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The design of reinforced concrete fixed twin-walled bridge piers for lateral loads is an 

ambiguous task for bridge engineers.  As the pier walls experience lateral loads, primarily from 

temperature fluctuations and time-dependent effects, the walls undergo significant cracking.  

Because of this mechanism, bridge designers must consider cracked sections with a reduced 

stiffness.   

In this work, a common refined design method is evaluated with respect to a recently 

constructed bridge.  Two finite element models of the Wakota Bridge in South St. Paul, MN were 

produced, one using a design level program (SAP2000) and the other using a research level 

program (ABAQUS).   These models were verified with respect to eachother using linearly 

behaving materials and were found to behave similarily.  After the two models were verified 

with respect to eachother, an arbitrary temperature load was applied to each model and the 

refined design method was evaluated for accuracy of reduced section properties with respect to 

the more descriptive progressive cracking solution produced by ABAQUS.  The refined design 

method was employed using 2,4, and 6 stiffness segments at which stiffness is evaluated along 

the height of the pier walls.  It was seen that accuracy increased as the number of stiffness 

segments increased and that 4 segments seemed to balance accuracy and time-commitment by 

the engineer adequately.   

 A staged construction model of the Wakota Bridge was also built, which incorporates all 

time-dependent effects of the construction sequence as well as locked in forces.  A pile analysis 

was performed and appropriate rotational springs were found for Foundations 2 and 3.  A 

simplified method for the determination of the rotational springs is discussed and a range of 

effective lengths was found for use with this procedure.  The staged construction model will be 

used for field data correlation in the future.   

 The staged construction model was also used to evaluate the different design options as 

described in AASHTO.  The two options given for accounting for reduced section properties were 

evaluated and compared.  The refined analysis option and gross section option were compared 

for the Wakota Bridge and are shown to correlate to within about 10%.   

 The two temperature application methods (Procedure A and B in AASHTO) were also 

compared.   As expected, Procedure B produced much larger design moments than that of 

Procedure A.   
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1 INTRODUCTION 

1.1 General 

 Concrete bridge design for major highway bridges is a long and intensive process 

incorporating an innumerable amount of design considerations and calculations as well as many 

approximations and designer judgment calls throughout the process.    It is not possible to 

eliminate all uncertainty in every aspect of the design, although the goal is to eliminate as much 

as possible.  One specific aspect of major highway concrete bridge design that is possibly one of 

the most ambiguous and lacking in research is the thermal analysis and design of reinforced 

concrete substructures that incorporate fixed connections to the superstructure.  One such 

substructure type is the twin-blade pier substructure.  In this type of pier, which is quite 

common, the pier consists of two thin pier walls mounted on a concrete base.  In this 

configuration, the twin pier walls must be designed to have adequate ductility to accommodate 

the longitudinal movement of the structure with respect to the footings.  These piers are 

designed to crack with increasing moment thus relieving much of the moment applied to them, 

most of which is due to long term time dependent effects and uniform temperature changes 

throughout the structure.   

 There are two different methods defined in AASHTO for the purpose of accounting for 

the cracked section properties in fixed pier substructures for bridges.  One procedure calls for 

the simple application of a 0.5 load factor on the thermal loads for the analysis of the lateral 

loading case of the pier walls while using gross section properties.  The 0.5 load factor accounts 

for the moment relief at the ends of the pier walls due to cracking.  The second procedure 

requires a refined analysis to determine the appropriate cracked section stiffness while using a 

load factor of 1.0 on the thermal loads.   

  In the state of Minnesota, temperature considerations are of concern in design. It has 

been shown that the magnitude of thermal stresses can be comparable or even greater than 

dead and live loads [1].   Because of this, an accurate design method must be developed and 

verified for both temperature gradients and uniform expansion in bridges. 

