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There are many issues and challenges to deal with when designing a curved I-

girder bridge.  These challenges primarily deal with the many performance stages that 

curved I-girder bridges have such as the erection, construction, and in-service stages.   

When design engineers assess the stability of a bridge system, they typically evaluate the 

system in its final configuration with all cross frames attached and the hardened concrete 

deck placed.  The evaluation of girder stability during erection and early stages of 

construction stages is difficult because of the limited presence of bracing in the system.  

Due to a lack of readily available analytical tools, many contractors do not conduct 

detailed analytical evaluations of the bridge behavior during early stages of the 

construction when stability is often critical.  Instead, many contractors use rules of thumb 

and experience to ensure stability during erection.  Erection and construction practices 

typically vary among contractors and consistent erection methods are a rarity.  Although 

some rules of thumb may be quite conservative, others are much less so.  Therefore, 

coming up with design guidelines based on parametric studies rather than rules of thumb 

are desirable to help allow the contractor and the designer to work together to prevent 

issues that may occur due to the lack of communication between the two professions. 

Lastly, many challenges arise due to the complex geometry of curved I-girders.  

To prevent excessive rotation in erected girders, three points of vertical support are often 
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provided.  Two of these points usually consist of permanent supports in the form of 

bridge piers or abutments.  The third point of support may consist of a temporary support 

in the form of a shore tower or holding crane.  Cases where a holding crane may be 

satisfactory over a shore tower are also not well understood.   

To improve the understanding of lifting practices and temporary support 

requirements, parametric studies were conducted using the finite element program 

ANSYS.  Field data consisting of displacement, stress, and girder rotations gathered from 

two tests were used to validate both the linear and geometric non-linear three-

dimensional FEA models. Upon validation, the finite element model was used to conduct 

linear and geometric non-linear analyses to determine critical factors in curved I-girder 

bridges during construction.  Specifically, serviceability limit states were studied for the 

lifting of curved girders.  For partially constructed states, parametric studies were 

conducted to determine optimal locations to place temporary supports as well as to 

investigate stability differences between using a shore tower and a holding crane. 

Recommendations are presented to provide guidance for the lifting of curved I-girders as 

well as to maximize stability of partially constructed bridges. 
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CHAPTER 1 
Introduction 

1.1 OVERVIEW 

The research reported in this thesis addresses questions and problems that arise in 

the construction of curved steel I-girder bridges. This work is a part of Texas Department 

of Transportation (TxDOT) Research Project 0-5574 on Curved Plate Girder Design for 

Safe and Economical Construction. There are many issues and challenges to deal with 

when designing a curved I-girder bridge for safety and serviceability during various 

stages of construction up through the final in-service condition. This research project 

examines issues related to safety and serviceability of curved I-girders during lifting 

operations as well as the safety and serviceability of partially constructed bridges curved 

I-girder bridges.  

When design engineers assess the stability of a bridge system, they typically 

evaluate the system in its final in-service configuration with all cross frames attached and 

the hardened concrete deck in-place.  However, the most critical stage for stability of the 

bridge often occurs during erection and the early stages of construction before all cross-

frames are in place and before the concrete deck has hardened. Figure 1.1 is a photo of a 

curved steel I-girder bridge that collapsed during construction.  

  Traditionally, design engineers and contractors/erectors work independently in 

the design and construction of most bridges.  Design engineers are generally responsible 

for assuring that the bridge is able to withstand all strength and serviceability limit states 

in the final in-service configuration. Contractors and erectors, on the other hand, are 

generally responsible for the stability of the bridge during erection and construction.  To 

minimize problems during construction, the Texas Department of Transportation 

(TxDOT) has implemented many preferred practices within their designs that are based 

upon experience. The TxDOT preferred practices sometimes differ and are generally 

more conservative from those recommended by the American Association of State and 



 2

Highway Transportation Officials (AASHTO). One key area of difference is in the 

recommended value for the ratio of flange width to girder depth, bf/d. TxDOT preferred 

practices recommend designing curved I-girders with a target value for bf/d of 1/3. 

AASHTO, on the other hand, permits bf/d values as low as 1/6.  Higher values of bf/d, 

such as that recommended by TxDOT, produce girders with a higher torsional stiffness 

making them less likely to distort or fail from lateral torsional buckling. The 

recommendation to use bf/d of 1/3 is therefore intended to mitigate girder stability 

problems during lifting or in early stages of construction before all the bracing is present.  

On the other hand, designing for bf/d equal to 1/3 can increase the cost of the girder. 

Reducing the bf/d value to the AASHTO limit of 1/6 can result in more economical 

girders, but can also result in more stability related problems during construction. The 

girders in the bridge collapse shown in Figure 1.1 had a very low value of bf/d, as can be 

seen from the girder contained within the highlighted box. Consequently, the bf/d value is 

a crtical factor that affects both girder economy and girder stability. Accordingly, one of 

the questions being examined in this research project is whether the bf/d value of 1/3 

currently recommended by TxDOT can be reduced to provide more economical girders, 

while still minimizing stability problems during lifting and construction.     
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Figure 1.1: Curved Bridge Collapse [Photo Courtesy ILDOT] 

Many challenges arise in assessing stability during construction due to the 

complex geometry of curved I-girders.  The center of gravity of a curved I-girder is 

eccentric to the centerline of the girder.  Therefore, the girder rotates until the center of 

gravity of the girder lines up with the lifting points to maintain static equilibrium (Farris 

2008).  To prevent excessive rotation in partially erected systems, three points of vertical 

support are often provided.  Two of these points usually consist of permanent supports in 

the form of bridge piers or abutments.  The third point of support may consist of a 

temporary support in the form of a shore tower or holding crane.  The boundary 

conditions at these supports are often difficult to characterize and to properly model with 

commercially available bridge software.  In addition to unclear boundary conditions, 

many questions must be considered in evaluating stability during construction.  How 

many cross frames will be attached before the next girder is lifted and how many should 

be attached to prevent buckling?  Once the girders are in place, which segments of 

concrete should be placed first, and how much time needs to elapse to ensure sufficient 
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composite action before placing the next section?  Developing tools to address these 

questions is an additional goal of TxDOT Research Project 0-5574. 

1.2 SCOPE OF STUDY 

As described earlier, this thesis is a part of a TxDOT Research Project 0-5574 on 

Curved Plate Girder Design for Safe and Economical Construction. The focus of the 

research study is to study the behavior and safety of curved steel I-girder bridges during 

construction. Included within the overall scope of this project is the development of 

recommendations and tools for evaluating safety and serviceability of curved I-girders 

through all stages of the erection process as well as during casting of the concrete deck. 

Research activities included field instrumentation of steel I-girders during lifting 

operations and curved steel I-girder bridges at various stages of construction. The field 

data was used to develop an improved understanding of behavior during construction and 

to validate finite element models. To better understand the behavior of the curved girders 

throughout all of the performance stages, extensive parametric studies were conducted 

using the finite element program ANSYS. Finally, two PC based tools, UT Lift and UT 

Bridge were created to help analyze both the lifting and partially constructed stages of 

construction.  UT Lift, a macro-enabled spread sheet analyzes the behavior of curved I-

girders during lifting.  UT Bridge is a full three-dimensional finite element program for 

analyzing bridge systems during the erection sequence and deck placement. Research 

conducted in earlier phases of Project 0-5574 is reported by Schuh (2008), Farris (2008) 

and Stith (2010). Further background on this work is provided in Chapter 2 of this thesis.  

The purpose of research conducted for this thesis was to extend and supplement 

other work on Project 0-5774 by Schuh (2008), Farris (2008) and Stith (2010).  More 

specifically, the research reported in this thesis has two primary objectives. The first 

objective is to extend previous work on lifting of curved I-girders by Schuh (2008) and 

Farris (2008). The previous work evaluated the stability of curved I-girders during lifting 

through the use of eigenvalue buckling analysis. However, it is unclear if eigenvalue 

analysis provides an accurate prediction of instability for curved girders. Consequently, 

in this thesis, the behavior of curved I-girders during lifting is evaluated using nonlinear 
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geometry analyses. The purpose of this nonlinear analysis was to evaluate the suitability 

of eigenvalue analyses for curved girders and to provide additional insights into problems 

that can arise during lifting operations. The second objective of the research reported 

herein was to examine how the use and placement of temporary shore towers and holding 

cranes affect the structural performance of partially constructed curved steel I-girder 

bridges.   

1.3 THESIS OVERVIEW 

Background information on previous research conducted on the behavior and 

analyses of curved steel I-girder bridges during construction is provided in Chapter 2. 

This includes research conducted under TxDOT Project 0-5574 as well as work by 

others.   

The results of a parametric finite element study on the lifting of curved I-girders 

based on geometric nonlinear analyses are provided in Chapter 3. The behavior of girders 

during lifting predicted by nonlinear analyses is compared with eigenvalue buckling 

analyses. The results of the nonlinear analyses are also used to evaluate serviceability 

criteria for lifting and to develop recommendations on preferred lifting locations. 

The results from parametric finite element studies on partially constructed bridges 

are highlighted in Chapter 4.  This parametric study focuses on identifying when a 

temporary support is required to stabilize a girder.  In addition, advantages and 

disadvantages are discussed for both shore towers and holding cranes.  A summary of all 

of the work presented in this thesis is provided in the final chapter. 
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CHAPTER 2 
Background and Literature Review 

2.1 INTRODUCTION  

As described in Chapter 1, the research summarized in this thesis was conducted 

as part of TxDOT Research Project 0-5574 on Curved Plate Girder Design for Safe and 

Economical Construction. A significant amount of research has already been completed 

under this project, and has been documented in the M.S. theses by Schuh (2008) and 

Farris (2008) and in the PhD dissertation by Stith (2010).  Prior to TxDOT Project 0-

5574, there has been considerable previous research on the behavior of curved steel I-

girders that support the objectives of this research project.  Extensive reviews of previous 

research have been documented by Schuh (2008), Farris (2008) and Stith (2010), and will 

not be repeated here. Material presented in this chapter will therefore only summarize on 

recent research efforts conducted by others since 2007.  In addition, the previous work 

completed on TxDOT Project 0-5574 will also be summarized.  

2.2 RECENT WORK BY OTHERS 

This section provides a review of recent research pertinent to curved girders that 

has been published since the original literature review was completed by Schuh (2008), 

Farris (2008), and Stith (2010). Most of the studies that were reviewed investigated the 

behavior of erected steel I-girders and concrete deck placement.  No recent research was 

found on the behavior of steel I-girders during the lifting process when the only source of 

support comes from the crane. 

2.2.1 Effects of Web Plumbness on Girder Rotation  

Recent work by Howell and Earls (2007) examined the effects that web out of 

plumbness on the constructability of a bridge. The authors note that the self weight of a 

girder alone will typically cause a curved girder to roll off of two supports.  The reason 

for the instability is because the girder’s center of gravity is not in line with the web.  In 
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order to prevent the girder from rolling over, erectors attempt to brace the girder at a third 

point by either introducing a temporary support into the system, placing cables and wood 

blocks at permanent supports to prevent rotation, or erecting two girders at one time 

when possible.  Currently, there is no guidance in AASHTO on the allowable magnitude 

of web rotation.  The goal of the work by Howell and Earls was to quantify the effects 

that web out-of-plumbness have on the girder behavior and to determine a suitable limit.  

To quantify the effects, they computed girder flange stresses, vertical deflections, girder 

distortion, and cross-frame forces with only steel dead load.  Using finite element 

analysis, the researchers modeled a six girder, three span continuous bridge with no skew 

angles, and a radius of curvature of just over 500 feet. They changed the web out-of-

plumbness from zero degrees to five degrees in one degree increments.  The results of the 

study showed that the lateral deflections increased up to 250% for five degrees out of 

plumbness and up to 100% for just two degrees of out of plumbness.  The cross frame 

forces were affected the most in the vicinity of the support locations.  From the analyses 

conducted, it was concluded that controlling the web plumbness is crucial in the 

construction of bridges and that a more robust level of analysis may be needed for the 

construction of complex curved steel I-girder bridges. 

2.2.2 Girder Lateral Torsional Buckling 

Recent work on lateral torsional buckling of steel I-girders during bridge erection 

is reported by Zhao et al (2009). Zhao et al discuss the validity of commonly used 

guidelines for girder stability related to the ratio L/b.  The unbraced length of the girder is 

represented by L and b is the flange width. The Handbook for Construction Engineers 

provides L/b ranges for both cantilevers and simply supported sections that state whether 

a system is stable, may be stable, or temporary supports are required as listed  in Table 

2.1 (American Bridge Division). 
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System Stability Cantilever Simply Supported 
Stable L/b < 30 L/b < 60 

May be Stable 30 ≤ L/b < 40 60 ≤ L/b < 80 
Temporary Supports 

Required 
40 ≤ L/b 80 ≤ L/b 

Table 2.1: Guidelines for the Stability of a Steel I-girder 

Zhao used the AASHTO LRFD (2007) design guidelines and finite element 

analyses to evaluate the validity of these guidelines.  The AASHTO LRFD states that a 

steel girder under bending will remain stable if lateral torsional buckling is prevented as 

shown in Eq. 2.1. 

 Eq. 2.1 

  

This formulation is only valid for simple bending and therefore can only be 

applied to straight girders.  Through this simple equation, a closed form solution of the 

maximum unbraced length, Lmax, can be determined for both a simply supported beam 

and a cantilever as seen in Eq. 2.2 where rt is the effective radius of gyration for lateral 

torsional buckling, Cb is the moment gradient modifier, Rb is the web load shedding 

factor, E is the modulus of elasticity, I is the moment of inertia, f is the resistance factor 

for flexure, wu is the girder self weight along the span, and d is the girder depth. 

1.28  Eq. 2.2 

Using the closed form solution for Lmax, a parametric study was conducted where 

the girder’s cross sectional properties were varied and a resulting Lmax was determined.  

The same cross sections were then modeled in ABAQUS and the results were presented 

as a series of curves that show (L/b)max versus web depth for numerous cross sections.  

From the results, it was determined that for both cantilevers and simply supported beams, 

the lower limits given by the handbook are reasonable, but that the upper limits can be 

slightly increased.  Through the parametric studies, it was also determined that the most 
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important factors to control girder stability are the compression flange width and the web 

depth.   

In addition to looking at commonly used rules of thumb for girder stability, Zhao 

et al (2009) also discussed optimal places to brace a cantilevered steel I-girder during 

erection to minimize both vertical and lateral deflections and prevent lateral-torsional 

buckling (Q. Zhao, B. Yu and E. G. Burdette).  Using ABAQUS, Zhao et al modeled a 

cantilever and factored the self weight in accordance to the AASHTO code (1.5 x dead 

load).  With no bracing, the section buckled under its own factored self weight.  Bracing 

was then placed at the top flange, bottom flange, and both flanges and the location and 

magnitude of the maximum lateral displacements along the girder were computed.  It was 

determined that although it was best to brace both the top and bottom flange, that the 

response of the girder was almost the same by just bracing the top, tension flange.  

Bracing just the bottom (compression) flange resulted in lower deflections than no 

bracing, but didn’t prevent the girder from buckling.  As a result, it was concluded that 

bracing the top, tension flange is an efficient and effective way to prevent lateral torsional 

buckling in erection situations where a girder is cantilevered past a support.  

2.2.3 Flange Local Buckling 

Madhavan and Davidson (2009) conducted a study on flange local buckling in 

curved I-girders. This research examined the effect that the curvature and warping 

stresses had on the local buckling behavior of the compression flange.  Traditionally, 

only bending stresses are considered in local flange buckling.  Yet, due to the curved 

geometry, skewed supports, eccentricity of the deck weight on overhand brackets, deck 

forms, screed rails, utilities, and wind loads, additional torsional and lateral bending 

stresses can be introduced into the girder.  The current 2007 AASHTO LRFD 

Specification implements a unified approach for the flexural design of both tangential and 

horizontally curved I-girder bridges with lateral bending loads to prevent local buckling.  

The code states that for all girder slenderness ratios, a “one-third” rule is applied that 

accounts for lateral bending in the flange.  The “one-third” rule takes the maximum stress 

that a cross section can handle before local buckling will occur, and reduces it by a factor 
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of fl/3 where fl is the factored lateral flange bending stress at the section being considered. 

Using theoretical equations to evaluate definitions for slenderness limits, Madhavan and 

Davidson were able to conclude that the “one-third” rule adopted by AASHTO in 2007 is 

accurate for compact sections, but is increasingly conservative for both non-compact and 

slender sections.   

