 60% and 75%. The debonding patterns were selected with a 

purpose of violating several of the LRFD Art. 5.11.4.3 (AASHTO 1998). For example, 

all the specimens were debonded with percentages exceeding 25% per section and 40% 

per row limit, in a few specimens the debonded strands were not symmetrically 

distributed, and in several specimens the exterior strands in horizontal rows were 

debonded. The shear reinforcement was provided on the basis of conservative estimate 

of expected shear force which was in excess of TxDOT standard design practice for 

AASHTO Type I beams. The shear reinforcement provided satisfied the provisions of 

the LRFD and the Standard Specifications (1998, 1996).  

The results of experiments, performed to evaluate the strand transfer length, 

showed that the use of staggered debonding of strands can effectively reduce the 

intensity of concrete stresses in the end regions of beams. The experiments, performed to 

evaluate the development length required to prevent the general bond slip failure, 

showed that development length shows an increasing trend with increasing number of 

debonded strands and the debonding length. The location of the transfer length in 

relation to the load effects is influenced by the debonded length of the strands. 

Moreover, the cracking resistance of each transfer length region was determined by the 

amount and configuration of debonding. It was observed by the researchers that the 

presence and opening of a crack within or closer to the transfer length of strands than 

approximately 20db initiated the general bond slip in every group of strands in the 

debonded specimens. When the cracks are prevented to occur within the transfer length 

or adjacent to the transfer length and the strands are embedded for a length greater than 

or equal to the development length of fully bonded strands, no general bond slip should 

occur and this observation is true for the cases where 75% of strands were debonded. 

The researchers concluded, “Up to 75% of strands may be debonded as long as cracking 

is prevented in or near the transfer length and the ACI and the AASHTO (1998) rules for 

terminating the tensile reinforcement are applied to the bonded length of prestressing 

strands”. 
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All the specimen failed in pure flexural, flexural with slip and bond failure 

mechanisms. The influence of horizontal web reinforcement was explored to a very 

limited extent as a part of this study. Where present, the horizontal web reinforcement 

slightly improved the performance and reduced the crack width. The authors concluded 

that due to the presence of excess shear reinforcement, the specimens could not exhibit 

premature shear failure due to loss of bond and the horizontal reinforcement did not get a 

chance to yield significant improvements in strength. 

 

2.6.3.3 Shahawy et al. (1993) 

 

The main objective of this study was to develop design formulas for transfer and 

development length. However, it was intended to establish the shear design criteria so 

that optimal use of web shear reinforcement and debonding of strands can be assured for 

prestressed concrete beams. Moreover, it was also intended to study the effects of 

debonding of prestressing strands on the shear strength of beams, to evaluate the effect 

of prestressed compressive action on the overall behavior of the beams and to determine 

the minimum fatigue load below which fatigue need not be considered. 

The experimental program was performed with 33 AASHTO Type II prestressed 

concrete girders. The primary variables considered for the scope of this study were 

debonding percentage, web shear reinforcement ratio, beam end details and size of the 

strands. The initial length, initial ultimate flexural strength, initial concrete compressive 

strength at transfer and 28 day final concrete compressive strength of all the girders was 

constant at 41 ft., 2100 kip-ft., 4 ksi, and 6 ksi respectively. This study considered 270 

ksi, low relaxation strands with diameters of 0.5 in. and 0.5 in. special with maximum 

debonding length of 5.5 ft., and strands with 0.6 in. diameters with maximum debonding 

length of 4.5 ft. The choice of debonding percentages was limited to zero, 25% or 50%. 

The amount of shear reinforcement varied from minimum shear reinforcement required 

to the three times of what is required by the Standard Specifications (AASHTO 1992) 
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for the design dead and live loads. The results of the part of the study related to the 

debonding of strands were also published in PCI Journal (Shahawy et al. 1992). 

All the girders tested in this program, failed beyond their ultimate design 

moment, Mu, and ultimate shear, Vu, with the exception of the girders that were under-

designed for shear (ranging from zero to half of the nominal shear capacity required by 

the AASHTO Standard Specifications, 1992). The researchers did not make any 

recommendation regarding the limits for critical percentage of debonding. Only four of 

the specimens with strand diameter of 0.6 in., that have 25 percent and 50 percent 

debonded strands, and where the nominal shear reinforcement was provided as per the 

Standard Specifications (AASHTO 1992) underwent shear and bond failure. 

 

2.6.3.4 Abdalla, Ramirez and Lee (1993) 

 

The main objective of this experimental research was to study and compare the 

flexural and shear behavior of simply supported pretensioned beams with debonded and 

fully bonded strands. Adequacy of strand anchorage, and ACI (1989) and AASHTO 

(1992) provisions regarding development length of prestressing strands were also 

investigated.  

Five specimen sets consisting of two beams each, one beam with strands 

debonded and other one with fully bonded strands, were tested to failure under a single 

monotonic concentrated load.  Four specimen sets consisted of AASHTO Type I girders 

and one of the specimen consisted of Indiana State Type box girders. All the beams were 

casted with a deck slab on top. Except for one of the beam specimen set, which had the 

span length of 24 ft., all the beams had 17.5 ft. span. This experiment considered both 

stress-relieved and low relaxation Grade 270, uncoated seven-wire 0.5 in. diameter 

strands. The final and initial concrete compressive strength for the beam was 6000 and 

4000 psi, respectively. Non-prestressed reinforcement, used in the beams and deck slab, 

consisted of standard deformed Grade 60 #6 bars, while the stirrup reinforcement 

consisted of deformed Grade 60 #3 double legged bars spaced at 4 in. center to center. 
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All the debonding scheme was symmetrical with exterior strand on each side of every 

specimen always debonded except for the box beam. Debonding percentages were either 

50% or 67% and it was ensured that debonded strands lie in a region where shear failure 

was likely to occur. It is also mentioned that all the beams were designed to ensure that 

shear failure would not occur. Therefore, none of the beams reached the predicted shear 

capacity.  

It was concluded that based on ACI/AASHTO debonding of strands reduces the 

flexure-shear cracking capacity of the pretentioned beams when compared with those 

beams with fully bonded strands only. Though the failure loads were lower in the beams 

with debonded strands as compared to failure loads of beams with fully bonded strands, 

yet the deflections were relatively larger in the beams with debonded strands. Moreover, 

it was observed that flexure-shear cracking occurred at the debonding points. The 

researchers concluded that by increasing the debonding percentage, the degree of 

conservatism reduced, so the recommendation was made to limit the debonding to 67%  

of the strands in a section while the limit on debonding percentage of strands in a row 

was not considered necessary and staggering of the debonding was recommended to 

reduce the stress concentration. 

 

2.6.3.5 Bruce W. Russell and Ned H. Burns (1993) 

 

This research project has two specific objectives: 1) to determine the transfer 

length and the development length of both 0.5 in. and 0.6 in. prestressing strands and 2) 

to develop design guidelines for the use of debonded strands in pretensioned concrete. 

Altogether, 10 tests were performed on 6 specimens. Each beam contained eight 

0.5 in. strands four of which were debonded. Four beams were 40 ft. in length with the 

debonded length equal to 78 in. The other two beams were 27 ft.–6 in. in length with a 

debonded length equal to 36 in.  All of the beams possessed identical cross sections 

similar to AASHTO I-beams. Shear reinforcement was spaced at 6 in. for all specimens 

without any variation. No special confining steel or anchorage details were provided on 
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the debonded strands. Debonding of strands was symmetrically distributed in the cross 

section with debonding percentages of 50% or lesser when the strand cut off was 

staggered. 

The variables considered in the study were 1) the length of debonding as either 

36 in. or 78 in., 2) type of debonding cutoff as either staggered or concurrent, and 3) 

embedment length as either 84 in. or 150 in. Debonded lengths were selected in order to 

test embedment lengths between 1.0 and 2.0 times the basic development length given in 

AASHTO equation 9-32. The embedment lengths were chosen for each test so that the 

results from the complete test series would span the probable failure modes. It is 

noteworthy that percentage of debonding and shear reinforcement is not considered as a 

variable. 

In all the tests it was clearly shown that cracking was the primary source of bond 

or anchorage failure, not vice versa. The entire test program was aimed at validating the 

prediction model which states, “If cracks propagate through the anchorage zone of a 

strand, or immediately next to the transfer zone, then failure of the strand anchorage is 

imminent”. This prediction model successfully corroborated test results for pretensioned 

beams with debonded strands as well as beams where all of the strands are fully bonded 

to the end of the member. Some exceptions to this model have been noticed, where the 

strands have slipped very small distances prior to flexural failure, without anchorage 

failure. The tests have shown that beams with staggered debonding performed better 

than beams with concurrent debonding.  

The recommendations related to debonded strands are summarized here. 

Debonded strands should be staggered. Termination points should be evenly distributed 

throughout the debond/transfer zone. Debonding should be terminated as gravity 

moments reduce stresses from pretensioning to within the allowable stresses. No more 

than 33% of the strands should be debonded and at least 6% of the total prestressing 

force should be included in the top flange of the pretensioned beam. It was found that by 

using two top strands into the design of pretensioned girders, the number and the length 

of debonded strands can be significantly reduced. It was concluded that the flexural and 
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web-shear cracking in the transfer zone region caused the slip of debonded strands and 

consequently, the bond failure. Whereas, the bond failure did not take place where there 

was no crack in the debond/transfer zone region. 

 

2.6.3.6 D. Krishnamurthy (1971) 

 

The primary objective of this study was to investigate the effect of debonding of 

strands on the shear behavior of pretensioned concrete I-beams. All the beams were 2.9 

meters long with effective span length (i.e. the distance between the supports) of 2.75 

meters and loaded with two point loading and had constant shear span of 0.5 meters. The 

debonding length was also constant at 0.6 meters. Moreover, prestressing force at the 

mid-section of beams, shear span to depth ratio and the concrete strength were kept 

constant for all the specimens. 

All the beams tested failed in shear with a diagonal crack developing in the shear 

span region and the failure was quite sudden without any warning. It was observed that 

shear resistance of the section increased by increasing the number of debonded strands in 

the upper flange and it decreased when the number of debonded strands was increased in 

the bottom flange of the beam. Debonding percentages used in different specimens were 

selected to as 25%, 50% per row and 12.5%, 25%, 37.5%, 50% per section. In all the 

beams where debonding of strands was employed, the diagonal crack initiated at the 

support and extended to quite near the load point and the horizontal distance between the 

support and the load point is the shear span. No recommendation was made for the 

allowable debonding percentages. 
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2.6.3.7 Summary 

 

Krishnamurthy (1971) observed that shear resistance of the section increased by 

increasing the number of debonded strands in the upper flange and it decreased when the 

number of debonded strands was increased in the bottom flange of the beam. All the 

aforementioned studies in this section recommended the use of staggered debonded 

strand pattern and confirmed the fact that the beam can fail due to loss of anchorage, 

before reaching its ultimate capacities, if the cracks propagate through the transfer length 

region. Abadalla et al. (1993) recommended to debond the strands to no more than 67%, 

while Barnes et al. (1999) recommended 75% of strands can be debonded provided the 

cracks are prevented to propagate through the transfer length region and the AASHTO 

(1998) rules for terminating the tensile reinforcement are followed. The study by 

Shahawy et al. (1993) showed that some beam specimens, where strand debonding was 

done, did fail in shear. 

Based on input from TxDOT engineers, it became evident that the TxDOT 

Bridge Design Manual (TxDOT 2001) limits of maximum percentage of debonded 

strands and maximum debonded length were developed by Leroy Crawford and Mary 

Rou Ralls, when box beams were being added to PSTRS14. 

 

2.7 REFINED ANALYSIS  

2.7.1 General 

 

Bridge superstructure analysis is the fundamental step in the design process of 

any bridge structure. Generally, a bridge superstructure is structurally continuous in two 

dimensions of the plane of the deck slab and the resulting distribution of the applied load 

into shear, flexural and torsional stresses in two dimensions is considerably more 

complex as compared to those in one-dimensional continuous beams. A close form 
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solution of the mathematical model, that describes the structural behavior of a bridge 

superstructure, is seldom possible. Several approximate methods of analysis have 

evolved. Depending upon the objectives of analysis, several simplified or refined 

analysis procedures such as grillage analogy, finite strip, orthotropic plate, folded plate, 

finite difference, finite element, and series or harmonic methods have been used to 

analyze the bridge superstructures subjected to various loading conditions. The LRFD 

Specifications (AASHTO 2004) explicitly allow the use of aforementioned analysis 

methods and all those methods which satisfy the requirements of equilibrium, and 

compatibility, and utilize constitutive relationships for the structural materials.  

Transverse distribution of the vehicular live load to individual bridge girders has 

been studied for many years. The AASHTO LRFD Specifications provide simplified 

live load distribution factor formulas, which were developed by Zokaie et al. (1991) 

based on more detailed analysis methods such as grillage analogy and finite element 

method. Puckett (2001) analyzed all of the 352 bridges in the original bridge database, 

used by Zokaie et al. (1991), by finite strip method and validated the accuracy of these 

formulas for interior beams. Several other research endeavors have independently 

studied the validity and accuracy of the AASHTO LRFD simplified live load 

distribution factor formulas and in general, all of them have used either finite element 

method or grillage analogy method towards that objective. In this section, the application 

of grillage analogy and finite element method are reviewed in the context of lateral 

distribution of vehicular live loads. 

 

2.7.2 Grillage Analogy Method 

 

Before the advent of finite element analysis method, perhaps, the grillage 

analogy method has been the most popular method for bridge deck analysis because it is 

easily comprehensible, computationally efficient and produces reliably accurate results. 

According to Hambly and Pennells (1975) and Hambly (1991), the grillage analogy 

method has been applied to several types of slab bridges (e.g. composite voided and 
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composite solid, solid and voided), slab-on-girder and box girder bridges (e.g. twin cell, 

multiple cell with vertical and sloping webs, spread box), and moreover, skew, 

curvature, continuity, edge stiffening, deep haunches over supports, isolated supports 

and varying section properties can also be modeled without difficulty (Hambly and 

Pennells 1975, Jaeger and Bakht 1982).  

The grillage analogy is a simplified analysis procedure in which the bridge 

superstructure system is represented by transverse and longitudinal grid members and 

the longitudinal and transverse force systems interact at the nodal points.  The bending 

and torsional stiffness characteristics of the bridge superstructure are distributed 

uniformly among the grillage members. The longitudinal stiffnesses are distributed to 

the members in longitudinal direction and transverse stiffnesses are distributed to the 

members in the transverse direction. Hambly (1991) puts the fundamental principle of 

grillage analogy method very concisely as: 

 

Ideally the beam stiffnesses should be such that when prototype slab [bridge] and 

equivalent grillage are subjected to identical loads, the two structures should 

deflect identically and the moments, shear forces and torsions in any grillage 

beam should equal the resultants of stresses on the cross-section of the part of the 

slab [bridge] the beam represents. 

 

The closeness of the response of analytical grillage model to that of actual 

structure depends upon the degree of appreciation of the structural behavior exercised by 

the design engineer. Although there are no fixed rules to determine the appropriate 

arrangement and cross sectional properties, and support conditions of the grillage 

members, yet based on the past experience, successful implementation and engineering 

judgment many researchers have given valuable guidelines for the application of grillage 

analogy method to different bridge types. Among those Hambly (1991), Bakht and 

Jaeger (1985), O’Brien and Keogh (1999), Cusens and Pama (1975), Hambly and 

Pennells (1975), Cheung et al. (1982), Jaeger and Bakht (1982) and Zokaie et al. (1991) 
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are worth mentioning. More recently, Song et al. (2003), Schwarz et al. (2001), and 

Aswad (1994) successfully used grillage analogy method for analysis of prestressed 

concrete girder bridges. In particular, Schwarz et al. (2001) has compared the response 

results from grillage analogy model to those of experimental evaluation of a number of 

bridges and concluded that the numerical grillage model prediction of transverse 

distribution of live loads closely agree with those of experimentally measured results of 

actual bridges. 

Generally, a cellular bridge deck is continuous in three dimensions and is 

characterized by smooth progression of the stresses along the length, breadth and 

thickness of the entire superstructure. On the contrary, the stresses in the grillage tend to 

change abruptly and are centered on the nodal locations as is shown in Figure 2.3. A 

particular response force systems develops in a box girder bridge under the action of 

applied loads. This force system, as shown in Figure 2.4, includes (b) longitudinal 

bending stresses and longitudinal bending shear flow, (c) transverse bending stresses, (d) 

torsional stresses and (e) distortional action due to interaction of torsion and transverse 

shear. Grillage modeling of a cellular bridge decks can be done by shear flexible 

grillage. In shear flexible grillage the transverse members are given a reduced shear area, 

so that they can experience a shear distortion equal to the actual transverse distortion of 

the cells in the bridge deck. It is very crucial to incorporate the effects of shear lag, 

actual position of neutral axis, equivalent shear area, and bending and torsional 

stiffnesses. Due to high level of interaction between bending and torsion at the skew 

supports, the torsional stiffness should be carefully calculated. Eby et al. (1973) discuss 

comprehensively, various theoretical and approximate approaches to evaluate the St. 

Venant’s torsional stiffness constant for the non-circular cross sections. The poisson 

effect is not so significant and is generally neglected in a grillage analysis but it can be 

included when desired (Jaeger and Bakht 1982). These guidelines and the grillage 

modeling approach followed in this research study are covered in detail in Section 5.  
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Figure 2.3  Grillage Bending Moment Diagram for Longitudinal Member (Hambly 

and Pennells 1975). 
 

 

Zokaie et al. (1991) summarized the advantages of grillage analogy method in 

comparison to other simplified methods of analysis in their final comment as: 

 

Also grillage analysis presents a good alternative to other simplified bridge deck 

analysis methods, and will generally produce more accurate results. Grillage 

analogy may be used to model most common bridge types and each bridge type 

requires special modeling techniques. Guidelines for modeling these bridge types 

along with sample problems illustrating their application are given in Appendix 

G. A major advantage of plane grid analysis is that shear and moment values for 

girders are directly obtained and integration of stresses is not needed. Loads 

normally need to be applied at nodal points, and it is recommended that simple 

beam distribution be used to distribute wheel loads to individual nodes. If the 

model is generated according to Appendix G recommendations and the loads are 

placed in their correct locations, the results will be close to those of detailed 

finite element analysis. 
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Figure 2.4  Principle Modes of Deformation (a)Total, (b) Longitudinal Bending, (c) 

Transverse Bending, (d) Torsion, (e) Distortion (Hambly 1991). 
 

2.7.3 Finite Element Analysis 

 

Finite element method (FEM) is the most versatile analysis technique available at 

present in which a complicated structure is analyzed by dividing the continuum into a 

number of small finite elements, which are connected at discrete nodal joints. This 

method of analysis is relatively computationally expensive, requires greater analysis 

time, and modeling and post processing of output data is often times very cumbersome. 

Adequate theoretical and working knowledge of FEM and classical structural mechanics 

is a pre-requisite for any sound finite element analysis. Finite element analysis has been 

used in many research studies to evaluate the live load distribution characteristics of all 

types of bridge superstructures. Zokaie et al. (1991), Schwarz et al. (2001), Barr et al. 

(2001), Khaloo and Mirzabozorg (2003), Chen and Aswad (1996), and Eamon and 

Nowak (2002) have evaluated the load distribution characteristics of prestressed I-girder 

bridge superstructures. Song et al. (2004) have used FEM to calibrate the grillage 

analogy model. Chen et al. (1996) has applied FEM to analyze the spread box girder 
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bridges. While Zokaie et al. (1991) has analyzed multicellular and spread box girder 

bridges with FEM. General guidelines for the application of FEM to the analysis of 

bridge superstructures have been recommended by the LRFD Specifications (AASHTO 

2004) and several research studies in the past. Those guidelines and other relevant 

information is summarized in the following paragraphs. 

 

2.7.3.1 Type of Analysis 

 

Almost all the research studies analyzed the prestressed bridge superstructures by 

linear and elastic analysis (i.e. small deflection theory and elastic and homogeneous 

material). Eamon and Nowak (2002) applied the FEM to analyze the structure in both 

elastic and inelastic range.  

 

2.7.3.2 Element Aspect Ratio 

 

The LRFD Specification allow the maximum aspect ratio of 5.0 for finite 

element analysis. Chen et al. (1996) and Barr et al. (2001) have maintained the ratio of 

length to width of shell elements at 2 or lesser.  

 

2.7.3.3 Mesh Refinement 

 

Eamon and Nowak (2002) have used a simplified and a detailed FEM model in 

their study.  The simplified model contained 2,900 to 9,300 nodes, 1,700 to 6,200 

elements, and 8,500 to 30,000 degrees of freedom. While the detailed FEM model 

contained 20,000 to 39,000 nodes, 12,000 to 22,000 elements, and 62,000 to 120,000 

degrees of freedom. Barr et al. (2001) used 6,000 nodes to model the deck slab and the 

entire model comprised of 12,000 nodes. It is of particular interest that Eamon and 
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Nowak (2002) had a finer mesh at the midspan region as compared to the quarter or end 

span regions. 

 

2.7.3.4 Selection of Element Type 

 

Plate or Shell Elements 

Zokaie et al. (1991) has used eight node quadrilateral plate elements, with four 

integration points to model the spread box prestressed girder bridges. They further 

recommended for the plate elements to have at least five degrees of freedom (DOF) per 

node (i.e. 3 displacements and two in-plane bending rotations). The quadratic element 

shape functions were used to accurately model the parabolic variation of the shear 

stressed in the girder web. According to O’Brien and Keogh (1999), the transverse 

distortional behavior that makes cellular bridge decks different from other forms and this 

distortional behavior is affected by deck depth, the stiffness of individual webs and 

flanges (i.e. slenderness ratio) and the extent of transverse bracing (i.e. diaphragms) to 

the cells. They further assert that the use of the plate element will not only allow 

modeling the distortional action, but also it takes into account the varying neutral axis 

depth (if not properly accounted for, neutral axis depth varies when bridge girders are 

modeled with beam finite elements or in the grillage analogy model).  

Hambly (1991) recommends that a three dimensional plate model of a cellular 

bridge deck must have six DOF at each node (i.e. 3 displacements, 2 in-plane bending 

rotations, and 1 out-of-plane bending rotations). A comment of particular interest in 

relation to the use of plate elements made by Hambly (1991) is. 

 

At every intersection of plates lying in different planes there is an interaction 

between the in-plane forces of one plate and the out-of-plane forces of the other, 

and vice versa. For this reason it is essential to use finite element which can 

distort under plane stress as well as plate bending. 
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Barr et al. (2001) use shell element to model the deck slab, diaphragms and the 

haunch. Chen and Aswad (1996) use the shell element to model the deck slab. Khaloo 

and Mirzabozorg (2003) use 4 noded shell element with 6 DOF per node. 

 

Beam Elements 

A beam element is a typical 3D line element with six DOF per node. Beam 

elements are used to model diaphragms, bridge girders (such as I-sections or box 

sections), and rigid links (used to model the eccentricity of girder centroid to deck slab 

centroid). Eamon and Nowak (2002) and Khaloo and Mirzobozorg (2003) have used 

beam elements to model girder and diaphragms in their simplified finite element model. 

Chen and Aswad (1996), Zokaie et al (1991) and Barr et al. (2001) used beam elements 

to model the bridge girders and rigid links.  

 

Solid Elements  

Hambly (1991) notes that solid elements are seldom used to model the bridge 

decks because generally these structures correspond to the thin plate behavior. Eamon 

and Nowak (2002) demonstrated successful implementation of a eight node hexahedron 

solid element, with three DOF (i.e. 3 displacements) at each node, to model a prestressed 

I girder bridge. These solid elements were used to model the deck slab, and girder webs 

and flanges in their detailed finite element model. It is also worth noting that the mesh 

density was finer than that used on their simplified model.  

 

2.7.3.5 Relative Mutual Eccentricity of Beam and Deck Slab 

 

The LRFD Specifications (AASHTO 2004) recommend maintaining the relative 

vertical distances between the elements representing beam and slab of the actual bridge. 

The LRFD Specifications also allow to place the longitudinal or transverse beam 

elements at the mid-thickness of plate elements, only when the equivalent element 

properties account for the eccentricity. Eamon and Nowak (2002) have demonstrated 
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that using the equivalent element properties method to account for the girder slab 

eccentricity also yields acceptable results. Chen and Aswad (1996), Barr et al. (2001), 

Zokaie (2000) and Khaloo and Mirzabozorg (2003) have represented the eccentricity by 

using rigid link elements (beam elements with very high stiffness). 

 

2.7.3.6 Post-Processing of Results 

 

The finite element methods almost always outputs results in the form of stresses 

at the integration points. Zokaie et al. (1991) caution about any program showing the 

stresses at the nodes because those stresses at the nodal locations are produced by some 

form of extrapolation and that the extrapolated results can be unreliable and the results 

should only be used with extreme care. They recommend that the stress output at the 

integration points should be integrated over the plate width to obtain the force results. 

Further details of calculating the bending moment and shear forces for a bridge girder 

can be found in their report. Chen and Aswad (1996) discuss a simplified method to 

calculate the composite girder moments by using the moment formula from simple beam 

theory as given below in Eq. 2.19. 

c bc bM S f=                  (2.19) 

where: 

 cM  = Composite Girder Moment, k-ft. 
 bcS  = Composite section modulus at the bottom fiber, in.3 

 bf  = Stress at the centerline of the bottom girder flange, ksi 
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3. DESCRIPTION OF PARAMETRIC STUDY AND ANALYSIS 

PROCEDURES 

 

3.1 GENERAL 

 

A parametric study was conducted as a part of this research project to evaluate 

the impact of the LRFD Specifications (AASHTO 2004) on the design of typical Texas 

bridges. The main objective of the parametric study was to carry out the design process 

according to the LRFD and Standard Specifications and compare their results with 

respect to the effects of various combinations of span length, girder spacing, strand 

diameter, and skew angle. The primary focus of the study was to evaluate the service and 

ultimate strength limit states. While the ultimate limit state is evaluated for both shear 

and flexure, the service limit state is evaluated for flexure and deflection. In general, all 

the limits states and load combinations are considered applicable to the design of typical 

bridge structures in the state of Texas as prescribed by both specifications. The exception 

is the extreme event limit state in the LRFD Specifications, because extreme events like 

ice pressure do not occur in Texas, TxDOT does not design for earthquakes, and stream 

current rarely controls the design (TxDOT 2001). Moreover, wind load or loads due to 

vehicle collision were not considered in this study. The subtasks that were performed for 

the parametric study are as follows. 

1. Develop a MatLAB program to automate the iterative analysis and design 

process. 

2. To ensure that the entire design process is error free, the spreadsheet 

solution is verified against the hand calculated detailed design examples 

and the TxDOT design software PSTRS14 (TxDOT 2004). 

3. Define the analysis and design assumptions. 

4. Define the design variables for the parametric study. 
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5. Perform the parametric study for the entire range and different 

combinations of the aforementioned design variables. 

6. Compile the results in graphical and tabular format so that designs using 

the LRFD and Standard Specifications can be compared. 

This section describes the typical bridge geometry and girder cross-section 

considered, design variables and design parameters, analysis and design assumptions and 

methodology, and the detailed design examples.  

 

3.2 BRIDGE GEOMETRY AND GIRDER SECTION 

 

A typical bridge cross-section is shown in Figure 3.1. The scope of this study is 

restricted to precast, prestressed Texas U54 beam bridges as the longitudinal structural 

members. A T501 traffic barrier is used as recommended in the Standard Drawings 

prepared by the TxDOT Bridge Design Manual (TxDOT 2001). Although the actual 

bottom width of a T501 rail is 1 ft. 5 in., the nominal face of the rail is selected to be 1 ft. 

per TxDOT’s recommendation. The asphalt wearing surface is considered to be 1.5 in. 

thick. 

T501 
Barrier

Texas U54 Beam

3 Spaces @ 11'-6" c/c = 34'-6"5'-9" 5'-9"

1'-5" 8"

Prestressed Precast 
Concrete Panels 5'-11.5"x4"

Prestressed Precast 
Concrete Panels 4'-4"x4"

Total Bridge Width = 46'-0"

1'-0" (from the nominal face of the barrier)

Total Roadway Width = 44'-0"
de = 2'-0.75"

 
Figure 3.1  Typical Girder Bridge Cross Section. 

 

The development of the precast, prestressed Texas U beam, which is an open-top 

trapezoidal section, began in the late 1980s (Ralls 1993). The main purpose of 
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developing U beams was not to replace the widely used AASHTO Type IV and Texas 

Type C beams, but, rather to provide an aesthetically pleasing, efficient cross-section that 

is economically more viable with ease of construction (TxDOT 2001).  Two U beam 

sections, U40 and U54, were developed for use as prestressed concrete bridge girders, 

where 40 and 54 signify the non-composite depth in inches of the two girders 

respectively. Figure 3.2 shows the U54 beam cross-section and a pre-determined pattern 

for the arrangement of strands. The major section dimensions are outlined in Table 3.1. 

According to Appendix A in the TxDOT Bridge Design Manual (TxDOT 2001), for a 

normal strength concrete, 0.5 in. strand diameter, and miscellaneous other design 

constraints as mentioned in the manual, a maximum span length of 130 ft. is achievable 

for a maximum girder spacing of 9.75 ft. for Texas U54 beam bridges. 

C
F

G

H
D

E

KJ 55"

211
2"

251
4"85

8"

153
4"

13
4"

7
8"

57
8"

5"

81
4"

1.97"26 spa. at 1.97"1.97"

Beam 
Center-Line

  2.17"

10 spa. at 1.97"

 
Figure 3.2  Typical Section Geometry and Strand Pattern of Texas U54 Beam 

(Adapted from TxDOT 2001). 
 
 

Table 3.1  Section Properties of Texas U54 Beams (Adapted from TxDOT 2001) 

C D E F G H J K Yt Yb Area I Weight

in. in. in. in. in. in. in. in. in. in. in.2 in.4 plf 

96 54 47.25 64.5 30.5 24.125 11.875 20.5 31.58 22.36 1120 403,020 1,167
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3.3 DESIGN PARAMETERS 

 

The selected design variables for the overall parametric study of Texas U54 beam 

bridges are shown in Table 3.2. Various design parameters that were kept constant for a 

particular specification are outlined in Table 3.3. The values of relative humidity and 

asphalt wearing surface thickness are based on suggestions from TxDOT engineers and 

are considered to be appropriate for the state of Texas. 

 

Table 3.2  Proposed Parameters for Parametric Study 
Parameter Description / Selected Values 

Design Codes AASHTO Standard Specifications, 17th Edition (2002) 
AASHTO LRFD Specifications, 3rd Edition (2004) 

Girder Spacing (ft.) 8'-6'', 10'-0'', 11'-6'', 14'-0'' and 16'-8'' 

Spans 90 ft. to maximum span at 10 ft. intervals 

Strand Diameter (in.) 0.5 and 0.6 

Concrete Strength at 
Release, f 'ci 

varied from 4000 to 6750 psi for design with optimum number 
of strands 

Concrete Strength at 
Service, f 'c 

varied from 5000 to 8500 psi for design with optimum number 
of strands 
(f 'c may be increased up to 8750 psi for optimization on longer 
spans) 

Skew Angle 
(degrees) 0, 15, 30 and 60 

Total Bridge Width For 10 ft. and 14 ft. spacings: 42 ft. 
For 8.5 ft., 11.5 ft., 16.67 ft. spacings: 46 ft. 

Humidity 60% 
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Table 3.3  Additional Design Parameters 
Category Description Proposed Value 

Ultimate Tensile Strength, puf  270 ksi – low relaxation 
Yield Strength, pyf   0.9 puf  
Stress limit before transfer, pif  0.75pi puf f≥  
Stress limit at service, pef   0.8pe pyf f≥  (LRFD) 

Prestressing 
Strands 
 

Modulus of Elasticity, pE  28500 ksi (LRFD) 
28000 ksi (Standard) 

Unit weight, cw  150 pcf Concrete-Precast 
Modulus of Elasticity, pcE  1.533 c cw f ′  ( cf ′precast) 
Slab Thickness, st  8 in. 
Unit weight, cw  150 pcf 
Modulus of Elasticity, cipE  33 wc

1.5 
cf '   ( cf ′  CIP Deck Slab) 

Concrete-CIP 
Deck Slab 

Specified Compressive 
Strength, cf ′  

4000 psi 

Relative Humidity 60% Other 
 
 

Non-Composite Dead Loads 

1.5 in. asphalt wearing surface  
( )140 pcfwsw =  
Two interior diaphragms of 3 kips 
each, located at 10 ft. on either side 
of the beam midspan 

Composite Dead Loads T501 type rails (326 plf)  

Debonding Length & 
Percentage 

L ≤100 ft.: the lesser of 0.2 L or 15 
ft. 
100 ft. < L <120 ft.: 0.15 L 
L  ≥ 120 ft.: 18 ft. 
No more than 75% of strands 
debonded per row per section 

 

Span lengths, as given in Table 3.2, are considered to be the distances between 

faces of the abutment backwalls or center-lines of the interior bents. Overall beam length 

is the actual end to end length of the beam, which is calculated by subtracting 6 in. from 

the total span length. Design span length is the center-to-center distance between 

between the bridge bearing pads which is calculated by subtracting 19 in. from the total 

span length. Beam end details are shown in the Figure 3.3. 
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Figure 3.3  Beam End Detail for Texas U54 Beams (TxDOT 2001).  

 

3.4 DETAILED DESIGN EXAMPLES 

 

Two detailed design examples were developed to illustrate the application of the 

AASHTO Standard Specifications for Highway Bridges, 17th edition (2002) and AASHTO 

LRFD Bridge Design Specifications, 3rd edition (2004), for typical precast, pretensioned 

Texas U54 beam bridges. The purpose of these design examples is to show the 

differences in the two design specifications and to enable a more thorough comparison of 

LRFD versus Standard designs. Moreover, these detailed design examples are intended 

to serve as a reference guide for bridge design engineers to assist them in transitioning 

from the AASHTO Standard Specifications to the AASHTO LRFD Specifications. 

Complete detailed design examples are given in Appendix B. 

The detailed design examples developed follow the same procedures for load and 

response calculations, prestress loss calculations, and limit state design as described in 

this section. Based on TxDOT’s feedback, the following parameters were decided upon 

for these detailed design examples: span length = 110 ft., girder spacing = 11 ft. 6 in., 

strand diameter = 0.5 in., deck thickness = 8 in., wearing surface thickness = 1.5 in., 
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skew = 0ο and relative humidity = 60 %. The cross section of the bridge used to develop 

detailed design examples is shown in Fig 3.1. 

3.5 VERIFICATION OF DESIGN APPROACH 

 

Spreadsheets and MatLAB programs were developed for automating the entire 

design procedure, and thus, the parametric study. The verification of design approach 

was an essential step to ensure its accuracy and that the design and analysis approach 

results are consistent with TxDOT’s standard practices. For this purpose, the results of 

two case studies for the spreadsheet solution, with all the parameters consistent with 

those of detailed design examples, were compared with those of TxDOT’s design 

software, PSTRS14 (TxDOT 2004). In general, for all the design variables (except for 

shear and camber), the difference in results was very insignificant (between 0 to 3.9 

percent). This check confirms the consistency between PSTRS14 (TxDOT 2004), and 

the parametric study results generated by the MatLAB program developed for this study.  

For the service limit state design, the MatLAB results of the detailed design 

example matches those of PSTRS14 with very insignificant differences. In Table 3.4, a 

difference up to 5.9 percent can be noticed for the top and bottom fiber stress calculation 

at transfer. This is due to the difference in the top fiber section modulus values and the 

number of debonded strands in the end zone, respectively. Large differences in the 

camber calculations are observed, which may be due to the fact that PSTRS14 uses a 

single step hyperbolic functions method, whereas, a multi step approach is used in the 

detailed design example and parametric study.  In Table 3.5, a difference of 26 percent in 

transverse shear stirrup spacing is observed. This difference may be because PSTRS14 

calculates the spacing according to the AASHTO Standard Specifications 1989 edition 

(AASHTO 1989) while this detailed design example, all the calculations were performed 

according to the AASHTO Standard Specifications 2002 edition (AASHTO 2002). 

 
 



74 

Table 3.4  Comparison of Detailed Example Design for LRFD Specifications 
(PSTRS14 vs. MatLAB) 

Design Parameters PSTRS14 MatLAB Difference (%)
Initial 8.41 8.40 0.1 Prestress Losses (%) Final 22.85 22.84 0.0 

cif ′  4,944 4,944 0.0 Required Concrete 
Strengths (psi) cf ′  5,586 5,582 0.1 

Top -506 -533 -5.4 At Transfer (ends) (psi) Bottom 1,828 1,936 -5.9 
Top 2,860 2,856 0.1 At Service (midspan) 

(psi) Bottom -384 -383 0.3 
Number of Strands 64 64 0 
Number of Debonded Strands (20+10)1 (20+8)1 2 

uM  (kip–ft.) 9,082 9,077 -0.1 
nMφ  (kip–ft.) 11,888 12,028 -1.2 

Ultimate Horizontal Shear Stress @ 
critical section (psi) 143.3 143.9 0.0 

Transverse Shear Stirrup (#4 bar) 
Spacing (in.) 10.3 10.0 2.9 

Maximum Camber (ft.) 0.281 0.350 -24.6 
1. Number of debonded strands in bottom row and second row, respectively. 

 
Table 3.5  Comparison of Detailed Example Design for Standard Specifications 

(PSTRS14 vs. MatLAB) 
Design Parameters PSTRS14 MatLAB Difference (%)

Initial 8.00 8.01 -0.1 Prestress Losses (%) Final 22.32 22.32 0.0 
cif ′  5,140 5,140 0.0 Required Concrete 

Strengths (psi) cf ′  6,223 6,225 0.0 
Top -530 -526 0.8 At Transfer 

(ends) (psi) Bottom 1,938 1,935 0.2 
Top -402 -397 1.2 At Service (midspan) 

(psi) Bottom 2,810 2,805 0.2 
Number of Strands 66 66 0 
Number of Debonded Strands (20+10)1 (20+10)1 0 

uM  (kip–ft.) 9,801 9,780 0.3 
nMφ  (kip–ft.) 12,086 12,118 -0.3 

Transverse Shear Stirrup (#4 bar) 
Spacing (in.) 8.8 6.5 26.1 

Maximum Camber (ft.) 0.295 0.340 -15.3 
      1. Number of debonded strands in bottom row and second row, respectively. 
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3.6 DESIGN LOADS AND DISTRIBUTION 

3.6.1 General 

 

This section discusses the design loads that include the permanent dead loads and 

vehicular live loads for both the specifications. The summary of all the formulas used to 

determine shear forces and bending moments due to dead and live loads is also 

presented. The approximate method of load distribution in the LRFD Specifications is 

discussed along with their limitations.  

 

3.6.2 Dead Load and Superimposed Dead Loads 

 

Within the scope of this study, the self-weight of the Texas U54 girder, deck slab, 

and diaphragms come into the category of dead loads. The self-weight of the wearing 

surface and T501 rail loads are treated as superimposed dead loads. The deck slab dead 

load is calculated based on the tributary width, which is equal to the center-to-center 

spacing of the beams. Based on the TxDOT Bridge Design Manual (TxDOT 2001), two-

thirds of the rail dead load is distributed to the exterior beam and one-third of the rail 

dead load is distributed to the adjacent interior beam. The two interior diaphragms of the 

Texas U54 beam are considered to be a 3 kip load each with a maximum average 

thickness of 13 in. Each of the interior diaphragms are considered to be located as close 

as 10 ft. from midspan of the beam. The wearing surface superimposed dead load is 

calculated by considering the dimensions of the design span length and the total roadway 

width, where the total roadway width is the width of the bridge deck between the 

nominal faces of the bridge as shown in the Figure 3.1. The unit weights for the cast-in-

place (CIP) concrete, precast concrete, and asphalt materials are provided in Table 3.3.  

The superimposed dead loads are distributed equally among all the girders for the 

designs according to the Standard Specifications (AASHTO 2002). The LRFD 
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Specifications also allow the uniform distribution of all permanent dead loads to all the 

girders provided the following criteria provided in LRFD Art. 4.6.2.2 are met. 

1. Width of the deck is constant. 

2. Unless otherwise specified, the number of beams is not less than four. 

3. Beams are parallel and have approximately the same stiffness. 

4. Unless otherwise specified, the roadway part of the overhang, de, does not 

exceed 3.0 ft. 

5. Curvature in plan is less than the limit specified in LRFD Art. 4.6.1.2. 

6. Cross-section is consistent with one of the cross-sections shown in LRFD 

Table 4.6.2.2.1-1. 

If the bridge geometry is not consistent with the provisions of the LRFD Art. 

4.6.2.2, the LRFD Specifications (AASHTO 2004) require the determination of the 

permanent dead load distribution based on refined analysis methods.  

 

3.6.3 Live Loads 

 

According to the LRFD Art. 3.6.1.2 (AASHTO 2004) the live load model, known 

as HL93, was considered for this study. The HL93 load model consists of both of the 

following combinations.  

1. Design truck and design lane load  

2. Design tandem and design lane load 

The live load effects on a bridge structure are calculated based on the load 

combination that produces the maximum response in the structure. The design tandem 

load consists of a pair of 25 kip axles spaced 4 ft. apart and is subjected to a dynamic 

load allowance. The design tandem load consists of 0.64 klf uniformly distributed in the 

longitudinal direction and is not subjected to a dynamic load allowance. In general, the 

load combination consisting of design tandem and design lane load governs for spans 

less than 40 ft. The design truck for the HL93 load model is shown in the Figure 3.4. The 
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design lane load for the HL93 load model is 640 lb/ft. in the longitudinal direction and 

uniformly distributed over a 10 ft. width.  

 
Figure 3.4  HL93 Design Truck (AASHTO 2004).  

 

According to Standard Art. 3.7 (AASHTO 2002), the live load model designated 

as HS20-44 was considered for this study. The HS20-44 consists of a design truck or a 

design lane loading, as shown in Figures 3.5 and 3.6. The live load effects on a bridge 

structure are calculated based on the design truck or design lane load, whichever 

produces the maximum response in the structure. Note that the HS20-44 design truck is 

equivalent to the design truck used for the HL-93 live load model. 
 

 
Figure 3.5  HS20-44 Design Lane Load (AASHTO 2002). 
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Figure 3.6  HS20-44 Design Truck Load (AASHTO 2002).  
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3.6.4 Shear Force and Bending Moment due to Permanent Dead Loads 

 

The bending moment (M) and shear force (V) due to dead loads and super-

imposed dead loads at any section along the span are calculated using the following 

formulas. 

M = 0.5wx (L - x)              (3.1) 

V = w (0.5L - x)         (3.2) 

where,  

x = Distance from left support to the section being considered (ft.) 

L = Design span length (ft.) 

 

3.6.5 Shear Force and Bending Moment due to Vehicular Live Loads 

 

Table 3.6 summarizes formulas to calculate the shear forces and bending 

moments in a simply supported beam which corresponds to the support conditions used 

for this study and typical TxDOT bridges. The applicable live load model is noted for 

each formula. Figure 3.7 provides the corresponding load placement schemes. 
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Table 3.6  Formulas for Different Live Load Placement Schemes in Figure 3.7 
(Adapted from PCI Bridge Design Manual). 

Min Max
Applicability 

Load Placement 
Scheme 

(Figure 3.7) 
x/L Formulas 

x, 
(ft.) 

L, 
(ft.) L, ft.

(a) Moment @ x 0 – 0.333 ( ) ( )72 9.33x L x
L

⎡ − − ⎤⎣ ⎦  0 28 - 

(a) Shear @ x 0.333 – 0.5 ( ) ( )72 4.67
112

x L x
L

⎡ − − ⎤⎣ ⎦ −  14 28 - 

(b) Moment @ x 0 – 0.5 
( )72 4.67

8
L x

L
⎡ − − ⎤⎣ ⎦ −  14 28 42 

 
Design Truck 
as per HL93 or 
HS20-44 

 

(b) Shear @ x 0 – 0.5 
( )72 9.33L x

L
⎡ − − ⎤⎣ ⎦  0 14 - 

(c) Moment @ x 0 – 0.5 ( )( )0.64
2

x L x−
 - - - 

Design Lane as 
per HL93 

(d) Shear @ x 0 – 0.5 ( )20.64
2

L x
L

−  - - - 

(e) Moment @ x 0 – 0.5 ( ) 250 L xx
L

− −⎛ ⎞
⎜ ⎟
⎝ ⎠

 - - - 
Design 
Tandem as 
per HL93 

(e) Shear @ x 0 – 0.5 
250 L x

L
− −⎛ ⎞

⎜ ⎟
⎝ ⎠

 - - - 

 

The bending moments and shear forces due to HS20-44 design truck load are 

calculated from load placement schemes (a) and (b) shown in Figure 3.7 and the 

respective formulas as shown in Table 3.6. The undistributed bending moments and 

shear forces due to HS20-44 design lane load are calculated using the following 

formulas. 

Maximum undistributed bending moment,  

( )(  -  )
 0.5( )( )( - )( ) P x L x

w x L x
L

M x +=            (3.3) 

Maximum undistributed shear force,  

(  -  )
 ( )(  -  )( )

2
Q L x L

w x
L

V x +=             (3.4) 

where, 
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P = Concentrated load for moment = 18 kips 

Q = Concentrated load for shear = 26 kips 

 

14' 14'

32 32 8 kips

x
 

(a) Design Truck Placement  
for 0 < (x/L) ≤ 0.333 

14'14'

32 kips

x

8 32

 
(b) Design Truck Placement  

for 0.333 < (x/L) ≤ 0.5 
 

x

0.64 kip/ft.

 
(c) Design Lane Loading for Moment 

 
0.64 kip/ft.

x  
(d) Design Lane Loading for Shear 

25

x

25 kips

 4'
 

(e) Design Tandem Loading Placement for Shear and Moment 
 

Figure 3.7  Placement of Design Live Loads for a Simply Supported Beam. 
 

3.6.6 Vehicular Live Load Distribution Factor 

3.6.6.1 Limitations and Formula 

 

The LRFD Specifications (AASHTO 2004) provide formulas for the calculation 

of live load distribution factors (DFs), which are summarized in the Table 3.7. These 

formulas are valid within their range of applicability. The general limitations on the use 

of all LRFD live load DF formulas, as stated in the LRFD Art. 4.6.2.2, are same as 

discussed in Section 3.6.2. 
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Table 3.7  LRFD Live Load DFs for Concrete Deck on Concrete Spread Box Beams 
(Adapted from AASHTO 2004) 

Category Distribution Factor Formulas Range of 
Applicability 

0.35 0.25

2

0.6 0.125

2

One Design Lane Loaded:

3.0 12.0
Two or More Design Lanes Loaded:

6.3 12.0

S Sd
L

S Sd
L

⎛ ⎞ ⎛ ⎞
⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

⎛ ⎞ ⎛ ⎞
⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

 

6.0 18.0
20 140
18 65

3b

S
L
d

N

≤ ≤
≤ ≤
≤ ≤
≥

 
Live Load Distribution per 
Lane for Moment in Interior 
Beams 

Use Lever Rule 18.0S >  

int

One Design Lane Loaded:
Lever Rule
Two or More Design Lanes Loaded:

0.97
28.5

erior

e

g e g
de

= ×

= +

 
0 4.5
6.0 18.0

ed
S

≤ ≤
≤ ≤  

Live Load Distribution per 
Lane for Moment in Exterior 
Longitudinal Beams 

Use Lever Rule 18.0S >  

0.6 0.1

0.8 0.1

One Design Lane Loaded:

10 12.0
Two or More Design Lanes Loaded:

7.4 12.0

S d
L

S d
L

⎛ ⎞ ⎛ ⎞
⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

⎛ ⎞ ⎛ ⎞
⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

 

6.0 18.0
20 140
18 65

3b

S
L
d

N

≤ ≤
≤ ≤
≤ ≤
≥

 
Live Load Distribution per 
Lane for Shear in Interior 
Beams 

Use Lever Rule 18.0S >  

int

One Design Lane Loaded:
Lever Rule
Two or More Design Lanes Loaded:

0.8
10

erior

e

g e g
de

= ×

= +

 0 4.5ed≤ ≤  Live Load Distribution per 
Lane for Shear in Exterior 
Beams 

Use Lever Rule 18.0S >  
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3.6.6.2 Edge Distance Parameter 

 

The edge distance parameter, de, takes into account the closeness of a truck wheel 

line to the exterior girder. The edge girder is more sensitive to the truck wheel line 

placement than any other factor, as reported by Zokaie (2000). The LRFD Specifications 

define de as the distance from the exterior web of exterior beam to the interior edge of 

curb or traffic barrier. The value of de is important because it limits the use of the LRFD 

live load DF formulas and it is also used to determine the correction factor to determine 

the live load distribution for the exterior girder. 

For calculating de for inclined webs, as in the case of Texas U54 beam, the LRFD 

Specifications and the research references (Zokaie 1991, 2000) do not provide guidance 

to calculate the exact value of de. Thus, in this study the de value is considered to be the 

average distance between the curb and exterior inclined web of the U54 beam, as shown 

in the Figure 3.8. 

43
4" 2'-31

2"

Center Line 
through the beam 
cross-section

Traffic Barrier

Texas U54 Beam

Deck Slab

Wearing Surface

1' to the nominal face of the barrier

de

  
Figure 3.8  Definition of de (for This Study). 
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3.6.6.3 Applicability  of LRFD Load Distribution Rules 

 

Initially, the total roadway width (TRW) was considered to be constant of 46 ft., 

as compared to the values stated in Table 3.1. For this value of TRW, certain spacings 

used for the parametric study of precast, prestressed Texas U54 beams were found to 

violate the LRFD Specifications provisions for applicability of live load DFs and 

uniform distribution of permanent dead loads. The spacings and summary of the 

parameters in violation are stated in Table 3.8. 

 

Table 3.8  Spacings – Reasons of Invalidation 

1 This restriction is related to the LRFD Live Load Distribution Factor formulas as  
 given in Table 3.3. 
2  This restriction is related to the general set of limitations as described in Section 3.6.2. 

 

Among other restrictions, the LRFD Specifications allow for uniform distribution 

of permanent dead loads (such as rail, sidewalks, and wearing surface) if Nb  ≥ 4, where 

Nb is the number of beams in a bridge cross-section. Kocsis (2004) shows that, in 

general, a larger portion of the rail and sidewalk load is taken by exterior girders for 

cases when Nb  < 4. The implication of distributing the dead load of railing and sidewalk 

uniformly among all the beams for the case where Nb = 3 is that the exterior girder may 

be designed unconservatively, if the same design is used for the exterior and interior 

girders. The justification of using the spacings with Nb = 3, is that as per TxDOT 

standard practices (TxDOT 2001), two-thirds of the railing load is distributed to the 

exterior girder and one-third is distributed to the interior girder.  

According to the TxDOT Bridge Design Manual (TxDOT 2001) the standard 

bridge overhang is 6 ft. 9 in. for Texas U beams. Overhang is defined as the distance 

Spacings LRFD Restrictions Violated LRFD Restrictions 
10 ft. Actual de = 4.31 ft. 0 < de ≤ 3 ft.2 
14 ft. Actual de = 5.31 ft. 

 
Actual Nb = 3 

0 < de ≤ 3 ft.2 
0 < de ≤ 4.5 ft.1 
Nb  ≥ 4 2 

16.67 ft. Actual Nb = 3 Nb  ≥ 4 2 
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between the centerline of the exterior U54 beam to the edge of deck slab. For the 10 ft. 

and 14 ft. spacings, the overhang is restricted to 6 ft. 9 in., rather than the value 

determined for a 46 ft. TRW. Referring to Figure 3.8, de is calculated to be 3 ft. 0.75 in., 

which is reasonably close to the limiting value of de ≤ 3 ft. The resulting TRW is 42 ft. 

for these spacings, as noted in Table 3.1. 

 

3.7 ANALYSIS AND DESIGN PROCEDURE 

3.7.1 General 

 

This section discusses the analysis and design procedures adopted for this study 

based on the provisions of the LRFD and Standard Specifications. The approach and 

corresponding equations are presented for flexural design for service and strength limit 

states, transverse and interface shear design, calculation of prestress loss, and calculation 

of deflection and camber. The assumptions and approach in the calculating the effective 

flange width are discussed in detail, as the Standard Specifications do not give any 

specific guidelines for the calculation of effective flange width for open box sections, 

such as the Texas U54 beam. The TxDOT Bridge Design Software, PSTRS14 (TxDOT 

2004), calculates the prestress losses, concrete strengths at release and service, number of 

bonded and debonded strands in an iterative procedure. This procedure is also outlined in 

this section. 

 

3.7.2 Effective Flange Width 

 

Composite section properties of the Texas U54 composite section are calculated 

based on the effective flange width of the deck slab associated with each girder section. 

According to Hambly (1991), “The effective flange width is the width of a hypothetical 
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flange that compresses uniformly across its width by the same amount as the loaded edge 

of the real flange under the same edge shear forces.” 

The Standard Specifications do not give any specific guidelines regarding the 

calculation of the effective flange width for open box sections, such as the Texas U54 

beam. So, for both the LRFD and Standard Specifications, each web of the Texas U54 

beam is considered an individual supporting element according to the LRFD 

Specifications commentary C4.6.2.6.1. Each supporting element is then considered to be 

similar to a wide flanged I-beam. After making this assumption, the provisions for the 

effective flange width in the Standard Art. 9.8.3 (AASHTO 2002) and LRFD Art. 

4.6.2.6.1 (AASHTO 2004) are applied to the individual webs of the Texas U54 beam. 

The procedure in the Standard Specifications is to first calculate the effective web 

width of the precast, prestressed beam, and then the effective flange width is calculated. 

For a composite prestressed concrete beam where slabs or flanges are assumed to act 

integrally with the precast beams, the effective web width of the precast beam is taken as 

lesser of 

1. Six times the maximum thickness of the flange (excluding fillets) on 

each side of the web plus the web and fillets, or 

2. The total width of the top flange. 

For a composite prestressed concrete beam the effective flange width of the 

precast beam is taken as lesser of the following three values:  

1. One-fourth of the girder span length, 

2. Six times the thickness of the slab on each side of the effective web 

width plus the effective web width (as determined in steps shown above), 

or 

3. One-half the clear distance on each side of the effective web width plus 

the effective web width. 

The LRFD Specifications treat the interior and exterior beams differently to 

calculate the effective flange width. This section discusses the effective flange width for 

interior beams only, because only interior beams are considered in the parametric study. 
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In LRFD Specifications, the effective flange width for the interior beams is taken as the 

least of: 

1. One-quarter of the effective span length; and 

2. 12 times the average depth of the slab, plus the greater of the web 

thickness or one-half the width of the top flange of the girder; or 

3. The average spacing of adjacent beams. 

 

3.7.3 Flexural Design for Service Limit State 

3.7.3.1 General 

 

The service limit state design of prestressed concrete load carrying members 

typically governs the flexural design. The LRFD and Standard Specifications (AASHTO 

2004, 2002) provide allowable compressive and tensile stress limits for three loading 

stages. This section describes the equations that are used to compute the compressive and 

tensile stresses caused due to the applied loading for both specifications. These stresses 

are used in the design to ensure that the allowable stress limits are not exceeded for the 

service limit states. These equations are derived on the basis of simple statical analysis of 

prestressed concrete bridge girder, using the uncracked section properties and assuming 

the beam to be homogeneous and elastic. The sign convention used for tension is 

negative and for compression is positive in this section. Furthermore, the LRFD 

Specifications specifies various subcategories of service limit states and only SERVICE-

I and SERVICE-III are found to be relevant to the scope of this study. Compression in 

prestressed concrete is evaluated through the SERVICE-I limit state and tension in the 

prestressed concrete superstructures is evaluated through the SERVICE-III limit state 

with the objective of crack control. The difference, pertaining to this study, between 

these two limit states is that SERVICE-I uses a load factor of 1.0 for all permanent dead 

loads and live load plus impact, while SERVICE-III uses a load factor of 1.0 for all 

permanent dead loads and a load factor of 0.8 for live load plus impact. 
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3.7.3.2 Initial Loading Stage at Transfer 

 

In the initial loading stage, the initial prestressing force is applied to the non-

composite Texas U54 beam section. The initial prestressing force is calculated based on 

initial prestress losses that occur during and immediately after transfer of prestress. The 

top and bottom fiber stresses are calculated as follows. 

 

  -   si si c g
t

t t

P P e
A S

Mf
S

= +                     (3.5) 

   -  si si c g
b

b b

P P e
A S

Mf
S

= +             (3.6) 

 

where: 

A = Total area of non-composite precast section (in.2) 

 Sb =  Section modulus referenced to the extreme bottom fiber of the non-

composite precast beam (in.3) 

St =  Section modulus referenced to the extreme top fiber of the non-composite 

precast beam (in.3) 

ec = Eccentricity of the prestressing tendons from the centroid of non-

composite precast section (in.) 

fb =  Concrete stress at the bottom fiber of the beam  (ksi) 

ft  = Concrete stress at the top fiber of the beam (ksi) 

Mg = Unfactored bending moment due to beam self-weight (k-ft.) 

Psi = Effective pretension force after initial losses (kips) 

 

3.7.3.3 Intermediate Loading Stage at Service 

 

At the intermediate loading stage, the effective prestressing force is evaluated for 

the composite beam section. Composite action develops after the cast-in-place (CIP) 
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concrete slab is hardened. The effective prestressing force is calculated based on final 

prestress losses, which include initial losses and all time-dependent losses. Permanent 

dead loads due to the girder, CIP concrete slab, and diaphragm are considered to act on 

the non-composite beam section. Permanent dead loads placed after the CIP slab, such as 

rail loads, and wearing surface loads are considered to be acting on the composite beam 

section, as for unshored construction.  

 

       gse se c s dia b ws
t

t t tg

M M M M MP P ef
A S S S

+ + +
= − + +       (3.7) 

       gse se c s dia b ws
b

b b bc

M M M M MP P ef
A S S S

+ + +
= + − −       (3.8) 

where: 

Pse =  Effective pretension force after all losses (kips) 

Sbc = Composite section modulus referenced to extreme bottom fiber of the 

precast beam  (in.3) 

Stg = Composite section modulus referenced to top fiber of the precast beam  

(in.3) 

MS = Unfactored bending moment due to CIP deck slab self weight  

(k-ft.) 

Mdia = Unfactored bending moment due to diaphragm self weight (k-ft.) 

Mb = Unfactored bending moment due to barrier self weight (k-ft.) 

Mws = Unfactored bending moment due to wearing surface self weight (k-ft.) 

 

 

3.7.3.4 Final Loading Stage at Service 

 

In the final loading stage, the effective prestressing force along with total 

permanent dead loads, live loads and impact loads are acting on the composite beam 

section. The effective prestressing force is calculated based on total prestress losses, 
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which include initial losses and all time-dependent losses. For the SERVICE-III limit 

state in the LRFD Specifications, only 80% of the total live load and impact load should 

be considered in Equation 3.10 for checking the tensile stresses in the bottom fiber of the 

beam. Equation 3.11 should be used for checking the tensile stresses in the bottom fiber 

of the beam using the Standard Specifications, where a factor of 1.0 is used with the total 

live load and impact load.  

 

        gse se c s dia b ws LT LL
t

t t tg

M M M M M M MP P ef
A S S S

+ + + + +
= − + +                   (3.9) 

 0.8(  )    gse se c s dia b ws LT LL
b

bcb b

M M M M M M MP P ef
A S S S

+ + + + +
= + − −          (3.10) 

 1.0(  )    gse se c s dia b ws LT LL
b

bcb b

M M M M M M MP P ef
A S S S

+ + + + +
= + − −          (3.11) 

 

where: 

MLT = Unfactored bending moment due to truck load and impact. 

MLL = Unfactored bending moment due to lane load. 

 

3.7.3.5 Additional Check of Compressive Stresses at Service 

 

An additional check evaluates the compressive stress in the prestressed section 

due to the live loads and one-half the sum of effective prestress and permanent dead 

loads. The compressive stress at the top fiber at the service stage is found by the 

following equation. 

  ( )    0.5 -     gse se c b dia b wsLT LL
t

tg t t tg

M M M M MM M P P ef
S A S S S

+ + ++ ⎛ ⎞= + + +⎜ ⎟
⎝ ⎠

  (3.12) 
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3.7.4 Allowable Stress Limits for Service Limit States 

 

This section summarizes the allowable compressive and tensile stress limits in the 

LRFD and Standard Specifications (AASHTO 2004, 2002). Table 3.9 provides these 

limits for each load stage. The LRFD Specification give a different coefficient for 

allowable stress limits for compressive stress at intermediate loading stage at service and 

at final loading stage at service. The allowable stress limits are also slightly different for 

tensile stresses at initial loading stage at transfer. 

 

Table 3.9  Allowable Stress Limits for the LRFD and Standard Specifications  
Allowable Stress Limits 

LRFD Stage of Loading Type of Stress 
or  (ksi)c cif f′ ′  or  (psi)c cif f′ ′  

Standard 
 or  (psi)c cif f′ ′

Compressive 0.6 cif ′  0.6 cif ′  0.6 cif ′  Initial Loading 
Stage at Transfer Tensile   1

0.24 cif ′  1     
59.7 cif ′  

   2
7.5 cif ′  

Compressive 0.45 cf ′  0.45 cf ′  0.4 cf ′  Intermediate 
Loading Stage at 

Service Tensile 0.19 cf ′  6 cf ′  6 cf ′  
Compressive 0.6  cfωφ ′  0.6  cfωφ ′  0.6 cf ′  
Additional 

Compressive Check
0.4 cf ′  0.4 cf ′  0.4 cf ′  

Final Loading 
Stage at Service 

Tensile 0.19 cf ′  6 cf ′  6 cf ′  
Notes: 
1 AASHTO LRFD Specifications allow this larger tensile stress limit when additional 

bonded reinforcement is provided to resist the total tensile force in the concrete when the 

tensile stress exceeds 0.0948 cif ′ , or 0.2 ksi, whichever is smaller. 
2 AASHTO Standard Specifications allow this larger tensile stress limit when additional 

bonded reinforcement is provided to resist the total tensile force in the concrete when the 

tensile stress exceeds 3 cif ′ , or 200 psi, whichever is smaller. 
 

The LRFD Specifications introduces a reduction factor, ωφ , for the compressive 

stress limit at the final load stage to account for the fact that the unconfined concrete of 

the compression sides of the box girders are expected to creep to failure at a stress far 

lower than the nominal strength of the concrete. This reduction factor is taken equal to 
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1.0 when the web or flange slenderness ratio, calculated according to the LRFD Art. 

5.7.4.7.1, is less than or equal to 15. When either the web or flange slenderness ratio is 

greater than 15, the provisions of the LRFD Art. 5.7.4.7.2 are used to calculate the value 

for the reduction factor, ωφ . For a trapezoidal box section such as composite Texas U54 

beam, which has variable thickness across the flanges and webs, the LRFD Specification 

outlines a general guideline to determine the approximate slenderness ratios for webs and 

flanges. Figure 3.9 shows various choices for web and flange lengths and thicknesses for 

Texas U54 beam. The slenderness ratio for any web or flange portion of Texas U54 

beam is less than 15, which gives the value of the reduction factor, ωφ  equal to 1.0. The 

maximum slenderness ratio of 9.2 occurs in the webs of the U54 beam.  

 

Texas U54 Beam

75
8"

1'-33
4"

4'-07
8"

57
8"

8"

81
4"5" 3'-51

2"

5'-41
2"

16'-8"

4'-31
2"

 
Figure 3.9  Various Choices for Web and Flange Lengths, and Thicknesses for 

Texas U54 Beam to Calculate the Reduction Factor, ωφ . 
 

3.7.5 Initial Estimate of Required Number of Prestressing Strands 

 

To make an initial estimate of required number of prestressing strands, first the 

tensile stress at the extreme fiber of the beam is calculated for service conditions. 
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Assuming a 20 percent final prestress loss and a reasonable guess (i.e. 2 inches in this 

study) of eccentricity of the strand group from the bottom fiber, the required number of 

strands can be calculated by Equations 3.10 and 3.11 for the LRFD and Standard 

Specifications, respectively. From this the actual eccentricity and bottom fiber stress is 

recalculated, and compared with the required bottom fiber stress. Further iterations are 

performed as necessary. 

 

3.7.6 Partial Debonding of Prestressing Strands 

 

To be consistent with TxDOT design procedures, the debonding of strands is 

carried out in accordance with the procedure followed in the TxDOT bridge design 

software PSTRS14 (TxDOT 2004). The Standard Specifications do not give any 

recommendation for limitations on debonding of strands. Whereas, the LRFD 

Specifications give explicit guidelines for limitations on debonding of strands. The 

debonding procedure, followed for both the LRFD and Standard designs, is described in 

the following paragraph.  

Two strands are debonded at a time at each section located at uniform increments 

of 3 ft. along the span length, beginning at the end of the girder. The debonding is started 

at the end of the girder because, due to relatively higher initial stresses at the end, a 

greater number of strands are required to be debonded. The debonding requirement, in 

terms of number of strands, reduces as the section moves away from the end of the 

girder. To make the most efficient use of debonding, due to greater eccentricities in the 

lower rows, the debonding at each section begins at the bottom most row and goes up. 

Debonding at a particular section will continue until the initial stresses are within the 

allowable stress limits or until a debonding limit is reached. When the debonding limit is 

reached, the initial concrete strength is increased and the design cycles to convergence.  

As per TxDOT Bridge Design Manual (TxDOT 2001) and AASHTO LRFD Art. 

5.11.4.3, the limits of debonding for partially debonded strands are described as follows: 
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1. Maximum percentage of debonded strands per row 

• TxDOT Bridge Design Manual (TxDOT 2001) recommends a maximum 

percentage of debonded strands per row should not exceed 75%. 

• AASHTO LRFD recommends a maximum percentage of debonded 

strands per row should not exceed 40%. 

2. Maximum percentage of debonded strands per section 

• TxDOT Bridge Design Manual (TxDOT 2001) recommends a maximum 

percentage of debonded strands per section should not exceed 75%. 

• AASHTO LRFD recommends a maximum percentage of debonded 

strands per section should not exceed 25%. 

3. LRFD Specifications recommend that not more than 40% of the debonded 

strands or four strands, whichever is greater, shall have debonding terminated at 

any section. 

4. Maximum length of debonding 

• According to TxDOT Bridge Design Manual (TxDOT 2001), the 

maximum debonding length chosen to be lesser of the following: 

 15 ft. 

 0.2 times the span length, or 

 half the span length minus the maximum development length as 

specified in AASHTO LRFD Art. 5.11.4.2 and Art. 5.11.4.3 for the 

LRFD designs and as specified in the 1996 AASHTO Standard 

Specifications for Highway Bridges, Section 9.28 for the Standard 

designs.  

• An additional requirement for the LRFD designs was followed, which 

states that the length of debonding of any strand shall be such that all limit 

states are satisfied with the consideration of total developed resistance at 

any section being investigated. 
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5. An additional requirement for the LRFD designs was followed, which states: 

• Debonded strands shall be symmetrically distributed about the center line 

of the member. 

• Debonded lengths of pairs of strands that are symmetrically positioned 

about the centerline of the member shall be equal.  

• Exterior strands in each horizontal row shall be fully bonded. 

 

3.7.7 Calculation of Prestress Losses  

3.7.7.1 General 

 

The prestress losses were calculated following the typical TxDOT practices for 

design of prestressed concrete girders. This approach is used in the TxDOT design 

software PSTRS14 (TxDOT 2004). The TxDOT procedure for prestress losses is 

described below: 

1. The minimum required number of strands is initially selected for a 

particular span length and girder spacing.  

2. The concrete strengths at service and at release are first assumed to be 

5000 psi and 4000 psi, respectively.  

3. An estimate of the initial prestress loss is made, and the initial prestress 

force is calculated.  

4. The refined prestress losses are then calculated, based on the equations 

described in this section, both for the LRFD and Standard Specifications. 

5. The actual initial prestress losses are calculated by the equations described 

in this section and compared with the initial estimate made in Step 3. 

6. This process in Step 3 through 5 is repeated until the assumed and actual 

initial prestress loss are reasonably close to each other.  

7. The optimized values of concrete strength at service is calculated by 

comparing the actual stresses calculated by Equations 3.10 through 3.12 
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with the allowable stress limits as given in Table 3.7. The required 

concrete strength at transfer is typically very high and strands are 

debonded such that this very high requirement of concrete strength at 

transfer is lowered to a value calculated at a section beyond which strands 

can not be debonded (due to the debonding length limitation). The 

debonding of strands is described in Section 3.7.6. 

8. The process in Step 3 through 7 is repeated until the assumed concrete 

strength at transfer and initial prestress loss values converge. 

 

3.7.7.2 Total Loss of Prestress 

 

According to the LRFD Specifications (AASHTO 2004), in pretensioned 

members that are constructed and prestressed in a single stage, relative to the stress 

immediately before transfer, the total prestress loss is determined by the following 

equation. 

1 2        pT pES pSR pCR pR pRf f f f f f∆ = ∆ + ∆ + ∆ + ∆ + ∆                    (3.13) 

where: 

  ∆fpT = Total prestress loss  

 pESf∆  = Loss of prestress due to elastic shortening 

  pSRf∆  = Loss of prestress due to concrete shrinkage 

 pCRf∆  = Loss of prestress due to creep of concrete 

1 pRf∆  = Loss of prestress due to relaxation of prestressing steel at transfer 

2 pRf∆  = Loss of prestress due to relaxation of prestressing steel after transfer 

 

According to the Standard Specifications (AASHTO 2002), for pretensioned 

members the total prestress losses may be determined as follows. 
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=       s C Sf SH ES CR CR∆ + + +                                    (3.14) 

where: 

   ∆fs = Total prestress losses  

SH  = Loss of prestress due to concrete shrinkage 

 EC  = Loss of prestress due to elastic shortening 

 CCR  = Loss of prestress due to creep of concrete 

 SCR  = Loss of prestress due to relaxation of prestressing steel 

 

3.7.7.3 Immediate Losses 

Elastic Shortening Loss 

 

According to the LRFD Specifications (AASHTO 2004), the elastic shortening 

loss in the pretensioned members, ∆fES, is determined as follows. 

 p
pES cgp

ci

E
f f

E
∆ =                        (3.15) 

where: 

fcgp = Sum of the concrete stresses at the center of gravity of the prestressing 

tendons due to prestressing force and the self-weight of the member at 

the section of maximum moment (ksi) 
2 (  ) =    -  si si c g c

cgp
P P e M ef
A I I

+                            (3.16) 

siP  = Pretension force after allowing for the initial losses (kips) 

pE  = Modulus of elasticity of prestressing steel (ksi) 

ciE  = Modulus of elasticity of concrete at transfer (ksi) 

I  = Moment of inertia of the non-composite U54 Section (in.4) 

A = Cross-sectional area of the non-composite U54 Section (in.2) 

ec = Eccentricity of the prestressing strands from the centroid of the non-

composite U54 Section (in.) 
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According to the Standard Specifications (AASHTO 2002), the elastic shortening 

loss in the pretensioned members, ES, is determined as follows. 

s
cir

ci

EES f
E

=                (3.17) 

where: 

sE  = Modulus of elasticity of prestressing steel (ksi) 

fcir = Average concrete stress at the center of gravity of the prestressing steel 

due to pretensioning force and self-weight of beam immediately after 

transfer (use Equation 3.16) (ksi) 

 

 

Initial Relaxation Loss Before Transfer 

 

According to the LRFD Specifications (AASHTO 2004), the initial relaxation 

loss in prestressing steel, initially stressed in excess of 0.5 puf , is calculated as follows. 

1
log(24.0 ) = 0.55

40.0
pj

pR pj
py

ftf f
f

⎡ ⎤×
∆ −⎢ ⎥

⎢ ⎥⎣ ⎦
                            (3.18) 

where: 

∆fpR1 = Specified yield strength of prestressing steel (ksi) 

fpj = Initial stress in the tendon at the end of stressing, as per LRFD 

Commentary C.5.9.5.4.4, fpj is assumed to be 0.8 puf (ksi) 

yf   = Specified yield strength of prestressing steel (ksi) 

t  = Time estimated in days from stressing to transfer, assumed 1 day for 

this study (days) 

The Standard Specifications (AASHTO 2002) do not give any expression to 

account for initial relaxation loss before transfer. In order to match the TxDOT Bridge 

Design Manual (TxDOT 2001) procedure, the initial relaxation loss is taken to be equal 

to half of the total relaxation loss computed by the Standard Specifications. 
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3.7.7.4 Time-Dependent Losses 

Shrinkage 

 

The LRFD Specifications (AASHTO 2004) give the following expression to 

determine the shrinkage loss, ∆fpSR, for prestressing steel. 

 17.0 -  0.15 pSRf H∆ =                            (3.19) 

According to the Standard Specifications (AASHTO 2002), the shrinkage loss, 

SH, for prestressing steel is calculated by the following expression. 

 17000 -  150  SH RH=                                    (3.20) 

where: 

,RH H  = Relative humidity, taken as 60 percent for this study 

 

Final Relaxation Loss After Transfer 

 

According to the LRFD Specifications (AASHTO 2004), the total relaxation loss, 

∆fpR2, in the prestressing steel is calculated as follows. 

( )2   30% 20.0 -  0.4  -  0.2   pR pES pSR pCRf f f f⎡ ⎤∆ = ∆ ∆ + ∆⎣ ⎦                        (3.21) 

 

The Standard Specifications (AASHTO 2002) use the following expression to 

calculate the total relaxation loss, CRS, in the prestressing steel. 