 In order to investigate the effects of temperature variations on concrete bridges, the 

Wakota Bridge was chosen as the subject of a study to analyze and investigate thermal design 

methods and specifications.  The construction of the Wakota Bridge spurred this study because 

it employs the fixed-flexible twin blade piers. 
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1.2 Wakota Background Information 

 Minnesota Department of Transportation (MN/DOT) Bridge 82855, also known as the 

Wakota bridge, carries the east and westbound lanes of highway 494 across the Mississippi 

River, as well as the Union Pacific Railroad and Verderosa Avenue.  The original bridge, built in 

1959, consisted of a 4 lane tied-arch bridge.  This bridge, while still structurally sound, was 

elected to be replaced due to high congestion at the bridge as well as a lack of merging and 

bicycle lanes.    The projected 300 million dollar project began in 2002 and was completed in the 

summer of 2010 [7].  The structure consists of two separate five-lane bridges, one carrying the 

eastbound traffic and the other carrying the westbound traffic.  Construction of the westbound 

structure was completed in 2006, at which time, the bridge started carrying both directions of 

traffic until the projected completion of the project in 2010 when each bridge began to carry 5 

lanes of traffic.   

 

 
Fig 1.2.1: Previously existing tied arch bridge [5] 

 

 The superstructure consists of a post tensioned double box girder concrete section.  It 

has a total length of 1886 ft and a total width of 85 ft at center.  The longest span stretches 471 

ft.  These attributes combine to make an overall massive bridge.  
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Fig 1.2.2: Typical cross section close to piers [6] 

 
Fig 1.2.3: Typical cross section at midspan with traffic layout [6] 

 

 
Fig 1.2.4: Plan view of entire structure [6] 

 

 
Fig 1.2.5: Rendering of completed structure [7] 



 

The substructure consists of three twin walled fixed flexible 

single walled pier fitted with an expansion bearing to allow translation

over the pier.  Piers 2,3, and 4 are fixed as shown below, and pier 1 has the expansion bearing.  

The abutments are also fitted with expansion bearings.

substructure and all footings except footing 4 

spread footing on rock. 

Fig 1.2.6: Elevation view of Wakota superstructure and substructure properties

 

 

Fig 1.2.7: Wakota Bridge under construction

4 

The substructure consists of three twin walled fixed flexible reinforced concrete 

single walled pier fitted with an expansion bearing to allow translation of the superstructure 

over the pier.  Piers 2,3, and 4 are fixed as shown below, and pier 1 has the expansion bearing.  

The abutments are also fitted with expansion bearings.  There is no prestressing in the 

substructure and all footings except footing 4 are pile driven footings, with footing 4 being a 

 

: Elevation view of Wakota superstructure and substructure properties
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accounting for the cracking that will occur in the pier walls.  This model is then compared to a 

design-level model using a common refined design technique for the pier walls used by many 

designers.  It was desired to obtain a degree of confidence in the refined design method based 

on the nonlinearly behaving research level model.  As well as affirming the accuracy of the 

method, it was desired to determine recommendations for its employment and to recognize 

convergence tendencies, if any.  The evaluation will provide confidence for the procedure being 

used if it is a good method, and it may show inconsistencies that should be brought to light for 

more accurate design. 

As well as the evaluation of the common refined design method, a model was desired 

for the correlation of field data.  Because the instrumentation in the structure is sparse, a model 

must be used to gain insight on the behavior of the structure as a whole and thus must 

incorporate all loads on the structure including time dependent effects.  Using the field data, 

this model is to be calibrated and used to monitor and predict bridge behavior.  Unfortunately, 

field data has not been available as of this point due to construction delays.  Therefore, a 

correlation model was built but not calibrated to field data at this point. 

Although this is the case, it was necessary to evaluate and compare the two AASHTO 

design methods for cracked section properties using the aforementioned model containing time 

dependant effects.  This model should give accurate prediction of stresses due to the different 

design methods. 
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2 INSTRUMENTATION 

2.1 Introduction 

 In order to investigate thermal forces, an instrumentation plan was developed.  This 

chapter provides an overview of the instrumentation installed in the bridge.  The 

instrumentation described here will be used in the future to monitor changing strains in the 

bridge superstructure as well as the changing strains in the critical elements of the bridge 

substructure, namely, the double pier walls as the effect of thermal loading takes place.   The 

results obtained from these instruments will be analyzed and used to calibrate the finite 

element model constructed in this study, and to confirm its reliability.  While this is not the main 

focus of this thesis, it will be used in the future of this study.  A complete description of the 

instrumentation can be found in Appendix A. 