2.3 WORK PREVIOUSLY COMPLETED ON TXDOT PROJECT 0-5574 

There are many aspects of TxDOT Project 0-5574 that were completed before and 

in conjunction with the work described in this thesis.  In order for the parametric studies 

in this thesis to be completed on girder lifting and partially constructed bridges, a 

validated three dimensional finite element model in ANSYS was needed.  To validate the 

ANSYS model, two independent field tests were completed to compare with ANSYS 

predictions.  Numerous eigenvalue and linear-elastic analyses were also previously 

completed using the validated ANSYS model to investigate the stability of curved steel I-

girders during lifting.  A nationwide survey of bridge erectors was also conducted to 

establish typical industry lifting procedures and limits. Lastly, two analysis tools, UT Lift 

and UT Bridge, were developed to assist designers and contractors to analyze curved I-

girders during lifting and to analyze partially constructed bridges.  A brief discussion of 

this previous work is described below.  

2.3.1 Girder Lifting Field Tests 

The literature review showed that very little research work has previously been 

done on the lifting of horizontally curved I-girders.  As a result, two tests were conducted 

as part of TxDOT Project 0-5574 to better understand the behavior of curved steel I-

girders during lifting and to provide data to validate an ANSYS model for girder lifting.  

In the first set of tests, a bridge located near Austin Bergstrom International Airport on 

SH 130 at US 71 was instrumented and monitored during lifting.  The data collected in 

this test was difficult to interpret because the girder support conditions on the ground 

prior to lifting were not were not well defined (Schuh).  Therefore, a second set of tests 

were conducted in San Angelo, Texas at a Hirschfeld Steel Company bridge girder 
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storage site.  Using a crane at the storage site, a curved steel I-girder was instrumented 

and displacements, rotations, and stresses were monitored during lifting.  In this test, 

well-defined girder support conditions were provided. As a result, high quality data was 

obtained in this test. Further details of these tests are provided by Schuh (2008).  

To the author’s knowledge, there is no other experimental data available that 

records both rotations and stresses of curved steel I-girders during lifting. 

2.3.2 Finite Element Analysis of Lifting of Curved Girders 

The first finite element parametric study to be conducted on TxDOT Project 0-

5574 was by Schuh and identified the effects of changing various parameters during the 

lifting of curved girders.  Schuh conducted eigenvalue buckling analyses to quantify the 

effects of changing variables such as the radius of curvature (R), flange width to girder 

depth ratio (bf/d), span to depth ratio (L/d), and lift point location (a/L). These parameters 

are illustrated in Figure 2.1. 

 

Figure 2.1: Parameter Definitions for Girder Lifting Studies 

 The results from the parametric studies showed that the radius of curvature had 

little effect on the eigenvalue of the system.  For a given a/L, R, and bf/d, as the span to 

depth ratio (L/d), increases, the eigenvalue buckling capacity decreases rapidly. The 

variable that had the largest effect on the eigenvalue was the lift point location, a/L.  
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When a girder is lifted at extreme locations (a/L = 0.1 or a/L = 0.4), the eigenvalue is the 

lowest and eigenvalues are highest at a/L = 0.25 (Schuh).    

Using eigenvalue buckling analyses, Schuh (2008) developed recommendations 

for computing the buckling capacity of prismatic curved I-girders during lifting using 

conventional formulas for lateral torsional buckling. Farris (2008) extended the work by 

Schuh, and used eigenvalue buckling analyses to study the stability of non-prismatic 

curved I-girders during lifting.  

2.3.3 Nationwide Survey of Erectors 

Farris also conducted a nationwide survey of steel bridge erection contractors, 

inspectors and engineers.  The primary purpose of the survey was to determine common 

methodologies used in the lifting of curved, steel I-girders such as typical spreader beam 

length, lift point locations, use of shore towers, and the length of girders lifted.  The 

industry survey was conducted to provide the researchers with a better understanding of 

typical industry practices.  The range of parameters used in practice, were used to assist 

in planning the parameters that were studied on the research project so that solutions 

could be developed for commonly encountered problems.  Complete details of the survey 

and survey responses are documented by Farris (2008). 

2.3.4 Development of Analysis Tools 

As a part of TxDOT Project 0-5574, two PC-based tools were developed to assist 

with analysis of curved steel I-girder bridges during critical stages of the construction 

process. One of these tools, called “UT Bridge," is a three dimensional finite element 

program that contains a graphical user interface (GUI) that allows bridge engineers to 

input a curved, I-girder bridge and quickly evaluate the stability of the system during 

girder erection and concrete deck placement based upon information commonly found in 

bridge plans.   In addition to UT Bridge that evaluates girder stability during partially 

constructed configurations, the tool “UT Lift” was also developed for analysis of curved 

steel I-girders during lifting.  UT Lift is a macro-enabled Microsoft Excel based 

spreadsheet that allows the user to input the properties of a girder being lifted and quickly 
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evaluate both strength and serviceability limit states. Both UT Bridge and UT Lift are 

described in Stith (2010).  

2.4 SUMMARY 

This chapter provided a brief review of recently completed research pertinent to 

curved I-girders completed at other universities as well as previous work completed on 

TxDOT Project 0-5574.  The material presented in the chapter supplements the 

background information provided by Stith (2010) Schuh (2008), and Farris (2008).   

The research reported in this thesis extends previous work conducted on TxDOT 

Project 0-5574 in two areas. As described above, Schuh (2008) and Farris (2008) 

examined the stability of curved I-girders during lifting through the use of eigenvalue 

buckling analyses. To extend this work, additional parametric studies of girder lifting 

were conducted using nonlinear geometrical analyses for comparison with predictions on 

curved girder behavior provided by the eigenvalue buckling analyses. The purpose of the 

nonlinear analysis, which is described in Chapter 3, was to evaluate the ability of 

eigenvalue buckling analysis to predict instability of curved I-girders and to also evaluate 

proposed limits on girder rotation during lifting. The second area addressed by this thesis, 

described in Chapter 4, was the analysis of partially constructed bridges with a focus on 

the role of temporary shore towers and holding cranes.    
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CHAPTER 3 
Non-Linear Analysis of Lifting of Curved Steel I-Girders 

3.1 INTRODUCTION 

Lifting of curved steel I-girders is an issue of significant concern in the 

construction of steel bridges. Improper lifting practices can lead to safety concerns and 

serviceability problems that can adversely impact construction operations. Despite the 

importance of lifting operations, there is little work available from past research that can 

provide engineers and erectors with guidance on criteria for lifting.  In as such, there is a 

lack of analysis tools and design criteria for lifting. Rather, bridge erectors have largely 

relied on experience and rules of thumb to guide lifting operations (Beckmann and Mertz 

2005). To address the lack of analysis tools and guidance on lifting of curved steel I-

girders, research on this topic was conducted as part of Texas Department of 

Transportation (TxDOT) Research Project 0-5574, “Curved Plate Girder Design for Safe 

and Economical Construction.” As part of TxDOT Project 0-5574, considerable research 

has already been completed on lifting of curved steel I-girders, and is reported in Schuh 

(2008) and Farris (2008). The work described in this chapter is a continuation of this 

research for TxDOT Project 0-5574, and builds on the work of Schuh and Farris. 

Two critical issues of concern in lifting of curved steel I-girders are safety and 

serviceability. From a safety perspective, lateral torsional buckling of the girder is the 

primary limit state of concern. Buckling of a girder during lifting can result in  injuries or 

fatalities. Thus, assuring the stability of a curved steel I-girder is critical in planning a 

lifting operation. However, even if stability and safety are assured, serviceability 

problems can occur due to excessive deformations of a girder during lifting. For example, 

excessive rotation or deflection of a lifted girder can make connecting the girder to other 

portions of the bridge that have already been erected very difficult. Such serviceability 

problems, while not affecting safety, can cause costly delays in construction. 

Serviceability is of particular concern with curved girders, as the curved geometry can 
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lead to large rotations of a lifted girder due to rigid body movements of the girder 

combined with cross sectional torsional rotations. 

3.2 MODELING APPROACHES 

There are several possible approaches for conducting a structural analysis of 

curved steel I-girders during lifting for the purposes of assessing safety and 

serviceability.  One approach is to conduct a first order structural analysis to compute the 

moment diagram for the lifted girder as well as deflections and rotations. To check 

stability of the girder, the moment in the girder can be compared to a critical buckling 

moment. The critical buckling moment can be computed using formulas provided in 

AASHTO or other codes, which are generally based on classical formulas for elastic 

lateral torsional buckling of a straight beam.  Buckling solutions are discussed in greater 

detail later in this thesis. However, this approach leads to difficulties in that formulas for 

the buckling moment for a beam since the engineer must identify the unbraced length of 

the beam, which is unclear since there is no clear bracing present.  Assessing the buckling 

strength also may necessitate using a Cb factor to account for moment gradient. Again, 

since the Cb factor is generally dependent on the unbraced length, there is significant 

uncertainty on the proper Cb factor during lifting. The applicability of conventional beam 

buckling formulas to curved girders is not well understood. Finally, many bridge girders 

are nonprismatic, and the correct treatment of nonprismatic girders in formulas for 

critical buckling moment is also unclear.  

The deflections and rotations computed from a first order analysis can be used to 

assess serviceability criteria. However, it is unclear if a first order analysis provides an 

accurate prediction of the actual deflections and rotations of a curved girder during 

lifting. That is, it is unclear if second-order geometric effects may significantly affect 

girder deformations during lifting. 

As an alternative to using buckling formulas, a first order structural analysis can 

be combined with an eigenvalue analysis to estimate the buckling moment. An 

eigenvalue analysis does not require the engineer to define the unbraced length or to 

compute a Cb factor. However, it is unclear if an eigenvalue analysis can accurately 
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predict instability of a curved girder since the girder tends to laterally deflect and twist 

from the applied load.   

The most accurate approach for predicting the behavior of a curved steel I-girder 

during lifting is to conduct an analysis that explicitly models nonlinear geometry. A 

nonlinear analysis evaluates equilibrium in the deformed configuration of the girder, and 

provides the most realistic prediction of deflections and rotations, and of internal forces 

and stresses. A geometric nonlinear analysis is also sometimes referred to as a second-

order analysis, in that it includes second-order geometric effects. 

An additional consideration in the analysis of curved steel I-girders is the 

representation of the girder in the analysis model. At the simplest level, beam elements 

can be used to model the girder. At a more advanced level, continuum finite elements, 

such as shell elements can be used to model the girder. Shell finite element models 

increase the complexity of modeling, but can provide more accurate results. Further, shell 

finite element models can predict local buckling of the flanges and web as well as local 

effects at lift points and at changes in the cross-section for nonprismatic girders. Such 

local effects generally cannot be captured using beam elements.  Note that either beam 

elements or shell finite elements can be used to conduct a first order analysis, an 

eigenvalue analysis, or a nonlinear geometry analysis. 

A final issue in girder modeling is consideration of material inelasticity. 

Significant yielding in the girder will affect the distribution of the internal forces and 

stresses, deflections, rotations, and stability of the girder. In general, a key design 

criterion for girder lifting is to prevent yielding of the girder during the lifting operation 

to prevent permanent deformations. Consequently, an elastic analysis is generally 

satisfactory for girder lifting. It is, of course, important to check the internal forces and 

stresses predicted by the analysis to ensure that the girder does, in fact, remain elastic. All 

of the analyses described in this chapter utilized elastic materials. 
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3.3 RESEARCH OBJECTIVES 

The previous studies by Schuh (2008) and Farris (2008) used eigenvalue analysis 

to develop recommendations for evaluating girder stability using simplified buckling 

formulas. However, the validity of eigenvalue analyses for curved girders is unclear. 

Consequently, the primary objective of the research described in this chapter is to assess 

the validity of eigenvalue analyses for predicting instability of curved girders during 

lifting and to extend the work previously conducted by Schuh and Farris. To accomplish 

this objective, a geometric nonlinear analysis of curved girders during lifting using a 

three-dimensional finite element model was conducted and compared to the results of 

first-order and eigenvalue analysis.  In addition to assessing the usefulness of eigenvalue 

analyses, this research also examined additional issues involved in lifting of curved steel 

girders. 

Prior to describing the nonlinear analysis of curved steel I-girders during lifting, 

the results of previous research on girder lifting conducted as part of TxDOT Project 0-

5574 will be reviewed. 

3.4 PREVIOUS WORK ON LIFTING OF CURVED GIRDERS FOR PROJECT 0-5574 

As part of TxDOT Project 0-5574, an extensive series of analyses were conducted 

on lifting of curved steel I-girders (Schuh (2008), Farris (2008), Stith et al. (2009), and 

Stith (2010)). In this previous work, the stability of curved steel I-girders during lifting 

was evaluated by the use of eigenvalue analyses on a three-dimensional finite element 

model of the girder using the ANSYS finite element computer program. Shell elements 

were used to represent the flanges and web of the girder. The model used for this 

analysis, as well as validation of the model by field testing of lifted curved girders is 

described by Schuh (2008) and Stith (2010). The results of the eigenvalue analyses were 

then used by Schuh and Farris to develop recommendations for the calculation of 

buckling moments.  

Analysis by Schuh (2008) showed that radius of curvature had little effect on the 

eigenvalue for a curved girder during lifting.   This is illustrated in Figure 3.1Error! 

Reference source not found. below, which shows the eigenvalues for a 90 ft long girder 
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computed from the ANSYS model. Loading on the girder consisted of the girder self 

weight. The girder had a top flange width (bf) of 18 in and a web depth (d) of 72 in (bf /d 

ratio = 1/4). Four different radiuses of curvature were modeled (R = 250 ft, 500 ft, 1000 

ft, and 8000 ft). The 8000 ft radius of curvature was included to approximate a straight 

girder.  For each radius of curvature, the eigenvalue was obtained for seven different lift 

point locations (a/L) where a represents the distance from the end of the girder to the lift 

point location and L is the total length of the girder being lifted. The eigenvalue, λ, 

shown in Figure 3.1 represents  a multiplier on the self-weight of the girder needed to 

cause buckling.  

 

Figure 3.1: Effect of Radius of Curvature on Eigenvalue, λ for Different Lift Locations 

(Schuh, 2008) 

From the results in Figure 3.1, it can be seen that regardless of the lift point 

location, the eigenvalues are nearly the same for the four different radiuses of curvature.  

The eigenvalue was therefore assumed to not be a function of the radius of curvature in 

the parametric studies subsequently conducted by Schuh (2008) and Farris (2008). The 
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graphs show that the resulting eigenvalues are very sensitive to the lifting location and 

ranged from approximately 10 to 125 for the various a/L ratios. 

3.4.1 Rigid Body Girder Rotations 

Because of the geometry of horizontally curved I-girders, a potential for 

significant rotations during lifting is present.  Large rotations can contribute to instability 

of the girder during lifting and can also cause problems during fit up when attempting to 

connect two girders in the air or when attempting to connect cross frames.  There are two 

sources of rotation when lifting a curved girder. One source is a rigid body rotation that 

occurs when the center of gravity of the curved girder is not located on the line of support 

defined by the lift points. The second source of rotation is deformation due to girder 

flexibility and includes both torsional deformations and weak axis bending of the girder.  

 The rigid body rotation depends on the girder geometry and lift locations, and 

does not depend on the stiffness of the girder.  Straight girders do not develop rigid body 

rotations because their center of gravity lies between the line of support created by the 

lifting locations for any two points on a straight girder.  However, for curved girders, 

rigid body rotation will occur if the girder’s center of gravity is eccentric to the line of 

support between the lifting locations, as illustrated in Figure 3.2.  
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Figure 3.2: Location of Center of Gravity and Line of Support for Straight and Curved 

Girders 

The eccentricity of the line of support and the center of gravity creates an 

additional torque that causes the girder to rotate until the line of support is coincident 

with the center of gravity.  For more information on calculating this rigid body rotation, 

see the work done by Schuh (2008). 

3.4.2 Buckling Expressions for Girder Stability 

As discussed earlier, one approach for checking the stability of a girder during 

lifting is to use a buckling formula. With this approach, the bending moment in the lifted 

girder is computed using a first order analysis. This can normally be done by hand 

calculations or simple computer programs. The maximum moment in the girder is then 

compared to a critical moment that will cause lateral torsional buckling, computed using 

a buckling formula. Most buckling formulas are derived for uniform moment loading and 

the effects of moment gradient are accounted for with moment modification (Cb) factors, 

which are discussed below. The buckling solutions that are available in design codes and 

in the literature to predict elastic lateral torsional buckling of a girder often vary in the 

form of presentation. A classical formula for elastic buckling of doubly-symmetric 
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girders is the formula presented in Timoshenko and Gere (1961), which is shown as Eq. 

3.1 below. This formula, referred to herein as the “Timoshenko Equation,” is the basis for 

most doubly-symmetric beam buckling formulas found in design codes, including 

AASHTO. This formula assumes the girder is straight, prismatic and is subject to a 

uniform moment along its length. At the girder ends, this formula assumes warping is 

permitted but that twist is fully restrained.  Although Timoshenko originally stated that 

lateral movement was restrained at the ends, the assumption is not actually required to 

obtain the resulting expression.  As a result, effective bracing need only control twist of 

the cross section; however bracing can also be provided to prevent lateral movement of 

the compression flange. The value of Mo computed from Eq. 3.1 is the critical moment 

that will cause elastic buckling of the girder for these conditions.   