( )  5000 -  0.10  -  0.05   S CCR ES SH CR= ⎡ + ⎤⎣ ⎦                    (3.22) 

 

 

 Creep 

 

According to the LRFD Specifications (AASHTO 2004), the loss in prestressing 

steel due to concrete creep is calculated as follows. 
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 12  -  7  pCR cgp cdpf f f∆ = ∆                                   (3.23) 

where: 

∆fcdp  = Change in the concrete stress at center of gravity of prestressing steel 

due to permanent loads, with the exception of the load acting at the 

time the prestressing force is applied. Values of ∆fcdp are calculated at 

the same section or at sections for which fcgp is calculated. 

( ) ( )(  -  )   c bc bsslab dia b ws
cdp

c

M M e M M y yf
I I
+ +

∆ = +                  (3.24) 

where: 

ybs     = Distance from center of gravity of the prestressing strands at midspan 

to the bottom of the beam (in.) 

ybc     = Distance from center of gravity of the composite girder cross-section at 

midspan to the bottom of the beam (in.) 

I  = Moment of inertia of the composite U54 Section (in.4) 

Mslab = Unfactored bending moment due to self-weight of the deck slab (k-ft.) 

Mdia = Unfactored bending moment due to diaphragm self-weight (k-ft.) 

Mb = Unfactored bending moment due to barrier self-weight (k-ft.) 

Mws = Unfactored bending moment due to wearing surface self-weight (k-ft.) 

 

The Standard Specifications (AASHTO 2002) use the following expression to 

calculate the creep loss, CR, in prestressing steel. 

  12  -  7C cir cdsCR f f=                        (3.25) 

where: 

fcds = Concrete stress at the center of gravity of the prestressing steel due to all 

dead loads except the dead load present at the time the pretensioning force 

is applied (calculated the same way as∆fcdp) 

 

3.7.8 Flexural Design for Strength Limit State 
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The Standard and LRFD Specifications both give equations for calculating the 

nominal flexural strength for the  cases of rectangular section behavior and flanged or T-

section behavior. The significant differences and similarities are summarized as follows. 

 

1. Both specifications give different equations (STD Eq. 9-17, LRFD Eq. 5.7.3.1.1-

1) to calculate the average stress in the prestressing steel, psf , at ultimate. 

2. Both specifications give equations to calculate the nominal flexural strength for 

T-section behavior. However, they cannot be readily applied to a composite 

section, because these equations do not differentiate between difference between 

the concrete strength of the deck slab and the concrete strength of the  precast 

girder cross-section. 

3. As per LRFD C5.7.3.2.2 (AASHTO 2004), there is an inconsistency in the 

Standard Specifications equations for T-sections, which becomes evident when, 

at first, a rectangular section behavior is assumed and it is found that fc h> , 

while a = β1c < hf. When c is recalculated using the expressions for T-section 

behavior, it can come out to be smaller than fh or even negative. In order to 

overcome this deficiency, 1β is included in the LRFD equations for calculating 

the nominal flexural strength for the case of T-section behavior. 

 

As a part of this study, three equations were derived to calculate the nominal 

flexural strength of the Texas U54 beam were derived based on the conditions of 

equilibrium and strain compatibility. One of the equations is for the case when the 

neutral axis falls within the deck slab and other two equations are for the case when 

neutral axis falls within the depth of Texas U54 beam. These three locations of the 

neutral axis are shown in Figure 3.10. In order to overcome the inconsistency, as 

described above, 1β  is included in the equations according to the LRFD C5.7.3.2.2. 

Moreover, the same equations are used for both the Standard and LRFD Specifications. 
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To calculate the average stress in prestressing steel, psf , the Equations 3.26 and 3.27 are 

used for the Standard and LRFD Specifications respectively. 

 

1

1 pu
ps pu

cAVG

fkf f p
fβ

⎡ ⎤⎛ ⎞⎛ ⎞
= −⎢ ⎥⎜ ⎟⎜ ⎟ ′⎢ ⎥⎝ ⎠⎝ ⎠⎣ ⎦

        (3.26) 

1ps pu
p

cf f k
d

⎛ ⎞
= −⎜ ⎟⎜ ⎟

⎝ ⎠
                     (3.27) 

where: 

fps = Average stress in prestressing steel at nominal bending resistance (ksi) 

fpu = Specified tensile strength of the prestressing steel (ksi) 

cAVGf ′     = Specified compressive strength of the concrete at 28 days (ksi) 

            = csf ′ , when neutral axis falls within the thickness of deck slab 

            = 
2

cs cbf f′ ′+ , when neutral axis falls within the depth of  Texas U54 beam 

csf ′        = Specified compressive strength of the deck slab concrete at 28 days 

(ksi)  

cbf ′        = Specified compressive strength of the beam concrete at 28 days (ksi) 

k   = 0.28 for low relaxation strands [LRFD Table C5.7.3.1.1-1] 

c          = Distance between the neutral axis (Case 1) and the extreme compression 

fiber (in.) 

pd        = Distance from the extreme compression fiber to the centroid of the 

prestressing tendons (in.) 

1β  = Stress block factor (taken as 0.85 for 4.0 ksicf ′ ≤ ; for 

4.0 ksi 8.0 ksicf ′< ≤ , 1β shall be reduced at a rate of 0.05 for each 1.0 

ksi and shall not be taken less than 0.65) 
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Texas U54 Beam

b''

h'

Neutral Axis (Case 1)

Neutral Axis (Case 3)
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a''
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c''
c'

c hf

b'

dp

be

 
Figure 3.10  Neutral Axis Location. 

 
 

3.7.8.1 Rectangular Section Behavior (Case 1) 

 

Rectangular section behavior occurs when the neutral axis falls within the 

thickness of the deck slab. The reduced nominal moment strength of Texas U54 beams 

can be found using the following equations. 

   
10.85

ps ps

cs e s ps ps
p

A f
c kf b A f

d
β

=
′ +

        (3.28) 

2n ps ps p
aM A f dφ φ ⎡ ⎤⎛ ⎞= −⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦

            (3.29) 

where: 

1sβ         = Stress block factor, 1β , for the deck slab based on csf ′  

eb   = Effective flange width (in.) 

φ         = Resistance factor = 1.0 for flexural limit state for prestressed members 

psA   = Area of prestressing tendons (in2) 

nM   = Nominal moment strength at ultimate conditions (k – in.) 

a   = Depth of the equivalent stress block = c 1sβ  (in.) 
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3.7.8.2 Flanged- Section Behavior 

 

T-section behavior occurs when the neutral axis falls within the depth of the 

precast U54 beam section. Due to the difference in the concrete compressive strengths at 

the interface of the CIP deck slab and the precast U54 beam, a stress discontinuity is 

introduced which is accounted by considering different equivalent stress blocks for the 

deck slab and the U54 beam. The LRFD Specifications in Art. 5.7.2.2 and C5.7.2.2 

recommends three different ways to account for the stress block factor, 1β , which bears a 

different value for the deck slab than the U54 beam because of their different concrete 

compressive strengths. In this study, the stress block factor for slab, 1sβ , is calculated 

corresponding to csf ′  and the stress block factor for U54 beam, 1bβ , is calculated 

corresponding to cbf ′ . 

 

Neutral Axis Falls within the U54 Flanges (Case 2) 

When the neutral axis lies within the U54 beam flange thickness, h′ , the following 

equations are used to calculate the nominal flexural strength at the ultimate conditions. This 

situation corresponds to Case 2 as shown in the Figure 3.10. 

 

1
1

1

1

0.85

0.85

b
ps ps f cs e s cb

s

cb b ps ps
p

A f h f b f b
c kf b A f

d

ββ
β

β

⎡ ⎤⎛ ⎞
′ ′ ′− −⎢ ⎥⎜ ⎟

⎝ ⎠⎣ ⎦′ =
′ ′ +

                   (3.30) 

10.85
2 2

f
n ps ps p f cs e s

h aaM A f d h f bφ φ β
′⎡ ⎤+′ ⎛ ⎞⎛ ⎞⎛ ⎞ ′= − + +⎢ ⎥⎜ ⎟⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠ ⎝ ⎠⎣ ⎦
     (3.31) 

where: 

c′  = Distance between the neutral axis (Case 2) and the extreme 

compression fiber (in.) 

1bβ  = Stress block factor, 1β , for the U54 section based on cbf ′  
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1sβ  = Same value as 1sβ . The bar on top of β signifies that the term 1sβ  is 

included in the original equation derived based on principles of 

equilibrium and strain compatibility to account for the inconsistency as 

per LRFD C5.7.3.2.2. 

b′    = Effective flange width (in.) 

fh    = Flange thickness (in.) 

a′          = Depth of the equivalent stress block of the compression area in the U54 

beam flanges only = 1
1

f
b

s

h
c β

β
⎛ ⎞

−⎜ ⎟
⎝ ⎠

 (in.) 

 

Neutral Axis Falls within the U54 Beam Web (Case 3) 

When the neutral axis lies within the U54 beam web, the following equations are 

developed to calculate the nominal flexural strength at the ultimate conditions. This situation 

corresponds to Case 3 as shown in the Figure 3.10. 

1 1
1 1

1 1

1

0.85 0.85

0.85

b b
ps ps f cs e s cb cb b

s s

cb b ps ps
p

A f h f b f b f h b b

c kf b A f
d

β ββ β
β β

β

⎡ ⎤⎡ ⎤⎛ ⎞ ⎛ ⎞
′ ′ ′ ′ ′ ′ ′′− − + −⎢ ⎥⎢ ⎥⎜ ⎟ ⎜ ⎟

⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦⎣ ⎦′′ =
′ ′′ +

              (3.32) 

1 10.85 0.85
2 2 2

f
n ps ps p f cs e s cb b

h aa h aM A f d h h f b h f bφ φ β β
′′⎡ ⎤+′′ ′ ′′⎛ ⎞⎛ ⎞ +⎛ ⎞ ⎛ ⎞′ ′ ′ ′ ′= − + + + + +⎢ ⎥⎜ ⎟⎜ ⎟⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠⎝ ⎠ ⎝ ⎠⎣ ⎦
   (3.33) 

 

where: 

c" = Distance between the neutral axis (Case 3) and the extreme 

compression fiber (in.) 

b′′   = Combined width of the webs of the U54 section (in.) 

1bβ  = Same value as 1bβ . The bar on top of β signifies that the term 1bβ  is 

included in the original equation derived based on principle of 

equilibrium and strain compatibility to account for the inconsistency as 

per LRFD C5.7.3.2.2. 
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h′   = U54 flange thickness (in.) 

a′′         = Depth of the equivalent stress block of the compression area in the U54 

beam web only = 1
1 1

f
b

s b

h hc β
β β

⎛ ⎞′
− −⎜ ⎟

⎝ ⎠
 (in.) 

 

3.7.9 Transverse Shear Design 

3.7.9.1  Standard Specifications Method 

 

The Standard Specifications require that the members subject to shear to be 

designed such that the following condition is fulfilled.  

  (   )u c sV V Vφ≤ +     (3.34) 

where: 

Vu = Factored shear force at the section considered (kips) 

Vc = Nominal shear strength provided by concrete (kips) 

Vs = Nominal shear strength provided by web reinforcement (kips) 

φ  = Strength reduction factor = 0.90 for prestressed concrete 

members   

 

The critical section for shear is located at a distance hc/2 from the face of the 

support, where hc is the total height of the composite section. The concrete contribution, 

Vc, is taken as the force required to produce shear cracking. The Standard Specification 

requires the Vc to be the lesser of Vcw or Vci, which are the shear forces that produce web-

shear cracking and flexural-shear cracking, respectively. Vci is calculated by Equation 

3.35 as follows. 

 

max

0.6     1.7  i cr
dci c c

V MV f b d V f b d
M

′ ′ ′ ′= + + ≤   (3.35) 

where: 

 b′  = Web width of a flanged member (in.) 
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 cf ′  = Compressive strength of beam concrete at 28 days ( psi) 

Mmax = Maximum factored moment at the section due to externally applied 

loads  

   = Mu – Md = (k-ft.) 

 Mu = Factored bending moment at the section (k-ft.) 

 Md = Bending moment at the section due to unfactored dead load (k-ft.) 

 Vi = Factored shear force at the section due to externally applied loads    

  occurring simultaneously with Mmax (kips) 

  = Vmu - Vd 

Vd = Shear force due to total dead loads at section considered (kips) 

Vmu = Factored shear force occurring simultaneously with Mu, conservatively          

taken as maximum shear force at the section (kips) 

 Mcr = Moment causing flexural cracking of section due to externally applied 

loads (k-ft.) 

 = (6 cf ′+ fpe – fd) Sbc 

 fd  = Stress due to unfactored dead load, at extreme fiber of section where  

  tensile stress is caused by externally applied loads (ksi) 

 =     g S SDL

b bc

M M M
S S
+⎡ ⎤+⎢ ⎥⎣ ⎦

 

 fpe = Compressive stress in concrete due to effective pretension forces at   

  extreme fiber of section where tensile stress is caused by externally  

applied loads (i.e. bottom of the beam in this study) 

 fpe =    se se

b

P P e
A S

+  

 e  = Eccentricity of the strands at hc/2 

 d  = Distance from extreme compressive fiber to centroid of pretensioned  

reinforcement, but not less than 0.8hc (in.)  

 

Vcw is calculated by the following expression. 
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Vcw = (3.5 cf ′+ 0.3 fpc)b d′  + Vp                (3.36) 

where: 

fpc = Compressive stress in concrete at centroid of cross-section (since the 

centroid of the composite section does not lie within the flange of the 

cross-section) resisting externally applied loads. For a non-composite 

section  

   ( - ) ( - ) -    se Dse bc b bc bP e y y M y yP
A I I

+  

MD = Moment due to unfactored non-composite dead loads (k-ft.) 

yb     = Distance from center of gravity of the non-composite U54 beam to the 

bottom fiber of the beam (in.) 

ybc     = Distance from center of gravity of the composite girder cross-section at 

midspan to the bottom of the beam (in.) 

I  = Moment of inertia of the composite U54 Section (in.4) 

A = Cross-sectional area of the non-composite U54 Section (in.2) 

e = Eccentricity of the prestressing strands from the centroid of the 

composite U54 Section (in.) 

 

After calculating the governing value for Vc, Vs can be calculated from Equation 

3.34. The amount of web reinforcement can then be computed using Equation 3.37. 

s
v

y

V sA
f d

=      (3.37) 

where: 

Av = Area of web reinforcement (in.2) 

S = Longitudinal spacing of the web reinforcement (in.) 

fy = Yield strength of the non-prestressed conventional web reinforcement 

(ksi). 
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Over-reinforcement of the web, which can lead to brittle web-crushing  shear 

failure, is prevented by requiring Vs to be less than or equal to 8 cf b d′ ′ . The minimum 

reinforcement is calculated by the following relation. 

Av – min = 
50 '  

y

b s
f

      (3.38) 

 The Standard Specifications require the maximum spacing of the web 

reinforcement not to exceed 0.75 hc or 24 in. If > 4   s cV f b d′ ′ , then the maximum 

spacing limits shall be reduced by one-half to 0.375 hc or 12 in. 

 

3.7.9.2 LRFD Specifications Method 

 

The LRFD Specifications (AASHTO 2004) design for shear based on Modified 

Compression Field Theory (MCFT). This method is based on the variable angle truss 

model in which the inclination of the diagonal compression field is allowed to vary. In 

contrast, this angle of inclination remains constant at 45˚ in the approach used in the 

Standard Specifications. In prestressed concrete members this angle of inclination 

typically varies between 20˚ to 40˚ (PCI 2003). 

 

Transverse shear reinforcement is provided when: 

Vu < 0.5 φ (Vc + Vp)     (3.39) 

where: 

Vu = Factored shear force at the section considered 

Vc = Nominal shear strength provided by concrete 

Vp = Component of prestressing force in direction of the shear force (kips) 

φ = Strength reduction factor = 0.90 for prestressed concrete members 

 

The critical section near the supports is the greater of 0.5dvcotθ or dv for the case 

of uniformly distributed loads. 
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where: 

dv = Effective shear depth 

 = Distance between resultants of tensile and compressive forces, (de - a/2), but 

not less than the greater of (0.9de) or (0.72h) 

θ = Angle of inclination of diagonal compressive stresses (slope of compression 

field) 

 

Shear design using MCFT is an iterative process that begins with assuming a value for θ. 

Taking the advantage of precompression and using a lower value for θ will help the 

iterative procedure to converge faster for prestressed members. The contribution of the 

concrete to the nominal shear resistance is given by Equation 3.40. 

0.0316 ( )c c v vV f ksi b dβ ′=      (3.40) 

where: 

β  = Factor indicating ability of diagonally cracked concrete to transmit 
tension 

vb  =  Effective web width taken as the minimum web width within the depth 

vd (in.) 
 

To design the member for shear, the factored shear force due to applied loads at the 

critical section under investigation is first determined.  The factored shear stress, vu, is 

calculated using the following relation. 

 u p
u

v v

V V
v

b d
φ

φ
−

=    (3.41) 

The quantity vu/ cf ′  is then computed, and value of θ is assumed. The strain in the 

reinforcement on the flexural tension side is calculated using Equation 3.42, which is for 

cases where the section contains at least the minimum transverse reinforcement.  

 
0.5 0.5( )cot

0.001
2( )

u
u u p ps po

v
x

s s p ps

M N V V A f
d

E A E A

θ
ε

+ + − −
= ≤

+
    (3.42) 
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If Equation 3.42 yields a negative value, then, Equation 3.43 should be used given as 

below. 

 
0.5 0.5( )cot

2( )

u
u u p ps po

v
x

c c s s p ps

M N V V A f
d

E A E A E A

θ
ε

+ + − −
=

+ +
   (3.43) 

where:  

Vu = Factored shear force at the critical section, taken as positive quantity 

(kips) 

 Mu = Factored moment, taken as positive quantity (k-in.)  

 ≥ Vudv (kip-in.) 

 Vp  = Component of the effective prestressing force in the direction of the 

applied shear  (no harped strands are used for Texas U54 beams) 

 Nu = Applied factored normal force at the specified section 

 Ac = Area of the concrete on the flexural tension side below h/2  (in.2) 

fpo = Parameter taken as modulus of elasticity of prestressing tendons 

multiplied by the locked-in difference in strain between the prestressing 

tendons and the surrounding concrete which is approximately equal to 

0.7 fpu (ksi) 

 

In this study, the parameter, fpo, was calculated by using the following expression. 

     ps
po pe pc

c

E
f f f

E
⎛ ⎞

= + ⎜ ⎟
⎝ ⎠

                 (3.44) 

 
where:  
 

fpc = Compressive stress in concrete after all prestress losses have occurred 

either at the centroid of the cross-section resisting live load or at the 

junction of the web and flange when the centroid lies in the flange (ksi). 

In a composite section, it is the resultant compressive stress at the 

centroid of the composite section or at the junction of the web and 

flange when the centroid lies within the flange, that results from both 
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prestress and the bending moments resisted by the precast member 

acting alone (ksi). 

 
( ) ( )( )g slab bc bse bc bse

n

M M y yP ec y yP
A I I

+ −−
= − +  

where, 

Mg = Moment due to girder self-weight (k-ft.) 

Mslab = Moment due to self-weight of the deck slab (k-ft.) 

yb     = Distance from center of gravity of the non-composite U54 beam to the 

bottom fiber of the beam (in.) 

ybc     = Distance from center of gravity of the composite girder cross-section at 

midspan to the bottom of the beam (in.) 

I  = Moment of inertia of the composite U54 Section (in.4) 

An = Cross-sectional area of the non-composite U54 Section (in.2) 

ec = Eccentricity of the prestressing strands from the centroid of the 

composite U54 Section (in.) 

 

The LRFD Specifications Table 5.8.3.4.2-1 is then entered with the values of  

vu / cf ′  and xε . The value of θ corresponding to vu / cf ′  and xε  is compared to the assumed 

value of θ. If the values match, Vc is calculated using Equation 3.40 with the value of β  

from the table. If the values do not match, the value of θ taken from the table is used for 

another iteration.  

 

After Vc has been computed, Vs is determined as the lesser of the following 

expressions. 

 ( )u
c s p

V V V V
φ
≤ + +    (3.45) 

0.25n c v v pV f b d V′= +     (3.46) 
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The area of the transverse shear reinforcement is computed using the expression 

given below. 

(cot cot )sinv y v
s

A f d
V

s
θ α α+

=       (3.47) 

where: 

 s  = Spacing of stirrups, (in.) 

α  = Angle of inclination of transverse reinforcement to the longitudinal axis 

Vs = The nominal shear strength provided by web reinforcement (kips) 

 

The spacing of the transverse reinforcement will not exceed the maximum 

permitted spacing, smax, calculated as follows. 

 

If   0.125 u cv f ′<  then; 

max 0.8 24.0  in.vs d= ≤  

 

If   0.125 u cv f ′≥  then; 

max 0.4 12.0  in.vs d= ≤  

 

Shear force causes tension in the longitudinal reinforcement. For a given shear, 

this tension becomes larger as θ becomes smaller and as Vc becomes larger. In regions of 

high shear stresses (i.e. at the critical section), the development and amount of the 

longitudinal (flexural) reinforcement is also checked by satisfying the Equation 3.48. 

0.5 0.5 cotu u u
s y ps ps s p

v f c v

M N VA f A f V V
d

θ
φ φ φ

⎛ ⎞
+ ≥ + + + −⎜ ⎟

⎝ ⎠
    (3.48) 

where: 

 Nu = Factored axial force, taken as positive if tensile and negative if 

compressive (kips) 

 φf, φv, φc = Resistance factors for moment, shear and axial resistance = 1.0, 0.9 and 

1.0, respectively. 



114 

  

3.7.10 Interface Shear Design 

3.7.10.1 Standard Specifications Method 

 

The Standard Specifications do not identify the location of the critical section for 

interface shear design. In this study, it was assumed to be the same location as the critical 

section for transverse shear. Composite sections are designed for horizontal shear at the 

interface between the precast beam and deck using the following expression. 

 

u nhV Vφ≤                 (3.49) 

where: 

Vnh = Nominal horizontal shear strength (kips) 

Vu = Factored vertical shear force acting at the section, (kips) 

φ  = Strength reduction factor = 0.90 for prestressed concrete beams 

 

When the contact surface is roughened, or when minimum ties are used, the 

nominal horizontal shear force, Vnh (in lbs.), is found as follows. 

 

  Vnh = 80bvd         (3.50) 

where: 

bv  = Width of cross-section at the contact surface being investigated for 

horizontal shear (in.) 

d = Distance from extreme compressive fiber to the centroid of pretensioning 

force (in.) 

 

When the contact surface is roughened, and when minimum ties are used, the 

nominal horizontal shear force, Vnh (in lbs.), is computed by the following expression. 
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      Vnh = 350bvd        (3.51) 

 

The minimum required number of stirrups for horizontal shear are determined by 

Equation (3.52). 

 

  50 v
vh

y

b sA
f

=     (3.52) 

where: 

Avh  = Horizontal shear reinforcement area (in.2) 

s  = Maximum spacing not to exceed 4 times the least web width of the support 

element, nor 24 in. (in.) 

fy = Yield stress of non-prestressed conventional reinforcement (in.) 

 

3.7.10.2 LRFD Specifications Method 

 

The LRFD Specifications (AASHTO 2004) specify a method for interface shear 

design based on the shear-friction theory. This method assumes a discontinuity along the 

shear plane and the relative displacement is considered to be resisted by cohesion and 

friction, maintained by the shear friction reinforcement crossing the crack. 

 

According to the guidance given by the LRFD Specifications for computing the 

factored horizontal shear. 

u
h

e

VV
d

=       (3.53) 

where: 

Vh  = Horizontal shear per unit length of girder (kips) 

Vu  = Factored vertical shear (kips) 
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de   = Distance between the centroid of the steel in the tension side of the 

beam to the center of the compression block in the deck (de - a/2) at 

ultimate conditions (in.) 

 

 The LRFD Specifications do not identify the location of the critical 

section. For this study, it was assumed to be the same location as the critical section for 

vertical shear. The required nominal shear resistance is calculated by Equation 3.54. 

 

h
n

VV
φ

=       (3.54) 

The nominal shear resistance as calculated by Equation 3.54 shall not be greater 

than the lesser of the following. 

0.2n c cvV f A′≤       (3.55) 

0.8n cvV A≤       (3.56) 

 

The nominal shear resistance of the interface surface is: 

n cv vf y cV cA A f Pµ ⎡ ⎤= + +⎣ ⎦     (3.57) 

where: 

c = Cohesion factor      

µ = Friction factor 

Acv = Area of concrete engaged in shear transfer (in.2) 

Avf = Area of shear reinforcement crossing the shear plane n(in.2) 

Pc = Permanent net compressive force normal to the shear plane 

(kips) 

fy = Shear reinforcement yield strength (ksi) 

 

In this study it was assumed that concrete is placed against clean, hardened 

concrete and free of laitance, but not an intentionally roughened surface. The 
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corresponding values of cohesion and friction factors as given by the LRFD 

Specifications are c = 0.075 ksi and µ = 0.6λ, where λ = 1.0 for normal weight concrete. 

 

3.7.11 Deflection and Camber Calculations 

3.7.11.1 General 

 

This section describes the procedures to calculate the camber and deflections due 

to dead loads. The deflections due to live loads are not calculated in this study as they are 

not a design factor for TxDOT bridges. Camber is calculated based on the Hyperbolic 

Functions Methods (Sinno 1968).  

 

3.7.11.2 Dead Load Deflection 

 

Dead load deflections for a simply supported beam are calculated by application 

of the classical structural analysis methods. The following relations were used to 

compute the dead load deflections. 
45

384
g

b
ci

w L
E I

∆ =                    (3.58)

  
45

384
g

s
ci

w L
E I

∆ =                    (3.59) 

 

( )2 23 4
24

dia
dia

c

P b L b
E I

∆ = −                    (3.60) 

 
45

384
rail

rail
c c

w L
E I

∆ =                      (3.61) 
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45

384
ws

ws
c c

w L
E I

∆ =                                 (3.62) 

where: 

b∆        = Dead load deflection due to girder self weight (in.) 

s∆        = Dead load deflection due to the deck slab (in.) 

dia∆      = Dead load deflection due to diaphragm (in.) 

rail∆      = Dead load deflection due to rail (in.) 

ws∆       = Dead load deflection due to wearing surface (in.) 

bw        = Uniformly distributed load due to the girder self-weight (k/in.) 

sw        = Uniformly distributed load due to the deck slab (k/in.) 

diaP      = Concentrated load due to the interior diaphragms (kips) 

railw     = Uniformly distributed load due to the rail (k/in.) 

wsw      = Uniformly distributed load due to the wearing surface (k/in.) 

ciE  = Modulus of elasticity of concrete at transfer (ksi) 

cE      = Modulus of elasticity of concrete at service (ksi) 

L       = Span Length (in.) 

cI      = Moment of inertia of the composite section (in.4) 

I       = Moment of inertia of the non-composite precast section (in.4) 

 

3.7.11.3 Camber 

 

Camber in prestressed concrete bridge beams is the upward elastic deflection due 

to the eccentric prestressed force only. Camber is a time-dependent phenonmenon and its 

growth with the concrete creep is known to reach as high as 100 percent of the initial 

camber in normal weight concrete (Sinno 1968). Prestress loss is due to the relaxation in 

the elastic strain of the steel which is caused by elastic shortening, shrinkage, and creep 
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strains of concrete.  This study uses the Hyperbolic Functions Methods, developed by 

Sinno (1968), to be consistent with the camber calculations of PSTRS14 (TxDOT 2004). 

The calculated camber values in this study were found to match closely with the results 

of PSTRS14. This method for calculating camber is simple and practical. Though it does 

not reflect the actual complexity of the camber phenomenon, it has produced good results 

that match the experimental evidence (Sinno 1968). The step-by-step procedure used in 

this study to calculate camber in precast, prestressed girder at time, t, is summarized 

below. 

 

 

Step 1: 

The initial prestressing force immediately after release is evaluated by the 

following relation. 

2 2

1 1

g c ps pssi

ps ps c ps ps ps ps c ps ps
c

c c c c

M e A EPP
A E e A E A E e A E

E I
AE E I AE E I

= +
⎛ ⎞ ⎛ ⎞
+ + + +⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠

  (3.63) 

where: 

P  = Initial prestressing force immediately after release (kips) 

siP  = Anchor force in the prestressing steel (kips) 

psA  = Area of the total number of prestressing strands (in.2) 

A  = Area of the precast section (in.2) 

ce  = Eccentricity of the prestressing strand group from the neutral axis (in.) 

psE  = Modulus of elasticity of the prestressing steel (ksi) 

 

Step 2: 

The initial prestress loss, PLi, is calculated as a dimensionless quantity as follows. 

 

si
i

si

P PPL
P
−

=                       (3.64) 
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Step 3: 

The concrete stress at the steel level, s
cif , is calculated immediately after release 

by the following expression. 
21 g cs c

ci

M eef P
A I I

⎛ ⎞
= + −⎜ ⎟

⎝ ⎠
                       (3.65) 

Step 4: 

The total strain due to creep and shrinkage is calculated by assuming constant 

sustained stress. 

1
s s
c cr ci shfε ε ε∞ ∞= +                         (3.66) 

where: 

crε ∞    = Total creep in concrete at time t (days) 

 = 6340 .10 .5.0
t in

int
−⎡ ⎤ ×⎢ ⎥+⎣ ⎦

 

shε ∞    = Total shrinkage in concrete at time t (days) 

 = 6175 .10 .4.0
t in

int
−⎡ ⎤ ×⎢ ⎥+⎣ ⎦

 

1
s
cε    = Total strain at the prestressing steel level (in./in.) 

t      = Total time in days at which camber is desired to be evaluated. Based on 
the experimental evidence in the work by Sinno (1968), camber is 
predicted at 280th day. 

 

 

Step 5: 

The total strain at the prestressing level, 2
s
cε , is adjusted by subtracting the 

concrete elastic strain rebound. 
2

2 1 1
1ps pss s s c

c c c
c

E A e
E A I

ε ε ε
⎛ ⎞

= − +⎜ ⎟
⎝ ⎠

                    (3.67) 

Step 6: 

The change in the concrete stress at the prestressing steel level, s
cf∆ , is computed. 



121 

2

2
1s s c

c c ps ps
ef E A

A I
ε

⎛ ⎞
∆ = +⎜ ⎟

⎝ ⎠
                  (3.68) 

Step 7: 

The total strain at the prestressing level, 1
s
cε , is corrected. 

4 2

s
s s c
c cr ci sh

ffε ε ε∞ ∞⎛ ⎞∆
= − +⎜ ⎟

⎝ ⎠
                  (3.69) 

Step 8: 

Step 5 is repeated again and using the corrected value for the total strain which 

is 4
s
cε , 

2

5 4 4
1ps pss s s c

c c c
c

E A e
E A I

ε ε ε
⎛ ⎞

= − +⎜ ⎟
⎝ ⎠

                 (3.70) 

Step 9: 

The ultimate time-dependent prestress loss, PL∞, is calculated. 

5
s
c ps ps

si

E A
PL

P
ε∞ =          (3.71) 

Step 10: 

The time (days) at which the time-dependent prestress loss is equal to half its 

ultimate value, PLN , is calculated. 

4

5 4
2

s
s c

cr ci sh

PL s
c

ff
N

ε ε

ε

∞ ∞⎡ ⎤⎛ ⎞∆
− +⎢ ⎥⎜ ⎟

⎝ ⎠⎣ ⎦=                      (3.72) 

 

Step 11: 

The total prestress loss at time (t), PL, is calculated as follows, 

i
PL

PL tPL PL
N t

∞

= +
+

                  (3.73) 

Step 12: 

Finally the total camber at any time, t, is calculated by the following expression, 
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( )2
1

s
s c

cr ci e

t i
e

ff
C C PL

ε ε

ε

∞

∞

⎡ ⎤⎛ ⎞∆
− +⎢ ⎥⎜ ⎟

⎝ ⎠⎣ ⎦= −                   (3.74) 

where: 

 

iC  = Initial camber immediately after the release of the prestressing force 

(in.) 

tC  = Total camber at any time, t (in.) 

eε  = Elastic strain in concrete at steel level immediately after release of the 

prestressing force = 
s

ci

c

f
E

 (in./in.) 
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4. PARAMETRIC STUDY RESULTS 

 

4.1 INTRODUCTION 

 

A parametric study composed of a number of designs was conducted as the part 

of this research study. Only bridge superstructures with Texas U54 precast prestressed 

concrete bridge girders were considered for this portion of study. The main objective 

was to investigate the effect of the provisions in the LRFD Specifications as compared to 

designs following the Standard Specifications.  The results obtained for designs based on 

both the Standard and LRFD Specifications were validated using TxDOT’s bridge 

design software PSTRS14 (TxDOT 2004). Various design output quantities such as 

distribution factors (DFs), live load moment and shear, factored moment and shear, 

transverse and horizontal shear reinforcement area required, nominal moment capacity, 

concrete strengths, prestress losses, maximum span capability, number of strands 

required, camber, and debonding requirements were compared. A summary of the design 

parameters is given in Table 4.1, and additional details are provided in Section 3. 

 

Table 4.1  Summary of Design Parameters 
Parameter Description / Selected Values 

Girder Spacing (ft.) 8'-6'', 10'-0'', 11'-6'', 14'-0'' and 16'-8'' 

Spans 90 ft. to maximum span at 10 ft. intervals 

Strand Diameter (in.) 0.5 and 0.6 

Concrete Strength at 
Release, f 'ci 

Varied from 4000 to 6750 psi for design with optimum 
number of strands 

Concrete Strength at 
Service, f 'c 

Varied from 5000 to 8750 psi for design with optimum 
number of strands 

Skew Angle (degrees) 0, 15, 30 and 60 
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For the parametric study, the span lengths were increased from 90 ft. to the 

maximum possible span length at 10 ft. intervals. For the purpose of the discussion of 

results, the spans are categorized as “short spans,” “long spans,” and “maximum spans.” 

A short span is considered to be in the range of 90 to 100 ft. length, and a long span is 

considered to be greater than 100 ft. up to, but not including, the maximum span length. 

The maximum span length is the length beyond which a particular limit state (e.g. 

service limit state) is exceeded or a particular set of parameters (e.g. cif ′ ) reach their 

maximum value. The percent difference was calculated by the following equation. 

 

 Diff. ( percent) = 100LRFD STD

STD

λ λ
λ

⎛ ⎞−
×⎜ ⎟

⎝ ⎠
     (4.1) 

 

where,  and LRFD STDλ λ  are the design values of interest based on the LRFD and Standard 

Specifications, respectively. Therefore, a negative difference indicates a decrease in the 

design value based on the LRFD Specifications with respect to the design value based on 

the Standard Specifications. The focus of this research was on the interior girders, so all 

the results that are presented in this section relate to the interior girder calculations 

unless otherwise specified. The provisions for flexural service limit state design, and 

flexural ultimate limit state design, transverse and interface shear designs are evaluated 

in the parametric study. 

The detailed design information for every case studied is available in the tables 

and graphs provided in Appendix A. Based on these results, the following sections 

summarize the findings with the help of tables and graphs that illustrate the overall 

trends. 
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4.2 LIVE LOAD MOMENTS AND SHEARS 

4.2.1 General 

 

The Standard Specifications specify the live load as the maximum effect 

produced by either HS20-44 design truck load or a design lane load. The LRFD 

Specifications specify a different live load model HL-93, which is the maximum effect 

produced by the combination of a design truck load or design tandem load with the 

design lane load. The formulas for load distribution and impact factors provided by the 

Standard Specifications differ significantly from those provided by the LRFD 

Specifications. The impact factors as given in the Standard Specifications vary with the 

span length and are applicable to both the truck and lane loading; whereas the LRFD 

Specifications requires the impact factor, which is constant at 33 percent, to be 

applicable to only the design truck and design tandem loads.  

The live load moments are calculated at the midspan location, whereas the live 

load shears are calculated at the critical section locations. The live load distribution 

factors and undistributed and distributed live load moments and shears are calculated for 

each case and the comparisons between the Standard and LRFD Specifications are 

presented below. 

 

4.2.2 Live Load Distribution Factors 

 

Tables 4.2 and 4.3 and Figure 4.1 show differences in the live load DFs 

calculated by the two specifications. Detailed results for all skews are given in Appendix 

A. The results in Table 4.3 are based on the live load DFs that were calculated without 

applying the skew correction factor. In general, the live load DFs, without applying the 

skew correction factor, calculated by the LRFD Specifications decrease in the range of 

0.217 to 0.619 (23.8 to 40.8 percent). More specifically, for the spacings of 10 ft. and 
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11.5 ft. this decrease ranges from 0.217 to 0.36 (23.8 to 34.5 percent), while for the 

spacings of 8.5 ft., 14 ft. and 16.67 ft. it decreases by 0.284 to 0.619 (31.6 to 40.8 

percent). The strand diameter does not affect the calculation of the live load DFs. 

 The skew correction factors for skew angles of 0, 15, 30 and 60 degree are 1, 

0.983, 0.906 and 0.617. These skew correction factors, when applied to the live load 

DFs, do not change them significantly for skew angles up to 30 degree but, they do 

change them significantly for skew angle of 60 degree. Figure 4.1 shows the live load 

DFs, calculated by taking into account the skew correction factor, for all the spacings. 

The summary of results of live load DFs for moment for all the skew angles is outlined 

in Table 4.2. It can be seen that for skew angles of 0, 15 and 30 degree, the live load DFs 

decreases in the range of 0.217 to 0.703 (23.8 to 46.4 percent), while for the skew angle 

of 60 degree this decrease ranges from 0.52 to 0.962 (57.8 to 63.5 percent). 

The skew does not affect shear live load DFs for the interior beams. Table 4.3 

outlines the summary of results for shear live load DFs. In general, it increases by 0.036 

(3.9 percent) and decreases by 0.156 (10.3 percent). Shear live load DFs for both 

specifications are drawn in Figure 4.2. For the spacings of 10 ft. and 11.5 ft. the 

difference is negligible, but for the spacings of 8.5 ft., 14 ft. and 16.67 ft. the Standard 

Specification’s live load DFs for shear are relatively larger. 

The live load DFs calculated in the Standard Specifications are larger than those 

calculated in the LRFD Specifications, but for moment live load DFs, when compared to 

shear live load DFs, this difference is more pronounced as can be seen in Figures 4.1 and 

4.3. 
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Table 4.2  Comparison of Moment Distribution Factors for U54 Interior Beams 

 

 

All Skews Skew = 0 Skew = 15 Skew = 30 Skew = 60 

DF DF DF DF DF 
Spacing 

(ft.) 
Span 
(ft.) 

STD LRFD

% 
Diff. 
w.r.t 
STD LRFD

% 
Diff. 
w.r.t 
STD LRFD

% 
Diff. 
w.r.t 
STD LRFD 

% 
Diff. 
w.r.t 
STD 

90 0.616 -31.6 0.605 -32.8 0.557 -38.1 0.380 -57.8 
100 0.599 -33.4 0.589 -34.5 0.543 -39.7 0.370 -58.9 
110 0.585 -35.0 0.575 -36.1 0.530 -41.1 0.361 -59.9 
120 0.572 -36.4 0.562 -37.5 0.518 -42.4 0.353 -60.8 
130 0.561 -37.7 0.551 -38.8 0.508 -43.6 0.346 -61.6 

8.50 

140 

0.900 

0.550 -38.9 0.541 -39.9 0.498 -44.6 0.340 -62.3 
90 0.692 -23.8 0.681 -25.1 0.627 -31.0 0.427 -53.0 
100 0.674 -25.8 0.663 -27.1 0.611 -32.8 0.416 -54.2 
110 0.658 -27.6 0.647 -28.8 0.596 -34.4 0.406 -55.3 
120 0.644 -29.2 0.633 -30.4 0.583 -35.9 0.397 -56.3 
130 0.631 -30.6 0.620 -31.8 0.571 -37.2 0.389 -57.2 

10.00 

140 

0.909 

0.619 -31.9 0.609 -33.1 0.561 -38.3 0.382 -58.0 
90 0.766 -26.7 0.753 -27.9 0.694 -33.6 0.473 -54.8 
100 0.746 -28.6 0.733 -29.9 0.676 -35.4 0.460 -56.0 
110 0.728 -30.3 0.716 -31.5 0.660 -36.9 0.449 -57.0 
120 0.712 -31.9 0.700 -33.0 0.645 -38.3 0.440 -58.0 
130 0.698 -33.2 0.686 -34.4 0.632 -39.5 0.431 -58.8 

11.50 

140 

1.046 

0.685 -34.5 0.673 -35.6 0.620 -40.7 0.423 -59.6 
90 0.884 -30.6 0.869 -31.7 0.800 -37.1 0.545 -57.2 
100 0.860 -32.4 0.846 -33.5 0.779 -38.8 0.531 -58.3 
110 0.840 -34.0 0.826 -35.1 0.761 -40.2 0.518 -59.3 
120 0.822 -35.4 0.808 -36.5 0.744 -41.5 0.507 -60.2 
130 0.805 -36.7 0.791 -37.8 0.729 -42.7 0.497 -61.0 

14.00 

140 

1.273 

0.790 -37.9 0.777 -39.0 0.716 -43.8 0.487 -61.7 
90 1.003 -33.8 0.986 -34.9 0.908 -40.1 0.619 -59.2 
100 0.977 -35.6 0.960 -36.7 0.884 -41.6 0.603 -60.2 
110 0.953 -37.1 0.937 -38.2 0.863 -43.0 0.588 -61.2 
120 0.932 -38.5 0.917 -39.5 0.844 -44.3 0.575 -62.0 
130 0.914 -39.7 0.898 -40.7 0.827 -45.4 0.564 -62.8 

16.67 

140 

1.516 

0.897 -40.8 0.881 -41.8 0.812 -46.4 0.553 -63.5 
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Table 4.3  Comparison of Live Load Distribution Factors 
Moment DF Shear DF Spacing 

(ft.) 
Span 
(ft.) LRFD STD

%diff. 
w.r.t 
STD LRFD STD

%diff. 
w.r.t 
STD 

90 0.616 -31.6 0.830 -7.8 
100 0.599 -33.4 0.821 -8.8 
110 0.585 -35.0 0.813 -9.7 
120 0.572 -36.4 0.806 -10.5 
130 0.561 -37.7 0.799 -11.2 

8.50 

140 0.550

0.900

-38.9 0.793

0.900

-11.9 
90 0.692 -23.8 0.945 3.9 
100 0.674 -25.8 0.935 2.8 
110 0.658 -27.6 0.926 1.8 
120 0.644 -29.2 0.917 0.9 
130 0.631 -30.6 0.910 0.1 

10.00 

140 0.619

0.909

-31.9 0.903

0.909

-0.6 
90 0.766 -26.7 1.056 1.0 
100 0.746 -28.6 1.045 0.0 
110 0.728 -30.3 1.035 -1.0 
120 0.712 -31.9 1.026 -1.9 
130 0.698 -33.2 1.018 -2.7 

11.50 

140 0.685

1.046

-34.5 1.010

1.046

-3.4 
90 0.884 -30.6 1.237 -2.8 
100 0.860 -32.4 1.223 -3.9 
110 0.840 -34.0 1.212 -4.8 
120 0.822 -35.4 1.201 -5.6 
130 0.805 -36.7 1.191 -6.4 

14.00 

140 0.790

1.273

-37.9 1.182

1.273

-7.1 
90 1.003 -33.8 1.422 -6.2 
100 0.977 -35.6 1.407 -7.2 
110 0.953 -37.1 1.393 -8.1 
120 0.932 -38.5 1.381 -8.9 
130 0.914 -39.7 1.370 -9.6 

16.67 

140 0.897

1.516

-40.8 1.360

1.516

-10.3 
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Figure 4.1  Comparison of Live Load Distribution Factor for Moment. 
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Figure 4.2  Comparison of Live Load Distribution Factor for Shear. 
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4.2.3 Undistributed Live Load Moment and Shear 

4.2.3.1 Undistributed Live Load Moment 

 

For simply supported bridge superstructures, the undistributed live load moment 

is calculated by placing the vehicular live load on a simply supported beam, such that a 

maximum response affect can be obtained. The LRFD Specifications has introduced a 

new live load model, HL93, which is heavier than its predecessor, HS20-44, as used in 

the Standard Specifications. The undistributed live load moment solely depends on the 

bridge span length and position of the live load. The LRFD Specifications give larger 

estimate of undistributed live load moment as shown in Figure 4.3, when compared to 

that of the Standard Specifications. When undistributed live load moment is calculated 

by LRFD Specifications, it increases from 778.6 k-ft to 1884.5 k-ft (47.1 to 70.8 percent) 

relative to the Standard Specifications.  
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Figure 4.3  Comparison of Undistributed Live Load Moment. 

 

The truck plus lane load combination as compared to tandem plus lane load 

combination in HL93 live load model and the truck load as compared to the lane load in 
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HS20-44 live load model always controls for the span range considered in this study. 

The detailed results are outlined in Appendix A. 

 

4.2.3.2 Undistributed Live Load Shear and Critical Section Location 

 

Critical Section for Shear 

The critical section for shear varies significantly from the Standard to the LRFD 

Specifications. For the Standard Specifications the critical section is constant and is 

located at a distance h/2 (where h is the total height of the composite girder section) 

from the end of the beam, where in the LRFD Specifications the critical section is 

calculated by an iterative procedure. For all the bridges considered in this study, the 

critical section in Standard Specifications is 2.583 ft. from the end of the beam, where in 

the LRFD Specifications the critical section location varies from 5.03 ft. to 6.04 ft. from 

the end of the beam for both the strand diameters of 0.5 in. and 0.6 in. The strand 

diameter has a very insignificant affect on the overall range of the critical section 

location. In general, the critical section location reduces with the increasing spacing, and 

for a particular spacing the critical section location is largest for short and long spans, 

and smallest for the medium spans considered in this study.  

 

Undistributed Live Load Shear 

Figure 4.4 shows the plots for undistributed live load shear force for the actual 

critical section location and actual possible span lengths for a particular spacing and the 

detailed results are outlined in Appendix A. When the LRFD Specifications results are 

viewed in isolation, the variation in the undistributed live load shear force due to skew 

angle and the spacing is negligible, as can be seen in Figure 4.4 that the shear force plot 

for all the skew angles is superimposed on each other and similarly the undistributed live 

load shear force values change very insignificantly due to change in spacings. This 

negligible change in the LRFD Specifications results due to varying skew and spacing 

can be explained by the fact that the critical section at which the undistributed shear is 
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calculated is changing in the range of 5.03 ft. to 6.04 ft for the set of bridge 

superstructures considered in this study. The undistributed shear force calculated in the 

LRFD Specifications increases by 27 kips to 43.5 kips (35 to 55.6 percent) relative to the 

Standard Specifications. 

 

4.2.4 Distributed Live Load Moment and Shear  

4.2.4.1 Distributed Live Load Moment 

 

A distributed live load moment results when an undistributed live load moment is 

multiplied with the corresponding distribution factor and skew correction factors and 

distributed to an individual bridge girder. Figure 4.5 and Table 4.4 shows the range of 

difference in distributed live load shear for the LRFD relative to the Standard 

Specifications and for the spacing 16.67 ft. the Standard Specifications give a slightly 

larger estimate. For the skew angles of 0 and 15 degree, the distributed live load moment 

comparison follows a similar trend and the LRFD moment increases up to 386.6 k-ft (16 

percent) and decreases up to 117.5 k-ft (4.7 percent) relative to that of the Standard 

moment. For the 30 degree skew angle, the distributed live load moment increases up to 

121.8 k-ft (5 percent) and decreases up to 358.3 k-ft (12.2 percent). For the 60 degree 

skew angle, the distributed live load moment decreases in the range of 467.7 to 1526.3 

k-ft (28.4 to 40.2 percent).  
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Figure 4.4  Comparison of Undistributed Live Load Shear Force at Critical Section. 
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Figure 4.5  Comparison of Distributed Live Load Moment. 
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Table 4.4  Comparison of Distributed Live Load Moments 
All 

Skews Skew = 0 Skew = 15 Skew = 30 Skew = 60 

Moment 
 (k-ft) 

Moment 
(k-ft) 

Moment 
(k-ft) 

Moment 
(k-ft) 

Moment 
(k-ft) 

Spacing 
(ft.) 

Span 
(ft.) 

STD LRFD 

% 
Diff. 
w.r.t 
STD LRFD 

% 
Diff. 
w.r.t 
STD LRFD 

% 
Diff. 
w.r.t 
STD LRFD 

% 
Diff. 
w.r.t 
STD

90 1486.3 1489.1 0.2 1463.8 -1.5 1348.6 -9.3 918.8 -38.2
100 1671.9 1684.0 0.7 1655.4 -1.0 1525.2 -8.8 1039.0 -37.9
110 1855.4 1881.8 1.4 1849.8 -0.3 1704.3 -8.1 1161.0 -37.4
120 2037.2 2082.8 2.2 2047.4  0.5 1886.3 -7.4 1285.0 -36.9
130 2217.4 2287.1 3.1 2248.3  1.4 2071.4 -6.6 1411.1 -36.4

8.50 

140 2396.2 2495.0 4.1 2452.6  2.4 2259.6 -5.7 1539.4 -35.8
90 1501.3 1675.3 11.6 1646.9  9.7 1517.3 1.1 1033.7 -31.2
100 1688.8 1894.6 12.2 1862.4 10.3 1715.9 1.6 1168.9 -30.8
110 1874.1 2117.1 13.0 2081.2 11.0 1917.4 2.3 1306.2 -30.3
120 2057.8 2343.2 13.9 2303.4 11.9 2122.2 3.1 1445.7 -29.7
130 2239.8 2573.1 14.9 2529.4 12.9 2330.4 4.0 1587.6 -29.1

10.00 

140 2420.5 2807.0 16.0 2759.3 14.0 2542.2 5.0 1731.9 -28.4
90 1726.5 1854.0 7.4 1822.5 5.6 1679.1 -2.7 1143.9 -33.7
100 1942.1 2096.6 8.0 2061.0 6.1 1898.8 -2.2 1293.6 -33.4
110 2155.3 2342.9 8.7 2303.1 6.9 2121.9 -1.5 1445.5 -32.9
120 2366.4 2593.1 9.6 2549.0 7.7 2348.5 -0.8 1599.9 -32.4
130 2575.8 2847.5 10.5 2799.1 8.7 2578.9 0.1 1756.9 -31.8

11.50 

140 2783.5 3106.3 11.6 3053.6 9.7 2813.3 1.1 1916.6 -31.1
90 2101.9 2138.2 1.7 2101.9 0.0 1936.5 -7.9 1319.2 -37.2
100 2364.3 2418.0 2.3 2377.0 0.5 2189.9 -7.4 1491.9 -36.9
110 2623.8 2702.0 3.0 2656.1 1.2 2447.1 -6.7 1667.1 -36.5
120 2880.9 2990.6 3.8 2939.8 2.0 2708.4 -6.0 1845.1 -36.0
130 3135.7 3284.0 4.7 3228.2 2.9 2974.2 -5.2 2026.2 -35.4

14.00 

140 3388.6 3582.5 5.7 3521.6 3.9 3244.5 -4.3 2210.4 -34.8
90 2502.7 2426.6 -3.0 2385.4 -4.7 2197.7 -12.2 1497.2 -40.2
100 2815.2 2744.2 -2.5 2697.6 -4.2 2485.4 -11.7 1693.2 -39.9
110 3124.2 3066.5 -1.8 3014.5 -3.5 2777.3 -11.1 1892.0 -39.4
120 3430.3 3394.0 -1.1 3336.4 -2.7 3073.8 -10.4 2094.1 -39.0
130 3733.7 3727.0 -0.2 3663.7 -1.9 3375.4 -9.6 2299.5 -38.4

16.67 

140 4034.9 4065.8 0.8 3996.7 -0.9 3682.3 -8.7 2508.6 -37.8
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4.2.4.2 Distributed Live Load Shear 

 

Table 4.5 shows the maximum and minimum range of difference in distributed 

live load shear for the LRFD relative to the Standard Specifications. As mentioned 

earlier that the LRFD Specifications provide the skew correction factor for shear only for 

the exterior girders, while this study focuses on the interior girders. Therefore, as it is 

evident from Table 4.5 and Figure 4.6 that skew does not affect the shear force in the 

girders. Moreover, the live load shear forces are also found to be insensitive to the strand 

diameter. In Figure 4.6, the distributed live load shear force is calculated at the critical 

section location for each specification and is plotted for the actual possible span lengths. 

The distributed live load shear, as calculated in the LRFD Specifications, increases by 

16.9 to 39.6 kips (24.5 to 55.7 percent) for all the spacings considered. 

 

Table 4.5  Range of Difference in Distributed Live Load Shear for LRFD Relative 
to Standard Specifications 

 

 

4.2.5 Comparison of Undistributed Dynamic Load Moment and Shear 

 

The LRFD Specifications recommend the use of 33 percent of the total 

undistributed live load as the dynamic load, while the Standard Specifications give a 

relation to calculate the dynamic load allowance factor (known as impact factor in the 

Standard Specifications), which is then multiplied with the total undistributed live load 

to get the dynamic load. The impact factor in the Standard Specifications ranges from 

23.3 percent to 18.9 percent as compared to 33 percent in the LRFD Specifications as 

shown in Table 4.6 and Figure 4.7. 

Girder Spacing (ft.) Difference  
(kips) 

Difference 
(%) 

8.50 26.9 to 16.9 38.2 to 24.5 
10.00 39.6 to 28.5 55.7 to 40.8 
11.50 39.4 to 29.9 48.3 to 37.3 
14.00 39.3 to 32.1 39.7 to 32.8 
16.67 up to 37.6 up to 32 
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(c) Spacing = 11.5 ft. (d) Spacing = 14 ft. 
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Figure 4.6  Comparison of Distributed Live Load Shear Force at Critical Section. 
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There is a significant increase in the dynamic load moment from 310 to 125.5 k-ft. (73.9 

to 40.8 percent) and dynamic load shear force also increases in the range of 8.0 to 5.1 

kips (62.1 to 34.9 percent). A trend in the change in dynamic load shear with respect to 

the span length can be observed in Figure 4.8. For the LRFD Specifications the dynamic 

load shear increases with respect to the span length, while for the Standard 

Specifications the dynamic load shear decreases with respect to the span length. The 

reason for this trend is that the impact factor in the Standard Specifications decreases 

with the span length as compared to the LRFD Specifications where it is constant. 

  

Table 4.6  Range of Difference in Undistributed Dynamic Load Moment and Shear 
for LRFD Relative to Standard Specifications 

Shear Moment Girder Spacing 
 (ft.) Difference 

 (kips) 
Difference  

(%) 
Difference  

(kips) 
Difference  

(%) 
8.50 
10.00 8.0 to 5.1 62.1 to 34.9 

11.50 7.4 to 5.2 55.6 to 35.6 
14.00 6.8 to 5.3 49.5 to 36.3 
16.67 6.1 to 5.3 43.1 to 36.3 

310.0 to 125.5 73.9 to 40.8 
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Figure 4.7  Comparison of Undistributed Dynamic Load Moment at Midspan. 
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Figure 4.8  Comparison of Undistributed Dynamic Load Shear Force at Critical 

Section. 
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4.3 SERVICE LOAD DESIGN 

4.3.1 General 

 

The impact of the AASHTO LRFD Specifications on the service load design for 

flexure is discussed in this section. The effect on the maximum span length capability, 

required number of strands, initial and final prestress losses, and the required concrete 

strengths at service and at release is presented in graphical and tabular format. In 

general, the designs based on the LRFD were able to achieve a higher span length with 

lesser number of strands, lesser prestress losses, and lower concrete strengths. A 

decrease in the live load moments and a different live load factor in service limit is the 

reason for such a trend.  

 

4.3.2 Maximum Span Lengths 

 

Tables 4.7 and 4.8 show the comparison of possible maximum span lengths for 

the LRFD and the Standard Specifications for the skew angles of 0, 15, 30 and 60 

degree, and for 0.5 and 0.6 in. diameter strands, respectively. The required number of 

strands is also mentioned for each design case. In these tables, when only the 

comparison for 0 degree skew is considered, it is obvious that sometimes for equal 

number of strands and sometimes for lesser number of strands, the LRFD Specifications 

designs can span slightly longer, ranging from 1.5 to 7.5 ft. The plots in Figure 4.9 show 

that for larger spacings the difference of maximum span lengths between the LRFD and 

the Standard Specifications increase. 

Table 4.9 shows the range of maximum differences in maximum span lengths for 

the LRFD and the Standard Specifications, for both of 0.5 in. and 0.6 in. diameter 

strands. If the skew correction is taken into consideration and the comparison for 

maximum span length is made between the two specifications, then, based on Table 4.9 
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and Figure 4.9, it can be said that the overall increase in span capability ranges from 1.5 

to 18.5 ft. (1.1 to 18.8 percent) and the maximum span length increases with the increase 

in the skew. 

Some of the maximum span lengths are greater than 140 ft., which is one of the 

limits for the use of the LRFD Specifications live load distribution factor formulas. 

There are only two such cases, both for 8.5 ft. spacing and 60 degree skew, for strand 

diameters 0.5 and 0.6 in. For the purpose of parametric study, this LRFD live load 

distribution factor limit is neglected and the distribution factor for moment and shear is 

calculated using the same formulas. The distribution factor for these two cases will be 

checked by performing refined analysis in section 5. 

 

Table 4.7  Maximum Differences in Maximum Span Lengths of LRFD Designs 
Relative to Standard Designs 

 
 

Strand Diameter = 0.5 in. Strand Diameter = 0.6 in. 
Skew (degrees) Skew (degrees) Girder 

Spacing  (ft.) 
0, 15, 30 60 0, 15, 30 60 

1.5 ft. to 3.5 ft. 10 ft. 2 ft. to 4 ft. 10 ft. 8.5 
(1.1% to 2.6%) 7.4% (1.5% to 3%) 7.4% 
0.5 ft. to 3 ft. 9 ft. 0 ft. to 1.5 ft. 8.0 ft. 10.0 

(0.4% to 2.3%) 6.9% (0%  to 1.2%) 6.2% 
1.5 ft. to 3.5 ft. 10.0 ft. 0 ft. to 2 ft. 9 ft. 11.5 
(1.2% to 2.8%) 8.1% (0% to 1.6%) 7.3% 
2.5 ft. to 5 ft. 10.5 ft. 3.5 ft. to 5 ft. 11.5 ft. 14.0 

(2.2% to 4.4%) 9.3% (3.1% to 4.5%) 10.3% 
4.5 ft. to 6.5 ft. 12.5 ft. 7.5 ft. to 11.5 ft. 18.5 ft. 16.7 
(4.3%  to 6.2%) 12.0% (7.6% to 11.7%) 18.8% 
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(a) Strand Diameter = 0.5 in. 
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Figure 4.9  Maximum Span Length versus Girder Spacing for U54 Beam. 
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Table 4.8  Comparison of Maximum Span Lengths (Strand Diameter = 0.5 in.) 

Standard LRFD 
Skew Girder Spacing 

(ft.) Max. Span  
(ft.) 

No. 
Strands 

Max. Span  
(ft.) 

No. 
Strands 

Span Diff. 
w.r.t. STD 

ft. (%) 

8.5 135.0 89 136.5 89 1.5  (1.1) 
10.0 130.0 87 130.5 89 0.5  (0.4) 
11.5 124.0 87 125.5 89 1.5  (1.2) 
14.0 113.0 87 115.5 87 2.5  (2.2) 

0 

16.7 104.5 85 109.0 87 4.5  (4.3) 
8.5 135.0 89 136.5 89 1.5  (1.1) 

10.0 130.0 87 131.0 89 1.0  (0.8) 
11.5 124.0 87 126.0 89 2.0  (1.6) 
14.0 113.0 87 116.0 87 3.0  (2.7) 

15 

16.7 104.5 85 109.5 87 5.0  (4.8) 
8.5 135.0 89 138.5 89 3.5  (2.6) 

10.0 130.0 87 133.0 91 3.0  (2.3) 
11.5 124.0 87 127.5 89 3.5  (2.8) 
14.0 113.0 87 118.0 89 5.0  (4.4) 

30 

16.7 104.5 85 111.0 87 6.5  (6.2) 
8.5 135.0 89 145.0 89 10.0 (7.4)

10.0 130.0 87 139.0 89 9.0  (6.9) 
11.5 124.0 87 134.0 89 10.0 (8.1)
14.0 113.0 87 123.5 87 10.5 (9.3)

60 

16.7 104.5 85 117.0 87 12.5  (12.0)
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Table 4.9  Comparison of Maximum Span Lengths (Strand Diameter = 0.6 in.) 
Standard LRFD 

Skew Girder Spacing 
 (ft.) Max. Span 

(ft.) No. Strands Max. Span 
(ft.) No. Strands 

Span Diff.
w.r.t. STD

 ft. (%) 
8.5 134.5 60 136.5 60 2.0  (1.5) 

10.0 130.0 60 130.0 60 0.0  (0.0) 
11.5 124.0 60 124.0 60 0.0  (0.0) 
14.0 112.0 58 115.5 60 3.5  (3.1) 

0 

16.7 98.5 51 106.0 56 7.5  (7.6) 
8.5 134.5 60 137.0 60 2.5  (1.9) 

10.0 130.0 60 130.0 60 0.0  (0.0) 
11.5 124.0 60 125.0 60 1.0  (0.8) 
14.0 112.0 58 116.0 60 4.0  (3.6) 

15 

16.7 98.5 51 107.0 56 8.5  (8.6) 
8.5 134.5 60 138.5 60 4.0  (3.0) 

10.0 130.0 60 131.5 60 1.5  (1.2) 
11.5 124.0 60 126.0 60 2.0  (1.6) 
14.0 112.0 58 117.0 60 5.0  (4.5) 

30 

16.7 98.5 51 110.0 58 11.5  (11.7)
8.5 134.5 60 144.5 60 10.0  (7.4)

10.0 130.0 60 138.0 60 8.0  (6.2) 
11.5 124.0 60 133.0 60 9.0  (7.3) 
14.0 112.0 58 123.5 60 11.5  (10.3)

60 

16.7 98.5 51 117.0 60 18.5  (18.8)
 

 

4.3.3 Number of Strands 

 

Tables 4.10 through 4.14 show the differences in the number of strands required 

for span lengths from 90 ft. to the maximum spans designed under the LRFD and the 

Standard Specifications for 0.5 in. diameter strands and for 0.6 in. diameter strands the 

similar tables are shown in Appendix A. Each table shows the designs for different 

girder spacing. The difference in the number of strands for maximum spans is not 

reported since the number of strands for different spans cannot be compared.  
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The general trend is that the LRFD designs required fewer numbers of strands 

than for the designs based on the Standard Specifications. The number of strands for 

LRFD designs decreases with the increase in spacing, span or skew angle relative to the 

designs based on the Standard Specifications. For the skew angles of 0, 15 and 30 degree 

and for girder spacings less than or equal to 11.5 ft., the LRFD designs required between 

one to 6 fewer strands and for girder spacings greater than 11.5 ft., the LRFD designs 

required between one to 10 fewer strands relative to the designs based on the Standard 

Specifications. There is significant drop in the number of strands required by the LRFD 

designs relative to those of the Standard designs for the 60 degree skew and the reason 

for this is that the flexural demand reduces significantly in this case. For the 60 degree 

skew and for girder spacings less than or equal to 11.5 ft., the LRFD designs required 

between 4 to 14 fewer strands and for girder spacings greater than 11.5 ft., the LRFD 

designs required between 12 to 18 fewer strands relative to the designs based on the 

Standard Specifications. 

The effect of the 0.8 live load reduction factor included in the LRFD Service III 

limit state compared to the 1.0 live load reduction factor in the Standard Specifications 

should result in a reduction of strands required for the same load requirements. 

Although, the LRFD Specifications provide for a heavier live load but the final 

distributed moment is less than that of the Standard Specifications, as explained in 

Section 4.2.4. 
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Table 4.10  Comparison of Number of Strands  
(Strand Diameter = 0.5 in., Girder Spacing = 8.5 ft.) 

Standard LRFD 
Skew Span Length 

(ft.) 
No. of 

Strands 
Span Length 

(ft.) 
No. of 

Strands

Difference in 
No. of 

Strands 

90 35 90 31 -4 
100 43 100 41 -2 
110 53 110 51 -2 
120 66 120 64 -2 
130 80 130 78 -2 

0 

135 89 136.5 89 - 
90 35 90 31 -4 

100 43 100 41 -2 
110 53 110 51 -2 
120 66 120 62 -4 
130 80 130 78 -2 

15 

135 89 136.5 89 - 
90 35 90 31 -4 

100 43 100 39 -4 
110 53 110 49 -4 
120 66 120 60 -6 
130 80 130 76 -4 

30 

135 89 138.5 89 - 
90 35 90 27 -8 

100 43 100 35 -8 
110 53 110 45 -8 
120 66 120 54 -12 
130 80 130 66 -14 
135 89 140 80 - 

60 

- - 145 89 - 
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Table 4.11  Comparison of Number of Strands  
(Strand Diameter = 0.5 in., Girder Spacing = 10 ft.) 

Standard LRFD 
Skew Span Length 

(ft.) 
No. of 

Strands 
Span 

Length (ft.)
No. of 

Strands

Difference in 
No. of 

Strands 
90 37 90 35 -2 

100 47 100 47 0 
110 58 110 58 0 
120 72 120 72 0 
130 87 130 87 0 

0 

- - 130.5 89 - 
90 37 90 35 -2 

100 47 100 45 -2 
110 58 110 58 0 
120 72 120 70 -2 
130 87 130 87 0 

15 

- - 131 89 - 
90 37 90 35 -2 

100 47 100 45 -2 
110 58 110 56 -2 
120 72 120 68 -4 
130 87 130 85 -2 

30 

- - 133 91 - 
90 37 90 31 -6 

100 47 100 39 -8 
110 58 110 49 -9 
120 72 120 60 -12 
130 87 130 74 -13 

60 

- - 139 89 - 
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Table 4.12  Comparison of Number of Strands  
(Strand Diameter = 0.5 in., Girder Spacing = 11.5 ft.) 

Standard LRFD 
Skew Span Length 

(ft.) 
No. of 

Strands
Span Length 

(ft.) 
No. of 

Strands

Difference in 
No. of 

Strands 

90 41 90 39 -2 
100 53 100 51 -2 
110 66 110 64 -2 
120 80 120 78 -2 

0 

124 87 125.5 89 - 
90 41 90 39 -2 

100 53 100 51 -2 
110 66 110 62 -4 
120 80 120 78 -2 

15 

124 87 126 89 - 
90 41 90 37 -4 

100 53 100 49 -4 
110 66 110 60 -6 
120 80 120 76 -4 

30 

124 87 127.5 89 - 
90 41 90 33 -8 

100 53 100 43 -10 
110 66 110 53 -13 
120 80 120 66 -14 
124 87 130 83 -4 

60 

- - 134 89 - 
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Table 4.13  Comparison of Number of Strands  
(Strand Diameter = 0.5 in., Girder Spacing = 14 ft.) 

Standard LRFD 
Skew Span Length 

(ft.) 
No. of 

Strands
Span Length 

(ft.) 
No. of 

Strands

Difference in 
No. of Strands 

90 51 90 51 0 
100 64 100 60 -4 
110 81 110 76 -5 

0 

113 87 115.5 87 - 
90 51 90 49 -2 

100 64 100 60 -4 
110 81 110 76 -5 

15 

113 87 116 87 - 
90 51 90 45 -6 

100 64 100 58 -6 
110 81 110 74 -7 

30 

113 87 118 89 - 
90 51 90 39 -12 

100 64 100 51 -13 
110 81 110 64 -17 
113 87 120 81 - 

60 

- - 123.5 87 - 
 
 

Table 4.14  Comparison of Number of Strands  
(Strand Diameter = 0.5 in., Girder Spacing = 16.67 ft.) 

Standard LRFD 
Skew Span Length 

(ft.) 
No. of 

Strands
Span Length 

(ft.) 
No. of 

Strands

Difference in 
No. of 

Strands 
100 76 100 70 -6 0 

104.5 85 109 87 - 
100 76 100 68 -8 15 

104.5 85 109.5 87 - 
100 76 100 66 -10 

104.5 85 110 85 - 30 
- - 111 87 - 

100 76 100 58 -18 
104.5 85 110 74 - 60 

- - 117 87 - 
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4.3.4 Concrete Strengths Required at Release and at Service 

4.3.4.1 Concrete Strength at Release 

 

Figure 4.10 and Table 4.15 show the summary of comparison of concrete 

strengths at release (f 'ci), required for all the design cases considered in this study, for 

the LRFD and the Standard Specifications for strand diameter 0.5 in. The figure and 

table for the summary of comparison for strand diameter 0.6 in. are not shown in this 

section, because the trends were not different than those of strand diameter 0.5 in., and 

can be found in Appendix A.  

 

Table 4.15  Comparison of Initial Concrete Strength (Strand Diameter = 0.5 in.) 
All Skews Skew = 0 Skew = 15 Skew = 30 Skew = 60 

f'ci 
(psi) 

f'ci 
(psi) 

f'ci 
(psi)

f'ci 
(psi)

f'ci 
(psi) 

Spacing 
(ft.) 

Span 
(ft.) 

STD LRFD

%  
Diff. 
w.r.t 
STD LRFD

% 
Diff. 
w.r.t 
STD LRFD

% 
Diff. 
w.r.t 
STD LRFD 

% 
 Diff. 
w.r.t 
STD

90 4000 4000 0.0 4000 0.0 4000 0.0 4000 0.0 
100 4000 4000 0.0 4000 0.0 4000 0.0 4000 0.0 
110 4080 4000 -2.0 4000 -2.0 4000 -2.0 4000 -2.0
120 5072 4879 -3.8 4719 -7.0 4559 -10.1 4077 -19.6

8.50 

130 6132 5929 -3.3 5929 -3.3 5771 -5.9 4977 -18.8
90 4000 4000 0.0 4000 0.0 4000 0.0 4000 0.0 
100 4000 4000 0.0 4000 0.0 4000 0.0 4000 0.0 
110 4491 4464 -0.6 4464 -0.6 4303 -4.2 4000 -10.9
120 5555 5514 -0.7 5356 -3.6 5197 -6.4 4559 -17.9

10.00 

130 6653 6598 -0.8 6598 -0.8 6460 -2.9 5613 -15.6
90 4000 4000 0.0 4000 0.0 4000 0.0 4000 0.0 
100 4152 4000 -3.7 4000 -3.7 4000 -3.7 4000 -3.7
110 5140 4944 -3.8 4784 -6.9 4624 -10.0 4058 -21.1

11.50 

120 6196 5988 -3.4 5988 -3.4 5830 -5.9 5038 -18.7
90 4055 4029 -0.6 4000 -1.4 4000 -1.4 4000 -1.4
100 5050 4693 -7.1 4693 -7.1 4533 -10.2 4000 -20.814.00 
110 6342 5894 -7.1 5894 -7.1 5736 -9.6 4943 -22.1
90 4498 4200 -6.6 4200 -6.6 4029 -10.4 4000 -11.116.67 
100 6013 5488 -8.7 5329 -11.4 5171 -14.0 4533 -24.6
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Figure 4.10  Comparison of Initial Concrete Strength (Strand Diameter 0.5 in.). 
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In general, relative to the Standard Specifications, the range of difference in f 'ci 

decreases with the increase in spacing and span length. The designs based on the 

Standard Specifications give a larger estimate of f 'ci as compared to those based on the 

LRFD Specifications and this difference increases with the increasing skew, as shown in 

Figure 4.10. For the 0, 15 and 30 degree skew, the difference in f 'ci decreases in the 

range of 0 to 842 ksi (0 to 14 percent) and for 60 degree skew, the difference in f 'ci 

decreases in the range of 0 to 1480 ksi (0 to 24.6 percent). 

 

4.3.4.2 Concrete Strength at Service 

 

Figure 4.11 and Table 4.16 show the summary of comparison of concrete 

strength at service (f 'c), required for all the design cases considered in this study, for the 

LRFD and the Standard Specifications for strand diameter 0.5 in. The figure and table 

for the summary of comparison for strand diameter 0.6 in. is not shown in this section, 

because the trends were not different than those of strand diameter 0.5 in., but can be 

found in Appendix A. Moreover, the detailed comparison of each design case is also 

included in the Appendix A.  

In general, relative to the Standard Specifications, the decrease in range of 

difference in f 'c, with the increase in spacing and span length, remain more or less 

constant. The designs based on the Standard Specifications give a larger estimate of f 'c 

as compared to those based on the LRFD Specifications and the skew angle does not 

affect the f 'c value significantly, as shown in Figure 4.11. For the skew angles of 0, 15, 

30 degree, the difference in f 'c decreases in the range of 0 to 928 ksi (0 to 10.8 percent) 

and for 60 degree skew, the difference in f 'c decreases in the range of 0 to 837 ksi (0 to 

9.8 percent). 
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Table 4.16  Comparison of Final Concrete Strengths Required for LRFD Relative 
to Standard Specifications (Strand Diameter = 0.5 in.) 
All Skews Skew = 0 Skew = 15 Skew = 30 Skew = 60 

f'c 
(psi) 

f'c 
(psi) 

f'c 
(psi) 

f'c 
(psi) 

f'c 
(psi) Spacing 

(ft.) 
Span 
(ft.) 