 

2.2 Instruments 

 Two different types of instruments are used in the instrumentation of the Wakota 

Bridge, vibrating wire strain gages and linear string potentiometers, the most prevalent of which 

is the vibrating wire strain gage.  Vibrating wire strain gages are effective and accurate when a 

static change of strain measurement is desired.  The particular gages used in the structure are 

the Model 4200 concrete embedment gage from Geokon Inc.  Because it is an embedment gage, 

it must be placed in the cross sections prior to concrete pours during the construction process.   

 Vibrating wire strain gages are constructed with a barbell configuration and work by 

using an excitation wire located in the gage.  The tensioned wire is excited by a controlling 

peripheral and the frequency is read by the peripheral.  A fast fourier transform is then 

performed on the frequency signal and the resonant frequency is separated from noise signals 

that may be polluting the reading thus providing very low susceptibility to noise effects in the 

signal.  Changes in strain over the gage length translate to increases or decreases in the wire 

tension, and these tensile force changes produce proportional changes in the frequency of the 

vibrating wire.  This approach allows the use of very long lead wires from the gages to the 

controlling peripheral without distorting the signal, which is an advantageous attribute because 

the structure is large and requires long lead wires.   
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Fig 2.2.1: Geokon Model 4200 vibrating wire strain gage [22] 

 

 The other type of instrument employed in the monitoring process is the linear string 

potentiometer.  Linear string potentiometers (a.k.a. string pots) are simple devices that allow 

displacement measurements with a high degree of accuracy over a relatively long range of 

measurement.  The specific string pot used in this application is the HX-P420 manufactured by 

Unimeasure, Inc.  This string pot outputs variable current depending on the extension of the 

wire from the transducer located in the device core.  The current output ranges from 4-20mA 

and values depend on the range of the produced potentiometer.  A range of 15 inches was 

selected due to the fact that the expansion joints at the end abutments of the bridge are 

designed for a displacement of ~12 inches.  The fifteen inch range will give some margin for 

error for the neutral setting at installation.  The output of the HX-P420 can be correlated to the 

displacement as a simple ratio of the displacement of the measuring wire to the total range.   

For example, if the range of the string pot is 15 inches, a reading of 5mA will correspond to a 

displacement of  ���
���� ∗ 15
� = 0.9375
�.    

 

Fig 2.2.2: HX-P420 linear string potentiometer [23] 
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2.3 Choosing the Instrument Locations 

 It was important to choose appropriate locations for instrumentation as a limited 

amount of resources were allocated to this task and thus a limited number of instruments.  A 

representative description of the overall bridge thermal behavior was desired with few 

instruments.  Because this was the case, two sections in the box girder superstructure and two 

double-pier walls were selected for instrumentation. 

 The choice of superstructure sections to be instrumented was intuitive.  The behavior to 

be studied was the stress due to thermal loadings in the superstructure, so sections were 

selected based on the spans that would see the largest stresses due to thermal loadings.  In the 

case of the Wakota Bridge, it can be seen that the spans of this nature are Spans 3 and 4.  

Because of the presence of expansion joints at both the east and west abutments and in Pier 1, 

the thermal expansion of the superstructure in Spans 1, 2 and 5 will be unrestrained and thus, 

stresses will be minimal compared to the stresses seen in Spans 3 and 4, which are restrained 

against longitudinal expansion.   

 One cross section in both Spans 3 and 4 were chosen for instrumentation.  The cross 

section in each span was chosen based on two different criteria.  The first criterion was that the 

instrumented cross section needed to be close to a live load inflection point of the structure.  

This follows from the fact that the thermal loading effects on the structure are the only ones 

sought.  Being close to a live load inflection point will minimize the loading effects due to traffic 

and other variable loads that are not of interest.  The live load inflection points will be close to 

the piers, if not above them, so the cross sections chosen were to be away from center-span.  