When the moment diagram along the unbraced length of the girder is not uniform, 

as is the case with a girder during lifting, a moment gradient factor, Cb, is typically 

applied to the uniform buckling moment from Eq. 3.1. Thus, the final formula for 

predicting elastic lateral torsional buckling of a girder is given by Eq. 3.2. To check 

girder stability, the buckling moment, Mcr computed by Eq. 3.2 is compared to the 

maximum moment computed in the girder, with application of an appropriate factor of 

safety. 

As noted above, Eq. 3.2 is the basis for beam buckling formulas found in many 

design standards for steel structures, including AASHTO (2008) and AISC (2005). 

However, the use of Eq. 3.2 for checking stability of girders during lifting raises a 

number of questions and concerns, as follows: 

• What unbraced length, Lb should be used in Eq. 3.2? 

The unbraced length, Lb is defined as: “Length between points that are either 

braced against lateral displacement of the compression flange or braced 

against twist of the cross-section.” (AISC, 2005). For a girder during lifting, 

there are no points along the girder that are braced against lateral displacement 

or braced against twist of the cross-section. The primary source of stability in 

girders during lifting comes from the fact that the point of application of the 
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self weight lies below the vertical lifting locations. Consequently, it is very 

unclear how Lb should be determined for a girder during lifting. 

• How should Cb be determined? 

Various expressions for computing Cb are available in design codes and in the 

literature. All of these expressions require information on the shape of the 

moment diagram over the unbraced length. Since the unbraced length in not 

clearly defined for a girder during lifting, the calculation of Cb is also not 

clear. Further, in addition to Cb accounting for moment gradient over the 

unbraced length, this factor also accounts for load height effects. Most Cb 

factors are applicable for mid-height loading.  When the loads are applied 

above or below mid-height, load height effects increase or decrease the 

buckling capacity.  For gravity loading, loads applied above mid-height results 

in a reduction of the capacity relative to mid-height loading, while loads 

applied below mid-height result in an increase in the buckling capacity. In the 

case of a girder during lifting, where the girder is generally hanging from 

lifting hooks, conventional formulas for Cb do not properly account for this 

support conditions. 

• Is Eq. 3.2 applicable to curved girders? 

The Timoshenko Equation was derived for a straight girder. Its applicability to 

a curved girder is unclear. 

• How can Eq. 3.2 be applied to a nonprismatic girder? 

The Timoshenko Equation was derived for a prismatic girder. However, many 

bridge girders are nonprismatic. The correct application of Eq. 3.2 to 

nonprismatic girders is unclear.  
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Eq. 3.1 

 

   

   

    

   

   

  

 Eq. 3.2 

   

   

Schuh and Farris developed recommendations on how Eq. 3.2 can be used to 

compute the buckling moment for a girder during lifting. The basic approach used in this 

work was to consider a wide range of parameters for lifted girders, including variations in 

length, cross-section properties, location of lift points, etc. For each case considered, an 

eigenvalue buckling analysis was conducted on a three-dimensional finite element model 

of the lifted girder using ANSYS. Moment gradient factors can be found analytically by 

conducting two analyses: one with moment gradient and one with uniform moment.  The 

moment gradient factor is then found using the following expression in Eq. 3.3. 

 

 Eq. 3.3 

Where Mcr is the maximum moment at buckling within a specific unbraced 

length, Lb from the analysis with moment gradient; and Mo is the buckling moment from 

the corresponding analysis with uniform moment loading.  Instead of conducting a 

second analysis with uniform moment loading, Eq. 3.1 can also be used for Mo.  An 

important factor in defining Cb from the analysis is the selection of the unbraced length 
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that is used to define Mo and Mcr.  The definition of Lb, is a major factor that differed in 

the work from Schuh and Farris.  

Schuh (2008) considered prismatic girders while Farris (2008) considered 

nonprismatic girders. Schuh defined the unbraced length Lb to be taken as the larger of 

LLift and a, where LLift is the distance between lift point, and a is the overhang distance 

from the lift point to the end of the girder (Figure 3.3). In computing the Cb factor for 

nonprismatic girders (Figure 3.5, Figure 3.6), Farris (2008) defined the unbraced length 

Lb as the total length L of the girder. Further, Farris developed recommendations for an 

approach for using Eq. 3.2 for checking nonprismatic girders. Figure 3.3 through Figure 

3.6 illustrate some of the results from these studies.  For these figures, the moment 

gradient factor is represented by the symbol CL for prismatic girders and Cb for non-

prismatic girders.  While there is not a significant difference in the desired effect of using 

CL or Cb, the primary difference is the unbraced length that was used to define the values.  

Therefore, the magnitude of the range of CL and Cb vary in the graphs.  The Cb factors 

from the work of Farris are generally larger than the CL values from Schuh, however 

Farris would use the full length of the segment in Eq. 3.1 while Schuh would use the 

larger of a or LLift. 
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Figure 3.3: CL vs. a/L for a Flange Width to Depth Ratio [Prismatic] (Schuh) 

 

Figure 3.4: CL vs. a/L for a Span to Depth Ratio [Prismatic] (Schuh) 
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Figure 3.5: Cb vs. a/L for a Flange Width to Depth Ratio [Non-Prismatic] (Farris) 

 

Figure 3.6: Cb vs. a/L for Span to Depth Ratio [Non-Prismatic](Farris) 
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For additional information on the development of the moment gradient factor, CL, 

for prismatic girders, see Schuh (2008).  For additional information on the development 

of the moment gradient factor, Cb, for non-prismatic girders, see Farris (2008). One of the 

consistent conclusions from these studies, as illustrated in Figure 3.3 to Figure 3.6, is that 

the best place to lift a girder from a stability stand point is at the quarter points where a/L 

= 0.25.  This location will typically give the highest CL or Cb factor resulting in the 

highest critical moment.  Lifting at these locations, however, may not always be possible 

based on spreader beam availability, or based on the need to minimize rigid body 

rotations. Lifting at the quarter points may not align the girder’s center of gravity with the 

line of support (Figure 3.2), which may in turn require moving the lift points away from 

the quarter points. 

The CL and Cb factors developed by Schuh and Farris can be used with Eq. 3.2 to 

check stability of curved girders during lifting. As noted above, however, it is important 

to use a definition for the unbraced length Lb that is consistent with the calibration 

process. It is also important to use these calibrated factors only within the range of 

parameters for which the calibrations were conducted. 

3.4.2.1 Concerns with using Eigenvalue Solutions to Evaluate Curved Girder Stability 

The recommendations by Schuh and Farris for calculating buckling moments for 

lifted girders are based on calibrations to eigenvalue buckling analyses. Implicit in this 

process were two assumptions. The first was that the eigenvalue buckling capacity was 

largely independent of radius of curvature. The second assumption was that eigenvalue 

analysis provides a reasonable prediction for instability of a curved girder.    

There is reason to question these assumptions. With regard to the first assumption, 

additional analyses by Stith et al. (2009) showed some dependence of the eigenvalue on 

radius of curvature. A result of this analysis is shown in Figure 3.7. Note that while this 

analysis shows some dependence of the eigenvalue on the radius of curvature, the effect 

was still rather small. For the analysis shown in Figure 3.7, the difference in eigenvalue 

between a straight girder and a highly curved girder is less than 5-percent. 
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The second assumption is one of potentially greater concern. That is, it is unclear 

if instability of a curved girder is accurately predicted by an eigenvalue analysis. Work 

by Earls (2007) suggests that eigenvalue buckling analysis from finite element programs 

may provide misleading results for cases other than simple bifurcation buckling. In the 

case of horizontally curved girders, the initial curved geometry can be viewed as a large 

initial geometric imperfection. This suggests that instability of curved girders may not be 

well characterized as a bifurcation buckling problem, and consequently, may not be 

accurately predicted by an eigenvalue buckling analysis. 

To address concerns on the applicability of eigenvalue buckling analysis for 

predicting instability of curved girder during lifting, a series of geometric nonlinear 

analysis were conducted. These analyses can provide a more accurate prediction of the 

behavior of curved girders during lifting. As described earlier, the objective of these 

nonlinear analyses is to evaluate the applicability of eigenvalue buckling analysis, extend 

the previous work by Schuh and Farris, and provide additional insights into the behavior 

of curved steel I-girders during lifting. 

Results from the graphs above show that the best place to lift a girder from a 

stability stand point is at the quarter points where a/L = 0.25.  This location will typically 

give the highest Cb factor resulting in the highest critical moment.  As discussed 

previously, these results assume that the radius of curvature does not affect the solution to 

the problem.  A more refined analysis was conducted and demonstrated that the radius of 

curvature actually did affect the eigenvalue buckling capacity of the system.  The results 

are presented in Figure 3.7. 
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Figure 3.7: Effect of Radius of Curvature on Eigenvalue, λ (Stith, Schuh and Farris, 

Guidence for Erection and Construction of Curved I-girder Bridges, FHWA/TX-09/0-

5574) 
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Linear elastic materials were used in all analyses conducted.   Within the context 

of an elastic analysis, a linear geometric analysis formulates equations of equilibrium 

using the initial undeformed geometry of the structure and loading. Such an analysis is 

accurate if deformations remain sufficiently small so as not to significantly alter the 

equations of equilibrium, and therefore not to significantly affect the predicted stresses 

and deformations.  

In the case of a geometric nonlinear analysis, equations of equilibrium are formed 

in the deformed configuration of the structure. This provides a more accurate 

representation of actual behavior, since an actual structure must always be in equilibrium 

in any deformed state. For structures that undergo significant displacements, a nonlinear 

analysis will provide a more accurate prediction of stresses and deformations. For a 

geometric nonlinear FE analysis, various solution strategies are possible, but these 

generally involve applying load in increments and then iterating to find a solution within 

a specified tolerance. 

3.5.2 Parameter Descriptions 

Using the geometric nonlinear analysis capability of ANSYS, a parametric study 

was conducted on curved steel I-girders during lifting. These parametric studies were 

conducted on doubly symmetric, prismatic girders. The parameters that were investigated 

were the slenderness ratio (bf/D) where bf is the flange width and D is the web depth, the 

lifting location (a/L) where a is the distance from the lift point to the end of the girder and 

L is the girder length, the radius of curvature (R), and the girder cross sectional 

properties.  The girder cross sectional properties that were varied include the web depth, 

D, the flange width, bf, and the flange thickness, tf.  The parameters are illustrated defined 

in Figure 3.8. 
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Figure 3.8:  Definition of Parameters 
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3.5.3.2 Lift Location (a/L) 

The lift location ratio (a/L) is used to create a non-dimensional variable able to be 

compared between all parametric studies regardless of the length of the girder.  The 

variable a is the distance from the end of the girder being lifted to the lift point.  The 

variable L is the total length of the girder being lifted.  For this study, all of the lifting 

locations were symmetric about the center of the girder.  At first, the values of the a/L 

ratio considered ranged from 0.15 to 0.34.  After a number of studies were concluded, the 

range was reduced to 0.20 to 0.25.  This was done because a/L values outside of this 

range  were not practical since they resulted  either in  excessive  initial rigid body 

rotation or in excessive cross sectional twist for most girders studied.  This is discussed in 

greater detail in the results section.  

3.5.3.3 Radius of Curvature 

The radius of curvature (R) is the distance from the center of curvature to the 

centerline of the girder cross section. The radius of curvatures that were considered in 

this study ranged from 500 ft. to 8,000 ft.  The 8000 ft. radius of curvature was intended 

to approximate a straight girder.  Most bridges in Texas have a radius of curvature greater 

than 800 ft.  

3.5.3.4 Girder Cross Section 

The girder depth (D) refers to the depth of the web of the girder. The girder 

depths considered in this study were 60 in, 72 in, or 96 in with the majority of the girders 

having a depth of 60 in.The flange width (bf) investigated in this study ranged from 9 in 

to 24 in.  The flange thickness ranged from 0.5 in to 1.125 in.  

The girder length (L) refers to the total length of the lifted girder lengths, which 

ranged from 80 ft to 225 ft.  A majority of the girders studied had a length of either 80 ft 

or 125 ft. 



 33

3.6 RESULTS OF PARAMETRIC STUDIES 

3.6.1 Overview 

This section presents key results from the parametric studies on geometric 

nonlinear analysis of curved steel I-girders during lifting. Rather than presenting the 

results for each variable individually, results are presented in the context of important 

issues related to girder analysis and lifting. 

3.6.2 Using Eigenvalues to Predict Instability of Curved Girders 

 One of the key objectives in this parametric study was to investigate how well 

eigenvalue analysis characterizes potential instability of curved girders during lifting.  

Some representative results from this evaluation are illustrated in Figure 3.9 and Figure 

3.10.  In Figure 3.9, three 125 ft long girders with a bf/D ratio of 1/3 were analyzed and 

their top flange and bottom flange out of plane displacements are plotted against 

multiples of the girders self weight.   The depth of the web is 60 in and the width of the 

flanges is 20 in.  The girder is lifted at a/L equal to 0.21.  The three girders lifted have a 

radius of curvature of 500 ft, 1000 ft, and 8000 ft (straight).  The out of plane 

displacements graphed in the remainder of this chapter are the result of the geometric 

nonlinear analysis. The dotted line represents the top flange out of plane displacement 

and the solid line represents the bottom flange out of plane displacement. The eigenvalue 

for the three girders is 25.4 and is also plotted. Although the magnitudes of the loads that 

are graphed are not generally practical, the purpose of this comparison is to determine if 

the eigenvalue provides a reasonable estimate of a limit for curved girders.  In as such, 

the load level that is graphed is the eigenvalue for the problem. Recall that the radius of 

curvature does not have a significant effect on the eigenvalue. Consequently, the 

eigenvalue of 25.4 was computed for all three values of radius of curvature considered in 

this analysis.  In Figure 3.10, three similar girders to the ones plotted in Figure 3.9 are 

shown, with the exception that the bf/D ratio is 1/6.  The depth of the girders is still 60 in 

but the width of the flanges is now 9 in.  Note that the horizontal scales are different for 

Figure 3.9 and Figure 3.10.   
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Figure 3.9: Flange Lateral Displacements for bf/D = 1/3 

 

Figure 3.10: Flange Lateral Displacements for bf/D = 1/6 
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Several observations can be made from Figure 3.9 and Figure 3.10. Looking at the 

displacements plotted on both figures, the straight girders exhibits a reasonably well 

defined bifurcation type behavior. That is, the lateral displacements initially remain very 

small as the load (represented by a multiple of self weight) increases, and then there is a 

load at which the lateral displacements increase rapidly. Further, the eigenvalue captures 

this phenomenon reasonably well. That is, the eigenvalue provides a good estimate of the 

load at which lateral displacements become large. Thus, the eigenvalue is a good 

predictor of elastic lateral torsional buckling for straight girders. 

The lateral displacement plots for the curved girders, on the other hand, show a 

somewhat different type of behavior. These plots do not show a bifurcation type 

behavior. Rather, these plots show a continuous growth of lateral displacement from the 

start of loading, with no well defined bifurcation or critical load. Such a behavior is 

expected for a system with large initial geometric imperfections. As noted earlier, the 

curved geometry can be viewed as a large initial geometric imperfection from a stability 

perspective. When the load corresponding to the eigenvalue is reached for the curved 

girders, the out of plane displacements are significantly larger than for the straight girder. 

For example, for the straight girder with bf/D =1/3 (Figure 3.9), the out of plane 

displacement at the eigenvalue is about 7 inches. For the curved girder with a radius of 

500 feet, the out of plane displacement at the same eigenvalue is about 22 inches. This 

large out of plane displacement would cause major problems with the girder erection. 

Thus, the eigenvalue can provide a general indication of the load to cause lateral 

torsional buckling of straight girders, but is not practical for most curved steel I-girder 

during lifting. Therefore, additional checks are likely needed to assure that out of plane 

displacements are within reasonable serviceability limits and do not result in yielding of 

the girder. 

3.6.3 Additional Failure Criteria for Lifting of Horizontally Curved I-Girders 

As described above, the eigenvalueis not a good indicator of the potential for 

strength or serviceability problems during lifting of curved I-girders. Depending on the 

degree of curvature, large and potentially problematic out of plane displacements can 
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occur at loads well below the eigenvalue. Consequently, additional failure criteria need to 

be considered in the analysis of curved girders during lifting. In this section, two 

additional failure criteria are considered. These failure criteria are related to yielding of 

the girder and excessive rotation of the girder ends, and are described below. 

From both a strength and serviceability point of view, yielding of the girder 

during lifting will be considered as a failure criterion. Yielding, in addition to causing 

permanent deformation of the girder, can also cause a loss of stiffness that may result in 

instability. Thus, using geometric nonlinear analyses, the stresses in the girder is 

examined to determine when yielding is expected. For the current analysis, failure is 

taken as the load at which peak girder stresses reach Fy/2, where Fy is taken as 50 ksi. The 

stress limit is taken as one-half of the yield stress to account for the presence of residual 

stresses in the girder. The stress limit of Fy/2 is somewhat arbitrary, but is considered 

reasonable for this analysis.  