STD LRFD

%  
Diff. 
w.r.t 
STD LRFD

%  
Diff. 
w.r.t 
STD LRFD

% 
Diff. 
w.r.t 
STD 

LRF
D 

%  
Diff. 
w.r.t 
STD 

90 5000 5000 0.0 5000 0.0 5000 0.0 5000 0.0 
100 5000 5000 0.0 5000 0.0 5000 0.0 5000 0.0 
110 5431 5000 -7.9 5000 -7.9 5000 -7.9 5000 -7.9 
120 6598 5919 -10.3 5945 -9.9 5970 -9.5 6049 -8.3 

8.50 

130 7893 7129 -9.7 7129 -9.7 7151 -9.4 7211 -8.6 
90 5000 5000 0.0 5000 0.0 5000 0.0 5000 0.0 
100 5000 5000 0.0 5000 0.0 5000 0.0 5000 0.0 
110 5852 5231 -10.6 5231 -10.6 5257 -10.2 5391 -7.9 
120 7117 6358 -10.7 6381 -10.3 6405 -10.0 6505 -8.6 

10.00 

130 8580 7660 -10.7 7660 -10.7 7652 -10.8 7743 -9.8 
90 5000 5000 0.0 5000 0.0 5000 0.0 5000 0.0 
100 5000 5000 0.0 5000 0.0 5000 0.0 5000 0.0 
110 6223 5586 -10.2 5611 -9.8 5636 -9.4 5736 -7.8 

11.50 

120 7593 6804 -10.4 6804 -10.4 6826 -10.1 6944 -8.5 
90 5000 5000 0.0 5000 0.0 5000 0.0 5000 0.0 
100 5560 5022 -9.7 5022 -9.7 5047 -9.2 5165 -7.1 14.00 
110 6916 6233 -9.9 6233 -9.9 6255 -9.6 6374 -7.8 
90 5000 5000 0.0 5000 0.0 5000 0.0 5000 0.0 16.67 
100 6119 5537 -9.5 5560 -9.1 5584 -8.7 5684 -7.1 

 
 

4.3.5 Initial and Final Prestress Losses 

4.3.5.1 Initial Prestress Loss 

 

Figure 4.12 and Table 4.17 show the summary of comparison of initial prestress 

losses, required for all the design cases considered in this study, for the LRFD and the 

Standard Specifications for strand diameter 0.5 in. The figure and the detailed 

comparison of each design case for strand diameter 0.6 in. are not shown in this section, 
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because the trends were not different than those of strand diameter 0.5 in., and can be 

found in Appendix A. 

 

Table 4.17  Comparison of Initial Prestress Loss for LRFD Relative to Standard 
Specifications (Strand Diameter = 0.5 in.) 

All Skews Skew = 0 Skew = 15 Skew = 30 Skew = 60 
TIL 
(ksi) 

TIL 
(ksi) 

TIL
(ksi)

TIL 
(ksi) 

TIL 
(ksi) 

Spacing 
(ft.) 

Span 
(ft.) 

STD LRFD

% Diff. 
w.r.t 
STD LRFD

% 
Diff. 
w.r.t 
STD LRFD

% 
Diff. 
w.r.t 
STD LRFD 

% 
Diff. 
w.r.t 
STD

90 10.6 9.7 -8.7 9.7 -8.7 9.7 -8.7 8.2 -22.6
100 12.2 12.2 -0.2 12.2 -0.2 11.5 -6.0 10.1 -17.8
110 14.2 14.4 1.9 14.4 1.9 13.8 -2.9 12.4 -12.5
120 15.3 16.0 4.4 15.6 2.1 15.3 -0.3 14.1 -8.0 

8.50 

130 16.4 17.3 5.4 17.3 5.4 16.9 3.4 15.2 -7.0 
90 11.5 12.1 5.2 12.1 5.2 11.0 -4.2 9.9 -14.0
100 13.7 14.5 5.7 14.5 5.7 13.5 -1.4 11.5 -15.9
110 15.3 16.3 6.5 16.3 6.5 15.7 2.8 14.2 -6.8 
120 16.2 17.3 7.0 17.3 7.0 16.8 3.9 15.7 -2.8 

10.00 

130 17.4 18.8 7.7 18.8 7.7 18.3 5.4 16.7 -3.9 
90 12.6 12.6 0.0 12.6 0.0 11.9 -5.5 10.4 -17.0
100 15.1 15.6 3.2 15.6 3.2 14.9 -1.4 12.9 -14.8
110 16.2 17.0 5.0 16.7 2.9 16.3 0.8 15.0 -7.3 

11.50 

120 17.2 18.2 5.9 18.2 5.9 17.9 4.2 16.3 -5.1 
90 15.6 16.6 6.5 16.0 2.5 16.0 2.5 12.6 -19.4
100 16.7 17.3 3.4 17.3 3.4 14.6 -12.5 15.6 -6.7 14.00 
110 18.1 18.9 3.9 18.9 3.9 18.6 2.3 17.0 -6.2 
90 17.5 17.0 -2.9 17.0 -2.9 16.6 -5.1 14.6 -16.616.67 
100 18.3 18.8 3.2 18.5 1.6 18.2 -0.1 17.0 -7.0 
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Figure 4.11  Comparison of Final Concrete Strength (Strand Diameter 0.5 in.). 
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Figure 4.12  Comparison of Initial Prestress Loss (Strand Diameter 0.5 in.). 
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In general, relative to the Standard Specifications, the decrease in initial prestress 

losses, with the increase in spacing and span length, remain more or less constant. 

Considering the skew angles of 0, 15, 30 degree, generally the designs based on the 

Standard Specifications give a slightly lower estimate of initial losses as compared to 

those based on the LRFD Specifications and the 60 degree skew increases this difference 

significantly, as shown in Figure 4.12. For the skew angles of 0, 15, 30 degree, the 

difference in the initial losses vary in the range of 1.3 to -2.1 ksi (7.7 to -12.5 percent) 

and for 60 degree skew, the difference in the initial losses decrease in the range of -1.2 to 

-3.0 ksi (-7.0 to -19.4 percent) relative to the Standard Specifications. 

 

Prestress Loss due to Elastic Shortening of Concrete 

The loss of prestress due to elastic shortening of the prestressing strands is 

dependent on the elastic modulus of the prestressing strands, the elastic modulus of the 

concrete at release, and the total prestressing force at release. The modulus of elasticity 

of the prestressing strands is specified by the Standard Specifications as 28,000 ksi, 

while the LRFD Specifications specify this value to be 28,500 ksi. The elastic modulus 

of the concrete at release depends on the concrete strength at release based on the 

prediction formulas given in the specifications. As discussed in Section 4.3.4.1, the 

LRFD Specifications give a lower estimate of the concrete strength at release. 

In general, relative to the designs based on the Standard Specifications, the 

elastic shortening loss decreases in the designs based the LRFD Specifications. For the 

skew angles of 0, 15, 30 degree, the difference in the initial losses vary in the range of 

0.2 to -1.3 ksi (1.2 to –13.3 percent) and for 60 degree skew, the difference in the elastic 

shortening losses decrease in the range of -1.5 to -2.5 ksi (-9.9 to -29.7 percent) relative 

to the Standard Specifications. These differences can be attributed to the combined effect 

of all the parameters discussed above. The effect of lower concrete strengths and higher 

value of modulus of elasticity of prestressing strands in the LRFD Specifications should 

results in higher value of elastic modulus of prestressing strands. On the contrary, the 

decrease in the live load moments, thereby decreases the number of prestressing strands 
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which as a consequence decreases the stress in the concrete. A comparison of predicted 

elastic shortening (ES) losses for 0.5 in. diameter strands is presented in Table 4.18. A 

similar comparison for 0.6 in. diameter strands is presented in Appendix A.  

 
Table 4.18  Comparison of Elastic Shortening Loss for LRFD Relative to Standard 

Specifications (Strand Diameter = 0.5 in.) 
All 

Skews Skew = 0 Skew = 15 Skew = 30 Skew = 60 

ES 
(ksi) 

ES 
(ksi) 

ES 
(ksi)

ES 
(ksi)

ES 
(ksi) 

Spacing 
(ft.) 

Span 
(ft.) 

STD LRFD

% Diff. 
w.r.t 
STD LRFD

% 
Diff. 
w.r.t 
STD LRFD

% 
Diff. 
w.r.t 
STD LRFD 

% 
Diff. 
w.r.t 
STD 

90 8.3 7.7 -7.3 7.7 -7.3 7.7 -7.3 5.9 -29.7
100 10.8 10.2 -5.2 10.2 -5.2 9.5 -11.8 8.1 -25.0
110 13.1 12.5 -4.8 12.5 -4.8 12.5 -4.8 10.4 -20.5
120 14.2 14.0 -1.2 14.0 -1.2 13.7 -3.7 12.1 -14.6

8.5 

130 15.4 15.3 -0.8 14.9 -2.9 14.6 -5.0 13.2 -14.0
90 9.8 9.2 -5.9 9.2 -5.9 8.5 -13.3 7.7 -20.7
100 12.1 11.6 -4.5 11.6 -4.5 11.6 -4.5 9.5 -21.7
110 13.8 14.0 1.3 14.0 1.3 13.6 -1.3 11.8 -14.7
120 15.1 15.3 1.2 15.0 -0.9 14.7 -3.0 13.7 -9.9 

10 

130 16.3 16.5 1.2 16.5 1.2 16.0 -2.0 14.6 -10.4
90 11.2 10.6 -5.0 10.6 -5.0 9.9 -11.3 8.5 -24.1
100 13.9 13.6 -2.1 13.0 -6.9 13.0 -6.9 10.9 -21.7
110 15.2 15.0 -0.9 15.0 -0.9 14.7 -3.0 13.1 -13.8

11.5 

120 16.3 16.3 -0.6 16.3 -0.6 16.0 -2.4 14.4 -12.2
90 13.9 13.3 -3.7 13.3 -3.7 12.7 -8.6 10.6 -23.6
100 15.7 15.3 -2.7 15.3 -2.7 15.0 -4.8 13.6 -13.414 
110 17.2 16.9 -2.0 16.9 -2.0 16.6 -3.7 15.0 -12.7
90 15.6 15.0 -4.1 15.0 -4.1 14.6 -6.4 12.7 -19.116.67 
100 17.5 16.8 -3.6 16.5 -5.2 16.2 -6.9 15.0 -14.2

 

 

Prestress Loss due to Initial Steel Relaxation 

The loss in prestress due to the initial relaxation of steel is specified by the LRFD 

Specifications to be a function of time, jacking stress and the yield stress of the 

prestressing strands. The time for release of prestress is taken as 12 hours in this study. 

This provides a constant estimate of initial steel relaxation loss of 1.975 ksi for the 
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designs based on the LRFD Specifications and is not affected by skew, strand diameter 

or span length as can be observed in Table 4.19. The Standard Specifications do not 

specify a particular formula to evaluate the initial relaxation loss. Based on the TxDOT 

Bridge Design Manual (TxDOT 2001) recommendation, the initial relaxation loss is 

taken as half of the total estimated relaxation loss. 

 

Table 4.19  Comparison of Initial Relaxation Loss for LRFD Relative to Standard 
Specifications (Strand Diameter = 0.5 in.) 

All 
Skews All Skews 

IRL IRL 
(ksi) (ksi) 

Spacing 
(ft.) 

Span 
(ft.) 

STD LRFD

% Diff. 
w.r.t 
STD 

90 1.65 1.97 19.3 
100 1.46 1.97 35.4 
110 1.26 1.97 56.5 
120 1.13 1.97 75.2 
130 0.97 1.97 104.1 

8.5 

135 0.87 1.97 126.9 
90 1.54 1.97 28.0 
100 1.35 1.97 45.9 
110 1.20 1.97 65.0 
120 1.03 1.97 92.0 

10 

130 0.87 1.97 127.2 
90 1.43 1.97 38.1 
100 1.20 1.97 64.8 
110 1.04 1.97 89.3 
120 0.89 1.97 122.4 

11.5 

124 0.81 1.97 142.8 
90 1.22 1.97 62.3 
100 1.00 1.97 97.0 
110 0.81 1.97 144.1 

14 

113 0.72 1.97 173.0 
90 1.03 1.97 92.0 
100 0.79 1.97 150.0 16.67 

104.5 0.68 1.97 190.7 
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While the percentage differences are significant, the actual magnitude of the 

maximum difference on initial relaxation losses are only slightly more than 1.0 ksi. It 

was observed that the prestress loss due to initial steel relaxation, calculated in 

accordance with the LRFD Specifications, yields a greater estimate than the Standard 

Specifications. For the designs based on the LRFD Specifications, the difference in the 

elastic shortening losses decrease in the range of 0.32 to 1.3 ksi (19.3 to 190.7 percent) 

relative to the Standard Specifications. A comparison of predicted initial relaxation 

losses (IRL) for 0.5 in. diameter strands is presented in Table 4.19. A similar comparison 

for 0.6 in. diameter strands is presented in Appendix A. 

 

4.3.5.2 Final Prestress Loss 

 

Figure 4.13 and Table 4.20 show the summary of comparison of final prestress 

losses, required for all the design cases considered in this study, for the LRFD and the 

Standard Specifications for strand diameter 0.5 in. For strand diameter of 0.6 in., the 

detailed comparison of each design case along with figures is included in the Appendix 

A. 

In general, the decrease in final prestress losses (TFL) relative to the Standard 

Specifications, with the increase in spacing and span length, remain more or less 

constant. Except for 14 ft. and 16.67 ft. spacings, for the skew angles of 0 and 15 degree, 

the designs based on the Standard Specifications give a slightly lower estimate of final 

losses as compared to those based on the LRFD Specifications and the difference 

increases with the increasing skew, as shown in Figure 4.13. For the 0, 15 and 30 degree 

skew, the difference in the final losses vary in the range of 2.5 to -3.9 ksi (6.9 to -7.5 

percent) and for 60 degree skew, the difference in the final losses decrease in the range 

of -2.6 to -9.0 ksi (-8.2 to -17.9 percent) relative to the Standard Specifications. 
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(a) Spacing = 8.5 ft. (b) Spacing = 10 ft. 
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(c) Spacing = 11.5 ft. (d) Spacing = 14 ft. 
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(e) Spacing = 16.67 ft. 

Standard
LRFD (Skew 30)

LRFD (Skew 0) LRFD (Skew 15)
LRFD (Skew 60)  

 
Figure 4.13  Comparison of Final Prestress Loss (Strand Diameter 0.5 in.). 
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 Table 4.20  Comparison of Final Prestress Loss for LRFD Relative to Standard 
Specifications (Strand Diameter = 0.5 in.) 

All Skews Skew = 0 Skew = 15 Skew = 30 Skew = 60 

TFL 
(ksi) 

TFL
(ksi) 

TFL 
(ksi) 

TFL 
(ksi) 

TFL 
(ksi) 

Spacing 
(ft.) 

Span 
(ft.) 

STD LRFD

% 
Diff. 
w.r.t 
STD LRFD

% 
Diff. 
w.r.t 
STD LRFD

% 
Diff. 
w.r.t 
STD LRFD 

% 
Diff. 
w.r.t 
STD

90 30.5 29.7 -2.7 29.7 -2.7 29.7 -2.7 26.1 -14.5
100 33.8 34.7 2.8 34.7 2.8 33.0 -2.3 29.5 -12.6
110 38.2 39.1 2.4 39.1 2.4 37.5 -1.9 34.2 -10.5
120 43.0 44.1 2.4 42.8 -0.6 41.4 -3.7 37.3 -13.3

8.50 

130 47.9 48.8 1.9 48.8 1.9 47.6 -0.7 41.1 -14.1
90 31.6 32.6 3.0 32.6 3.0 32.6 3.0 29.0 -8.2 
100 36.4 38.9 6.9 37.3 2.4 37.3 2.4 32.2 -11.5
110 40.7 43.2 6.0 43.2 6.0 41.8 2.7 36.5 -10.3
120 45.8 48.1 5.1 46.8 2.3 45.6 -0.4 40.3 -11.9

10.00 

130 50.6 52.9 4.4 52.9 4.4 51.8 2.3 45.1 -11.0
90 34.5 35.4 2.6 35.4 2.6 33.7 -2.3 30.3 -12.4
100 40.6 41.5 2.3 41.5 2.3 39.9 -1.7 35.0 -13.9
110 45.2 46.3 2.4 45.0 -0.5 43.7 -3.4 38.9 -13.9

11.50 

120 49.9 50.9 2.1 50.9 2.1 49.7 -0.4 43.3 -13.2
90 41.5 40.7 -1.9 40.7 -1.9 39.1 -5.9 34.1 -17.9
100 46.1 46.0 -0.4 46.0 -0.4 44.7 -3.2 39.9 -13.614.00 
110 52.7 51.8 -1.6 51.8 -1.6 50.6 -4.0 44.3 -15.9
90 45.1 44.4 -1.7 44.4 -1.7 43.0 -4.7 38.1 -15.516.67 
100 52.5 51.1 -2.8 49.9 -5.1 48.6 -7.5 43.5 -17.2

 

Prestress Loss due to Shrinkage of Concrete 

The LRFD and Standard Specifications prescribe the loss of prestress due to 

shrinkage of concrete as a function of relative humidity. For a relative humidity of 60%, 

the prestress loss due to shrinkage was found to be 8 ksi for both the Standard and LRFD 

Specifications for all the cases. 

 

Prestress Loss due to Steel Relaxation at Service 

The prestress loss due to steel relaxation (CRs) at service is the combination of 

loss due to initial relaxation and final relaxation of steel. The Standard and LRFD 
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Specifications specify empirical formulas to estimate the loss due to steel relaxation at 

service. The formulas given in the two specifications are similar in form with only slight 

difference in the coefficients. The steel relaxation depends upon the effects due to elastic 

shortening, creep of concrete and shrinkage. Table 4.21 provides a comparison of 

estimated prestress loss due to steel relaxation for 0.5 in. diameter strands in the 

parametric study. For strand diameter of 0.6 in., the detailed comparison of each design 

case is included in the Appendix A. 

 

Table 4.21  Comparison of Steel Relaxation Loss for LRFD Relative to Standard 
Specifications (Strand Diameter = 0.5 in.) 

All Skews Skew = 0 Skew = 15 Skew = 30 Skew = 60 
CRs 
(ksi) 

CRs 
(ksi) 

CRs 
(ksi) 

CRs 
(ksi) 

CRs 
(ksi) 

Spacing 
(ft.) 

Span 
(ft.) 

STD LRFD

% 
Diff. 
w.r.t 
STD LRFD 

% 
Diff. 
w.r.t 
STD LRFD 

% 
Diff. 
w.r.t 
STD LRFD 

% 
Diff. 
w.r.t 
STD

90 3.31 4.12 24.5 4.12 24.5 4.12 24.5 4.53 36.8
100 2.92 3.64 24.9 3.64 24.9 3.80 30.1 4.11 40.9
110 2.52 3.21 27.4 3.21 27.4 3.21 27.4 3.66 45.1
120 2.25 2.80 24.3 2.80 24.3 2.91 29.0 3.35 48.8

8.5 

130 1.93 2.42 24.9 2.52 30.1 2.62 35.4 3.04 57.1

90 3.09 3.85 24.7 3.85 24.7 4.00 29.8 4.16 34.9
100 2.71 3.39 25.2 3.39 25.2 3.39 25.2 3.85 42.0
110 2.39 2.86 19.5 2.86 19.5 2.97 24.1 3.42 43.1
120 2.06 2.46 19.7 2.56 24.6 2.66 29.6 2.98 44.9

10 

130 1.74 2.08 19.9 2.08 19.9 2.26 30.0 2.70 55.5

90 2.86 3.57 24.9 3.57 24.9 3.73 30.3 4.04 41.2
100 2.40 2.99 24.7 3.13 30.8 3.13 30.8 3.58 49.6
110 2.09 2.60 24.5 2.60 24.5 2.70 29.4 3.19 52.9

11.5 

120 1.78 2.22 25.2 2.22 25.2 2.32 30.7 2.83 59.3

90 2.43 3.06 25.6 3.06 25.6 3.21 31.7 3.66 50.3
100 2.01 2.60 29.6 2.60 29.6 2.70 34.7 3.09 54.314 
110 1.62 2.13 31.5 2.13 31.5 2.22 37.5 2.72 68.3

90 2.06 2.72 32.2 2.72 32.2 2.83 37.7 3.27 58.916.67 
100 1.58 2.18 37.7 2.27 43.9 2.37 50.1 2.78 75.8

 

The estimate of prestress loss due to steel relaxation at service provided by the 

LRFD Specifications is found to be larger as compared to the Standard Specifications, 



165 

although the maximum difference is less than 2.0 ksi. For 0.5 in. diameter stands and the 

skew angles of 0, 15 and 30 degree, the percent increase for the designs based on the 

LRFD Specifications is in the range of 0.47 to 0.79 ksi (19.5 to 50.1 percent). For 0.5 in. 

diameter stands and the skew angle of 60 degree, the percent increase for the designs 

based on the LRFD Specifications is in the range of 1.08 to 1.2 ksi (34.9 to 75.8 

percent). This difference increases with the skew angle, span length and girder spacing. 

 

Prestress Loss due to Creep of Concrete 

The Standard and LRFD Specifications specify similar expressions for estimating 

the prestress loss due to creep of concrete. The loss due to creep depends on the concrete 

stress at the center of gravity (c.g.) of the prestressing strands due to dead loads before 

and after prestressing. Table 4.22 provides a comparison of estimated prestress loss due  

 

Table 4.22  Comparison of Creep Loss for LRFD Relative to Standard 
Specifications (Strand Diameter = 0.5 in.) 

All Skews Skew = 0 Skew = 15 Skew = 30 Skew = 60 
CRc CRc CRc CRc CRc 
(ksi) (ksi) (ksi) (ksi) (ksi) Spacing 

(ft.) 
Span 
(ft.) STD LRFD

% Diff. 
w.r.t 
STD LRFD 

% Diff. 
w.r.t 
STD LRFD 

% Diff. 
w.r.t 
STD LRFD 

% Diff. 
w.r.t 
STD 

8.5 90 9.11 7.87 -13.6 7.87 -13.6 7.87 -13.6 4.79 -47.5 
8.5 100 12.13 10.90 -10.2 10.90 -10.2 9.74 -19.7 7.39 -39.1 
8.5 110 15.33 13.48 -12.0 13.48 -12.0 13.48 -12.0 10.11 -34.0 
8.5 120 18.56 17.28 -6.9 17.28 -6.9 16.21 -12.6 11.87 -36.1 
8.5 130 22.53 21.19 -5.9 20.15 -10.5 19.11 -15.2 14.87 -34.0 
10 90 10.78 9.54 -11.5 9.54 -11.5 8.36 -22.4 7.16 -33.5 
10 100 13.56 12.32 -9.2 12.32 -9.2 12.32 -9.2 8.88 -34.5 
10 110 16.49 16.30 -1.1 16.30 -1.1 15.23 -7.6 11.34 -31.2 
10 120 20.57 20.31 -1.3 19.26 -6.4 18.21 -11.5 15.01 -27.0 
10 130 24.60 24.25 -1.4 24.25 -1.4 22.35 -9.1 17.72 -28.0 

11.5 90 12.51 11.27 -9.9 11.27 -9.9 10.12 -19.1 7.76 -37.9 
11.5 100 16.23 14.93 -8.0 13.83 -14.8 13.83 -14.8 10.46 -35.5 
11.5 110 19.94 18.64 -6.5 18.64 -6.5 17.59 -11.8 12.70 -36.3 
11.5 120 23.78 22.43 -5.7 22.43 -5.7 21.39 -10.0 16.14 -32.1 
14 90 15.59 14.34 -8.0 14.34 -8.0 13.23 -15.2 9.82 -37.0 
14 100 20.42 18.07 -11.5 18.07 -11.5 17.01 -16.7 13.16 -35.5 
14 110 25.21 22.81 -9.5 22.81 -9.5 21.78 -13.6 16.54 -34.4 

16.67 90 19.55 16.65 -14.8 16.65 -14.8 15.51 -20.6 12.19 -37.6 
16.67 100 25.48 22.06 -13.4 21.02 -17.5 19.98 -21.6 15.75 -38.2 
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to creep of concrete for 0.5 in. diameter strands in the parametric study. For strand 

diameter of 0.6 in., the detailed comparison of each design case is included in the 

Appendix A. 

The estimate of prestress loss due to creep of concrete provided by the LRFD 

Specifications is found to be smaller as compared to the Standard Specifications. For 0.5 

in. diameter stands and the skew angles of 0, 15 and 30 degree, the decrease for the 

designs based on the LRFD Specifications is in the range of 0.18 to 5.5 ksi. For 0.5 in. 

diameter stands and the skew angle of 60 degree, the decrease for the designs based on 

the LRFD Specifications is in the range of 3.62 to 9.74 ksi. This difference increases 

with the skew angle, span length and girder spacing. 

 

4.4 ULTIMATE LIMIT STATE DESIGN 

4.4.1 General 

 

The impact of the LRFD Specifications on the requirements for the flexural 

strength limit state design, shear strength limit state design, camber and debonding of 

prestressing strands is discussed in the following section. The decrease in the live load 

and live load factor, the required concrete strength at service, and the number of strands 

as determined in the service limit state, decreases the factored design moments and 

nominal design moments. The reinforcement limits are also different in the LRFD 

Specifications. However, for all the design cases, the girder sections were found to be 

under reinforced.  

The LRFD Specifications employ a different methodology for the transverse  and 

interface shear design as compared to that of the Standard Specifications. This change in 

the design procedures significantly impact the shear design results. In general, factored 

shear by the LRFD Specifications slightly increases with respect to those of the Standard 

Specifications. The interface shear reinforcement area requirement by the LRFD 
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Specifications increases by a very large amount relative to the Standard Specifications, 

while the transverse shear reinforcement are decreases in the designs based on the LRFD 

Specifications.  

  

4.4.2 Factored Design Moment and Shear 

4.4.2.1 Factored Design Moment 

 

Table 4.23 and Figure 4.14 show the differences in factored design moments of 

the designs based on the LRFD relative to those of the Standards Specifications and the 

detailed results are reported in the Appendix A. It can be observed in the plot in Figure 

4.14 that the factored design moments based on the Standard Specifications are always 

larger relative to those of the LRFD Specifications and the difference increases as the 

skew increases. In general, this difference also increases with the increase in the girder 

spacings, however, the difference between the factored design moments by the two 

specifications does not vary with the varying span length for a particular spacing. The 

maximum differences in the factored design moments are reported in Table 4.23. For the 

skew angles of 0, 15 and 30 degree, the factored design moment of the LRFD designs 

decreases relative to the Standard designs in the range of 401 to 1880 k-ft. (4.4 to 16.5 

percent) and for the skew angle of60 degree, it decreases in the range of 1503 to 3239 k-

ft. (19.1 to 28.4 percent). The strand diameter has no affect on the calculation of factored 

design moment. 
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Table 4.23  Comparison of Factored Design Moment 
All 

Skews Skew = 0 Skew = 15 Skew = 30 Skew = 60 
Moment 

(k-ft) 
Moment 

(k-ft) 
Moment 

(k-ft) 
Moment 

(k-ft) 
Moment 

(k-ft) 
Spacing 

(ft.) 
Span 
(ft.) 

STD LRFD 

% 
Diff. 
w.r.t 
STD LRFD 

% 
Diff. 
w.r.t 
STD LRFD 

% 
Diff. 
w.r.t 
STD LRFD 

% 
Diff. 
w.r.t 
STD

90.0 6197 5511 -11.1 5466 -11.8 5266 -15.0 4530 -26.9
100.0 7310 6541 -10.5 6492 -11.2 6270 -14.2 5433 -25.7
110.0 8493 7653 -9.9 7597 -10.5 7348 -13.5 6410 -24.5
120.0 9746 8839 -9.3 8776 -10.0 8500 -12.8 7463 -23.4

8.50 

130.0 11070 10108 -8.7 10038 -9.3 9735 -12.1 8594 -22.4
90.0 6468 6067 -6.2 6021 -6.9 5797 -10.4 4965 -23.2
100.0 7642 7201 -5.8 7147 -6.5 6896 -9.8 5953 -22.1
110.0 8892 8418 -5.3 8357 -6.0 8074 -9.2 7020 -21.1
120.0 10219 9721 -4.9 9652 -5.5 9338 -8.6 8170 -20.1

10.00 

130.0 11623 11107 -4.4 11029 -5.1 10684 -8.1 9402 -19.1
90.0 7155 6559 -8.3 6505 -9.1 6259 -12.5 5340 -25.4
100.0 8438 7777 -7.8 7714 -8.6 7438 -11.9 6393 -24.2
110.0 9801 9082 -7.3 9016 -8.0 8705 -11.2 7536 -23.1

11.50 

120.0 11245 10478 -6.8 10403 -7.5 10057 -10.6 8770 -22.0
90.0 8466 7564 -10.7 7481 -11.6 7231 -14.6 6171 -27.1
100.0 9975 8987 -9.9 8890 -10.9 8551 -14.3 7395 -25.914.00 
110.0 11578 10502 -9.3 10392 -10.2 10059 -13.1 8717 -24.7
90.0 9661 8391 -13.1 8320 -13.9 7999 -17.2 6798 -29.616.67 
100.0 11387 9957 -12.6 9874 -13.3 9507 -16.5 8148 -28.4
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(a) Spacing = 8.5 ft. (b) Spacing = 10 ft. 
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(c) Spacing = 11.5 ft. (d) Spacing = 14 ft. 
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Figure 4.14  Comparison of Factored Design Moment. 
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4.4.2.2 Factored Design Shear at Respective Critical Section Location 

 

Table 4.24 and Figure 4.15 shows the comparison of factored design shear for the 

LRFD designs relative to those of the Standard Specifications for a strand diameter 0.5 

in. and the detailed results for both the strand diameters are reported in the Appendix A. 

The factored design shear values are calculated at the critical section locations, which 

are calculated based on the provisions of each specifications. Except for the lower spans 

of the girder spacings 8.5 ft. and 16.67 ft., the factored design shears for the LRFD 

Specifications increase with respect to that of the Standard Specification. Since only the 

interior girders were considered for the purpose of this parametric study, therefore, skew 

has a very insignificant affect on the factored design shear as can be seen in the Figure 

4.15. The same trend is observed for the designs for strand diameter 0.6 in. 

 

4.4.3 Nominal Moment Capacity 

 

Tables 4.25, and Figures 4.16 and 4.17 show the comparison of nominal moment 

capacity for the LRFD designs relative to those of the Standard Specifications for a 

strand diameter 0.5 in. and 0.6 in., respectively. For skew angle of 0° , the nominal 

moment capacity values calculated for designs based on the Standard Specifications are 

more conservative when compared to those of the designs based on the LRFD 

Specifications. And the results for the Standard Specifications become more 

conservative for higher skew angles, as can be noticed in Figures 4.15 and 4.16. In 

general, the degree of conservatism increases with the increasing girder spacing, while 

the increasing span length has a very insignificant affect on this comparison.  For the 

skew angles of 0, 15 and 30 degree, the nominal moment capacity for the LRFD designs 

varies relative to the Standard designs in the range of 447 to -1576 k-ft. (2.9 to -13.3 

percent) and for the skew angle of 60 degree, it decreases in the range of -728 to -2953k-

ft. (-4.7 to -22.9 percent). 
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(c) Spacing = 11.5 ft. (d) Spacing = 14 ft. 

250

350

450

550

80 100 120 140 160
Span Length (ft.)

Fa
ct

or
ed

 S
he

ar
 (k

ip
s)

   
 . 

 
(e) Spacing = 16.67 ft. 

Standard
LRFD (Skew 30)

LRFD (Skew 0) LRFD (Skew 15)
LRFD (Skew 60)  

 
Figure 4.15  Comparison of Factored Design Shear at Respective Critical Section 

Location (Strand Diameter 0.5 in.). 
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Table 4.24  Comparison of Factored Design Shear at Respective Critical Section 
Location (Strand Diameter 0.5 in.) 

All 
Skews Skew = 0 Skew = 15 Skew = 30 Skew = 60 

Shear 
 (k-ft) 

Shear 
(k-ft) 

Shear  
(k-ft) 

Shear 
(k-ft)

Shear 
(k-ft) 

Spacing 
(ft.) 

Span 
(ft.) 

STD LRFD 

% 
Diff. 
w.r.t 
STD LRFD 

% 
Diff. 
w.r.t 
STD LRFD

% 
Diff. 
w.r.t 
STD LRFD 

% 
Diff. 
w.r.t 
STD

90.0 277 265 -4.5 265 -4.5 265 -4.5 265 -4.5
100.0 293 286 -2.6 286 -2.6 286 -2.7 286 -2.7
110.0 309 306 -1.0 306 -1.0 306 -1.0 306 -1.1
120.0 324 324 0.0 324 0.0 324 0.0 324 0.0 

8.50 

130.0 339 342 0.8 342 0.8 342 0.8 342 0.8 
90.0 289 297 2.5 297 2.5 296 2.5 296 2.5 
100.0 306 319 4.3 319 4.2 319 4.2 319 4.2 
110.0 323 341 5.5 341 5.5 341 5.4 340 5.3 
120.0 340 360 6.1 361 6.2 361 6.2 361 6.2 

10.00 

130.0 356 380 6.7 380 6.7 380 6.7 380 6.7 
90.0 320 325 1.6 325 1.6 325 1.6 325 1.5 
100.0 338 350 3.3 350 3.3 350 3.3 349 3.3 
110.0 356 372 4.4 372 4.4 372 4.4 372 4.4 

11.50 

120.0 374 393 5.2 393 5.2 393 5.1 393 5.2 
90.0 381 382 0.3 382 0.3 382 0.2 382 0.2 
100.0 402 410 1.9 410 1.9 410 1.9 409 1.8 14.00 
110.0 423 435 2.8 435 2.8 435 2.8 435 2.7 
90.0 436 430 -1.2 430 -1.2 430 -1.2 430 -1.316.67 
100.0 459 460 0.3 460 0.2 460 0.2 460 0.2 

 
 

4.4.4 Camber 

 

Table 4.26 and Figures 4.18 show the comparison of the camber for the LRFD 

designs relative to those of the Standard Specifications for a strand diameter 0.5 in. and 

the comparison for strand diameter 0.6 in. are reported in Appendix A. For skew angle 

of 0 degree, the camber calculated for designs based on the Standard Specifications are 

more conservative when compared to those of the designs based on the LRFD 

Specifications. And the results for the Standard Specifications become more 
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conservative for higher skew angles, as can be noticed in Figures 4.18. In general, the 

degree of conservatism increases with the increasing girder spacing, while the increasing 

span length has a very insignificant affect on this comparison.  For the skew angle of 0, 

15 and 30 degree and for 0.5 in. strand diameter, the nominal moment capacity for the 

LRFD designs varies relative to the Standard designs in the range of 0.024 to -0.023 ft. 

(6.2 to -22.5 percent) and for the skew angle of 60 degree, it decreases in the range of -

0.022 to -0.128 ft. (-5.2 to -45.1 percent). 

 

Table 4.25  Comparison of Nominal Moment Capacity (Strand Diameter 0.5 in.) 
All Skews Skew = 0 Skew = 15 Skew = 30 Skew = 60 

Mn  
(k-ft) 

Mn 
 (k-ft)

Mn 
 (k-ft)

Mn  
(k-ft) 

Mn  
(k-ft) 

Spacing 
(ft.) 

Span 
(ft.) 

STD LRFD

% 
Diff. 
w.r.t 
STD LRFD

% 
Diff. 
w.r.t 
STD LRFD

% 
Diff. 
w.r.t 
STD LRFD 

% 
Diff. 
w.r.t 
STD

90.0 6707 6043 -9.9 6043 -9.9 6043 -9.9 5322 -20.7
100.0 8077 7805 -3.4 7805 -3.4 7457 -7.7 6755 -16.4
110.0 9729 9506 -2.3 9506 -2.3 9171 -5.7 8492 -12.7
120.0 11699 11608 -0.8 11313 -3.3 11013 -5.9 10005 -14.5

8.50 

130.0 13690 13624 -0.5 13624 -0.5 13354 -2.5 11943 -12.8
90.0 7127 6814 -4.4 6814 -4.4 6814 -4.4 6090 -14.6
100.0 8862 8936 0.8 8587 -3.1 8587 -3.1 7529 -15.0
110.0 10677 10789 1.0 10789 1.0 10465 -2.0 9282 -13.1
120.0 12830 13076 1.9 12777 -0.4 12380 -3.5 11111 -13.4

10.00 

130.0 14965 15203 1.6 15203 1.6 14955 -0.1 13415 -10.4
90.0 7894 7583 -3.9 7583 -3.9 7221 -8.5 6492 -17.8
100.0 9984 9717 -2.7 9717 -2.7 9365 -6.2 8301 -16.9
110.0 12086 11888 -1.6 11562 -4.3 11234 -7.0 10066 -16.7

11.50 

120.0 14250 14123 -0.9 14123 -0.9 13809 -3.1 12212 -14.3
90.0 9763 9825 0.6 9466 -3.0 8743 -10.4 7648 -21.7
100.0 11958 11382 -4.8 11382 -4.8 11043 -7.7 9825 -17.814.00 
110.0 14697 14042 -4.5 14042 -4.5 13714 -6.7 12056 -18.0
90.0 11422 10271 -10.1 10271 -10.1 9907 -13.3 8807 -22.916.67 
100.0 14100 13204 -6.4 12864 -8.8 12524 -11.2 11147 -20.9
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Figure 4.16  Comparison of Nominal Moment Resistance (Strand Diameter 0.5 in.). 
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Figure 4.17  Comparison of Nominal Moment Resistance (Strand Diameter 0.6 in.). 
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Figure 4.18  Comparison of Camber (Strand Diameter 0.5 in.). 
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Table 4.26 Comparison of Camber (Strand Diameter 0.5 in.) 
All 

Skews Skew = 0 Skew = 15 Skew = 30 Skew = 60 

Camber 
(ft.) 

Camber
(ft.) 

Camber
(ft.) 

Camber
(ft.) 

Camber
(ft.) 

Spacing 
(ft.) 

Span 
(ft.) 

STD LRFD

% 
Diff. 
w.r.t 
STD LRFD

% 
Diff. 
w.r.t 
STD LRFD 

% 
Diff. 
w.r.t 
STD LRFD

% 
Diff. 
w.r.t 
STD

90.0 0.102 0.079 -22.5 0.079 -22.5 0.079 -22.5 0.056 -45.1
100.0 0.145 0.131 -9.7 0.131 -9.7 0.118 -18.6 0.09 -37.9
110.0 0.208 0.192 -7.7 0.192 -7.7 0.176 -15.4 0.144 -30.8
120.0 0.293 0.276 -5.8 0.261 -10.9 0.245 -16.4 0.196 -33.1

8.50 

130.0 0.396 0.376 -5.1 0.376 -5.1 0.359 -9.3 0.268 -32.3
90.0 0.113 0.102 -9.7 0.102 -9.7 0.102 -9.7 0.079 -30.1
100.0 0.171 0.17 -0.6 0.157 -8.2 0.157 -8.2 0.118 -31.0
110.0 0.243 0.241 -0.8 0.241 -0.8 0.228 -6.2 0.176 -27.6
120.0 0.339 0.338 -0.3 0.323 -4.7 0.307 -9.4 0.245 -27.7

10.00 

130.0 0.447 0.445 -0.4 0.445 -0.4 0.432 -3.4 0.341 -23.7
90.0 0.134 0.123 -8.2 0.123 -8.2 0.113 -15.7 0.091 -32.1
100.0 0.209 0.196 -6.2 0.196 -6.2 0.183 -12.4 0.144 -31.1
110.0 0.340 0.350 -0.1 0.268 -9.2 0.255 -13.6 0.207 -29.8

11.50 

120.0 0.399 0.382 -4.3 0.382 -4.3 0.367 -8.0 0.292 -26.8
90.0 0.186 0.185 -0.5 0.175 -5.9 0.155 -16.7 0.123 -33.9
100.0 0.269 0.247 -8.2 0.247 -8.2 0.236 -12.3 0.196 -27.114.00 
110.0 0.388 0.356 -8.2 0.356 -8.2 0.344 -11.3 0.281 -27.6
90.0 0.227 0.195 -14.1 0.195 -14.1 0.185 -18.5 0.155 -31.716.67 
100.0 0.33 0.299 -9.4 0.289 -12.4 0.278 -15.8 0.236 -28.5

 
  

4.4.5 Shear Design 

4.4.5.1 Transverse Shear Reinforcement Area 

 

Table 4.27 and Figure 4.19 show the comparison of the transverse shear 

reinforcement area (Av) for the LRFD designs relative to those of the Standard 

Specifications and the detailed results are reported in Appendix A. For all skews and 

both strand diameters, the Av calculated for designs based on the Standard Specifications 
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are more conservative when compared to those of the designs based on the LRFD 

Specifications. In general, the degree of conservatism increases with the increasing 

girder spacing, while the increasing span length has a very insignificant affect on this 

comparison, as can be noticed in Figure 4.19. Based on the summary of detailed results, 

as reported in Table 4.27, for the all skews and for 0.5 in. and 0.6 in. strand diameter, the 

Av for the LRFD designs decreases relative to the Standard designs in the range of 0.19 

to 0.47 in2 (30.1 to 46.6 percent). 

 

Table 4.27  Comparison of Transverse Shear Reinforcement Area (Strand 
Diameter 0.5 in.) 

All 
Skews Skew = 0 Skew = 15 Skew = 30 Skew = 60

Av Av Av Av Av 
(in2) (in2) (in2) (in2) (in2) Spacing 

(ft.) 
Span 
(ft.) STD LRFD

% 
Diff. 
w.r.t 
STD LRFD

% 
Diff. 
w.r.t 
STD LRFD

% 
Diff. 
w.r.t 
STD LRFD 

% 
Diff. 
w.r.t 
STD

90 0.42 0.23 -45.4 0.23 -45.4 0.23 -45.6 0.23 -46.6
100 0.47 0.28 -39.8 0.28 -39.9 0.28 -40.6 0.27 -41.5
110 0.50 0.33 -33.3 0.33 -33.3 0.33 -33.5 0.32 -35.2
120 0.48 0.33 -30.7 0.33 -30.7 0.33 -31.1 0.32 -33.4

8.5 130 0.46 0.32 -30.3 0.32 -30.5 0.32 -30.8 0.31 -33.7
90 0.48 0.30 -37.8 0.30 -37.8 0.29 -38.5 0.29 -39.0
100 0.53 0.36 -33.3 0.36 -33.4 0.35 -33.5 0.35 -34.9
110 0.55 0.40 -26.3 0.40 -26.4 0.40 -27.4 0.38 -30.1
120 0.54 0.39 -27.1 0.39 -27.3 0.39 -27.6 0.38 -29.3

10 130 0.52 0.38 -26.1 0.38 -26.2 0.38 -26.5 0.37 -28.3
90 0.61 0.36 -40.2 0.36 -40.3 0.36 -40.3 0.35 -41.7
100 0.67 0.43 -36.0 0.43 -35.9 0.43 -36.0 0.42 -37.1
110 0.66 0.45 -32.2 0.45 -32.2 0.45 -32.5 0.44 -34.5

11.5 120 0.66 0.44 -32.7 0.44 -32.8 0.44 -33.5 0.43 -35.1
90 0.85 0.50 -41.5 0.50 -41.5 0.50 -41.5 0.49 -42.9
100 0.90 0.57 -36.3 0.57 -36.3 0.57 -36.7 0.55 -38.7

14 110 0.91 0.57 -37.9 0.57 -38.0 0.56 -38.6 0.54 -40.3
90 1.08 0.62 -42.5 0.62 -42.5 0.62 -42.5 0.61 -43.3

16.67 100 1.11 0.67 -40.2 0.66 -40.6 0.66 -40.9 0.64 -42.3
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4.4.5.2 Interface Shear Reinforcement Area 

 

Table 4.28 and Figure 4.20 show the comparison of the interface shear 

reinforcement area (Avh) for the LRFD designs relative to those of the Standard 

Specifications and the detailed results are reported in Appendix A. For all skews and 

both strand diameters, the Avh calculated for designs based on the LRFD Specifications 

are more conservative when compared to those of the designs based on the Standard 

Specifications. In general, the degree of conservatism increases with the increasing 

girder spacing and the span length, as can be noticed in Figure 4.20. Based on the 

summary of detailed results, as reported in Table 4.21, for the all skews and for 0.5 in. 

and 0.6 in. strand diameter, the Avh for the LRFD designs increases relative to the 

Standard designs in the range of 0.47 to 1.39 in2 (148 to 443 percent). 
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Table 4.28  Comparison of Interface Shear Reinforcement Area (Strand Diameter 
0.5 in.) 

All Skews Skew = 0 Skew = 15 Skew = 30 Skew = 60 
Avh 

(in2) 
Avh 

(in2) 
Avh 

(in2) 
Avh 

(in2) 
Avh 

(in2) 
Spacing 

(ft.) 
Span 
(ft.) 

STD LRFD

% 
Diff. 
w.r.t 
STD LRFD

% 
Diff. 
w.r.t 
STD LRFD

% 
Diff. 
w.r.t 
STD LRFD 

% 
Diff. 
w.r.t 
STD 

90.0 0.79 150.7 0.79 150.4 0.79 150.4 0.78 147.5
100.0 0.86 172.2 0.86 172.1 0.85 170.9 0.85 168.4
110.0 0.92 192.1 0.92 192.1 0.92 192.0 0.91 188.6
120.0 0.98 211.1 0.98 211.1 0.98 209.8 0.96 204.1

8.50 

130.0 1.04 229.7 1.04 228.7 1.03 227.6 1.01 222.0
90.0 0.94 199.8 0.94 199.8 0.94 198.4 0.94 197.0
100.0 1.02 223.1 1.02 223.1 1.02 223.1 1.01 219.5
110.0 1.09 246.6 1.09 246.6 1.09 244.9 1.07 240.2
120.0 1.16 267.3 1.15 266.1 1.15 264.9 1.14 260.7

10.00 

130.0 1.22 288.8 1.22 288.8 1.21 285.7 1.20 280.4
90.0 1.08 243.3 1.08 243.2 1.08 242.1 1.07 239.1
100.0 1.16 268.9 1.16 268.0 1.16 267.9 1.15 264.5
110.0 1.24 293.0 1.24 293.0 1.23 291.6 1.21 284.9

11.50 

120.0 1.31 314.5 1.31 314.5 1.30 313.1 1.28 307.0
90.0 1.37 333.5 1.37 333.5 1.36 332.5 1.35 328.4
100.0 1.47 365.7 1.47 365.7 1.46 364.0 1.44 358.414.00 
110.0 1.56 393.7 1.56 393.7 1.55 392.2 1.53 385.0
90.0 1.59 406.0 1.59 406.0 1.59 405.0 1.58 401.516.67 
100.0 

0.315 

1.71 442.2 1.70 440.6 1.70 439.1 1.68 432.4
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Figure 4.19  Comparison of Transverse Shear Reinforcement Area  

(Strand Diameter 0.5 in.). 
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Figure 4.20  Comparison of Interface Shear Reinforcement Area  

(Strand Diameter 0.5 in.). 
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5.  GRILLAGE ANALYSIS 

 

5.1 INTRODUCTION 

 

The approximate method of load distribution in the LRFD Specifications is 

convenient and gives conservative results, but it comes with certain limitations. The 

most restrictive limitations with respect to the typical Texas U54 beam bridges include 

the limitation on span length, number of beams, edge distance parameter, and girder 

spacing. It becomes mandatory to apply refined analysis procedures recommended by 

the LRFD Specifications in a case where these or other limitations are violated by any 

particular bridge design parameter. The limitations are there because these formulas 

were developed based on a database of bridges that fell within these limitations. 

Therefore, it is possible that beyond these limitations, the LRFD live load distribution 

factor (DF) formulas will continue to give conservative estimates for load distribution.  

In the parametric study it was found that the span length limit for use of the 

LRFD live load DFs is violated for certain cases. In general, the refined analysis 

methods are time consuming and require expertise and experience to use them. The 

grillage analysis method is one such refined analysis method that can be used to analyze 

bridge superstructures. This section discusses the development of the equivalent grillage 

model of a typical Texas U54 beam bridge. Moreover, the results of the grillage analysis 

method and the results of the LRFD live load DF formulas are compared for the cases 

evaluated. 

A three step procedure is followed to ensure that the grillage model developed 

represents the real bridge as correctly as possible. In the first step, a finite element 

modeling technique is verified against actual field measured results. In the second step, a 

correct grillage model is developed and calibrated against a finite element model. And in 
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the third step, the developed grillage model is used to evaluate the LRFD live load DF 

formulas. All steps and associated procedures are discussed in the following sections. 

5.2 PROBLEM STATEMENT 

 

The use of the LRFD live load distribution factor formulas is limited to spans no 

longer than 140 ft. The parametric study indicated that this limitation is slightly violated 

for the 8.5 ft. girder spacing with a 60 degree skew (corresponding maximum span = 144 

ft.). The two cases noted in Table 5.1 are investigated using grillage analysis to 

determine the applicability of the LRFD live load distribution factor for spread box 

beams spanning up to 150 ft. 
 

Table 5.1  Parameters for Refined Analysis 
 
 
 
 
 
 
 
 
 

5.3 VERIFICATION OF FINITE ELEMENT ANALYSIS 

5.3.1 General 

 

The Finite Element (FE) analysis results in this section are verified for their 

accuracy by comparing them with the results from field testing of an actual bridge. The 

purpose of this verification process is to ensure that the FE model adequately represents 

the actual bridge structure and that the results obtained by FE analysis are close to those 

measured experimentally on an actual bridge. This FE model will then be used in the 

selection and calibration of the grillage model used in this study.  

 

Span 
(ft.) 

Spacing 
(ft.) 

Skew 
(degrees) 

140 8.5 60 
150 8.5 60 
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5.3.2 Description of Bridge Used for Verification 

 

Derhersville bridge in Pennsylvania, over Little Schuylkill River, was selected as 

for the verification of the FE analysis. It is a three span simply supported spread box 

girder prestressed bridge with 0 degree skew as shown in Figures C.1 and C.2 in 

Appendix C. The length of the test span was 61.5 ft. with a total roadway width of 30 ft. 

The specified minimum thickness of the bridge deck was 7.5 in. The bridge was 

supported by five prestressed spread box girders. The girder spacing and dimensions of 

girders, safety curb and parapet are shown in Figure C.2. Cast-in-place concrete 

diaphragms, 10 in. in thickness, are located between beams at the ends of the span and at 

the midspan. The joint between the slab and the curb was a construction joint with a 

raked finish and the verticle reinforcement for the curb section extended through the 

joint into the slab (Douglas and Vanhorn 1966).  

Douglas and Vanhorn (1966) investigated the lateral distribution of static loads 

on Derhersville bridge by loading it with vehicular live loads and determined the 

response quantities such as bending moments and deflections at sections M and N shown 

in the elevation view of the bridge in Figure C.1.  

 

5.3.3 Finite Element Model 

 

A three dimensional FE model was developed for the test span of Derhersville 

bridge. A commercial FE analysis software, ANSYS version 8.0, was used for the 

analysis. Based on the analyses conducted by Chen and Aswad (1996) for spread box 

girders, two elements from ANSYS element library, such as BEAM44 and SHELL63, 

were found  to be appropriate for this study. The spread box beams were modeled with a 

BEAM44 element and the deck slab was modeled with a SHELL63 element. The 
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parapet and curb were modeled with a BEAM44 element. The eccentricity of the 

centroids of the spread box girders, and curb and parapet was modeled by a rigid link 

element by assuming a 100 percent composite action of these elements with the deck 

slab. The mesh was generated with all the nodes spaced at 6 in. from the adjacent nodes. 

The total count of nodes in the mesh representing the deck was 7564 and the beam 

elements were meshed into 124 nodes. The total number of nodes in the entire model 

was 8432. The idealized FE model is superimposed on the actual bridge section in 

Figure 5.1. The truck axle load as shown in Figure C.3 (Appendix C) is statically 

distributed to the closest nodes. Hinge support was considered at one end of the bridge 

and a roller support was considered at the other end of the bridge.  

Centroid of 
Parapet and Curb

Rigid Link Element

SHELL63 Element

BEAM44 Element

Spread Box Girders

Deck Slab Curb
Parapet

Hinge Support

FE Model Elements

Outline of the  Actual 
Bridge Components

 
Figure 5.1  Illustration of the Finite Element Model Used for Verification. 

 

BEAM44 element is a uniaxial element with tension, compression, torsion, and 

bending capabilities, while SHELL63 element has bending and membrane capabilities. 

Both the elements are three dimensional elements with six degree of freedoms at each 

node (i.e. translation in nodal x, y, and z directions and rotations about nodal x, y, and z 

directions). 
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5.3.4 Comparison of Results (FE analysis vs Actual Field Measurements) 

 

Figure C.2 (Appendix C) shows the location of seven loading lanes on the 

roadway. These lanes are selected such that the truck centerline closely corresponds to 

the girder centerline or to a line midway between girder centerlines. For the purpose of 

comparison only the results for the two cases of loading lanes are shown in this study: 

(1) Lane 4 loaded, (2) Lanes 1 and 4 loaded. The results are presented in Figure 5.2 and 

Tables 5.2 and 5.3.  

 

Table 5.2  Comparison of Experimental Results with Respect to Finite Element 
Analysis Results (Lanes 1 and 4 Loaded) 

Girder  Location 
(See Figure C.2) 

Experimental 
Results 
(k - ft.) 

FEA 
 

(k - ft.)

Diff. w.r.t.  
Experimental Results 

(%) 
A 477.12 280.00   41 
B 373.03 339.63  9 
C 273.76 295.60 -8 

Note: The comparison is made between respective bending moment 
values at section M as shown in Figure C.1. 

 
 

Table 5.3  Comparison of Experimental Results with Respect to Finite Element 
Analysis Results (Lane 4 Loaded) 

Girder  Location 
(See Figure C.2) 

Experimental 
Results 
(k - ft.) 

FEA 
(k - ft.) 

Diff. w.r.t.  
Experimental 
Results (%) 

A 144.01 108.51   25 
B 158.50 162.68 -3 
C 178.35 210.93   -18 
D 135.48 162.68   -20 
E 131.96 108.51    18 

Note: The comparison is made between respective bending moment 
values at section M as shown in Figure C.1. 
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For interior girder C the moment value of the FE analysis is 8 and 18 percent 

higher than that of the moment values determined experimentally, while for the exterior 

girder A this difference is 41 and 25 percent lesser than that of the values determined 

experimentally. 
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Figure 5.2  Comparison of Experimental Results vs. FEA Results. 
 

 

5.4 CALIBRATION OF GRILLAGE MODEL 

5.4.1 General 

 

The grillage analogy method is an approximate method of analysis in which a 

bridge superstructure is modeled as equivalent grillage of rigidly connected beams at 

discrete nodes. The geometry and properties of the network of grillage beams, support 

conditions and application of loads should be such that if the real bridge superstructure 

and the equivalent grillage are subjected to the same deflections and rotations at the 

grillage nodes, the resulting force response in both the structures should be equivalent. 

This section discusses the approach and results of calibration of the grillage model with 

respect to the results of the FE analysis. The grillage model developed in this section is 

used to analyze the two cases described in Section 5.2. The FE model of the U54 girder 

bridge shown in Figure 3.1 (Section 3) is developed based on the modeling approach 

discussed in Section 5.3.3. 

 

5.4.2 Grillage Models 

 

The development of the grillage model is discussed in detail in Section 5.5 and is 

not repeated here and only the differences are highlighted in this section. The calibration 

procedure was performed for a U54 girder bridge with 110 ft. span length and 8.5 ft. 

girder spacing with five U54 girders. Two grillage models were selected: (1) one 

longitudinal grillage member representing each web of a U54 girder and is shown in 

Figure 5.3, (2) one longitudinal grillage member representing a U54 girder and is shown 

in Figure 5.4. Both of these models included the supports with the torsional restraint and 
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edge longitudinal members. Moreover, the transverse grillage members that coincided 

with the end and intermediate diaphragm locations were assigned the section properties 

corresponding to the end and intermediate diaphragms as described in Section 5.5. The 

transverse grillage members were spaced at 5 ft. center-to-center. The distance between 

the two longitudinal members, representing a U54 girder, was taken to be 65 in. for 

Grillage Model No. 1 as shown in Figure 5.5. For Grillage Model No. 2 the distance 

between adjacent longitudinal members was 102 in., corresponding to the girder spacing. 

 
 

Figure 5.3  Grillage Model No. 1. 
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Figure 5.4  Grillage Model No. 2. 

 

65"

Longitudinal Grillage 
Members

Texas U54 Girder

37"

Longitudinal Grillage 
Members

65"

Figure 5.5  Location of Longitudinal Member for Grillage Model No. 1. 

 

5.4.3 Comparison of Results (FE analysis vs Grillage Model) 

 

The analysis results of Grillage Model No. 1 and No. 2 are compared with those 

of the FE analysis and are presented in Tables 5.4 and 5.5, respectively. The Grillage 

Model No. 1 yield results that are closer to the FE analysis results.  



192 

 

Table 5.4  Comparison of FE Analysis Results with Respect to Grillage Model No. 1 
Moment (k-ft.) 

Interior Girder Exterior Girder Lanes Loaded 
FEA Grillage FEA Grillage 

One Lane Loaded 381 396 557 513 
Two or More Lanes Loaded 1116 1101 1246 1148 

 

 

Table 5.5  Comparison of FE Analysis Results with Respect to Grillage Model No. 2 
Moment (k-ft.) 

Interior Girder Exterior Girder Lanes Loaded 
FEA Grillage FEA Grillage 

One Lane Loaded 381 412 557 496 
Two or More Lanes Loaded 1116 1080 1246 1114 

 

 

Grillage Model No. 1 is further calibrated for several conditions and all the 

analysis cases are described in Table 5.6. The results of grillage analyses for cases 1 

through 4 and their comparison with the FE analysis results are presented in Tables 5.7 

through 5.10. Its obvious that case 4 yields results closest to those of FE analysis for the 

interior girder and case 1 yields results that are closest to those of the FE analysis for the 

exterior girder. Case 4 is selected as the final grillage model as the focus of this study is 

only on the interior girders. 

 

Table 5.6  Various Cases Defined for Further Calibration on Grillage Model No. 1 
Condition Case 1 Case 2 Case 3 Case 4 
Torsional Restraint Provided no yes yes yes 
Section Properties of Intermediate and End 
Diaphragm Provided no no yes yes 

Edge Longitudinal Members Provided no no no yes 
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Table 5.7  Comparison of Results for FEA with Respect to the Grillage Model No. 1 
(Case No. 1) 

Moment (k-ft.) 
Interior Girder Exterior Girder Lanes Loaded 

FEA Grillage FEA Grillage 
One Lane Loaded 381 441 557 567 

Two or More Lanes Loaded 1116 1152 1246 1218 
 
 

Table 5.8  Comparison of Results for FEA with Respect to the Grillage Model No. 1 
(Case No. 2) 

Moment (k-ft.) 
Interior Girder Exterior Girder Lanes Loaded 

FEA Grillage FEA Grillage 
One Lane Loaded 381 431 557 548 

Two or More Lanes Loaded 1116 1140 1246 1195 
 

 
Table 5.9  Comparison of Results for FEA with Respect to the Grillage Model No. 1 

(Case No. 3) 
Moment (k-ft.) 

Interior Girder Exterior Girder Lanes Loaded 
FEA Grillage FEA Grillage 

One Lane Loaded 381 429 557 513 
Two or More Lanes Loaded 1116 1101 1246 1148 

 
 

Table 5.10  Comparison of Results for FEA with Respect to the Grillage Model 
No.1 (Case No. 4) 

Moment (k-ft.) 
Interior Girder Exterior Girder Lanes Loaded 

FEA Grillage FEA Grillage 
One Lane Loaded 381 419 557 529 

Two or More Lanes Loaded 1116 1127 1246 1182 
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5.5 GRILLAGE MODEL DEVELOPMENT 

5.5.1 General 

 

This section discusses the procedure of idealizing the physical bridge 

superstructure into an equivalent grillage model. The properties of longitudinal and 

transverse grid members are evaluated and support conditions are specified. The grillage 

model is developed based on the guidelines in the available literature such as Hambly 

(1991) and Zokaie et al. (1991). The grillage model was modeled and analyzed as a grid 

of beam elements by SAP2000, a structural analysis software (SAP2000 Version 8). 

 

5.5.2 Grillage Model Geometry 

 

The bridge cross-section shown in Figure 3.1 is modeled with a set of 

longitudinal and transverse beam elements. Figure 5.6 shows the placement of transverse 

and longitudinal grillage members adopted in this study. The grillage members are 

placed in the direction of principle strengths. Two longitudinal grillage members were 

placed for each U54 girder, i.e. representing each web of the girder. The longitudinal 

grillage members are aligned in the direction of skew because the deck will tend to span 

in the skew direction. The longitudinal members are skewed at 60 degrees with the 

support centerline. The transverse grillage members are oriented perpendicular to the 

longitudinal grillage members as shown in Figure 5.6. 
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Transverse Grillage Member

Longitudinal Grillage Member

 
Figure 5.6  Grillage Model (for  60 Degree Skew). 

 

 

5.5.3 Grillage Member Properties and Support Conditions 

 

Grillage analysis requires the calculation of the moment of inertia, I, and 

torsional moment of inertia, J, for every grillage member. The following subsections 

discuss the equations used to find the torsional constant, and later, these two quantities 

are calculated for the various longitudinal and transverse grillage members.  

 

5.5.3.1 St. Venant’s Torsional Stiffness Constant 

 

LRFD commentary C.4.6.2.2.1 allows the use of following relationships to 

determine the St. Venant’s torsional inertia, J, instead of a more detailed evaluation. 

 

1. For thin-walled open beams: 

31
3

J bt= ∑      (5.1) 
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2. For stocky open sections (e.g., prestress I-beams and T-beams) and solid 

sections: 
4

40.0 p

AJ
I

=       (5.2) 

3. For closed thin-walled shapes: 
24 oAJ s
t

=
∑

      (5.3) 

where: 

 b = Width of plate element (in.) 

 t = Thickness of plate-like element (in.) 

 A = Area of cross-section (in.2) 

 Ip = Polar moment of inertia (in.4) 

 Ao = Area enclosed by centerlines of elements (in.2) 

 s = Length of a side element (in.) 

 

5.5.3.2 Longitudinal Grillage Members 

 

Longitudinal grillage members distribute the live load in the longitudinal 

direction. Two longitudinal members are placed along each U54 beam, one along each 

web as recommended by Hambly (1991). The longitudinal girder moment of inertia is 

taken as the composite inertia of the girder with the contributing slab width for 

compositely designed U54 beams.  

 

Composite Texas U54 Bridge Girders 

The St. Venant’s torsional stiffness constant for a composite U54 beam bridge 

girder cross-section can be calculated by Equation 5.3 as it corresponds to a closed thin-

walled shape. The quantities Ao and Σs/t for the composite section shown in Figure 5.7 

are calculated and values are listed in Table 5.11. The torsional stiffness constant, J, and 
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the moment of inertia, I, are also calculated and listed in Table 5.11. Because two 

longitudinal grillage members were used for each U54 beam, both of inertia values are 

taken as half (i.e. I = 503,500 in.4 and J= 653,326.5 in.4). 

 

Table 5.11  Composite Section Properties for U54 Girder 
Ao 

(in.2) 
Σs/t J 

(in.4) 
I 

(in.4) 
3453 36.5 1,306,653 1,007,000

 

 

Ao

(enclosed by dotted line)

s (length of dotted line)

t

 
 Figure 5.7  Calculation of St. Venant’s Torsional Stiffness Constant for 

Composite U54 Girder. 
 

 

 

 

Edge Stiffening Elements 

The edge stiffening elements represent the T501 rails that were used in this study 

as per TxDOT practice. To simplify the calculations, the T501 rail is approximated as a 

combination of two rectangular sections joined together as shown in the Figure 5.8. The 

dimensions of the equivalent rectangular shape are selected such that the area is equal to 

the actual area of the T501 type barrier. Note that the effect of the edge stiffening 

elements was ignored during the development of the LRFD live load distribution factor 

formulas by Zokaie et al. (1991).  
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2'-11"

3' - 0"

1' - 0"

8"

T501 Type Traffic Barrier Equivalent Rectangular Section

Deck Slab

 
 

Figure 5.8  T501 Type Traffic Barrier and Equivalent Rectangular Section. 
 

 

The St. Venant’s torsional stiffness constant for the T501 rail or the equivalent 

rectangular section, which is the category of stocky open sections, was calculated by 

Equation 5.2. The torsional stiffness constant for the equivalent section is 28,088 in.4 and 

the moment of inertia for the equivalent section is 67,913 in.4 

 

5.5.3.3 Transverse Grillage Members 

 

Transverse grillage members distribute the live load in the transverse direction. 

The number of transverse grillage members needed depends upon the type of results 

desired and the applied loading conditions. As the grillage mesh gets coarser, the load 

application becomes more approximate and a finer grillage mesh ensures not only a 

better result but also the load application tends to be more exact. In this study, the 

grillage members are spaced 5 ft. center-to-center, so that errors introduced in applying 

the loads to the nodal locations is minimized. Zokaie et al. (1991) recommended that 

transverse grillage spacing should be less than 1/10 of the effective span length and 

Hambly (1991) recommends lesser than 1/12 of the effective span length. The effective 

span length is the distance between the support center lines and transverse grillage 

spacing was taken as 1/28 of the effective span length for 140 ft. span length and 1/30 of 

the effective span length for 150 ft. 
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Bridge Deck in Transverse Direction 

In the transverse direction where no diaphragms are present, the transverse 

grillage members are modeled as a rectangular section of the deck slab with a thickness 

of 8 in. and a tributary width of 60 in. The St. Venant’s torsional stiffness constant for 

both diaphragm types, which can be treated as thin-walled open sections, is calculated by 

Equation 5.1. The resulting torsional stiffness constant and the moment of inertia for the 

general transverse grillage members is calculated to be 10,240 in.4 and 5120 in.4, 

respectively. 

 

End Diaphragms and Intermediate Diaphragms 

The TxDOT Bridge Design Manual (TxDOT 2001) requires intermediate and 

end diaphragms in a Texas U54 beam type bridge. The idealized composite cross-

sections considered for the end and intermediate diaphragms are shown in the Figure 5.9.  

Shaded Area 
is Diaphragm

Texas U54 Beam

Deck Slab

Cross-Sectional View Side View

.

8"

4'-6"

Deck Slab

24 in. for End Diaphragm
13 in. for Intermediate Diaphragm

 
Figure 5.9  Cross-Sections of End and Intermediate Diaphragms. 

 
 

The end diaphragm has a web thickness of 24 in., while the intermediate 

diaphragm has a web thickness of 13 in. Because the transverse grid members are spaced 

at 5 ft. center-to-center, the tributary width of the deck slab contributing to each 

diaphragm is taken to be 60 in. The St. Venant’s torsional stiffness constant for both the 
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diaphragm types, which can be treated as stocky open sections, is calculated by Equation 

5.2. The torsional stiffness constant and the moment of inertia for the end diaphragm is 

calculated to be 194,347 in.4 and 1,073,566 in.4, respectively. The torsional stiffness 

constant and the moment of inertia for the intermediate diaphragm is calculated to be 

39,621 in.4 and 1,077,768 in.4, respectively. 

 

 

 

5.5.3.4 Support Conditions 

 

Because of the large transverse diaphragms at the supports, the torsional rotation 

of the longitudinal grillage members was fixed at the supports. Moreover, the translation 

was fixed in all three directions.  

 

5.6 APPLICATION OF HL-93 DESIGN TRUCK LIVE LOAD 

 

The HL-93 design live load truck was placed to produce the maximum response 

in the girders. In the case of bending moment, the resultant of the three axles of the HL-

93 design truck was made coincident with the midspan location of the bridge. In the case 

of shear force calculations, the 32 kip axle of the HL-93 design truck was placed on the 

support location. In the transverse direction, first the HL-93 design truck is placed at 2 ft. 

from the edge of the barrier and all other trucks were placed at 4 ft. distance from each 

neighboring truck. The truck placement is shown in the Figures 5.10 and 5.11. Several 

lanes were loaded with the design truck and different combinations of the loaded lanes 

were considered and the maximum results were selected. After placement of the design 

truck, the wheel line load for each axle was distributed proportionally in the transverse 

direction to the adjacent longitudinal grillage members.  
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Transverse Grillage Member

Truck Placement for Max. Moment

Longitudinal Grillage Member

 

Figure 5.10  Application of Design Truck Live Load for Maximum Moment on 
Grillage Model. 

 

 

Transverse Grillage Member

Truck Placement for Max. Shear

Longitudinal Grillage Member

 

Figure 5.11  Application of Design Truck Live Load for Maximum Shear on 
Grillage Model. 
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5.7 GRILLAGE ANALYSIS AND POSTPROCESSING OF RESULTS 

5.7.1.1 Multiple Presence Factors 

 

Multiple presence factors are intended to account for the probability of 

simultaneous lane occupation by the full HL-93 design live load. Table 5.12 summarizes 

the multiple presence factors that are recommended in LRFD Art. 3.6.1.1.2. 

 

Table 5.12  LRFD Multiple Presence Factors 

No. of Lanes Factors 

One 1.20 
Two 1.00 
Three 0.85 
More than Three 0.65 

 

 

5.7.1.2 Distribution Factors Based on Grillage Analysis 

 

The maximum girder moments and support shears are noted from the analysis of 

the grillage model for both the exterior and interior beams. After determining the 

moment and shear results from the grillage analysis, the moment and shear DFs are 

calculated to compare them with the LRFD DFs. The maximum distribution factor is the 

maximum force in a bridge girder divided by the maximum force produced by loading a 

simply supported beam with axle load of the HL-93 design truck in the longitudinal 

location. The design truck placement on a simply supported beam for moment and shear 

is shown in Figure 5.11. The DFs from the grillage analysis results are calculated by the 

following equation. 

 

grillage

SS

DF
Ν

=
Ν

        (5.4) 
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where: 

Ngrillage = Maximum moment or shear calculated by the grillage analysis 

NSS        = Maximum moment or shear calculated by loading a simply supported 
beam in the same longitudinal direction with the same load placement 
as the grillage analysis. 

 

The multiple presence factor is taken into account for cases of two or more lanes 

loaded by multiplying the DF, from Equation 5.4, by the appropriate multiple presence 

factor from Table 5.11. 

32 kips32 kips8 kips

Resultant of Axle 
Loads at midspan
72 kips

8 kips32 kips32 kips

(a) Maximum Moment Response

(a) Maximum Shear Response
 

Figure 5.12  Design Truck Load Placement on a Simply Supported Beam for 
Maximum Response. 

 

Based on the load placement shown in Figure 5.12, the maximum moments and 

shears for a simply supported beam are calculated for the two span lengths of 140 ft. and 

150 ft., and are given in Table 5.13 below. 
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Table 5.13  Maximum Moment and Shear Response on a Simply Supported Beam 
Span Length 

(ft.) 
Moment 

(k-ft.) 
Shear 
(kips) 

140 2240 67.2 
150 2420 67.5 

 

 

5.8 LRFD LOAD DISTRIBUTION FACTORS  

 

The live load DFs based on LRFD Art. 4.6.2.2. are calculated for the purpose of 

comparison with those found by the grillage analysis method. The DFs for interior and 

exterior girders, for one lane and two or more lanes loaded, and for shear and moments 

are summarized in Table 5.14. As recommended in LRFD Table 4.6.2.2.3b-1 and LRFD 

Table 4.6.2.2.2d-1, the DFs for exterior girders and one lane loaded case are relatively 

large because these are calculated by the lever rule method as per LRFD Specifications, 

which gives very conservative results. For comparison, the DF computed using the 

LRFD approximations are provided in parenthesis. 

 

Table 5.14  LRFD Live Load Moment and Shear Distribution Factors 
Moment Shear Span 

Length  
(ft.) 

No. of Lanes 
Loaded Interior 

Girder 
Exterior 
Girder 

Interior 
Girder 

Exterior 
Girder 

One 0.187 1.200 (0.357) 0.643 2.220  (1.513)140 Two or More 0.340 0.357 0.792 1.513 
One 0.180 0.740 (0.350) 0.639 2.260  (1.530)150 Two or More 0.333 0.350 0.787 1.530 

 

5.9 SUMMARY OF RESULTS AND CONCLUSION 
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Tables 5.15 and 5.16 summarize the findings of this section by comparing the 

live load DFs from the grillage analysis with those calculated by the LRFD 

Specifications for moment and shear, respectively. In general, the grillage analysis 

results are always conservative with respect to those of the LRFD Specifications. The 

difference for shear DFs for exterior girders is relatively large as compared to the 

difference for moment DFs and shear DFs for interior girders. This trend can be 

explained for two reasons: (1) for exterior girders with one lane loaded, the DFs are 

calculated by the lever rule method that gives very conservative results, and (2) for shear 

in exterior girders the LRFD Specifications specifies very large shear correction factors 

for skewed bridges.  

 

Table 5.15  Comparison of Moment DFs 
Moment 

Interior Girder Exterior Girder Span 
Length 

 (ft.) 

No. of Lanes 
Loaded LRFD 

DF 
Grillage 

DF 
LRFD 

DF 
Grillage 

DF 
One 0.187 0.152 1.200 0.200 140 Two or More 0.340 0.250 0.357 0.293 
One 0.180 0.178 0.740 0.212 150 Two or More 0.333 0.280 0.350 0.310 

 
 
 

Table 5.16  Comparison of Shear DFs 
Shear 

Interior Girder Exterior Girder Span 
Length  

(ft.) 