The second criterion for choosing the cross sections was the construction progress.  Because the 

instruments to be installed were embedment gages, the installation needed to be correlated 

with construction progress.  The final choices for instrumented cross sections were Span2-4U 

and Span 4-6D. 

 Choosing the piers to be instrumented was a similar task and the same logic could be 

applied.  Since Piers 2, 3 and 4 are fixed flexible piers, and Pier 3 is exactly equidistant from Piers 

2 and 4, Piers 2 and 4 are expected to see the most stress from thermal effects due to the 

expansion of the superstructure about Pier 3.  Therefore, the double pier walls of Piers 2 and 4 

were chosen to be instrumented and the focus of this study.  Each of the abutments were also 

instrumented with  
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linear string potentiometers to measure overall expansion/contraction of the bridge.   

 

 

 

 

Fig 2.3.1: Instrumented sections along length of bridge (abutments, Section 2-4U, Section 4-6D, 

Pier 2, Pier 4) 

 

2.4 Placement of Instruments 

 The instruments were placed in the chosen sections in a manner that would give the 

most representative description of section behavior.  In the span sections, 20 strain gages were 

distributed evenly around the cross section as shown in Fig 2.4.1.   All gages were oriented 

horizontally in order to give longitudinal strain information.  In the two selected piers, both pier 

walls were instrumented at two different elevations, one near the top of the wall and one near 
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the bridge expands the piers will 

gages were paired and distributed across the width of the wall as can be seen in figure 

all, 28 vibrating wire strain gages are installed in 

were oriented vertically so as to capture bending and a

capture strain on both sides of the pier walls.  

Fig 2

                    

        

Fig 
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the base.  This was chosen because the maximum stresses will occur at the ends of the walls

the bridge expands the piers will deform in double curvature.  At each elevation, the strain 

ges were paired and distributed across the width of the wall as can be seen in figure 

all, 28 vibrating wire strain gages are installed in Pier 2, and 16 are installed in 

re oriented vertically so as to capture bending and axial strains.  This configuration will 

capture strain on both sides of the pier walls.   

2.4.1: Strain gage distribution in superstructure 

          

       

     Pier 2     Pier 4

Fig 2.4.2: Pier instrumentation elevations (mm) 

 

VW strain gage 

Top Instrumented 

section Elev. 223.16 

Bottom  Instrumented 

section Elev. 214.00 

the base.  This was chosen because the maximum stresses will occur at the ends of the walls: as 

in double curvature.  At each elevation, the strain 

ges were paired and distributed across the width of the wall as can be seen in figure 2.4.2.  In 

Pier 4.  All gages 

xial strains.  This configuration will 
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Bottom  Instrumented 

section Elev. 214.00 
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Fig 2.4.3: Pier 2 strain gage locations and designations 

 

 

Fig 2.4.4: Pier 4 strain gage locations and designations 
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2.5 Data Acquisition 

A data acquisition system was required to collect and organize the data transmitted by 

the strain gages and the linear string potentiometers.  To achieve an efficient data collection 

system and one in which minimal human interaction was required, equipment from Campbell 

Scientific was used and a system was designed to monitor all instruments concurrently.  The 

equipment used is as follows:   

• CR1000 datalogger  (two units) 

• AVW200 Vibrating Wire Interface  (four units) 

• AM16/32B multiplexer  (six units) 

• Raven XTV cellular modem 

• MD485 multidrop interface (three units) 

• PS100 power source  (two units) 

• 12V 7Ahr sealed rechargeable lead-acid battery  (two units) 

 

The following are short descriptions of the functions and capabilities of each piece of equipment 

used. 

 

CR1000 

 The CR1000 datalogger is the central component of the data acquisition system.  This 

unit collects and stores all incoming information from the sensors distributed in the structure.  It 

does this through the use of an onboard processor and 4 MB hard drive.  Using the CR1000, the 

user can manipulate data on board (in real time) and do simple calculations on the stored data, 

for example converting frequency to strain using calibration data.  