In addition to limiting stress in the girder, an additional limit is needed to avoid 

deformation related serviceability problems. However, it is more difficult to quantify a 

serviceability limit state for the lifting of curved girders.  Setting this limit requires 

answering questions such as: how much deformation can be allowed  at the end of a 

girder and still be able to complete the air splice. To help answer these questions, a 

nationwide survey was sent out to contractors and engineers to collect data on 

serviceability and other lifting issues (Farris, 2008).  From the results of the survey, a 

serviceability criterion was established that rotations at the girder ends in excess of 1.5 

degrees can result in fit-up problems. While this limit is subject to considerable 

judgment, this limit will be used in the analysis described below and a reasonable basis 

for minimizing serviceability problems.  

To evaluate limit states related to yielding and girder end rotation, out of plane 

displacements are calculated with the only load on the girder being the self weight.  

Although wind may be present in the field, typically erectors and Departments of 

Transportations have strict guidelines on wind conditions that preclude girder erection.  If 

it is too windy, then the lift will be postponed to a later time.  Therefore, wind is not 
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considered in the following analysis.   Because the eigenvalue is a multiple of the applied 

loads and the applied loads are only the self weight, the out of plane displacements will 

be plotted against multiples of self weight.   In the following figures, both the top flange 

and bottom flange out of plane displacements are plotted at the middle of the girder, and 

at the end of the girder. Also shown on the plots is the self weight multiplier at which the 

different limit states are reached.  The limit states shown are the end rotation = 1.5 

degrees, peak stress = Fy/2 and the eigenvalue buckling load.  The length of the girders 

lifted for all studies is 125 ft.  The girders are all lifted symmetrically at a/L = 0.25 with a 

web depth of 60 in and a web thicknesses of 0.5 in.  For Figure 3.12 and Figure 3.13 the 

bf/D = 1/3 with a flange width of 20 in. and a flange thickness of 1.0 in.  For Figure 3.14 

and Figure 3.15 the bf/D ratio = 1/6 with a flange width of 9 in. and a flange thicknesses 

0.5 in.  For both bf/D ratios, the results from a straight girder (R = 8000 ft) and a radius of 

curvature equal to 500 ft are presented. 

 

Figure 3.11: Lifting Configuration for Figure 3.12 through Figure 3.15 
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Figure 3.12: Flange Lateral Displacements [a/L = 0.25 ; bf/D = 1/3 ; R = 500’] 

 

Figure 3.13: Flange Lateral Displacements [a/L = 0.25 ; bf/D = 1/3 ; R = 8000′ 

(Straight)] 
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Figure 3.14: Flange Lateral Displacements [a/L = 0.25 ; bf/D = 1/6 ; R = 500’] 

 

Figure 3.15: Flange Lateral Displacements [a/L = 0.25 ; bf/D = 1/6 ; R = 8000′ 

(Straight)] 
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 As seen in Figure 3.13 and Figure 3.15 for the straight girder, the eigenvalue 

once again provides a reasonable indication of the load at which large out of plane 

displacements begin to occur, and provides a reasonable correlation with the load at 

which the yielding and end rotation limit states are exceeded.  However, for the curved 

girder with a 500 ft. radius of curvature (Figure 3.12 and Figure 3.14) the girders 

deflected a large amount by the time it reaches the load corresponding to the eigenvalue. 

As a result, the load corresponding to the eigenvalue is significantly larger than the load 

at the yield or end rotation limit states.  Thus, as noted in the previous section, the 

eigenvalue, by itself, may not be a reliable indicator of the potential for strength or 

serviceability problems during lifting of curved I-girders. 

   An important observation from the plots shown above is that the rotation limit 

controls in most situations. In three of the four plots above, the rotation limit is reached 

first, then the yield limit, and finally the eigenvalue.  In additional studies shown in 

Appendix A, the only time it was found that the rotation limit state did not control was 

with straight girders.  In these cases, the yield limit can be reached first. The rotation 

limit generally controlled for girders with a reasonable amount of curvature 

(approximately R < 2000 ft). It should also be noted that in Figure 3.14, there is a large 

initial rotation and therefore the 1.5 degree rotation limit is reached at less than the girder 

self weight. These analyses show the importance of controlling girder rotations when 

lifting curved girders. 

3.6.4 Controlling Girder Rotation during Lifting 

3.6.4.1 Overview 

In order to control girder rotation, it is important to understand what contributes to 

the rotation of a girder.  As discussed earlier, girder rotation has two different 

components: rigid body rotation and cross sectional twist.  The rigid body rotation is 

independent of girder stiffness and is completely a function of the geometry of the girder 

and the lift locations.  The cross sectional twist on the other hand is a function of the 

girder’s St. Venant and warping torsional stiffness.  Therefore, to control the rotations of 
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a girder, it is important to understand what factors influence the rigid body rotation and 

the cross sectional twist.   

To investigate factors that influence rigid body rotation, a nonlinear analysis was 

conducted for a curved girder with a 500 ft. radius of curvature. In this analysis, rotations 

were calculated for a load corresponding to 0.1% the girder self weight.  Because of the 

small load on the girder, rotations can be attributed primarily to girder rigid body 

rotation.  Additionally, girder rotations were calculated for a load equal to 1.0% the 

girders self weight.  The rotations calculated from the 0.1% self weight were then 

subtracted from the rotations calculated from a load equal to 1.0% self weight.  These net 

rotations are then attributed primarily to the cross sectional twist of the girder.  In Figure 

3.16, a 125 ft long girder with a flange width of 15 in, flange thickness of 0.75 in, web 

depth of 60 in, web thickness of 0.5 in, and radius of curvature of 500 ft is lifted at 

different a/L locations and the rotations at the end of the girder are calculated.  The 

resulting rigid body rotations, cross sectional twists, and total rotations are plotted for a/L 

equal to 0.20, 0.21, 0.23, and 0.25.  The bf/D ratio is 1/4.  
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Figure 3.16: Rotations at the End of the Girder for Different Lifting Locations  

[R = 500 ft ; bf/D = 1/4] 

The results from Figure 3.16 show that the rigid body rotation is lowest at a/L of 

approximately 0.21.  The cross sectional twist, on the other hand, is lowest at a/L of 

approximately 0.23.  Therefore one might think the optimal place to lift a girder would be 

somewhere between 0.21 and 0.23 depending on the cross sectional properties and the 

stiffness of the given girder.  Yet, in Figure 3.16, the lowest total rotation is found at a/L 

= 0.20.  This is because the rigid body rotation and the cross section twist occur in 

different directions and tend to cancel each other at a/L = 0.20    Although the lowest 

total rotation is at a/L = 0.20, the highest cross sectional twist occurs for this lifting 

location.  Therefore, there may be a concern that large rotations may be occurring at other 

points along the girder.  The end rotations are important when connecting a splice, but 

being able to connect the cross frames elsewhere on the girder is also of concern. If the 

girder is rotated too much along the middle section of the girder, then cross frame fit up 
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may be a problem.   Figure 3.17 plots rotations at the middle of the same girder that was 

analyzed for Figure 3.16.  

  

Figure 3.17: Rotations at Middle of Girder for Different Lifting Locations  

[R = 500 ft ; bf/D = 1/4] 

It can be seen in Figure 3.17 that the total rotation at the middle of the girder is 

the greatest at the two extremes: a/L = 0.20 and a/L = 0.25.  The least total rotation at the 

middle of the girder occurs at a/L ≈ 0.22.  As was the case with the end of the girder, this 

is also where the rigid body rotation and cross sectional twist tend to cancel each other.  

However, the lift location that minimizes total rotation at the girder end (a/L = 0.20) is 

different than the lift location that minimized total rotation at the middle of the girder 

(a/L = 0.22). Therefore, it may be better for many lifting scenarios to lift the girder 

somewhere between a/L = 0.20 and 0.22 where the total rotations both at the end of the 

girder and at the middle of the girder are relatively low.  Alternatively, an erector can 

choose to lift a girder at a location that will minimize total rotation at a specific point 
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along the girder where a critical fit up tolerance is needed. Further discussion of this issue 

is provided later.  

3.6.4.2 Minimizing Rigid Body Rotation 

This section examines the value of a/L that minimizes the rigid body rotation for a 

prismatic girder.  As discussed earlier, the rigid body rotation is due to the line of support 

between the two lift points being eccentric to the center of gravity of the curved girder 

(Figure 3.2).  Larger eccentricities lead to larger rigid body rotations.  In Figure 3.18, the 

eccentricities for a prismatic girder are normalized to the maximum eccentricity for 

different lift locations ranging from a/L = 0 to 0.5. The values presented are the absolute 

values for the eccentricity. 

 

Figure 3.18: Eccentricity for Prismatic Girders Lifted at Different Locations 

It can be seen from the results in Figure 3.18 that the smallest eccentricity occurs 

at a/L = 0.211.  At this location, the line of support essentially passes through the center 

of gravity and therefore causes no rigid body rotation.  These findings are valid for radius 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

N
or
m
al
iz
ed

 A
bs
ol
ut
e 
Va

lu
e 
of
 E
cc
en

tr
ic
it
y,
 e

Lift Location [a/L]

Minimum at a/L = 0.211



 45

of curvature values of approximately100 ft or greater and are consistent with earlier 

results reported in Figure 3.16 and Figure 3.17 which showed that the smallest rigid body 

rotations occurred at a location of a/L = 0.21.  Note that for nonprismatic girders, the 

value of a/L that results in no rigid body rotation will be different, but can be determined 

by computing the location of the center of gravity of the girder. 

3.6.4.2.1 Rigid Body Rotation Limits 

In the previous analysis shown in Figure 3.14, the rigid body rotation on the 

girder was large enough that the 1.5 degree rotation limit was exceeded at less than the 

full girder self weight. Clearly, if the lift locations are chosen so that rigid body rotation 

is large, it may be impossible to satisfy the 1.5 degree rotation limit regardless of girder 

stiffness. This is demonstrated in the analysis plotted in Figure 3.19. A stiff girder is 

lifted at a location a/L = 0.30. The cross sectional properties of the girder are similar to 

that of the girders lifted above with a bf/D ratio = 1/3, length = 125 ft, flange width = 20 

in, web depth = 60 in, and a radius of curvature = 500 ft.   

 

Figure 3.19: Flange Rotation [a/L = 0.30 ; bf/D = 1/3 ; R = 500’] 
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For this girder, the rigid body rotation exceeds 1.5 degrees.  Consequently, the 1.5 

degree rotation limit can only be achieved if the direction of cross section twist is 

opposite to the rigid body rotation and reduces the total rotation to the 1.5 degree limit. 

However, as described above, even if rigid body rotations and cross section twist cancel 

each other at the girder ends, they may be additive near the middle of the girder, resulting 

in large rotations in the middle portions of the girder.  Consequently, choosing a lifting 

location that results in a large rigid body rotation is likely to lead to serviceability 

problems at some point along the girder.  As a result, it is important to understand how 

the lifted location can have a large effect on the rigid body rotation. Because of this, it is 

not recommended to lift a prismatic girder at a location greater then a/L = 0.25.  

3.6.4.3 Minimizing Cross Sectional Twist  

This section examines how the lift location a/L affects the cross section twist for a 

prismatic curved girder.    Cross section twist refers to rotation of the girder due to an 

applied torsional moment, as shown in Figure 3.20. As used herein, the term cross section 

twist refers to the rotation resulting only from torsional flexibility of the girder, and does 

not include rigid body rotation.  

 

Figure 3.20: Cross Sectional Twist  

For a curved girder during lifting, the torsional moment that produces cross 

section twist is generated by the girder’s self weight. The distribution of torsional 

moment along the length of a lifted curved girder was evaluated by Stith (2010). An 

example of the analysis by Stith is shown in Figure 3.21. The torsional moment along the 
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length of the girder is graphed in the figure. The torsional moment is normalized by its 

maximum value. Note that this torsional moment is based on the undeformed geometry of 

the girder. 

 

Figure 3.21: Example Torsion Diagram for Prismatic Girder [a/L = 0.23] 

It should be noted that the radius of curvature will only change the magnitude of 

the torsion diagram, but not the shape.  Therefore, for all configurations of a prismatic 

girder lifting at a/L = 0.23, the plot shown in Figure 3.21 represents the shape of the 

normalized torsion diagram. Note that the largest torsional moments occur at the lift 

locations. 

The amount of cross section twist at the girder ends depends on the girder 

torsional stiffness as well as the magnitude and distribution of torque along the girder. 

However, for given cross section torsional properties, the amount of cross section twist at 

the girder ends is related to the absolute value of the area under the torsion diagram 

(Stith, 2010).  More cross section twist will occur in the girder the larger the area is under 

the torsion diagram. In Figure 3.22, the summation using the absolute value of the area 
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under the torsion diagrams constructed for lift locations ranging from a/L = 0 to a/L = 0.5 

is presented.  

 

Figure 3.22: Summation of Area under Torque Diagram for Different Lift Locations 

From Figure 3.22, it can be seen that the smallest total area occurs at a/L = 0.238. 

This indicates that the least amount of cross sectional twist in a prismatic girder segment 

occurs at a lift location a/L equal to 0.238.  The results of Figure 3.22 are consistent with 

the results shown in Figure 3.16 and Figure 3.17 that show that the lift location a/L = 

0.23 has the least amount of cross sectional twist.   

As discussed earlier, another way to evaluate the stability of a system is to 

calculate the eigenvalue.  Although the eigenvalue, by itself, may not be an accurate 

indicator of potential strength and serviceability problems for curved girders, it still 

provides a general indication of girder instability. In Figure 3.23, the diagram shown in 

Figure 3.22 is inverted and eigenvalues for prismatic girders are normalized to the 

maximum eigenvalue and plotted for different a/L locations.   
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Figure 3.23: Eigenvalue and Inverted Torque Diagram 

It can be seen that the maximum eigenvalue also occurs at a/L = 0.238.  This is 

another indication that the system is most stable at a/L = 0.238 and that the least amount 

of cross sectional twist will occur at this lift location for most prismatic girders. 

3.6.4.3.1 Cross Sectional Twist Limits 

In Figure 3.24, the data shown in Figure 3.22 is replotted to only show the lift 

locations for the range of a/L equal to 0.17 to 0.25.  The upper limit of 0.25 is used 

because large rigid body rotations will generally preclude lift locations beyond this limit, 

as discussed above.  
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Figure 3.24: Summation of Area under Torque Diagram for a/L equal to 0.17 – 0.25 

It can be seen in Figure 3.24 that the summed area under the normalized torque 

diagram at a/L = 0.238 is 0.017.  At a/L = 0.20, the value more than triples to a value of 

0.066.  By the time the lift location is moved out to a/L = 0.17 the value is 0.132; almost 

eight times the value at a/L = 0.238.  Between a/L = 0.17 and 0.20 the cross sectional 

twist generally dominates the behavior and leads to large rotations in horizontally curved 

I-girders. Therefore, it is recommended to lift a girder at a location between a/L = 0.20 

and a/L = 0.25 to avoid excessive torsional deformations on the girder that lead to large 

twists of the cross section.  

3.6.5 Preferred Lifting Locations 

3.6.5.1 Slenderness Ratio [bf/D] 

A parameter that is sometimes used as an indicator of potential stability problems 

during girder lifting and erection is the ratio of girder flange width to depth bf/D.  To 

evaluate the significance of this parameter, it is instructive to consider the effect of cross-
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section dimensions on the critical elastic lateral torsional buckling moment computed by 

Timoshenko’s equation.  This equation, shown in Figure 3.25, has two terms that 

contribute to the buckling resistance. As shown in the figure, these two terms are the St. 

Venant’s torsional stiffness and the warping torsion stiffness.  

 

Figure 3.25:  Components of Timoshenko’s LT Buckling Equation 

The flange width is important in determining many of the cross section properties 

that are found in both the St. Venant’s stiffness and the warping stiffness terms.  The 

moment of inertia (Eq. 3.4), Iy, the torsional constant (Eq. 3.5), J, and the warping 

torsional constant (Eq. 3.6), Cw, are all variables that are dependent on the flange width, 

bf. 

 

Figure 3.26: Cross Sectional Property Designations 

 

 

6  Eq. 3.4 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+= 2

2
2

b
wyy

b
o L

CIEGJEI
L

M ππ

Part 1: St. Venant’s Stiffness
Part 2: Warping Stiffness

Part 1 Part 2

bf

d

tf

tw XX

Y

Y



 52

2
3  Eq. 3.5 

  

 4 24  
Eq. 3.6 

 

Because the thickness of the flange, t, and the width of the web, w, are small, the 

torsional constant, J, is generally small relative to the moment of inertia, Iy, and the 

torsional warping constant, Cw.  Yet, both the moment of inertia and the torsional 

warping constant are dependent on the flange width cubed.  Therefore, for a constant 

depth, doubling the slenderness ratio (bf/D) from 1/6 to 1/3 can make each one of these 

terms eight times larger. Therefore, increasing the flange width will significantly increase 

the torsional stiffness and significantly increase the buckling moment.   