No. of Lanes 
Loaded LRFD 

DF 
Grillage 

DF LRFD DF Grillage 
DF 

One 0.643 0.450 2.220 
(1.513) 0.786 140 

Two or More 0.792 0.678 1.513 0.914 

One 0.639 0.529 2.260 
(1.530) 0.790 150 

Two or More 0.787 0.750 1.530 0.950 
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Thus, based on the results of the grillage analysis it can be concluded that the 

LRFD distribution factor formulas are conservative. However, a more refined analysis 

such as a finite element analysis is recommended to validate the results of the grillage 

analysis results presented in this section.  
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6. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

 

6.1 SUMMARY 

 

This thesis summarizes the details of one portion of TxDOT Research Project 0-

4751 “Impact of AASHTO LRFD Specifications on the Design of Texas Bridges.” The 

objectives of this portion of the study are to evaluate the impact of the current LRFD 

Specifications on typical Texas precast, pretensioned U54 bridge girders, to perform a 

critical review of the major changes when transitioning to LRFD design, and to 

recommend guidelines to assist TxDOT in implementing the LRFD Specifications. The 

research project objectives were accomplished by five tasks: (1) to review and 

synthesize the available literature, such that the background research relevant to the 

development of the AASHTO LRFD Bridge Design Specifications is documented; (2) to 

develop two detailed design examples, so that the application of the AASHTO Standard 

Specifications for Highway Bridges, 17th edition (2002) and AASHTO LRFD Bridge 

Design Specifications, 3rd edition (2004), for typical precast, pretensioned Texas U54 

beam bridges can be illustrated; (3) to conduct a parametric study in order to perform an 

in-depth analysis of the differences between designs using the current Standard and 

LRFD Specifications (AASHTO 2002, 2004), with a focus on bridge types that are of 

most interest to TxDOT for future bridge structures; (4) to identify the crucial design 

issues for pretensioned concrete Texas U beams based on the parametric study 

supplemented by the literature review; and (5) to provide guidelines for revised design 

criteria as necessary.  

The first task was accomplished through literature search of the background 

research relevant to the development of the LRFD Specifications. Various topics were 

covered in this task, such as history and development of the AASHTO LRFD 

Specifications, significant changes in the LRFD Specifications relative to the Standard 
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Specifications, reliability theory and LRFD code calibration, development of live load 

model and distribution factors, and debonding of prestressing strands. A literature review 

of refined analysis procedures used in this study was also performed.  

Two detailed design examples, for Texas U54 beams, were prepared in the 

second task to assist TxDOT engineers to understand the design procedures of the LRFD 

Specifications by comparing with the design procedures of the Standard Specifications. 

In both the detailed design examples, the PSTRS14 (TxDOT 2004) method of 

determining prestress losses, initial and final concrete strengths, and debonding of 

strands by an iterative procedure was used. Camber was calculated by the Hyperbolic 

Functions Method (Sinno 1968). Based on TxDOT practice (TxDOT 2001), the modular 

ratio between beam and slab concrete was considered as unity for the service limit state 

design, in which the number of strands and optimum values of initial and final concrete 

strengths are determined. The actual value of modular ratio was used for all other limit 

states.   

The third task, the parametric study, was accomplished by selecting appropriate 

parameters, as shown in Table 6.1, and for various combinations of these parameters the 

detailed designs calculations were performed for both specifications. Different design 

trends were determined and compared, graphically and in tabular format, for both 

specifications. In addition, the parametric study was used to identify the most critical 

limit states for the design of different bridge geometries. Significant observations were 

made with the comparisons of the shear design, number of strands, undistributed and 

distributed live load affects, and maximum possible span lengths.  
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Table 6.1  Summary of Design Parameters for Parametric Study 
Parameter Description / Selected Values 

Girder Spacing (ft.) 8'-6'', 10' -0'', 11'-6'', 14'-0'' and 16'-8'' 

Spans 90 ft. to maximum span at 10 ft. intervals 

Strand Diameter (in.) 0.5 and 0.6 

Concrete Strength at 
Release, cif ′  

varied from 4,000 to 6,750 psi for design with optimum 
number of strands 

Concrete Strength at 
Service, cf ′  

varied from 5,000 to 8,750 psi for design with optimum 
number of strands 

Skew Angle (degrees) 0, 15, 30 and 60 
 

 

The fourth task was accomplished based on the information from the 

aforementioned three tasks, namely, literature review, development of detailed design 

examples, and parametric study, and the crucial design issues related to live load 

distribution factors, permanent dead load distribution, and debonding limits were 

identified. Other designs issues such as the appropriate value of the edge distance 

parameter, de, for the exterior girders and the effective flange width calculations were 

also identified. Three equations to calculate the nominal flexural strength of Texas U54 

beam were derived based on the conditions of equilibrium and strain compatibility. The 

fifth task was accomplished by drawing conclusions and recommendations for all the 

design issues identified in the fourth task.  

 

6.2 DESIGN ISSUES AND RECOMMENDATIONS 

 

The following design issues associated with transitioning to the AASHTO LRFD 

Specifications were identified through the literature review and parametric study. 
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Recommendations are provided based on available information and findings as 

presented in previous sections and in the appendices. 

 

6.2.1 Partial Debonding of Prestressing Strands 

 

The research team has conducted a literature review to document the basis for the 

greater amounts of debonding used in TxDOT practice relative to the LRFD limits. The 

LRFD Specifications derive its debonding limits based on a FDOT study (Shahawy et al. 

1992, 1993) where some specimen with 50 percent debonded strands (0.6 in. diameter) 

had inadequate shear capacity. Barnes, Burns and Kreger (1999) recommended that up 

to 75 percent of the strands can be debonded if (1) cracking is prevented in or near the 

transfer length, and (2) the AASHTO LRFD (1998) rules for terminating the tensile 

reinforcement are applied to the bonded length of prestressing strands. Abdalla, Ramirez 

and Lee (1993) recommended limiting debonding to 67 percent per section, while a 

debonding limit per row was not considered to be necessary. In the aforementioned 

research studies, none of the specimens failed in a shear mode. All the specimens failed 

in pure flexure, flexure with slip, and bond failure mechanisms. Krishnamurthy (1971) 

observed that the shear resistance of the section increased by increasing the number of 

debonded strands in the upper flange and it decreased when the number of debonded 

strands was increased in the bottom flange of the beam.  

The current LRFD debonding provisions limit debonding of strands to 25 percent 

per section and 40 percent per row. These limits pose serious restrictions on the design 

of Texas U54 bridges relative to TxDOT’s typical practice. This limitation would limit 

the span capability for designs using normal strength concretes.  

Based on research by Barnes, Burns and Kreger (1999) and successful past 

practice by TxDOT, it is recommended that up to 75% of the strands may be debonded, 

if, 

a) Cracking is prevented in or near the transfer length 
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b) AASHTO LRFD rules for terminating the tensile reinforcement are 

applied to the bonded length of prestressing strands. 

c) The shear resistance at the regions where the strands are debonded is 

thoroughly investigated with due regard to the reduction in horizontal 

force available, as recommended in LRFD commentary 5.11.4.3 

 

6.2.2 Effective Flange Width Calculation 

 

According to the LRFD Specifications, C4.6.2.6.1, the effective flange width of 

the U54 beam was determined as though each web is an individual supporting element. 

Because the Standard Specifications do not give specific guidelines regarding the 

calculation of effective flange width for open box sections, the LRFD Specifications 

guideline of considering each web of the open box section as an individual supporting 

element was also used in the Standard designs. A reference vertical center-line was 

required for the LRFD and Standard Specifications provisions for the effective flange 

width calculations to be applicable. This reference vertical center-line was assumed to be 

passing through the top inside corner of the top flange of the Texas U54 beam. This 

procedure of determining the effective flange width is demonstrated in the detailed 

design examples in Appendix B. The effective flange widths calculated by the Standard 

and the LRFD Specifications were found to be the same for all girder spacings. 

 

6.2.3 Limitations of AASHTO LRFD Approximate Method of Load Distribution 

 

The formulas given in the LRFD Specifications for the approximate load 

distribution have certain limitations. The limitations are there because these formulas 

were developed based on a database of bridges within these limitations. Thus, it may not 

be a necessary conclusion that beyond these limitations, the LRFD distribution factor 

(DF) formulas will cease to give conservative estimates. However, it is important for the 
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engineer to understand these limitations and to be cautious if applying these formulas to 

cases falling outside the given range of applicability. 

 

6.2.3.1 Span Length Limitation 

 

The use of the LRFD live load DF formulas is limited to spans no longer than 

140 ft. The parametric study indicates that this limitation is slightly violated for the 8.5 

ft. girder spacing with a 60 degree skew (corresponding maximum span = 144 ft.). The 

two cases noted in Table 6.2 were investigated using grillage analysis and the 

applicability of the LRFD live load DF formulas was found to be justified for the two 

cases noted in Table 6.2. 
 

Table 6.2  Parameters for Refined Analysis 

1. This restriction is related to the LRFD Live Load Distribution Factor formulas to be 
applicable. 

 
 
It was determined that for live load DF for moment in both interior and exterior 

girders, the LRFD approximate method is applicable and the limit can be increased up to 

150 ft. span length. Also, a similar recommendation is made for the live load distribution 

factors for shear in interior girders only. Whereas, based on the results, it can be 

concluded that the LRFD approximate method of load distribution gives a conservative 

for live load DFs for shear in exterior girders. 

Further research is recommended using a more rigorous analysis method such as 

finite element analysis, be conducted to validate the results of the grillage analysis. 

Based on the results of this research, it is expected that such a rigorous analysis might 

validate the use of LRFD approximate live load distribution and skew correction factors 

for shear in exterior beams. 
 

Span 
(ft.) 

Spacing 
(ft.) 

Skew 
(degrees) Total Number of Cases LRFD 

Restrictions 
140, 150 8.5 60 2 L ≤ 140 ft. 1 
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6.2.3.2 Number of Beams (Nb) Limitation 

 

The selected U54 girder spacings of 14 ft. and 16.67 ft. violate the LRFD 

provisions for uniform distribution of permanent dead loads [LRFD Art. 4.6.2.2], which 

among other requirements, requires the number of beams to be equal to or greater than 

four. For U54 girder spacings of 14 ft. and 16.67 ft., the possible number of girders that 

the standard bridge width, used in this study, can accommodate is three.  

The permanent dead loads include self-weight of the girder, deck slab, 

diaphragm, wearing surface and the railing. According to design recommendations for 

Texas U54 beams in the TxDOT Bridge Design Manual (TxDOT 2001), two-thirds of 

the railing dead load should be distributed to the exterior girder and one-third to the 

adjacent interior girder. In the bridge superstructures, where there are only three girders, 

according to this TxDOT recommendation all the girders will be designed for two-thirds 

of the total rail dead load. As the railing is closer to the exterior girders, this TxDOT 

provision will cause the uniform distribution for permanent dead loads (especially 

considering the effect of barrier/rail load) to be unconservative for exterior beams and 

conservative for interior beams. 

The implication of this violation of the number of beams limit is that to 

determine the actual distribution of the permanent dead loads the bridge designer will 

have to perform a refined analysis method to determine the appropriate distribution of 

permanent loads for the bridge (LRFD Art. 4.6.2.2.). The use of refined analysis 

methods such as the finite element method can be uneconomical, time consuming and 

cumbersome relative to the application of the aforementioned provision of the LRFD 

Art. 4.6.2.2. 

It is recommended that a parametric study should be conducted for typical Texas 

U54 girder bridges, where the uniform distribution of permanent dead loads is validated 

for bridges with the number of beams equal to three by more rigorous refined analysis 

methods. Alternatively, as a conservative approach the exterior girder can be assumed to 

carry  the entire barrier/rail dead load. 
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6.2.3.3 Edge Distance Parameter (de) Limitation 

 

The edge distance parameter, de, is defined as the distance from the exterior web 

of exterior beam to the interior edge of curb or traffic barrier. The LRFD Specifications 

do not give any guidelines for the exact determination of de for the case where the 

girders have inclined webs, as is the case with Texas U54 beams. Thus, based on the 

engineering judgment, a particular definition of de was adopted as shown in Figure 6.1. 

If the distribution of live load and permanent dead loads is to be determined 

according to the LRFD Art. 4.6.2.2., then among other requirements, the edge distance 

parameter, de, must be equal to or less than 3.0 ft. unless otherwise specified. For 

exterior girders that are spread box beams, such as Texas U54 girders, the edge distance 

parameter, de, is required to be equal to or less than 4.5 ft.  

For Texas U54 girder design, the TxDOT Bridge Design Manual (TxDOT 2001) 

requires the standard overhang dimension to be equal to or less than 6 ft.-9 in. measured 

from the centerline of the bottom of the exterior U-beam to the edge of slab. So, for this 

standard overhang dimension, the distance from the edge of the bridge to the nominal 

face of the barrier to be 1 ft. and the definition of the edge distance parameter, de, as 

adopted by the research team (see Figure 6.1), de will be 3.0 ft. This value is acceptable 

for using the LRFD Specifications approximate method for load distribution. If a greater 

overhang is desired, the aforementioned de limit will be exceeded and the designer will 

have to perform the refined analysis procedure to determine the appropriate load 

distribution.  
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1'-0" to the nominal face of the barrier

 
 

Figure 6.1  Definition of Edge Distance Parameter, de. 

 

It is recommended that a parametric study should be conducted for typical Texas 

U54 girder bridges, where the load distribution is validated for bridges with de ≥ 3.0 ft. 

by more rigorous refined analysis methods. 

6.3 CONCLUSIONS 

 

The following conclusions were derived based on the parametric study for Texas 

U54 girders. This study focused only on the service and ultimate limit states and 

additional limit states were not evaluated. The following observations compare the 

trends for LRFD designs versus Standard designs. 
 

6.3.1 Live Load Moment 

 

The live load DF for moment provided by the LRFD Specifications was 

significantly smaller relative to that of the Standard Specifications. This reduction 

increases with increasing span length, girder spacing, and skew angle (23.8 to 40.8 

percent). The LRFD undistributed live load moments were much larger relative the 
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Standard values (47.1 to 70.8 percent). The LRFD dynamic load moment increased 

significantly up to a difference of 310 k-ft. (74 percent). This was due to the new heavier 

HL-93 live load model introduced in the LRFD Specifications. The LRFD distributed 

live load moments was larger (28.4 to 40.2 percent) for a 0 degree skew and for all 

spacings except 16.67 ft. For all other skew angles, the LRFD values were smaller (-4.7 

to 16 percent) and this difference increased with an increase in skew angle.  

 

6.3.2 Live Load Shear 

 

The LRFD live load DF for shear were not very different than that of the 

Standard Specifications. For 8.5 ft., 14 ft., and 16.67 ft. spacings, the LRFD DFs for 

shear were smaller; while for 10 ft. and 11.5 ft. spacings, the DFs for both specifications 

were the same. In general, it increased by 0.036 (3.9 percent) and decreases by 0.156 

(10.3 percent). The LRFD undistributed live load shears were much larger relative to 

that calculated by the Standard Specifications (35 to 55.6 percent). The LRFD dynamic 

load shear as provided by the LRFD Specifications increased significantly up to a 

difference of 8.0 kips (62 percent). This was due to the new heavier HL-93 live load 

model introduced in the LRFD Specifications. The LRFD distributed live load shears 

were significantly larger than that of the Standard designs (24.5 to 55.7 percent). 

 

6.3.3 Maximum span lengths 

 

Maximum differences in maximum span lengths for LRFD designs relative to the 

Standard designs are shown in Table 6.3. The trends vary with support skew, strand 

diameter, and girder spacing. In general, for 0.6 in. strands and girder spacings less than 

11.5 ft., LRFD designs resulted in longer span lengths compared to that of the Standard 

Specifications by up to a difference of 10 ft. (7.4 percent). The LRFD designs resulted in 

longer span lengths compared to that of the Standard Specifications for girder spacing 
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less than 11.5 ft. by up to 18.5 ft. (18.8 percent). The same trends were found for 0.5 in. 

strand diameter; however, the differences are smaller.  

Longer spans are explained because of the reduction in the distributed live load 

moment, and reduction in initial and final prestress losses in the LRFD Specifications for 

30 and 60 degree skew cases relative to those of the Standard Specifications. For 

example, for the 60 degree skew, the distributed live load moment decreased up to a 

difference of 1526.3 k-ft (40.2 percent), the initial prestress losses decreased up to a 

difference of 3.0 ksi (19.4 percent), and the final prestress losses decreased up to a 

difference of 9.0 ksi (17.9 percent).  

 

Table 6.3  Maximum Differences in Maximum Span Lengths of LRFD Designs 
Relative to Standard Designs 

 

6.3.4 Number of Strands 

 

For the 0, 15 and 30 degree skews and for girder spacings less than or equal to 

11.5 ft., the LRFD designs required from 1 to 6 fewer strands. For girder spacings 

greater than 11.5 ft., the LRFD designs required from 1 to 10 fewer strands relative to 

the designs based on the Standard Specifications. There is a significant drop in the 

number of strands required by the LRFD designs relative to those of the Standard 

designs for the 60 degree skew because the flexural demand reduces significantly in this 

case. For the 60 degree skew and for girder spacings less than or equal to 11.5 ft., the 

LRFD designs required from 4 to 14 fewer strands; and for girder spacings greater than 

11.5 ft., the LRFD designs required from 12 to 18 fewer strands relative to the Standard 

Strand Diameter = 0.5 in. Strand Diameter = 0.6 in. 
Skew (degrees) Skew (degrees) 

Girder 
Spacing 

 (ft.) 0, 15, 30 60 0, 15, 30 60 

≤  11.5 +3.5 ft. 
(2.8%) 

+10 ft. 
(8.1%) 

+4 ft. 
(3%) 

+10 ft. 
(7.4%) 

>  11.5 +6.5 ft. 
(6.2%) 

+12.5 ft. 
(12.0%) 

+11.5 ft.
(11.7%)

+18.5 ft. 
(18.8%) 
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designs. This significant difference can be attributed to mainly two reasons, (1) The 

effect of the 0.8 live load reduction factor included in the LRFD Service III limit state 

compared to the 1.0 live load reduction factor in the Standard Specifications, and (2) the 

reduction in live load moments.  

 

6.3.5 Initial and Final Prestress Losses 

 

For the 0, 15 and 30 degree skews, the designs based on the LRFD Specifications 

give a slightly larger estimate of initial and final losses as compared to those based on 

the Standard Specifications. This difference is significantly greater for the 60 degree 

skew cases. The initial relaxation loss increased up to a difference of 190.7 percent and 

the final relaxation loss increased up to a difference of 75.8 percent. The final relaxation 

loss increased with the span length and skew. The elastic shortening loss ranged –29.7 to 

1.2 percent relative to the Standard designs and similarly, the creep loss decreased up to 

47.5 percent. While the initial and final relaxation losses increased, the relative decrease 

in the elastic shortening and creep loss was greater. 

 

6.3.6 Concrete Strength Required at Transfer 

 

Relative to the Standard Specifications, the difference in the required concrete 

strength at transfer, f'ci, for LRFD designs decreased with an increase in skew, girder 

spacing and span length. The maximum difference in f'ci was a decrease of 1480 psi 

(24.6 percent). This reduction is expected because the initial prestress losses and the 

number of strands decreased for LRFD designs. Moreover, the tensile stress limit in 

LRFD designs was increased slightly from 7.5√( f'ci (psi)) (Standard) to 0.24√( f'ci (ksi)) 

or 7.59√( f'ci(psi)) (LRFD). 
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6.3.7 Concrete Strength Required at Service 

 

The designs based on the LRFD Specifications give a smaller (0 to 10.8 percent) 

estimate of the required concrete strength at service, f'c, as compared to Standard 

designs. Skews did not affect the f'c values significantly. The difference in f'c required 

remained relatively constant for different girder spacings and span length. The reduction 

for the LRFD designs may be partially attributed to an increased compressive stress limit 

due to sustained loads from 0.4 f'c (Standard) to 0.45 f'c (LRFD). In addition, for most 

design cases the distributed live load moment decreased for LRFD designs relative to the 

Standard designs. 

 

6.3.8 Factored Design Moment 

 

The factored design moments based on Standard designs are always larger than 

for the same cases following the LRFD Specifications. The maximum difference is 3239 

k-ft. (28.4 percent). The difference increases as the skew increases. This difference also 

increases with an increase in girder spacing. However, the difference between the 

factored design moments for the two specifications does not vary with changes in the 

span length for a particular spacing. The reason for this affect is that the Standard 

Specifications uses greater load factors in comparison to those of the LRFD 

Specifications and for most cases, the distributed live load moment is smaller for LRFD 

designs. 

 

6.3.9 Factored Design Shear 

 

Except for the shorter spans for 8.5 ft. and 16.67 ft. girder spacings, the factored 

design shear for LRFD designs slightly increased with respect to that for corresponding  
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Standard desings. While the Standard Specifications uses greater load factors, it also 

gives lower values for the distributed live load shear.  

 

6.3.10 Transverse Shear Reinforcement Area 

 

For all skews and both strand diameters, the transverse shear reinforcement area, 

Av, values calculated for designs based on the LRFD Specifications are smaller 

compared to those of the designs based on Standard designs. In general, the difference 

increases with increasing girder spacing, while increasing span length has a very 

insignificant affect on this comparison. The Av requirement for LRFD designs decreased 

relative to Standard designs up to 0.47 in.2/ft. (46.6 percent). 

 

6.3.11 Interface Shear Reinforcement Area 

 

For all skews and both strand diameters, the interface shear reinforcement area, 

Avh, for LRFD designs are larger compared to the Standard designs. The difference 

increases with increasing girder spacing and span length. The Avh for LRFD designs 

increases relative to the Standard designs from 0.47 to 1.39 in2 (148 to 443 percent). 

 

6.3.12 Camber 

 

The camber calculated for designs based on the Standard Specifications is larger 

when compared to the LRFD designs (6.2 to –45.2 percent). The difference increases for 

higher skew angles. This trend is because for the same set of parameters, the LRFD 

Specifications required a lesser number of strands. 
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6.4 RECOMMENDATIONS FOR FUTURE RESEARCH 

 

The following recommendations are made for the future research based on the 

findings and limitations of this study. 

 

1. The shear in exterior girders of a skewed bridge can significantly increase and 

thus, it is strongly recommended that the exterior girders should be designed for 

shear resistance based on the load distribution that takes into account the 

increased shear demand in obtuse corners of the bridge. Further study is also 

recommended to develop new, or verify the current formulas, for skew correction 

factors for shear in obtuse corners, for girder spacings greater than 11.5 ft. 

 

2. The difference in the interface shear reinforcement area by the LRFD and 

Standard Specifications is very significant. New provisions currently under   

consideration for 2006 LRFD Specifications should be considered.  The 

procedures for transverse shear design based on the Modified Compression Field 

Theory (MCFT) are relatively complex as compared to the previous procedures 

in the Standard Specifications. Hence, simplified design procedures for typical 

girder types and design situations may be useful. 
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APPENDIX A 

PARAMETRIC STUDY RESULTS 

 



 

 
 

 

Table A.1  Comparison of Distribution Factors (All Skews) for U54 Interior Beams 
All Skews Skew = 0 Skew = 15 Skew = 30 Skew = 60 

DF DF DF DF DF Spacing 
(ft.) 

Span 
(ft.) 

STD LRFD 
Diff. % Diff. 

w.r.t STD
LRFD 

Diff. % Diff. 
w.r.t STD 

LRFD 
Diff. 

% Diff. 
w.r.t 
STD LRFD 

Diff. % Diff. 
w.r.t STD

90 0.616 -0.284 -31.6 0.605 -0.295 -32.8 0.557 -0.343 -38.1 0.380 -0.520 -57.8 
100 0.599 -0.301 -33.4 0.589 -0.311 -34.5 0.543 -0.357 -39.7 0.370 -0.530 -58.9 
110 0.585 -0.315 -35.0 0.575 -0.325 -36.1 0.530 -0.370 -41.1 0.361 -0.539 -59.9 
120 0.572 -0.328 -36.4 0.562 -0.338 -37.5 0.518 -0.382 -42.4 0.353 -0.547 -60.8 
130 0.561 -0.339 -37.7 0.551 -0.349 -38.8 0.508 -0.392 -43.6 0.346 -0.554 -61.6 

8.50 

140 

0.900 

0.550 -0.350 -38.9 0.541 -0.359 -39.9 0.498 -0.402 -44.6 0.340 -0.560 -62.3 
90 0.692 -0.217 -23.8 0.681 -0.228 -25.1 0.627 -0.282 -31.0 0.427 -0.482 -53.0 
100 0.674 -0.235 -25.8 0.663 -0.246 -27.1 0.611 -0.299 -32.8 0.416 -0.493 -54.2 
110 0.658 -0.251 -27.6 0.647 -0.262 -28.8 0.596 -0.313 -34.4 0.406 -0.503 -55.3 
120 0.644 -0.265 -29.2 0.633 -0.276 -30.4 0.583 -0.326 -35.9 0.397 -0.512 -56.3 
130 0.631 -0.278 -30.6 0.620 -0.289 -31.8 0.571 -0.338 -37.2 0.389 -0.520 -57.2 

10.00 

140 

0.909 

0.619 -0.290 -31.9 0.609 -0.301 -33.1 0.561 -0.348 -38.3 0.382 -0.527 -58.0 
90 0.766 -0.279 -26.7 0.753 -0.292 -27.9 0.694 -0.351 -33.6 0.473 -0.573 -54.8 
100 0.746 -0.299 -28.6 0.733 -0.312 -29.9 0.676 -0.370 -35.4 0.460 -0.585 -56.0 
110 0.728 -0.317 -30.3 0.716 -0.330 -31.5 0.660 -0.386 -36.9 0.449 -0.596 -57.0 
120 0.712 -0.333 -31.9 0.700 -0.345 -33.0 0.645 -0.400 -38.3 0.440 -0.606 -58.0 
130 0.698 -0.347 -33.2 0.686 -0.359 -34.4 0.632 -0.413 -39.5 0.431 -0.615 -58.8 

11.50 

140 

1.046 

0.685 -0.360 -34.5 0.673 -0.372 -35.6 0.620 -0.425 -40.7 0.423 -0.623 -59.6 
90 0.884 -0.389 -30.6 0.869 -0.404 -31.7 0.800 -0.472 -37.1 0.545 -0.727 -57.2 
100 0.860 -0.412 -32.4 0.846 -0.427 -33.5 0.779 -0.493 -38.8 0.531 -0.742 -58.3 
110 0.840 -0.433 -34.0 0.826 -0.447 -35.1 0.761 -0.512 -40.2 0.518 -0.755 -59.3 
120 0.822 -0.451 -35.4 0.808 -0.465 -36.5 0.744 -0.529 -41.5 0.507 -0.766 -60.2 
130 0.805 -0.468 -36.7 0.791 -0.481 -37.8 0.729 -0.544 -42.7 0.497 -0.776 -61.0 

14.00 

140 

1.273 

0.790 -0.483 -37.9 0.777 -0.496 -39.0 0.716 -0.557 -43.8 0.487 -0.785 -61.7 
90 1.003 -0.513 -33.8 0.986 -0.530 -34.9 0.908 -0.607 -40.1 0.619 -0.897 -59.2 
100 0.977 -0.539 -35.6 0.960 -0.556 -36.7 0.884 -0.631 -41.6 0.603 -0.913 -60.2 
110 0.953 -0.562 -37.1 0.937 -0.579 -38.2 0.863 -0.652 -43.0 0.588 -0.927 -61.2 
120 0.932 -0.583 -38.5 0.917 -0.599 -39.5 0.844 -0.671 -44.3 0.575 -0.940 -62.0 
130 0.914 -0.602 -39.7 0.898 -0.617 -40.7 0.827 -0.688 -45.4 0.564 -0.952 -62.8 

16.67 

140 

1.516 

0.897 -0.619 -40.8 0.881 -0.634 -41.8 0.812 -0.703 -46.4 0.553 -0.962 -63.5 
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Table A.2  Comparison of Distribution Factors and Undistributed Live Load Moments for U54 Interior Beams 
Distribution Factors Moment (LL+I) per Lane (k-ft) 

STD LRFD STD LRFD Spacing 
(ft.) 

Span 
(ft.) 

DF Impact DF Impact 

% Diff. 
w.r.t 
STD Truck 

(Controls) Lane Truck + Lane
(Controls) Tandem + Lane 

% Diff. 
w.r.t 
STD 

90 0.233 0.613 -26.5 1651.5 1053.0 2430.0 2077.8 47.1 
100 0.222 0.597 -27.8 1857.6 1250.0 2821.4 2396.0 51.9 
110 0.213 0.583 -29.0 2061.6 1463.0 3228.8 2730.3 56.6 
120 0.204 0.570 -30.0 2263.5 1692.0 3652.2 3080.5 61.4 
130 0.196 0.559 -30.9 2463.8 1937.0 4091.6 3446.8 66.1 

8.50 

140 

0.900 

0.189 0.549 

0.33 

-31.8 2662.5 2198.0 4547.0 3829.0 70.8 
90 0.233 0.689 -18.2 1651.5 1053.0 2430.0 2077.8 47.1 
100 0.222 0.672 -19.6 1857.6 1250.0 2821.4 2396.0 51.9 
110 0.213 0.656 -20.9 2061.6 1463.0 3228.8 2730.3 56.6 
120 0.204 0.642 -22.0 2263.5 1692.0 3652.2 3080.5 61.4 
130 0.196 0.629 -23.1 2463.8 1937.0 4091.6 3446.8 66.1 

10.00 

140 

0.909 

0.189 0.617 

0.33 

-24.0 2662.5 2198.0 4547.0 3829.0 70.8 
90 0.233 0.763 -21.3 1651.5 1053.0 2430.0 2077.8 47.1 
100 0.222 0.743 -22.7 1857.6 1250.0 2821.4 2396.0 51.9 
110 0.213 0.726 -23.9 2061.6 1463.0 3228.8 2730.3 56.6 
120 0.204 0.710 -25.0 2263.5 1692.0 3652.2 3080.5 61.4 
130 0.196 0.696 -26.0 2463.8 1937.0 4091.6 3446.8 66.1 

11.50 

140 

1.046 

0.189 0.683 

0.33 

-26.9 2662.5 2198.0 4547.0 3829.0 70.8 
90 0.233 0.880 -25.4 1651.5 1053.0 2430.0 2077.8 47.1 
100 0.222 0.857 -26.7 1857.6 1250.0 2821.4 2396.0 51.9 
110 0.213 0.837 -27.9 2061.6 1463.0 3228.8 2730.3 56.6 
120 0.204 0.819 -28.9 2263.5 1692.0 3652.2 3080.5 61.4 
130 0.196 0.803 -29.9 2463.8 1937.0 4091.6 3446.8 66.1 

14.00 

140 

1.273 

0.189 0.788 

0.33 

-30.7 2662.5 2198.0 4547.0 3829.0 70.8 
90 0.233 0.999 -28.9 1651.5 1053.0 2430.0 2077.8 47.1 
100 0.222 0.973 -30.2 1857.6 1250.0 2821.4 2396.0 51.9 
110 0.213 0.950 -31.3 2061.6 1463.0 3228.8 2730.3 56.6 
120 0.204 0.929 -32.3 2263.5 1692.0 3652.2 3080.5 61.4 
130 0.196 0.911 -33.2 2463.8 1937.0 4091.6 3446.8 66.1 

16.67 

140 

1.516 

0.189 0.894 

0.33 

-34.0 2662.5 2198.0 4547.0 3829.0 70.8 
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Table A.3  Comparison of Distributed Live Load Moments for U54 Interior Beams 
All Skews Skew = 0 Skew = 15 Skew = 30 Skew = 60 
Moment 

 (k-ft) 
Moment 

(k-ft) 
Moment 

(k-ft) 
Moment 

(k-ft) 
Moment 

(k-ft) 
Spacing 

(ft.) 
Span 
(ft.) 

STD 

Skew 
Corr. 
Factor LRFD 

% Diff. 
w.r.t 
STD 

Skew 
Corr. 
Factor LRFD 

% Diff. 
w.r.t 
STD 

Skew 
Corr. 
Factor LRFD 

% Diff. 
w.r.t 
STD 

Skew 
Corr. 
Factor LRFD 

% Diff. 
w.r.t 
STD 

90 1486.3 1489.1 0.2 1463.8 -1.5 1348.6 -9.3 918.8 -38.2 
100 1671.9 1684.0 0.7 1655.4 -1.0 1525.2 -8.8 1039.0 -37.9 
110 1855.4 1881.8 1.4 1849.8 -0.3 1704.3 -8.1 1161.0 -37.4 
120 2037.2 2082.8 2.2 2047.4 0.5 1886.3 -7.4 1285.0 -36.9 
130 2217.4 2287.1 3.1 2248.3 1.4 2071.4 -6.6 1411.1 -36.4 

8.50 

140 2396.2 

1 

2495.0 4.1 

0.983 

2452.6 2.4 

0.906 

2259.6 -5.7 

0.617 

1539.4 -35.8 
90 1501.3 1675.3 11.6 1646.9 9.7 1517.3 1.1 1033.7 -31.2 

100 1688.8 1894.6 12.2 1862.4 10.3 1715.9 1.6 1168.9 -30.8 
110 1874.1 2117.1 13.0 2081.2 11.0 1917.4 2.3 1306.2 -30.3 
120 2057.8 2343.2 13.9 2303.4 11.9 2122.2 3.1 1445.7 -29.7 
130 2239.8 2573.1 14.9 2529.4 12.9 2330.4 4.0 1587.6 -29.1 

10.00 

140 2420.5 

1 

2807.0 16.0 

0.983 

2759.3 14.0 

0.906 

2542.2 5.0 

0.617 

1731.9 -28.4 
90 1726.5 1854.0 7.4 1822.5 5.6 1679.1 -2.7 1143.9 -33.7 

100 1942.1 2096.6 8.0 2061.0 6.1 1898.8 -2.2 1293.6 -33.4 
110 2155.3 2342.9 8.7 2303.1 6.9 2121.9 -1.5 1445.5 -32.9 
120 2366.4 2593.1 9.6 2549.0 7.7 2348.5 -0.8 1599.9 -32.4 
130 2575.8 2847.5 10.5 2799.1 8.7 2578.9 0.1 1756.9 -31.8 

11.50 

140 2783.5 

1 

3106.3 11.6 

0.983 

3053.6 9.7 

0.906 

2813.3 1.1 

0.617 

1916.6 -31.1 
90 2101.9 2138.2 1.7 2101.9 0.0 1936.5 -7.9 1319.2 -37.2 

100 2364.3 2418.0 2.3 2377.0 0.5 2189.9 -7.4 1491.9 -36.9 
110 2623.8 2702.0 3.0 2656.1 1.2 2447.1 -6.7 1667.1 -36.5 
120 2880.9 2990.6 3.8 2939.8 2.0 2708.4 -6.0 1845.1 -36.0 
130 3135.7 3284.0 4.7 3228.2 2.9 2974.2 -5.2 2026.2 -35.4 

14.00 

140 3388.6 

1 

3582.5 5.7 

0.983 

3521.6 3.9 

0.906 

3244.5 -4.3 

0.617 

2210.4 -34.8 
90 2502.7 2426.6 -3.0 2385.4 -4.7 2197.7 -12.2 1497.2 -40.2 

100 2815.2 2744.2 -2.5 2697.6 -4.2 2485.4 -11.7 1693.2 -39.9 
110 3124.2 3066.5 -1.8 3014.5 -3.5 2777.3 -11.1 1892.0 -39.4 
120 3430.3 3394.0 -1.1 3336.4 -2.7 3073.8 -10.4 2094.1 -39.0 
130 3733.7 3727.0 -0.2 3663.7 -1.9 3375.4 -9.6 2299.5 -38.4 

16.67 

140 4034.9 

1 

4065.8 0.8 

0.983 

3996.7 -0.9 

0.906 

3682.3 -8.7 

0.617 

2508.6 -37.8 
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Table A.4  Comparison of Undistributed and Distributed Shear Force at Respective Critical Sections 

(Strand Dia = 0.5 in. and Girder Spacing = 8.5 ft.) 
Shear (LL+I) per lane, (kips) Shear (LL+I) per beam, (kips) 

LRFD Standard LRFD Standard Skew 
Span 
(ft.) 

Truck + Lane 
(Controls) 

Tandem + 
Lane 

Span 
(ft.) 

Truck 
(Controls) Lane 

% diff. 
w.r.t. 
STD Span 

(ft.) 
Shear 
(kips) 

Span 
(ft.) 

Shear 
(kips) 

% diff. 
w.r.t. 
STD 

90.0 103.9 85.2 90 76.9 57.8 35.1 90.0 86.1 90 69.2 24.5 
100.0 109.0 89.2 100 77.4 60.8 40.7 100.0 89.5 100 69.7 28.3 
110.0 113.7 93.0 110 77.8 63.9 46.1 110.0 92.4 110 70.0 32.0 
120.0 117.9 96.4 120 78.1 66.9 51.0 120.0 94.9 120 70.3 35.1 
130.0 121.7 99.7 130 78.2 69.9 55.6 130.0 97.2 130 70.4 38.2 

0 

136.5 124.2 101.9 135 78.3 71.5 - 136.5 98.8 135 71.5 - 
90.0 103.9 85.2 90 76.9 57.8 35.1 90.0 86.1 90 69.2 24.5 

100.0 109.0 89.2 100 77.4 60.8 40.7 100.0 89.5 100 69.7 28.3 
110.0 113.7 93.0 110 77.8 63.9 46.1 110.0 92.4 110 70.0 32.0 
120.0 117.9 96.5 120 78.1 66.9 51.0 120.0 95.0 120 70.3 35.2 
130.0 121.7 99.7 130 78.2 69.9 55.6 130.0 97.2 130 70.4 38.2 

15 

136.5 124.2 101.9 135 78.3 71.5 - 136.5 98.8 135 71.5 - 
90.0 103.8 85.1 90 76.9 57.8 35.0 90.0 86.1 90 69.2 24.5 

100.0 108.9 89.1 100 77.4 60.8 40.6 100.0 89.4 100 69.7 28.2 
110.0 113.7 93.0 110 77.8 63.9 46.1 110.0 92.4 110 70.0 31.9 
120.0 117.9 96.4 120 78.1 66.9 51.0 120.0 94.9 120 70.3 35.1 
130.0 121.7 99.7 130 78.2 69.9 55.6 130.0 97.3 130 70.4 38.2 

30 

138.5 125.1 102.6 135 78.3 71.5 - 138.5 99.3 135 71.5 - 
90.0 103.8 85.1 90 76.9 57.8 35.0 90.0 86.1 90 69.2 24.4 

100.0 108.9 89.1 100 77.4 60.8 40.6 100.0 89.4 100 69.7 28.2 
110.0 113.7 93.0 110 77.8 63.9 46.1 110.0 92.4 110 70.0 31.9 
120.0 117.8 96.4 120 78.1 66.9 50.9 120.0 94.9 120 70.3 35.1 
130.0 121.7 99.7 130 78.2 69.9 55.6 130.0 97.2 130 70.4 38.1 
140.0 125.7 103.2 135 78.3 71.5 - 140.0 99.7 135 71.5 - 

60 

145.0 127.8 105.0 - - - - 145.0 101.0 - - - 
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Table A.5  Comparison of Undistributed and Distributed Shear Force at Respective Critical Sections 

(Strand Dia = 0.5 in. and Girder Spacing = 10 ft.) 
Shear (LL+I) per lane, (kips) Shear (LL+I) per beam, (kips) 

LRFD Standard LRFD Standard Skew 
Span 
(ft.) 

Truck + Lane 
(Controls) 

Tandem + 
Lane 

Span 
(ft.) 

Truck 
(Controls) Lane 

% diff. 
w.r.t. 
STD Span 

(ft.) 
Shear 
(kips) 

Span 
(ft.) 

Shear 
(kips) 

% diff. 
w.r.t. 
STD 

90.0 104.2 85.4 90 76.9 57.8 35.5 90.0 98.4 90 69.9 40.8 
100.0 109.3 89.5 100 77.4 60.8 41.2 100.0 102.2 100 70.4 45.1 
110.0 113.9 93.2 110 77.8 63.9 46.4 110.0 105.4 110 70.7 49.1 
120.0 117.9 96.5 120 78.1 66.9 51.0 120.0 108.1 120 71.0 52.4 
130.0 121.7 99.7 130 78.2 69.9 55.6 130.0 110.7 130 71.1 55.7 

0 

130.5 121.9 99.9 - - - - 130.5 110.9 - - - 
90.0 104.2 85.4 90 76.9 57.8 35.5 90.0 98.4 90 69.9 40.8 

100.0 109.3 89.4 100 77.4 60.8 41.2 100.0 102.2 100 70.4 45.1 
110.0 113.9 93.2 110 77.8 63.9 46.4 110.0 105.4 110 70.7 49.1 
120.0 117.9 96.5 120 78.1 66.9 51.1 120.0 108.2 120 71.0 52.5 
130.0 121.7 99.7 130 78.2 69.9 55.6 130.0 110.7 130 71.1 55.7 

15 

131.0 122.2 100.1 - - - - 131.0 111.1 - - - 
90.0 104.2 85.4 90 76.9 57.8 35.5 90.0 98.4 90 69.9 40.8 

100.0 109.3 89.4 100 77.4 60.8 41.1 100.0 102.1 100 70.4 45.0 
110.0 113.9 93.1 110 77.8 63.9 46.3 110.0 105.4 110 70.7 49.0 
120.0 117.9 96.5 120 78.1 66.9 51.1 120.0 108.2 120 71.0 52.5 
130.0 121.7 99.7 130 78.2 69.9 55.6 130.0 110.7 130 71.1 55.7 

30 

133.0 122.9 100.7 - - - - 133.0 111.6 - - - 
90.0 104.2 85.4 90 76.9 57.8 35.5 90.0 98.4 90 69.9 40.8 

100.0 109.3 89.4 100 77.4 60.8 41.1 100.0 102.1 100 70.4 45.1 
110.0 113.8 93.0 110 77.8 63.9 46.2 110.0 105.3 110 70.7 48.9 
120.0 117.9 96.5 120 78.1 66.9 51.0 120.0 108.2 120 71.0 52.4 
130.0 121.7 99.7 130 78.2 69.9 55.6 130.0 110.7 130 71.1 55.8 

60 

139.0 125.3 102.9 - - - - 139.0 113.3 - - - 

 

232 



 

 
 

 

 
Table A.6  Comparison of Undistributed and Distributed Shear Force at Respective Critical Sections 

(Strand Dia = 0.5 in. and Girder Spacing = 11.5 ft.) 
Shear (LL+I) per lane, (kips) Shear (LL+I) per beam, (kips) 

LRFD Standard LRFD Standard Skew 
Span 
(ft.) 

Truck + Lane 
(Controls) 

Tandem + 
Lane 

Span 
(ft.) 

Truck 
(Controls) Lane 

% diff. 
w.r.t. 
STD Span 

(ft.) 
Shear 
(kips) 

Span 
(ft.) 

Shear 
(kips) 

% diff. 
w.r.t. 
STD 

90.0 104.4 85.6 90 76.9 57.8 35.8 90.0 110.3 90 80.4 37.3 
100.0 109.6 89.6 100 77.4 60.8 41.5 100.0 114.5 100 81.0 41.4 
110.0 113.9 93.2 110 77.8 63.9 46.4 110.0 117.9 110 81.4 45.0 
120.0 118.0 96.5 120 78.1 66.9 51.1 120.0 121.0 120 81.6 48.3 

0 

125.5 119.9 98.2 124 78.1 68.1 - 125.5 122.5 124 81.7 - 
90.0 104.4 85.6 90 76.9 57.8 35.8 90.0 110.3 90 80.4 37.3 
100.0 109.6 89.6 100 77.4 60.8 41.5 100.0 114.5 100 81.0 41.4 
110.0 113.9 93.2 110 77.8 63.9 46.4 110.0 117.9 110 81.4 45.0 
120.0 118.0 96.5 120 78.1 66.9 51.1 120.0 121.0 120 81.6 48.3 

15 

126.0 120.1 98.4 124 78.1 68.1 - 126.0 122.7 124 81.7 - 
90.0 104.5 85.7 90 76.9 57.8 35.9 90.0 110.4 90 80.4 37.3 
100.0 109.6 89.6 100 77.4 60.8 41.5 100.0 114.5 100 81.0 41.4 
110.0 114.0 93.2 110 77.8 63.9 46.5 110.0 118.0 110 81.4 45.0 
120.0 117.9 96.5 120 78.1 66.9 51.0 120.0 120.9 120 81.6 48.2 

30 

127.5 120.7 98.9 124 78.1 68.1 - 127.5 123.1 124 81.7 - 
90.0 104.4 85.6 90 76.9 57.8 35.8 90.0 110.3 90 80.4 37.2 
100.0 109.5 89.6 100 77.4 60.8 41.4 100.0 114.5 100 81.0 41.4 
110.0 113.9 93.2 110 77.8 63.9 46.4 110.0 117.9 110 81.4 44.9 
120.0 118.0 96.5 120 78.1 66.9 51.1 120.0 121.0 120 81.6 48.3 
130.0 121.7 99.7 124 78.1 68.1 - 130.0 123.8 124 81.7 - 

60 

134.0 123.3 101.1 - - - - 134.0 125.1 - - - 
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Table A.7  Comparison of Undistributed and Distributed Shear Force at Respective Critical Sections 
(Strand Dia = 0.5 in. and Girder Spacing = 14 ft.) 

Shear (LL+I) per lane, (kips) Shear (LL+I) per beam, (kips) 

LRFD Standard LRFD Standard Skew 
Span 
(ft.) 

Truck + Lane 
(Controls) 

Tandem + 
Lane 

Span 
(ft.) 

Truck 
(Controls) Lane 

% diff. 
w.r.t. 
STD Span 

(ft.) 
Shear 
(kips) 

Span 
(ft.) 

Shear 
(kips) 

% diff. 
w.r.t. 
STD 

90.0 105.1 86.2 90 76.9 57.8 36.7 90.0 130.0 90 97.9 32.8 
100.0 110.0 90.0 100 77.4 60.8 42.1 100.0 134.6 100 98.6 36.6 
110.0 114.2 93.4 110 77.8 63.9 46.7 110.0 138.3 110 99.0 39.7 

0 

115.5 116.3 95.1 113 77.9 64.8 - 115.5 140.2 113 99.1 - 
90.0 105.1 86.2 90 76.9 57.8 36.7 90.0 130.0 90 97.9 32.8 
100.0 110.0 90.0 100 77.4 60.8 42.1 100.0 134.6 100 98.6 36.6 
110.0 114.2 93.4 110 77.8 63.9 46.7 110.0 138.3 110 99.0 39.7 

15 

116.0 116.5 95.3 113 77.9 64.8 - 116.0 140.3 113 99.1 - 
90.0 105.1 86.1 90 76.9 57.8 36.6 90.0 129.9 90 97.9 32.7 
100.0 110.0 90.0 100 77.4 60.8 42.1 100.0 134.6 100 98.6 36.6 
110.0 114.2 93.4 110 77.8 63.9 46.7 110.0 138.3 110 99.0 39.7 

30 

118.0 117.2 95.9 113 77.9 64.8 - 118.0 141.0 113 99.1 - 
90.0 105.0 86.1 90 76.9 57.8 36.6 90.0 129.8 90 97.9 32.7 
100.0 109.9 89.9 100 77.4 60.8 41.9 100.0 134.5 100 98.6 36.4 
110.0 114.1 93.3 110 77.8 63.9 46.7 110.0 138.3 110 99.0 39.6 
120.0 118.0 96.6 113 77.9 64.8 - 120.0 141.7 113 99.1 - 

60 

123.5 119.3 97.7 - - - - 123.5 142.8 - - - 
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Table A.8  Comparison of Undistributed and Distributed Shear Force at Respective Critical Sections 
(Strand Dia = 0.5 in. and Girder Spacing = 16.67 ft.) 

Shear (LL+I) per lane, (kips) Shear (LL+I) per beam, (kips) 

LRFD Standard LRFD Standard Skew 
Span 
(ft.) 

Truck + Lane 
(Controls) 

Tandem + 
Lane 

Span 
(ft.) 

Truck 
(Controls) Lane 

% diff. 
w.r.t. 
STD Span 

(ft.) 
Shear 
(kips) 

Span 
(ft.) 

Shear 
(kips) 

% diff. 
w.r.t. 
STD 

100.0 110.1 90.1 100.0 77.4 60.8 42.2 100.0 154.9 100.0 117.4 32.0 0 
109.0 113.8 93.1 104.5 77.6 62.2 - 109.0 158.7 104.5 117.6 - 
100.0 110.1 90.1 100.0 77.4 60.8 42.2 100.0 154.9 100.0 117.4 32.0 15 
109.5 114.0 93.2 104.5 77.6 62.2 - 109.5 158.9 104.5 117.6 - 
100.0 110.1 90.1 100.0 77.4 60.8 42.2 100.0 154.9 100.0 117.4 32.0 
110.0 114.2 93.4 104.5 77.6 62.2 - 110.0 159.1 104.5 117.6 - 30 
111.0 114.6 93.7 - - - - 111.0 159.5 - - - 
100.0 110.1 90.0 100.0 77.4 60.8 42.1 100.0 154.8 100.0 117.4 31.9 
110.0 114.2 93.4 104.5 77.6 62.2 - 110.0 159.1 104.5 117.6 - 60 
117.0 116.9 95.6 - - - - 117.0 161.8 - - - 

 

235 



 

 
 

 

 
 

Table A.9  Comparison of Undistributed and Distributed Shear Force at Respective Critical Sections 
(Strand Dia = 0.6 in. and Girder Spacing = 8.5 ft.) 

Shear (LL+I) per lane, (kips) Shear (LL+I) per beam, (kips) 

LRFD Standard LRFD Standard Skew 
Span 
(ft.) 

Truck + Lane 
(Controls) 

Tandem + 
Lane 

Span 
(ft.) 

Truck 
(Controls) Lane 

% diff. 
w.r.t. 
STD Span 

(ft.) 
Shear 
(kips) 

Span 
(ft.) 

Shear 
(kips) 

% diff. 
w.r.t. 
STD 

90.0 103.8 85.1 90.0 76.9 57.8 35.0 90.0 86.1 90.0 69.2 24.4 
100.0 108.9 89.1 100.0 77.4 60.8 40.6 100.0 89.4 100.0 69.7 28.2 
110.0 113.7 93.0 110.0 77.8 63.9 46.1 110.0 92.4 110.0 70.0 32.0 
120.0 117.9 96.5 120.0 78.1 66.9 51.0 120.0 95.0 120.0 70.3 35.2 
130.0 121.7 99.7 130.0 78.2 69.9 55.6 130.0 97.2 130.0 70.4 38.2 

0 

136.5 124.3 102.0 134.5 78.3 71.3 - 136.5 98.8 134.5 71.3 - 
90.0 103.8 85.1 90.0 76.9 57.8 35.0 90.0 86.1 90.0 69.2 24.4 

100.0 108.9 89.1 100.0 77.4 60.8 40.6 100.0 89.4 100.0 69.7 28.2 
110.0 113.7 93.0 110.0 77.8 63.9 46.1 110.0 92.4 110.0 70.0 32.0 
120.0 117.9 96.5 120.0 78.1 66.9 51.0 120.0 95.0 120.0 70.3 35.2 
130.0 121.7 99.7 130.0 78.2 69.9 55.6 130.0 97.2 130.0 70.4 38.2 

15 

137.0 124.5 102.1 134.5 78.3 71.3 - 137.0 98.9 134.5 71.3 - 
90.0 103.8 85.1 90.0 76.9 57.8 35.0 90.0 86.1 90.0 69.2 24.4 

100.0 108.9 89.1 100.0 77.4 60.8 40.6 100.0 89.4 100.0 69.7 28.2 
110.0 113.7 93.0 110.0 77.8 63.9 46.1 110.0 92.4 110.0 70.0 32.0 
120.0 117.9 96.5 120.0 78.1 66.9 51.0 120.0 95.0 120.0 70.3 35.2 
130.0 121.8 99.8 130.0 78.2 69.9 55.7 130.0 97.3 130.0 70.4 38.3 

30 

138.5 125.1 102.6 134.5 78.3 71.3 - 138.5 99.3 134.5 71.3 - 
90.0 103.8 85.1 90.0 76.9 57.8 35.0 90.0 86.1 90.0 69.2 24.4 

100.0 108.9 89.1 100.0 77.4 60.8 40.6 100.0 89.4 100.0 69.7 28.2 
110.0 113.6 92.9 110.0 77.8 63.9 46.0 110.0 92.4 110.0 70.0 31.9 
120.0 117.8 96.4 120.0 78.1 66.9 50.9 120.0 94.9 120.0 70.3 35.1 
130.0 121.7 99.7 130.0 78.2 69.9 55.6 130.0 97.3 130.0 70.4 38.2 
140.0 125.7 103.2 134.5 78.3 71.3 - 140.0 99.7 134.5 71.3 - 

60 

144.5 127.5 104.8 - - - - 144.5 100.8 - - - 
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Table A.10  Comparison of Undistributed and Distributed Shear Force at Respective Critical Sections 

(Strand Dia = 0.6 in. and Girder Spacing = 10 ft.) 
Shear (LL+I) per lane, (kips) Shear (LL+I) per beam, (kips) 

LRFD Standard LRFD Standard Skew 
Span 
(ft.) 

Truck + Lane 
(Controls) 

Tandem + 
Lane 

Span 
(ft.) 

Truck 
(Controls) Lane 

% diff. 
w.r.t. 
STD Span 

(ft.) 
Shear 
(kips) 

Span 
(ft.) 

Shear 
(kips) 

% diff. 
w.r.t. 
STD 

90.0 104.2 85.4 90 76.9 57.8 35.5 90.0 98.4 90 69.9 40.8 
100.0 109.2 89.4 100 77.4 60.8 41.1 100.0 102.1 100 70.4 45.0 
110.0 113.9 93.2 110 77.8 63.9 46.4 110.0 105.4 110 70.7 49.0 
120.0 118.0 96.5 120 78.1 66.9 51.1 120.0 108.2 120 71.0 52.5 

0 

130.0 121.8 99.8 130 78.2 69.9 55.8 130.0 110.9 130 71.1 55.9 
90.0 104.2 85.4 90 76.9 57.8 35.5 90.0 98.4 90 69.9 40.8 
100.0 109.2 89.4 100 77.4 60.8 41.1 100.0 102.1 100 70.4 45.0 
110.0 113.9 93.2 110 77.8 63.9 46.4 110.0 105.4 110 70.7 49.0 
120.0 118.0 96.5 120 78.1 66.9 51.1 120.0 108.2 120 71.0 52.5 

15 

130.0 121.8 99.8 130 78.2 69.9 55.7 130.0 110.9 130 71.1 55.9 
90.0 104.1 85.4 90 76.9 57.8 35.4 90.0 98.4 90 69.9 40.7 
100.0 109.3 89.4 100 77.4 60.8 41.1 100.0 102.1 100 70.4 45.0 
110.0 113.9 93.2 110 77.8 63.9 46.4 110.0 105.4 110 70.7 49.1 
120.0 118.0 96.5 120 78.1 66.9 51.1 120.0 108.2 120 71.0 52.5 
130.0 121.7 99.7 130 78.2 69.9 55.6 130.0 110.8 130 71.1 55.8 

30 

131.5 122.3 100.2 - - - - 131.5 111.2 - - - 
90.0 104.1 85.4 90 76.9 57.8 35.4 90.0 98.4 90 69.9 40.7 
100.0 109.2 89.3 100 77.4 60.8 41.0 100.0 102.0 100 70.4 44.9 
110.0 113.9 93.1 110 77.8 63.9 46.3 110.0 105.4 110 70.7 49.0 
120.0 117.9 96.5 120 78.1 66.9 51.1 120.0 108.2 120 71.0 52.5 
130.0 121.8 99.8 130 78.2 69.9 55.7 130.0 110.8 130 71.1 55.8 

60 

138.0 124.8 102.5 - - - - 138.0 112.9 - - - 
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Table A.11  Comparison of Undistributed and Distributed Shear Force at Respective Critical Sections 

(Strand Dia = 0.6 in. and Girder Spacing = 11.5 ft.) 
Shear (LL+I) per lane, (kips) Shear (LL+I) per beam, (kips) 

LRFD Standard LRFD Standard Skew 
Span 
(ft.) 

Truck + Lane 
(Controls) 

Tandem + 
Lane 

Span 
(ft.) 

Truck 
(Controls) Lane

% diff. 
w.r.t. 
STD Span 

(ft.) 
Shear 
(kips) 

Span 
(ft.) 

Shear 
(kips) 

% diff. 
w.r.t. 
STD 

90 104.4 85.6 90 76.9 57.8 35.7 90 110.3 90 80.4 37.2 
100 109.5 89.6 100 77.4 60.8 41.4 100 114.5 100 81.0 41.4 
110 114.1 93.3 110 77.8 63.9 46.6 110 118.1 110 81.4 45.1 
120 118.0 96.6 120 78.1 66.9 51.2 120 121.1 120 81.6 48.4 

0 

124 119.6 97.9 124 78.1 68.1 53.0 124 122.3 124 81.7 49.7 
90 104.4 85.6 90 76.9 57.8 35.7 90 110.3 90 80.4 37.2 

100 109.5 89.6 100 77.4 60.8 41.4 100 114.5 100 81.0 41.4 
110 114.1 93.3 110 77.8 63.9 46.6 110 118.1 110 81.4 45.1 
120 118.0 96.6 120 78.1 66.9 51.2 120 121.1 120 81.6 48.4 

15 

125 119.9 98.2 124 78.1 68.1 - 125 122.6 124 81.7 - 
90 104.4 85.6 90 76.9 57.8 35.8 90 110.3 90 80.4 37.2 

100 109.5 89.6 100 77.4 60.8 41.4 100 114.5 100 81.0 41.4 
110 114.0 93.2 110 77.8 63.9 46.5 110 118.0 110 81.4 45.0 
120 118.0 96.5 120 78.1 66.9 51.1 120 121.0 120 81.6 48.3 

30 

126 120.2 98.5 124 78.1 68.1 - 126 122.8 124 81.7 - 
90 104.4 85.6 90 76.9 57.8 35.8 90 110.3 90 80.4 37.2 

100 109.4 89.5 100 77.4 60.8 41.3 100 114.4 100 81.0 41.3 
110 113.9 93.2 110 77.8 63.9 46.4 110 117.9 110 81.4 44.9 
120 118.0 96.6 120 78.1 66.9 51.2 120 121.1 120 81.6 48.3 
130 121.8 99.8 124 78.1 68.1 - 130 123.9 124 81.7 - 

60 

133 122.9 100.8 - - - - 133 124.8 - - - 
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Table A.12  Comparison of Undistributed and Distributed Shear Force at Respective Critical Sections 

(Strand Dia = 0.6 in. and Girder Spacing = 14 ft.) 
Shear (LL+I) per lane, (kips) Shear (LL+I) per beam, (kips) 

LRFD Standard LRFD Standard Skew 
Span 
(ft.) 

Truck + Lane 
(Controls) 

Tandem + 
Lane 

Span 
(ft.) 

Truck 
(Controls) Lane 

% diff. 
w.r.t. 
STD Span 

(ft.) 
Shear 
(kips) 

Span 
(ft.) 

Shear 
(kips) 

% diff. 
w.r.t. 
STD 

90.0 105.0 86.1 90 76.9 57.8 36.6 90.0 129.8 90 97.9 32.7 
100.0 110.0 90.0 100 77.4 60.8 42.0 100.0 134.6 100 98.6 36.5 
110.0 114.2 93.4 110 77.8 63.9 46.8 110.0 138.4 110 99.0 39.7 

0 

115.5 116.4 95.2 112 77.9 64.5 - 115.5 140.3 112 99.1 - 
90.0 105.0 86.1 90 76.9 57.8 36.6 90.0 129.8 90 97.9 32.7 
100.0 110.0 90.0 100 77.4 60.8 42.0 100.0 134.6 100 98.6 36.5 
110.0 114.2 93.4 110 77.8 63.9 46.8 110.0 138.4 110 99.0 39.7 

15 

116.0 116.6 95.4 112 77.9 64.5 - 116.0 140.5 112 99.1 - 
90.0 105.0 86.1 90 76.9 57.8 36.6 90.0 129.9 90 97.9 32.7 
100.0 110.0 90.0 100 77.4 60.8 42.0 100.0 134.5 100 98.6 36.5 
110.0 114.3 93.4 110 77.8 63.9 46.8 110.0 138.4 110 99.0 39.8 

30 

117.0 117.0 95.7 112 77.9 64.5 - 117.0 140.8 112 99.1 - 
90.0 105.0 86.1 90 76.9 57.8 36.5 90.0 129.8 90 97.9 32.7 
100.0 109.9 89.9 100 77.4 60.8 41.9 100.0 134.5 100 98.6 36.4 
110.0 114.2 93.4 110 77.8 63.9 46.7 110.0 138.3 110 99.0 39.6 
120.0 118.1 96.7 112 77.9 64.5 - 120.0 141.8 112 99.1 - 

60 

123.5 119.5 97.8 - - - - 123.5 143.1 - - - 
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Table A.13  Comparison of Undistributed and Distributed Shear Force at Respective Critical Sections 

(Strand Dia = 0.6 in. and Girder Spacing = 16.67 ft.) 
Shear (LL+I) per lane, (kips) Shear (LL+I) per beam, (kips) 

LRFD Standard LRFD Standard Skew 
Span 
(ft.) 

Truck + Lane 
(Controls) 

Tandem + 
Lane 

Span 
(ft.) 

Truck 
(Controls) Lane 

% diff. 
w.r.t. 
STD Span 

(ft.) 
Shear 
(kips) 

Span 
(ft.) 

Shear 
(kips) 

% diff. 
w.r.t. 
STD 

100 110.0779 90.0549 98.5 77.378 60.37 - 100 154.838 98.5 117.2629 - 0 
106 112.3561 91.8836 - - - - 106 157.1101 - - - 
100 110.0779 90.0549 98.5 77.378 60.37 - 100 154.838 98.5 117.2629 - 15 
107 113.0154 92.4207 - - - - 107 157.8814 - - - 
100 110.1253 90.0934 98.5 77.378 60.37 - 100 154.9047 98.5 117.2629 - 30 
110 114.309 93.4799 - - - - 110 159.2412 - - - 
100 110.0305 90.0164 98.5 77.378 60.37 - 100 154.7714 98.5 117.2629 - 
110 114.2792 93.4555 - - - - 110 159.1996 - - - 60 
117 117.0224 95.7352 - - - - 117 162.0043 - - - 
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Table A.14  Comparison of Live Load Distribution Factors 
Moment DF Shear DF Spacing Span 
LRFD STD 

%diff. 
w.r.t STD LRFD STD 

%diff. 
w.r.t STD 

90 0.616 -31.6 0.830 -7.8 
100 0.599 -33.4 0.821 -8.8 
110 0.585 -35.0 0.813 -9.7 
120 0.572 -36.4 0.806 -10.5 
130 0.561 -37.7 0.799 -11.2 

8.50 

140 0.550

0.900

-38.9 0.793

0.900

-11.9 
90 0.692 -23.8 0.945 3.9 
100 0.674 -25.8 0.935 2.8 
110 0.658 -27.6 0.926 1.8 
120 0.644 -29.2 0.917 0.9 
130 0.631 -30.6 0.910 0.1 

10.00 

140 0.619

0.909

-31.9 0.903

0.909

-0.6 
90 0.766 -26.7 1.056 1.0 
100 0.746 -28.6 1.045 0.0 
110 0.728 -30.3 1.035 -1.0 
120 0.712 -31.9 1.026 -1.9 
130 0.698 -33.2 1.018 -2.7 

11.50 

140 0.685

1.046

-34.5 1.010

1.046

-3.4 
90 0.884 -30.6 1.237 -2.8 
100 0.860 -32.4 1.223 -3.9 
110 0.840 -34.0 1.212 -4.8 
120 0.822 -35.4 1.201 -5.6 
130 0.805 -36.7 1.191 -6.4 

14.00 

140 0.790

1.273

-37.9 1.182

1.273

-7.1 
90 1.003 -33.8 1.422 -6.2 
100 0.977 -35.6 1.407 -7.2 
110 0.953 -37.1 1.393 -8.1 
120 0.932 -38.5 1.381 -8.9 
130 0.914 -39.7 1.370 -9.6 

16.67 

140 0.897

1.516

-40.8 1.360

1.516

-10.3 
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Figure A.1  Comparison of Undistributed Live Load Shear Force at H/2. 
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Figure A.2  Comparison of Undistributed Dynamic Load Shear Force at H/2. 
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(a) Spacing = 8.5 ft. (b) Spacing = 10 ft. 
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(c) Spacing = 11.5 ft. (d) Spacing = 14 ft. 
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(e) Spacing = 16.67 ft. 

 
 

Figure A.3  Comparison of Distributed Live Load Shear Force at H/2 



 

 
 

 

Table A.15  Comparison of Initial concrete Strength (Strand Dia = 0.5 in.) 
All Skews Skew = 0 Skew = 15 Skew = 30 Skew = 60 

f'ci 
(psi) 

f'ci 
(psi) 

f'ci 
(psi) 

f'ci 
(psi) 

f'ci 
(psi) 

Spacing 
(ft.) 

Span 
(ft.) 

STD LRFD
Diff. 

% Diff. 
w.r.t 
STD LRFD

Diff. 
% Diff. 

w.r.t 
STD LRFD 

Diff. 
% Diff. 

w.r.t 
STD LRFD

Diff. 
% Diff. 

w.r.t 
STD 

8.50 90 4000 4000 0 0.0 4000 0 0.0 4000 0 0.0 4000 0 0.0 
8.50 100 4000 4000 0 0.0 4000 0 0.0 4000 0 0.0 4000 0 0.0 
8.50 110 4080 4000 -80 -2.0 4000 -80 -2.0 4000 -80 -2.0 4000 -80 -2.0 
8.50 120 5072 4879 -193 -3.8 4719 -353 -7.0 4559 -513 -10.1 4077 -995 -19.6 
8.50 130 6132 5929 -203 -3.3 5929 -203 -3.3 5771 -361 -5.9 4977 -1155 -18.8 

10.00 90 4000 4000 0 0.0 4000 0 0.0 4000 0 0.0 4000 0 0.0 
10.00 100 4000 4000 0 0.0 4000 0 0.0 4000 0 0.0 4000 0 0.0 
10.00 110 4491 4464 -27 -0.6 4464 -27 -0.6 4303 -188 -4.2 4000 -491 -10.9 
10.00 120 5555 5514 -41 -0.7 5356 -199 -3.6 5197 -358 -6.4 4559 -996 -17.9 
10.00 130 6653 6598 -55 -0.8 6598 -55 -0.8 6460 -193 -2.9 5613 -1040 -15.6 
11.50 90 4000 4000 0 0.0 4000 0 0.0 4000 0 0.0 4000 0 0.0 
11.50 100 4152 4000 -152 -3.7 4000 -152 -3.7 4000 -152 -3.7 4000 -152 -3.7 
11.50 110 5140 4944 -196 -3.8 4784 -356 -6.9 4624 -516 -10.0 4058 -1082 -21.1 
11.50 120 6196 5988 -208 -3.4 5988 -208 -3.4 5830 -366 -5.9 5038 -1158 -18.7 
14.00 90 4055 4029 -26 -0.6 4000 -55 -1.4 4000 -55 -1.4 4000 -55 -1.4 
14.00 100 5050 4693 -357 -7.1 4693 -357 -7.1 4533 -517 -10.2 4000 -1050 -20.8 
14.00 110 6342 5894 -448 -7.1 5894 -448 -7.1 5736 -606 -9.6 4943 -1399 -22.1 
16.67 90 4498 4200 -298 -6.6 4200 -298 -6.6 4029 -469 -10.4 4000 -498 -11.1 
16.67 100 6013 5488 -525 -8.7 5329 -684 -11.4 5171 -842 -14.0 4533 -1480 -24.6 
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Table A.16  Comparison of Initial concrete Strength (Strand Dia = 0.6 in.) 

All Skews Skew = 0 Skew = 15 Skew = 30 Skew = 60 
f'ci 

(psi) 
f'ci 

(psi) 
f'ci 

(psi) 
f'ci 

(psi) 
f'ci 

(psi) 
Spacing 

(ft.) 
Span 
(ft.) 

STD LRFD 
Diff.

% Diff. 
w.r.t 
STD LRFD 

Diff.
% Diff. 

w.r.t 
STD LRFD 

Diff.
% Diff. 

w.r.t 
STD LRFD

Diff.
% Diff. 

w.r.t 
STD 

8.50 90 4000 4000 0 0.0 4000 0 0.0 4000 0 0.0 4000 0 0.0 
8.50 100 4000 4000 0 0.0 4000 0 0.0 4000 0 0.0 4000 0 0.0 
8.50 110 4089 4000 -89 -2.2 4000 -89 -2.2 4000 -89 -2.2 4000 -89 -2.2 
8.50 120 5240 4965 -275 -5.2 4725 -515 -9.8 4725 -515 -9.8 4243 -997 -19.0 
8.50 130 6248 5857 -391 -6.3 5857 -391 -6.3 5620 -628 -10.1 5144 -1104 -17.7 

10.00 90 4000 4000 0 0.0 4000 0 0.0 4000 0 0.0 4000 0 0.0 
10.00 100 4000 4000 0 0.0 4000 0 0.0 4000 0 0.0 4000 0 0.0 
10.00 110 4578 4549 -29 -0.6 4549 -29 -0.6 4308 -270 -5.9 4000 -578 -12.6 
10.00 120 5481 5441 -40 -0.7 5441 -40 -0.7 5203 -278 -5.1 4725 -756 -13.8 
10.00 130 6699 6642 -57 -0.9 6642 -57 -0.9 6420 -279 -4.2 5620 -1079 -16.1 
11.50 90 4000 4000 0 0.0 4000 0 0.0 4000 0 0.0 4000 0 0.0 
11.50 100 4161 4000 -161 -3.9 4000 -161 -3.9 4000 -161 -3.9 4000 -161 -3.9 
11.50 110 5064 5028 -36 -0.7 5028 -36 -0.7 4789 -275 -5.4 4067 -997 -19.7 
11.50 120 6309 6033 -276 -4.4 6033 -276 -4.4 5915 -394 -6.2 5203 -1106 -17.5 
14.00 90 4000 4000 0 0.0 4000 0 0.0 4000 0 0.0 4000 0 0.0 
14.00 100 5134 4856 -278 -5.4 4856 -278 -5.4 4617 -517 -10.1 4000 -1134 -22.1 
14.00 110 6373 5976 -397 -6.2 5976 -397 -6.2 5740 -633 -9.9 5028 -1345 -21.1 
16.67 90 4430 4207 -223 -5.0 4207 -223 -5.0 5000 570 12.9 5000 570 12.9 
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Table A.17  Comparison of Final concrete Strength (Strand Dia = 0.5 in.) 
All Skews Skew = 0 Skew = 15 Skew = 30 Skew = 60 

f'c 
(psi) 

f'c 
(psi) 

f'c 
(psi) 

f'c 
(psi) 

f'c 
(psi) 

Spacing 
(ft.) 

Span 
(ft.) 

STD LRFD 
Diff.

% Diff. 
w.r.t 
STD LRFD

Diff.
% Diff. 

w.r.t 
STD LRFD 

Diff.
% Diff. 

w.r.t 
STD LRFD

Diff.
% Diff. 

w.r.t 
STD 

8.50 90 5000 5000 0 0.0 5000 0 0.0 5000 0 0.0 5000 0 0.0 
8.50 100 5000 5000 0 0.0 5000 0 0.0 5000 0 0.0 5000 0 0.0 
8.50 110 5431 5000 -431 -7.9 5000 -431 -7.9 5000 -431 -7.9 5000 -431 -7.9 
8.50 120 6598 5919 -679 -10.3 5945 -653 -9.9 5970 -628 -9.5 6049 -549 -8.3 
8.50 130 7893 7129 -764 -9.7 7129 -764 -9.7 7151 -742 -9.4 7211 -682 -8.6 
10.00 90 5000 5000 0 0.0 5000 0 0.0 5000 0 0.0 5000 0 0.0 
10.00 100 5000 5000 0 0.0 5000 0 0.0 5000 0 0.0 5000 0 0.0 
10.00 110 5852 5231 -621 -10.6 5231 -621 -10.6 5257 -595 -10.2 5391 -461 -7.9 
10.00 120 7117 6358 -759 -10.7 6381 -736 -10.3 6405 -712 -10.0 6505 -612 -8.6 
10.00 130 8580 7660 -920 -10.7 7660 -920 -10.7 7652 -928 -10.8 7743 -837 -9.8 
11.50 90 5000 5000 0 0.0 5000 0 0.0 5000 0 0.0 5000 0 0.0 
11.50 100 5000 5000 0 0.0 5000 0 0.0 5000 0 0.0 5000 0 0.0 
11.50 110 6223 5586 -637 -10.2 5611 -612 -9.8 5636 -587 -9.4 5736 -487 -7.8 
11.50 120 7593 6804 -789 -10.4 6804 -789 -10.4 6826 -767 -10.1 6944 -649 -8.5 
14.00 90 5000 5000 0 0.0 5000 0 0.0 5000 0 0.0 5000 0 0.0 
14.00 100 5560 5022 -538 -9.7 5022 -538 -9.7 5047 -513 -9.2 5165 -395 -7.1 
14.00 110 6916 6233 -683 -9.9 6233 -683 -9.9 6255 -661 -9.6 6374 -542 -7.8 
16.67 90 5000 5000 0 0.0 5000 0 0.0 5000 0 0.0 5000 0 0.0 
16.67 100 6119 5537 -582 -9.5 5560 -559 -9.1 5584 -535 -8.7 5684 -435 -7.1 
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Table A.18  Comparison of Final concrete Strength (Strand Dia = 0.6 in.) 
All Skews Skew = 0 Skew = 15 Skew = 30 Skew = 60 

f'c 
(psi) 

f'c 
(psi) 

f'c 
(psi) 

f'c 
(psi) 

f'c 
(psi) 

Spacing 
(ft.) 