 

AVW200 

 The AVW200 vibrating wire interface acts as the controlling device for the vibrating wire 

strain gages installed in the structure.  It interacts with the strain gages by exciting the wires 

inside the strain gages and then reading the corresponding output frequency.  A fast Fourier 

transform is then performed on the output frequency whereby the noise in the signal is 
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eliminated and the resonant frequency is sent to the datalogger for collection.  Up to four 

AVW200 modules can be connected to one CR1000. 

 

AM16/32B 

 The AM16/32B multiplexer extends the number of instruments that the AVW200 can 

read at a time.  Sixteen strain gages can be connected to each AM16/32B.  The multiplexer then 

steps through each connected instrument consecutively and relays the signals to the vibrating 

wire interface and the datalogger.  Two AM16/32B multiplexers can be connected to each 

AVW200, allowing up to 32 strain gages to be read by one AVW200. 

 

Raven XTV 

 The Raven XTV cellular modem allows the data from all incoming data to be relayed 

over a cellular signal via Verizon Wireless’ broadband service.  This modem communicates over 

a common telemetry account in which an IP address is assigned.  All data can then be retrieved 

from any computer connected to the internet by accessing the IP address for the instrument. 

 

MD485 Multidrop 

  This device allows the data from the two datalogger locations to be connected and 

transmitted to a single location near the Raven modem for cellular transmission.  One MD485 

must be placed at each datalogger site as well as at the location of the Raven modem. 
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Fig 2.5.1: Campbell Scientific equipment connection diagram [24] 

 

  

 In the current study, two CR1000’s are needed to collect the data from the 84 vibrating 

wire strain gages due to the fact that the instrumented sections of the bridge are far apart and 

excessively long lead wires would be needed to connect all of the strain gages to one datalogger 

in a central location.  Because of this, two equipment groups are to be used and will function 

independently as described in the instrumentation description in the appendix. 

 The expansion information collected by the linear potentiometers at the abutments will 

also be collected by the two CR1000 dataloggers.  The lead wire of each string pot is run to the 

closest CR1000. 

 

2.6 Instrument Calibration and Data Storage 

 Because the strain gages transmit a frequency signal and the incorporated thermisters 

in each strain gage transmit resistance, calibration factors need to be incorporated to attain 

strain and temperature readings.   The calibration factors can be found in the Geokon model 

4200 strain gages manual and incorporated in the Campbell Scientific equipment.  Strain is 

related to frequency by the following relation: 
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 ∈= � × �����    

• G = 3.304 for the model 4200 VW strain gage 

Temperature is related to resistance by the following (Calibration constants determined 

experimentally for the Geokon model 4200) [22]: 

 � = �
����� !"#$�%!� !"##& − 273.2    

• R = output resistance 

• T = temperature in ⁰C 

• A = 1.4051 E -3 

• B = 2.369 E -4 

• C = 1.019 E -7 

A program can be written and sent to the datalogger to incorporate these calibration factors 

and thereby store only the desired outputs in a table for analysis.  The program can also be 

written to output an average reading for a specified time period.  For example, readings may be 

taken every minute but the datalogger may only store one reading per hour as the average of 

the sixty readings during that hour.  

The calibration pertaining to the linear potentiometers is simple.  The output current 

depends on the position of the measuring cable in the transducer range.  The range of the 

transducer can be set to the desired values within the manufacturing limiting range, which in 

the case of the purchased HX-P420 string pots, is 15 inches.   The datalogger can be 

programmed to calculate the linear correlation of current to distance as mentioned earlier and a 

displacement is achieved.   
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3 LITERATURE REVIEW ON MODELING AND DESIGN 

3.1 Introduction 

 Before this study could be properly conducted, some background information was 

needed.  A review of current literature was conducted as well as a review of the current 

procedures used in practice.  Among the topics to be reviewed were: 

1) Common refined design method for bridge piers 

2) Finite element modeling of reinforced concrete 

3) Thermal Loadings on concrete bridges 

4) AASHTO and Minnesota requirements for thermal loadings on bridges 

 

3.2 Common Refined Design Method (CRD Method) 

 In section 3.12.2 of the Minnesota LRFD Bridge Design Specifications, it is stated that the 

designer of a non-typical bridge with fixed piers must consider the reduced pier stiffness along 

the height of the pier using a refined method.  It states,  

 