As described earlier, current TxDOT preferred practices suggest limiting the 

value of bf/D to 1/3. On the other hand, AASHTO permits a value of bf/D as small as 1/6.  

Girders with a slenderness ratio closer to bf/D = 1/3 have a significantly higher torsional 

stiffness and the rotation is more likely to be affected by rigid body rotation than by cross 

section twist.  Therefore, it may be beneficial to lift these girders closer to a/L = 0.211 to 

minimize the rigid body rotation.  For more slender girders closer to bf/D = 1/6, cross 

sectional twist will play a much larger role in girder rotation. Therefore, it may be 

beneficial to lift these girders closer to a/L = 0.238 to minimize the cross sectional twist.   

Highly curved girders with a slenderness ratio close to bf/D = 1/6 may be 

problematic during lifting.  Lifting these girders close to a/L = 0.238 to prevent excessive 

cross sectional twist will still lead to relatively large rigid body rotations. Yet, if the lift 

locations are chosen to minimize rigid body rotations, then large cross sectional twist will 

occur.  This effect can be seen in Figure 3.27 where a girder with a flange width of 9 in, 

flange thickness of 0.5 in, web depth of 60 in, web thickness of 0.5 in, a length of 125 ft, 

and a radius of curvature of 500 ft is lifted.   
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Figure 3.27: Rotations at End of Girder for Different Lifting Locations  

[R = 500 ft; bf/D = 1/6] 

It can be seen by looking at the total rotations in Figure 3.27 that no matter where 

the girder is lifted, the total rotations are above the 1.5 degree limit.  In this case, lifting 

the girder at a/L = 0.25 creates the least amount of cross sectional distortion, yet, the rigid 

body rotation is almost 4 degrees.  If the girder is lifted at a/L = 0.21, then the rigid body 

rotation is minimized, but the cross sectional twist is almost 2 degrees.  Lifting the girder 

at a/L = 0.2 where the total rotation is the least creates the largest cross sectional twist as 

expected.  Therefore, other locations on the girder should be checked to confirm that 

excessive deformations are not occurring.  In Figure 3.28 the same girder is lifted and the 

rotations at the middle of the girder are plotted for different lift locations. 
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Figure 3.28: Rotations at Middle of Girder for Different Lifting Locations  

[R = 500 ft ; bf/D = 1/6] 

It can be seen in Figure 3.28 that at a/L = 0.20, the total rotation at the middle is 

almost 7 degrees.  A majority of this is due to cross sectional twist as expected.  It can 

therefore be concluded that the best place to lift the girder would be somewhere between 

a/L = 0.21 to 0.23.  Yet, as noted above, no location gives total rotations under the 1.5 

degree limit. Therefore, due to serviceability issues during lifting, designing very slender 

members with a small top flange and a small radius of curvature is not recommended. 

With girders approaching bf/D = 1/6, the best control over deformations will likely be to 

use two cranes with spreader bars so that the girder is supported at 4 lift points.  Although 

parametric studies with 4 support points were not considered, isolated cases showed that 

the resistance to both rigid body deformations and torsional deformations were 

significantly improved.    
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3.6.5.2 Subtended Angle  

A useful parameter when determining where to lift horizontally curved I-girders is 

the girder’s subtended angle.  The subtended angle, θ, is determined by the angle created 

by the arc formed by the girder as shown in Figure 3.29. If the radius of curvature of a 

girder is large, the subtended angle is generally small.  When expressed in radian, the 

subtended angle is the arc length of the segment divided by the radius of curvature [L/R].   

 

Figure 3.29: Subtended Angle [Θ] Definition 

In Figure 3.30, a girder with a flange width of 12 in, flange thickness of 0.625 in, 

web depth of 60 in, web thickness of 0.5 in, and a length of 125 ft is lifted at four 

different lift locations: a/L = 0.20, 0.21, 0.23, and 0.25.  For each of the lift locations, the 

girder was lifted with five different radii of curvature: R = 1000 ft, 1500 ft, 1800 ft, 2000 

ft, and 2500 ft.  Five different values for subtended angle are plotted for each lift location.  

The subtended angles are plotted versus the load in multiples of self weight that causes 

the girder to reach an end rotation of 1.5 degrees. 
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Figure 3.30: Optimal Lifting Location as a Function of Subtended Angle, Theta, to 

Cause End Rotation of 1.5 Degrees [bf/D = 1/5] 

From the results in Figure 3.30, it can be seen that there are different lift locations 

that provide the most stable system for different subtended angles.  For a given length 

girder, larger subtended angles result from the smaller radius of curvature values.  These 

girders are more vulnerable to rigid body rotations and therefore it is important to lift 

them so that the rigid body rotations are small.  For a given length girder, smaller 

subtended angles result from larger values of the radius of curvature. In the limit of an 

infinite radius of curvature, i.e. a straight girder, the subtended angle is zero.  Since rigid 

body rotations are less of a concern for straight girders, it is optimal to lift the girder 

where the least amount of cross sectional twist can occur. Based on these conclusions, the 

following recommendations have been made for prismatic, horizontally curved I girders: 

relatively straight girders (small subtended angles) should be lifted closer to a/L = 0.238 

and highly curved girders (large subtended angles) should be lifted closer to a/L = 0.211. 
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It should be noted that when lifting closer to a/L = 0.211, the girder experiences 

more cross sectional twist.  Therefore, deflections should be checked along the length of 

the girder to prevent fit up problems at locations other than at the end of the girder. 

3.7 CONCLUSIONS 

3.7.1 Eigenvalues 

Eigenvalue buckling analyses provide an accurate prediction of instability for a 

straight girder during lifting. For curved girders, on the other hand, results from an 

eigenvalue buckling analysis are less useful. The eigenvalue provides a general indication 

of the load to cause instability of a curved girder. However, by the time the load 

corresponding to the eigenvalue is reached for a curved girder, very large lateral 

deflections and rotations may have already occurred.  These large lateral deflections and 

rotations, in turn, can result in significant serviceability problems by making it difficult or 

impossible to connect the lifted girder to previously erected portions of the bridge. These 

large deformations can also lead to yielding of the girder. Thus, the eigenvalue, by itself, 

may not be a reliable indicator of the potential for strength or serviceability problems 

during lifting of curved I-girders. In general, the value of eigenvalue buckling analysis is 

diminished as the girder becomes more curved, i.e., as the radius of curvature is reduced.  

3.7.2 Rotation Limits 

As an alternative to an eigenvalue buckling analysis, computing the rotations of a 

curved girder during lifting can provide an improved approach for assuring safety and 

serviceability. Based on a nationwide survey of erectors and engineers, a rotation limit of 

1.5 degrees at the end of the girder is recommended. The analyses conducted herein 

suggest that this rotation limit will generally be reached well before the eigenvalue is 

reached.  There are two components that contribute to the total rotation of a girder: the 

rigid body rotation and the cross sectional twist.  The rigid body rotation is only a 

function of geometry of the girder and the lift locations and is independent of girder 

stiffness.  The cross sectional twist is a function of the girder stiffness.  Both are a 
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function of the girder lift location. Consequently, it is recommended that in planning a lift 

for a curved steel I-girder that will not result in safety or serviceability problems, 

engineers should limit girder rotations to about 1.5 degrees and also check the 

eigenvalue.  For girders with any significant curvature, the rotation limit is likely to be 

the controlling factor. However, for girders with only very slight curvature, the 

eigenvalue is likely to provide a useful prediction of instability. UT Lift, a macro enabled 

spreadsheet, was developed as a tool to calculate the rigid body rotation and predict the 

cross sectional twist using a first order analysis.  

3.7.3 Lifting Location Limits 

Because both the amount of rigid body rotation and the amount of cross sectional 

twist a girder is a function of the lift location, it is important to understand the upper and 

lower limits of the lift location to try to keep each one of these effects under the 1.5 

degree rotational limit.  It is recommended to lift a girder: 

• At a location greater than a/L = 0.20: this will prevent excessive girder 

distortion due to cross sectional twist. 

• At a location less than a/L = 0.25: this will prevent excessive rigid body 

rotations. 

Adhering to the above guidelines will not ensure that when lifting a prismatic 

girder, that the rotations will stay under 1.5 degrees.  Yet, the above guidelines are a good 

starting point to ensure the most stable lifting conditions for most prismatic girders.  

3.7.4 Preferred Lifting Locations 

The flange width significantly affects the stiffness of a girder.  Therefore, for 

girders with bf/D ratios close to 1/3, the girders have a relatively high stiffness and the 

cross sectional distortions are less significant.  For these girders, it is recommended to lift 

them closer to a/L = 0.21 to minimize the rigid body rotations on the system.  For girders 

with a bf/D ratio closer to 1/6, it is recommended to lift them closer to a/L = 0.24 to help 

prevent excessive cross sectional distortion.  Lifting very slender girders (where bf/D is 

close to 1/6) that have a small radius of curvature can be very problematic due to 
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excessive rigid body rotations and cross sectional distortions.  Keeping their total 

rotations less than 1.5 degrees may not be possible in some cases and as a result should 

be avoided if possible due to serviceability issues during lifting. In girders with bf/D 

approaching 1/6, the erector should consider using two cranes with spreader bars to 

distribute the support along the length. 
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CHAPTER 4 
Parametric Studies on the Behavior of Partially Constructed 

Bridges with Curved Steel I-Girders 

4.1 INTRODUCTION 

The design of curved steel I-girder bridges necessitates considerations for safety 

and serviceability of the structure and structural elements at several stages.  Important 

stages and elements that need to be considered include lifting of individual girder 

segments, the partially erected steel superstructure, the concrete deck placement, and 

finally the in-service stage.    When bridge engineers assess the structural performance of 

a bridge system, they typically evaluate the system in its final in-service configuration. 

Yet, critical structural safety and serviceability issues often arise during the construction 

stages. A bridge structure can be particularly vulnerable to severe problems during 

construction because less bracing and continuity is present as compared to the final 

constructed bridge. Most often, contractors are responsible for the safety of the bridge 

during construction. However, structural design criteria and analysis tools for bridges 

during construction are not as well developed compared to that of the final fully 

constructed in-service bridge structure. Consequently, contractors often rely heavily on 

experience and on rules of thumb (Beckmann and Mertz 2005) to guide their assessment 

of structural safety during construction. Curved steel I-girder bridges can be particularly 

challenging during construction. The significant influence of torsion on the structural 

response of curved girders often makes their analysis more complex than for straight 

girders.  Various issues related to the safety and serviceability of curved steel I-girder 

bridges during construction were investigated as part of TxDOT Research Project 0-5574 

(2006), “Curved Plate Girder Design for Safe and Economical Construction.” One of the 

issues considered in this project was safety and serviceability of curved steel I-girders 

during lifting. These studies were described in the last chapter. An additional issue 

considered in TxDOT Project 0-5574 is the safety and serviceability of the steel 
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superstructure in a partially-constructed condition. A number of studies on partially 

constructed curved steel I-girder bridges for this project were conducted by Stith (2010). 

To support and supplement the work by Stith, a number of parametric finite element 

studies were conducted on partially constructed bridges, and are reported in this chapter. 

More specifically, the primary objective of the studies reported herein was to examine 

how the use and placement of temporary shore towers and holding cranes affect the 

structural performance of partially constructed bridges.  

4.2  BACKGROUND ON SHORE TOWERS AND HOLDING CRANES 

Shore towers or holding cranes are sometimes used to provide temporary support 

for one or more girders during construction of a curved steel I-girder bridge. These 

temporary supports are left in-place until the partially constructed bridge can safely stand 

without these supports. The temporary supports are often needed until a sufficient 

number of cross-frames have been connected to the girders and/or until girder splice 

connections have been completed.   A shore tower is a temporary structure that is placed 

at a specific location along the girder to provide support to the girder at the bottom flange 

location.  A shore tower acts essentially as a temporary bridge pier and can restrain both 

vertical and horizontal movement of the girder. Pictures of shore towers are shown in 

Figure 4.1. 

 

Figure 4.1: Shore Towers under Partially Constructed Bridges  
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In addition to providing restraint to vertical and horizontal movement of a girder, 

the attachment of the girder to the shore tower can be designed to also restrain rotation of 

the girder. This can be accomplished by connecting the top flange of the girder to the 

shore tower with cables, timbers or other bracing. An example is shown in Figure 4.2.  

This figure shows photos of temporary bracing to restrain girder rotation at a permanent 

bridge pier. However, the same type of bracing can be used at a shore tower. In the photo 

on the left, an iron worker is positioning a timber brace to restrain the girder from 

rotating.  In the photo on the right, both a timber brace, which can only resist 

compression, and a slender steel rod with a turnbuckle brace, which primarily resists 

tension, are used to prevent the girder from rotating in either direction.   

 

Figure 4.2: Temporary Top Flange Bracing to Restrain Girder Rotation 

Although shore towers are temporary structures, they are significant engineered 

structures in their own right. They must be designed to carry large loads at significant 

heights. Further, they must be designed to be quickly assembled on site to accommodate 

a variety of configurations and heights, and then to be quickly disassembled and moved 

to the next location. Shore towers can therefore be costly structures. Further, the time, 

labor, and equipment needed to assemble and disassemble a shore tower can impact the 

cost and schedule for constructing the bridge. Also, since a significant amount of time 

may be needed to assemble and disassemble a shore tower, their use may not be possible 
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if they are located on an existing in-service roadway where there is a lack of space and 

extended traffic closures are not permitted. Further, if the bridge crosses a waterway or 

other obstacles, the use of a shore tower may be impractical or impossible.   

The use of a holding crane is another option for providing temporary support of 

girders during construction. Whereas a single shore tower can support several girders at 

one time (Figure 4.2), a holding crane typically supports only a single girder. Further, 

whereas the bottom flange of a girder normally rests on top of a shore tower, the top 

flange of a girder normally hangs from a holding crane.  Photos of a holding crane 

clamping onto the top flange of a steel I-girder are shown in Figure 4.3. In the photo on 

the left, the large crane with the lattice boom and with the spreader bar was used to lift 

the girder into place.  The holding crane is the smaller crane in the photo on the left. The 

holding crane uses a single lifting clamp to apply a specified upward force to support the 

girder so that the lifting crane can be released to pick up the adjacent girder.  The photo 

on the right side of Figure 4.3 is a close up showing the holding crane attached to the top 

flange. Holding cranes provide little restraint to the girder from translating in directions 

orthogonal to the cable.  Therefore, structural analysis should be performed to make sure 

that the girder does not translate a significant amount when the lifting crane is released.   

 

Figure 4.3: Holding Crane and its Attachment to the Top Flange of a Girder 
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Unlike shore towers, holding cranes do not typically require as large of a space 

around the bridge for extended periods of time.  Therefore, they can be useful in 

situations where girders cross existing roadways, bodies of water, or other obstacles.  

Holding cranes also require less preparation before use and can be used for shorter 

periods of time.  In addition, because of their mobility, the placement of holding cranes 

can be adjusted to meet last minute changes at the jobsite. Holding cranes, of course, also 

add cost to a project, both for the cost of the equipment and for the operator.  The cost of 

a holding crane can escalate quickly if adversities arise and the holding crane is required 

for longer than initially estimated.   

4.3 STUDY OBJECTIVES AND DESCRIPTION 

As part of this research study, several issues related to the use and placement of 

shore towers and holding cranes were investigated using finite element analyses. The 

analysis methods and results are described below. 

An objective of this analysis was to study the effect of shore tower and holding 

crane location on the safety and serviceability of the supported girder. An additional 

objective was to study the effect of varying the lifting load used for the holding crane. A 

final objective was to compare girder behavior and stability when the bottom flange is 

supported by a shore tower versus when the top flange is hung from a holding crane.  

The analysis conducted in this study used the same ANSYS finite element model 

that was described in Chapter 3 for girder lifting simulations. Girders were modeled in 

three dimensions using shell elements for the flanges and web. All analyses were elastic, 

and considered both linear (first-order) and nonlinear (second-order) geometry. Further 

details of the model, along with information of validation of the model from field testing 

are described in Stith (2010).   

4.3.1 Parameter Descriptions 

The parameters investigated in the analyses dealing with shore towers and holding 

cranes were the flange width to girder depth ratio (bf/D), the girder span length to girder 

depth ratio (L/D), radius of curvature of the girder (R), and the location of the shore 
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tower/holding crane along the length of the girder.  Boundary conditions were also varied 

when considering the use of a shore tower.  Both a small and large stiffness of the bracing 

connecting the top flange of the girder to the shore tower was considered.  Lastly, the 

parameter considered when using a holding crane includes varying the upward load 

applied by the holding crane. Cross sectional variables used for this study are depicted in 

Figure 4.4. 