Span 
(ft.) 

STD LRFD
Diff. 

% Diff. 
w.r.t 
STD LRFD

Diff. 
% Diff. 

w.r.t 
STD LRFD 

Diff. 
% Diff. 

w.r.t 
STD LRFD

Diff. 
% Diff. 

w.r.t 
STD 

8.50 90 5000 5000 0 0.0 5000 0 0.0 5000 0 0.0 5000 0 0.0 
8.50 100 5000 5000 0 0.0 5000 0 0.0 5000 0 0.0 5000 0 0.0 
8.50 110 5340 5000 -340 -6.4 5000 -340 -6.4 5000 -340 -6.4 5000 -340 -6.4 
8.50 120 6378 5756 -622 -9.8 5812 -566 -8.9 5812 -566 -8.9 5928 -450 -7.1 
8.50 130 7611 6854 -757 -9.9 6854 -757 -9.9 6905 -706 -9.3 7011 -600 -7.9 

10.00 90 5000 5000 0 0.0 5000 0 0.0 5000 0 0.0 5000 0 0.0 
10.00 100 5000 5000 0 0.0 5000 0 0.0 5000 0 0.0 5000 0 0.0 
10.00 110 5852 5231 -621 -10.6 5231 -621 -10.6 5257 -595 -10.2 5391 -461 -7.9 
10.00 120 7117 6358 -759 -10.7 6381 -736 -10.3 6405 -712 -10.0 6505 -612 -8.6 
10.00 130 8580 7660 -920 -10.7 7660 -920 -10.7 7652 -928 -10.8 7743 -837 -9.8 
11.50 90 5000 5000 0 0.0 5000 0 0.0 5000 0 0.0 5000 0 0.0 
11.50 100 5000 5000 0 0.0 5000 0 0.0 5000 0 0.0 5000 0 0.0 
11.50 110 6223 5586 -637 -10.2 5611 -612 -9.8 5636 -587 -9.4 5736 -487 -7.8 
11.50 120 7593 6804 -789 -10.4 6804 -789 -10.4 6826 -767 -10.1 6944 -649 -8.5 
14.00 90 5000 5000 0 0.0 5000 0 0.0 5000 0 0.0 5000 0 0.0 
14.00 100 5560 5022 -538 -9.7 5022 -538 -9.7 5047 -513 -9.2 5165 -395 -7.1 
14.00 110 6916 6233 -683 -9.9 6233 -683 -9.9 6255 -661 -9.6 6374 -542 -7.8 
16.67 90 5000 5000 0 0.0 5000 0 0.0 5000 0 0.0 5000 0 0.0 
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Table A.19  Comparison of Initial Prestress Loss (Strand Dia = 0.5 in.) 

All Skews Skew = 0 Skew = 15 Skew = 30 Skew = 60 
TIL 
(ksi) 

TIL 
(ksi) 

TIL 
(ksi) 

TIL 
(ksi) 

TIL 
(ksi) 

Spacing 
(ft.) 

Span 
(ft.) 

STD LRFD
Diff.

% Diff. 
w.r.t 
STD LRFD

Diff.
% Diff. 

w.r.t 
STD LRFD 

Diff.
% Diff. 

w.r.t 
STD LRFD

Diff.
% Diff. 

w.r.t 
STD 

8.50 90 10.6 9.7 -0.9 -8.7 9.7 -0.9 -8.7 9.7 -0.9 -8.7 8.2 -2.4 -22.6 
8.50 100 12.2 12.2 0.0 -0.2 12.2 0.0 -0.2 11.5 -0.7 -6.0 10.1 -2.2 -17.8 
8.50 110 14.2 14.4 0.3 1.9 14.4 0.3 1.9 13.8 -0.4 -2.9 12.4 -1.8 -12.5 
8.50 120 15.3 16.0 0.7 4.4 15.6 0.3 2.1 15.3 0.0 -0.3 14.1 -1.2 -8.0 
8.50 130 16.4 17.3 0.9 5.4 17.3 0.9 5.4 16.9 0.6 3.4 15.2 -1.2 -7.0 

10.00 90 11.5 12.1 0.6 5.2 12.1 0.6 5.2 11.0 -0.5 -4.2 9.9 -1.6 -14.0 
10.00 100 13.7 14.5 0.8 5.7 14.5 0.8 5.7 13.5 -0.2 -1.4 11.5 -2.2 -15.9 
10.00 110 15.3 16.3 1.0 6.5 16.3 1.0 6.5 15.7 0.4 2.8 14.2 -1.0 -6.8 
10.00 120 16.2 17.3 1.1 7.0 17.3 1.1 7.0 16.8 0.6 3.9 15.7 -0.5 -2.8 
10.00 130 17.4 18.8 1.3 7.7 18.8 1.3 7.7 18.3 0.9 5.4 16.7 -0.7 -3.9 
11.50 90 12.6 12.6 0.0 0.0 12.6 0.0 0.0 11.9 -0.7 -5.5 10.4 -2.1 -17.0 
11.50 100 15.1 15.6 0.5 3.2 15.6 0.5 3.2 14.9 -0.2 -1.4 12.9 -2.2 -14.8 
11.50 110 16.2 17.0 0.8 5.0 16.7 0.5 2.9 16.3 0.1 0.8 15.0 -1.2 -7.3 
11.50 120 17.2 18.2 1.0 5.9 18.2 1.0 5.9 17.9 0.7 4.2 16.3 -0.9 -5.1 
14.00 90 15.6 16.6 1.0 6.5 16.0 0.4 2.5 16.0 0.4 2.5 12.6 -3.0 -19.4 
14.00 100 16.7 17.3 0.6 3.4 17.3 0.6 3.4 14.6 -2.1 -12.5 15.6 -1.1 -6.7 
14.00 110 18.1 18.9 0.7 3.9 18.9 0.7 3.9 18.6 0.4 2.3 17.0 -1.1 -6.2 
16.67 90 17.5 17.0 -0.5 -2.9 17.0 -0.5 -2.9 16.6 -0.9 -5.1 14.6 -2.9 -16.6 
16.67 100 18.3 18.8 0.6 3.2 18.5 0.3 1.6 18.2 0.0 -0.1 17.0 -1.3 -7.0 
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Table A.20  Comparison of Initial Prestress Loss (Strand Dia = 0.6 in.) 
All Skews Skew = 0 Skew = 15 Skew = 30 Skew = 60 

TIL 
(ksi) 

TIL 
(ksi) 

TIL 
(ksi) 

TIL 
(ksi) 

TIL 
(ksi) 

Spacing 
(ft.) 

Span 
(ft.) 

STD LRFD
Diff. 

% Diff. 
w.r.t 
STD LRFD

Diff. 
% Diff. 

w.r.t 
STD LRFD 

Diff. 
% Diff. 

w.r.t 
STD LRFD

Diff. 
% Diff. 

w.r.t 
STD 

8.50 90 10.5 9.9 -0.6 -5.8 9.9 -0.6 -5.8 9.9 -0.6 -5.8 8.8 -1.7 -16.4 
8.50 100 12.8 12.5 -0.3 -2.1 12.5 -0.3 -2.1 12.5 -0.3 -2.1 11.0 -1.8 -14.3 
8.50 110 14.3 14.2 0.0 0.0 14.2 0.0 0.0 14.2 0.0 0.0 12.3 -2.0 -13.7 
8.50 120 15.7 16.3 0.6 3.5 15.7 0.0 0.0 15.7 0.0 0.0 14.5 -1.2 -7.5 
8.50 130 16.7 17.2 0.6 3.4 17.2 0.6 3.4 16.7 0.1 0.3 15.7 -1.0 -6.0 

10.00 90 11.5 12.1 0.6 5.2 12.1 0.6 5.2 11.0 -0.5 -4.2 9.9 -1.6 -14.0 
10.00 100 13.7 14.5 0.8 5.7 14.5 0.8 5.7 13.5 -0.2 -1.4 11.5 -2.2 -15.9 
10.00 110 15.3 16.3 1.0 6.5 16.3 1.0 6.5 15.7 0.4 2.8 14.2 -1.0 -6.8 
10.00 120 16.2 17.3 1.1 7.0 17.3 1.1 7.0 16.8 0.6 3.9 15.7 -0.5 -2.8 
10.00 130 17.4 18.8 1.3 7.7 18.8 1.3 7.7 18.3 0.9 5.4 16.7 -0.7 -3.9 
11.50 90 12.9 12.6 -0.3 -2.1 12.6 -0.3 -2.1 12.1 -0.8 -6.2 11.0 -1.9 -14.6 
11.50 100 15.2 15.4 0.2 1.5 15.4 0.2 1.5 15.4 0.2 1.5 13.5 -1.7 -11.3 
11.50 110 16.2 17.3 1.1 6.9 17.3 1.1 6.9 16.8 0.6 3.7 15.1 -1.1 -6.8 
11.50 120 17.6 18.5 0.9 5.4 18.5 0.9 5.4 18.3 0.7 4.0 16.8 -0.8 -4.4 
14.00 90 15.6 15.6 0.0 0.0 15.6 0.0 0.0 14.6 -1.0 -6.3 13.6 -1.9 -12.4 
14.00 100 17.0 17.8 0.7 4.4 17.8 0.7 4.4 17.3 0.2 1.4 15.4 -1.6 -9.3 
14.00 110 18.4 19.2 0.8 4.5 19.2 0.8 4.5 18.8 0.4 2.0 17.3 -1.1 -5.9 
16.67 90 17.4 17.1 -0.3 -1.7 17.1 -0.3 -1.7 16.5 -0.9 -5.3 14.6 -2.8 -16.2 
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Table A.20  Comparison of Final Prestress Loss (Strand Dia = 0.5 in.) 
All Skews Skew = 0 Skew = 15 Skew = 30 Skew = 60 

TFL 
(ksi) 

TFL 
(ksi) 

TFL 
(ksi) 

TFL 
(ksi) 

TFL 
(ksi) 

Spacing 
(ft.) 

Span 
(ft.) 

STD LRFD
Diff. 

% Diff. 
w.r.t 
STD LRFD

Diff. 
% Diff. 

w.r.t 
STD LRFD 

Diff. 
% Diff. 

w.r.t 
STD LRFD

Diff.
% Diff. 

w.r.t 
STD 

8.50 90 30.5 29.7 -0.8 -2.7 29.7 -0.8 -2.7 29.7 -0.8 -2.7 26.1 -4.4 -14.5 
8.50 100 33.8 34.7 0.9 2.8 34.7 0.9 2.8 33.0 -0.8 -2.3 29.5 -4.3 -12.6 
8.50 110 38.2 39.1 0.9 2.4 39.1 0.9 2.4 37.5 -0.7 -1.9 34.2 -4.0 -10.5 
8.50 120 43.0 44.1 1.1 2.4 42.8 -0.3 -0.6 41.4 -1.6 -3.7 37.3 -5.7 -13.3 
8.50 130 47.9 48.8 0.9 1.9 48.8 0.9 1.9 47.6 -0.3 -0.7 41.1 -6.8 -14.1 
10.00 90 31.6 32.6 1.0 3.0 32.6 1.0 3.0 32.6 1.0 3.0 29.0 -2.6 -8.2 
10.00 100 36.4 38.9 2.5 6.9 37.3 0.9 2.4 37.3 0.9 2.4 32.2 -4.2 -11.5 
10.00 110 40.7 43.2 2.4 6.0 43.2 2.4 6.0 41.8 1.1 2.7 36.5 -4.2 -10.3 
10.00 120 45.8 48.1 2.3 5.1 46.8 1.1 2.3 45.6 -0.2 -0.4 40.3 -5.5 -11.9 
10.00 130 50.6 52.9 2.2 4.4 52.9 2.2 4.4 51.8 1.2 2.3 45.1 -5.6 -11.0 
11.50 90 34.5 35.4 0.9 2.6 35.4 0.9 2.6 33.7 -0.8 -2.3 30.3 -4.3 -12.4 
11.50 100 40.6 41.5 1.0 2.3 41.5 1.0 2.3 39.9 -0.7 -1.7 35.0 -5.6 -13.9 
11.50 110 45.2 46.3 1.1 2.4 45.0 -0.2 -0.5 43.7 -1.5 -3.4 38.9 -6.3 -13.9 
11.50 120 49.9 50.9 1.0 2.1 50.9 1.0 2.1 49.7 -0.2 -0.4 43.3 -6.6 -13.2 
14.00 90 41.5 40.7 -0.8 -1.9 40.7 -0.8 -1.9 39.1 -2.4 -5.9 34.1 -7.4 -17.9 
14.00 100 46.1 46.0 -0.2 -0.4 46.0 -0.2 -0.4 44.7 -1.5 -3.2 39.9 -6.3 -13.6 
14.00 110 52.7 51.8 -0.9 -1.6 51.8 -0.9 -1.6 50.6 -2.1 -4.0 44.3 -8.4 -15.9 
16.67 90 45.1 44.4 -0.8 -1.7 44.4 -0.8 -1.7 43.0 -2.1 -4.7 38.1 -7.0 -15.5 
16.67 100 52.5 51.1 -1.5 -2.8 49.9 -2.7 -5.1 48.6 -3.9 -7.5 43.5 -9.0 -17.2 
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Table A.21  Comparison of Final Prestress Loss (Strand Dia = 0.6 in.) 
All Skews Skew = 0 Skew = 15 Skew = 30 Skew = 60 

TFL 
(ksi) 

TFL 
(ksi) 

TFL 
(ksi) 

TFL 
(ksi) 

TFL 
(ksi) 

Spacing 
(ft.) 

Span 
(ft.) 

STD LRFD
Diff.

% Diff. 
w.r.t 
STD LRFD

Diff. 
% Diff. 

w.r.t 
STD LRFD 

Diff. 
% Diff. 

w.r.t 
STD LRFD

Diff. 
% Diff. 

w.r.t 
STD 

8.50 90 30.1 30.1 0.0 0.1 30.1 0.0 0.1 30.1 0.0 0.1 27.4 -2.6 -8.8 
8.50 100 35.2 35.4 0.2 0.5 35.4 0.2 0.5 35.4 0.2 0.5 31.6 -3.6 -10.2 
8.50 110 38.3 38.5 0.2 0.6 38.5 0.2 0.6 38.5 0.2 0.6 33.8 -4.5 -11.8 
8.50 120 44.4 44.8 0.4 0.9 42.8 -1.6 -3.6 42.8 -1.6 -3.6 38.6 -5.8 -13.0 
8.50 130 48.7 48.2 -0.5 -1.0 48.2 -0.5 -1.0 46.3 -2.4 -5.0 42.4 -6.4 -13.1 

10.00 90 32.0 34.7 2.7 8.3 34.7 2.7 8.3 32.1 0.1 0.2 29.4 -2.6 -8.2 
10.00 100 36.8 39.3 2.5 6.8 39.3 2.5 6.8 37.0 0.1 0.4 32.1 -4.7 -12.7 
10.00 110 41.5 43.9 2.4 5.8 43.9 2.4 5.8 41.9 0.4 1.0 37.5 -3.9 -9.5 
10.00 120 45.2 47.5 2.3 5.2 47.5 2.3 5.2 45.6 0.4 0.9 41.6 -3.6 -7.9 
10.00 130 50.9 53.2 2.2 4.4 53.2 2.2 4.4 51.4 0.5 1.0 45.0 -6.0 -11.8 
11.50 90 35.2 35.4 0.2 0.5 35.4 0.2 0.5 34.1 -1.1 -3.2 31.5 -3.7 -10.5 
11.50 100 40.7 41.0 0.3 0.7 41.0 0.3 0.7 41.0 0.3 0.7 36.3 -4.4 -10.9 
11.50 110 44.7 47.0 2.4 5.3 47.0 2.4 5.3 45.1 0.4 0.9 38.9 -5.7 -12.8 
11.50 120 50.8 51.3 0.5 1.0 51.3 0.5 1.0 50.4 -0.4 -0.9 44.6 -6.2 -12.3 
14.00 90 41.0 41.2 0.1 0.3 41.2 0.1 0.3 38.8 -2.3 -5.5 36.5 -4.6 -11.2 
14.00 100 47.0 47.4 0.4 0.9 47.4 0.4 0.9 45.4 -1.5 -3.3 39.3 -7.7 -16.4 
14.00 110 53.1 52.6 -0.5 -1.0 52.6 -0.5 -1.0 50.7 -2.4 -4.5 45.0 -8.2 -15.4 
16.67 90 45.2 44.5 -0.7 -1.5 44.5 -0.7 -1.5 42.8 -2.4 -5.3 37.8 -7.4 -16.4 
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Figure A.4  Comparison of Initial Concrete Strength (Strand Diameter 0.6 in.) 



253 

 
 

 

 

4500
5000
5500
6000
6500
7000
7500
8000
8500
9000

80 90 100 110 120 130 140
Span Length, ft.

f'c
, (

ks
i)

 

4500
5000
5500
6000
6500
7000
7500
8000
8500
9000

80 90 100 110 120 130 140
Span Length, ft.

f'c
, (

ks
i)

 
(a) Spacing = 8.5 ft. (b) Spacing = 10 ft. 

4500
5000
5500
6000
6500
7000
7500
8000
8500
9000

80 90 100 110 120 130 140
Span Length, ft.

f'c
, (

ks
i)

4500
5000
5500
6000
6500
7000
7500
8000
8500
9000

80 90 100 110 120 130 140
Span Length, ft.

f'c
, (

ks
i)

 
(c) Spacing = 11.5 ft. (d) Spacing = 14 ft. 

4500
5000
5500
6000
6500
7000
7500
8000
8500
9000

80 90 100 110 120 130 140
Span Length, ft.

f'c
, (

ks
i)
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Figure A.5  Comparison of Final Concrete Strength (Strand Diameter 0.6 in.) 
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(c) Spacing = 11.5 ft. (d) Spacing = 14 ft. 
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(e) Spacing = 16.67 ft. 

 
 

Figure A.6  Comparison of Initial Prestress Loss (Strand Diameter 0.6 in.) 
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Figure A.7  Comparison of Final Prestress Loss (Strand Diameter 0.6 in.) 
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Table A.23  Comparison of Number of Strands  
(Strand Diameter = 0.6 in., Girder Spacing = 8.5 ft.) 

Standard LRFD 
Skew Span Length 

(ft.) 
No. of 

Strands 
Span Length 

(ft.) 
No. of 

Strands 

Difference in 
No. of Strands 

90.0 24 90.0 22 -2 
100.0 31 100.0 29 -2 
110.0 37 110.0 35 -2 
120.0 47 120.0 45 -2 
130.0 56 130.0 53 -3 

0 

134.5 60 136.5 60 - 
90.0 24 90.0 22 -2 
100.0 31 100.0 29 -2 
110.0 37 110.0 35 -2 
120.0 47 120.0 43 -4 
130.0 56 130.0 53 -3 

15 

134.5 60 137.0 60 - 
90.0 24 90.0 22 -2 
100.0 31 100.0 29 -2 
110.0 37 110.0 35 -2 
120.0 47 120.0 43 -4 
130.0 56 130.0 51 -5 

30 

134.5 60 138.5 60 - 
90.0 24 90.0 20 -4 
100.0 31 100.0 26 -5 
110.0 37 110.0 31 -6 
120.0 47 120.0 39 -8 
130.0 56 130.0 47 -9 
134.5 60 140.0 56 -4 

60 

- - 144.5 60 - 
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Table A.24  Comparison of Number of Strands  
(Strand Diameter = 0.6 in., Girder Spacing = 10 ft.) 

Standard LRFD 
Skew Span Length 

(ft.) 
No. of 

Strands 
Span Length 

(ft.) 
No. of 

Strands 

Difference in 
No. of Strands 

90.0 26 90.0 26 0 
100.0 33 100.0 33 0 
110.0 41 110.0 41 0 
120.0 49 120.0 49 0 

0 

130.0 60 130.0 60 0 
90.0 26 90.0 26 0 
100.0 33 100.0 33 0 
110.0 41 110.0 41 0 
120.0 49 120.0 49 0 

15 

130.0 60 130.0 60 0 
90.0 26 90.0 24 -2 
100.0 33 100.0 31 -2 
110.0 41 110.0 39 -2 
120.0 49 120.0 47 -2 
130.0 60 130.0 58 -2 

30 

- - 131.5 60 - 
90.0 26 90.0 22 -4 
100.0 33 100.0 27 -6 
110.0 41 110.0 35 -6 
120.0 49 120.0 43 -6 
130.0 60 130.0 51 -9 

60 

- - 138.0 60 - 
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Table A.25  Comparison of Number of Strands  
(Strand Diameter = 0.6 in., Girder Spacing = 11.5 ft.) 

Standard LRFD 
Skew Span Length 

(ft.) 
No. of 

Strands 
Span Length 

(ft.) 
No. of 

Strands 

Difference in 
No. of Strands 

90.0 29 90.0 27 -2 
100.0 37 100.0 35 -2 
110.0 45 110.0 45 0 
120.0 56 120.0 54 -2 

0 

124.0 60 124.0 60 0 
90.0 29 90.0 27 -2 
100.0 37 100.0 35 -2 
110.0 45 110.0 45 0 
120.0 56 120.0 54 -2 

15 

124.0 60 125.0 60 - 
90.0 29 90.0 26 -3 
100.0 37 100.0 35 -2 
110.0 45 110.0 43 -2 
120.0 56 120.0 53 -3 

30 

124.0 60 126.0 60 - 
90.0 29 90.0 24 -5 
100.0 37 100.0 31 -6 
110.0 45 110.0 37 -8 
120.0 56 120.0 47 -9 
124.0 60 130.0 56 - 

60 

- - 133.0 60 - 
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Table A.26  Comparison of Number of Strands  
(Strand Diameter = 0.6 in., Girder Spacing = 14 ft.) 

Standard LRFD 
Skew Span Length 

(ft.) 
No. of 

Strands 
Span Length 

(ft.) 
No. of 

Strands 

Difference in 
No. of Strands 

90.0 35 90.0 33 -2 
100.0 45 100.0 43 -2 
110.0 56 110.0 53 -3 

0 

112.0 58 115.5 60 - 
90.0 35 90.0 33 -2 
100.0 45 100.0 43 -2 
110.0 56 110.0 53 -3 

15 

112.0 58 116.0 60 - 
90.0 35 90.0 31 -4 
100.0 45 100.0 41 -4 
110.0 56 110.0 51 -5 

30 

112.0 58 117.0 60 - 
90.0 35 90.0 29 -6 
100.0 45 100.0 35 -10 
110.0 56 110.0 45 -11 
112.0 58 120.0 56 - 

60 

- - 123.5 60 - 
 

Table A.27  Comparison of Number of Strands  
(Strand Diameter = 0.6 in., Girder Spacing = 16.67 ft.) 

Standard LRFD 
Skew Span Length 

(ft.) 
No. of 

Strands 
Span Length 

(ft.) 
No. of 

Strands 

Difference in 
No. of Strands 

90.0 41 90.0 37 -4 
98.5 51 100.0 49 - 0 

- - 106.0 56 - 
90.0 41 90.0 37 -4 
98.5 51 100.0 49 - 15 

- - 107.0 56 - 
90.0 41 90.0 35 -6 
98.5 51 100.0 47 - 30 

- - 110.0 58 - 
90.0 41 90.0 31 -10 
98.5 51 100.0 41 - 

- - 110.0 51 - 
60 

- - 117.0 60 - 



260 

 
 

 

 

250

350

450

550

80 100 120 140
Span Length, ft.

Fa
ct

or
ed

 S
he

ar
, k

ip
s  

d

 

250

350

450

550

80 100 120 140
Span Length, ft.

Fa
ct

or
ed

 S
he

ar
, k

ip
s 

 
(a) Spacing = 8.5 ft. (b) Spacing = 10 ft. 

250

350

450

550

80 100 120 140
Span Length, ft.

Fa
ct

or
ed

 S
he

ar
, k

ip
s 

 

250

350

450

550

80 100 120 140
Span Length, ft.

Fa
ct

or
ed

 S
he

ar
, k

ip
s 

 
(c) Spacing = 11.5 ft. (d) Spacing = 14 ft. 
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(e) Spacing = 16.67 ft. 

 
 

Figure A.8  Comparison of Factored Design Shear at Respective Critical Section 
Location (Strand Diameter 0.6 in.) 



 

 
 

 

Table A.28  Comparison of Factored Design Moment 
All Skews Skew = 0 Skew = 15 Skew = 30 Skew = 60 
Moment 

(k-ft) 
Span 
(ft.) 

Moment 
(k-ft) 

Span 
(ft.) 

Moment 
(k-ft) 

Span 
(ft.) 

Moment 
(k-ft) 

Span 
(ft.) 

Moment 
(k-ft) 

Spacing 
(ft.) 

Span 
(ft.) 

STD LRFD 

% Diff. 
w.r.t 
STD LRFD 

% Diff. 
w.r.t 
STD LRFD 

% Diff. 
w.r.t 
STD LRFD 

% Diff. 
w.r.t 
STD 

8.50 90.0 6197 90.0 5511 -11.1 90.0 5466 -11.8 90.0 5266 -15.0 90.0 4530 -26.9 
8.50 100.0 7310 100.0 6541 -10.5 100.0 6492 -11.2 100.0 6270 -14.2 100.0 5433 -25.7 
8.50 110.0 8493 110.0 7653 -9.9 110.0 7597 -10.5 110.0 7348 -13.5 110.0 6410 -24.5 
8.50 120.0 9746 120.0 8839 -9.3 120.0 8776 -10.0 120.0 8500 -12.8 120.0 7463 -23.4 
8.50 130.0 11070 130.0 10108 -8.7 130.0 10038 -9.3 130.0 9735 -12.1 130.0 8594 -22.4 
8.50 135.0 11759 136.5 10972 - 136.5 10897 - 138.5 10844 - 140.0 9803 - 
8.50 - - - - - - - - - - - 142.0 10047 - 

10.00 90.0 6468 90.0 6067 -6.2 90.0 6021 -6.9 90.0 5797 -10.4 90.0 4965 -23.2 
10.00 100.0 7642 100.0 7201 -5.8 100.0 7147 -6.5 100.0 6896 -9.8 100.0 5953 -22.1 
10.00 110.0 8892 110.0 8418 -5.3 110.0 8357 -6.0 110.0 8074 -9.2 110.0 7020 -21.1 
10.00 120.0 10219 120.0 9721 -4.9 120.0 9652 -5.5 120.0 9338 -8.6 120.0 8170 -20.1 
10.00 130.0 11623 130.0 11107 -4.4 130.0 11029 -5.1 130.0 10684 -8.1 130.0 9402 -19.1 
10.00 - - 130.5 11176 - 131.0 11173 - 133.0 11107 - 139.0 10586 - 
11.50 90.0 7155 90.0 6559 -8.3 90.0 6505 -9.1 90.0 6259 -12.5 90.0 5340 -25.4 
11.50 100.0 8438 100.0 7777 -7.8 100.0 7714 -8.6 100.0 7438 -11.9 100.0 6393 -24.2 
11.50 110.0 9801 110.0 9082 -7.3 110.0 9016 -8.0 110.0 8705 -11.2 110.0 7536 -23.1 
11.50 120.0 11245 120.0 10478 -6.8 120.0 10403 -7.5 120.0 10057 -10.6 120.0 8770 -22.0 
11.50 124.0 11846 125.5 11285 - 126.0 11283 - 127.5 11138 - 130.0 10086 - 
11.50 - - - - - - - - - - - 134.0 10640 - 
14.00 90.0 8466 90.0 7564 -10.7 90.0 7481 -11.6 90.0 7231 -14.6 90.0 6171 -27.1 
14.00 100.0 9975 100.0 8987 -9.9 100.0 8890 -10.9 100.0 8551 -14.3 100.0 7395 -25.9 
14.00 110.0 11578 110.0 10502 -9.3 110.0 10392 -10.2 110.0 10059 -13.1 110.0 8717 -24.7 
14.00 113.0 12076 115.5 11381 -5.8 116.0 11378 -5.8 118.0 11309 -6.4 120.0 10144 -16.0 
14.00 - - - - - - - - - - - 123.5 10664 - 
16.67 90.0 9661 90.0 8391 -13.1 90.0 8320 -13.9 90.0 7999 -17.2 90.0 6798 -29.6 
16.67 100.0 11387 100.0 9957 -12.6 100.0 9874 -13.3 100.0 9507 -16.5 100.0 8148 -28.4 
16.67 104.5 12186 109.0 11446 -6.1 109.5 11445 -6.1 110.0 11120 -8.7 110.0 9596 -21.3 
16.67 - - - - - - - - 111.0 11293 - 117.0 10678 - 
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Table A.29  Comparison of Factored Design Shear at Respective Critical Section Location (Strand Diameter 0.5 in.) 
All Skews Skew = 0 Skew = 15 Skew = 30 Skew = 60 

Shear 
 (k-ft) 

Span 
(ft.) 

Shear 
(k-ft) 

Span 
(ft.) 

Shear  
(k-ft) 

Span 
(ft.) 

Shear 
(k-ft) 

Span 
(ft.) 

Shear 
(k-ft) 

Spacing 
(ft.) 

Span 
(ft.) 

STD LRFD 

% Diff. 
w.r.t 
STD LRFD 

% Diff. 
w.r.t 
STD LRFD 

% Diff. 
w.r.t 
STD LRFD 

% Diff. 
w.r.t 
STD 

8.50 90.0 277 90.0 265 -4.5 90.0 265 -4.5 90.0 265 -4.5 90.0 265 -4.5 
8.50 100.0 293 100.0 286 -2.6 100.0 286 -2.6 100.0 286 -2.7 100.0 286 -2.7 
8.50 110.0 309 110.0 306 -1.0 110.0 306 -1.0 110.0 306 -1.0 110.0 306 -1.1 
8.50 120.0 324 120.0 324 0.0 120.0 324 0.0 120.0 324 0.0 120.0 324 0.0 
8.50 130.0 339 130.0 342 0.8 130.0 342 0.8 130.0 342 0.8 130.0 342 0.8 
8.50 135.0 349 136.5 354 - 136.5 354 - 138.5 358 - 140.0 361 - 
8.50 - - - - - - - - - - - 142.0 371 - 
10.00 90.0 289 90.0 297 2.5 90.0 297 2.5 90.0 296 2.5 90.0 296 2.5 
10.00 100.0 306 100.0 319 4.3 100.0 319 4.2 100.0 319 4.2 100.0 319 4.2 
10.00 110.0 323 110.0 341 5.5 110.0 341 5.5 110.0 341 5.4 110.0 340 5.3 
10.00 120.0 340 120.0 360 6.1 120.0 361 6.2 120.0 361 6.2 120.0 361 6.2 
10.00 130.0 356 130.0 380 6.7 130.0 380 6.7 130.0 380 6.7 130.0 380 6.7 
10.00 - - 130.5 381 - 131.0 382 - 133.0 386 - 139.0 398 - 
11.50 90.0 320 90.0 325 1.6 90.0 325 1.6 90.0 325 1.6 90.0 325 1.5 
11.50 100.0 338 100.0 350 3.3 100.0 350 3.3 100.0 350 3.3 100.0 349 3.3 
11.50 110.0 356 110.0 372 4.4 110.0 372 4.4 110.0 372 4.4 110.0 372 4.4 
11.50 120.0 374 120.0 393 5.2 120.0 393 5.2 120.0 393 5.1 120.0 393 5.2 
11.50 124.0 381 125.5 404 - 126.0 405 - 127.5 408 - 130.0 414 - 
11.50 - - - - - - - - - - - 134.0 423 - 
14.00 90.0 381 90.0 382 0.3 90.0 382 0.3 90.0 382 0.2 90.0 382 0.2 
14.00 100.0 402 100.0 410 1.9 100.0 410 1.9 100.0 410 1.9 100.0 409 1.8 
14.00 110.0 423 110.0 435 2.8 110.0 435 2.8 110.0 435 2.8 110.0 435 2.7 
14.00 113.0 429 115.5 448 4.3 116.0 449 4.6 118.0 454 5.8 120.0 459 6.9 
14.00 - - - - - - - - - - - 123.5 467 - 
16.67 90.0 436 90.0 430 -1.2 90.0 430 -1.2 90.0 430 -1.2 90.0 430 -1.3 
16.67 100.0 459 100.0 460 0.3 100.0 460 0.2 100.0 460 0.2 100.0 460 0.2 
16.67 104.5 469 109.0 485 3.3 109.5 486 3.5 110.0 487 3.8 110.0 487 3.8 
16.67 - - - - - - - - 111.0 490 - 117.0 506 - 
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Table A.30  Comparison of Factored Design Shear at Respective Critical Section Location (Strand Diameter 0.6 in.) 
All Skews Skew = 0 Skew = 15 Skew = 30 Skew = 60 

Shear 
 (k-ft) 

Span
 (ft.) 

Shear
 (k-ft)

Span 
(ft.) 

Shear
 (k-ft) 

Span 
(ft.) 

Shear 
 (k-ft) 

Span 
 (ft.) 

Shear
 (k-ft)

Spacing 
 (ft.) 

Span  
(ft.) 

STD LRFD 

% Diff. 
w.r.t 
STD LRFD 

% Diff. 
w.r.t 
STD LRFD 

% Diff. 
w.r.t 
STD LRFD 

% Diff. 
w.r.t 
STD 

8.50 90.0 277 90.0 265 -4.5 90.0 265 -4.5 90.0 265 -4.5 90.0 265 -4.5 
8.50 100.0 293 100.0 286 -2.7 100.0 286 -2.7 100.0 285 -2.7 100.0 285 -2.7 
8.50 110.0 309 110.0 306 -1.0 110.0 306 -1.0 110.0 306 -1.0 110.0 306 -1.1 
8.50 120.0 324 120.0 324 0.0 120.0 324 0.0 120.0 324 0.0 120.0 324 0.0 
8.50 130.0 339 130.0 342 0.8 130.0 342 0.8 130.0 342 0.9 130.0 342 0.8 
8.50 134.5 348 136.5 354 - 137.0 355 - 138.5 358 - 140.0 361 - 
8.50 - - - - - - - - - - - 144.5 369 - 
10.00 90.0 289 90.0 296 2.5 90.0 296 2.5 90.0 296 2.5 90.0 296 2.5 
10.00 100.0 306 100.0 319 4.1 100.0 319 4.1 100.0 319 4.2 100.0 319 4.1 
10.00 110.0 323 110.0 341 5.5 110.0 341 5.5 110.0 341 5.5 110.0 341 5.4 
10.00 120.0 340 120.0 361 6.2 120.0 361 6.2 120.0 361 6.3 120.0 361 6.2 
10.00 130.0 356 130.0 380 6.9 130.0 380 6.9 130.0 380 6.8 130.0 380 6.8 
10.00 - - - - - - - - 131.5 383 - 138.0 396 - 
11.50 90.0 320 90.0 325 1.5 90.0 325 1.5 90.0 325 1.5 90.0 325 1.5 
11.50 100.0 338 100.0 349 3.3 100.0 349 3.3 100.0 349 3.3 100.0 349 3.2 
11.50 110.0 356 110.0 372 4.5 110.0 372 4.5 110.0 372 4.5 110.0 372 4.4 
11.50 120.0 374 120.0 394 5.3 120.0 394 5.3 120.0 393 5.2 120.0 393 5.3 
11.50 124.0 381 124.0 402 - 125.0 404 - 126.0 406 - 130.0 414 - 
11.50 - - - - - - - - - - - 133.0 420 - 
14.00 90.0 381 90.0 382 0.2 90.0 382 0.2 90.0 382 0.2 90.0 382 0.2 
14.00 100.0 402 100.0 410 1.8 100.0 410 1.8 100.0 410 1.8 100.0 409 1.8 
14.00 110.0 423 110.0 435 2.8 110.0 435 2.8 110.0 435 2.9 110.0 435 2.8 
14.00 112.0 427 115.5 448 5.0 116.0 450 5.3 117.0 452 5.9 120.0 459 7.5 
14.00 - - - - - - - - - - - 123.5 468 - 
16.67 90.0 436 90.0 432 -0.9 90.0 432 -0.9 90.0 430 -1.3 90.0 430 -1.4 
16.67 98.5 456 100.0 460 0.9 100.0 460 0.9 100.0 460 1.0 100.0 460 0.9 
16.67 - - 106.0 475 - 107.0 479 - 110.0 488 - 110.0 488 - 
16.67 - - - - - - - - - - - 117.0 507 - 
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Table A.31  Comparison of Nominal Moment Capacity (Strand Diameter 0.5 in.) 
All Skews Skew = 0 Skew = 15 Skew = 30 Skew = 60 

Mn  
(k-ft) 

Span 
(ft.) 

Mn 
 (k-ft) 

Span 
(ft.) 

Mn 
 (k-ft) 

Span 
(ft.) 

Mn  
(k-ft) 

Span 
(ft.) 

Mn  
(k-ft) 

Spacing 
(ft.) 

Span 
(ft.) 

STD LRFD 

% Diff. 
w.r.t 
STD LRFD 

% Diff. 
w.r.t 
STD LRFD 

% Diff. 
w.r.t 
STD LRFD 

% Diff. 
w.r.t 
STD 

8.50 90.0 6707 90.0 6043 -9.9 90.0 6043 -9.9 90.0 6043 -9.9 90.0 5322 -20.7 
8.50 100.0 8077 100.0 7805 -3.4 100.0 7805 -3.4 100.0 7457 -7.7 100.0 6755 -16.4 
8.50 110.0 9729 110.0 9506 -2.3 110.0 9506 -2.3 110.0 9171 -5.7 110.0 8492 -12.7 
8.50 120.0 11699 120.0 11608 -0.8 120.0 11313 -3.3 120.0 11013 -5.9 120.0 10005 -14.5 
8.50 130.0 13690 130.0 13624 -0.5 130.0 13624 -0.5 130.0 13354 -2.5 130.0 11943 -12.8 
8.50 135.0 14802 136.5 15013 - 136.5 15013 - 138.5 15037 - 140.0 13962 - 
8.50 - - - - - - - - - - - 142.0 15129 - 

10.00 90.0 7127 90.0 6814 -4.4 90.0 6814 -4.4 90.0 6814 -4.4 90.0 6090 -14.6 
10.00 100.0 8862 100.0 8936 0.8 100.0 8587 -3.1 100.0 8587 -3.1 100.0 7529 -15.0 
10.00 110.0 10677 110.0 10789 1.0 110.0 10789 1.0 110.0 10465 -2.0 110.0 9282 -13.1 
10.00 120.0 12830 120.0 13076 1.9 120.0 12777 -0.4 120.0 12380 -3.5 120.0 11111 -13.4 
10.00 130.0 14965 130.0 15203 1.6 130.0 15203 1.6 130.0 14955 -0.1 130.0 13415 -10.4 
10.00 - - 130.5 15437 - 131.0 15439 - 133.0 15675 - 139.0 15524 - 
11.50 90.0 7894 90.0 7583 -3.9 90.0 7583 -3.9 90.0 7221 -8.5 90.0 6492 -17.8 
11.50 100.0 9984 100.0 9717 -2.7 100.0 9717 -2.7 100.0 9365 -6.2 100.0 8301 -16.9 
11.50 110.0 12086 110.0 11888 -1.6 110.0 11562 -4.3 110.0 11234 -7.0 110.0 10066 -16.7 
11.50 120.0 14250 120.0 14123 -0.9 120.0 14123 -0.9 120.0 13809 -3.1 120.0 12212 -14.3 
11.50 124.0 15244 125.5 15793 - 126.0 15796 - 127.5 15802 - 130.0 15027 - 
11.50 - - - - - - - - - - - 134.0 15859 - 
14.00 90.0 9763 90.0 9825 0.6 90.0 9466 -3.0 90.0 8743 -10.4 90.0 7648 -21.7 
14.00 100.0 11958 100.0 11382 -4.8 100.0 11382 -4.8 100.0 11043 -7.7 100.0 9825 -17.8 
14.00 110.0 14697 110.0 14042 -4.5 110.0 14042 -4.5 110.0 13714 -6.7 110.0 12056 -18.0 
14.00 113.0 15582 115.5 15763 1.2 116.0 15763 1.2 118.0 16041 2.9 120.0 14854 -4.7 
14.00 - - - - - - - - - - - 123.5 15763 - 
16.67 90.0 11422 90.0 10271 -10.1 90.0 10271 -10.1 90.0 9907 -13.3 90.0 8807 -22.9 
16.67 100.0 14100 100.0 13204 -6.4 100.0 12864 -8.8 100.0 12524 -11.2 100.0 11147 -20.9 
16.67 104.5 15541 109.0 15988 2.9 109.5 15988 2.9 110.0 15686 0.9 110.0 13880 -10.7 
16.67 - - - - - - - - 111.0 15988 - 117.0 15988 - 
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Table A.32  Comparison of Nominal Moment Capacity (Strand Diameter 0.6 in.) 
All Skews Skew = 0 Skew = 15 Skew = 30 Skew = 60 

Mn 
(k-ft) 

Span 
(ft.) 

Mn 
(k-ft) 

Span 
(ft.) 

Mn 
(k-ft) 

Span 
(ft.) 

Mn 
(k-ft) 

Span 
(ft.) 

Mn 
(k-ft) Spacing 

(ft.) 
Span 
(ft.) 

STD LRFD 

% Diff. 
w.r.t 
STD 

LRFD 

% Diff. 
w.r.t 
STD LRFD 

% Diff. 
w.r.t 
STD LRFD 

% Diff. 
w.r.t 
STD 

8.50 90.0 6587 90.0 6108 -7.3 90.0 6108 -7.3 90.0 6108 -7.3 90.0 5579 -15.3 
8.50 100.0 8316 100.0 7904 -5.0 100.0 7904 -5.0 100.0 7904 -5.0 100.0 7153 -14.0 
8.50 110.0 9721 110.0 9355 -3.8 110.0 9355 -3.8 110.0 9355 -3.8 110.0 8392 -13.7 
8.50 120.0 11958 120.0 11717 -2.0 120.0 11279 -5.7 120.0 11279 -5.7 120.0 10299 -13.9 
8.50 130.0 13837 130.0 13446 -2.8 130.0 13446 -2.8 130.0 13037 -5.8 130.0 12195 -11.9 
8.50 134.5 14606 136.5 14811 - 137.0 14815 - 138.5 14824 - 140.0 14092 - 
8.50 - - - - - - - - - - - 144.5 14901 - 

10.00 90.0 7172 90.0 7217 0.6 90.0 7217 0.6 90.0 6688 -6.7 90.0 6155 -14.2 
10.00 100.0 8905 100.0 8978 0.8 100.0 8978 0.8 100.0 8483 -4.7 100.0 7480 -16.0 
10.00 110.0 10805 110.0 10918 1.0 110.0 10918 1.0 110.0 10439 -3.4 110.0 9469 -12.4 
10.00 120.0 12633 120.0 12794 1.3 120.0 12794 1.3 120.0 12331 -2.4 120.0 11393 -9.8 
10.00 130.0 14976 130.0 15213 1.6 130.0 15213 1.6 130.0 14821 -1.0 130.0 13362 -10.8 
10.00 - - - - - - - - 131.5 15221 - 138.0 15273 - 
11.50 90.0 7994 90.0 7532 -5.8 90.0 7532 -5.8 90.0 7265 -9.1 90.0 6729 -15.8 
11.50 100.0 9971 100.0 9554 -4.2 100.0 9554 -4.2 100.0 9554 -4.2 100.0 8551 -14.2 
11.50 110.0 11884 110.0 12002 1.0 110.0 12002 1.0 110.0 11520 -3.1 110.0 10051 -15.4 
11.50 120.0 14392 120.0 14130 -1.8 120.0 14130 -1.8 120.0 13897 -3.4 120.0 12481 -13.3 
11.50 124.0 15244 124.0 15536 - 125.0 15541 - 126.0 15548 - 130.0 14575 - 
11.50 - - - - - - - - - - - 133.0 15588 - 
14.00 90.0 9599 90.0 9146 -4.7 90.0 9146 -4.7 90.0 8632 -10.1 90.0 8115 -15.5 
14.00 100.0 12072 100.0 11673 -3.3 100.0 11673 -3.3 100.0 11173 -7.4 100.0 9658 -20.0 
14.00 110.0 14677 110.0 14125 -3.8 110.0 14125 -3.8 110.0 13641 -7.1 110.0 12169 -17.1 
14.00 112.0 15125 115.5 15742 4.1 116.0 15742 4.1 117.0 15742 4.1 120.0 14828 -2.0 
14.00 - - - - - - - - - - - 123.5 15742 - 
16.67 90.0 11211 90.0 10252 -8.6 90.0 10252 -8.6 90.0 10252 -8.6 90.0 8693 -22.5 
16.67 98.5 13694 100.0 13300 -2.9 100.0 13300 -2.9 100.0 12798 -6.5 100.0 11278 -17.6 
16.67 - - 106.0 15018 - 107.0 15018 - 110.0 15489 - 110.0 13799 - 
16.67 - - - - - - - - - - - 117.0 15958 - 
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Table A.33  Comparison of Camber (Strand Diameter 0.5 in.) 
All Skews Skew = 0 Skew = 15 Skew = 30 Skew = 60 
Camber 

(ft.) 
Span 
(ft.) 

Camber
(ft.) 

Span 
(ft.) 

Camber
(ft.) 

Span 
(ft.) 

Camber
(ft.) 

Span 
(ft.) 

Camber
(ft.) 

Spacing 
(ft.) 

Span 
(ft.) 

STD LRFD 

% Diff. 
w.r.t 
STD LRFD 

% Diff. 
w.r.t 
STD LRFD 

% Diff. 
w.r.t 
STD LRFD 

% Diff. 
w.r.t 
STD 

8.50 90.0 0.102 90.0 0.079 -22.5 90.0 0.079 -22.5 90.0 0.079 -22.5 90.0 0.056 -45.1 
8.50 100.0 0.145 100.0 0.131 -9.7 100.0 0.131 -9.7 100.0 0.118 -18.6 100.0 0.09 -37.9 
8.50 110.0 0.208 110.0 0.192 -7.7 110.0 0.192 -7.7 110.0 0.176 -15.4 110.0 0.144 -30.8 
8.50 120.0 0.293 120.0 0.276 -5.8 120.0 0.261 -10.9 120.0 0.245 -16.4 120.0 0.196 -33.1 
8.50 130.0 0.396 130.0 0.376 -5.1 130.0 0.376 -5.1 130.0 0.359 -9.3 130.0 0.268 -32.3 
8.50 135.0 0.452 136.5 0.447 - 136.5 0.447 - 138.5 0.442 - 140.0 0.365 - 
8.50 - - - - - - - - - - - 142.0 0.418 - 

10.00 90.0 0.113 90.0 0.102 -9.7 90.0 0.102 -9.7 90.0 0.102 -9.7 90.0 0.079 -30.1 
10.00 100.0 0.171 100.0 0.17 -0.6 100.0 0.157 -8.2 100.0 0.157 -8.2 100.0 0.118 -31.0 
10.00 110.0 0.243 110.0 0.241 -0.8 110.0 0.241 -0.8 110.0 0.228 -6.2 110.0 0.176 -27.6 
10.00 120.0 0.339 120.0 0.338 -0.3 120.0 0.323 -4.7 120.0 0.307 -9.4 120.0 0.245 -27.7 
10.00 130.0 0.447 130.0 0.445 -0.4 130.0 0.445 -0.4 130.0 0.432 -3.4 130.0 0.341 -23.7 
10.00 - - 130.5 0.455 - 131.0 0.454 - 133.0 0.461 - 139.0 0.441 - 
11.50 90.0 0.134 90.0 0.123 -8.2 90.0 0.123 -8.2 90.0 0.113 -15.7 90.0 0.091 -32.1 
11.50 100.0 0.209 100.0 0.196 -6.2 100.0 0.196 -6.2 100.0 0.183 -12.4 100.0 0.144 -31.1 
11.50 110.0 0.295 110.0 0.281 -4.7 110.0 0.268 -9.2 110.0 0.255 -13.6 110.0 0.207 -29.8 
11.50 120.0 0.399 120.0 0.382 -4.3 120.0 0.382 -4.3 120.0 0.367 -8.0 120.0 0.292 -26.8 
11.50 124.0 0.446 125.5 0.454 - 126.0 0.455 - 127.5 0.455 - 130.0 0.417 - 
11.50 - - - - - - - - - - - 134.0 0.451 - 
14.00 90.0 0.186 90.0 0.185 -0.5 90.0 0.175 -5.9 90.0 0.155 -16.7 90.0 0.123 -33.9 
14.00 100.0 0.269 100.0 0.247 -8.2 100.0 0.247 -8.2 100.0 0.236 -12.3 100.0 0.196 -27.1 
14.00 110.0 0.388 110.0 0.356 -8.2 110.0 0.356 -8.2 110.0 0.344 -11.3 110.0 0.281 -27.6 
14.00 113.0 0.426 115.5 0.43 0.9 116.0 0.431 1.2 118.0 0.444 4.2 120.0 0.404 -5.2 
14.00 - - - - - - - - - - - 123.5 0.444 - 
16.67 90.0 0.227 90.0 0.195 -14.1 90.0 0.195 -14.1 90.0 0.185 -18.5 90.0 0.155 -31.7 
16.67 100.0 0.33 100.0 0.299 -9.4 100.0 0.289 -12.4 100.0 0.278 -15.8 100.0 0.236 -28.5 
16.67 104.5 0.389 109.0 0.411 5.7 109.5 0.413 6.2 110.0 0.406 4.4 110.0 0.344 -11.6 
16.67 - - - - - - - - 111.0 0.418 - 117.0 0.434 - 
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Table A.34  Comparison of Camber (Strand Diameter 0.6 in.) 
All Skews Skew = 0 Skew = 15 Skew = 30 Skew = 60 
Camber 

(ft.) 
Span 
(ft.) 

Camber
(ft.) 

Span 
(ft.) 

Camber
(ft.) 

Span 
(ft.) 

Camber
(ft.) 

Span 
(ft.) 

Camber
(ft.) 

Spacing 
(ft.) 

Span 
(ft.) 

STD LRFD 

% Diff. 
w.r.t 
STD LRFD 

% Diff. 
w.r.t 
STD LRFD 

% Diff. 
w.r.t 
STD LRFD 

% Diff. 
w.r.t 
STD 

8.50 90.0 0.101 90.0 0.083 -17.8 90.0 0.083 -17.8 90.0 0.083 -17.8 90.0 0.065 -35.6 
8.50 100.0 0.160 100.0 0.140 -12.5 100.0 0.140 -12.5 100.0 0.140 -12.5 100.0 0.111 -30.6 
8.50 110.0 0.214 110.0 0.191 -10.7 110.0 0.191 -10.7 110.0 0.191 -10.7 110.0 0.146 -31.8 
8.50 120.0 0.322 120.0 0.296 -8.1 120.0 0.271 -15.8 120.0 0.271 -15.8 120.0 0.220 -31.7 
8.50 130.0 0.429 130.0 0.389 -9.3 130.0 0.389 -9.3 130.0 0.361 -15.9 130.0 0.303 -29.4 
8.50 134.5 0.475 136.5 0.469 - 137.0 0.469 - 138.5 0.465 - 140.0 0.405 - 
8.50 - - - - - - - - - - - 144.5 0.446 - 

10.00 90.0 0.118 90.0 0.118 0.0 90.0 0.118 0.0 90.0 0.101 -14.4 90.0 0.083 -29.7 
10.00 100.0 0.178 100.0 0.177 -0.6 100.0 0.177 -0.6 100.0 0.159 -10.7 100.0 0.121 -32.0 
10.00 110.0 0.257 110.0 0.255 -0.8 110.0 0.255 -0.8 110.0 0.234 -8.9 110.0 0.191 -25.7 
10.00 120.0 0.347 120.0 0.345 -0.6 120.0 0.345 -0.6 120.0 0.321 -7.5 120.0 0.271 -21.9 
10.00 130.0 0.478 130.0 0.475 -0.6 130.0 0.475 -0.6 130.0 0.451 -5.6 130.0 0.361 -24.5 
10.00 - - - - - - - - 131.5 0.475 - 138.0 0.467 - 
11.50 90.0 0.142 90.0 0.126 -11.3 90.0 0.126 -11.3 90.0 0.118 -16.9 90.0 0.101 -28.9 
11.50 100.0 0.214 100.0 0.195 -8.9 100.0 0.195 -8.9 100.0 0.195 -8.9 100.0 0.159 -25.7 
11.50 110.0 0.298 110.0 0.297 -0.3 110.0 0.297 -0.3 110.0 0.276 -7.4 110.0 0.213 -28.5 
11.50 120.0 0.427 120.0 0.404 -5.4 120.0 0.404 -5.4 120.0 0.392 -8.2 120.0 0.321 -24.8 
11.50 124.0 0.474 124.0 0.471 - 125.0 0.472 - 126.0 0.474 - 130.0 0.427 - 
11.50 - - - - - - - - - - - 133.0 0.474 - 
14.00 90.0 0.186 90.0 0.171 -8.1 90.0 0.171 -8.1 90.0 0.156 -16.1 90.0 0.141 -24.2 
14.00 100.0 0.282 100.0 0.264 -6.4 100.0 0.264 -6.4 100.0 0.247 -12.4 100.0 0.195 -30.9 
14.00 110.0 0.405 110.0 0.376 -7.2 110.0 0.376 -7.2 110.0 0.357 -11.9 110.0 0.297 -26.7 
14.00 112.0 0.428 115.5 0.453 5.8 116.0 0.455 6.3 117.0 0.457 6.8 120.0 0.424 -0.9 
14.00 - - - - - - - - - - - 123.5 0.470 - 
16.67 90.0 0.227 90.0 0.199 -12.3 90.0 0.199 -12.3 90.0 0.199 -12.3 90.0 0.156 -31.3 
16.67 98.5 0.324 100.0 0.314 -3.1 100.0 0.314 -3.1 100.0 0.297 -8.3 100.0 0.247 -23.8 
16.67 - - 106.0 0.390 - 107.0 0.393 - 110.0 0.419 - 110.0 0.357 - 
16.67 - - - - - - - - - - - 117.0 0.457 - 
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Table A.35  Comparison of Transverse Shear Reinforcement Area (Strand Diameter 0.5 in.) 
All Skews Skew = 0 Skew = 15 Skew = 30 Skew = 60 

Av 
(in2) 

Span 
(ft.) 

Av 
(in2) 

Span 
(ft.) 

Av 
(in2) 

Span 
(ft.) 

Av 
(in2) 

Span 
(ft.) 

Av 
(in2) 

Spacing 
(ft.) 

Span 
(ft.) 

STD LRFD 

% Diff. 
w.r.t 
STD LRFD 

% Diff. 
w.r.t 
STD LRFD 

% Diff. 
w.r.t 
STD LRFD 

% Diff. 
w.r.t 
STD 

8.50 90.0 0.101 90.0 0.083 -17.8 90.0 0.083 -17.8 90.0 0.083 -17.8 90.0 0.065 -35.6 
8.50 100.0 0.160 100.0 0.140 -12.5 100.0 0.140 -12.5 100.0 0.140 -12.5 100.0 0.111 -30.6 
8.50 110.0 0.214 110.0 0.191 -10.7 110.0 0.191 -10.7 110.0 0.191 -10.7 110.0 0.146 -31.8 
8.50 120.0 0.322 120.0 0.296 -8.1 120.0 0.271 -15.8 120.0 0.271 -15.8 120.0 0.220 -31.7 
8.50 130.0 0.429 130.0 0.389 -9.3 130.0 0.389 -9.3 130.0 0.361 -15.9 130.0 0.303 -29.4 
8.50 134.5 0.475 136.5 0.469 - 137.0 0.469 - 138.5 0.465 - 140.0 0.405 - 
8.50 - - - - - - - - - - - 144.5 0.446 - 

10.00 90.0 0.118 90.0 0.118 0.0 90.0 0.118 0.0 90.0 0.101 -14.4 90.0 0.083 -29.7 
10.00 100.0 0.178 100.0 0.177 -0.6 100.0 0.177 -0.6 100.0 0.159 -10.7 100.0 0.121 -32.0 
10.00 110.0 0.257 110.0 0.255 -0.8 110.0 0.255 -0.8 110.0 0.234 -8.9 110.0 0.191 -25.7 
10.00 120.0 0.347 120.0 0.345 -0.6 120.0 0.345 -0.6 120.0 0.321 -7.5 120.0 0.271 -21.9 
10.00 130.0 0.478 130.0 0.475 -0.6 130.0 0.475 -0.6 130.0 0.451 -5.6 130.0 0.361 -24.5 
10.00 - - - - - - - - 131.5 0.475 - 138.0 0.467 - 
11.50 90.0 0.142 90.0 0.126 -11.3 90.0 0.126 -11.3 90.0 0.118 -16.9 90.0 0.101 -28.9 
11.50 100.0 0.214 100.0 0.195 -8.9 100.0 0.195 -8.9 100.0 0.195 -8.9 100.0 0.159 -25.7 
11.50 110.0 0.298 110.0 0.297 -0.3 110.0 0.297 -0.3 110.0 0.276 -7.4 110.0 0.213 -28.5 
11.50 120.0 0.427 120.0 0.404 -5.4 120.0 0.404 -5.4 120.0 0.392 -8.2 120.0 0.321 -24.8 
11.50 124.0 0.474 124.0 0.471 - 125.0 0.472 - 126.0 0.474 - 130.0 0.427 - 
11.50 - - - - - - - - - - - 133.0 0.474 - 
14.00 90.0 0.186 90.0 0.171 -8.1 90.0 0.171 -8.1 90.0 0.156 -16.1 90.0 0.141 -24.2 
14.00 100.0 0.282 100.0 0.264 -6.4 100.0 0.264 -6.4 100.0 0.247 -12.4 100.0 0.195 -30.9 
14.00 110.0 0.405 110.0 0.376 -7.2 110.0 0.376 -7.2 110.0 0.357 -11.9 110.0 0.297 -26.7 
14.00 112.0 0.428 115.5 0.453 5.8 116.0 0.455 6.3 117.0 0.457 6.8 120.0 0.424 -0.9 
14.00 - - - - - - - - - - - 123.5 0.470 - 
16.67 90.0 0.227 90.0 0.199 -12.3 90.0 0.199 -12.3 90.0 0.199 -12.3 90.0 0.156 -31.3 
16.67 98.5 0.324 100.0 0.314 -3.1 100.0 0.314 -3.1 100.0 0.297 -8.3 100.0 0.247 -23.8 
16.67 - - 106.0 0.390 - 107.0 0.393 - 110.0 0.419 - 110.0 0.357 - 
16.67 - - - - - - - - - - - 117.0 0.457 - 
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Table A.36  Comparison of Transverse Shear Reinforcement Area (Strand Diameter 0.6 in.) 
All Skews Skew = 0 Skew = 15 Skew = 30 Skew = 60 

Av 
(in2) 

Span 
(ft.) 

Av 
(in2) 

Span 
(ft.) 

Av 
(in2) 

Span 
(ft.) 

Av 
(in2) 

Span 
(ft.) 

Av 
(in2) 

Spacing 
(ft.) 

Span 
(ft.) 

STD LRFD 

% Diff. 
w.r.t 
STD LRFD 

% Diff. 
w.r.t 
STD LRFD 

% Diff. 
w.r.t 
STD LRFD 

% Diff. 
w.r.t 
STD 

8.50 90.0 0.42 90.0 0.22 -49.2 90.0 0.22 -49.2 90.0 0.21 -49.3 90.0 0.21 -49.4 
8.50 100.0 0.47 100.0 0.27 -43.3 100.0 0.27 -43.3 100.0 0.26 -44.2 100.0 0.26 -45.0 
8.50 110.0 0.51 110.0 0.32 -37.3 110.0 0.32 -37.3 110.0 0.32 -37.3 110.0 0.31 -39.3 
8.50 120.0 0.50 120.0 0.32 -36.8 120.0 0.32 -36.9 120.0 0.31 -37.4 120.0 0.30 -39.7 
8.50 130.0 0.49 130.0 0.30 -39.5 130.0 0.30 -39.6 130.0 0.29 -40.1 130.0 0.28 -42.3 
8.50 134.5 0.49 136.5 0.28 - 137.0 0.28 - 138.5 0.27 - 140.0 0.26 - 
8.50 - - - - - - - - - - - 144.5 0.22 - 

10.00 90.0 0.48 90.0 0.29 -40.4 90.0 0.28 -40.9 90.0 0.28 -41.1 90.0 0.28 -42.1 
10.00 100.0 0.54 100.0 0.34 -36.4 100.0 0.34 -36.4 100.0 0.34 -37.2 100.0 0.33 -38.4 
10.00 110.0 0.55 110.0 0.39 -29.7 110.0 0.39 -29.8 110.0 0.38 -30.4 110.0 0.37 -33.0 
10.00 120.0 0.55 120.0 0.37 -33.6 120.0 0.37 -33.7 120.0 0.37 -33.8 120.0 0.35 -36.2 
10.00 130.0 0.54 130.0 0.35 -35.3 130.0 0.35 -35.3 130.0 0.34 -36.5 130.0 0.33 -38.5 
10.00 - - - - - -  - 131.5 0.34 - 138.0 0.29 - 
11.50 90.0 0.61 90.0 0.35 -43.1 90.0 0.35 -43.2 90.0 0.35 -43.1 90.0 0.34 -43.9 
11.50 100.0 0.67 100.0 0.41 -38.6 100.0 0.41 -38.6 100.0 0.41 -38.7 100.0 0.40 -40.3 
11.50 110.0 0.67 110.0 0.43 -35.5 110.0 0.43 -35.5 110.0 0.43 -36.1 110.0 0.42 -38.0 
11.50 120.0 0.67 120.0 0.41 -38.6 120.0 0.41 -38.7 120.0 0.41 -39.6 120.0 0.40 -41.4 
11.50 124.0 0.67 124.0 0.41 - 125.0 0.40 - 126.0 0.40 - 130.0 0.37 - 
11.50 - - - - - - - - - - - 133.0 0.37 - 
14.00 90.0 0.85 90.0 0.48 -43.8 90.0 0.48 -43.8 90.0 0.48 -43.9 90.0 0.46 -45.3 
14.00 100.0 0.90 100.0 0.55 -38.9 100.0 0.55 -39.0 100.0 0.55 -39.5 100.0 0.54 -40.6 
14.00 110.0 0.92 110.0 0.53 -41.9 110.0 0.53 -41.9 110.0 0.53 -42.3 110.0 0.51 -44.5 
14.00 112.0 0.91 115.5 0.52 -43.0 116.0 0.52 -43.2 117.0 0.51 -43.8 120.0 0.49 -46.5 
14.00 - - - - - - - - - - - 123.5 0.48 - 
16.67 90.0 1.07 90.0 0.60 -44.2 90.0 0.60 -44.2 90.0 0.59 -44.8 90.0 0.58 -45.5 
16.67 98.5 1.09 100.0 0.62 - 100.0 0.64 - 100.0 0.63 - 100.0 0.61 - 
16.67 - - 106.0 0.58 - 107.0 0.60 - 110.0 0.60 - 110.0 0.58 - 
16.67 - - - - - - - - - - - 117.0 0.56 - 
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Table A.37  Comparison of Interface Shear Reinforcement Area (Strand Diameter 0.5 in.) 
All Skews Skew = 0 Skew = 15 Skew = 30 Skew = 60 

Avh 
(in2) 

Span 
(ft.) 

Avh 
(in2) 

Span 
(ft.) 

Avh 
(in2) 

Span 
(ft.) 

Avh 
(in2) 

Span 
(ft.) 

Avh 
(in2) 

Spacing 
(ft.) 

Span 
(ft.) 

STD LRFD 

% Diff. 
w.r.t 
STD LRFD 

% Diff. 
w.r.t 
STD LRFD 

% Diff. 
w.r.t 
STD LRFD 

% Diff. 
w.r.t 
STD 

8.50 90.0 0.315 90.0 0.79 150.7 90.0 0.79 150.4 90.0 0.79 150.4 90.0 0.78 147.5 
8.50 100.0 0.315 100.0 0.86 172.2 100.0 0.86 172.1 100.0 0.85 170.9 100.0 0.85 168.4 
8.50 110.0 0.315 110.0 0.92 192.1 110.0 0.92 192.1 110.0 0.92 192.0 110.0 0.91 188.6 
8.50 120.0 0.315 120.0 0.98 211.1 120.0 0.98 211.1 120.0 0.98 209.8 120.0 0.96 204.1 
8.50 130.0 0.315 130.0 1.04 229.7 130.0 1.04 228.7 130.0 1.03 227.6 130.0 1.01 222.0 
8.50 135.0 0.315 136.5 1.08 - 136.5 1.08 - 138.5 1.09 - 140.0 1.07 - 
8.50 - - - - - - - - - - - 142.0 1.11 - 

10.00 90.0 0.315 90.0 0.94 199.8 90.0 0.94 199.8 90.0 0.94 198.4 90.0 0.94 197.0 
10.00 100.0 0.315 100.0 1.02 223.1 100.0 1.02 223.1 100.0 1.02 223.1 100.0 1.01 219.5 
10.00 110.0 0.315 110.0 1.09 246.6 110.0 1.09 246.6 110.0 1.09 244.9 110.0 1.07 240.2 
10.00 120.0 0.315 120.0 1.16 267.3 120.0 1.15 266.1 120.0 1.15 264.9 120.0 1.14 260.7 
10.00 130.0 0.315 130.0 1.22 288.8 130.0 1.22 288.8 130.0 1.21 285.7 130.0 1.20 280.4 
10.00 - - 130.5 1.23 - 131.0 1.24 - 133.0 1.24 - 139.0 1.26 - 
11.50 90.0 0.315 90.0 1.08 243.3 90.0 1.08 243.2 90.0 1.08 242.1 90.0 1.07 239.1 
11.50 100.0 0.315 100.0 1.16 268.9 100.0 1.16 268.0 100.0 1.16 267.9 100.0 1.15 264.5 
11.50 110.0 0.315 110.0 1.24 293.0 110.0 1.24 293.0 110.0 1.23 291.6 110.0 1.21 284.9 
11.50 120.0 0.315 120.0 1.31 314.5 120.0 1.31 314.5 120.0 1.30 313.1 120.0 1.28 307.0 
11.50 124.0 0.315 125.5 1.35 - 126.0 1.36 - 127.5 1.36 - 130.0 1.35 - 
11.50 - - - - - - - - - - - 134.0 1.39 - 
14.00 90.0 0.315 90.0 1.37 333.5 90.0 1.37 333.5 90.0 1.36 332.5 90.0 1.35 328.4 
14.00 100.0 0.315 100.0 1.47 365.7 100.0 1.47 365.7 100.0 1.46 364.0 100.0 1.44 358.4 
14.00 110.0 0.315 110.0 1.56 393.7 110.0 1.56 393.7 110.0 1.55 392.2 110.0 1.53 385.0 
14.00 113.0 0.315 115.5 1.61 410.9 116.0 1.61 411.7 118.0 1.63 417.1 120.0 1.61 412.2 
14.00 - - - - - - - - - - - 123.5 1.65 - 
16.67 90.0 0.315 90.0 1.59 406.0 90.0 1.59 406.0 90.0 1.59 405.0 90.0 1.58 401.5 
16.67 100.0 0.315 100.0 1.71 442.2 100.0 1.70 440.6 100.0 1.70 439.1 100.0 1.68 432.4 
16.67 104.5 0.315 109.0 1.80 - 109.5 1.80 - 110.0 1.80 - 110.0 1.77 - 
16.67 - - - - - - - - - - - 117.0 0.457 - 
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Table A.38  Comparison of Interface Shear Reinforcement Area (Strand Diameter 0.6 in.) 
All Skews Skew = 0 Skew = 15 Skew = 30 Skew = 60 

Avh 
(in2) 

Span 
(ft.) 

Avh 
(in2) 

Span 
(ft.) 

Avh 
(in2) 

Span 
(ft.) 

Avh 
(in2) 

Span 
(ft.) 

Avh 
(in2) 

Spacing 
(ft.) 

Span 
(ft.) 

STD LRFD 

% Diff. 
w.r.t 
STD LRFD 

% Diff. 
w.r.t 
STD LRFD 

% Diff. 
w.r.t 
STD LRFD 

% Diff. 
w.r.t 
STD 

8.50 90.0 0.315 90.0 0.78 148.9 90.0 0.78 148.9 90.0 0.78 148.8 90.0 0.78 148.0 
8.50 100.0 0.315 100.0 0.85 168.9 100.0 0.85 168.9 100.0 0.84 166.9 100.0 0.84 165.3 
8.50 110.0 0.315 110.0 0.91 189.9 110.0 0.91 189.9 110.0 0.91 188.4 110.0 0.90 184.8 
8.50 120.0 0.315 120.0 0.97 207.0 120.0 0.97 207.0 120.0 0.96 205.5 120.0 0.95 202.3 
8.50 130.0 0.315 130.0 1.02 222.5 130.0 1.02 222.5 130.0 1.01 221.3 130.0 1.00 218.5 
8.50 134.5 0.315 136.5 1.05 - 137.0 1.06 - 138.5 1.06 - 140.0 1.06 - 
8.50 - - - - - - - - - - - 144.5 1.08 - 

10.00 90.0 0.315 90.0 0.94 197.5 90.0 0.93 196.5 90.0 0.93 196.5 90.0 0.93 195.3 
10.00 100.0 0.315 100.0 1.01 220.7 100.0 1.01 220.7 100.0 1.00 218.8 100.0 0.99 215.0 
10.00 110.0 0.315 110.0 1.08 243.0 110.0 1.08 243.0 110.0 1.08 241.4 110.0 1.06 237.7 
10.00 120.0 0.315 120.0 1.14 260.4 120.0 1.14 260.4 120.0 1.14 260.3 120.0 1.12 255.9 
10.00 130.0 0.315 130.0 1.20 280.6 130.0 1.20 280.6 130.0 1.19 278.7 130.0 1.18 274.5 
10.00 - - - - - - - - 131.5 1.20 - 138.0 1.23 - 
11.50 90.0 0.315 90.0 1.07 238.4 90.0 1.07 238.4 90.0 1.06 238.1 90.0 1.06 236.9 
11.50 100.0 0.315 100.0 1.15 264.7 100.0 1.15 264.7 100.0 1.15 264.6 100.0 1.14 260.8 
11.50 110.0 0.315 110.0 1.22 288.0 110.0 1.22 288.0 110.0 1.22 286.5 110.0 1.21 283.1 
11.50 120.0 0.315 120.0 1.28 306.9 120.0 1.28 306.9 120.0 1.28 305.9 120.0 1.27 301.8 
11.50 124.0 0.315 124.0 1.31 - 125.0 1.32 - 126.0 1.32 - 130.0 1.33 - 
11.50 - - - - - - - - - - - 133.0 1.35 - 
14.00 90.0 0.315 90.0 1.35 328.9 90.0 1.35 328.9 90.0 1.35 327.2 90.0 1.33 322.6 
14.00 100.0 0.315 100.0 1.45 360.7 100.0 1.45 360.7 100.0 1.45 359.1 100.0 1.43 355.5 
14.00 110.0 0.315 110.0 1.53 385.1 110.0 1.53 385.1 110.0 1.52 383.8 110.0 1.51 378.9 
14.00 112.0 0.315 115.5 1.58 400.7 116.0 1.58 401.5 117.0 1.58 403.0 120.0 1.59 403.8 
14.00 - - - - - - - - - - - 123.5 1.62 - 
16.67 90.0 0.315 90.0 1.59 403.4 90.0 1.59 403.4 90.0 1.57 399.5 90.0 1.56 395.6 
16.67 98.5 0.315 100.0 1.68 - 100.0 1.68 - 100.0 1.68 - 100.0 1.66 - 
16.67   106.0 1.73 - 107.0 1.74 - 110.0 1.76 - 110.0 1.74 - 
16.67 - - - - - - - - - - - 117.0 1.81 - 
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Figure A.9  Comparison of Transverse Shear Reinforcement Area  
(Strand Diameter 0.6 in.) 
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Figure A.10  Comparison of Interface Shear Reinforcement Area  
(Strand Diameter 0.6 in.) 
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Figure A.11  Comparison of Camber (Strand Diameter 0.6 in.) 
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APPENDIX B 

DETAILED DESIGN EXAMPLES FOR INTERIOR TEXAS U54 

PRESTRESSED CONCRETE BRIDGE GIRDER DESIGN USING 

AASHTO STANDARD AND LRFD SPECIFICATIONS 
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B.1  Interior Texas U54 Prestressed Concrete Bridge Girder Design using AASHTO 

Standard Specifications
 
 
 

B.1.1 
INTRODUCTION 

 
 
 
 
 
 
 
 

B.1.2 
DESIGN 

PARAMETERS  
 

 
 
 
 
Following is a detailed design example showing sample calculations 
for design of a typical interior Texas precast, prestressed concrete 
U54 girder supporting a single span bridge. The design is based on 
the AASHTO Standard Specifications for Highway Bridges 17th 
Edition 2002. The recommendations provided by the TxDOT Bridge 
Design Manual (TxDOT 2001) are considered in the design. The 
number of strands and concrete strength at release and at service 
are optimized using the TxDOT methodology. 
 