 

Figure 4.4: Girder Geometric Parametrics  

4.3.2 Parameter Ranges 

The flange width to depth ratio recommended in the TxDOT Preferred Practices 

for Steel Bridge Design, Fabrication, and Erection is 1/3 (TxDOT 2007).  AASHTO on 

the other hand allows a bridge design engineer to use a flange width to depth ratio as little 

as 1/6 as seen in Equation 6.10.2.2-2 of the AASHTO LRFD Bridge Specification 

(AASHTO 2008). In this study, the range of bf/D ratios that were used was 1/3 to 1/6 to 

determine the behavior of the girders at the two recommended limits.  For all parametric 

studies completed, the top and bottom flanges had the same dimensions.  

The girder span to depth ratio was changed throughout the study to see if it had an 

effect on the optimal location of a shore tower.    Additionally, the span to depth ratio was 

changed to determine if there was a significant effect on the stresses on the cross section 

for either the geometric linear or non-linear analysis. In trying to model realistic 
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dimensions that might occur in the field, the span to depth ratios that were considered are 

26 and 37. These values were determined by examining available bridge plans. 

For any given girder, the radius of curvature is the distance from the centerline of 

the girder cross section to the middle of the circular segment.  For most bridges, arc 

lengths and tangent lines are used to describe the horizontal profile.  The radius of 

curvatures that were considered in this study ranged from 500 feet to 10,000 feet 

(representing a straight girder). Most bridges constructed in Texas have a radius of 

curvatures greater than 800 feet. 

To help determine the optimal location to place a temporary support (i.e. shore 

tower/holding crane), the temporary support position along the length of the girder was 

varied.  The temporary support location typically varied as a ratio x/L where x is the 

distance from the start of the girder to the temporary support location and L is the length 

of the span.  Figure 4.5 shows the parameter definitions for the location of the temporary 

supports. 

 

Figure 4.5: Temporary Support Location Parameter Definitions 

The stiffness of the brace that connects the top flange of the girder to the shore 

tower was varied.  At first, a very stiff spring was used as a lateral brace for the top 

flange, as illustrated in the right portion of Figure 4.6. The stiffness corresponded to a 10-

inch long steel rod with a cross-sectional area of 0.5 in2.  In some of the analyses, it was 

observed that the top flange of the girder at the location of the shore tower experienced a 

considerable movement and also experienced large warping stresses.  As a comparison, a 

rigid lateral support was also used at the top flange in the model, as illustrated in the left 

portion of Figure 4.6.   
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Figure 4.6: Top Flange Rotational Support Options Considered 

For analyses of girders supported by a holding crane, the vertical load of the 

holding crane was varied substantially depending on the girder being considered in the 

parametric study.  A vertical load of 20 kips to 50 kips at 5 kip intervals was typical for 

most early parametric studies.  For later studies, the holding crane load was varied 

depending on the load that would be equivalent to the vertical reaction of a rigid support 

placed at the holding crane location.  From this starting point, the holding crane load was 

varied ± 5%, ± 10%, and ± 20% of the rigid support reaction. 

4.4  RESULTS OF PARAMETRIC STUDIES 

4.4.1 Shore Tower Location  

An important aspect when using a shore tower is determining the location.  The 

shore tower position can dramatically change the system behavior along with the vertical 

and horizontal reaction that will be induced to maintain the proper orientation of the 

girder web.  Many factors determine where the shore tower should be placed including 

many non-structural factors such as site access.  The life of a shore tower from erection to 

removal can be quite lengthy.  Therefore, the site where the shore tower is to be 

constructed needs to be available for the entire duration of service.  If there is a road 

passing underneath that needs to maintain traffic flow, placing a shore tower along the 

width of the roadway may not be acceptable.  Additionally, the use of a shore tower may 

necessitate extra web stiffeners in the girder.  The large concentrated load produced by 

the shore tower can cause local deformations associated with application of a 
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concentrated force to a girder, including flange local bending, web local yielding or 

crippling, and web sideway buckling.  Consequently, it is often preferable to place the 

shore tower at a location on the girder where a stiffener is already located.  Regardless if 

a shore tower is placed at a stiffener location or not, it is still necessary to conduct an 

analysis to assure local failure modes associated with concentrated forces do not occur.   

A series of analyses were conducted to examine the response of different girders to 

different shore tower locations. In these analyses, the shore tower was assumed to 

permit no vertical deflection of the girder at the location of the shore tower.  Based on 

analysis results, it is recommended that the shore tower be placed close to the location 

of maximum positive moment for any given span between two permanent supports.  

This location will approximately minimize the total deflections that are observed for a 

given span and will be close to the location that requires the shore tower to hold the 

minimum amount of load.  In bridge erection, it is common for a contractor to lift a 

section of girder that creates a simply supported beam with a cantilever off on one of 

the sides as illustrated in Figure 4.7.  For this case, the location of the maximum 

positive moment can be obtained from  

Eq. 4.1 where L is the length of the simple span, b is the length of the cantilever, 

and XM,Max is the distance from the beginning of the simple span to the location of 

maximum positive moment. It should be noted that this equation, which can be derived 

from simple structural analysis, is only valid for uniform loading and was derived for a 

straight girder.  The results from the equation are considered reasonable for curved 

girders with a radius of curvature larger than 300 feet.   

2 1  

 

Eq. 4.1 
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Figure 4.7: Location of Maximum Positive Moment; Simple Span with Cantilever  

In Figure 4.8, a sample girder is shown with a span of 185 ft. and a cantilever on 

one side of 51 ft.  The temporary support was varied ±10 ft. and ±20 ft. on either side of 

the location of maximum positive moment.  The figure shows a plot of the girder reaction 

at the shore tower versus the normalized shore tower location (x/L).  It can be seen that 

for this case, the lowest required vertical reaction for the shore tower coincides with the 

location of the maximum positive moment.  Additionally, it can be seen that the shore 

tower reaction gradually increases as the shore tower position varies from the location of 

maximum positive moment. 
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Figure 4.8: Vertical Reactions for Various Locations along a Girder [L =185’ , b = 51’] 

In Figure 4.9, the out of plane displacements along the length of the sample girder 

shown in Figure 4.8 above are plotted for different shore tower positions. These 

displacements are based on first-order analyses. Although placing the shore tower at the 

maximum positive moment location in the simple span portion of the girder (xM,Max = 86 

ft.) will generally minimize the girder’s displacements and necessary shore tower 

reaction, it may not always be the optimal position.  Placing the shore tower at the 

maximum positive moment location in the simple span is a good starting point, but 

further analysis can determine whether or not there is a better place to put the shore tower 

depending on the individual girder stiffness and geometric properties.  By placing the 

shore tower at 76 feet in the sample girder, the out-of-plane displacements along the 

simple span are actually lower at certain points along the girder than placing the shore 

tower at 86 feet.  Yet, the displacements at the end of the girder are greater for the 76 foot 

location.  In general, keeping the shore tower location within about ± 5% of the 
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maximum positive moment location in the simple span will result in low displacements, a 

low vertical shore tower reaction, and reduce the second order effects. 

 

Figure 4.9: Top Flange Out-of-Plane Displacements for Various Shore Tower 

Positions 

4.4.2 Holding Crane Location 

The location of the holding crane affects the upward force that the crane must 

resist.  Like shore towers, many non-structural criteria such as site access, construction 

methodology, and girder properties can affect the erector’s ability to be able to place a 

holding crane in the optimal location. Yet, just like a shore tower, it is desirable to place a 

holding crane at the point of maximum positive moment between the two permanent 

supports. This location results in approximately the smallest value for the required crane 

load and will minimize both displacements and stresses on the girder cross section.  

Figure 4.10 shows first-order displacements for the same girder that was considered for 

the shore tower analysis shown in Figure 4.9 except that a holding crane was placed at 

‐2.5

‐2.0

‐1.5

‐1.0

‐0.5

0.0

0.5

1.0

1.5

2.0

2.5

0 50 100 150 200 250

O
ut
 o
f P
la
ne

 D
is
pl
ac
em

en
ts
 (i
n)

Distance along Girder (ft)

x=66'
x=76' xM,Max=86'

x=96' x=106'



 72

different locations instead of a shore tower.  The holding crane force was set equal to the 

vertical reactions obtained from the shore tower analysis.  It can be seen that by placing a 

holding crane at the location of maximum positive moment (86 ft.) the out-of-plane 

displacements are minimized along the length of the girder.  Unlike shore towers, placing 

a holding crane at the location of maximum positive moment tends to give the lowest 

displacements and warping stresses of any location along the girder.  Therefore, if 

possible it is recommended that holding cranes be placed at this location. 

 

Figure 4.10: Top Flange Out-of-Plane Displacements for Various Holding Crane 

Locations  

It should be noted that deviations in holding crane location on the order of ± 10% 

may be acceptable assuming that the holding crane lifts with the optimal load.  This 

concept is discussed more in the following section. 
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4.4.3 Holding Crane Lifting Load 

Most modern cranes have the ability of measuring the magnitude of the lifting 

force in the crane.  The load that the holding crane applies significantly affects the 

behavior of the girder being supported.  It is recommended that the holding crane lift with 

a load that is equivalent to the reaction of a rigid support placed at the same location.  

This load allows the web of the girder to remain vertical and minimizes deformations 

helping with fit-up.  Using a load in the holding crane that differs from this optimal load 

will not keep the girder’s web vertical. 

A geometrically linear analysis can be used to determine the reaction that would 

occur at a rigid support for a given location along the length of the girder.  The difference 

in reactions for a first order analysis and second order analysis is small assuming the top 

flange of the girder is properly braced to prevent excessive rotations.  It is important to 

model the horizontal curvature of the bridge when determining the reaction.  Studies were 

conducted where the reaction at a given support was up to 10% higher if the curvature of 

the bridge was considered when compared to that of a straight bridge with the same 

properties.  Accurately computing the reaction for a rigid support is crucial because small 

deviations from the optimal lifting load can result in large differences in out of plane 

deflections.  Figure 4.11 shows three out of plane displacement plots of the same girder 

with different holding crane forces and a bf/D ratio of about 1/3.5.  By changing the 

holding crane force by only ± 5%, the maximum vertical displacements can increase by 

over an inch. For this particular case, the optimal load is 47.8 kips.  In the field, the 

erector will often use the crane to lift up or lower the girder segment to assist in making 

the connection; however the optimum load provides a good starting point to expedite the 

erection. 
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Figure 4.11: Out of Plane Deflections for Varying Crane Loads 

As long as the optimal load is determined correctly and is used as the holding 

crane force, then the location of the holding crane becomes less important, although it is 

still desirable to place the holding crane close to the location of maximum positive 

moment.  For the girder shown in Figure 4.12, the optimal place to put a holding crane is 

at 86 feet. As stated above, it is desirable to place the holding crane close to this location.  

If the holding crane were placed at 80 feet, the optimal lifting load is 36.5 kips. The bf/D 

ratio for the girder in Figure 4.12 is 1/6.  This ratio was used to evaluate the girder 

slenderness at the AASHTO limit.  Figure 4.13 shows the lateral displacements for the 

girder if it were held at 80 feet which is very close to the optimal holding crane location 

and with a force of 36.5 kips which is exactly what the optimal holding crane load is for 

the 80 foot location. This is the ideal case and shows the minimal girder deflections when 

using a holding crane for this specific case.  Figure 4.14 shows the out of plane 

displacements down the length of the girder when close to the optimal lifting location but 

not using the optimal lifting load for the 80 foot location.  It can be seen that even though 
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the holding crane is close to the optimal lifting location, with a lifting load just 3.5 kips 

higher than the desired load, the displacements are much larger than in Figure 4.13.  

Figure 4.15 shows the displacements along the girder when using the optimal lifting load 

but for a lifting location of 100 feet which is relatively far away from the optimal lifting 

location. Even though the lifting location is relatively far away from the optimal lifting 

location, the displacements along the length of the girder are not as severe as seen in 

Figure 4.14.  Therefore, it can be concluded that the holding crane location can be varied 

more from the optimal value than the holding crane load. Maintaining the correct holding 

crane load is more critical for minimizing girder deformations. 

 

Figure 4.12: Geometry Used for Figure 5.18, Figure 5.19, and Figure 5.20 

 

Figure 4.13: Optimal Load (36.5 kips) and Optimal Location (80 feet) 
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Figure 4.14: Non-Optimal Load (40 kips) and Optimal Location (80 feet) 

 

Figure 4.15: Optimal Load (37.6 kips) and Non-Optimal Location (100 feet) 
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4.5 LOAD HEIGHT EFFECTS 

4.5.1 Shore Towers 

Shore towers support a girder on the bottom flange.  This is below the girder's 

center of gravity.  Therefore, if the girder is not vertical and is not braced against rotation, 

the self weight will cause a disturbing moment that will tend to destabilize the girder.   

Figure 4.16 shows the disturbing moment that is created by the girder self weight when 

the girder is supported from below. Note that the effect of the self weight shown in 

Figure 4.16 depends on how the bottom flange is supported. If the bottom flange is 

supported at a single point in the middle of the flange (directly below the web), or is 

supported by a bearing with high rotational flexibility, then the girder will rotate about 

the middle of the flange as demonstrated by the left diagram in Figure 4.16. For this case, 

the self weight will generate a destabilizing moment for any initial rotation of the girder. 

However, if the bottom flange of the girder is supported over its full width by a stiff 

support as demonstrated by the center and right diagrams in Figure 4.16, then the girder 

will rotate about the edge of the bearing pad. For this case, the self weight will generate a 

restoring moment as seen in the center diagram until the girder has a sufficient rotation so 

that the center of gravity is located outside of the bearing pad as shown by the right 

diagram in Figure 4.16. For the analyses conducted herein, it was assumed that the girder 

will tip about mid-width of the flange, as this represent the worst case for stability. 

 

Figure 4.16: Disturbing Force Caused by a Lack of Bracing on the Top Flange 
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Because the disturbing force is only present after the girder has rotated due to its 

own self weight, it can only be detected by a second-order analysis that includes 

geometric, non-linear effects.  A number of analyses were conducted using both first-

order and second order analysis. When comparing results, the bending stresses were 

generally very similar for first- and second-order analyses. However, the warping stresses 

and out-of-plane displacements were typically significantly different.  This effect can be 

seen in Figure 4.17 where the lateral displacements are graphed down the length of the 

girder for both the first-order and second-order analyses. 

 

 Figure 4.17: Linear and Non-Linear Displacements along a Girder for a Girder 

with a Disturbing Force 

The large lateral deflections predicted by the nonlinear analysis emphasize the 

destabilizing effect of the girder self weight when the girder is supported at the bottom 

flange. As noted above, this analysis assumed the most severe condition in which the 

girder is supported at the middle of the flange by a pin support that offers no tipping 

restraint. Tipping restraint, if present, reduces the second-order lateral displacements. 
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These lateral displacements can also be minimized, of course, by bracing the girder 

against rotation at the location of the shore tower. Taking advantage of tipping restraint 

requires a detailed second-order analysis that accurately models the bottom flange 

support conditions. Providing bracing for the girder at the shore tower precludes the need 

for such an analysis and therefore may be the more straightforward and certain approach 

for assuring girder stability. 

4.5.2 Holding Cranes 

Holding cranes generally support a girder on the top flange and the girder 

essentially hangs from the support.  The support is therefore above the girder’s center of 

gravity.  Unlike shore towers, holding cranes do not have the ability to brace the system 

in the translational directions orthogonal to the lifting load or in any of the rotational 

directions.   As the girder begins to rotate, the holding crane force creates a restoring 

moment that opposes the rotation, as illustrated in Figure 4.18.   

 

Figure 4.18: Restoring Force Caused by Lack of Bracing 

Because the restoring force is only present after the girder has rotated, a second-

order analysis is needed to account for this effect.  As was the case with the shore tower, 

comparing first- and second-order analyses of girders supported by a holding crane 

showed little difference in the predicted bending stresses. However, there were large 

differences in the warping stresses and out-of-plane displacements predicted by the first-

order versus second-order analyses.  This effect is demonstrated in Figure 4.19 where the 
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out-of-plane displacements are plotted along the length of a girder for both a linear (first-

order) and non-linear (second-order) analysis. Note that the out-of-plane displacements 

for the second-order analysis are smaller than for the first-order analysis. This 

demonstrates the stabilizing effect of supporting the girder from above. 

 

Figure 4.19:  Displacements along a Girder Supported by a Holding Crane based on 

Linear versus Nonlinear Geometry Analysis 

As noted above, the restoring and disturbing effects that are generated as a result 

of the girder support conditions can only be calculated using a second-order, geometric 

non-linear analysis.  Therefore the linear analysis done on both the top flange and bottom 

flange loadings should be the same for both the shore tower and holding crane because 

both were loaded with a 35 kip load.  In Figure 4.20 and Figure 4.21, the out-of-plane 

displacement results shown for the shore tower and holding crane analyses are amplified. 