 

The bridge considered for design example has a span length of 110 ft. 
(c/c abutment distance), a total width of 46 ft. and total roadway width 
of 44 ft. The bridge superstructure consists of four Texas U54 girders 
spaced 11.5 ft. center-to-center designed to act compositely with an 8 in. 
thick cast-in-place (CIP) concrete deck as shown in Figure B.1.2.1. The 
wearing surface thickness is 1.5 in., which includes the thickness of any 
future wearing surface. T501 type rails are considered in the design. 
AASHTO HS20 is the design live load. The relative humidity (RH) of 
60 percent is considered in the design. The bridge cross-section is shown 
in Figure B.1.2.1.  

 

 

T501 
Barrier

Texas U54 Beam

3 Spaces @ 11'-6" c/c = 34'-6"5'-9" 5'-9"

1'-5" 8"

Prestressed Precast 
Concrete Panels 5'-11.5"x4"

Prestressed Precast 
Concrete Panels 4'-4"x4"

Total Bridge Width = 46'-0"

1'-0" (from the nominal face of the barrier)

Total Roadway Width = 44'-0" de = 2'-0.75"

 
Figure B.1.2.1  Bridge Cross-Section Details.
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B.1.3 
MATERIAL 

PROPERTIES 
 

The design span and overall girder length are based on the following 
calculations. Figure B.1.2.2 shows the girder end details for Texas 
U54 girders. It is clear that the distance between the centerline of the 
interior bent and end of the girder is 3 in.; and the distance between the 
centerline of the interior bent and the centerline of the bearings is 9.5 
in. 

 

Figure B.1.2.2  Girder End Detail for Texas U54 Girders 
(TxDOT 2001). 

 
Span length (c/c abutments) = 110 ft.–0 in. 
 From Figure B1.2.2. 

Overall girder length = 110 ft. – 2(3 in.) = 109 ft.–6 in. 

Design span = 110 ft. – 2(9.5 in.) = 108 ft.–5 in.  

  = 108.417 ft. (c/c of bearing) 

 
Cast-in-place slab:  

Thickness ts = 8.0 in. 

Concrete Strength at 28-days, cf ′  = 4000 psi 

Unit weight of concrete = 150 pcf 

 
Wearing surface: 

Thickness of asphalt wearing surface (including any future wearing 
surfaces), tw = 1.5 in. 
 
Unit weight of asphalt wearing surface = 140 pcf  
  [TxDOT recommendation] 
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B.1.4 
CROSS-SECTION 

PROPERTIES FOR A 
TYPICAL INTERIOR 

GIRDER 
 
 

B.1.4.1 
Non-Composite 

Section 
 

Precast girders: Texas U54 girder  

Concrete strength at release, cif ′  = 4000 psi* 

Concrete strength at 28 days, cf ′= 5000 psi* 

Concrete unit weight, wc = 150 pcf 

(*This value is taken as an initial estimate and will be finalized 
based on most optimum design) 

 

Prestressing strands: ½ in. diameter: seven wire low-relaxation 

 Area of one strand = 0.153 in.2 

 Ultimate stress, sf ′= 270,000 psi 

 Yield strength, yf  = 0.9 sf ′= 243,000 psi       [STD Art. 9.1.2] 

Initial pretensioning, sif  = 0.75 sf ′  

  = 202,500 psi          [STD Art. 

9.15.1] 

Modulus of elasticity, Es = 28,000 ksi [STD Art. 9.16.2.1.2] 

 

Non-prestressed reinforcement:  

    Yield strength, yf  = 60,000 psi 

 

Traffic barrier: 
            T501 type barrier weight = 326 plf /side 

 

 

 

 

The section properties of a Texas U54 girder as described in the 
TxDOT Bridge Design Manual (TxDOT 2001) are provided in Table 
B.1.2.1. The strand pattern and section geometry are shown in Figures 
B.1.2.3 
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C
F

G

H
D

E

KJ 55"

211
2"

251
4"85

8"

153
4"

13
4"

7
8"

57
8"

5"

81
4"

1.97"26 spa. at 1.97"1.97"

  2.17"

10 spa. at 1.97"

Beam 
Centerline

 
 

      Figure B.1.2.3  Typical Section and Strand Pattern of Texas U54 Girders 
(TxDOT 2001). 

 
 

Table B.1.2.1  Section Properties of Texas U54 girders (Adapted from TxDOT 
Bridge Design Manual (TxDOT 2001)). 

C D E F G H J K yt yb Area I Weight

in.  in.  in.  in.  in.  in.  in.  in. in. in. in2. in4
. plf 

96 54 47.25 64.5 30.5 24.125 11.875 20.5 31.58 22.36 1120 403,020 1167 

 Note: Notations as used in Figure B.1.2.3.
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
where:  

I = Moment of inertia about the centroid of the non-composite 
precast girder, in.4 

 
yb = Distance from centroid to the extreme bottom fiber of the non-

composite precast girder, in. 
  
yt = Distance from centroid to the extreme top fiber of the non-

composite precast girder, in. 
 
Sb = Section modulus referenced to the extreme bottom fiber of the 

non-composite precast girder, in.3 
 = I/ yb = 403,020/22.36 = 18,024.15 in.3 
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B.1.4.2 
Composite 

Section 
B.1.4.2.1 

Effective Flange 
Width 

St = Section modulus referenced to the extreme top fiber of the 
non-composite precast girder, in.3 

 = I/yt = 403,020/31.58 = 12,761.88 in.3  
 

 

[STD Art. 9.8.3] 
The Standard Specifications do not give specific guidelines 
regarding the calculation of effective flange width for open box 
sections. Following the LRFD recommendations, the effective 
flange width is determined as though each web is an individual 
supporting element. Thus, the effective flange width will be 
calculated according to guidelines of the Standard Specifications 
Art. 9.8.3 as below and Figure B.1.4.1 shows the application of 
this assumption. 
 

The effective web width of the precast girder is lesser of: 

   [STD Art. 9.8.3.1] 

 be = Top flange width = 15.75 in.

        or, be = 6× (flange thickness) + web thickness + fillets 

     = 6× (5.875 in. + 0.875 in.) + 5.00 in. + 0 in.   = 45.5 in. 

 

 

The effective flange width is lesser of:             [STD Art. 9.8.3.2] 

• 1/4 effective girder span length = 
108.417 ft. (12 in./ft.)

4
  

   = 325.25 in. 
 
• 6× (Slab thickness on each side of the effective web width) + 

effective girder web width = 6× (8.0 in.+8.0 in.) + 15.75 in.  
 = 111.75 in.    
                                          
• One-half the clear distance on each side of the effective web 

width plus the effective web width: 
=0.5× (4.0625 ft.+ 4.8125 ft.) + 1.3125 ft.  

= 69 in. = 5.75 ft.   (controls) 
 
For the entire U-girder the effective flange width is 2× (5.75 ft.× 12)  
 = 138 in. = 11.5 ft. 
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5'-9"

Effective web width

4'-03
4" 4'-93

4"

11'-6"

57
8"

1'-35
8"

1'-33
4"

One-half the clear distance each side of the effective web 
width + the effective web width

Clear distance on the
other side of the web

Clear distance on 
one side of the web

5'-9"

8"

 
Figure B.1.4.1  Effective Flange Width Calculation. 

 

B.1.4.2.2 
Modular Ratio 
Between Slab 

and Girder 
Concrete 

 
 
 
 
 
 
 

B.1.4.2.3 
Transformed 

Section 
Properties 

 

Following the TxDOT Design recommendation, the modular ratio 
between the slab and girder materials is taken as 1 

n = 
 

 

for slab
for beam

c

c

E
E

⎛ ⎞
⎜ ⎟
⎝ ⎠

 = 1 

where: 

n =  Modular ratio 

Ec = Modulus of elasticity of concrete (ksi) 

 

Figure B.1.4.2 shows the composite section dimensions and Table 
B.1.2.2 shows the calculations for the transformed composite 
section. 
 

Transformed flange width = n × (effective flange width) = 1(138 in)  

            = 138 in. 

Transformed Flange Area = n × (effective flange width) (ts)  
 = 1 (138 in.) (8 in.) = 1104 in.2 
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Table B.1.2.2  Properties of Composite Section. 

 

Transformed Area 
in.2 

yb 
in. 

A yb 
in. 

A(ybc - yb)2

in.4 
I 

in.4 

I+A(ybc- yb)2 
in.4 

Girder 1120 22.36 25,043.2 350,488.43 403,020 753,508.43 
Slab 1104 58 64,032 355,711.56 5888 361,599.56 
∑ 2224  89,075.2   1,115,107.99 

 

c.g. of composite section
5'-2"

4'-6"
3'-4"

11'-6"
8"

Precast PanelsCast-in-place Deck Slab

 
Figure B.1.4.2  Composite Section. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Ac  = Total area of composite section = 2224 in.2 

hc  = Total height of composite section = 62 in.  

Ic  = Moment of inertia about the centroid of the composite section  
 = 1,115,107.99 in.4 

ybc = Distance from the centroid of the composite section to extreme 
 bottom fiber of the precast girder = 89,075.2/ 2224 = 40.05 in. 

ytg  = Distance from the centroid of the composite section to extreme top 
 fiber of the precast girder = 54 – 40.05 = 13.95 in. 

ytc  = Distance from the centroid of the composite section to extreme top 
 fiber of the slab =  62 – 40.05  = 21.95 in. 

Sbc   = Composite section modulus referenced to the extreme bottom fiber 
 of the precast girder = Ic/ybc = 1,115,107.99 / 40.05 = 27,842.9in.3 

Stg   = Composite section modulus referenced to the top fiber of the 
 precast girder  
  = Ic/ytg = 1,115,107.99 / 13.95 = 79,936.06 in.3 

Stc   = Composite section modulus referenced to the top fiber of the slab 
  = Ic/ytc = 1,115,107.99 / 21.95 = 50,802.19 in.3 
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B.1.5 
SHEAR FORCES 
AND BENDING 

MOMENTS 
B.1.5.1 

Shear Forces 
and Bending 

Moments due 
to Dead Loads 

B.1.5.1.1 
Dead Loads 

B.1.5.1.1.1 
Due to Girder 

Self-weight 
 

B.1.5.1.1.2 
Due to Deck 

Slab 
 
 
 

B.1.5.1.1.3 
Due to 

Diaphragm 
 

 
 

 
 

 

The self-weight of the girder and the weight of slab act on the non-
composite simple span structure, while the weight of barriers, future 
wearing surface, and live load plus impact act on the composite 
simple span structure. 
 

Self-weight of the girder = 1.167 kips/ft.   [TxDOT Bridge Design 
Manual (TxDOT 2001)] 

 

 
Weight of the CIP deck and precast panels on each girder  

= 
8 in. 138 in.

(0.150 kcf)
12 in./ft. 12 in./ft.
⎛ ⎞⎛ ⎞
⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠

 

                              = 1.15 kips/ft. 

 
The TxDOT Bridge Design Manual (TxDOT 2001) requires two interior 
diaphragms with U54 girders, located as close as 10 ft. from the midspan 
of the girder. Shear forces and bending moment values in the interior 
girder can be calculated using the following equations. The arrangement of 
diaphragms is shown in Figure B.1.5.1. 
 

For   x = 0 ft. – 44.21 ft. 
 Vx = 3  kips Mx = 3x  kips 

For   x = 44.21 ft. – 54.21 ft. 
 Vx = 0  kips Mx = 3x – 3(x - 44.21)  kips 

 

3 kips
20'

44' - 2.5"
64' - 2.5"

108' - 5"

3 kips

 

Figure B.1.5.1  Location of Interior Diaphragms on a Simply 
Supported Bridge Girder. 
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B.1.5.1.1.4 
Due to 

Haunch 
 
 
 
 
 

B.1.5.1.2 
Superimposed 

Dead Load 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

B.1.5.1.3 
Unfactored 

Shear Forces 
and Bending 

Moments 

For U54 bridge girder design, TxDOT Bridge Design Manual (TxDOT 
2001) accounts for haunches in designs that require special geometry and 
where the haunch will be large enough to have a significant impact on the 
overall girder.  Because this study is for typical bridges, a haunch will not 
be included for U54 girders for composite properties of the section and 
additional dead load considerations. 
 
 
The TxDOT Bridge Design Manual (TxDOT 2001) recommends that 1/3 
of the rail dead load should be used for an interior girder adjacent to the 
exterior girder. 
Weight of T501 rails or barriers on each interior girder = 

326 plf /1000

3
⎛ ⎞
⎜ ⎟
⎝ ⎠

  

              = 0.109 kips/ft./interior girder 

The dead loads placed on the composite structure are distributed 
equally among all girders   [STD Art. 3.23.2.3.1.1 & TxDOT Bridge 
Design Manual (TxDOT 2001)]. 

Weight of 1.5 in. wearing surface = 
( ) ( )1.5 in.
0.140 pcf 44 ft.

12 in./ft.
4 beams

⎛ ⎞
⎜ ⎟
⎝ ⎠  

   = 0.193 kips/ft. 
Total superimposed dead load = 0.109 + 0.193 = 0.302 kip/ft.  

 

Shear forces and bending moments in the girder due to dead loads, 
superimposed dead loads at every tenth of the span and at critical sections 
(midspan and h/2) are shown in this section. The bending moment (M) and 
shear force (V) due to dead loads and super imposed dead loads at any 
section at a distance x are calculated using the following expressions. 
 

M = 0.5 w x (L - x) 

V = w (0.5L - x) 

Critical section for shear is located at a distance h/2 = 62/2 = 31 in.  
   = 2.583 ft. 

 

The shear forces and bending moments due to dead loads and 
superimposed dead loads are shown in Tables B.1.5.1 and B.1.5.2. 
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Table B.1.5.1  Shear Forces due to Dead Loads. 
Non-Composite Dead Load Superimposed 

Dead Loads Distance 
 
 
 
x 

Section 
 
 
 

x/L 

Girder 
Weight 

 
Vg 

Slab 
Weight 

 
Vslab 

Diaphram 
Weight 

 
Vdia 

Barrier 
Weight

 
Vb 

Wearing 
Surface 
Weight 

Vws 

Total  
Dead  
Load 
Shear  
Force 

ft.  kips kips kips kips kips kips 

 0.000 0.000 63.26 62.34 3.00 5.91 10.46 144.97 
 2.583 0.024 60.25 59.37 3.00 5.63 9.96 138.21 
10.842 0.100 50.61 49.87 3.00 4.73 8.37 116.58 
21.683 0.200 37.96 37.40 3.00 3.55 6.28 88.19 
32.525 0.300 25.30 24.94 3.00 2.36 4.18 59.78 
43.367 0.400 12.65 12.47 3.00 1.18 2.09 31.39 
54.209 0.500 0.00 0.00 0.00 0.00 0.00 0.00 

 
Table B.1.5.2  Bending Moments due to Dead loads. 

Non-Composite Dead Load Superimposed Dead 
Loads Distance 

 
 
 
x 

Section 
 
 
 

x/L 

Girder 
Weight 

 
Mg 

Slab 
Weight 

 
Mslab 

Diaphram 
Weight 

 
Mdia 

Barrier  
Weight 

 
Mb 

Wearing 
Surface 
Weight 

Mws 

Total 
Dead 
Load 

Bending  
Moment 

ft.  k-ft. k-ft. k-ft. k-ft. k-ft. k-ft. 

 0.000 0.000 0.00  0.00   0.00     0.00    0.00      0.00 
 2.583 0.024 159.51 157.19   7.75   14.90  26.38   365.73 

10.842 0.100 617.29 608.30 32.53   57.66 102.09 1417.87 
21.683 0.200 1097.36 1081.38 65.05 102.50 181.48 2527.77 
32.525 0.300 1440.30 1419.32 97.58 134.53 238.20 3329.93 
43.367 0.400 1646.07 1622.09 130.10 153.75 272.23 3824.24 
54.209 0.500 1714.65 1689.67 132.63 160.15 283.57 3980.67 

 

B.1.5.2 
Shear Forces 
and Bending 

Moments due 
to Live Load 

B.1.5.2.1 
Due to Truck 

Load, VLT and 
MLT 

 
 
 
 
 

[STD Art. 3.7.1.1] 
The AASHTO Standard Specifications requires the live load to be taken as 
either HS20 truck loading or lane loading, whichever yields greater 
moments. The maximum shear force VT and bending moment MT due to   
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B.1.5.2.2 
Due to Lane 

Load, VL and 
ML  

 

HS20 truck load on a per-lane-basis are calculated using the following 
equations as given in the PCI Design Manual (PCI 2003).  
 

Maximum undistributed bending moment, 
For x/L = 0 – 0.333 

MT = 
72( )[(  -  ) -  9.33]x L x

L
 

For x/L = 0.333 – 0.5 

MT = 
72( )[(  -  ) -  4.67]

-  112
x L x

L
 

 
Maximum undistributed shear force,  
For x/L = 0 – 0.5 

VT = 
72[(  -  ) -  9.33]L x

L
 

where: 

 x  = Distance from the center of the bearing to the section at 
which bending moment or shear force is calculated, ft. 

 

 L  =  Design span length = 108.417 ft. 

 MT = Maximum undistributed bending moment due to HS-20 
truck loading 

 

VT = Maximum undistributed shear force due to HS-20 truck 
loading  

 
The maximum undistributed bending moments and maximum 
undistributed shear forces due to HS-20 truck load are calculated at 
every tength of the span and at critical section for shear. The values 
are presented in Table B.1.5.3. 

 
 
The maximum bending moments and shear forces due to uniformly 
distributed lane load of 0.64 kip/ft. are calculated using the following 
equations as given in the PCI Design Manual (PCI 2003). 
 
Maximum undistributed bending moment, 

( )(  -  )
 0.5( )( )( - )L

P x L x
w x L x

L
M +=  

Maximum undistributed Shear Force,  

   
(  -  )

 ( )(  -  )
2L

Q L x L
w x

L
V +=  

where: 
 x = Section at which bending moment or shear force is calculated 
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B1.5.3 
Distributed 
Live Load 

Bending and 
Shear  

 
 
 
 
 
 
 
 
 
 

B.1.5.3.1 
Live Load 

Distribution 
Factor for a 

Typical Interior 
Girder 

 

 

 

 

 
 
 
 

L = Span length = 108.417 ft. 

P = Concentrated load for moment = 18 kips 

 Q = Concentrated load for shear = 26 kips

 w = Uniform load per linear foot of load lane = 0.64 klf 

 
The maximum undistributed bending moments and maximum 
undistributed shear forces due to HS-20 lane loading are calculated at 
every tenth of the span and at critical section for shear. The values are 
presented in Table B.1.5.3. 
 
 
 
Distributed live load shear and bending moments are calculated by 
multiplying the distribution factor and the impact factor as follows 
 
Distributed bending moment, MLL+I  

 MLL+I = (bending moment per lane) (DF) (1+I) 

Distributed Shear Force, VLL+I  

 VLL+I = (shear force per lane) (DF) (1+I) 

where:  

 DF = Distribution factor  

 I = Live load Impact factor 

As per recommendation of the TxDOT Bridge Design Manual 
(TxDOT 2001), the live load distribution factor for moment for a 
precast prestressed concrete U54 interior girder is given by the 
following expression. 

  = = 
11

11.5
= 1.045 per truck/lane

11
mom

S
DF    [TxDOT 2001] 

where:  

S = Average interior girder spacing measured between girder 

centerlines (ft.) 

The minimum value of DFmom is limited to 0.9. 
 
For simplicity of calculation and because there is no significant difference, 
the distribution factor for moment is used also for shear as recommended 
by TxDOT Bridge Design Manual (TxDOT 2001)  
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B.1.5.3.2 
Live Load 

Impact Factor 

The maximum distributed bending moments and maximum distributed 
shear forces due to HS-20 truck and HS-20 lane loading are calculated at 
every tenth of the span and at critical section for shear. The values are 
presented in Table B.1.5.3. 
 
 
 
The live load impact factor is given by the following expression 

50
 =

+ 125
I

L
where: 

I = Impact fraction to a maximum of 30 percent 

L = Span length (ft.) = 108.417 ft.

50
 =

108.417 + 125
I  = 0.214 

 
Impact for shear varies along the span according to the location of 

the truck but the impact factor computed above is used for simplicity 

 
 

Table B.1.5.3  Shear Forces and Bending Moments due to Live loads. 
Live Load + Impact 

HS 20 Truck Loading (controls) HS20 Lane Loading 
Undistributed Distributed Undistributed Distributed 

Distance 
 
 
x 

Section
 
 

x/L Shear Moment Shear Moment Shear Moment Shear Moment
ft.  kips k-ft. kips k-ft. kips k-ft. kips k-ft. 

0.000 0.000 65.80 0.00 83.52 0.00 34.69 0.00 36.27 0.00 
2.583 0.024 64.09 165.54 81.34 210.10 33.06 87.48 34.56 91.45 

10.842 0.100 58.60 635.38 74.38 806.41 28.10 338.53 29.38 353.92 
21.683 0.200 51.40 1114.60 65.24 1414.62 22.20 601.81 23.21 629.16 
32.525 0.300 44.20 1437.73 56.10 1824.74 17.00 789.88 17.77 825.78 
43.370 0.400 37.00 1626.98 46.96 2064.93 12.49 902.73 13.06 943.76 
54.210 0.500 29.80 1671.37 37.83 2121.27 8.67 940.34 9.07 983.08 
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B.1.5.4 
Load 

Combinations 
 
 
 
 
 
 
 
 
 
 
 

B.1.6 
ESTIMATION 

OF REQUIRED 
PRESTRESS 

B.1.6.1 
Service load 

Stresses at 
Midspan 

 

[STD Art. 3.22] 
  

[STD Table 3.22.1A] 
For service load design (Group I): 1.00 D + 1.00(L+I)         

where:  

 D = Dead load  

 L  = Live load 

 I  = Impact factor 

 [STD Table 3.22.1A] 

For load factor design (Group I): 1.3[1.00D + 1.67(L+I)]     

 

 

 

 
 
The preliminary estimate of the required prestress and number of strands is 
based on the stresses at midspan. 
 
Bottom tensile stresses at midspan due to applied loads  

    g S SDL LL I
b

b bc

M M M Mf
S S

++ +
= +  

 

Top tensile stresses at midspan due to applied loads 

    g S SDL LL I
t

t tg

M M M Mf
S S

++ +
= +  

where: 
fb  = Concrete stress at the bottom fiber of the girder (ksi). 

ft  = Concrete stress at the top fiber of the girder (ksi). 

Mg  = Unfactored bending moment due to girder self-weight 
 (k-ft.). 

MS  = Unfactored bending moment due to slab, diaphragm 
 weight (k-ft.). 

MSDL  = Unfactored bending moment due to super imposed dead 
  load (k-ft.). 

MLL+I  = Factored bending moment due to super imposed dead 
load (k-ft.). 
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B.1.6.2 
Allowable 
Stress Limit 

 
 
 
 

B.1.6.3 
Required 

Number of 
Strands  

Substituting the bending moments and section modulus values, 
bottom tensile stress at mid span is: 
 

fb = (1714.64 + 1689.66+132.63)(12) (443.72 + 2121.27)(12)
+ 

18024.15 27842.9
  

    = 3.46 ksi 
 

ft =
(1714.64 + 1689.66+132.63)(12) (443.72 + 2121.27)(12)

+ 
12761.88 79936.06

  

    =  3.71 ksi 
 

 
At service load conditions, allowable tensile stress is 

Fb = 6 cf ′ = 
1

6 5000
1000
⎛ ⎞
⎜ ⎟
⎝ ⎠

 = 0.424 ksi    [STD Art. 9.15.2.2] 

 

Required precompressive stress in the bottom fiber after losses: 

Bottom tensile stress – allowable tensile stress at final = fb – F b 

= 3.46 – 0.424 = 3.036 ksi 

Assuming the distance from the center of gravity of strands to the bottom 
fiber of the girder is equal to ybs = 2 in. 
  
Strand eccentricity at midspan: 

 ec = yb – ybs = 22.36 – 2 = 20.36 in. 

Bottom fiber stress due to prestress after losses: 

 fb = 
se se c

b

P P e
A S

+   

where:  

 Pse = Effective pretension force after all losses 

20.36  
3.036 = +

1120 18024.15
se seP P

 

 

Solving for Pse we get, 

 Pse = 1501.148 kips 
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 Assuming final losses = 20 percent of fsi 

Assumed final losses = 0.2(202.5 ksi) = 40.5 ksi 

 

The prestress force per strand after losses: 

Pse  = (cross-sectional area of one strand) [fsi – losses] 

Pse = 0.153(202.5 – 40.5] = 24.786 kips 

Number of strands required = 1500.159/24.786 = 60.56  

 

 

Try 62 – ½ in. diameter, 270 ksi strands 

Strand eccentricity at midspan after strand arrangement 

ec  = 
27(2.17)+27(4.14)+8(6.11)

22.36 - 
62

 = 18.934 in. 

Pse = 62(24.786) = 1536.732 kips 

fb   = 
1536.732 18.934(1536.732)

 + 
1120 18024.15

  

     =  1.372 + 1.614 = 2.986 ksi < fb reqd. = 3.034 ksi 

 

 

Try 64 – ½ in. diameter, 270 ksi strands 

Strand eccentricity at midspan after strand arrangement 

ec = 
27(2.17)+27(4.14)+10(6.11)

22.36 - 
64

 = 18.743 in. 

Pse = 64(24.786) = 1586.304 kips 

fb = 
1586.304 18.743(1586.304  )

 + 
1120 18024.15

  

     =  1.416 + 1.650 = 3.066 ksi > fb reqd. = 3.036 ksi 

 

Therefore, use 64 strands 
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Number of                   Distance               
                Strands                 from bottom 

                                        (in.) 

      27                              2.17 

      27                              4.14 

      10                              6.11

2.17"
1.97"26 spa. at 1.97"1.97"

Strands shall 
be symmertic 
about the 
centerline

1.97"
1.97"

 
Figure B.1.6.1  Initial Strand Pattern.

 
B.1.7 

PRESTRESS 
LOSSES 

 

 
 

 [STD Art. 9.16.2] 

Total prestress losses = SH + ES + CRC + CRS              [STD Eq. 9-3] 

where: 

 SH = Loss of prestress due to concrete shrinkage. 

 EC = Loss of prestress due to elastic shortening. 

 CRC = Loss of prestress due to creep of concrete. 

 CRS = Loss of prestress due to relaxation of prestressing steel. 

 

Number of strands = 64 

 
A number of iterations will be performed to arrive at the optimum values 
of cf ′ and cif ′  
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B.1.7.1 
Iteration 1 

B.1.7.1.1 
Shrinkage 

 
 
 

B.1.7.1.2 
Elastic 

Shortening 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B.1.7.1.3 
Creep of 

Concrete 
 

                                                                              [STD Art. 9.16.2.1.1] 

 
SH = 17,000 – 150 RH  
where RH is the relative humidity = 60 percent 

SH = [17000 – 150(60)]
1

1000
 = 8 ksi 

 

ES = 
s

ci
cir

E f
E

where:  
  

fcir = Average concrete stress at the center of gravity of the 
prestressing steel due to pretensioning force and dead load of 
girder immediately after transfer 

      = 
2

 (  )   -  si si c g cP P e M e
A I I

+  

 
Psi  = Pretension force after allowing for the initial losses, assuming 

8 percent initial losses = (number of strands)(area of each 
strand)[0.92(0.75 sf ′ )] 

    = 64(0.153)(0.92)(0.75)(270) = 1824.25 kips 
 

Mg = Unfactored bending moment due to girder self weight  
= 1714.64 k-ft. 

ec = Eccentricity of the strand at the midspan = 18.743 in. 

 

fcir = 
21824.25 1824.25 (18.743) 1714.64(12)(18.743)

 +  - 
1120 403020 403020

 

     = 1.629 + 1.590 – 0.957 = 2.262 ksi 

Assuming cif ′  = 4000 psi 

Eci = (150)1.5(33) 4000  
1

1000
 = 3834.254 ksi       [STD Eq. 9-8] 

ES =  
28000

3834.254
 (2.262) = 16.518 ksi      

                                                                         

[STD Art. 9.16.2.1.3] 

CRC = 12fcir – 7fcds 

where:  
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B.1.7.1.4 
Relaxation of 

Prestressing 
Steel 

 

fcds = Concrete stress at the center of gravity of the prestressing steel 
due to all dead loads except the dead load present at the time 
the pretensioning force is applied (ksi) 

 = 
  (  -  )  S c SDL bc bs

c

M e M y y
I I

+  

 
where:  

MS = Moment due to slab and diaphragm = 1822.29 k-ft. 

MSDL = Superimposed dead load moment = 443.72 k-ft. 

ybc = 40.05 in. 

ybs = Distance from center of gravity of the strand at midspan to 
the bottom of the girder  

 = 22.36 – 18.743 = 3.617 in. 

I = Moment of inertia of the non-composite section 
 = 403,020 in.4 

Ic = Moment of inertia of composite section  
 = 1,115,107.99 in.4 

 

 fcds = 
1822.29(12)(18.743)  (443.72)(12)(40.05 - 3.617)

 +
403020 1115107.99

 

       = 1.017 + 0.174 = 1.191 ksi 

 

 CRC = 12(2.262) – 7(1.191) = 18.807 ksi 

 

 

      [STD Art. 9.16.2.1.4] 

For pretensioned members with 270 ksi low-relaxation strand 

CRS = 5000 – 0.10 ES – 0.05(SH + CRC)                     [STD Eq. 9-10A] 

       = [5000 – 0.10(16518) – 0.05(8000 + 18807)]
1

1000
⎛ ⎞
⎜ ⎟
⎝ ⎠

  

  = 2.008ksi 

  
The PCI Bridge Design Manual (PCI 2003) considers only the elastic 
shortening loss in the calculation of total initial prestress loss. Whereas, 
the TxDOT Bridge Design Manual (TxDOT 2001)  
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 recommends that 50 percent of the final steel relaxation loss shall also be 
considered for calculation of total initial prestress loss given as [elastic 
shortening loss + 0.50(total steel relaxation loss)]. Based on the TxDOT 
Bridge Design Manual (TxDOT 2001) recommendations, the initial 
prestress loss is calculated as follows. 
 

Initial prestress loss = ( 0.5 )100
0.75 s

ES CRs
f

+
′

   

= 
[16.518+0.5(2.008)]100

0.75(270)
 

= 8.653 percent > 8 percent (assumed initial prestress 
losses) 

 
 

Therefore, next trial is required assuming 8.653 percent initial losses. 

The change in initial prestress loss will not affect the prestress loss 
due to concrete shrinkage. Therefore, the next trials will involve 
updating the losses due to elastic shortening, steel relaxation and 
creep of concrete. 
 
Loss in prestress due to elastic shortening 

ES = 
s

ci
cir

E f
E

 

 
where:  

fcir = 
2

 ( )    -  si si c g cP P e M e
A I I

+  

Psi = Pretension force after allowing for the initial losses, assuming 
8.653 percent initial losses = (number of strands)(area of each 
strand)[0.9135(0.75 sf ′ )] 

     = 64(0.153)(0.9135)(0.75)(270) = 1811.3 kips 
 
Mg = Unfactored bending moment due to girder self-weight  
 = 1714.64 k-ft. 

ec  = Eccentricity of the strand at the midspan = 18.743 in. 

fcir = 
21811.3 1811.3(18.743) 1714.64(12)(18.743)

 +  - 
1120 403020 403020

 

     = 1.617 + 1.579 – 0.957 = 2.239 ksi 

Assuming cif ′  = 4000 psi 
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Eci = (150)1.5(33) 4000  

1
1000

 = 3834.254 ksi 

ES = 
28000

3834.254
(2.239) = 16.351 ksi 

 
 
Loss in prestress due to creep of concrete 

CRC = 12fcir – 7fcds 

 
The value of fcds is independent of the initial prestressing force value and 
will be same as calculated B.1.7.1.3. 
 
Therefore, fcds = 1.191 
 
CRC = 12(2.239) – 7(1.191) = 18.531 ksi. 
 
Loss in prestress due to relaxation of steel 
 
CRS = 5000 – 0.10 ES – 0.05(SH + CRC) 

       = [5000 – 0.10(16351) – 0.05(8000 + 18531)]
1

1000
⎛ ⎞
⎜ ⎟
⎝ ⎠

 = 2.038 ksi 

Initial prestress loss = 
( 0.5 )100

0.75 s

ES CRs
f

+
′

   

= 
[16.351+0.5(2.038)]100

0.75(270)
  

= 8.578 percent <  8.653 percent (assumed initial 
prestress losses) 
        
Therefore, next trial is required assuming 8.580 percent initial losses 
 
Loss in prestress due to elastic shortening 

ES = 
s

ci
cir

E f
E

 

where:  

fcir  = 
2

 ( )    -  si si c g cP P e M e
A I I

+  

Psi  = Pretension force after allowing for the initial losses, assuming 
8.580 percent initial losses 

= (number of strands)(area of each strand)[0.9142 (0.75 sf ′ )] 

 = 64(0.153)(0.9142)(0.75)(270) = 1812.75 kips 
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B.1.7.1.5 
Total Losses at 

Transfer 
 
 
 
 
 

B.1.7.1.6 
Total Losses at 
Service Loads 

fcir = 
21812.75 1812.75(18.743) 1714.64(12)(18.743)

 +  - 
1120 403020 403020

 

     = 1.619 + 1.580 – 0.957 = 2.242 ksi 

Assuming cif ′ = 4000 psi 

Eci = (150)1.5(33) 4000  
1

1000
 = 3834.254 ksi

ES =  
28000

3834.254
 (2.242) = 16.372 ksi 

 

Loss in prestress due to creep of concrete 

CRC = 12fcir – 7fcds  

fcds = 1.191 

CRC = 12(2.242) – 7(1.191) = 18.567 ksi. 

 

 

Loss in prestress due to relaxation of steel 

CRS = 5000 – 0.10 ES – 0.05(SH + CRC) 

       = [5000 – 0.10(16372) – 0.05(8000 + 18567)]
1

1000
⎛ ⎞
⎜ ⎟
⎝ ⎠

 = 2.034 ksi 

Initial prestress loss = ( 0.5 )100
0.75 s

ES CRs
f

+
′

   

= 
[16.372+0.5(2.034)]100

0.75(270)
 = 8.587 percent ≈ 8.580 percent (assumed 

initial prestress losses) 
 

 

Total initial losses = ( 0.5 )SES CR+  = [16.372+0.5(2.034)] = 17.389 ksi 

fsi = Effective initial prestress = 202.5 – 17.389 = 185.111 ksi 

Psi = Effective pretension force after allowing for the initial losses 

      = 64(0.153)(185.111) = 1812.607 kips 

 

 

SH  = 8 ksi 
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B.1.7.1.7 
Final Stresses 

at Midspan 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 

ES  = 16.372 ksi 

CRC  = 18.587 ksi 

CRS  = 2.034 ksi 

Total final losses = 8 + 16.372 + 18.587 + 2.034 = 44.973 ksi 

or 
44.973(100)
0.75(270)

 =22.21 percent 

fse  = Effective final prestress = 0.75(270) – 44.973 = 157.527 ksi 

Pse  = 64(0.153)( 157.527) = 1542.504 kips 

 

 

Final stress in the bottom fiber at midspan: 

fbf = 
 se se c

b
b

P P e
A S

f+ −   

fbf = 
1542.504 18.743(1542.504 )

 + 
1120 18024.15

 - 3.458 

= 1.334 + 1.554 - 3.458 = -0.57 ksi    >  -0.424 ksi 

 

Therefore, try 66 strands  

ec = 22.36 - 
27(2.17) + 27(4.14) + 12(6.11)

66
 = 18.67 in. 

Pse = 66(0.153)(157.527) = 1590.708 kips 

fbf = 
1590.708 18.67(1590.708 )

+ 3.458
1120 18024.15

−   

= 1.42 + 1.648 - 3.458 = -0.39 ksi   <   -0.424 ksi

 

Therefore, use 66 strands 

 

 

Final concrete stress at the top fiber of the girder at midspan, 

ftf = 
se se c

t

P P e
A S
−  + ft  =  

1590.708 18.67(1590.708 )
 - 

1120 12761.88
 + 3.71  

    = 1.42 – 2.327 + 3.71 = 2. 803 ksi 
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B.1.7.1.8 
Initial Stresses 

at End 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 

B.1.7.1.9 
Debonding of 

Strands and 
Debonding 

Length 
 
 
 
 

 

Initial concrete stress at top fiber of the girder at girder end 

   -   si si c g
ti

t t

P P e
A S

Mf
S

= +   

where: 

Psi  = 66(0.153)(185.111) = 1869.251 kips 

Mg  = Moment due to girder self weight at girder end = 0 k-ft. 

fti  = 
1869.251 18.67(1869.251)

 - 
1120 12761.88

  

     = 1.669 – 2.735 = -1.066 ksi 

Tension stress limit at transfer is 7.5 cif ′

Therefore, cif ′  reqd. = 
2

1066
7.5

⎛ ⎞
⎜ ⎟
⎝ ⎠

 = 20,202 psi 

Initial concrete stress at bottom fiber of the girder at girder end 

    -  si si c g
bi

b b

P P e
A S

Mf
S

= +   

fbi = 
1869.251 18.67(1869.251)

 + 
1120 18024.15

 

    =1.669 + 1.936 = 3.605 ksi 

Compression stress limit at transfer is 0.6 cif ′

Therefore, cif ′  reqd. = 
3605
0.6

 = 6009 psi 

 
The calculation for initial stresses at the girder end show that 
preliminary estimate of 4000 psicif ′ = is not adequate to keep the 
tensile and compressive stresses at transfer within allowable stress 
limits as per STD Art. 9.15.2.1. Therefore, debonding of strands is 
required to keep the stresses within allowable stress limits. 
 
In order to be consistent with the TxDOT design procedures, the 
debonding of strands is carried out in accordance with the procedure 
followed in PSTRS14 (TxDOT 2004). Two strands are debonded at 
a time at each section located at uniform increments of 3 ft. along 
the span length, beginning at the end of the girder. The debonding is 
started at the end of the girder because due to relatively higher initial 
stresses at the end, greater number of strands are required to be 
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B.1.7.1.10 
Maximum 

Debonding 
Length 

 

 

 debonded, and debonding requirement, in terms of number of 
strands, reduces as the section moves away from the end of the 
girder. In order to make the most efficient use of debonding due to 
greater eccentricities in the lower rows, the debonding at each 
section begins at the bottom most row and goes up. Debonding at a 
particular section will continue until the initial stresses are within 
the allowable stress limits or until a debonding limit is reached. 
When the debonding limit is reached, the initial concrete strength is 
increased and the design cycles to convergence. As per TxDOT 
Bridge Design Manual (TxDOT 2001) the limits of debonding for 
partially debonded strands are described as follows: 
 

6. Maximum percentage of debonded strands per row and per 
section 

a. TxDOT Bridge Design Manual (TxDOT 2001) 
recommends a maximum percentage of debonded strands 
per row should not exceed 75 percent. 

b. TxDOT Bridge Design Manual (TxDOT 2001) 
recommends a maximum percentage of debonded 
strands per section should not exceed 75 percent. 

 
7. Maximum Length of debonding 

a. TxDOT Bridge Design Manual (TxDOT 2001) 
recommends to use the maximum debonding length 
chosen to be lesser of the following: 

i. 15 ft. 

ii. 0.2 times the span length, or 

iii. half the span length minus the maximum 
development length as specified in the 1996 
AASHTO Standard Specifications for 
Highway Bridges, Section 9.28. 

 

As per TxDOT Bridge Design Manual (TxDOT 2001), the 
maximum debonding length is the lesser of the following: 

 

a. 15 ft. 

b. 0.2 (L), or 

c. 0.5 (L) - ld 
 

where, ld is the development length calculated based on AASHTO 
STD Art. 9.28.1 as follows: 
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* 2

3d su sel f f D⎛ ⎞≥ −⎜ ⎟
⎝ ⎠

      [STD Eq. 9.42] 

where:  

 dl  = Development length (in.) 

 sef  = Effective stress in the prestressing steel after losses  

= 157.527 (ksi) 

 D  = Nominal strand diameter = 0.5 in. 
*

suf      = Average stress in the prestressing steel at the 
ultimate load (ksi) 

 

 

where:  

 sf ′  = Ultimate stress of prestressing steel   (ksi) 

 *γ  = Factor type of prestressing steel   
= 0.28 for low-relaxation steel 

cf ′         = Compressive strength of concrete at 28 days (psi) 

*ρ  = 
*

sA
bd

= ratio of prestressing steel  

= 0.153 66 0.00033
138 8.67 12

×
=

× ×
 

 1β  = Factor for concrete strength 

1β   = 0.85 – 0.05
 ( - 4000)
1000

cf ′  [STD Art. 8.16.2.7] 

      = 0.85 – 0.05
(5000 - 4000)

1000
 = 0.80 

 

 

 

The development length is calculated as, 

 

**
*

1

1                                       [STD Eq. 9.17]s
su s

c

ff f
f

ργ
β

⎡ ⎤⎛ ⎞′⎛ ⎞
′= −⎢ ⎥⎜ ⎟⎜ ⎟ ′⎝ ⎠⎝ ⎠⎣ ⎦

* 0.28 0.00033 270270 1  = 268.32 ksi
0.80 5suf ⎡ × ⎤⎛ ⎞⎛ ⎞= − ⎜ ⎟⎜ ⎟⎢ ⎥⎝ ⎠⎝ ⎠⎣ ⎦
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2268.32 157.527 0.5
3dl

⎛ ⎞≥ − ×⎜ ⎟
⎝ ⎠

 

ld = 6.8 ft. 
As per STD Art. 9.28.3, the development length calculated above 
should be doubled. 

 

ld = 13.6 ft. 

Hence, the debonding length is the lesser of the following, 

a. 15 ft. 

b. 0.2 × 108.417 = 21.68 ft. 

c. 0.5 × 108.417 - 13.6 = 40.6 ft. 

Hence, the maximum debonding length to which the strands can be 
debonded is 15 ft. 

 

Table B.1.7.1  Calculation of Initial Stresses at Extreme Fibers and Corresponding 
Required Initial Concrete Strengths. 

 

 In Table B.1.7.1, the calculation of initial stresses at the 
extreme fibers and corresponding requirement of cif ′  suggests that 
the preliminary estimate of cif ′ to be 4000 psi is inadequate. Since 
the strands can not be debonded beyond the section located at 15 ft. 
from the end of the girder, cif ′  is increased from 4000 psi to 5101 psi 
and at all other sections where debonding can be done, the strands 
are debonded to bring the required cif ′  below 5101 psi. Table 
B.1.7.2 shows the debonding schedule based on the procedure 
described earlier. 
 

Location of the Debonding Section (ft. from end) 
  End 3 6 9 12 15 Midspan

Row No. 1 (bottom row) 27 27 27 27 27 27 27 
Row No. 2 27 27 27 27 27 27 27 
Row No. 3 12 12 12 12 12 12 12 
No. of Strands  66 66 66 66 66 66 66 
Mg (k-ft.) 0 185 359 522 675 818 1715 
Psi (kips) 1869.25 1869.25 1869.25 1869.25 1869.25 1869.25 1869.25
ec (in.) 18.67 18.67 18.67 18.67 18.67 18.67 18.67 
Top Fiber Stresses (ksi) -1.066 -0.892 -0.728 -0.575 -0.431 -0.297 0.547 
Corresponding  ci reqdf ′ (psi) 20202 14145 9422 5878 3302 1568 912 
Bottom Fiber Stresses (ksi) 3.605 3.482 3.366 3.258 3.156 3.061 2.464 
Corresponding   ci reqdf ′ (psi) 6009 5804 5611 5429 5260 5101 4106 
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Table B.1.7.2  Debonding of Strands at Each Section. 
Location of the Debonding Section (ft. from end) 

  End 3 6 9 12 15 Midspan
Row No. 1 (bottom row) 7 7 15 23 25 27 27 
Row No. 2 17 27 27 27 27 27 27 
Row No. 3 12 12 12 12 12 12 12 
No. of Strands 36 46 54 62 64 66 66 
Mg (k-ft.) 0 185 359 522 675 818 1715 
Psi (kips) 1019.59 1302.81 1529.39 1755.96 1812.61 1869.25 1869.25
ec (in.) 17.95 18.01 18.33 18.57 18.62 18.67 18.67 
Top Fiber Stresses (ksi) -0.524 -0.502 -0.494 -0.496 -0.391 -0.297 0.547 
Corresponding  ci reqdf ′  (psi) 4881 4480 4338 4374 2718 1568 912 
Bottom Fiber Stresses (ksi) 1.926 2.342 2.682 3.029 3.041 3.061 2.464 
Corresponding  ci reqdf ′  (psi) 3210 3904 4470 5049 5069 5101 4106 

 

B.1.7.2 
Iteration 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
B.1.7.2.1 

Total Losses at 
Transfer 

 

Following the procedure in iteration 1 another iteration is 
required to calculate prestress losses based on the new value of cif ′= 
5101 psi. The results of this second iteration are shown in Table 
B.1.7.3. 
 

Table B.1.7.3  Results of Iteration No. 2. 
 Trial #1 Trial # 2 Units 
No. of Strands 66 66  
ec 18.67 18.67 in. 
SR 8 8 ksi 
Assumed Initial Prestress Loss 8.587 7.967 percent 
Psi 1869.19 1881.87 kips 
Mg 1714.65 1714.65 k - ft. 
fcir 2.332 2.354 ksi 
fci 5101 5101 psi 
Eci 4329.91 4329.91 ksi 
ES 15.08 15.22 ksi 
fcds 1.187 1.187 ksi 
CRc 19.68 19.94 ksi 
CRs 2.11 2.08 ksi 
Calculated Initial Prestress Loss 7.967 8.025 percent 
Total Prestress Loss 44.86 45.24 ksi 

 

Total Initial losses = ( 0.5 )ES CRs+  = [15.21 + 0.5(2.08)]= 16.25 ksi 

fsi  = Effective initial prestress = 202.5 – 16.25 = 186.248 ksi 

Psi  = Effective pretension force after allowing for the initial losses 
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B.1.7.2.2 
Total Losses at 
Service Loads 

 

 
 
 
 
 
 
 
 
 
 
 

B.1.7.2.3 
Final Stresses 

at Midspan 
 

 

 

 

Psi  = 66(0.153)(186.248) = 1880.732 kips 

 

 

SH = 8 ksi 

ES = 15.21 ksi 

CRC = 19.92 ksi 

CRS = 2.08 ksi 

Total final losses = 8 + 15.21 + 19.92 + 2.08 = 45.21 ksi 

or 
45.21(100)
0.75(270)

 =22.32 percent 

fse  = Effective final prestress = 0.75(270) – 45.21 = 157.29 ksi 

Pse  = 66(0.153)(157.29) = 1588.34 kips 

 

 

Top fiber stress in concrete at midspan at service loads 

ftf  = 
se se c

t

P P e
A S
−  + ft=  

1588.34 18.67(1588.34)
 - 

1120 12761.88
 + 3.71  

     = 1.418 – 2.323 + 3.71 = 2.805 ksi 

Allowable compression stress limit for all load combinations = 0.6 cf ′  

 c reqdf ′  = 2805/0.6 = 4675 psi 

 

Top fiber stress in concrete at midspan due to effective prestress + 
permanent dead loads 

ftf = 
       se se c g S SDL

t t tg

P P e M M M
A S S S

+
− + +   

    =  1588.34 18.67(1588.34) (1714.64 + 1822.29)(12) 443.72(12)
 -  +  + 

1120 12761.88 12761.88 79936.06
  

    = 1.418 – 2.323 + 3.326 + 0.067 = 2.49 ksi 

 

Allowable compression stress limit for effective pretension force  
+ permanent dead loads = 0.4 cf ′

 c reqdf ′ = 2490/0.4 = 6225 psi                                             (controls)           
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B.1.7.2.4 
Initial Stresses 
at Debonding 

Locations 
  

Top fiber stress in concrete at midspan due to live load  

+ 0.5 (effective prestress + dead loads) 

ftf = 
     0.5 -     LL I se se c g S SDL

tg t t tg

M P P e M M M
S A S S S

+ +⎛ ⎞+ + +⎜ ⎟
⎝ ⎠

 

1588.34 18.67(1588.34)
 -  

1120 12761.88
(1714.64 + 1822.29)(12) 443.72(12)

+ + 
12761.88 79936.06

2121.27(12)
 + 0.5

79936.06

⎛ ⎞
⎜ ⎟

= ⎜ ⎟
⎜ ⎟⎜ ⎟
⎝ ⎠

   

= 0.318 + 0.5(1.418 – 2.323 + 3.326 + 0.067) = 1.629 ksi 

 

Allowable compression stress limit for effective pretension force  
+ permanent dead loads = 0.4 cf ′

 c reqdf ′ = 1562/0.4 = 3905 psi                     

 

Bottom fiber stress in concrete at midspan at service load 

fbf = 
se se c

b

P P e
A S

+  - fb 

fbf = 
1588.34 18.67(1588.34)

 + 
1120 18024.15

 - 3.46  

= 1.418 + 1.633 – 3.46 = -0.397 ksi  

Allowable tension in concrete = 6 cf ′

 c reqdf ′ . = 
23970

6
⎛ ⎞
⎜ ⎟
⎝ ⎠

= 4366 psi

 

 
 
With the same number of debonded strands as was 

determined in the previous iteration, the top and bottom fiber 
stresses with their corresponding initial concrete strengths are 
calculated. It can be observed that at 15 ft. location, the cif ′  value is 
updated to 5138 psi. The results are shown in Table B.1.7.4. 
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Table B.1.7.4  Debonding of Strands at Each Section. 
Location of the Debonding Section (ft. from end) 

  0 3 6 9 12 15 54.2 
Row No. 1 (bottom row) 7 7 15 23 25 27 27 
Row No. 2 17 27 27 27 27 27 27 
Row No. 3 12 12 12 12 12 12 12 
No. of Strands 36 46 54 62 64 66 66 
Mg (k-ft.) 0 185 359 522 675 818 1715 
Psi (kips) 1025.85 1310.81 1538.78 1766.75 1823.74 1880.73 1880.73
ec (in.) 17.95 18.01 18.33 18.57 18.62 18.67 18.67 
Top Fiber Stresses (ksi) -0.527 -0.506 -0.499 -0.502 -0.398 -0.303 0.540 
Corresponding  ci reqdf ′  (psi) 4937 4552 4427 4480 2816 1632 900 
Bottom Fiber Stresses (ksi) 1.938 2.357 2.700 3.050 3.063 3.083 2.486 
Corresponding  ci reqdf ′  (psi) 3229 3929 4500 5084 5105 5138 4143 

 

B.1.7.3 
Iteration 3 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 

B.1.7.3.1 
Total Losses at 

Transfer 

Following the procedure in iteration 1, a third iteration is required to 
calculate prestress losses based on the new value of cif ′  = 5138 psi. The 
results of this second iteration are shown in Table B.1.7.5 
 

Table B.1.7.5  Results of Iteration No. 3. 
 Trial #1 Trial # 2 Units 
No. of Strands 66 66  
ec 18.67 18.67 in. 
SR 8 8 ksi 
Assumed Initial Prestress Loss 8.025 8.000  percent 
Psi 1880.85 1881.26 kips 
Mg 1714.65 1714.65 k - ft. 
fcir 2.352 2.354 ksi 
fci 5138 5138 psi 
Eci 4346 4346 ksi 
ES 15.16 15.17 ksi 
fcds 1.187 1.187 ksi 
CRc 19.92 19.94 ksi 
CRs      2.09         2.09 ksi 
Calculated Initial Prestress Loss 8.000 8.005  percent 
Total Prestress Loss 45.16 45.19 ksi 

 

Total initial losses = ( 0.5 )ES CRs+  = [15.17+0.5(2.09)]= 16.211 ksi 

fsi  = Effective initial prestress = 202.5 – 16.211 = 186.289 ksi 

Psi  = Effective pretension force after allowing for the initial losses 
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B.1.7.3.2 

Total Losses at 
Service Loads 

 
 
 
 
 
 
 
 
 
 
 
 

B.1.7.3.3 
Final Stresses 

at Midspan 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

      = 66(0.153)(186.289) = 1881.146 kips 

 

SH  = 8 ksi 

ES  = 15.17 ksi 

CRC  = 19.94 ksi 

CRS  = 2.09 ksi 

Total final losses = 8 + 15.17 + 19.94 + 2.09 = 45.193 ksi 

or 
45.193  (100)

0.75(270)
 =22.32 percent 

fse  = Effective final prestress = 0.75(270)  – 45.193 = 157.307 ksi 

Pse  = 66(0.153)( 157.307) = 1588.486 kips 

 

 

Top fiber stress in concrete at midspan at service loads 

ftf = 
se se c

t

P P e
A S
−  + ft=  

1588.486 18.67(1588.486)
 - 

1120 12761.88
 + 3.71  

    = 1.418 – 2.323 + 3.71 = 2.805 ksi 

Allowable compression stress limit for all load combinations = 0.6 cf ′  

 c reqdf ′ . = 2805/0.6 = 4675 psi 

 

Top fiber stress in concrete at midspan due to effective prestress + 
permanent dead loads 

ftf = 
       se se c g S SDL

t t tg

P P e M M M
A S S S

+
− + +   

    =  1588.486 18.67(1588.486) (1714.64 + 1822.29)(12) 443.72(12)
 -  +  + 

1120 12761.88 12761.88 79936.06
  

    = 1.418 – 2.323 + 3.326 + 0.067 = 2.49 ksi 

 

Allowable compression stress limit for effective pretension force + 
permanent dead loads = 0.4 cf ′

 c reqdf ′ = 2490/0.4 = 6225 psi                                             (controls)           
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B.1.7.3.4 
Initial Stresses 
at Debonding 

Location 

Top fiber stress in concrete at midspan due to live load + 0.5(effective 
prestress + dead loads) 

ftf = 
     0.5 -     LL I se se c g S SDL

tg t t tg

M P P e M M M
S A S S S

+ +⎛ ⎞+ + +⎜ ⎟
⎝ ⎠

 

1588.486 18.67(1588.486)
 -  

1120 12761.88
(1714.64 + 1822.29)(12) 443.72(12)

+  + 
12761.88 79936.06

2121.27(12)
 + 0.5

79936.06

⎛ ⎞
⎜ ⎟

= ⎜ ⎟
⎜ ⎟⎜ ⎟
⎝ ⎠

   

= 0.318 + 0.5(1.418 – 2.323 + 3.326 + 0.067) = 1.562 ksi 

 

Allowable compression stress limit for effective pretension force + 
permanent dead loads = 0.4 cf ′

 c reqdf ′ . = 1562/0.4 = 3905 psi                  

                     

Bottom fiber stress in concrete at midspan at service load 

fbf = 
se se c

b

P P  e
+

A S
 - fb 

fbf = 
1588.486 18.67(1588.486)

 + 
1120 18024.15

 - 3.458  

= 1.418 + 1.645 – 3.46 = -0.397 ksi  

 

Allowable tension in concrete = 6 cf ′

 c reqdf ′ . = 
23970

6
⎛ ⎞
⎜ ⎟
⎝ ⎠

= 4366 psi 

 
 
 
 
 
With the same number of debonded strands, as was determined in 
the previous iteration, the top and bottom fiber stresses with their 
corresponding initial concrete strengths are calculated. It can be 
observed that at 15 ft. location, the cif ′  value is updated to 5140 psi. 
The results are shown in Table B.1.7.6. 
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Table B.1.7.6  Debonding of Strands at Each Section. 
Location of the Debonding Section (ft. from end) 

  0 3 6 9 12 15 54.2 
Row No. 1 (bottom row) 7 7 15 23 25 27 27 
Row No. 2 17 27 27 27 27 27 27 
Row No. 3 12 12 12 12 12 12 12 
No. of Strands 36 46 54 62 64 66 66 
Mg (k-ft.) 0 185 359 522 675 818 1,715 
Psi (kips) 1026.08 1311.10 1539.12 1767.14 1824.14 1881.15 1881.15
ec (in.) 17.95 18.01 18.33 18.57 18.62 18.67 18.67 
Top Fiber Stresses (ksi) -0.527 -0.506 -0.499 -0.503 -0.398 -0.304 0.540 
Corresponding  ci reqdf ′  (psi) 4937 4552 4427 4498 2816 1643 900 
Bottom Fiber Stresses (ksi) 1.938 2.358 2.701 3.051 3.064 3.084 2.487 
Corresponding  ci reqdf ′  (psi) 3230 3930 4501 5085 5106 5140 4144 

 

 Since actual initial losses are 8.005, percent as compared to previously 
assumed 8.0 percent, and cif ′  = 5140 psi, as compared to previously 
calculated cif ′  = 5138 psi. These values are sufficiently converged, so no 
further iteration will be required. The optimized value of cf ′  required is 
6225 psi. AASHTO Standard Article 9.23 requires cif ′  to be at least 4000 
for pretensioned members. 
 

Use cf ′ =  6225 psi  and cif ′ = 5140 psi. 
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B.1.8 
STRESS 

SUMMARY 
B.1.8.1 

Concrete 
Stresses at 

Transfer 
B.1.8.1.1 

Allowable 
Stress Limits 

 
 
 
 
 
 
 

B.1.8.1.2 
Stresses at 
Girder End 

and at Transfer 
Length Section  

B.1.8.1.2.1 
Stresses at 

Transfer Length 
Section  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
  [STD Art. 9.15.2.1] 
 
 
Compression: 0.6 cif ′  = 0.6(5140) = +3084 psi = 3.084 ksi (compression) 
Tension: The maximum allowable tensile stress is smaller of  
3 cif ′  = 3 5140  = 215.1 psi   and 200 psi    (controls) 

7.5 cif ′  = 7.5 5140  = 537.71 psi (tension) > 200 psi, bonded 
reinforcement should be provided to resist the total tension force in the 
concrete computed on the assumption of an uncracked section to allow 
537.71 psi tensile stress in concrete. 
 

 
 
 
 
 
 
The stresses at the girder end and at the transfer length section need only be 
checked at release, because losses with time will reduce the concrete 
stresses making them less critical. 
 
Transfer length = 50 (strand diameter) 
= 50 (0.5) = 25 in. = 2.083 ft.   [STD Art. 9.20.2.4] 
 
Transfer length section is located at a distance of 2.083 ft. from end of the 
girder. Overall girder length of 109.5 ft. is considered for the calculation of 
bending moment at transfer length. As shown in Table B.1.7.6, the number 
of strands at this location, after debonding of strands, is 36. 
 

Moment due to girder self weight 

Mg = 0.5(1.167)(2.083)(109.5 – 2.083) 

      = 130.558 k –ft.  

Concrete stress at top fiber of the girder  

   -   si si t g
t

t t

P P e
A S

Mf
S

= +   

Psi = 36(0.153)(185.946) = 1024.19 kips  

Strand eccentricity at transfer section, ec = 17.95 in. 
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B.1.8.1.2.2 
Stresses at 
Girder End 

 
 
 
 
 
 

 
 

ft  = 
1024.19 17.95 (1024.19) 130.558(12)

 -  + 
1120 12761.88 12761.88

  

 = 0.915 – 1.44 + 0.123 = -0.403 ksi 

Allowable tension (with bonded reinforcement) = 537.71 psi > 403 psi 
 (O.K.) 
 

Compute stress limit for concrete at the bottom fiber of the girder 

 
Concrete stress at the bottom fiber of the girder 

    -  si si c g
b

b b

P P e
A S

Mf
S

= +   

fbi  = 
1024.19 17.95 (1024.19) 130.558(12)

 +  - 
1120 18024.15 18024.15

  

 = 0.915 + 1.02 – 0.087 = 1.848 ksi 

Allowable compression = 3.084 ksi < 1.848 ksi    (reqd.) 

 
 
 
 
Strand eccentricity at end of girder is: 
 

ec  = 
7(2.17)+17(4.14)+12(6.11)

22.36 - 
36

 =  17.95 in. 

Psi  = 36 (0.153) (185.946) = 1024.19 kips 

 
Concrete stress at the top fiber of the girder 
 

ft  = 
1024.19 17.95 (1024.19)

 - 
1120 12761.88

 = 0.915 – 1.44  = -0.526 ksi 

Allowable tension (with bonded reinforcement) = 537.71 psi > 526 psi 
 (O.K.) 
 
Concrete stress at the bottom fiber of the girder 

    -  si si c g
b

b b

P P e
A S

Mf
S

= +   
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B.1.8.1.3 
Stresses at 

Midspan 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B.1.8.1.4 
Stress 

Summary at 
Transfer  

fb = 
1021.701 17.95 (1021.701)

 + 
1120 18024.15

 = 0.915 + 1.02 = 1.935 ksi 

Allowable compression = 3.084 ksi > 1.935 ksi (reqd.) 

 

 
Bending moment at midspan due to girder self –weight based on overall 
length. 
 

Mg = 0.5(1.167)(54.21)(109.5 – 54.21) = 1748.908 k-ft. 

 

Concrete stress at top fiber of the girder at midspan 

    -   si si c g
t

t t

P P e
A S

Mf
S

= +   

ft  = 
1881.15 17.95 (1881.15) 1748.908 (12)

 -  + 
1120 12761.88 12761.88

  

 = 1.68 – 2.64 + 1.644 = 0.684 ksi 

Allowable compression: 3.084 ksi >> 0.684 ksi (reqd.) 

 

Concrete stresses in bottom fiber of the girder at midspan 

    -  si si c g
b

b b

P P e
A S

Mf
S

= +   

fb  =
1881.15 17.95(1881.15) 1748.908(12)

 +  - 
1120 18024.15 18024.15

  

 = 1.68 + 1.87 - 1.164 = 2.386 ksi 

Allowable compression: 3.084 ksi > 2.386 ksi  (reqd.) 

 

 

                Top of girder   Bottom of girder 
          ft (ksi)                  fb (ksi) 
 

At End -0.526 +1.935 

At transfer length section from End -0.403 +1.848 

At Midspan +0.684 +2.386 
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B.1.8.2 
Concrete 

Stresses at 
Service Loads 

B.1.8.2.1 
Allowable 

Stress Limits 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

B.1.8.2.2 
Stresses at 

Midspan 
 

                                                                                       [STD Art. 9.15.2.2] 

 

 

 

Compression 

Case (I): for all load combinations 

 0.60 cf ′  = 0.60(6225)/1000 = +3.74 ksi (for precast girder) 

 0.60 cf ′  = 0.60(4000)/1000 = +2.4 ksi (for slab) 

 

Case (II): for effective pretension force + permanent dead loads 

 0.40 cf ′  = 0.40(6225)/1000 = +2.493 ksi (for precast girder) 

 0.40 cf ′  = 0.40(4000)/1000 = +1.6 ksi (for slab) 

 

Case (III): for live load +0.5(effective pretension force + dead loads) 

 0.40 cf ′  = 0.40(6225)/1000 = +2.493 ksi (for precast girder) 

 0.40 cf ′  = 0.40(4000)/1000 = +1.6 ksi (for slab) 

 

Tension: 6 cf ′ = 6
1

6225
1000
⎛ ⎞
⎜ ⎟
⎝ ⎠

 = -0.4737 ksi 

 
 

Pse = 66(0.153)(157.307) = 1588.49 kips 

Concrete stresses at top fiber of the girder at service loads 

ft  = 
  -      se se c g S SDL LL I

t t tg

P P e
A S

M M M M
S S

++ +
+ +  

 

Case (I): 

ft  = 

1588.49 18.67(1588.49 )
 - 

1120 12761.88
(1714.64+1822.29)(12) (443.72+2121.278)(12)

+ +
12761.88 79936.06

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎜ ⎟⎜ ⎟
⎝ ⎠
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  (O.K.) 

 

 

ft  = 1.418 – 2.323 + 3.326 + 0.385 = 2.805 ksi 

Allowable compression: +3.84 ksi > +2.805 ksi (reqd.)  (O.K.) 

 

Case (II): Effective pretension force + permanent dead loads 

ft  = 
  -      se se c g S SDL

t t tg

P P e
A S

M M M
S S
+

+ +  

ft  = 
1588.49 18.67(1588.49) (1714.64+1822.29)(12) (443.72)(12)

 - + +
1120 12761.88 12761.88 79936.06

 

ft  =1.418 – 2.323 + 3.326 + 0.067 = 2.49 ksi 

Allowable compression: +2.493 ksi > +2.49 ksi (reqd.) 

 

Case (III): Live load + ½(Pretensioning force + dead loads) 

ft  = 
     0.5 -     LL I se se c g S SDL

tg t t tg

M P P e M M M
S A S S S

+ +⎛ ⎞+ + +⎜ ⎟
⎝ ⎠

  

 =
2121.27(12)

+0
79936.06

1588.49 18.67(1588.49)
 - +

1120 12761.88.5
(1714.64+1822.29)(12) (443.72)(12)

+
12761.88 79936.06

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎜ ⎟⎜ ⎟
⎝ ⎠

 

ft  = 0.318 + 0.5(1.418 – 2.323 + 3.326 + 0.067) = 1.563 ksi 

Allowable compression: +2.493 ksi > +1.563 ksi (reqd.) 

 

Concrete stresses at bottom fiber of the girder: 

fb  = 
    -   -  se se c g S SDL LL I

b b bc

P P e
A S

M M M M
S S

++ +
+  
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B.1.8.2.3 
Summary of 

Stresses at 
Service Loads 

fb = 

1588.49 18.67(1588.49)
  

1120 18024.15
(1714.64+1822.29)(12) (443.72+2121.27)(12)

18024.15 27842.9

⎛ ⎞−⎜ ⎟
⎜ ⎟
⎜ ⎟− −⎜ ⎟
⎝ ⎠

 

fb  = 1.418 + 1.645 – 2.36 – 1.098 = – 0.397 ksi 

Allowable Tension:    473.7 ksi     >  397 psi

 

Stresses at the top of the slab 

Case (I): 

ft  = 
SDL LL I

tc

M M
S

++
 = 

(443.72+2121.27)(12)
50802.19

 = +0.604 ksi 

Allowable compression: +2.4 ksi > +0.604 ksi (reqd.) 

Case (II): 

ft  = 
SDL

tc

M
S

 = 
(443.72)(12)

50802.19
 = 0.103 ksi 

Allowable compression: +1.6 ksi > +0.103 ksi (reqd.) 

 

Case (III): 

ft  = 
 0.5( )LL I SDL

tc

M M
S

+ +
 = 

(2121.27)(12) + 0.5(443.72)(12)
50802.19

  

 = 0.553 ksi 
 
Allowable compression: +1.6 ksi > +0.553 ksi (reqd.) 
 

 
 

 Top of Slab
ft (ksi) 

Top of Girder 
ft (ksi) 

Bottom of Girder
fb (ksi) 

CASE I +0.604 +2.805 
CASE II +0.103 +2.490 
CASE III +0.553       +1.563 

-0.397 
At 

Midspan 
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B.1.8.3 
Actual 

Modular Ratio 
and 

Transformed 
Section 

Properties for 
Strength Limit 

State and 
Deflection 

Calculations  
 
 
 

Till this point, a modular ratio equal to 1 has been used for the Service 
Limit State design. For the evaluation of Strength Limit State and 
Deflection calculations, actual modular ratio will be calculated and the 
transformed section properties will be used. 
 

n = 
 

 

for slab
for beam

c

c

E
E

= 3834.25
4531.48

⎛ ⎞
⎜ ⎟
⎝ ⎠

= 0.883 

 

Transformed flange width = n (effective flange width)       

 = 0.883(138 in.) = 121.85 in.    

Transformed Flange Area = n (effective flange width) (ts)  

 = 1(121.85 in.)(8 in.) = 974.8 in.2 

 

                                   Table B.1.8.1 Properties of Composite Section 

 
Transformed Area 

in.2 
yb 

 in. 
A yb 
in. 

A(ybc - yb)2

 
I 

in.4 
I+A(ybc- yb)2

in.4 

Girder 1120 22.36 25,043.20 307,883.97 403,020 710,903.97

Slab 974.8 58 56,538.40 354,128.85 41,591 395,720.32
∑ 2094.8  81,581.60   1,106,624.29

 

 

 

Ac  = Total area of composite section = 2094.8 in.2 

hc  = Total height of composite section = 62 in.  

Ic  = Moment of inertia of composite section = 1,106,624.29 in.4 

ybc  = Distance from the centroid of the composite section to extreme 
  bottom fiber of the precast girder = 81,581.6 / 2094.8 = 38.94 in. 

ytg  = Distance from the centroid of the composite section to extreme top 
 fiber of the precast girder = 54 – 38.94 = 15.06 in. 

ytc  = Distance from the centroid of the composite section to extreme top 
 fiber of the slab = 62 – 38.94 = 23.06 in. 

Sbc  = Composite section modulus with reference to the extreme bottom 
 fiber of the precast girder = Ic/ybc  
 = 1,106,624.29 / 38.94 = 28,418.7 in.3 

Stg  = Composite section modulus with reference to the top fiber of the 
 precast girder = Ic/ytg = 1,106,624.29 / 15.06 = 73,418.03 in.3 
Stc  = Composite section modulus with reference to the top fiber of the slab 

 = Ic/ytc = 1,106,624.29 / 23.06 = 47,988.91 in.3 
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B.1.9 
FLEXURAL 
STRENGTH 

 
Group I load factor design loading combination  

Mu = 1.3[Mg + Ms + MSDL + 1.67(MLL+I)]

      = 1.3[1714.64 + 1822.29 + 443.72 + 1.67(2121.27)] = 9780.12 k-ft. 

Average stress in pretensioning steel at ultimate load 
*

* *

1

1- s
su s

c

ff
f

f γ ρ
β

⎛ ⎞′
′= ⎜ ⎟′⎝ ⎠

where:  
*

suf = Average stress in prestressing steel at ultimate load 

*γ  = 0.28 for low-relaxation strand

1β   = 0.85 – 0.05
 ( - 4000)
1000

cf ′

       = 0.85 – 0.05
(4000 - 4000)

1000
 = 0.85 

*
* sA

bd
ρ =  

where:  
*
sA  = Area of pretensioned reinforcement = 66(0.153) = 10.1 in.2 

b  = Transformed effective flange width = 121.85 in.  

ybs  = Distance from center of gravity of the strands to the bottom fiber of 
 the girder = 22.36 – 18.67 = 3.69 in.  

d  = Distance from top of slab to centroid of pretensioning strands 

    = Girder depth (h) + slab thickness – ybs  

    = 54 + 8 – 3.69 = 58.31 in. 

*ρ  = 
10.1

121.85(58.31)
 = 0.00142 

*
suf  = 270

0.28 270
1- (0.00142)

0.85 4
⎡ ⎤⎛ ⎞ ⎛ ⎞

⎜ ⎟ ⎜ ⎟⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦
 = 261.48 ksi  

 

Depth of compression block  
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B.1.10 

DUCTILITY 
LIMITS 

 
B.1.10.1 

Maximum 
Reinforcement 

 
 
 

B.1.10.2 
Minimum 

Reinforcement 
 
 

a = 
* *

0.85  
s su

c

A f
f b′

 = 
10.1(261.48 )

0.85(4)(121.85)
 = 6.375 in. <  8.0 in. 

 

The depth of compression block is less than flange thickness hence the 
section is designed as rectangular section 
 

Design flexural strength: 
* *

* *   1- 0.6 su
n s su

c

fM A f d
f

ρφ φ
⎛ ⎞

= ⎜ ⎟′⎝ ⎠
   [STD Eq. 9-13] 

where: 

 φ   = Strength reduction factor = 1.0  [STD Art. 9.14] 

 nM  = Nominal moment strength of a section  

     nMφ = 1.0(10.1)(261.48)
(58.31) 0.00142(261.48)

1-0.6 
12 4

⎛ ⎞
⎜ ⎟
⎝ ⎠

 

        = 12118.1 k-ft.  >  9780.12 k-ft.     (O.K.) 

 
 
 
 
Reinforcement index for rectangular section: 

* *
su

c

f
f

ρ
′

 < 0.36 β1 = 0.00142
261.48

4
⎛ ⎞
⎜ ⎟
⎝ ⎠

 = 0.093 < 0.36(0.85) = 0.306

 
 [STD Art. 9.18.2] 
The ultimate moment at the critical section developed by the pretensioned 
and non-pretensioned reinforcement shall be at least 1.2 times the cracking 
moment, Mcr 

[STD Art. 9.18.2.1] 

nMφ ≥ 1.2 Mcr 

Cracking moment Mcr = (fr + fpe) Sbc – Md-nc -  1bc

b

S
S

⎛ ⎞
⎜ ⎟
⎝ ⎠

  

where: 

 fr = Modulus of rupture (ksi) 

  = 7.5 cf ′  = 7.5 6225 1
1000
⎛ ⎞
⎜ ⎟
⎝ ⎠

 = 0. 592 ksi 



322 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

B.1.11 
TRANSVERSE 

SHEAR DESIGN 

 
 fpe = Compressive stress in concrete due to effective prestress 

forces at extreme fiber of section where tensile stress is 
caused by externally applied loads (ksi) 

 

fpe =   se se c

b

P P e
A S

+  

where: 

 Pse    = Effective prestress force after losses = 1583.791 kips 

 ec    = 18.67 in. 

 fpe    = 
1588.49  1588.49 (18.67)

 +
1120 18024.15

 = 1.418 + 1.641 = 3.055 ksi 

 Md-nc = Non-composite dead load moment at midspan due to self-
weight of girder and weight of slab   

  = 1714.64 + 1822.29 = 3536.93 k-ft. 