It is clear from these plots that the first-order displacements are identical for the two 

cases. It is also again clear that the second-order displacements are smaller than the first-

order displacements for the holding crane, in sharp contrast to the shore tower. 
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Supporting a girder by a holding crane therefore provides an intrinsic advantage over a 

shore tower in regard to girder stability. 

 

 

Figure 4.20:  Displacements along a Girder Supported by a Shore Tower based on 

Linear versus Nonlinear Geometry Analysis - Amplified Displacement Scale 
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Figure 4.21:  Displacements along a Girder Supported by a Holding Crane based on 

Linear versus Nonlinear Geometry Analysis - Amplified Displacement Scale 

4.6 CRITICAL STAGES DURING CONSTRUCTION 

From a stability perspective, the most critical stage in a bridge’s life is typically 

during erection and during casting of the concrete bridge deck.  During  erection, the 

bridge is usually only partially braced.  Therefore, shore towers and holding cranes are 

commonly required to safely erect the bridge.  All erection stages should be analyzed 

without temporary supports to determine if excessive deformations or stresses occur and 

if a temporary support is required.   

One of the more critical stages during construction is when a single girder 

segment has been lifted for a particular cross section along the length of the bridge as 

seen in Figure 4.22.   
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Figure 4.22: Single Girder Segment Lifted for a Particular Cross Section 

Because there are no adjacent girder segments in place, there is no bracing along 

the length of the single segment.  As a result, the unbraced length of the single girder 

segment is significantly longer than the rest of the bridge which is usually the critical 

stage for girder stability.  Once the second girder is erected and some of the cross frames 

are connected, the two girder system is much more stable compared to the single girder 

system. Even with the added stability, each erection stages should be checked to 

determine how long the holding crane is necessary.   Figure 4.23 shows a bridge system 

with a temporary support located at 80 feet from the left end.  Lateral deflections are 

plotted for the one, two, three, and four girder systems. It can be seen that after the 

second girder is erected, the bridge’s lateral deflections are small, which is an indication 

that the system is stable.  Therefore, this shows the flexibility of a single girder system 

and the importance of checking the single girder system for stability. It should also be 

noted that the stability of the system without a temporary support should be analyzed 

before assuming the girder system is stable after the second girder is erected. 
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Figure 4.23: One, Two, Three, and Four Girder Erected Systems – Temporary Support 

at 80’ 

Another critical stage during construction occurs during the first concrete 

placement stage on a span.  When the concrete is initially poured on a span, the concrete 

is essentially a fluid that acts as a large dead load on the system and provides no restraint. 

Once the concrete begins to cure, the top flange of the girder gains significant lateral and 

torsional bracing.  In some irregular systems, the concrete pour can be subdivided and 

spaced out over multiple days so that the bracing effect of the concrete can be used to 

assist in stabilizing the girder system.  However, care should be taken in these cases to 

consider the impact of the partially composite stiffness on the girder deflections to ensure 
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good ride quality in the finished bridge.  The program UT Bridge has the ability to model 

the contributions of early age concrete.  

4.7 CONCLUSIONS 

  The stability of partially erected bridges can be difficult to assess because of the 

limited presence of bracing and uncertainty in support conditions.  Because of the lack of 

appropriate analytical tools, erection engineers often rely heavily on experience and on 

rules-of-thumb when developing an erection plan for a bridge. Guidelines and tools based 

on research are needed to help both contractors and design engineers better understand 

the behavior of curved I-girder bridges in the partially constructed state. 

Common practices that are used for additional support and bracing during the 

partially constructed state include temporary shore towers and holding cranes. Although 

shore towers are desirable because they prevent translation of the girder in two directions, 

it is important to make sure that the top flange of the girder is properly braced to prevent 

undesirable twist of the cross sections.   Additionally, shore towers can be difficult to use 

because they require their own engineering to ensure that they can withstand the load of 

the bridge and require adequate space below the bridge to be placed on.  In areas of heavy 

traffic, care must be taken to protect the shore tower from potential vehicle impact that 

could jeopardize the safety of the partially erected bridge.  In many cases, holding cranes 

can sometimes be more desirable due to their ability to be used only when needed and the 

ability to minimize time over obstacles such as busy roads or water.   

This chapter described a series of parametric finite element studies on issues 

related to the use of shore towers and holding cranes. Many geometric parameters were 

varied as well as the stiffness of the top flange bracing used for the shore towers and the 

load parameters used for the holding cranes.  Based on analyses of both the shore towers 

and the holding cranes, it suggested that they are placed close to the position of maximum 

positive moment.  When using a 3-D finite element analysis software package, this 

position can often occur at the location of the highest stresses.  Placing a shore tower at 

the position of highest moment allows the shore tower to be designed for close to the 

minimum amount of load and will minimize the girder bending/warping stresses as well 
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as the girder displacements.  When using a holding crane, it is recommended to lift with a 

value equal to the reaction of a rigid vertical support at the same position.  This will keep 

the web of the cross section vertical and will minimize the second order effects that occur 

due to twisting of the cross section.  It is important to keep the load in a holding crane 

very close to the reaction of a rigid support placed at the same position because a small 

deviation from this load can significantly increase both the warping/bending stresses as 

well as increase the deflections of the girder.  As long as the proper lifting load is used 

for a given location of the holding crane, the location of the holding crane can vary 

somewhat from the location of maximum moment without causing large changes in the 

bending/warping stresses and the displacements.  

Due to load height effects associated with shore towers and holding cranes, it is 

important to consider second-order effects when conducting an analysis.  Because shore 

towers are supported on the bottom flange, as the girder cross section rotates, the girder 

self weight can cause a disturbing moment that will tend to destabilize the girder at the 

support location.  This can be prevented if the top flange of the girder is properly braced 

against rotation at the location of the shore tower.  Holding cranes, on the contrary, 

typically support the girder from above at the top flange.  As a result, as the girder cross 

section rotates, the girder self weight causes a restoring moment that tends to stabilize the 

girder at the location of the holding crane support. With a holding crane, the predicted 

displacements will typically be smaller than for the case with a second-order analysis. 

Some of the most critical stages of construction occur when a single girder section 

is lifted or during the first concrete placement on a given span.  Both of these stages are 

critical due to the minimal amount of bracing.  Therefore, it is typically desirable to use a 

shore tower or holding crane on partially erected girders to temporarily brace the system 

until additional bracing can be provided to the system.  In general though, it is good 

practice to check stability of a system anytime support conditions or bracing is changed 

or large additional loads are applied to the system. 
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CHAPTER 5 
Conclusions and Recommendations 

5.1 INTRODUCTION 

The research reported in this thesis was conducted as part of TxDOT Research 

Project 0-5574 on Curved Plate Girder Design for Safe and Economical Construction. 

This project focused on a number of issues involved in assessing the safety and 

serviceability of curved steel I-girder bridges during construction. More specifically, this 

project considered structural safety and serviceability during three critical stages of 

construction: girder lifting, erection sequencing, and concrete deck placement.     

The overall scope of research in TxDOT Project 0-5574 included: 

• Two field monitoring studies. 

• Parametric studies focused on developing a simple methodology to 

predict the buckling capacity of prismatic and non prismatic girders 

during lifting. These studies included eigenvalue buckling analyses as 

well as nonlinear geometric analyses. 

• Parametric studies focused on developing lifting location guidelines for 

prismatic girders to prevent excessive displacements and rotations during 

lifting. 

• A nationwide survey of erectors and contractors to establish industry 

standards and preferred practices. 

• Parametric studies focused on determining when temporary supports are 

necessary during erection sequencing. 

• Development of two analysis tools: UT Lift and UT Bridge. 

This thesis focused on the parametric study on girder lifting using nonlinear 

geometric analyses as well as the parametric study looking at the stability of partially 

constructed bridges and the necessity and behavior of temporary support systems.  In 

addition to the parametric studies, this thesis also provided the reader with a literature 
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review of work done in recent years as well as a comprehensive summary of work 

previously done on this curved girder project.  The following sections provide a summary 

of the key conclusions from both of the parametric studies 

5.2 NON-LINEAR ANALYSIS OF LIFTING OF CURVED STEEL I-GIRDERS 

• Eigenvalue buckling analyses can provide an accurate prediction of 

instability for a straight girder during lifting. For curved girders, on the 

other hand, eigenvalue buckling analysis is less useful. The eigenvalue 

provides a general indication of the load to cause instability of a curved 

girder. However, by the time the load corresponding to the eigenvalue is 

reached for a curved girder, very large lateral deflections and rotations 

may have already occurred. The eigenvalue, by itself, may not be a 

reliable indicator of the potential for strength or serviceability problems 

during lifting of curved I-girders. 

• As an alternative to eigenvalue buckling analyses, computing the rotations 

of a curved girder during lifting can provide an improved approach for 

assuring safety and serviceability. Based on a nationwide survey of bridge 

erectors, a rotation limit of 1.5 degrees at the end of the girder is suggested 

to avoid problems with connecting the lifted girder to previously erected 

portions of the bridge. The analyses conducted herein suggest that this 

limit will generally be reached before the eigenvalue is reached for curved 

girders.  

• It is recommended that in planning a lift of a curved girder that will not 

result in safety or serviceability problems, engineers should limit girder 

rotations to approximately 1.5 degrees and also check the eigenvalue. For 

girders with any significant curvature, the rotation limit is likely to 

control. However, for girders with only slight curvature, the eigenvalue is 

likely to provide a useful prediction of instability. 

• For curved girders with a flange width to depth ratio (bf/d) close to the 

current AASHTO limit of 1/6, it may not be possible to lift these girders in 
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a manner that will limit end rotations to 1.5 degrees, due to the low lateral 

and torsional stiffness of these girders. Consequently, designing girders 

with bf/d near 1/6 can result in significant problems during lifting, and 

should be approached with great caution.  With very slender girders, 

improved stability during girder lifting can be obtained by using two 

separate cranes with two lifting bars.   

5.3 PARTIALLY CONSTRUCTED BRIDGES 

• To add additional support for partially constructed bridges, erectors often 

use temporary supports such as holding cranes and shore towers. 

• It is recommended that both shore towers and holding cranes be placed at 

location of maximum positive moment in the girder.  Placing a temporary 

support at this location minimizes the amount of load that a shore tower 

needs to be designed for as well as minimizing the lifting load required of 

the holding crane.  In addition, this location minimizes both the bending 

and warping stresses as well as the displacements of the girder.   

• It is important to lift with a load in a holding crane that is close to the 

reaction that would develop in a rigid support placed at the same location.  

Lifting with loads only slightly different than this value can cause 

displacements and stresses to increase at a greater rate than placing the 

holding crane away from the location of maximum moment. 

• There are load height effects that are associated with temporary supports.  

When using a shore tower, if the top flange is not properly braced against 

rotation, a disturbing moment can form causing additional second-order 

rotations and stresses on the cross section.  Holding cranes on the other 

hand typically support the girder on the top flange and create a restoring 

moment on the cross section which reduces both the stresses and 

displacements.  Therefore it is typically conservative to neglect second-

order effects in cases with holding cranes.   
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• Without considering a second-order analysis, the computed displacements 

and stresses will be similar for both shore towers and holding cranes. 
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APPENDIX A 
Parametric Study Summary for the Lifting of Curved Steel 

I-Girders 

As described in Chapter 3, an extensive parametric study was conducted to study 

the non-linear behavior of horizontally curved steel I-girders during lifting.  In this study, 

two support points were utilized to represent a girder being lifted with two cranes or with 

one crane and a spreader bar.  In order to complete the study, many finite element models 

were created in ANSYS 11.0 (2007) and a non-linear geometric analysis was conducted 

to determine displacements, stresses, and rotations.   This appendix supplements Chapter 

3 and provides a summary of the various analysis results to support the observations and 

conclusions in Chapter 3.  The parameters in bold under the Parameters and Range 

section in each study signify that the range has been changed in comparison to the 

previous study.  

A.1 PARAMETRIC STUDY SUMMARY 

The following summary and results are organized in order in which they were 

completed. It should be noted that each study has some similar characteristics, which are 

described in the study summaries below. The parameters that were varied and kept 

constant are also noted. 
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Figure A.1: Parameter Definitions 

A.1.1 Study One  

• Prismatic Girder: bf/D = 0.15 – 0.33 : a/L = 0.15 – 0.34 : R = 500’ – 8000’ 

A.1.1.1 Summary 

For the first study, the slenderness ratio (bf/D), lifting location (a/L), and the 

radius of curvature (R) are varied.  The out of plane displacements for the top of the 

girder are monitored at the end of the girder and at mid-span.  The eigenvalues are also 

recorded. 

A.1.1.2 Parameters and Range 

• Varied: 

o bf/D = 0.15 (~1/6) : 1/4 : 1/3  

 tf  = 0.5” : 0.75” : 1” 

o a/L = 0.15 : 0.21 : 0.34 

o R = 500’ : 1000’ : 8000’ (~straight) 

• Constant:  

o L = 125’ 
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o D = 60” 

o tw = 0.5 
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A.1.1.3 Results 

Figure A.2: bf/D = 1/3 : a/L = 0.15:  

R = Varies 

Figure A.3: bf/D = 1/3 : a/L = 0.21:  

R = Varies 
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Figure A.4: bf/D = 1/3 : a/L = 0.34:  

R = Varies 

Figure A.5: bf/D = 1/4 : a/L = 0.15:  

R = Varies 
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Figure A.6: bf/D = 1/4 : a/L = 0.21:  

R = Varies 

Figure A.7: bf/D = 1/4 : a/L = 0.34:  

R = Varies 
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Figure A.8: bf/D = 1/6.667 : a/L = 0.15:  

R = Varies 

Figure A.9: bf/D = 1/6.667 : a/L = 0.21:  

R = Varies 
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Figure A.10: bf/D = 1/6.667 : a/L = 0.34:  

R = Varies 

 

A.1.2 Study Two 

• Prismatic Girder: bf/D = 0.15 – 0.33 : a/L = 0.2 – 0.3 : R = 500’ – 8000’ 
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A.1.2.1 Summary 

In the second study, the a/L range is decreased compared to that of the first study.  

The top and bottom flange is monitored at the midspan and at the end of the girder for out 

of plane displacements and rotations instead of just at the top flange.  The eigenvalue is 

also recorded as well as the yield limit (load resulting in an in-plane stress of 50 ksi).  

Timoshenko’s lateral torsional buckling load limit is determined (using Lb = L and Cb = 

1) as well as the rotational load limit (load resulting in a rotation of 4 degrees or 0.6981 

rad, set arbitrarily). 

A.1.2.2 Parameters and Range 

• Varied: 

o bf/D = 0.15 (~1/6) : 1/4 : 1/3  

 tf  = 0.5” : 0.75” : 1” 

o a/L = 0.20 : 0.25 : 0.30 

o R = 500’ : 1000’ : 8000’ (~straight) 

• Constant:  

o L = 125’ 

o D = 60” 

o tw = 0.5 
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A.1.2.3 Results 

Figure A.11: bf/D = 1/3 : a/L = 0.20:  

R = Varies 

Figure A.12: bf/D = 1/3 : a/L = 0.25:  

R = Varies 
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Figure A.13: bf/D = 1/3 : a/L = 0.30:  

R = Varies 

Figure A.14: bf/D = 1/4 : a/L = 0.20:  

R = Varies 
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Figure A.15: bf/D = 1/4 : a/L = 0.25:  

R = Varies 

Figure A.16: bf/D = 1/4 : a/L = 0.30:  

R = Varies 
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Figure A.17: bf/D = 1/6.7 : a/L = 0.20:  

R = Varies 

Figure A.18: bf/D = 1/6.7 : a/L = 0.25:  

R = Varies 
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Figure A.19: bf/D = 1/6.7 : a/L = 0.30:  

R = Varies 
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A.1.3 Study Three 

• Prismatic Girder: bf/D = 0.167 – 0.25 : a/L = 0.2 – 0.25 : R = 500’ – 8000’ 

A.1.3.1 Summary 

In the third study, the a/L range is once again reduced.  In addition, the 

slenderness ratio, bf/D range is also reduced leaving out the case where bf/D = 1/3.  The 

out of plane displacements and rotations are once again monitored at the ends and at the 

middle, yet only at 0.1 times self weight (representing the rigid body rotation of the 

system) and at 1.5 times self weight (representing the total rotation of the system).  The 

1st and 2nd eigenvalues are also recorded. 