Mcr   = (0.592 + 3.055)(28418.7)
1

12
⎛ ⎞
⎜ ⎟
⎝ ⎠

 - 3536.93 
28418.7

 - 1
18024.15
⎛ ⎞
⎜ ⎟
⎝ ⎠

  

  = 8636.92 – 2039.75 = 6597.165 k-ft. 

1.2 Mcr  = 1.2(6597.165) = 7916.6 k-ft. < Mnφ = 12,118.1 k-ft.       
(O.K.) 

 

 

 

  [STD Art. 9.20] 

Members subject to shear shall be designed so that  

Vu < φ (Vc + Vs)

where: 

Vu = the factored shear force at the section considered 

Vc = the nominal shear strength provided by concrete 

Vs = the nominal shear strength provided by web reinforcement 

φ  = strength reduction factor = 0.90

The critical section for shear is located at a distance h/2 from the face of 
the support, however the critical section for shear is conservatively 
calculated from the centerline of the support 
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h/2 = 

62
2(12)

 = 2.583 ft. 

From Tables B.1.5.1 and Table B.1.5.2 the shear forces at critical section 
are as follows, 
 

Vd  = Shear force due to total dead loads at section considered  
 = 144.75 kips 

VLL+I  = Shear force due to live load and impact at critical section  
 = 81.34 kips 

Vu  = 1.3(Vd + 1.67VLL+I) = 1.3(144.75 + 1.67(81.34) = 364.764 kips 

Computation of Vci  

Vci  = 
 

max

0.6     i cr
dc

V Mf b d V
M

′ ′ + +

where , 

b′  = Width of web of a flanged member = 5 in. 

cf ′  = Compressive strength of girder concrete at 28 days = 6225 psi. 

Md = Bending moment at section due to unfactored dead load  
 = 365.18 k-ft. 

MLL+I = Factored bending moment at section due to live load and impact 
 = 210.1 k-ft. 

Mu = Factored bending moment at the section.  
 = 1.3(Md + 1.67MLL+I) = 1.3[365.18 + 1.67(210.1)] = 930.861 k-ft. 

Vmu = Factored shear force occurring simultaneously with Mu 
 conservatively taken as maximum shear load at the section  
 = 364.764 kips. 

Mmax = Maximum factored moment at the section due to externally applied 
 loads = Mu – Md = 930.861 – 365.18 = 565.681 k-ft. 

Vi = Factored shear force at the section due to externally applied loads    
   occurring simultaneously with Mmax  

 = Vmu-Vd = 364.764 – 144.75 = 220.014 kips 

fpe = Compressive stress in concrete due to effective pretension forces at   
  extreme fiber of section where tensile stress is caused by externally  
  applied loads i.e. bottom of the girder in present case 

fpe =   se se

b

P P e
A S

+  
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eccentricity of the strands at hc/2  

 eh/2  = 18.046 in. 

Pse = 36(0.153)(157.307) = 866.45 kips 

fpe = 
866.45 866.45(17.95)

 + 
1120 18024.15

 = 0.77 + 0.86 = 1.63 ksi 

fd = Stress due to unfactored dead load, at extreme fiber of section  
 

where tensile stress is caused by externally applied loads 

 =
    g S SDL

b bc

M M M
S S
+⎡ ⎤+⎢ ⎥⎣ ⎦

 

 = 
(159.51 + 157.19+7.75)(12) 41.28(12)

 + 
18024.15 28418.70

⎡ ⎤
⎢ ⎥⎣ ⎦

 = 0.234 ksi 

Mcr = Moment causing flexural cracking of section due to externally 
 applied loads = (6 cf ′ + fpe – fd) Sbc

 = 
6 6225 28418.70

 + 1.631 - 0.234  
1000 12

⎛ ⎞
⎜ ⎟
⎝ ⎠

 = 4429.5 k-ft. 

d = Distance from extreme compressive fiber to centroid of 
 pretensioned reinforcement, but not less than 0.8hc = 49.6 in.  
  = 62 – 4.41 = 57.59 in. > 49.96 in.  

Therefore, use = 57.59 in. 

Vci = 
 

max
0.6      i cr

dc
V Mf b d V
M

′ ′ + +  

= 
0.6 6225(2 5)(57.59 ) 220.014(4429.5)

 + 144.75+ 
1000 565.681

×
 = 1894.81 kips 

This value should not be less than 

Minimum Vci = 1.7 cf b d′ ′

= 
1.7 6225(2 5)(57.59)

1000
×

 = 77.24  kips < Vci = 1894.81 kips 

Computation of Vcw

Vcw = (3.5 cf ′ + 0.3 fpc)b d′  + Vp

where: 
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. 

 

 

fpc = Compressive stress in concrete at centroid of cross-section (Since 
the centroid of the composite section does not lie within the flange 
of the cross-section) resisting externally applied loads. For a non-
composite section 

  

fpc = 
 ( - ) ( - ) -    se Dse bc b bc bP e y y M y yP

A I I
+  

MD = Moment due to unfactored non-composite dead loads  
 = 324.45 k-ft. 

f pc  = 

863.89 863.89 (17.95)(38.94-22.36)
-  

1120 403020
324.45(12)(38.94-22.36)

+ 
403020

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎜ ⎟⎜ ⎟
⎝ ⎠

  

 = 0.771 – 0.638 + 0.160 = 0.293 psi 

Vp  = 0 

Vcw = 
3.5 6225

+ 0.3(0.293) (2 5)(57.59) 
1000

×
⎛ ⎞
⎜ ⎟
⎝ ⎠

 = 209.65 kips (controls) 

 
The allowable nominal shear strength provided by concrete should be 
lesser of Vci = 1894.81 kips and Vcw = 209.65 kips 
 

Therefore, Vc = 209.65 kips 

Vu < φ (Vc + Vs) 

 where: φ = Strength reduction factor for shear = 0.90  

Required Vs = 
uV
φ

 - Vc = 
364.764

0.9
 - 209.65 = 195.643 kips 

 

Maximum shear force that can be carried by reinforcement 

Vs max  = 8 cf ′ b d′  [STD Art. 9.20.3.1] 

 = 8 
(2 5)(57.59)

6225 
1000

×
  

 = 363.502 kips > required Vs = 195.643 kips (O.K.) 
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Area of shear steel required          [STD Art. 9.20.3.1] 

Vs = 
 v yA f d

s
      [STD Eq. 9-30] 

or Av = 
 
 

s

y

V s
f d

 

where:  

Av = Area of web reinforcement, in.2 

s = Longitudinal spacing of the web reinforcement, in. 

Setting s = 12 in. to have units of in.2/ft. for Av 

Av = 
(195.643 )(12)

(60)(57.59)
 = 0.6794 in.2/ft. 

 

Minimum shear reinforcement   [STD Art. 9.20.3.3] 

Av – min = 
50 '  

y

b s
f

 = 
(50)(2 5)(12)

60000
×

 = 0.1 in.2/ft.   [STD Eq. 9-31] 

The required shear reinforcement is the maximum of Av = 0.378 in.2/ft. and 

Av – min = 0.054 in.2/ft. 

 

       

[STD Art. 9.20.3.2] 

Maximum spacing of web reinforcement is 0.75 hc or 24 in., unless  

Vs = 195.643 kips  > 4  cf b d′ ′  = 4
(2 5)(57.59)

6225 
1000

×
 = 181.751 kips 

Use 1 # 4 double legged with Av = 0.392 in.2 / ft., the required spacing can 

be calculated as, 

  60 57.59 0.392 6.92 in.
195.643

y v

s

f d A
s

V
× ×

= = =  

 

Since, Vs is less than the limit, 

Maximum spacing = 0.75 h = 0.75(54 + 8 + 1.5) = 47.63 in.  

or = 24 in.  

Therefore, maximum s = 24 in. 
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B.1.12 

HORIZONTAL 
SHEAR DESIGN 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Use # 4, two legged stirrups at 6.5 in. spacing. 

 

 
The critical section for horizontal shear is at a distance of hc/2 from the 
centerline of the support 
 

Vu = 364.764 kips 

Vu ≤ Vnh 

where   

 Vnh = Nominal horizontal shear strength, kips 

Vnh ≥ 
uV
φ

= 
364.764 

0.9
 = 405.293 kips 

 

 

Case (a & b): Contact surface is roughened, or when minimum ties are 
used. 
 

Allowable shear force:

 Vnh = 80bvd 

 where: 

bv  = Width of cross-section at the contact surface being 
 investigated = 2×15.75= 31.5 in. 

d = Distance from extreme compressive fiber to centroid of the 
 pretensioning force = 54 –4.41 = 49.59 in. 

Vnh = 
80(31.5)(49.59)

1000
 = 124.97 kips < 405.293 kips 

 

 

Case(c): Minimum ties provided, and contact surface roughened 

Allowable shear force:

 Vnh = 350bvd 

  = 
350(31.5)(49.59)

1000
 = 546.73 kips > 405.293 kips 
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B.1.13 
PRETENSIONED 
ANCHORAGE 

ZONE 
B.1.13.1 

Minimum 
Vertical 

Reinforcement 

Required number of stirrups for horizontal shear

Minimum Avh = 50
v

y

b s
f

= 50
(31.5)(6.5)

60000
= 0.171 in.2/ft. 

 
Therefore, extend every alternate web reinforcement into the cast-in-place 
slab to satisfy the horizontal shear requirements.  
 

Maximum spacing = 4b = 4(2×15.75) = 126 in.         [STD Art. 9.20.4.5.a] 

    or     = 24.00 in.  

Maximum spacing = 24 in.  >  (sprovided = 13.00 in.) 

 

 

 

 

 

 

       [STD Art. 9.22] 

In a pretensioned girder, vertical stirrups acting at a unit stress of 20,000 
psi to resist at least 4 percent of the total pretensioning force must be 
placed within the distance of d/4 of the girder end. 

[STD Art. 9.22.1] 
Minimum stirrups at the each end of the girder: 

Ps  = Prestress force before initial losses  

 = 36(0.153)[(0.75)(270)] = 1,115.37 kips 
 

4 percent of Ps = 0.04(1115.37) = 44.62 kips 

Required Av = 
44.62

20
 = 2.231 in.2 

57.59
 = 

4 4
d

= 14.4 in. 

Use 5 pairs of #5 @ 2.5 in. spacing at each end of the girder  
(provided Av = 3.1 in.2) 

[STD Art. 9.22.2] 

Provide nominal reinforcement to enclose the pretensioning steel for a 
distance from the end of the girder equal to the depth of the girder         
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B.1.14 
DEFLECTION 

AND CAMBER 
B.1.14.1 

Maximum 
Camber 

Calculations 
Using 

Hyperbolic 
Functions 

Method 
 

TxDOT’s prestressed bridge design software, PSTRS14 uses the 
Hyperbolic Functions Method proposed by Sinno (1968) for the 
calculation of maximum camber. This design example illustrates the 
PSTRS14 methodology for calculation of maximum camber. 

 

Step 1: Total prestress after release 

 P = 
   

2 2
  

  
1    1    

D c ssi

c s c s

P M e A n
e A n e A npn I pn

I I

+
⎛ ⎞ ⎛ ⎞

+ + + +⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

 

where: 

 Psi = Total prestressing force = 1881.146 kips 

 I = Moment of inertia of non-composite section = 403,020 in.4 

 ec = Eccentricity of pretensioning force at the midspan = 18.67 in. 

 MD = Moment due to self weight of the girder at midspan  

 = 1714.64 k-ft. 

As  = Area of strands = number of strands (area of each strand)  

  

 ρ  = As/A 

 where: 

 A = Area of cross-section of girder = 1120 in.2 

 ρ = 10.098/1120 = 0.009016 

 Ec  = Modulus of elasticity of the girder concrete at release, ksi 

    = 33(wc)3/2
cf ′                        [STD Eq. 9-8] 

    = 33(150)1.5 5140  
1

1000
 = 4346.43 ksi 

 Es  = Modulus of elasticity of prestressing strands = 28000 ksi 

 n  = Es/Ec = 28000/4346.43 = 6.45 
2

 1    c se A npn
I

⎛ ⎞
+ +⎜ ⎟

⎝ ⎠
 = 1+ (0.009016)(6.45) + 

2(18.67 )(10.098)(6.45)
403020

  

= 1.115 

 P = 
   

2 2
  

  
1    1    

D c ssi

c s c s

P M e A n
e A n e A npn I pn

I I

+
⎛ ⎞ ⎛ ⎞

+ + + +⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠
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= 

1881.15 (1714.64)(12 in./ft.)(18.67)(10.098)(6.45)
 + 

1.115 403020(1.115)
  

 = 1687.13 + 55.68 = 1742.81 kips 

Concrete stress at steel level immediately after transfer 

 
21   -  cs s

ci c
ef P f

A I
⎛ ⎞

= +⎜ ⎟
⎝ ⎠

 

where: 
s

cf  = Concrete stress at steel level due to dead loads 

          = 
 D cM e

I
 = 

(1714.64)(12 in./ft.)(18.67)
403020

 = 0.953 ksi 

s
cif  = 1742.81  

21 18.67
+  - 0.953

1120 403020
⎛ ⎞
⎜ ⎟
⎝ ⎠

 = 2.105 ksi 

 

Step 2: Ultimate time-dependent strain at steel level 

 1    s s
c cr ci shfε ε ε∞ ∞= +  

where: 

 crε ∞ = Ultimate unit creep strain = 0.00034 in./in. (this value is prescribed 
 by Sinno (1968) 

 shε ∞ = Ultimate unit creep strain = 0.000175 in./in. (this value is 
 prescribed by Sinno (1968)) 

1  cε
∞ = 0.00034(2.105) + 0.000175 = 0.0008907 in./in. 

 

Step 3: Adjustment of total strain in step 2 

 
2

2 1 1
1   -     s cs s s

c c c ps
ci n

A eE
E A I

ε ε ε
⎛ ⎞

= +⎜ ⎟
⎝ ⎠

 

    = 0.0008907 – 0.0008907 (28000)
210.098 1 18.67

 + 
4346.43 1120 403020

⎛ ⎞
⎜ ⎟
⎝ ⎠

  

 = 0.000993 in./in. 
 

Step 4: Change in concrete stress at steel level 

 
2

2
1 =    cs s

sc c ps
n

ef E A
A I

ε
⎛ ⎞

∆ +⎜ ⎟
⎝ ⎠
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= 0.000993 (28000)(10.098)
21 18.67

 + 
1120 403020
⎛ ⎞
⎜ ⎟
⎝ ⎠

 

s
cf∆ = 0.494 ksi 

 

Step 5: Correction of the total strain from step2 

4 cr sh-   +
2

s
s s c
c ci

ffε ε ε∞ ∞⎛ ⎞∆
= + ⎜ ⎟

⎝ ⎠
 

c4
sε = 0.00034

0.494
2.105- 

2
⎛ ⎞
⎜ ⎟
⎝ ⎠

 + 0.000175 = 0.000807 in./in. 

 

Step 6: Adjustment in total strain from step 5 
2

5 4 4
1   -     s cs s s

c c c ps
c n

A eE
E A I

ε ε ε
⎛ ⎞

= +⎜ ⎟
⎝ ⎠

      

   = 0.000807– 0.000807(28000)
210.098 1 18.67

 + 
4346.43 1120 403020

⎛ ⎞
⎜ ⎟
⎝ ⎠

= 0.000715 

in./in. 

 

Step 7: Change in concrete stress at steel level 
2

 1 5
1     cs s

sc c ps
n

ef E A
A I

ε
⎛ ⎞

∆ = +⎜ ⎟
⎝ ⎠

 = 0.000715 (28000)(10.098) 

21 18.67
 + 

1120 403020
⎛ ⎞
⎜ ⎟
⎝ ⎠

 

1
s

cf∆ = 0.36 ksi 

 

Step 8: Correction of the total strain from step 5 

1
c6 cr sh-   +

2

s
s s c

ci
ffε ε ε∞ ∞⎛ ⎞∆

= + ⎜ ⎟
⎝ ⎠

 

c6
sε  = 0.00034

0.36
2.105 - 

2
⎛ ⎞
⎜ ⎟
⎝ ⎠

 + 0.000175 = 0.00083 in./in. 
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 Step 9: Adjustment in total strain from step 8 

 
2

7 6 6
1   -     s cs s s

c c c ps
ci n

A eE
E A I

ε ε ε
⎛ ⎞

= +⎜ ⎟
⎝ ⎠

 

 = 0.00083 –  0.00083 (28000) 
210.098 1 18.67

 + 
4346.43 1120 403020

⎛ ⎞
⎜ ⎟
⎝ ⎠

  

 = 0.000735 in./in. 
 
Step 10: Computation of initial prestress loss 

 PLi = 
1877.68 - 1742.81 

1877.68
 -   = si

si

P P
P

 = 0.0735 

 

Step 11: Computation of Final Prestress loss 

 PL∞ = 
 7  ps sc

si

E A
P

ε ∞

 = 
0.000735(28000)(10.098)

1877.68
 = 0.111  

Total Prestress loss 

PL = PLi + PL∞ = 100(0.0735 + 0.111) = 18.45 percent 

 

Step 12: Initial deflection due to dead load 

 CDL = 
45  

384 c

w L
E I

 

where:  

    w  = Weight of girder = 1.167 kips/ft. 

    L  = Span length = 108.417 ft. 

 

CDL  = 

41.167
5 [(108.417)(12 in./ft.)]

12 in./ft.
384(4346.43)(403020)

⎛ ⎞
⎜ ⎟
⎝ ⎠  = 2.073 in. 

 

Step 13: Initial Camber due to prestress 

The M/EI diagram is drawn for the moment caused by the initial 
prestressing, is shown in Figure B.1.14.1. Due to debonding of strands, the 
number of strands vary at each debonding section location. Strands that are 
bonded, achieve their effective prestress level at the end of transfer length. 
Points 1 through 6 show the end of transfer length for the preceding 
section. The M/EI values are calculated as, 
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si

c

P ecM
EI E I

×
=  

The M/EI values are calculated for each point 1 through 6 and are shown in 

Table B.1.14.1. The initial camber due to prestress, Cpi, can be calculated 

by Moment Area Method, by taking the moment of the M/EI diagram 

about the end of the girder.  

  Cpi = 4.06 in. 

 

Girder 
Centerline6543

2
1

18 ft.0 ft. 15 ft.12 ft.9 ft.6 ft.3 ft.
 

Figure B.1.14.1  M/EI Diagram to Calculate the Initial Camber due to Prestress. 
  

Table B.1.14.1  M/EI Values at the End of Transfer Length. 
Identifier for the 
End of Transfer 

Length  

Psi 
 (kips) 

ec  
(in.) 

M/EI 
(in.3) 

1 1024.19 17.95 1.026E-08 
2 1308.69 18.01 1.029E-08 
3 1536.29 18.33 1.048E-08 
4 1763.88 18.57 1.061E-08 
5 1820.78 18.62 1.064E-08 
6 1877.68 18.67 1.067E-08 

 

Step 14: Initial Camber 

Ci = Cpi – CDL = 4.06 – 2.073 = 1.987 in. 

 

Step 15: Ultimate Time Dependent Camber 

Ultimate strain 
  

s
s ci
e

c

f
E

ε =  = 2.105/4346.43 = 0.00049 in./in. 
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B.1.14.2 
Deflection due 

to Girder  
Self-Weight 

 
 
 
 
 
 
 
 
 
 
 
 

B.1.14.3 
Deflection due 

to Slab and 
Diaphragm 

Weight 
 
 
 
 
 
 
  

 

 

Ultimate camber ( )
1-    

2
  1 -  

s
s sc

cr ci e

t i s
e

ff
C C PL

ε ε

ε

∞

∞

⎛ ⎞∆
+⎜ ⎟

⎝ ⎠=  

 

 = 1.987(1 – 0.111)

0.494
0.00034 2.105 -  + 0.00049

2
0.00049

⎛ ⎞
⎜ ⎟
⎝ ⎠  

 Ct = 4.044 in. = 0.34 ft.  
 

∆girder = 
45

384
g

ci

w L
E I

 

where:  

wg = Girder weight = 1.167 kips/ft. 

Deflection due to girder self weight at transfer  

∆girder = 
45(1.167/12)[(109.5)(12)]

384(4346.43)(403020)
 = 2.16 in.  

Deflection due to girder self-weight used to compute deflection at erection  

∆girder = 
45(1.167/12)[(108.4167)(12)]

384(4783.22)(403020)
 = 1.88 in.  

 
 

∆slab =  

 

where: 

 ws  = Slab weight = 1.15 kips/ft. 

 Ec = Modulus of elasticity of girder concrete at service = 4783.22  ksi 

∆slab = 

( )

4

2 2

5(1.15 /12)[(108.4167)(12)]
384(4783.22)(403020)
(3)(44.2083 12) 3(108.4167 12) 4(44.2083 12)

(24 4783.22 403020)

⎛ ⎞
+⎜ ⎟

⎜ ⎟
⎜ ⎟×

× − ×⎜ ⎟× ×⎝ ⎠

 

  = 1.99 in.  

 

 

( )
4

 2 2

 

5
3 - 4

384 24

s dia

c c

w bw L
l b

E I E I
+
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B.1.14.4 
Deflection due 

to 
Superimposed 

Loads 
 
 
 
 
 
 
 
 
 

B.1.14.5 
Deflection due 

to Live Loads 
 

 

 

B.1.15 
COMPARISON 

OF RESULTS 

 

∆SDL = 
 

4

 

5
384

SDL

c c

w L
E I

 

where: 

 wSDL = Super imposed dead load = 0.31 kips/ft. 

 Ic   = Moment of inertia of composite section = 1,106,624.29 in.4 

∆SDL = 
45(0.302/12)[(108.4167)(12)]

384(4783.22)(1106624.29)
 = 0.18 in.   

Total deflection at service due to all dead loads = 1.88 + 1.99 + 0.18  
   

 
 
 

The deflections due to live loads are not calculated in this example as they 
are not a design factor for TxDOT bridges. 
 

 
 

 
 
To measure the level of accuracy in this detailed design example, the 
results are compared with that of PSTRS14 (TxDOT 2004). The summary 
of comparison is shown in Table B.1.15. In the service limit state design, 
the results of this example matches those of PSTRS14 with very 
insignificant differences. A difference of 26 percent in transverse shear 
stirrup spacing is observed. This difference can be because PSTRS14 
calculates the spacing according to the AASHTO Standard Specifications 
1989 edition (AASHTO 1989) and in this detailed design example, all the 
calculations were performed according to the AASHTO Standard 
Specifications 2002 edition (AASHTO 2002). There is a difference of 15.3 
percent in camber calculation, which may be because PSTRS14 uses a 
single step hyperbolic functions method, whereas a multi step approach is 
used in this detailed design example. 
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Table B.1.15.1  Comparison of Results for the AASHTO Standard Specifications 

(PSTRS14 vs Detailed Design Example). 
Design Parameters PSTRS14 Detailed Design 

Example 
 Percent Piff. 

PSTRS14 
Initial 8.00 8.01 -0.1 Prestress Losses,  

(percent) Final 22.32 22.32 0.0 
cif ′  5140 5140 0.0 Required Concrete 

Strengths, (psi) 
cf ′  6223 6225 0.0 

Top -530 -526 0.8 At Transfer 
(ends), (psi) Bottom 1938 1935 0.2 

Top -402 -397 1.2 At Service 
(midspan), (psi) Bottom 2810 2805 0.2 

Number of Strands 66 66 0.0 
Number of Debonded Strands (20+10) (20+10) 0.0 

Mu, (kip–ft.) 9801 9780 0.3 
φ Mn, (kip–ft.) 12,086 12,118.1 -0.3 

Transverse Shear Stirrup (#4 
bar) Spacing, (in.) 8.8 6.5 26.1 

Maximum Camber, (ft.) 0.295 0.34 -15.3 
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B.2 Interior Texas U54 Prestressed Concrete Bridge Girder Design Using AASHTO 
LRFD Specifications 

 
 
 
 

B.2.1 
INTRODUCTION 

 
 
 
 
 
 
 
 
 

B.2.2 
DESIGN 

PARAMETERS  
 

 

 

 

Following is a detailed design example showing sample calculations 
for design of a typical interior Texas precast, prestressed concrete 
U54 girder supporting a single span bridge. The design is based on 
the AASHTO LRFD Bridge Design Specifications, U.S., 3rd Edition 
2004. The recommendations provided by the TxDOT Bridge Design 
Manual (TxDOT 2001) are considered in the design. The number of 
strands and concrete strength at release and at service are optimized 
using the TxDOT methodology. 
 

 

The bridge considered for design has a span length of 110 ft. (c/c 
abutment distance), a total width of 46 ft. and total roadway width 
of 44 ft. The bridge superstructure consists of four Texas U54 
girders spaced 11.5 ft. center-to-center designed to act compositely 
with an 8 in. thick cast-in-place (CIP) concrete deck as shown in 
Figure B.2.2.1. The wearing surface thickness is 1.5 in., which 
includes the thickness of any future wearing surface. T501 type 
rails are considered in the design. AASHTO LRFD HL93 is the 
design live load. A relative humidity (RH) of 60 percent is 
considered in the design. The bridge cross-section is shown in 
Figure B.2.2.1.   

 

 

T501 
Barrier

Texas U54 Beam

3 Spaces @ 11'-6" c/c = 34'-6"5'-9" 5'-9"

1'-5" 8"

Prestressed Precast 
Concrete Panels 5'-11.5"x4"

Prestressed Precast 
Concrete Panels 4'-4"x4"

Total Bridge Width = 46'-0"

1'-0" (from the nominal face of the barrier)

Total Roadway Width = 44'-0" de = 2'-0.75"

 
Figure B.2.2.1  Bridge Cross-Section Details. 
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B.2.3 
MATERIAL 

PROPERTIES 

The design span and overall girder length are based on the following 
calculations. Figure B.2.2.2 shows the girder end details for Texas 
U54 girders. It is clear that the distance between the centerline of the 
interior bent and end of the girder is 3 in.; and the distance between 
the centerline of the interior bent and the centerline of the bearings is 
9.5 in. 
 

 
Figure B.2.2.2  Girder End Detail for Texas U54 Girders 

(TxDOT Standard Drawing 2001). 
 
Span length (c/c interior bents) = 110 ft. – 0 in. 

From Figure B.2.2.2. 

Overall girder length = 110 ft. – 2(3 in.) = 109 ft. – 6 in. 

Design span = 110 ft. – 2(9.5 in.) = 108 ft. – 5 in.  

                = 108.417 ft. (c/c of bearing) 
 
Cast-in-place slab:  

Thickness ts = 8.0 in. 

Concrete Strength at 28-days, cf ′  = 4000 psi 

Unit weight of concrete = 150 pcf 

 
Wearing surface: 

Thickness of asphalt wearing surface (including any future 
wearing surfaces), tw = 1.5 in. 
 
Unit weight of asphalt wearing surface = 140 pcf  
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B.2.4 
CROSS-SECTION 

PROPERTIES FOR A 
TYPICAL INTERIOR 

GIRDER 
 

B.2.4.1 
Non-Composite 

Section 
 

Precast girders: Texas U54 girder  

Concrete Strength at release, cif ′  = 4000 psi* 

Concrete strength at 28 days, cf ′= 5000 psi*  

Concrete unit weight = 150 pcf 

(*This value is taken as an initial estimate and will be updated 
based on most optimum design) 

 
Prestressing strands: 0.5 in. diameter, seven wire low-relaxation 

Area of one strand = 0.153 in.2 

Ultimate tensile strength, puf  = 270,000 psi   
[LRFD Table 5.4.4.1-1] 

Yield strength, pyf = 0.9 puf  = 243,000 psi  
[LRFD Table 5.4.4.1-1] 

Modulus of elasticity, Es = 28,500 ksi  [LRFD Art. 5.4.4.2] 

Stress limits for prestressing strands:   [LRFD Table 5.9.3-1] 

before transfer, pif ≤  0.75 puf  = 202,500 psi  

at service limit state (after all losses)  

pef ≤  0.80 pyf = 194,400 psi 

 
Non-prestressed reinforcement:  

    Yield strength, yf  = 60,000 psi 

 Modulus of elasticity, Es = 29,000 ksi [LRFD Art. 5.4.3.2] 

 

Traffic barrier: 
            T501 type barrier weight = 326 plf /side 

 
 

 

 

The section properties of a Texas U54 girder as described in the 
TxDOT Bridge Design Manual (TxDOT 2001) are provided in 
Table B.2.4.1. The strand pattern and section geometry are 
shown in Figure B.2.4.1. 
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C
F

G

H
D

E

KJ 55"

211
2"

251
4"85

8"

153
4"

13
4"

7
8"

57
8"

5"

81
4"

1.97"26 spa. at 1.97"1.97"

  2.17"

10 spa. at 1.97"

Beam 
Centerline

 
 

      Figure B.2.4.1  Typical Section and Strand Pattern of Texas U54 Girders 
(TxDOT 2001). 

 
 

Table B.2.4.1  Section Properties of Texas U54 girders (Adapted from TxDOT 
Bridge Design Manual (TxDOT 2001)). 

C D E F G H J K yt yb Area I Weight

in.  in.  in.  in.  in.  in.  in.  in. in. in. in.2 in.4 plf 

96 54 47.25 64.5 30.5 24.125 11.875 20.5 31.58 22.36 1120 403,020 1167 

Note: notations as used in Figure B.4.1.
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
where:  
I = Moment of inertia about the centroid of the non-composite 

precast girder, in4. 
 
yb = Distance from centroid to the extreme bottom fiber of the non-

composite precast girder, in. 
  
yt = Distance from centroid to the extreme top fiber of the non-

compositeprecast girder, in. 
 
Sb = Section modulus referenced to the extreme bottom fiber of the 

non-composite precast girder, in3. 
 = I/ yb = 403,020/22.36 = 18,024.15 in.3 
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B.2.4.2 
Composite 

Section 
B.2.4.2.1 

Effective Flange 
Width 

 

 

St = Section modulus referenced to the extreme top fiber of the non-
composite precast girder, in3. 

 = I/ yt = 403,020/31.58 = 12,761.88 in.3 

 
 
According to the LRFD Specifications, C4.6.2.6.1, the effective flange 
width of the U54 girder is determined as though each web is an 
individual supporting element. Figure B.2.4.2 shows the application of 
this assumption and the cross-hatched area of the deck slab shows the 
combined effective flange width for the two individual webs of 
adjacent U54 girders. 
  
The effective flange width of each web may be taken as the least of   

[LRFD Art. 4.6.2.6.1] 
• 1/4×(effective girder span length):  

 =
108.417 ft. (12 in./ft.)

4
 = 325.25 in. 

• 12×(Average depth of slab) + greater of (web thickness or one-
half the width of the top flange of the girder (web, in this 
case)) = 12× (8.0 in.) + greater of (5 in. or 15.75 in./2)  

  = 103.875 in. 

• The average spacing of the adjacent girders (webs, in this case) 
= 69 in. = 5.75 ft.    (controls) 
 
For the entire U-girder the effective flange width is  

= 2×(5.75 ft. ×12) = 138 in. 

57
8" 5"

1'-33
4"

8"

6'-15
8" 5'-45

8"

2'-81
4"3'-03

4"3'-03
4"2'-81

4" 2'-81
4"

Spa. of adj. webs

11'-6"

Spa. of adj. webs
 

Figure B.2.4.2  Effective Flange Width Calculations. 
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B.2.4.2.2 
Modular Ratio 

Between Slab and 
Girder Concrete 

 
 
 
 
 
 
 
 
 

B.2.4.2.3 
Transformed 

Section Properties 

Following the TxDOT Bridge Design Manual (TxDOT 2001) 
recommendation, the modular ratio between the slab and girder 
concrete is taken as 1. This assumption is used for service load 
design calculations. For the flexural strength limit design, shear 
design, and deflection calculations, the actual modular ratio 
based on optimized concrete strengths is used.  
 

n = 
 

 

for slab
for beam

c

c

E
E

⎛ ⎞
⎜ ⎟
⎝ ⎠

 = 1 

where: 
 n = Modular ratio 
 Ec = Modulus of elasticity, ksi 
 
Figure B.2.4.3 shows the composite section dimensions and Table 
B.2.4.2 shows the calculations for the transformed composite section. 
 

Transformed flange width = n × (effective flange width)       
  = 1 (138 in.) = 138 in. 

Transformed Flange Area = n × (effective flange width) (ts)  
  = 1 (138 in.) (8 in.)  = 1104 in.2 
 

c.g. of composite section
5'-2"

4'-6"
3'-4"

11'-6"
8"

Precast PanelsCast-in-place Deck Slab

 
Figure B.2.4.3  Composite Section. 

 

Table B.2.4.2  Properties of Composite Section. 

 
Transformed Area 

in.2 
yb 

 in. 
A yb 
in. 

A(ybc - yb)2

in.4 
I 

in.4 
I+A(ybc- yb)2 

in.4 
Girder 1120 22.36 25,043.2 350,488.43 403,020 753,508.43 
Slab 1104 58 64,032 355,711.62 5888 361,599.56 
∑ 2224  89,075.2   1,115,107.99
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B.2.5 
SHEAR FORCES 
AND BENDING 

MOMENTS 
B.2.5.1 

Shear Forces 
and Bending 

Moments Due 
to Dead Loads 

B.2.5.1.1 
Dead Loads  

 

 

 

 

 
B.2.5.1.2 

Superimposed 
Dead Loads 

 

Ac  = Total area of composite section = 2224 in.2 

hc = Total height of composite section = 62 in.  

Ic = Moment of inertia about the centroid of the composite section  
 = 1,115,107.99 in.4 

ybc = Distance from the centroid of the composite section to extreme 
 bottom fiber of the precast girder = 89,075.2 / 2224 = 40.05  in. 

ytg  = Distance from the centroid of the composite section to extreme top 
 fiber of the precast girder = 54 – 40.05 = 13.95 in. 

ytc  = Distance from the centroid of the composite section to extreme top 
 fiber of the slab =  62 – 40.05  = 21.95 in. 

Sbc  = Composite section modulus for extreme bottom fiber of the precast 
 girder = Ic/ybc = 1,115,107.99 / 40.05 = 27,842.9 in.3 

Stg  = Composite section modulus for top fiber of the precast girder  
 = Ic/ytg = 1,115,107.99 / 13.95 = 79,936.06 in.3 

Stc  = Composite section modulus for top fiber of the slab 
 = Ic/ytc = 1,115,107.99 / 21.95 = 50,802.19 in.3 
 

 

 

 

 

Self-weight of the girder = 1.167 kips/ft.   

[TxDOT Bridge Design Manual (TxDOT 2001)] 

Weight of CIP deck and precast panels on each girder  

= 
8 in. 138 in.

(0.150 pcf)
12 in./ft. 12 in./ft.

⎛ ⎞⎛ ⎞
⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠

 

= 1.15 kips/ft. 

 

Superimposed dead loads are the dead loads assumed to act after the 
composite action between girders and deck slab is developed. The LRFD 
specifications, Art. 4.6.2.2.1, states that permanent loads (rail, sidewalks 
and future wearing surface) may be distributed uniformly among all girders 
if the following conditions are met: 
 

1. Width of the deck is constant    (O.K.) 
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B.2.5.1.2.1 

Due to 
Diaphragm 

 
 

 
2. Number of girders, Nb, is not less than four (Nb = 4)  (O.K.) 
3. The roadway part of the overhang, de ≤ 3.0 ft. 
 de = 5.75 – 1.0 – 27.5/12 – 4.75/12 = 2.063 ft.  (O.K.) 

43
4" 2'-31

2"

Centerline 
through the girder 
cross-section

Traffic Barrier

Texas U54 Girder

Deck Slab

Wearing Surface

de

1'-0" to the nominal face of the barrier

 
Figure B.2.5.1  Illustration of de Calculation. 

 
4. Curvature in plan is less than 4 degrees (curvature is 0 degree) 

(O.K.) 
5. Cross-section of the bridge is consistent with one of the cross-

sections given in Table 4.6.2.2.1-1 in LRFD Specifications, the 
girder type is (c) – spread box beams         (O.K.) 

 
Since these criteria are satisfied, the barrier and wearing surface loads are 
equally distributed among the four girders. 
 
 
TxDOT Bridge Design Manual (TxDOT 2001) requires two interior 
diaphragms with U54 girder, located as close as 10 ft. from the midspan of 
the girder. Shear forces and bending moment values in the interior girder 
can be calculated using the following equations. The placement of the 
diaphragms is shown in Figure 2.5.2. 
 
For   x = 0 ft. – 44.21 ft. 
  Vx = 3 kips  Mx = 3x kips 

For   x = 44.21 ft. – 54.21 ft. 

 Vx = 0 kips  Mx = 3x – 3(x - 44.21) kips 
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B.2.5.1.2.2 
Due to 

Haunch 
 

 

 
B.2.5.1.2.3 

Due to T501 
Rail 

 
 
 
 
 
 

B.2.5.1.2.4 
Due to 

Wearing 
Surface 

 

 
B.2.5.1.3 

Unfactored 
Shear Forces 
and Bending 

Moments 

3 kips
20'

44' - 2.5"
64' - 2.5"

108' - 5"

3 kips

 
Figure B.2.5.2  Location of Interior Diaphragms on a Simply 

Supported Bridge Girder. 
 
For a U54 girder bridge design, TxDOT accounts for haunches in designs 
that require special geometry and where the haunch will be large enough to 
have a significant impact on the overall girder.  Because this study is for 
typical bridges, a haunch will not be included for U54 girders for 
composite properties of the section and additional dead load 
considerations. 
 
The TxDOT Bridge Design Manual recommends (TxDOT 2001, Chap. 7 
Sec. 24) that 1/3 of the rail dead load should be used for an interior girder 
adjacent to the exterior girder. 

Weight of T501 rails or barriers on each interior girder = 
326 plf /1000

3
⎛ ⎞
⎜ ⎟
⎝ ⎠

  

         = 0.109 kips/ft./interior girder 
 

Weight of 1.5 in. wearing surface = 
( ) ( )1.5 in.
0.140 pcf 44 ft.

12 in./ft.
4 beams

⎛ ⎞
⎜ ⎟
⎝ ⎠  

   = 0.193 kips/ft. 

Total superimposed dead load = 0.109 + 0.193 = 0.302 kips/ft.  

 

Shear forces and bending moments in the girder due to dead loads, 
superimposed dead loads at every tenth of the design span, and at critical 
sections (midspan and critical section for shear) are provided in this 
section. The critical section for shear design is determined by an iterative 
procedure later in the example. The bending moment (M) and shear force 
(V) due to uniform dead loads and uniform superimposed dead loads at any 
section at a distance x are calculated using the following expressions, 
where the uniform dead load is denoted as w. 
 

M = 0.5wx (L - x) 

V = w (0.5L - x) 
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 The shear forces and bending moments due to dead loads and 
superimposed dead loads are shown in Tables B.2.5.1 and B.2.5.2. 
respectively. 
 
 

Table B.2.5.1  Shear Forces due to Dead Loads. 
Non-Composite Dead Loads Superimposed Dead 

Loads Distance 
 
 
 
x 

Section 
 
 
 

x/L 

Girder 
Weight 

Vg 

Slab 
Weight 

Vslab 

Diaphram 
Weight 

Vdia 

Barrier 
Weight

Vb 

Wearing 
Surface 
Weight 

Vws 

Total 
Dead 
Load 
Shear 
Force 

ft.  kips kips kips kips kips kips 

0.375 0.003 62.82 61.91 3.00 5.87 10.39 143.99 
5.503 0.051 56.84 56.01 3.00 5.31 9.40 130.56 

10.842 0.100 50.61 49.87 3.00 4.73 8.37 116.58 
21.683 0.200 37.96 37.40 3.00 3.55 6.28 88.19 
32.525 0.300 25.30 24.94 3.00 2.36 4.18 59.78 
43.367 0.400 12.65 12.47 3.00 1.18 2.09 31.39 
54.209 0.500 0.00 0.00 0.00 0.00 0.00 0.00 

 

 

Table B.2.5.2  Bending Moments due to Dead Loads. 
Non-Composite Dead Loads Superimposed 

Dead Loads 
Distance 

 
 
 
 
x 

Section 
 
 
 
 

x/L 

Girder 
Weight 

 
Mg 

Slab  
Weight 

 
Mslab 

Diaphram  
Weight 

 
Mdia 

Barrier 
Weight 

 
Mb 

Wearing 
Surface 
Weight 

Mws 

Total 
Dead 
Load  

Moment 

ft.  k-ft. k-ft. k-ft. k-ft. k-ft. k-ft. 

  0.375 0.003     23.64     23.30     1.13    2.21    3.91     54.19 
  5.503 0.051   330.46   325.64   16.51  30.87  54.65   758.13 
10.842 0.100   617.29   608.30   32.53  57.66 102.09 1417.87 
21.683 0.200 1097.36 1081.38   65.05 102.50 181.48 2527.77 
32.525 0.300 1440.30 1419.32   97.58 134.53 238.20 3329.93 
43.367 0.400 1646.07 1622.09 130.10 153.75 272.23 3824.24 
54.209 0.500 1714.65 1689.67 132.63 160.15 283.57 3980.67 
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B.2.5.2 
Shear Forces 
and Bending 

Moments due 
to Live Load 

B.2.5.2.1 
Live Load 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

B.2.5.2.2 
Live Load 

Distribution 
Factor for 

Typical Interior 
Girder 

 
 
 

 
 
 
 
 

 

 
 
 
 
 

[LRFD Art. 3.6.1.2.1] 
The LRFD Specifications specify a significantly different live load as 
compared to the Standard Specifications. The LRFD design live load is 
designated as HL-93, which consists of a combination of:   

 

• Design truck with dynamic allowance or design tandem with 
dynamic allowance, whichever produces greater moments and 
shears, and 

• Design lane load without dynamic allowance 
[LRFD Art. 3.6.1.2.2] 

The design truck consists of an 8 kips front axle and two 32 kip rear 
axles. The distance between the axles is constant at 14 ft.     

[LRFD Art. 3.6.1.2.3] 
The design tandem consists of a pair of 25 kip axles spaced 4.0 ft. apart. 
However, the tandem loading governs for shorter spans (i.e. spans lesser 
than 40 ft.)              

  [LRFD Art. 3.6.1.2.4] 
The lane load consists of a load of 0.64 klf uniformly distributed in the 
longitudinal direction.     
 

 [LRFD Art. 4.6.2.2] 

The bending moments and shear forces due to vehicular live load 
can be distributed to individual girders using the simplified 
approximate distribution factor formulas specified by the LRFD 
Specifications. However, the simplified live load distribution factor 
formulas can be used only if the following conditions are met:  
 

1. Width of the slab is constant        (O.K.) 

2. Number of girders, Nb, is not less than four (Nb = 4)      (O.K.) 

3. Girders are parallel and of the same stiffness      (O.K.) 

4. The roadway part of the overhang, de ≤ 3.0 ft. 
de = 5.75 – 1.0 – 27.5/12 – 4.75/12 = 2.063 ft.  (O.K.) 

5. Curvature in plan is less than 4 degrees (curvature is 0 degrees) 
(O.K.) 

6. Cross-section of the bridge girder is consistent with one of the 
cross-sections given in [LRFD Table 4.6.2.2.1-1], the girder type is 
(c) – spread box beams     (O.K.) 
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B.2.5.2.3 

Distribution 
Factor for 

Bending 
Moment 

 

 

 

 

 

The number of design lanes is computed as: 
 
Number of design lanes = the integer part of the ratio of (w/12), where w is 
the clear roadway width, in ft., between curbs/or barriers   
     [LRFD Art. 3.6.1.1.1] 
w = 44 ft. 
 
Number of design lanes = integer part of (44 ft./12) = 3 lanes 

 
 
The LRFD Table 4.6.2.2.2b-1 specifies the approximate vehicular live load 
moment distribution factors for interior girders.  
 

For two or more design lanes loaded: 

DFM =  
0.6 0.125

26.3 12.0
S Sd

L
⎛ ⎞ ⎛ ⎞
⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

              [LRFD Table 4.6.2.2.2b-1] 

Provided that: 6.0 ≤ S ≤ 18.0;  S = 11.5 ft.        (O.K.) 

    20 ≤ L ≤ 140;  L = 108.417 ft.        (O.K.) 

      18 ≤ d ≤ 65;  d = 54 in.        (O.K.) 

              Nb ≥ 3;  Nb = 4         (O.K.) 

where: 

 DFM = Live load moment distribution factor for interior girder 

S = Girder spacing, ft. 

L = Girder span, ft. 

D = Depth of the girder, ft. 

Nb = Number of girders 

 

DFM = 
0.1250.6

2

11.5 11.5 54
6.3 12.0 (108.417)

⎛ ⎞×⎛ ⎞
⎜ ⎟⎜ ⎟ ×⎝ ⎠ ⎝ ⎠

= 0.728 lanes/girder 

 
 

For one design lane loaded: 

DFM =  
0.35 0.25

23.0 12.0
S Sd

L
⎛ ⎞ ⎛ ⎞
⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

             [LRFD Table 4.6.2.2.2b-1]
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B.2.5.2.4 
Distribution 

Factor for 
Shear Force  

 

DFM =  
0.250.35

2

11.5 11.5 54
3.0 12.0 (108.417)

⎛ ⎞×⎛ ⎞
⎜ ⎟⎜ ⎟ ×⎝ ⎠ ⎝ ⎠

= 0.412 lanes/girder 

 

Thus, the case for two or more lanes loaded controls and  
DFM = 0.728 lanes/girder. 
 

 
The LRFD Table 4.6.2.2.3a-1 specifies the approximate vehicular live load 
shear distribution factors for interior girders. 
 

For two or more design lanes loaded: 

DFV =  
0.8 0.1

7.4 12.0
S d

L
⎛ ⎞ ⎛ ⎞
⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

              [LRFD Table 4.6.2.2.3a-1] 

Provided that: 6.0 ≤ S ≤ 18.0;  S = 11.5 ft.        (O.K.) 

    20 ≤ L ≤ 140;  L = 108.417 ft.        (O.K.)

      18 ≤ d ≤ 65;  d = 54 in.       (O.K.) 

              Nb ≥ 3;  Nb = 4         (O.K.) 

 
where: 
 DFV = Live load shear distribution factor for interior girder 

 S = Girder spacing, ft. 

 L = Girder span, ft. 

 D = Depth of the girder, ft. 

 Nb = Number of girders 

DFV =  
0.8 0.111.5 54

7.4 12.0 108.417
⎛ ⎞ ⎛ ⎞
⎜ ⎟ ⎜ ⎟×⎝ ⎠ ⎝ ⎠

= 1.035 lanes/girder 

 

For one design lane loaded: 

DFV =  
0.6 0.1

10 12.0
S d

L
⎛ ⎞ ⎛ ⎞
⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

                   [LRFD Table 4.6.2.2.3a-1] 

DFV =  
0.6 0.111.5 54

10 12.0 108.417
⎛ ⎞ ⎛ ⎞
⎜ ⎟ ⎜ ⎟×⎝ ⎠ ⎝ ⎠

= 0.791 lanes/girder 

 

Thus, the case for two or more lanes loaded controls and 
DFV = 1.035  lanes/girder 
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B.2.5.2.6 

Skew 
Correction 

 
 
 
 
 
 
 
 
 
 
 
 
 

B.2.5.2.7 
Dynamic 

Allowance 
 
 
 
 
 
 
 
 
 
 

B.2.5.2.8 
Undistributed 
Shear Forces 
and Bending 

Moments 
B.2.5.2.8.1 

Due to Truck 
Load, VLT and 

MLT 

LRFD Article 4.6.2.2.2e specifies the skew correction factors for load 
distribution factors for bending moment in longitudinal girders on skewed 
supports. LRFD Table 4.6.2.2.2e-1 presents the skew correction factor 
formulas for type c girders (spread box beams). 
 
For type c girders the skew correction factor is given by the 
following formula: 

For 0˚ ≤ θ ≥ 60˚, 
Skew Correction = 1.05 – 0.25 tanθ ≤ 1.0 
If θ > 60˚, use θ = 60˚ 

 
The LRFD Specifications specify the skew correction for shear in the 
obtuse corner of the skewed bridge plan. This design example considers 
only the interior girders, which are not in the obtuse corner of a skewed 
bridge. Therefore, the distribution factors for shear are not reduced for 
skew. 
 
The LRFD Specifications specify the dynamic load effects as a percentage 
of the static live load effects. LRFD Table 3.6.2.1.-1 specifies the dynamic 
allowance to be taken as 33 percent of the static load effects for all limit 
states except the fatigue limit state, and 15 percent for the fatigue limit 
state. The factor to be applied to the static load shall be taken as: 
 

  (1 + IM/100) 
 
where:  

 IM = dynamic load allowance, applied to truck load only 

 IM = 33 percent 

 
The maximum shear force VT and bending moment MT due to the HS-20 
truck loading for all limit states, except for the fatigue limit state, on a per-
lane-basis are calculated using the following equations given in the PCI 
Bridge Design Manual (PCI 2003): 
 
Maximum undistributed bending moment, 
For x/L = 0 – 0.333 

MT = 
72( )[(  -  ) -  9.33]x L x

L
 

For x/L = 0.333 – 0.5 

MT = 
72( )[(  -  ) -  4.67]

-  112
x L x

L
 

 

Maximum undistributed shear force,  
For x/L = 0 – 0.5 
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B.2.5.2.8.2 
Due to 

Tandem Load, 
VTA and MTA 

 

 

VT = 
72[(  -  ) -  9.33]L x

L
 

where: 

 x  = Distance from the center of the bearing to the section at 
which bending moment or shear force is calculated, ft. 

 

 L  =  Design span length = 108.417 ft. 

 MT = Maximum undistributed bending moment due to HS-20 
truck loading 

 

 VT = Maximum undistributed shear force due to HS-20 truck 
loading 

 

 

Distributed bending moment due to truck load including dynamic load 
allowance (MLT) is calculated as follows: 

 
MLT = (MT) (DFM) (1+IM/100) 
       = (MT) (0.728) (1+0.33) 
       = (MT) (0.968) k-ft. 

 
Distributed shear force due to truck load including dynamic load 
allowance (VLT) is calculated as follows: 
 

VLT  = (VT) (DFV) (1+IM/100) 
       = (VT) (1.035) (1+0.33) 
       = (VT) (1.378) kips 

 
where: 

DFM = Live load moment distribution factor for interior 
girders 

DFV = Live load shear distribution factor for interior 
girders 

 
The maximum bending moments and shear forces due to HS-20 
truck load are calculated at every tenth of the span and at critical 
section for shear. The values are presented in Table B.2.5. 

  

The maximum shear forces VTA and bending moments MTA due to 
design tandem loading for all limit states, except for the fatigue limit 
state, on a per-lane-basis due to HL93 tandem loadings are 
calculated using the following equations: 
 
Maximum undistributed bending moment, 
For x/L = 0 – 0.5 



355 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

B.2.5.2.8.3 
Due to Lane 

Load, VL and 
ML 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

MTA = ( ) 250 L xx
L

− −⎛ ⎞
⎜ ⎟
⎝ ⎠

 

 
Maximum undistributed shear force, 
For x/L = 0 – 0.5 

VTA = 250 L x
L

− −⎛ ⎞
⎜ ⎟
⎝ ⎠

 

 
The distributed bending moment MTA and distributed shear forces VTA are 
calculated in the same way as for the HL93 truck loading, as shown in 
section B.2.5.2.7.1. 
 
The maximum bending moments ML and maximum shear forces VL due to 
uniformly distributed lane load of 0.64 kip/ft. are calculated using the 
following equations given in PCI Bridge Design Manual (PCI 2003): 
 
Maximum undistributed bending moment, ML = ( )( )( )0.5 -w x L x   

 

Maximum undistributed shear force, VL =  ( )20.32 -
     0.5

L x
for x L

L
×

≤  

 
where:  

 ML = Maximum undistributed bending moment due to HL-93 lane 
loading (k-ft.) 

 

 VL = Maximum undistributed shear force due to HL-93 lane 
loading (kips) 

 

  w   = Uniform load per linear foot of load lane = 0.64 klf 

 
Note that maximum shear force at a section is calculated at a section by 
placing the uniform load on the right of the section considered, as given in 
PCI Bridge Design Manual (PCI 2003). This method yields a conservative 
estimate of the shear force as compared to the shear force at a section under 
uniform load placed on the entire span length. The critical load placement 
for shear due to lane loading is shown in Figure B.2.5.3.  
 

0.64 kip/ft.

x
 

 
Figure B.2.5.3  Design Lane Loading for Calculation of the 

Undistributed Shear. 
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Distributed bending moment due to lane load (MLL) is calculated as 
follows: 
 

MLL = (ML) (DFM) 
               = (ML) (0.728) k-ft. 
 
Distributed shear force due to lane load (VLL) is calculated as follows: 
 

VLL  = (VL) (DFV) 
       = (VL) (1.035) kips 
 

The maximum bending moments and maximum shear forces due to HL-93 
lane loading are calculated at every tenth of the span and at critical section 
for shear. The values are presented in Table B.2.5.3. 
 

Table B.2.5.3  Shear forces and Bending Moments due to Live Loads. 
HS-20 Truck Load 

with Impact 
(controls) 

Lane Load Tandem Load with 
Impact 

Distance 
from 

Bearing 
Centerline 

Section 

VLT MLT VL ML VTA MTA 

x x/L Shear Moment Shear Moment Shear Moment 
ft.  kips k-ft. kips k-ft. kips k-ft. 

0.375 0.000 90.24 23.81 35.66 9.44 67.32 17.76 
6.000 0.055 85.10 359.14 32.04 143.15 64.06 247.97 

10.842 0.100 80.67 615.45 29.08 246.55 60.67 462.71 
21.683 0.200 70.76 1079.64 22.98 438.30 53.79 820.41 
32.525 0.300 60.85 1392.64 17.59 575.27 46.91 1073.17 
43.370 0.400 50.93 1575.96 12.93 657.47 40.03 1220.96 
54.210 0.500 41.03 1618.96 8.98 684.85 33.14 1263.76 

 

B.2.5.3 
Load 

Combinations 
 

LRFD Art. 3.4.1 specifies load factors and load combinations. The total 
factored load effect is specified to be taken as: 
 

Q = ∑ηi γi Qi                       [LRFD Eq. 3.4.1-1] 
 
where: 
 
 Q = Factored force effects. 

 Qi = Unfactored force effects. 

γi = Load factor, a statistically determined multiplier applied to 
force effects specified by LRFD Table 3.4.1-1. 
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ηi = Load  modifier, a factor relating to ductility, redundancy 
and operational importrance. 

 

 = ηD ηR ηI  ≥ 0.95, for loads for which a maximum value of 
γi is appropriate.          [LRFD Eq. 1.3.2.1-2] 

 

 = 1/ (ηD ηR ηI ) ≤ 1.0, for loads for which a minimum value 
of γi is appropriate.  [LRFD Eq. 1.3.2.1-3] 

 

 
ηD = A factor relating to ductility. 
 = 1.00 for all limit states except strength limit state. 

  

For the strength limit state: 
ηD ≥ 1.05 for non ductile components and connections. 

 ηD = 1.00 for conventional design and details complying with 
the LRFD Specifications. 

 ηD ≤ 0.95 for components and connections for which additional 
ductility-enhancing measures have been specified beyond 
those required by the LRFD Specifications. 

 

 ηD = 1.00 is used in this example for strength and service limit 
states as this design is considered to be conventional and 
complying with the LRFD Specifications. 

 

 
ηR = A factor relating to redundancy. 

 = 1.00 for all limit states except strength limit state. 
 
For the strength limit state: 

ηR ≥ 1.05 for nonredundant members. 
 ηR = 1.00 for conventional levels of redundancy. 
 ηR ≤ 0.95 for exceptional levels of redundancy. 
 

 ηR = 1.00 is used in this example for strength and service limit 
states as this design is considered to be conventional level 
of redundancy to the structure. 

 

 
ηD = A factor relating to operational importance. 

 = 1.00 for all limit states except strength limit state. 
 
For the strength limit state: 

ηI ≥ 1.05 for important bridges. 
 ηI = 1.00 for typical bridges. 
 ηI ≤ 0.95 for relatively less important bridges. 
 

 ηI = 1.00 is used in this example for strength and service limit 
states as this example illustrates the design of a typical 
bridge. 

 

ηi = ηD ηR ηI = 1.00 for this example 
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B.2.6 
ESTIMATION 

OF REQUIRED 
PRESTRESS 

B.2.6.1 
Service Load 

Stresses at 
Midspan 

 
The LRFD Art. 3.4.1 specifies load combinations for various limit states. 
The load combinations pertinent to this design example are shown in the 
following. 
 
Service I: Check compressive stresses in prestressed concrete components: 
Q = 1.00(DC + DW) + 1.00(LL + IM)         [LRFD Table 3.4.1-1] 
 
Service III: Check tensile stresses in prestressed concrete components: 
Q = 1.00(DC + DW) + 0.80(LL + IM)         [LRFD Table 3.4.1-1] 
 
Strength I: Check ultimate strength:  [LRFD Table 3.4.1-1 & 2] 
Maximum Q = 1.25(DC) + 1.50(DW) + 1.75(LL + IM) 

Minimum Q = 0.90(DC) + 0.65(DW) + 1.75(LL + IM) 
 
where: 

DC = Dead load of structural components and non-structural 
attachments. 

 

 DW = Dead load of wearing surface and utilities. 
 

 LL = Vehicular live load. 
 

 IM = Vehicular dynamic load allowance.  
 

 

The preliminary estimate of the required prestress and number of strands is 
based on the stresses at midspan 
 
Bottom tensile stresses (SERVICE III) at midspan due to applied loads  

 
0.8(  )   g S b ws LT LL

b
b bc

M M M MM Mf
S S

+ + ++
= +  

Top compressive stresses (SERVICE I) at midspan due to applied loads 

 
    g S b ws LT LL

t
t tg

M M M MM Mf
S S

+ + ++
= +  

 where: 
fb  = Concrete stress at the bottom fiber of the girder, ksi 

ft  = Concrete stress at the top fiber of the girder, ksi 

Mg  = Unfactored bending moment due to girder self-weight, k-ft.   

MS  = Unfactored bending moment due to slab and diaphragm 
  weight, k-ft. 
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B.2.6.2 
Allowable 
Stress Limit 

 
 
 

B.2.6.3 
Required 

Number of 
Strands  

Mb = Unfactored bending moment due to barrier weight, k-ft. 
Mws = Unfactored bending moment due to wearing surface, k-ft. 
MLT = Factored bending moment due to truck load, k-ft. 

MLL = Factored bending moment due to lane load, k-ft. 

  
Substituting the bending moments and section modulus values, 
bottom tensile stress at midspan is: 
 

(1714.65+1689.67 132.63)(12)
18,024.15

  
(160.15 283.57 0.8 (1618.3 684.57))(12)

27,842.9

bf

+

=
+ + × +

+

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎝ ⎠

    = 3.34 ksi 

 
(1714.65 +1689.67+132.63)(12)

12,761.88
 = 

(160.15+283.57+1618.3+684.57)(12)
+ 

79,936.06

tf

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎝ ⎠

 = 3.738 ksi 

 

At service load conditions, allowable tensile stress is 

cf ′  = specified 28-day concrete strength of girder (initial guess), 5,000 psi 

Fb = 0.19 ( )cf ksi′ = 50.19  = 0.425 ksi          [LRFD Table. 5.9.4.2.2-1] 

 

Required precompressive stress in the bottom fiber after losses: 

Bottom tensile stress – allowable tensile stress at final = fb – F b 

= 3.34 – 0.425 = 2.915 ksi 

Assuming the distance from the center of gravity of strands to the bottom 

fiber of the girder is equal to ybs = 2 in.  

Strand eccentricity at midspan: 

 ec = yb – ybs = 22.36 – 2 = 20.36 in. 

Bottom fiber stress due to prestress after losses: 

 fb = 
se se c

b

P P e
A S

+   

where, Pse = effective pretension force after all losses 
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20.36  

2.915 = +
1120 18024.15

se seP P  

Solving for Pse we get, 

Pse = 1441.319 kips 

Assuming final losses = 20 percent of fpi 

Assumed final losses = 0.2(202.5 ksi) = 40.5 ksi 

The prestress force per strand after losses  

= (cross-sectional area of one strand) (fpe ) 

= 0.153 × (202.5-40.5) = 24.786 kips 

Number of strands required = 1441.319 /24.786 = 58.151  

 

Try 60 – ½ in. diameter, 270 ksi strands 

Strand eccentricity at midspan after strand arrangement 

ec = 
27(2.17)+27(4.14)+6(6.11)

22.36 - 
60

 = 18.91 in. 

Pse = 60(24.786) = 1487.16 kips 

 

fb = 
1487.16 18.91(1487.16 )

 + 
1120 18024.15

  

     =  1.328 + 1.56 = 2.888 ksi  <  2.915 ksi  (N.G.) 

 

Try 62 – ½ in. diameter, 270 ksi strands 

 

Strand eccentricity at midspan after strand arrangement 

ec = 
27(2.17)+27(4.14)+8(6.11)

22.36 - 
62

 = 18.824 in. 

Pse = 62(24.786) = 1536.732 kips 

 

fb = 
1536.732 18.824(1536.732)

 + 
1120 18024.15

  

     =  1.372 + 1.605 = 2.977 ksi > 2.915 ksi 

Therefore, use 62 strands 
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Number of                   Distance               

                Strands                 from bottom 
                                        (in.) 

      27                              2.17 

      27                              4.14 

      8    6.11

2.17"
1.97"26 spa. at 1.97"1.97"

Strands shall 
be symmertic 
about the 
centerline

1.97"
1.97"

 
Figure B.2.6.1  Initial Strand Pattern.

 
 

B.2.7 
PRESTRESS 

LOSSES 
 

 
 

 

Total prestress losses = ∆fpES + ∆fpSR + ∆fpCR + ∆fpR2   [LRFD Eq. 5.9.5.1-1] 

where: 

 ∆fpSR = Loss of prestress due to concrete shrinkage 

 ∆fpES = Loss of prestress due to elastic shortening 

 ∆fpCR = Loss of prestress due to creep of concrete 

∆fpR2 = Loss of prestress due to relaxation of Prestressing steel 
after transfer 

 

Number of strands = 62 

A number of iterations will be performed to arrive at the optimum cf ′ and 

cif ′  
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B.2.7.1 
Iteration 1 

B.2.7.1.1 
Concrete 
Shrinkage 

 
 
 

B.2.7.1.2 
Elastic 

Shortening 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

∆fpSR = (17.0 – 0.15 H)                                              [LRFD Eq. 5.9.5.4.2-1] 

where:  
H = Relative humidity = 60 percent 

∆fpSR = [17.0 – 0.150(60)]
1

1000
 = 8 ksi 

 

 

∆fpES = p
cgp

ci

E
f

E
        [LRFD Eq. 5.9.5.2.3a-1] 

where:  

fcgp = 
2

 ( )   -  si si c g cP P e M e
A I I

+  

 

The LRFD Specifications, Art. 5.9.5.2.3a, states that fcgp can be calculated 
on the basis of prestressing steel stress assumed to be 0.7fpu for low-
relaxation strands. However, we will assume the initial losses as a 
percentage of initial prestressing stress before release, fpi. The assumed 
initial losses shall be be checked and if different from the assumed value, a 
second iteration will be carried on. Moreover, iterations may also be 
required if the cif ′ value doesn’t match that calculated in a previous step. 
 
where: 

fcgp = Sum of the concrete stresses at the center of gravity of the 
prestressing tendons due to prestressing force and the self-
weight of the member at the sections of the maximum 
moment (ksi) 

 

Psi = Pretension force after allowing for the initial losses, 
 
As the initial losses are unknown at this point, 8 percent initial loss in 
prestress is assumed as a first estimate. 
     
Psi = (number of strands)(area of each strand)[0.92(0.75 puf )] 
      = 62(0.153)(0.92)(0.75)(270) = 1767.242 kips 
 
Mg = Unfactored bending moment due to girder self-weight  

 = 1714.64 k-ft. 

ec = Eccentricity of the strand at the midspan = 18.824 in. 

 

fcgp = 
21767.242 1767.242(18.824) 1714.64(12)(18.824)

 +  - 
1120 403020 403020
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B.2.7.1.3 
Creep of 

Concrete 
 

= 1.578 + 1.554 – 0.961 = 2.171 ksi 

 

Initial estimate for concrete strength at release, cif ′  = 4000 psi 

Eci = (150)1.5(33) 4000  
1

1000
 = 3834.254 ksi 

∆fpES =  
28500

3834.254
 (2.171) = 16.137 ksi      

 

 

∆fpCR = 12 fcgp – 7∆fcdp         [LRFD Eq. 5.9.5.4.3-1] 

where:  

∆fcdp  = Change in the concrete stress at center of gravity of prestressing 
steel due to permanent loads, with the exception of the load acting 
at the time the prestressing force is applied. Values of ∆fcdp should 
be calculated at the same section or at sections for which fcgp is 
calculated. (ksi) 

 

∆fcdp = 
( ) ( )(  -  )  c bc bsslab dia b ws

c

M M e M M y y
I I
+ +

+  

where:  

ybc = 40.05 in. 

ybs = The distance from center of gravity of the strand at 
midspan to the bottom of the girder = 22.36 – 18.824  

 = 3.536 in. 
 

I = Moment of inertia of the non-composite section  
= 403,020 in.4 

 

 Ic = Moment of inertia of composite section = 1,115,107.99 in.4 

 

fcdp= (1689.67+132.63)(12)(18.824)  (160.15+283.57)(12)(37.54 - 3.536)
 +

403020 1115107.99 
 

     = 1.021 + 0.174 = 1.195 ksi 

 

∆fpCR = 12(2.171) – 7(1.195) = 17.687 ksi. 
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B.2.7.1.4 
Relaxation of 

Prestressing 
Steel 

 

 

 

 

 

 

 

 

 

For pretensioned members with 270 ksi low-relaxation strand conforming 

to AASHTO M 203 [LRFD Art. 5.9.5.4.4c] 

Relaxation loss after Transfer, 

∆fpR2 = 0.3 [20.0 – 0.4 ∆fpES – 0.2(∆fpSR + ∆fpCR)]  [LRFD Eq. 5.9.5.4.4c-1] 
 

         = 0.3 [20.0 – 0.4(16.137) – 0.2(8 + 17.687)] = 2.522 ksi 

 

Relaxation loss before Transfer, 

Initial relaxation loss, ∆fpR1, is generally determined and accounted for by 
the Fabricator. However, ∆fpR1 is calculated and included in the losses 
calculations for demonstration purpose and alternatively, it can be assumed 
to be zero. A total of 0.5 day time period is assumed between stressing of 
strands and initial transfer of prestress force. As per LRFD Commentary 
C.5.9.5.4.4, fpj is assumed to be 0.8 puf× for this example. 
 

∆fpR1 = log(24.0 ) 0.55
40.0

pj
pj

py

ft f
f

⎡ ⎤×
−⎢ ⎥

⎢ ⎥⎣ ⎦
       [LRFD Eq. 5.9.5.4.4b-2] 

          = log(24.0 0.5 day) 216 0.55 216
40.0 243
× ⎡ ⎤−⎢ ⎥⎣ ⎦

 = 1.975 ksi  

 

∆fpR1 will remain constant for all the iterations and ∆fpR1 = 1.975 ksi will be 
used throughout the losses calculation procedure. 
 

Total initial prestress loss = ∆fpES + ∆fpR1 = 16.137 + 1.975 = 18.663 ksi 

Initial Prestress loss = ( )1 100
0.75

ES pR

pu

f f
f

∆ + ∆ ×   = 
[16.137+1.975]100

0.75(270)
  

       = 8.944 percent > 8 percent (assumed initial prestress losses) 
 
Therefore, next trial is required assuming 8.944 percent initial losses 

 
∆fpES = 8 ksi         [LRFD Eq. 5.9.5.4.2-1] 
 

∆fpES = p
cgp

ci

E
f

E
        [LRFD Eq. 5.9.5.2.3a-1] 
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where:  

fcgp = 
2

 ( )   -  si si c g cP P e M e
A I I

+  

 

Psi = Pretension force after allowing for the initial losses, assuming 
8.944 percent initial losses = (number of strands)(area of each 
strand)[0.9106(0.75 puf )] 

             = 62(0.153)(0.9106)(0.75)(270) = 1749.185 kips 
 

fcgp = 
21749.185 1749.185 (18.824) 1714.65(12)(18.824)

 +  - 
1120 403020 403020

 

     = 1.562 + 1.538 – 0.961 = 2.139 ksi 

 

Assuming cif ′= 4000 psi 

Eci = (150)1.5(33) 4000  
1

1000
 = 3834.254 ksi 

∆fpES =  
28500

3834.254
 (2.139) = 15.899 ksi      

 

∆fpCR = 12 fcgp – 7∆fcdp         [LRFD Eq. 5.9.5.4.3-1] 

 

∆fcdp is same as calculated in the previous trial. 

∆fcdp  = 1.195 ksi 

 

∆fpCR = 12(2.139) – 7(1.195) = 17.303 ksi. 

 

For pretensioned members with 270 ksi low-relaxation strand 
conforming to AASHTO M 203         
[LRFD Art. 5.9.5.4.4c] 
 

∆fpR2 = 0.3 [20.0 – 0.4 ∆fpES – 0.2(∆fpSR + ∆fpCR) 

       = 0.3 [20.0 – 0.4(15.899) – 0.2(8 + 17.303)] = 2.574 ksi 

 
Total initial prestress loss = ∆fpES + ∆fpR1 = 15.899 + 1.975= 17.874 ksi 

Initial Prestress loss = ( )1 100
0.75

ES pR

pu

f f
f

∆ + ∆ ×   = 
[15.899 1.975]100

0.75(270)
+
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= 8.827 percent < 8.944 percent (assumed initial prestress losses) 

 

Therefore, next trial is required assuming 8.827 percent initial losses 

 
∆fpES = 8 ksi        [LRFD Eq. 5.9.5.4.2-1] 
 

∆fpES = p
cgp

ci

E
f

E
        [LRFD Eq. 5.9.5.2.3a-1] 

where:  

fcgp = 
2

 ( )    -  si si c g cP P e M e
A I I

+  

Psi = Pretension force after allowing for the initial losses, assuming 8.827 
percent initial losses  

= (number of strands)(area of each strand)[0.9117(0.75 puf )] 
      = 62(0.153)(0.9117)(0.75)(270) = 1,751.298 kips 
 

fcgp = 
21751.298 1751.298(18.824) 1714.65(12)(18.824)

 +  - 
1120 403020 403020

 

     = 1.564+ 1.54– 0.961 = 2.143 ksi 

Assuming cif ′= 4000 psi 

Eci = (150)1.5(33) 4000  
1

1000
 = 3834.254 ksi 

∆fpES =  
28500

3834.254
 (2.143) = 15.929 ksi      

 

∆fpCR = 12 fcgp – 7∆fcdp         [LRFD Eq. 5.9.5.4.3-1] 

∆fcdp is same as calculated in the previous trial. 

 
 

∆fcdp  = 1.193 ksi 
∆fpCR = 12(2.143) – 7(1.193) = 17.351 ksi. 

 

For pretensioned members with 270 ksi low-relaxation strand conforming 
to AASHTO M 203    [LRFD Art. 5.9.5.4.4c] 
 

∆fpR2  = 30 percent[20.0 – 0.4 ∆fpES – 0.2(∆fpSR + ∆fpCR) 

 = 0.3[20.0 – 0.4(15.929) – 0.2(8 + 17.351)] = 2.567 ksi 
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B.2.7.1.5 
Total Losses at 

Transfer 
 
 
 
 
 
 

B.2.7.1.6 
Total Losses at 
Service Loads 

 
 
 
 
 

B.2.7.1.7 
Final Stresses 

at Midspan    

Total initial prestress loss = ∆fpES + ∆fpR1 = 15.929 + 1.975= 17.904 ksi 

Initial prestress loss = ( )1 100
0.75

ES pR

pu

f f
f

∆ + ∆ ×   = 
[15.929+2.526]100

0.75(270)
  

       =  8.841 percent ≈ 8.827 percent (assumed initial 
prestress losses) 

 
 

Total initial losses = ESf∆  = 15.929 + 1.975= 17.904 ksi 

fsi = effective initial prestress = 202.5 – 17.904 = 184.596 ksi 

Psi = effective pretension force after allowing for the initial losses 

 
  = 62(0.153)( 184.596) = 1751.078 kips 
 
 

∆fSR = 8 ksi 

∆fES = 15.929 ksi 

∆fR2 = 2.567 ksi 
 

∆fCR = 17.351 ksi 

Total final losses = 8 + 15.929 + 2.567 + 17.351 = 45.822 ksi 

or 
45.822 (100)

0.75(270)
 =22.63 percent 

fse = effective final prestress = 0.75(270) – 45.822 = 156.678 ksi 

Pse = 62(0.153)( 156.678) = 1486.248 kips 
 

 
Bottom fiber stress in concrete at midspan at service load 

fbf = 
se se c

b

P P e
A S

+  - fb 
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fbf = 

1486.248 18.824(1486.248)
 + 

1120 18024.15
 - 3.34 = 1.327 + 1.552 – 3.34 

    = -0.461 ksi  >  -0.425 ksi (allowable)  (N.G.) 

 

This shows that 62 strands are not adequate. Therefore, try 64 strands 

ec = 
27(2.17)+27(4.14)+10(6.11)

22.36 - 
62

 = 18.743 in 

Pse = 64(0.153)(156.678) = 1534.191 kips 

fbf = 
1534.191 18.743(1534.191)

 + 
1120 18024.15

 - 3.34 = 1.370 + 1.595 – 3.34 

    = -0.375 ksi  <  -0.425 ksi (allowable)  (O.K.) 

 

Therefore, use 64 strands. 

 

Allowable tension in concrete = 0.19 ( )cf ksi′  

cf ′  reqd. = 
20.375 1000

0.19
⎛ ⎞ ×⎜ ⎟
⎝ ⎠

= 3896 psi      

 
Top fiber stress in concrete at midspan at service loads 

ftf = 
se se c

t

P P e
A S
−  + ft=  

1534.191 18.743(1534.191)
 - 

1120 12761.88
 + 3.737  

 

= 1.370 – 2.253+ 3.737 = 2.854 ksi 

 

Allowable compression stress limit for all load combinations = 0.6 cf ′  

cf ′  reqd = 2854/0.6 = 4757 psi             
 

Top fiber stress in concrete at midspan due to effective prestress + 
permanent dead loads 
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B.2.7.1.8 
Initial Stresses 

at End 
 

ftf = 
       gse se c b dia b ws

t t tg

M M M M MP P e
A S S S

+ + +
− + +      

1534.191 18.743(1534.191) (1714.65 + 1689.67+132.63)(12) (160.15+283.57)(12)
 -  +  + 

1120 12761.88 12761.88 79936.06
=   

= 1.370 – 2. 253 + 3.326 + 0.067 = 2.510 ksi 
 
Allowable compression stress limit for effective pretension force + 
permanent dead loads = 0.45 cf ′  
 

cf ′  reqd. = 2510/0.45 = 5578 psi                                        (controls)  

    

Top fiber stress in concrete at midspan due to live load + 0.5 
(effective prestress + dead loads) 

ftf = 
     0.5 -     gLL I se se c b dia b ws

tg t t tg

M M M M MM P P e
S A S S S

+ + + +⎛ ⎞+ + +⎜ ⎟
⎝ ⎠

 

1534.191 18.743(1534.191)
 -  

1120 12761.88
(1618.3+684.57)(12) (1714.65 + 1689.67+132.63)(12)

+ 0.5 +  
79936.06 12761.88

(160.15+283.57)(12)
+ 

79936.06

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎜ ⎟= ⎜ ⎟
⎜ ⎟
⎜ ⎟⎜ ⎟
⎝ ⎠

   

= 0.346 + 0.5(1.370 – 2. 253 + 3.326 + 0.067) = 1.601 ksi 

 

Allowable compression stress limit for effective pretension force + 
permanent dead loads = 0.4 cf ′  
 

cf ′ reqd. = 1601/0.4 = 4003 psi  

        

Since  Psi = 64 (0.153) (184.596) = 1807.564 kips 

Initial concrete stress at top fiber of the girder at midspan 

   -   si si c g
ti

t t

P P e
A S

Mf
S

= +   

where, Mg = moment due to girder self-weight at girder end = 0 k-ft. 

fti = 
1807.564 18.743(1807.564)

 - 
1120 12761.88

 = 1.614 – 2.655 = -1.041 ksi 
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B.2.7.1.9 
Debonding of 

Strands and 
Debonding 

Length 

Tension stress limit at transfer = 0.24 ( )cif ksi′  

Therefore, cif ′  reqd. = 
21.041

0.24
1000⎛ ⎞ ×⎜ ⎟

⎝ ⎠
 = 18,814 psi 

    -  si si c g
bi

b b

P P e
A S

Mf
S

= +   

fbi = 
1807.564 18.743(1807.564)

 + 
1120 18024.15

  

= 1.614 + 1.88 = 3.494 ksi 

Compression stress limit at transfer = 0.6 cif ′  

Therefore, cif ′  reqd. = 
3494
0.6

 = 5,823 psi 

 
 

The calculation for initial stresses at the girder end show that preliminary 
estimate of 4,000 psicif ′ = is not adequate to keep the tensile and 
compressive stresses at transfer within allowable stress limits as per LRFD 
Art. 5.9.4.1. Therefore, debonding of strands is required to keep the 
stresses within allowable stress limits. 

 
 
In order to be consistent with the TxDOT design procedures, the 
debonding of strands is carried out in accordance with the procedure 
followed in PSTRS14 (TxDOT 2004). 

 
Two strands are debonded at a time at each section located at uniform 
increments of 3 ft. along the span length, beginning at the end of the 
girder. The debonding is started at the end of the girder because due to 
relatively higher initial stresses at the end, greater number of strands are 
required to be debonded, and debonding requirement, in terms of number 
of strands, reduces as the section moves away from the end of the girder. 
In order to make the most efficient use of debonding due to greater 
eccentricities in the lower rows, the debonding at each section begins at 
the bottom most row and goes up. Debonding at a particular section will 
continue until the initial stresses are within the allowable stress limits or 
until a debonding limit is reached. When the debonding limit is reached, 
the initial concrete strength is increased and the design cycles to 
convergence. As per TxDOT Bridge Design Manual (TxDOT 2001) and 
AASHTO LRFD Art. 5.11.4.3, the limits of debonding for partially 
debonded strands are described as follows: 
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 1. Maximum percentage of debonded strands per row 

b. TxDOT Bridge Design Manual (TxDOT 2001) 
recommends a maximum percentage of debonded strands 
per row should not exceed 75 percent. 

 
c. AASHTO LRFD recommends a maximum percentage of 

debonded strands per row should not exceed 40 percent. 
 
2. Maximum percentage of debonded strands per section 

d. TxDOT Bridge Design Manual (TxDOT 2001) 
recommends a maximum percentage of debonded strands 
per section should not exceed 75 percent. 

 
e. AASHTO LRFD recommends a maximum percentage of 

debonded strands per section should not exceed 25 
percent. 

 
3. LRFD requires that not more than 40 percent of the debonded 

strands or four strands, whichever is greater, shall have debonding 
terminated at any section. 

 
4. Maximum length of debonding 

f. TxDOT Bridge Design Manual (TxDOT 2001) 
recommends to use the maximum debonding length 
chosen to be lesser of the following: 

i. 15 ft. 

ii. 0.2 times the span length, or 

iii. Half the span length minus the maximum 
development length as specified in the 1996 
AASHTO Standard Specifications for Highway 
Bridges, Section 9.28. However, for the purpose 
of demonstration, the maximum development 
length will be calculated as specified in AASHTO 
LRFD Art. 5.11.4.2 and Art. 5.11.4.3. 

 
g. AASHTO LRFD recommends, “the length of debonding 

of any strand shall be such that all limit states are satisfied 
with consideration of the total developed resistance at any 
section being investigated. 
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B.2.7.1.10 

Maximum 
Debonding 

Length 

5. AASHTO LRFD further recommends, “debonded strands shall be 
symmetrically distributed about the center line of the member. 
Debonded lengths of pairs of strands that are symmetrically 
positioned about the centerline of the member shall be equal. 
Exterior strands in each horizontal row shall be fully bonded.” 

 
The recommendations of TxDOT Bridge Design Manual regarding the 
debonding percentage per section per row and maximum debonding length 
as described above are followed in this detailed design example.  

 

 

As per TxDOT Bridge Design Manual (TxDOT 2001), the 
maximum debonding length is the lesser of the following: 

 
d. 15 ft. 

e. 0.2 (L), or 

f. 0.5 (L) - ld 

where:  
ld = Development length calculated based on AASHTO 

LRFD Art. 5.11.4.2 and Art. 5.11.4.3. as follows: 
 

2
3d ps pe bl f f dκ ⎛ ⎞≥ −⎜ ⎟

⎝ ⎠
  [LRFD Eq. 5.11.4.2-1] 

where:  

 dl  = Development length (in.) 

 κ  = 2.0 for pretensioned strands [LRFD Art. 5.11.4.3] 

pef  = Effective stress in the prestressing steel after losses  
= 156.276 (ksi) 

 bd  = Nominal strand diameter = 0.5 in. 

psf  = Average stress in the prestressing steel at the time for 
which the nominal resistance of the member is required, 
calculated in the following (ksi) 
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dp = h – ybs = 62 – 3.617= 58.383 in. 

β1 = 0.85 for f’c cf ′≤ 4.0 ksi   [LRFD Art. 5.7.2.2] 

    = 0.85 – 0.05( cf ′  – 4.0) ≤ 0.65 for cf ′  ≥ 4.0 ksi 

    = 0.85 

 

 

 

 

 

 

 

 

 

The development length is calculated as, 

22.0 261.68 156.28 0.5 157.5 in.
3dl

⎛ ⎞≥ − =⎜ ⎟
⎝ ⎠

 

ld = 13.12 ft. 

Hence, the debonding length is the lesser of the following, 

d. 15 ft. 

e. 0.2 × 108.417 = 21.68 ft. 

f. 0.5 × 108.417 - 13.12 = 41 ft. 

Hence, the maximum debonding length to which the strands can be 
debonded is 15 ft.

1                                           [LRFD Eq. 5.7.3.1.1-1]

 = 0.28 for low-relaxation strand                   [LRFD Table C5.7.3.1.1-1]
For Rectangular Section Behavior,

 

ps pu
p

cf f k
d

k

c

⎛ ⎞
= −⎜ ⎟⎜ ⎟

⎝ ⎠

=

1

                                [LRFD Eq. 5.7.3.1.1-4]
0.85

ps pu s y s y

pu
c ps

p

A f A f A f
f

f b kA
d

β

′ ′+ −

′ +

 = 0.28                                                           
For Rectangular Section Behavior

64(0.153)(270) = = 6.425 inches     2700.85(4)(0.85)(138) (0.28)64(0.153)
(58.383)

 = 0.85  6.425 = 

k

c

a

+

× 5.461 inches < 8 inches
Thus, its a rectangular section behavior.       

6.425270 1 0.28 = 261.68 ksi                             
(58.383)psf ⎛ ⎞

= −⎜ ⎟
⎝ ⎠
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Table B.2.7.1  Calculation of Initial Stresses at Extreme Fibers and Corresponding 
Required Initial Concrete Strengths. 

 

In Table B.2.7.1, the calculation of initial stresses at the extreme 
fibers and corresponding requirement of cif ′  suggests that the preliminary 
estimate of cif ′  to be 4000 psi is inadequate. Since strand can not be 
debonded beyond the section located at 15 ft. from the end of the girder, 
so, cif ′   is increased from 4000 psi to 4,915 psi and at all other section, 
where debonding can be done, the strands are debonded to bring the 
required cif ′  below 4915 psi. Table B.2.7.2 shows the debonding schedule 
based on the procedure described earlier. 

 
Table B.2.7.2  Debonding of Strands at Each Section. 

Location of the Debonding Section (ft. from end) 
  End 3 6 9 12 15 Midspan

Row No. 1 (bottom row) 7 9 17 23 25 27 27 
Row No. 2 19 27 27 27 27 27 27 
Row No. 3 10 10 10 10 10 10 10 
No. of Strands 36 46 54 60 62 64 64 
Mg (k-ft.) 0 185 359 522 675 818 1715 
Psi (kips) 1016.76 1299.19 1525.13 1694.591 1751.08 1807.56 1807.56
ec (in.) 18.056 18.177 18.475 18.647 18.697 18.743 18.743
Top Fiber Stresses (ksi) -0.531 -0.517 -0.509 -0.472 -0.367 -0.272 0.571 
Corresponding  ci reqdf ′  (psi) 4895 4640 4498 3868 2338 1284 5660 
Bottom Fiber Stresses (ksi) 1.926 2.347 2.686 2.919 2.930 2.949 2.352 
Corresponding  ci reqdf ′  (psi) 3211 3912 4477 4864 4884 4915 3920 

 

Location of the Debonding Section (ft. from end) 
  End 3 6 9 12 15 Midspan

Row No. 1 (bottom row) 27 27 27 27 27 27 27 
Row No. 2 27 27 27 27 27 27 27 
Row No. 3 10 10 10 10 10 10 10 
No. of Strands 64 64 64 64 64 64 64 
Mg (k-ft.) 0 185 359 522 675 818 1715 
Psi (kips) 1807.56 1807.56 1807.56 1807.56 1807.56 1807.56 1807.56
ec (in.) 18.743 18.743 18.743 18.743 18.743 18.743 18.743
Top Fiber Stresses (ksi) -1.041 -0.867 -0.704 -0.550 -0.406 -0.272 0.571 
Corresponding  ci reqdf ′  (psi) 18814 13050 8604 5252 2862 1284 5660 
Bottom Fiber Stresses (ksi) 3.494 3.371 3.255 3.146 3.044 2.949 2.352 
Corresponding   ci reqdf ′  (psi) 5823 5618 5425 5243 5074 4915 3920 
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B.2.7.2 
Iteration 2 

 

Following the procedure in iteration 1 another iteration is required to 
calculate prestress losses based on the new value of cif ′= 4915 psi. The 
results of this second iteration are shown in Table B.2.7.3 
 

Table B.2.7.3  Results of Iteration No. 2. 
 Trial #1 Trial # 2 Trial # 3 Units 
No. of Strands 64 64 64  
ec 18.743 18.743 18.743 in 
∆fpSR 8 8 8 ksi 
Assumed Initial Prestress Loss 8.841 8.369 8.423 percent 
Psi 1807.59 1816.91 1815.92 kips 
Mg 1714.65 1714.65 1714.65 k - ft. 
fcgp 2.233 2.249 2.247 ksi 
fci 4915 4915 4915 psi 
Eci 4250 4250 4250 ksi 
∆fpES 14.973 15.081 15.067 ksi 
fcdp 1.191 1.191 1.191 ksi 
∆fpCR 18.459 18.651 18.627 ksi 
∆fpR1 1.975 1.975 1.975 ksi 
∆fpR2 2.616 2.591 2.594 ksi 
Calculated Initial Prestress Loss 8.369 8.423 8.416 percent 
Total Prestress Loss 46.023 46.298 46.263 ksi 

 

B.2.7.2.1 
Total Losses at 

Transfer 
 
 
 
 

B.2.7.2.2 
Total Losses at 
Service Loads 

 
 
 
 
 
 

 

 

Total Initial losses = 1ES Rf f∆ + ∆  = 15.067 + 1.975 = 17.042 ksi 

fsi  = Effective initial prestress = 202.5 – 17.042 = 185.458 ksi 

Psi = Effective pretension force after allowing for the initial losses 

     = 64(0.153)( 185.458) = 1816.005 kips 
 
 
∆fSH = 8 ksi 

∆fES = 15.067 ksi 

∆fR2 = 2.594 ksi 

∆fR1 = 1.975 ksi 

∆fCR = 18.519 ksi 

Total final losses = 8 + 15.067 + 2.594 + 1.975 + 18.627 = 46.263 ksi 

or 
46.263(100)
0.75(270)

 =22.85 percent 

fse  = Effective final prestress = 0.75(270) – 46.263 = 156.237 ksi 

Pse = 64 (0.153) (156.237) = 1529.873 kips 
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B.2.7.2.3 
Final Stresses 

at Midspan 
 

 

 

 

 

 

 

 

 

 

 

 

 

Top fiber stress in concrete at midspan at service loads 

ftf = 
se se c

t

P P e
A S
−  + ft=  

1529.873 18.743(1529.873)
 - 

1120 12761.88
 + 3.737  

    = 1.366 – 2.247 + 3.737 = 2.856 ksi 

Allowable compression stress limit for all load combinations = 0.6 cf ′  

cf ′  reqd. = 2856/0.6 = 4760 psi             

 

Top fiber stress in concrete at midspan due to effective prestress + 
permanent dead loads 

ftf  = 
       gse se c b dia b ws

t t tg

M M M M MP P e
A S S S

+ + +
− + +   

  = 

1529.873 18.743(1529.873) (1714.65 + 1689.67+132.63)(12)
-  +  

1120 12761.88 12761.88
(160.15+283.57)(12)

+ 
79936.06

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎜ ⎟⎜ ⎟
⎝ ⎠

  

    = 1.366 – 2.247 + 3.326 + 0.067 = 2.512 ksi 

 

Allowable compression stress limit for effective pretension force + 
permanent dead loads = 0.45 cf ′  

cf ′ reqd. = 2512/0.45 = 5582 psi                                               (controls)     

 

Top fiber stress in concrete at midspan due to live load + 0.5(effective 
prestress + dead loads) 

ftf  =
  ( )    0.5 -     gse se c b dia b wsLT LL

tg t t tg

M M M M MM M P P e
S A S S S

+ + ++ ⎛ ⎞+ + +⎜ ⎟
⎝ ⎠

 

= 

1529.873 18.743(1529.873)
 -   

1120 12761.88
(1618.3+684.57)(12) (1714.65 + 1689.67+132.63)(12)

 + 0.5 + 
79936.06 12761.88

(160.15+283.57)(12)
+ 

79936.06

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟⎜ ⎟
⎝ ⎠

   

= 0.346 + 0.5(1.366 – 2.247+ 3.326 + 0.067) = 1.602 ksi 
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B.2.7.2.4 
Initial Stresses 
at Debonding 

Locations 
 

Allowable compression stress limit for effective pretension force + 
permanent dead loads = 0.4 cf ′  

cf ′ reqd. = 1602/0.4 = 4,005 psi 

Bottom fiber stress in concrete at midspan at service load 

fbf  = 
se se c

b

P P e
A S

+  - fb 

fbf  = 
1529.873 18.743(1529.873)

 + 
1120 18024.15

 - 3.34  

 = 1.366 + 1.591 – 3.34 = -0.383 ksi  

Allowable tension in concrete = 0.19 ( )cf ksi′  

cf ′ reqd. = 
2383 1000

0.19
⎛ ⎞ ×⎜ ⎟
⎝ ⎠

= 4063 psi      

 

With the same number of debonded strands, as was determined in 
the previous iteration, the top and bottom fiber stresses with their 
corresponding initial concrete strengths are calculated and results are 
presented in Table B.2.7.4. It can be observed that at 15 ft. location, the cif ′  
value is updated to 4943 psi.  

 

Table B.2.7.4  Debonding of Strands at Each Section. 
Location of the Debonding Section (ft. from end) 

  0 3 6 9 12 15 54.2 
Row No. 1 (bottom row) 7 9 17 23 25 27 27 
Row No. 2 19 27 27 27 27 27 27 
Row No. 3 10 10 10 10 10 10 10 
No. of Strands 36 46 54 60 62 64 64 
Mg (k-ft.) 0 185 359 522 675 818 1715 

Psi (kips) 
1021.5

0 
1305.2

5 
1532.2

5 
1702.5

0 
1759.2

6 
1816.0

1 
1816.0

1 
ec (in.) 18.056 18.177 18.475 18.647 18.697 18.743 18.743
Top Fiber Stresses (ksi) -0.533 -0.520 -0.513 -0.477 -0.372 -0.277 0.567 
Corresponding  ci reqdf ′  (psi) 4932 4694 4569 3950 2403 1332 5581 
Bottom Fiber Stresses (ksi) 1.935 2.359 2.700 2.934 2.946 2.966 2.368 
Corresponding  ci reqdf ′  (psi) 3226 3931 4500 4890 4910 4943 3947 

 

B.2.7.3 
Iteration 3 

Following the procedure in iteration 1, a third iteration is required to  
calculate prestress losses based on the new value of cif ′  = 4943 psi. 
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The results of this second iteration are shown in Table B.2.7.5. 
 

Table B.2.7.5  Results of Iteration No. 3. 
 Trial #1 Trial #2 Units 
No. of Strands 64 64  
ec 18.743 18.743 in. 
∆fpSR 8 8 ksi 
Assumed Initial Prestress Loss 8.416 8.395 percent 
Psi 1815 1816 kips 
Mg 1714.65 1714.65 k - ft. 
fcgp 2.247 2.248 ksi 
fci 4943 4943 psi 
Eci 4262 4262 ksi 
∆fpES 15.025 15.031 ksi 
fcdp 1.191 1.191 ksi 
∆fpCR 18.627 18.639 ksi 
∆fpR1 1.975 1.975 ksi 
∆fpR2 2.599 2.598 ksi 
Corresponding  Initial Prestress Loss 8.395 8.398 percent 
Total Prestress Loss 46.226 46.243 ksi 

 

B.2.7.3.1 
Total Losses at 

Transfer 
 
 
 
 

B.2.7.3.2 
Total Losses at 
Service Loads 

 

 

Total Initial losses = 1ES Rf f∆ + ∆  = 15.031 + 1.975 = 17.006 ksi 

fsi  = Effective initial prestress = 202.5 – 17.006= 185.494 ksi 

Psi = Effective pretension force after allowing for the initial losses 

     = 64(0.153)( 185.494) = 1816.357 kips 
 
 

∆fSH = 8 ksi 

∆fES = 15.031 ksi 

∆fR2 = 2.598 ksi 

∆fR1 = 1.975 ksi 

∆fCR = 18.639 ksi 

Total final losses = 8 + 15.031 + 2.598 + 1.975 + 18.639 = 46.243 ksi 

or 
46.243 (100)

0.75(270)
 = 22.84 percent 

 
fse = Effective final prestress = 0.75(270) – 46.243 = 156.257 ksi 

Pse = 64(0.153)( 156.257) = 1,530.069  kips 
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B.2.7.3.3 
Final Stresses 

at Midspan 
 

 

 

 

 

 

 

 

 

 

 

 

 

Top fiber stress in concrete at midspan at service loads 

ftf = 
se se c

t

P P e
A S
−  + ft=  

1530.069 18.743(1530.069)
 - 

1120 12761.88
 + 3.737  

    = 1.366 – 2.247 + 3.737 = 2.856 ksi 

Allowable compression stress limit for all load combinations = 0.6 cf ′  

cf ′  reqd. = 2856/0.6 = 4,760 psi             

 

Top fiber stress in concrete at midspan due to effective prestress + 
permanent dead loads 

ftf  = 
       gse se c b dia b ws

t t tg

M M M M MP P e
A S S S

+ + +
− + +   

     = 

1530.069 18.743(1530.069) (1714.65 + 1689.67+132.63)(12)
-  +  

1120 12761.88 12761.88
(160.15+283.57)(12)

+ 
79936.06

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎝ ⎠

  

     = 1.366 – 2.247 + 3.326 + 0.067 = 2.512 ksi 
 

Allowable compression stress limit for effective pretension force + 
permanent dead loads = 0.45 cf ′  
 

cf ′  reqd. = 2512/0.45 = 5,582 psi                                                     (controls)     

Top fiber stress in concrete at midspan due to live load + 0.5(effective 
prestress + dead loads) 
 

ftf   =
  ( )    0.5 -     gse se c b dia b wsLT LL

tg t t tg

M M M M MM M P P e
S A S S S

+ + ++ ⎛ ⎞+ + +⎜ ⎟
⎝ ⎠

 

  = 

1530.069 18.743(1530.069)
 -  

1120 12761.88
(1618.3+684.57)(12) (1714.65 + 1689.67+132.63)(12)

 + 0.5 + 
79936.06 12761.88

(160.15+283.57)(12)
+ 

79936.06

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟⎜ ⎟
⎝ ⎠

   

  = 0.346 + 0.5(1.366 – 2.247 + 3.326 + 0.067) = 1.602 ksi 
 

Allowable compression stress limit for effective pretension force + 
permanent dead loads = 0.4 cf ′  
 

cf ′ reqd. = 1602/0.4 = 4,005 psi                     
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B.2.7.3.4 
Initial Stresses 
at Debonding 

Location 

 Bottom fiber stress in concrete at midspan at service load 

fbf = 
se se c

b

P P e
A S

+  - fb 

fbf = 
1530.069 18.743(1530.069)

 + 
1120 18024.15

 - 3.34 = 1.366 + 1.591 – 3.34  

    = -0.383 ksi  
Allowable tension in concrete = 0.19 ( )cf ksi′  

cf ′  reqd. = 
2383 1000

0.19
⎛ ⎞ ×⎜ ⎟
⎝ ⎠

= 4063 psi      

 
 
With the same number of debonded strands, as was determined in the 
previous iteration, the top and bottom fiber stresses with their 
corresponding initial concrete strengths are calculated and results are 
presented in Table B.2.7.6. It can be observed that at 15 ft. location, the 

cif ′  value is updated to 4944 psi. 
 

Table B.2.7.6  Debonding of Strands at Each Section. 
Location of the Debonding Section (ft. from end) 

  0 3 6 9 12 15 54.2 
Row No. 1 (bottom row) 7 9 17 23 25 27 27 
Row No. 2 19 27 27 27 27 27 27 
Row No. 3 10 10 10 10 10 10 10 
No. of Strands 36 46 54 60 62 64 64 
Mg (k-ft.) 0 185 359 522 675 818 1715 
Psi (kips) 1021.70 1305.51 1532.55 1702.84 1759.60 1816.36 1816.36
ec (in.) 18.056 18.177 18.475 18.647 18.697 18.743 18.743
Top Fiber Stresses (ksi) -0.533 -0.520 -0.513 -0.477 -0.372 -0.277 0.566 
Corresponding  ci reqdf ′  (psi) 4932 4694 4569 3950 2403 1332 5562 
Bottom Fiber Stresses (ksi) 1.936 2.359 2.701 2.934 2.947 2.966 2.369 
Corresponding  ci reqdf ′  (psi) 3226 3932 4501 4891 4911 4944 3948 

 
 
 
 
 
 
 
 
 

 

Since in the last iteration, actual initial losses are 8.398 percent as 
compared to previously assumed 8.395 percent and cif ′  = 4944 psi as 
compared to previously assumed cif ′  = 4943 psi. These values are close 
enough, so no further iteration will be required. Use cf ′  =  5582 psi, cif ′  = 
4944 psi 
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B.2.8 
STRESS 

SUMMARY 
B.2.8.1 

Concrete 
Stresses at 

Transfer 
B.2.8.1.1 

Allowable 
Stress Limits 

 
 

B.2.8.1.2 
Stresses at 
Girder End 

and at Transfer 
Length Section  

B.2.8.1.2.1 
Stresses at 

Transfer Length 
Section 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Compression: 0.6 cif ′   = 0.6(4944) = +2,966.4 psi  
= 2.966 ksi (compression) 

 

Tension:  
The maximum allowable tensile stress for bonded reinforcement 
(precompressed tensile zone) is 
0.24 cif ′  = [0.24 4.944(ksi) ]×1000 = 534 psi  

The maximum allowable tensile stress for without bonded reinforcement 
(non-precompressed tensile zone) is 
0.0948 cif ′ =[0.0948× 4.944(ksi) ]×1000 = 210.789 ksi ≥ 0.2 ksi 

 
Stresses at girder end and transfer length section need only be checked at 
release, because losses with time will reduce the concrete stresses making 
them less critical. 
 
Transfer length = 60 (strand diameter)           [LRFD Art. 5.8.2.3] 
  = 60 (0.5) = 30 in. = 2.5 ft.    
 
Transfer length section is located at a distance of 2.5 ft. from end of the 
girder. Overall girder length of 109.5 ft. is considered for the calculation of 
bending moment at transfer length. As shown in Table B.2.7.6, the number 
of strands at this location, after debonding of strands, is 36. 
 

Moment due to girder self-weight and diaphragm,  

Mg = 0.5(1.167) (2.5) (109.5 – 2.5) = 156.086 k –ft.  

Mdia = 3(2.5) = 7.5 k–ft.  

Concrete stress at top fiber of the girder  

   -   si si t g dia
t

t t

P P e
A S

M Mf
S
+

= +  

Psi = 36 (0.153) (185.494) = 1021.701 kips 

Strand eccentricity at transfer section, ec = 18.056 in. 

ft = 
1021.701 18.056(1021.701) (156.086+7.5)(12)

 -  + 
1120 12761.88 12761.88

  

= 0.912 – 1.445 + 0.154 = -0.379 ksi 

Allowable tension (with bonded reinforcement) = 534 psi > 379 psi (O.K.) 

Concrete stress at the bottom fiber of the girder 
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B.2.8.1.2.2 
Stresses at 
Girder End 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B.2.8.1.3 
Stresses at 

Midspan 

    -  si si c g dia
b

b b

P P e
A S

M Mf
S
+

= +  

fbi = 
1021.701 18.056(1021.701) (156.086+7.5)(12)

 +  - 
1120 18024.15 18024.15

  

 = 0.912 + 1.024 – 0.109 = 1.827 ksi 

Allowable compression = 2.966 ksi > 1.827 ksi (reqd.)  (O.K.) 
 
 
 
And the strand eccentricity at end of girder is: 
 

ec = 
7(2.17)+17(4.14)+8(6.11)

22.36 - 
36

 =  18.056 in. 

Psi = 36 (0.153) (185.494) = 1021.701 kips 

 
Concrete stress at the top fiber of the girder 
 

ft = 
1021.701 18.056(1021.701)

 - 
1120 12761.88

 = 0.912 – 1.445  = -0.533 ksi 

Allowable tension (with bonded reinforcement) = -0.534 psi > -0.533 psi      
(O.K.) 

Concrete stress at the bottom fiber of the girder 

    -  si si c g
b

b b

P P e
A S

Mf
S

= +   

fbi = 
1021.701 18.056(1021.701)

 + 
1120 18024.15

 = 0.912 + 1.024 = 1.936 ksi 

Allowable compression = 2.966 ksi > 1.936 ksi (reqd.)  (O.K.) 

 

 

Bending moment at midspan due to girder self –weight based on overall 

length   

Mg = 0.5(1.167)(54.21)(109.5 – 54.21) = 1749.078 K-ft. 

Psi = 64 (0.153) (185.494) = 1816.357 kips 

Concrete stress at top fiber of the girder at midspan 

   -   si si c g
t

t t

P P e
A S

Mf
S

= +  
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B.2.8.1.4 
Stress 

Summary at 
Transfer  

 

 

 

B.2.8.2 
Concrete 

Stresses at 
Service Loads 

B.2.8.2.1 
Allowable 

Stress Limits 

ft  = 
1816.357 18.743(1816.357) 1749.078(12)

 -  + 
1120 12761.88 12761.88

  

 = 1.622 – 2.668 + 1.769 = 0.723 ksi 

Allowable compression: 2.966 ksi >> 0.723 ksi (reqd.)  (O.K.) 

Concrete stresses in bottom fibers of the girder at midspan 

    -  si si c g
b

b b

P P e
A S

Mf
S

= +   

fb  =
1816.357 18.743(1816.357) 1749.078 (12)

 +  - 
1120 18024.15 18024.15

  

 = 1.622 + 1.889 - 1.253 = 2.258 ksi 

Allowable compression: 2.966 ksi > 2.258 ksi  (reqd.)  (O.K.) 

 
  

 Top of girder 
ft (ksi) 

Bottom of girder 
fb (ksi) 

At End -0.533 +1.936 

At transfer length section -0.379 +1.827 

At Midspan +0.723 +2.258 

 

 

Compression: 

Case (I): for all load combinations 

 0.60 cf ′= 0.60(5582)/1000 = +3.349 ksi (for precast girder) 

 0.60 cf ′  = 0.60(4000)/1000 = +2.4 ksi (for slab) 

 

Case (II): for effective pretension force + permanent dead loads 

 0.45 cf ′  = 0.45(5582)/1000 = +2.512 ksi (for precast girder) 

 0.45 cf ′  = 0.45(4000)/1000 = +1.8 ksi (for slab) 

 

Case (III): for live load +0.5 (effective pretension force + dead loads) 

 0.40 cf ′  = 0.40(5582)/1000 = +2.233 ksi (for precast girder) 

 0.40 cf ′  = 0.40(4000)/1000 = +1.6 ksi (for slab) 
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B.2.8.2.2 
Stresses at 

Midspan 
 

Tension: 0.19 cf ′= 5.582(ksi)0.19 1000×  = - 448.9 ksi 

Pse = 64(0.153)( 156.257) = 1530.069  kips 
 

Case (I): Concrete stresses at top fiber of the girder at service loads 

ftf = 
se se c

t

P P e
A S
−  + ft=  

1530.069 18.743(1530.069)
 - 

1120 12761.88
 + 3.737  

    = 1.366 – 2.247 + 3.737 = 2.856 ksi 

Allowable compression: +3.349 ksi > +2.856 ksi (reqd.)  (O.K.) 
 

Case (II): Effective pretension force + permanent dead loads 

ftf = 
       gse se c b dia b ws

t t tg

M M M M MP P e
A S S S

+ + +
− + +   

   = 

1530.069 18.743(1530.069) (1714.65 + 1689.67+132.63)(12)
 -  + 

1120 12761.88 12761.88
(160.15+283.57)(12)

+ 
79936.06

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎜ ⎟⎜ ⎟
⎝ ⎠

  

   = 1.366 – 2.247 + 2.326 + 0.067 = 1.512 ksi 

Allowable compression: +2.512 ksi > +1.512 ksi (reqd.) (O.K.) 
 

Case (III): Live load + ½(Pretensioning force + dead loads) 

ftf =   ( )    0.5 -     gse se c b dia b wsLT LL

tg t t tg

M M M M MM M P P e
S A S S S

+ + ++ ⎛ ⎞+ + +⎜ ⎟
⎝ ⎠

 

= 

1525.956 18.743(1525.956)
 -  

1120 12761.88
(1618.3+684.57)(12) (1714.65 + 1689.67+132.63)(12)

+ 0.5 +  
79936.06 12761.88

(160.15+283.57)(12)
+ 

79936.06

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟⎜ ⎟
⎝ ⎠

   

= 0.346 + 0.5(1.366 – 2.247 + 2.326 + 0.067) = 1.602 ksi 

Allowable compression: +2.233 ksi > +1.602 ksi (reqd.) (O.K.) 

Concrete stresses at bottom fiber of the girder: 

fbf = 
se se c

b

P P e
A S

+  - fb 
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B.2.8.2.3 
Stresses at the 

Top of the 
Deck Slab 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

B.2.8.2.4 
Summary of 

Stresses at 
Service Loads 

 

 
 
 

B.2.8.3 
Fatigue Stress 

Limit  
 

 

fbf = 
1530.069 18.743(1530.069)

 + 
1120 18024.15

 - 3.34 = 1.366 + 1.591 – 3.338  

    = -0.383 ksi  

Allowable Tension: -0.449 ksi     (O.K.) 

 

Stresses at the top of the slab 

Case (I): 

ft = b ws LT LL

tc

M M M M
S

+ +
  

(1618.3+684.57+160.15+283.57)(12)
50802.19

=  

      = +0.649 ksi 

Allowable compression: +2.4 ksi > +0.649 ksi (reqd.)  (O.K.) 

Case (II): 

ft = b ws

tc

M M
S
+

   (160.15+283.57)(12)
50802.19

= = 0.105 ksi 

Allowable compression: +1.8 ksi > +0.105 ksi (reqd.)  (O.K.) 

Case (III): 

ft =
0.5( )b ws LT LL

tc

M M M M
S

+ +
  (1618.3+684.57+0.5(160.15+283.57))(12)

50802.19
=   

             = 0.596 ksi 

Allowable compression: +1.6 ksi > +0.596 ksi (reqd.)  (O.K.) 
 
 

 Top of Slab 
ft (ksi) 

Top of 
Girder 
ft (ksi) 

Bottom of Girder
fb (ksi) 

CASE I + 0.649 +2.856 
CASE II + 0.105 +1.512 
CASE III +0.596 +1.602 

-0.383 

At 
Midspan 

 
According to LRFD Art. 5.5.3, the fatigue of the reinforcement need not be 
checked for fully prestressed components designed to have extreme fiber 
tensile stress due to Service III Limit State within the tensile stress limit. 
Since, in this detailed design example the U54 girder is being designed as a 
fully prestressed component and the extreme fiber tensile stress due to 
Service III Limit State is within the allowable tensile stress limits, no 
fatigue check is required. 
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B.2.8.4 
Actual 

Modular Ratio 
and 

Transformed 
Section 

Properties for 
Strength Limit 

State and 
Deflection 

Calculations  
 

Till this point, a modular ratio equal to 1 has been used for the Service 
Limit State design. For the evaluation of Strength Limit State and 
Deflection calculations, actual modular ratio will be calculated and the 
transformed section properties will be used. 
 

n =  

 

for slab
for beam

c

c

E
E

 3834.25
4341.78

⎛ ⎞= ⎜ ⎟
⎝ ⎠

= 0.846 

Transformed flange width = n (effective flange width)  
 = 0.846(138 in.) = 116.75 in.    
Transformed Flange Area = n (effective flange width) (ts)  
 = 1(116.75 in.)(8 in.) = 934 in.2 

 

 

Table B.2.8.1  Properties of Composite Section. 

 
Transformed Area

in.2 
yb 

 in. 
A yb 
in. 

A(ybc - yb)2

 
I 

in.4 
I+A(ybc- yb)2

in.4 
Girder 1120 22.36 25,043.20 294,295.79 403,020 697,315.79
Slab 934 58 54,172.00 352,608.26 4981 357,589.59
∑ 2054  79,215.20   1,054,905.38

 

 

 

where: 

Ac = Total area of composite section = 2054 in.2 

hc = Total height of composite section = 62 in.  

Ic = Moment of inertia of composite section = 1,054,905.38 in.4 

ybc = Distance from the centroid of the composite section to extreme 
bottom fiber of the precast girder = 79,215.20 / 2054  

 = 38.57 in. 
 

ytg = Distance from the centroid of the composite section to extreme 
top fiber of the precast girder = 54 – 38.57 = 15.43 in. 

 

ytc = Distance from the centroid of the composite section to extreme 
top fiber of    the slab =  62 – 38.57  = 23.43 in. 

 

Sbc = Composite section modulus for extreme bottom fiber of the 
precast girder = Ic/ybc = 1,054,905.38 / 38.57 = 27,350.41 in.3 

 

 Stg = Composite section modulus for top fiber of the precast girder  
  = Ic/ytg = 1,054,905.38 / 15.43 = 68,367.17 in.3 

 

 Stc = Composite section modulus for top fiber of the slab 
   = Ic/ytc = 1,054,905.38 / 23.43 = 45,023.7 in.3 
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B.2.9 
STRENGTH 

LIMIT STATE 
 

 

Total ultimate moment from strength I is: 

1.25( ) 1.5( ) 1.75( )uM DC DW LL IM= + + +  

1.25(1714.65 1689.67 132.63 160.15) 1.5(283.57)
        1.75(1618.3 684.57) = 9076.73 k - ft

uM = + + + +

+ +
 

Average stress in prestressing steel when  

fpe ≥ 0.5 fpu   = (156.257 > 0.5(270)= 135 ksi) 

 

 

 

 
 
 
 
 
 
dp = h – ybs = 62 – 3.617= 58.383 in. 

β1 = 0.85 for cf ′≤ 4.0 ksi   [LRFD Art. 5.7.2.2] 
    = 0.85 – 0.05( cf ′  – 4.0) ≤ 0.65 for cf ′  ≥ 4.0 ksi 
    = 0.85 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Nominal flexural resistance,    [LRFD Art. 5.7.3.2.3] 
 
 

 

The equation above is a simplified form of LRFD Equation 5.7.3.2.2-1 
because no compression reinforcement or mild tension reinforcement is 
considered and the section behaves as a rectangular section. 

1                                          [LRFD Eq. 5.7.3.1.1-1]

 = 0.28 for low-relaxation strand                  [LRFD Table C5.7.3.1.1-1]
For Rectangular Section Behavior

  

ps pu
p

cf f k
d

k

A
c

⎛ ⎞
= −⎜ ⎟⎜ ⎟

⎝ ⎠

=
' '

'
1

                                [LRFD Eq. 5.7.3.1.1-4]
0.85

ps pu s y s y

pu
c ps

p

f A f A f
f

f b kA
d

β

+ −

+

 = 0.28                                                           
For rectangular section behavior

64(0.153)(270) = = 5.463 in.     2700.85(5.587)(0.85)(116.75) (0.28)64(0.153)
(58.383)

 = 0.85  5.46

k

c

a

+

× 3 = 4.64 in. < 8 in.
Thus, its a rectangular section behavior.       

5.463270 1 0.28 = 262.93 ksi                             
(58.383)psf ⎛ ⎞

= −⎜ ⎟
⎝ ⎠

                                           [LRFD Eq. 5.7.3.2.2-1]
2n ps ps p
aM A f d⎛ ⎞= −⎜ ⎟

⎝ ⎠
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B.2.9.1 
LIMITS OF 

REINFORCEME
NT 

 
 
 

B.2.9.1.1 
Maximum 

Reinforcement 
 

 

 

 

 
B.2.9.1.2 

Minimum 
Reinforcement 

 
 

 

 

Factored flexural resistance: 

Mr = φ Mn         [LRFD Eq. 5.7.3.2.1-1] 

where: 

 φ  = resistance factor            [LRFD Eq. 5.5.4.2.1] 

     = 1.00, for flexure and tension of prestress concrete 

Mr = 12,028.37  k – ft.  >  Mu = 9076.73 k – ft.   (O.K.) 

 

                  [LRFD Eq. 5.7.3.3] 

The amount of prestressed and non-prestressed reinforcement should be 
such that  
 

 

 

 

 

Since As = 0, de =dp = 58.383 in. 

 

 

           [LRFD Art. 5.7.3.3.2] 

At any section, the amount of prestressed and nonprestressed tensile 
reinforcement should be adequate to develop a factored flexural resistant, 
Mr, equal to the lesser of: 

• 1.2 times the cracking strength determined on the basis of elastic 
stress distribution and the modulus of rupture, and, 

• 1.33 times the factored moment required by the applicable strength 
load combination. 

Check at the midspan:     

 

 

 

 

0.42                                                          [LRFD Eq. 5.7.3.3.1-1]

where,                           [LRFD  Eq. 5.7.3.3.1-2]

e

ps ps p s y s
e

ps ps s y

c
d

A f d A f d
d

A f A f

≤

+
=

+

5.463 = 0.094 0.42          O.K.
58.383e

c
d

= ≤

( ) 1          [LRFD Eq. 5.7.3.3.2-1]c
cr c r cpe dnc c r

nc

SM S f f M S f
S

⎛ ⎞
= + − − ≤⎜ ⎟

⎝ ⎠
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B.2.10 
TRANSVERSE 

SHEAR DESIGN  
 

fcpe = Compressive stress in concrete due to effective prestress forces only 
(after allowance for all prestress losses) at extreme fiber of section 
where tensile stress is caused by externally applied loads (ksi) 

      

 

 
 
Mdnc = Total unfactored dead load moment acting on the monolithic or 
  noncomposite section (kip-ft.)  
          = Mg + Mslab + Mdia = 1714.65+1689.67+132.63 = 3536.95 kip-ft. 

Sc = Sbc 

Snc = Sb 

fr = '0.24 ( ) 0.24( 5.587) 0.567 r cf f ksi ksi= = =  [LRFD Art. 5.4.6.2] 

 

 

 

 

 

 

 

Since 1.2Mcr < 1.33 Mu, the 1.2 Mcr requirement controls. 

Mr =12,028.37  k – ft.    > 1.2Mcr = 1550.772 k-ft.  (O.K.) 

Art. 5.7.3.3.2 LRFD Specifications require that this criterion be met at every 
section. 
 

The area and spacing of shear reinforcement must be determined at regular 
intervals along the entire length of the girder. In this design example, 
transverse shear design procedures are demonstrated below by determining 
these values at the critical section near the supports. 
 

Transverse shear reinforcement is provided when: 

Vu < 0.5 φ (Vc + Vp)          [LRFD Art. 5.8.2.4-1] 

where: 

Vu = Factored shear force at the section considered 

1530.069 1530.069(18.743)
1120 18024.15

     1.366 1.591 2.957 

se se c
cpe

b

P P ef
A S

ksi

= + = +

= + =

cr 

 27350.41  27350.41  27350.41(0.567 2.957) 3536.95 1 (0.567)
12 18024.15 12

6183.54 1292.31
so use M 1292.31 k-ft
1.2 1550.772 k-ft
where, 9076.73 k-ft
1.33 12,097.684 k-ft

cr

cr

cr

u

u

M

M

M
M

M

⎛ ⎞= + − − ≤⎜ ⎟
⎝ ⎠

= ≤
=

=

=
=
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B.2.10.1 
Critical 
Section  

 

 

 

 

 

 

B.2.10.1.1 
Angle of 

Diagonal 
Compressive 

Stresses 
 

B.2.10.1.2 
Effective Shear 

Depth 
 

 

B.2.10.1.3 
Calculation of 

Critical 
Section  

 
 

B.2.10.2 
Contribution of 

Concrete to 
Nominal Shear 

Resistance 
 

B.2.10.2.1 
Strain in 
Flexural 
Tension 

Reinforcement 

Vc = Nominal shear strength provided by concrete 
Vs = Nominal shear strength provided by web reinforcement 

φ  = Strength reduction factor = 0.90         [LRFD Art. 5.5.4.2.1] 

 

Critical section near the supports is the greater of:         [LRFD Art. 

5.8.3.2] 

0.5dvcotθ or dv 

where: 

dv = Effective shear depth             [LRFD Art. 5.8.2.9] 
    = Distance between resultants of tensile and compressive forces, (de - 

a/2), but  not less than the greater of (0.9de) or (0.72h) 
 

θ = Angle of inclination of diagonal compressive stresses, assume θ is 23o 
(slope of compression field) 

 

 
The shear design at any section depends on the angle of diagonal 
compressive stresses at the section. Shear design is an iterative process that 
begins with assuming a value for θ. 
 

 

dv =  de – a/2 = 58.383 – 4.64/2 =  56.063 in.         (controls) 

0.9 de = 0.9 (58. 383) = 52.545 in. 

0.72h = 0.72×62 = 44.64 in. 

 

 
The critical section near the support is greater of: 
dv = 56.063 in. and  
0.5dvcot θ = 0.5×(56.063)×cot(23) = 66.04 in. = 5.503 ft.       (controls) 
 
 
The contribution of the concrete to the nominal shear resistance is: 

0.0316 ( )c c v vV f ksi b dβ ′=    [LRFD Eq. 5.8.3.3-3] 

Calculate the strain in the reinforcement on the flexural tension side. 
Assuming that the section contains at least the minimum transverse 
reinforcement as specified in LRFD Specifications Article 5.8.2.5: 
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0.5 0.5( )cot
0.001

2( )

u
u u p ps po

v
x

s s p ps

M N V V A f
d

E A E A

θ
ε

+ + − −
= ≤

+
 [LRFD Eq. 5.8.3.3-1] 

If LRFD Eq. 5.8.3.3-1 yield a negative value, then, LRFD Eq. 
5.8.3.3-3  

should be used given as below: 

0.5 0.5( )cot

2( )

u
u u p ps po

v
x

c c s s p ps

M N V V A f
d

E A E A E A

θ
ε

+ + − −
=

+ +
        [LRFD Eq. 5.8.3.3-3] 

where:  

Vu = Factored shear force at the critical section, taken as positive quantity 

 = 1.25(56.84+56.01+3.00+5.31)+1.50(9.40)+1.75(85.55+32.36)  

 = 371.893 kips 

Mu = 1.25(330.46+325.64+16.51+30.87)+1.5(54.65)+1.75(331.15+131.93) 

Mu = Factored moment, taken as positive quantity  

Mu = 1771.715 k-ft. > Vudv (kip-in.) 

      = 1771.715 k – ft.  > 371.893×56.063/12 = 1737.45 kip – ft.  (O.K.) 

Vp = Component of the effective prestressing force in the direction of the 
applied shear = 0  (because no harped strands are used) 

 
Nu = Applied factored normal force at the specified section = 0 

Ac = Area of the concrete (in.2) on the flexural tension side below h/2   

 = 714 in.2 

371.893 0.737 ksi
0.9 10 56.063

u p
u

v v

V V
v

b d
φ

φ
−

= = =
× ×

       [LRFD Eq. 5.8.2.9-1] 

vu/ cf ′  = 0.737 / 5.587 = 0.132   

As per LRFD Art. 5.8.3.4.2, if the section is within the transfer length of 
any strands, then calculate the effective value of fpo, else assume fpo = 0.7fpu 
Since, transfer length of the bonded strands at the section located at 3 ft. 
from the end of the girder extends from 3 ft. to 5.5 ft. from the end of the 
girder, whereas the critical section for shear is 5.47 ft. from the support 
center line. The support center line is 6.5 in. away from the end of the 
girder. The critical section for shear will be 5.47 + 6.5/12  = 6.00 ft. from 
the end of the girder, so the critical section does not fall within the transfer 
length of the strands that are bonded from the section located at 3 ft. from  
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the end of the girder, thus, we do not need to perform detailed calculations 
for fpo. 
 

fpo  = A parameter taken as modulus of elasticity of prestressing 
tendons multiplifed by the locked-in difference in strain 
between the prestressing tendons and the surrounding 
concrete (ksi). 

 = Approximately equal to 0.7 fpu  [LRFD Fig. C5.8.3.4.2-5]  

         = 0.70 fpu = 0.70 × 270 = 189 ksi 

    

Or it can be conservatively taken as the effective stress in the prestressing 
steel, fpe 

ps
po pe pc

c

E
f f f

E
⎛ ⎞

= + ⎜ ⎟
⎝ ⎠

 

where:  
 

pcf = Compressive stress in concrete after all prestress losses have 
occurred either at the centroid of the cross-section resisting 
live load or at the junction of the web and flange when the 
centroid lies in the flange (ksi); in a composite section, it is 
the resultant compressive stress at the centroid of the 
composite section or at the junction of the web and flange 
when the centroid lies within the flange, that results from 
both prestress and the bending moments resisted by the 
precast member acting alone (ksi). 

 

( ) ( )( )g slab bc bse bc bse
pc

n

M M y yP ec y yPf
A I I

+ −−
= − +  

 
The number of strands at the critical section location is 46 and the 
corresponding eccentricity is 18.177 in., as calculated in Table B.2.11. 
 

46 0.153 155.837 1096.781 ksiseP = × × =  

( )

( )( )

1096.781 18.177 40.05 22.361096.781
1120 403020 0.492 ksi

12 328.58+323.79 40.05 22.36
       

403020

pcf

× −⎛ ⎞
−⎜ ⎟

⎜ ⎟= =
⎜ ⎟× −

+⎜ ⎟
⎝ ⎠

 

 
28500155.837 0.492 158.93 ksi

4531.48pof ⎛ ⎞= + =⎜ ⎟
⎝ ⎠
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B.2.10.2.2 
Values of β 

and θ 
 

1771.715 12 0.5(0.0) 0.5(371.893 0.0)cot 23 46 0.153 158.93
56.063 0.001

2(28000 0.0 28500 46 0.153)

o

xε

×
+ + − − × ×

= ≤
× + × ×

 

εx = -7.51 x 10-04  ≤ 0.001     

Since this value is negative LRFD Eq. 5.8.3.4.2-3 should be used to 
calculate εx 
 

1771.715 12 0.5(0.0) 0.5(371.893 0.0)cot 23 46 0.153 158.93
56.063

2((4531.48)(714) ((28500)(46)(0.153))

o

xε

×
+ + − − × ×

=
+

 

εx = -4.384 x 10-05       

bv = 2×5 in. = 10 in.    [LRFD Art. 5.8.2.9] 

 

 

Choose the values of β and θ from LRFD Table 5.8.3.4.2-1 and after 
interpolation we get the final values of β and θ, as shown in Table 
B.2.10.1. Since θ = 23.3 degrees value is close to the 23 degrees assumed, 
no further iterations are required. 
 

Table B.2.10.1  Interpolation for β and θ. 
εx x 1000 vu/ cf ′  

-0.05 -0.04384 0 
24.2  25 

0.15 
2.776  2.72 

23.19 θ = 23.3 24.06 0.132 
2.895 β = 2.89 2.83 
22.8  23.7 

0.125 
2.941  2.87 
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B.2.10.2.3 
Concrete 

Contribution 
 

 

 

B.2.10.3 
Contribution of 
Reinforcement 

to Nominal 
Shear 

Resistance 
 

B.2.10.3.1 
Requirement 

for 
Reinforcement 

 
 
 
 

B.2.10.3.2 
Required Area 

of 
Reinforcement 

 
 
 
 
 
 
 
 
 
 
 
 
 

B.2.10.3.3 
Spacing of 

Reinforcement 
 
 

The nominal shear resisted by the concrete is: 

0.0316 ( )c c v vV f ksi b dβ ′=    [LRFD Eq. 5.8.3.3-3] 

0.0316(2.89) 5.587(56.063)(10) 121.02 kipscV = =  

 

 

Check if 0.5 ( )u c pV V Vφ> +    [LRFD Eq. 5.8.2.4-1] 

Vu  = 371.893 > 0.5×0.9×(121.02+0) = 54.46 kips  

Therefore, transverse shear reinforcement should be provided. 

 

 

( )u
n c s p

V V V V V
φ
≤ = + +     [LRFD Eq. 5.8.3.3-1] 

Vs = shear force carried by transverse reinforcement 

     = 
 371.893 121.02 0 292.19 kips

0.9
u

c p
V V V
φ

⎛ ⎞− − = − − =⎜ ⎟
⎝ ⎠

 

(cotθ cot )sinv y v
s

A f d
V

s
α α+

=   [LRFD Eq. 5.8.3.3-4] 

where: 

  s = Spacing of stirrups, in. 

 α = Angle of inclination of transverse reinforcement to longitudinal 
axis = 90 degrees 

 
Therefore, area of shear reinforcement within a spacing s is: 

reqd Av = (s Vs )/(fydvcotθ) 

   = (s × 292.19)/(60 × 56.063 × cot(23)) = 0.0369 × s 

If s = 12 in., then Av = 0.443 in.2 / ft. 

 

Maximum spacing of transverse reinforcement may not exceed the 
following:              [LRFD Art.. 5.8.2.7] 
Since vu =0.737 > 0.125× cf ′  = 0.125×5.587 = 0.689  

So, smax = 0.4× 56.063 = 22.43 in. < 24.0 in.      use smax = 22.43 in. 
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B.2.10.3.4 
Minimum 

Reinforcement 
Requirement 

 

 

 

B.2.10.3.5 
Maximum 

Nominal Shear 
Reinforcement 
 

 

 

 

 

B.2.10.4 
Minimum 

Longitudinal 
Reinforcement 

Requirement 
 

 

Use 1  # 4 double legged with Av = 0.392 in.2 / ft., the required spacing can 
be calculated as, 

0.392 10.6 in.
0.0369 0.0369

vAs = = =  

0.392(60)(56.063)(cot 23)
10

   310.643 kips  (reqd.) 292.19 kips

s

s

V

V

=

= > =
 

      [LRFD Art.. 5.8.2.5] 

The area of transverse reinforcement should be less than: 

0.0316 ( ) v
s c

y

b sA f ksi
f

′≥    [LRFD Eq. 5.8.2.5-1] 

210 100.0316 5.587 0.125 in.
60sA ×

≥ =  (O.K.) 

 

In order to assure that the concrete in the web of the girder will not crush 
prior to yield of the transverse reinforcement, the LRFD Specifications 
give an upper limit for Vn as follows: 
 

0.25n c v v pV f b d V′= +     [LRFD Eq. 5.8.3.3-2] 

( ) ( )
0.25

121.02 310.643   0.25 5.587 10 56.063 0
c s c v v pV V f b d V′+ ≤ +

+ < × × × +
431.663 kips  783.06 kips     O.K.<  

 

Longitudinal reinforcement should be proportioned so that at each section 
the following LRFD Equation 5.8.3.5-1 is satisfied: 

0.5 0.5 cotu u u
s y ps ps s p

v f c v

M N VA f A f V V
d

θ
φ φ φ

⎛ ⎞
+ ≥ + + + −⎜ ⎟

⎝ ⎠
 

Using load combination Strength I, the factored shear force and bending 
moment at the face of bearing: 
 

Vu  = 1.25(62.82+61.91+3+5.87)+1.5(10.39)+1.75(90.24+35.66)  
      = 402.91 kips 
 

Mu = 1.25(23.64+23.3+1.13+2.2)+1.5(3.91)+1.75(23.81+9.44)  

      = 126.885 k -ft. 

126.885 12 402.9146 0.153 262.93 0.0 0.5 310.643 0.0 cot 23
56.063 1.0 0.9

× ⎛ ⎞× × ≥ + + + × −⎜ ⎟× ⎝ ⎠
1850.5    ≥     1448.074   (O.K.) 
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B.2.11 
INTERFACE 

SHEAR 
TRANSFER 

 
B.2.11.1 

Factored 
Horizontal 

Shear 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

B.2.11.2 
Required 
Nominal  

Resistance 
 

B.2.11.3 
Required 
Interface 

Shear 
Reinforcement 
 

 

         [LRFD Art. 5.8.4] 

According to the guidance given by the LRFD Specifications for 
computing the factored horizontal shear. 

u
h

e

VV
d

=              [LRFD Eq. C5.8.4.1-1] 

Vh = Horizontal shear per unit length of girder, kips 

Vu = The factored vertical shear, kips 

de = The distance between the centroid of the steel in the tension side of 
the girder to the center of the compression blocks in the deck (de - 
a/2), (in.) 

 
The LRFD Specifications do not identify the location of the critical 
section. For convenience, it will be assumed here to be the same 
location  as the critical section for vertical shear, i.e. 5.503 ft. from 
the support center line. 
 
Vu = 1.25(5.31)+1.50(9.40)+1.75(85.55+32.36) = 227.08 kips 

de  = 58.383 – 4.64/2 =  56.063 in. 
227.08 4.05 kips/in.
56.063hV = =  

 
 
Vn = Vh / φ  = 4.05 / 0.9 = 4.5 kip / in. 
 
 
The nominal shear resistance of the interface surface is: 

n cv vf y cV cA A f Pµ ⎡ ⎤= + +⎣ ⎦    [LRFD Eq. 5.8.4.1-1] 

c = Cohesion factor    [LRFD Art. 5.8.4.2] 

µ = Friction factor    [LRFD Art. 5.8.4.2] 

Acv = Area of concrete engaged in shear transfer, in.2. 

Avf = Area of shear reinforcement crossing the shear plane, in.2 

Pc = Permanent net compressive force normal to the shear plane, kips 

fy = Shear reinforcement yield strength, ksi 

[LRFD Art. 5.8.4.2] 

For concrete placed against clean, hardened concrete and free of laitance, 
but not an intentionally roughened surface:     
 

c = 0.075 ksi 

µ = 0.6λ, where λ = 1.0 for normal weight concrete, and therefore, 
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B.2.12 
PRETENSIONED 
ANCHORAGE 

ZONE 
B.2.12.1 

Anchorage 
Zone 

Reinforcement 
 

 

 

 

 

 

 

 
B.2.12.2 

Confinement 
Reinforcement 

µ = 0.6 
The actual contact width, bv, between the slab and the girder = 2(15.75)  

    = 31.5 in. 

Acv = (31.5in.)(1in.) = 31.5 in.2 

The LRFD Eq. 5.8.4.1-1 can be solved for Avf as follows: 

4.5 0.075 31.5 0.6 (60) 0.0vfA⎡ ⎤= × + +⎣ ⎦  

Solving for Avf = 0.0594 in.2/in. = 0.713 in.2 / ft. 

Use 1  # 4 double legged. For the required Avf = 0.713 in.2 / ft., the required 

spacing can be calculated as, 

12 0.392 12 6.6 in.
0.713

v

vf

As
A
× ×

= = =  

Ultimate horizontal shear stress between slab and top of girder can be 

calculated, 

1000 4.5 1000 143.86 psi
31.5

n
ult

f

VV
b
× ×

= = =  

            [LRFD Art. 5.10.10.1] 

Design of the anchorage zone reinforcement is computed using the force in 
the strands just at transfer: 
Force in the strands at transfer = Fpi = 64 (0.153)(202.5) = 1982.88 kips 

The bursting resistance, Pr, should not be less than 4 percent of Fpi  

0.04 0.04(1982.88) 79.32r s s piP f A F kips= ≥ = =  

where: 
 As = Total area of vertical reinforcement located within a distance 

of h/4 from the end of the girder, in 2. 
 fs = Stress in steel not exceeding 20 ksi. 
 
Solving for required area of steel As= 79.32 /20 = 3.97 in.2 

Atleast 3.97 in.2 of vertical transverse reinforcement should be provided 
within a distance of (h/4 = 62 / 4 = 15.5 in.). from the end of the girder. 
Use (7) #5 double leg bars at 2.0 in. spacing starting at 2 in. from the end 
of the girder. The provided As = 7(2)0.31 = 4.34 in.2 > 3.97 in.2  (O.K.)  
              [LRFD Art. 5.10.10.2] 
Transverse reinforcement shall be provided and anchored by extending the 
leg of stirrup into the web of the girder. 
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B.2.13 
DEFLECTION 

AND CAMBER 
B.2.13.1 

Maximum 
Camber 

Calculations 
Using 

Hyperbolic 
Functions 

Method 
 

TxDOT’s prestressed bridge design software, PSTRS14 uses the 
Hyperbolic Functions Method proposed by Sinno (1968) for the calculation 
of maximum camber. This design example illustrates the PSTRS14 
methodology for calculation of maximum camber. 
 

Step 1: Total Prestress after release 

P = 
   

2 2
  

  
1     1     

Dsi c s

c s c s

P M e A n
e A n e A np n I p n

I I

+
⎛ ⎞ ⎛ ⎞

+ + + +⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

 

where: 

Psi = Total prestressing force = 1,811.295 kips 

I = Moment of inertia of non-composite section = 403,020 in.4 

ec = Eccentricity of pretensioning force at the midspan = 18.743 in. 

MD = Moment due to self-weight of the girder at midspan = 1714.65 k-ft. 

As   = Area of strands = number of strands (area of each strand)  

 = 64(0.153) = 9.792 in.2   

ρ = As/ An 

 where: 

 An = Area of cross-section of girder = 1120 in.2 

 ρ = 9.972/1120 = 0.009 

 

 PSTRS14 uses final concrete strength to calculate Ec,  

 Ec = Modulus of elasticity of the girder concrete, ksi 

             = 33(wc)3/2 ' cf   = 33(150)1.5 5587  
1

1000
 = 4531.48 ksi 

Eps = Modulus of elasticity of prestressing strands = 28,500 ksi 

n = Eps/Ec = 28500/4531.48= 6.29 
2

1    c se A npn
I

⎛ ⎞
+ +⎜ ⎟

⎝ ⎠
  = 1+ (0.009)(6.29) + 

2(18.743 )(9.792)(6.29)
403020

  

= 1.109 

 P =    

2 2
  

  
1     1     

Dsi c s

c s c s

P M e A n
e A n e A np n I p n

I I

+
⎛ ⎞ ⎛ ⎞

+ + + +⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠
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= 

1811.295 (1714.65)(12 in./ft.)(18.743)(9.792)(6.29)
 + 

1.109 403020(1.109)
 

 = 1632.68 + 53.13 = 1685.81 kips 
 

Concrete Stress at steel level immediately after transfer 
21   -  cs s

ci c
ef P f

A I
⎛ ⎞

= +⎜ ⎟
⎝ ⎠

 

where: 

   s
cf = Concrete stress at steel level due to dead loads 

        = 
 D cM e

I
 = 

(1714.65)(12 in./ft.)(18.743)
403020

 = 0.957 ksi 

s
cif  = 1685.81 

21 18.743
+  - 0.957

1120 403020
⎛ ⎞
⎜ ⎟
⎝ ⎠

 = 2.018 ksi 

 

Step 2: Ultimate time-dependent strain at steel level 

1     s s
c cr ci shfε ε ε∞ ∞= +  

where: 

 crε ∞ = Ultimate unit creep strain = 0.00034 in./in. (this value is 
prescribed by Sinno (1968) 

 

 shε ∞  = Ultimate unit creep strain = 0.000175 in./in. (this value is 
prescribed by Sinno (1968)) 

 1  cε
∞ = 0.00034(2.018) + 0.000175 = 0.0008611 in./in. 

 

Step 3: Adjustment of total strain in step 2 

2

2 1 1
1   -     s cs s s

c c c ps
ci n

A eE
E A I

ε ε ε
⎛ ⎞

= +⎜ ⎟
⎝ ⎠

 

 = 0.0008611 – 0.0008611 (28500)
29.792 1 18.743

 + 
4531.48 1120 403020

⎛ ⎞
⎜ ⎟
⎝ ⎠

  

 = 0.000768 in./in.  
 
Step 4: Change in concrete stress at steel level 
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 2

2
1     cs s

sc c ps
n

ef E A
A I

ε
⎛ ⎞

∆ = +⎜ ⎟
⎝ ⎠

 

 = 0.000768 (28500)(9.792)
21 18.743

 + 
1120 403020
⎛ ⎞
⎜ ⎟
⎝ ⎠

 

s
cf∆ = 0.375 ksi 

 

Step 5: Correction of the total strain from step2 

c4 cr sh-   +
2

s
s s c

ci
ffε ε ε∞ ∞⎛ ⎞∆

= + ⎜ ⎟
⎝ ⎠

 

εsc4 = 0.00034
0.375

2.018 - 
2

⎛ ⎞
⎜ ⎟
⎝ ⎠

 + 0.000175 = 0.0007974 in./in. 

 

Step 6: Adjustment in total strain from step 5 

2

5 4 4
1   -     s cs s s

c c c ps
c n

A eE
E A I

ε ε ε
⎛ ⎞

= +⎜ ⎟
⎝ ⎠

      

= 0.0007974 – 0.0007974 (28500) 
29.792 1 18.743

 + 
4531.48 1120 403020

⎛ ⎞
⎜ ⎟
⎝ ⎠

  

= 0.000711 in./in. 
 

Step 7: Change in concrete stress at steel level 
2

 1 5
1      cs s

sc c ps
n

ef E A
A I

ε
⎛ ⎞

∆ = +⎜ ⎟
⎝ ⎠

  

= 0.000711(28500)(9.792) 
21 18.743

 + 
1120 403020
⎛ ⎞
⎜ ⎟
⎝ ⎠

 

1
s

cf∆  = 0.350 ksi 
 

Step 8: Correction of the total strain from step 5 

1
c6 cr sh-   +

2

s
s s c

ci
ffε ε ε∞ ∞⎛ ⎞∆

= + ⎜ ⎟
⎝ ⎠

 

c6
sε  = 0.00034

0.350
2.018 - 

2
⎛ ⎞
⎜ ⎟
⎝ ⎠

 + 0.000175 = 0.000802 in./in. 
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Step 9: Adjustment in total strain from step 8 
2

7 6 6
1   -     s cs s s

c c c ps
ci n

A eE
E A I

ε ε ε
⎛ ⎞

= +⎜ ⎟
⎝ ⎠

 

 = 0.000802 – 0.000802 (28500) 
29.792 1 18.743

 + 
4531.48 1120 403020

⎛ ⎞
⎜ ⎟
⎝ ⎠

  

 = 0.000715 in./in. 
 
Step 10: Computation of initial prestress loss 
 

PLi = 
1811.295 - 1685.81

1811.295
 -   = Psi P

Psi
 = 0.0693 

 

Step 11: Computation of Final Prestress loss 

PL∞ = 
 7  ps sc

si

E A
P

ε ∞

 = 
0.000715(28500)(9.792)

1811.295
 = 0.109 

Total Prestress loss 

PL = PLi + PL∞ = 100(0.0693 + 0.109) = 17.83 percent 

 

Step 12: Initial deflection due to dead load 

CDL = 
45  

384 c

w L
E I

 

where:  

    w = Weight of girder = 1.167 kips/ft. 

    L = Span length = 108.417 ft. 

 

CDL = 

41.167
5 [(108.417)(12 in./ft.)]

12 in./ft.
384(4531.48)(403020)

⎛ ⎞
⎜ ⎟
⎝ ⎠  = 1.986 in. 

 

Step 13: Initial Camber due to prestress 

M/EI diagram is drawn for the moment caused by the initial prestressing, is 
shown in Figure B.2.13.1. Due to debonding of strands, the number of 
strands vary at each debonding section location. Strands that are bonded, 
achieve their effective prestress level at the end of transfer length. Points 1 
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Girder 
Centerline6543

2
1

18 ft.0 ft. 15 ft.12 ft.9 ft.6 ft.3 ft.
 

Figure B.2.13.1  M/EI Diagram to Calculate the Initial Camber due to Prestress. 

 

 

through 6 show the end of transfer length for the preceding section. The 
M/EI values are calculated as, 

si

c

P ecM
EI E I

×
=  

The M/EI values are calculated for each point 1 through 6 and are shown in 
Table B.2.13.1. The initial camber due to prestress, Cpi, can be calculated 
by Moment Area Method, by taking the moment of the M/EI diagram 
about the end of the girder.  
 
   Cpi = 3.88 in. 

 
Table B.2.13.1  M/EI Values at the End of Transfer Length. 

Identifier for the 
End of Transfer 

Length  

Psi 
 (kips) 

ec  
(in.) 

M/EI 
(in.3) 

1 1018.864 18.056 1.01E-05 
2 1301.882 18.177 1.30E-05 
3 1528.296 18.475 1.55E-05 
4 1698.107 18.647 1.73E-05 
5 1754.711 18.697 1.80E-05 
6 1811.314 18.743 1.86E-05 

 

Step 14: Initial Camber 

Ci = Cpi – CDL = 3.88 – 1.986 = 1.894 in. 
 

Step 15: Ultimate Time Dependent Camber 

Ultimate strain 
  

s
s ci
e

c

f
E

ε =  = 2.018/4531.48 = 0.000445 in./in. 
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B.2.13.2 
Deflection Due 

to Girder  
Self-Weight 

 

 

 

 

 

 

 

B.2.13.3 
Deflection Due 

to Slab and 
Diaphragm 

Weight 
 
 
 
 
 
 
 
 

B.2.13.4 
Deflection Due 

to 
Superimposed 

Loads 
 

Ultimate camber ( )
1-    

2
  1 -  

s
s sc

cr ci e

t i s
e

ff
C C PL

ε ε

ε

∞

∞

⎛ ⎞∆
+⎜ ⎟

⎝ ⎠=  

 

 = 1.894(1 – 0.109)

0.347
0.00034 2.018 -  + 0.000445

2
0.000445

⎛ ⎞
⎜ ⎟
⎝ ⎠  

 Ct = 4.06 in. = 0.34 ft.  
 

∆girder = 
45

384
g

ci

w L
E I

 

where, wg = girder weight = 1.167 kips/ft. 

Deflection due to girder self-weight at transfer  

∆girder = 
45(1.167/12)[(109.5)(12)]

384(4262.75)(403020)
 = 0.186 ft.  

Deflection due to girder self-weight used to compute deflection at erection  

∆girder = 
45(1.167/12)[(108.417)(12)]

384(4262.75)(403020)
 = 0.165 ft.  

 
 

∆slab =  

where: 

 ws = Slab weight = 1.15 kips/ft. 

 Ec = Modulus of elasticity of girder concrete at service = 4529.45  ksi 

∆slab = 

( )

4

2 2

4529.45

5(1.15 /12)[(108.417)(12)]
384(4529.45)(403020)

(3)(44.21 12)
3(108.417 12) 4(44.21 12)

(24 403020)
×

× − ×
× ×

+
= 0.163 ft.  

 

∆SDL = 
45

384
SDL

c c

w L
E I

 

where: 

 wSDL = Superimposed dead load = 0.302 kips/ft. 

 Ic   = Moment of inertia of composite section = 1,054,905.38 in.4 

( )
4

2 25 3 4
384 24

s dia

c c

w bw L l b
E I E I

+ −
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B.2.13.5 
Deflection Due 

to Live Load 
and Impact 

 
B.2.14 

COMPARISON 
OF RESULTS 

∆SDL = 
45(0.302/12)[(108.417)(12)]

384(4529.45)(1054905.38)
 = 0.0155 ft.   

 
Total deflection at service for all dead loads = 0.165 + 0.163 + 0.0155  
            = 0.34 ft. 
 

The deflections due to live loads are not calculated in this example as they 
are not a design factor for TxDOT bridges. 
 

In order to measure the level of accuracy in this detailed design example, 
the results are compared with that of PSTRS14 (TxDOT 2004). The 
summary of comparison is shown in Table B.2.15. In the service limit state 
design, the results of this example matches those of PSTRS14 with very 
insignificant differences. A difference up to 5.9 percent can be noticed for 
the top and bottom fiber stress calculation at transfer, and this is due to the 
difference in top fiber section modulus values and the number of debonded 
strands in the end zone, respectively. There is a huge difference of 24.5 
percent in camber calculation, which can be due to the fact that PSTRS14 
uses a single step hyperbolic functions method, whereas, a multi step 
approach is used in this detailed design example. 
 

Table B.2.14.1  Comparison of Results for the AASHTO LRFD Specifications 
(PSTRS vs Detailed Design Example). 

Design Parameters PSTRS14 Detailed Design 
Example 

 Percent 
Diff. w.r.t. 
PSTRS14 

Initial 8.41 8.398 0.1 Prestress Losses, 
(percent) Final 22.85 22.84 0.0 

cif ′  4944 4944 0.0 Required Concrete 
Strengths, (psi) cf ′  5586 5582 0.1 

Top -506 -533 -5.4 At Transfer 
(ends), (psi) Bottom 1828 1936 -5.9 

Top 2860 2856 0.1 At Service 
(midspan), (psi) Bottom -384 -383 0.3 

Number of Strands 64 64 0.0 
Number of Debonded Strands (20+10) (20+8) 2 

uM , (kip–ft.) 9082 9077 -0.1 

nMφ , (kip–ft.) 11,888 12,028 -1.2 
Ultimate Horizontal Shear 

Stress @ critical section, (psi) 143.3 143.9 0.0 

Transverse Shear Stirrup (#4 
bar) Spacing, (in.) 10.3 10 2.9 

Maximum Camber, (ft.) 0.281 0.35 -24.6 
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APPENDIX C 

ILLUSTRATIONS OF DERHERSVILLE BRIDGE USED FOR THE 

VERIFICATION OF FINITE ELEMENT ANALYSIS MODEL IN 

SECTION 5 
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