A.1.3.2 Parameters and Range 

• Varied: 

o bf/D = 1/6 : 1/5 : 1/4  

 tf  = 0.5” : 0.625” : 0.75” 

o a/L = 0.20 : 0.21 : 0.23 : 0.25 

o R = 500’ : 1000’ : 8000’ (~straight) 

o L = 80’ : 125’ 

• Constant:  

o D = 60” 

o tw = 0.5 
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A.1.3.3 Results 

 

Figure A.20: Rotations : L = 125’ : R = 500’ 

 

 

Figure A.21: Rotations : L = 125’ : R = 1000’ 
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Figure A.22: Rotations : L = 125’ : R = 8000’ (~Str) 

 

Figure A.23: Rotations : L = 80’ : R = 500’ 
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Figure A.24: Rotations : L = 80’ : R = 1000’ 

 

Figure A.25: Rotations : L = 80’ : R = 8000’ (~Str) 
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A.1.4 Study Four 

• Prismatic Girder: bf/D = 0.167 – 0.25 : a/L = 0.2 – 0.25 : R = 500 : D = 

60” – 96" 

A.1.4.1 Summary 

In the fourth study, the slenderness ratio and the lifting locations are kept the 

same as in the third study, yet the radius of curvature is kept constant at 500’ and the 

depth is now varied.  The out of plane displacements and the rotations are now monitored 

at 0.1 times self weight, 1.0 times self weight, and 1.5 times self weight.  In addition, the 

longitudinal stresses at the top and bottom flange tips in the middle of the girder and at 

the end of the girder and monitored to determine the bending and warping stresses in the 

flanges. 

A.1.4.2 Parameters and Range 

• Varied: 

o bf/D = 1/6 : 1/5 : 1/4  

 tf  = 0.5” : 0.625” : 0.75” 

o a/L = 0.20 : 0.21 : 0.23 : 0.25 

o D = 60” : 96” 

• Constant:  

o L = 125’ 

o R = 500’ 

o tw = 0.5 
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A.1.4.3 Results 

 

Figure A.26: End Rotations : R = 500’ : D = 96” 

 

Figure A.27: Middle Rotations : R = 500’ : D = 96” 
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Figure A.28: End Rotations : R = 500’ : D = 60” 

 

Figure A.29: Middle Rotations : R = 500’ : D = 60” 
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A.1.5 Study Five 

• Prismatic Girder: bf/D = 0.167 – 0.25 : a/L = 0.2 – 0.25 : R = 500 – 2500’ 

A.1.5.1 Summary 

In the fifth study, the accuracy of the eigenvalue to predict a serviceability limit 

state was determined.  In order to do this, the rotations at the end of the girder are 

monitored as the load on the girder increases in multiples of the girder’s self weight.  The 

load in terms of girder self weight is recorded when the end of the girder rotates 1.5 

degrees.  This is done for the same slenderness ratio and lifting location range as the 

previous study.  The radius of curvature is varied for a given length and the depth is kept 

constant. 

A.1.5.2 Parameters and Range 

• Varied: 

o bf/D = 1/6 : 1/5 : 1/4  

 tf  = 0.5” : 0.625” : 0.75” 

o a/L = 0.20 : 0.21 : 0.23 : 0.25 

o R = 1000’ : 1500’ : 1800’ : 2000’ : 2500’ 

• Constant:  

o L = 125’ 

o D = 60’ 

o tw = 0.5 
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A.1.5.3 Results 

 

Figure A.30: Load to Reach Serviceability Limit vs. Interior Angle, Θ (bf/D = 1/4) 

 

Figure A.31: Load to Reach Serviceability Limit vs. Interior Angle, Θ (bf/D = 1/4) 

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

2.5 3.5 4.5 5.5 6.5 7.5

Lo
ad

 (M
ul
ti
pl
e 
of
 S
el
fw

ei
gh
t a
t 

1.
5 
de

gr
ee

 E
nd

 R
ot
at
io
n)

Theta (L/R)

a/L = 0.20

a/L = 0.21

a/L = 0.23

a/L = 0.25

Eigenvalues:
‐a/L = 0.20: 8.3
‐a/L = 0.21: 11.3
‐a/L = 0.23: 21.6
‐a/L = 0.25: 20.5

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

2.5 3.5 4.5 5.5 6.5 7.5

Lo
ad

 (P
er
ce
nt
 o
f E
ig
en

va
lu
e 
at
 

1.
5 
de

gr
ee

 E
nd

 R
ot
at
io
n)

Theta (L/R)

a/L = 0.20

a/L = 0.21

a/L = 0.23

a/L = 0.25



114 

 

 

Figure A.32: Load to Reach Serviceability Limit vs. Interior Angle, Θ (bf/D = 1/5) 

 

 

Figure A.33: Load to Reach Serviceability Limit vs. Interior Angle, Θ (bf/D = 1/5) 
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Figure A.34: Load to Reach Serviceability Limit vs. Interior Angle, Θ (bf/D = 1/6) 

 

 

Figure A.35: Load to Reach Serviceability Limit vs. Interior Angle, Θ (bf/D = 1/6) 
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A.1.6 Study Six 

• Prismatic Girder: bf/D = 0.167 – 0.25 : a/L = 0.2 – 0.25 : R = 1800’ : L = 

90’ – 225’ 

A.1.6.1 Summary 

In the sixth study, the accuracy of the eigenvalue to predict a serviceability limit 

is once again investigated.  The rotations at the end of the girder are monitored as the 

load on the girder increases in multiples of the girder’s self weight.  The load in terms of 

girder self weight is recorded when the end of the girder rotates 1.5 degrees.  This is done 

for the same slenderness ratio and lifting location range as the previous study.  The radius 

of curvature is kept constant this time and the lengths are varied for a constant depth. 

A.1.6.2 Parameters and Range 

• Varied: 

o bf/D = 1/6 : 1/4  

 tf  = 0.5” : 0.625” : 0.75” 

o a/L = 0.20 : 0.21 : 0.23 : 0.25 

o L = 90’ : 112.5’ : 125’ : 150’ : 225’ 

• Constant:  

o D = 60’ 

o R = 1800’ 

o tw = 0.5 

 



117 

 

A.1.6.3 Results 

 

Figure A.36: Serviceability Limits – bf/D = 1/4 : D = 60” : b = 15” : R = 1800’ 

 

Figure A.37: Serviceability Limits – bf/D = 1/6 : D = 60” : b = 9” : R = 1800’ 
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Figure A.38: Serviceability Limits – bf/D = 1/4 : D = 60” : b = 15” : R = 500’ 

 

Figure A.39: Serviceability Limits – bf/D = 1/6 : D = 60” : b = 10” : R = 500’ 
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Figure A.40: Serviceability Limits – bf/D = 1/6 : D = 90” : b = 15” : R = 500’ 

 

  

0

1

2

3

4

5

6

7

8

60 70 80 90 100 110 120 130

Lo
ad

 (M
ul
ti
pl
e 
of
 S
el
fw

ei
gh
t a
t

1.
5 
D
eg
re
es
 E
nd

 R
ot
at
io
n)

L/bf Ratio

a/L = 0.20

a/L = 0.21

a/L = 0.23

a/L = 0.25



120 

 

APPENDIX B 
Parametric Study Summary for Partially Constructed 

Bridges during Erection 
As described in Chapter 4, an extensive parametric study was conducted to study 

the behavior of partially constructed horizontally curved steel I-girder bridges during 

erection sequencing and concrete placement.  In this study, it was important to determine 

optimal locations to place shore towers and temporary holding cranes as well as the 

lifting force that should be used in a temporary lifting crane.  In order to complete the 

study, many finite element models were created in ANSYS 11.0 (2007) and both linear 

and non-linear analyses was conducted monitoring displacements, stresses, and rotations.   

This appendix supplements the information in Chapter 4 and provides a summary of the 

various partially constructed scenarios studied.  The parameters in bold under the 

Parameters and Range section in each study signify that the range has been changed in 

comparison to the previous study. 

B.1 PARAMETRIC STUDY SUMMARY 

The following summary and results are organized in the order in which they were 

completed. It should be noted that each study has some similar characteristics, which are 

described in the study summaries below.  The parameters that were varied and kept 

constant are noted. 
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Figure B.1: Parameter Definitions 

B.1.1 Study One  

• Shore tower location varied 

B.1.1.1 Summary 

For the first study, an actual bridge design was used to determine the optimal 

place to place a temporary shore tower.  Shore towers were placed along the girder to 

determine where stresses and displacements were lowest.  The supports are simulated as 

resting on elastomeric bearing pads with 11 kips/in shear stiffness. A stiff lateral spring is 

placed at the top flange of the girder at supports to prevent rotation.  Both linear and non-

linear stresses and displacements are recorded.  

B.1.1.2 Parameters and Range 

• bf/D ~ 1/3.5 : R = 1200’ : L = 236’ : D = 84” : bf = 24”  

• Permanent supports located at 0 ft and 185 ft with the shore tower varied 
at distances of ~20 ft.   
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B.1.1.3 Results 

Figure B.2: Shore Tower at 40 ft Figure B.3: Shore Tower at 60 ft 
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Figure B.4: Shore Tower at 80 ft Figure B.5: Shore Tower at 100 ft 
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Figure B.6: Shore Tower at 120 ft Figure B.7: Shore Tower at 140 ft 
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Figure B.8: Shore Tower at 160 ft Figure B.9: Shore Tower at 205 ft 
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Figure B.10: Shore Tower at 225 ft Figure B.11: Shore Tower at 245 ft 
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B.1.2 Study Two 

• Holding crane location fixed : holding crane load varied 

B.1.2.1 Summary 

For the second study, the same bridge as used in Study 1 was used again to 

determine the optimal load to place in a temporary holding crane.  The holding crane 

location was fixed at 80 ft which corresponded to the optimal shore tower location per 

study 1.  Holding crane forces were changed to determine when stresses and 

displacements were lowest.  The holding crane is modeling by placing a vertical force in 

the middle of the top flange.  Both linear and non-linear stresses and displacements are 

recorded.  

B.1.2.2 Parameters and Range 

• bf/D ~ 1/3.5 : R = 1200’ : L = 236’ : D = 84” : bf = 24”  

• Permanent supports located at 0 ft and 185 ft  

• Holding crane location fixed at x = 80 ft 

• Holding crane force varied from 20 kips to 60 kips at 5 kip intervals 

with an additional load of 47.8 kips used (vertical reaction in the shore 

tower placed at 80 ft per study 1). 
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B.1.2.3 Results 

Figure B.12: Holding Crane with 20 kip 

Vertical Force 

Figure B.13: Holding Crane with 25 kip 

Vertical Force 
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Figure B.14: Holding Crane with 30 kip 

Vertical Force 

Figure B.15: Holding Crane with 35 kip 

Vertical Force 
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Figure B.16: Holding Crane with 40 kip 

Vertical Force 

Figure B.17: Holding Crane with 45 kip 

Vertical Force 
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Figure B.18: Holding Crane with 47.8 kip 

Vertical Force 

Figure B.19: Holding Crane with 50 kip 

Vertical Force 
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Figure B.20: Holding Crane with 55 kip 

Vertical Force 

Figure B.21: Holding Crane with 60 kip 

Vertical Force 
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B.1.3 Study Three 

B.1.3.1 Summary 

For the third study, different cantilever ratios and beam lengths were used to see if 

it affected the results from the previous studies.  The three cases that were looked at are 

as follows where b is the cantilever length, L is the simple span length, and Ltotal is the 

total propped cantilever length. 

• Case 1: Ltotal = 217 ft ; b/Ltotal = 0.15 

• Case 2: Ltotal = 236 ft ; b/Ltotal = 0.22 

• Case 3: Ltotal = 264 ft ; b/Ltotal = 0.30 

For each case, the holding crane was placed at the optimal lift location which 

corresponds to the location of maximum positive moment.  For a propped cantilever 

beam with a uniformly distributed load such as that of a prismatic girder with only self 

weight applied, this location can be determined from Eq. 4.1.  Analyses were also 

completed for holding crane locations equal to +/- 10% and +/- 20% of the optimal lift 

location.  The ideal lifting force was used for each holding crane location.  The ideal 

lifting load is equal to the vertical reaction that a shore tower is required to resist if 

modeled by a rigid support placed at the same location as the holding crane.   

B.1.3.2 Parameters and Range 

• bf/D = 1/6 : R = 1200’ : L = varies : D = 84” : bf = 14”  

• Permanent supports located at 0 ft and 185 ft  

• Holding crane location: varies 

• Holding crane force equal to vertical reaction in a shore tower 

modeled as a rigid support at the same location 
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0.15 Cantilever 
Temporary 
Support 
Location 

(ft) 

Support 
Location 
(% L+a) 

Reaction 
(kips) 

70  0.32  49.5 
80  0.37  46 
90  0.41  44.7 
100  0.46  45.7 

110  0.51  48.8 
Table B.1: Case 1 Temporary Support Location and Corresponding Reaction 

0.22 Cantilever 
Temporary 
Support 
Location 

(ft) 

Support 
Location 
(% L+a) 

Reaction 
(kips) 

66  0.28  44.3 
76  0.32  40.7 
86  0.36  39.1 
96  0.41  39.6 

106  0.45  42.1 
Table B.2: Case 2 Temporary Support Location and Corresponding Reaction 

0.30 Cantilever 
Temporary 
Support 
Location 

(ft) 

Support 
Location 
(% L+a) 

Reaction 
(kips) 

56  0.21  32.5 
66  0.25  28.4 
76  0.29  26.3 
86  0.33  25.9 

96  0.36  27.3 
Table B.3: Case 3 Temporary Support Location and Corresponding Reaction 



135 

 

 

Figure B.22: Shore Tower Reaction vs. Location [% Ltotal]  
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B.1.3.3 Results 

B.1.3.3.1  Case 1 

Figure B.23: Case 1: x = 70 ft : F = 49.5 

kips : 0.15 Cantilever 

Figure B.24: Case 1: x = 80 ft : F = 46.0 

kips : 0.15 Cantilever 

‐6.00

‐4.00

‐2.00

0.00

2.00

4.00

6.00

0 50 100 150 200 250

B
en

di
ng

 S
tr
es
se
s 
[k
si
]

Distance Along Girder [ft]

Bending Stresses Along Girder

Top Linear

Bottom Linear

Top Non‐Linear

Bottom Non‐Linear

‐6.00

‐4.00

‐2.00

0.00

2.00

4.00

6.00

0 50 100 150 200 250

W
ar
pi
ng

 S
tr
es
se
s 
[k
si
]

Distance Along Girder [ft]

Warping Stresses Along Girder

Top Linear

Bottom Linear

Top Non‐Linear

Bottom Non‐Linear

‐4.000

‐3.000

‐2.000

‐1.000

0.000

1.000

2.000

3.000

4.000

0 50 100 150 200 250

D
is
pl
ac
em

en
ts
 [
in
]

Distance Along Girder [ft]

Displacements Along Girder

Top Linear

Bottom Linear

Top Non‐Linear

Bottom Non‐Linear

‐6.00

‐4.00

‐2.00

0.00

2.00

4.00

6.00

0 50 100 150 200 250

B
en

di
ng

 S
tr
es
se
s 
[k
si
]

Distance Along Girder [ft]

Bending Stresses Along Girder

Top Linear

Bottom Linear

Top Non‐Linear

Bottom Non‐Linear

‐6.00

‐4.00

‐2.00

0.00

2.00

4.00

6.00

0 50 100 150 200 250

W
ar
pi
ng

 S
tr
es
se
s 
[k
si
]

Distance Along Girder [ft]

Warping Stresses Along Girder

Top Linear

Bottom Linear

Top Non‐Linear

Bottom Non‐Linear

‐4.000

‐3.000

‐2.000

‐1.000

0.000

1.000

2.000

3.000

4.000

0 50 100 150 200 250

D
is
pl
ac
em

en
ts
 [
in
]

Distance Along Girder [ft]

Displacements Along Girder

Top Linear

Bottom Linear

Top Non‐Linear

Bottom Non‐Linear



137 

 

  

Figure B.25: Case 1: x = 90 ft : F = 44.7 

kips : 0.15 Cantilever 

Figure B.26: Case 1: x = 100 ft : F = 45.7 

kips : 0.15 Cantilever 
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Figure B.27: Case 1: x = 110 ft : F = 48.8 

kips : 0.15 Cantilever 
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B.1.3.3.2  Case 2 

Figure B.28: Case 2: x = 66 ft : F = 44.3 

kips : 0.22 Cantilever 

Figure B.29: Case 2: x = 76 ft : F = 40.7 

kips : 0.22 Cantilever 
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Figure B.30: Case 2: x = 86 ft : F = 39.1 

kips : 0.22 Cantilever 

Figure B.31: Case 2: x = 96 ft : F = 39.6 

kips : 0.22 Cantilever 
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Figure B.32: Case 2: x = 106 ft : F = 42.1 

kips : 0.22 Cantilever 
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B.1.3.3.3  Case 3 

Figure B.33: Case 3: x = 56 ft : F = 32.5 

kips : 0.30 Cantilever 

Figure B.34: Case 3: x = 66 ft : F = 28.4 

kips : 0.30 Cantilever 
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Figure B.35: Case 3: x = 76 ft : F = 26.3 

kips : 0.30 Cantilever 

Figure B.36: Case 3: x = 86 ft : F = 25.9 

kips : 0.30 Cantilever 
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Figure B.37: Case 3: x = 96 ft : F = 27.3 

kips : 0.30 Cantilever 
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