A 3-D model of the bridge with appropriate elastic restraints at supports may be 

required (especially for curved bridges) to determine the direction of movement, 

magnitude of thermal forces, and interaction between piers for determination of the 

appropriate cracked section reduction in stiffness. The final solution may require several 

iterations and may be bracketed using an upper-bound and lower-bound stiffness matrix 

(i.e., - gross sections, partially cracked sections, etc.) so that the final solution falls within 

an acceptable range for the particular structure. In cases where several piers are fixed to 

the superstructure, consideration of ambient temperature at anticipated time of 

construction (including adjustments for closure pours as necessary) should be 

considered. 

 

The suggested method for doing this task is not specified and is not obvious, as it can be a 

complex task with many considerations to take into account.  The following is a summary of a 

typical refined method used to determine the percentage of gross stiffness along the height of 

the piers for use when considering pier design for temperature and lateral deformations. 
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3.2.1 Deflections due to sustained loads 

 Although temperature is the most obvious factor contributing to the lateral forces and 

moments on the pier walls, creep and shrinkage are also important factors when analyzing 

prestressed concrete bridges and must be taken into account when considering the appropriate 

reduced stiffness along the height of the pier. Take, for example, a post-tensioned R/C bridge 

with two sets of twin wall fixed piers.  As the tendons apply a constant force on the bridge 

superstructure, the concrete will creep and shrink corresponding to that force, causing the piers 

to bend inward toward the center of the bridge span and therefore lead to cracked section 

properties even before a temperature loading is applied.  Note also that the piers themselves 

will undergo creep and shrinkage due to the applied dead load of the superstructure and any 

moments that are induced due to the construction process and prestressing. 

 

 

 

 

 

Fig 3.2.1: Effect of creep and shrinkage on fixed pier system 

 

This complicates the procedure because the cracked section properties must be 

analyzed at each moment in time during the staged construction of the piers and superstructure 

before temperature loadings are applied.  Also to be considered in the cracked section 

properties of the piers is the initial jacking force applied before the closure pours in each span in 

a segmentally constructed bridge.  This will initially lead to an outward bow of the pier walls and 

to a curvature reversal when the creep and shrinkage deformations develop.  The jacking force 

to be applied is calculated so as to lead to the maximum reduction in pier moments at the end 

of service life when all creep and shrinkage has occurred while staying within the required stress 

limits during service life.  Often, the amount of force that is physically able to be applied is the 

limiting factor on the amount of jacking.  The jacking force will lead to an outward bow in the 

piers (figure 3.2.2)  as mentioned earlier and will thus lead to cracking considerations which will 

complicate the analysis once again.  Because of this, it is recommended that the jacking force 

not be applied in a fashion that leads to cracking of the piers [3].  This recommendation will 

Sustained PT Force Long Term deflections 
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Fig 3.2.2: Effect of jacking force 

 

simplify the procedure because gross section properties can then be used for the piers when 

bowed outward at the beginning of service life.  Temperature considerations should be assessed 

at this point in the construction because a positive temperature change will lead to an increased 

outward bow of the piers and thus may lead to cracked sections unless properly accounted for, 

although this will rarely be the controlling load case. 

 A bridge analysis model must be constructed to utilize the following CRD method 

(common refined design method).  The model could take the form of a two-dimensional or 

three-dimensional model.  For curved bridges, as stated above, a three-dimensional model is 

required although a 2D model could be sufficient for straight bridges (3 dimensions must still be 

considered in the sectional analysis program).  The analysis software to be used needs the ability 

to incorporate staged construction with prestressing and time-dependant analyses (if bridge 

construction is segmental as is the case for  the Wakota Bridge).  One such program is SAP2000 

[25].  The model should incorporate all prestressing components present in the bridge design.  

Many bridges with fixed piers are built using segmental construction, this should also be taken 

into account, as the age of each segment will play a role in the magnitude of creep and 

shrinkage inherent in the system.  SAP2000 has the ability to account for this parameter using a 

construction scheduler and incrementing time between each task and loading condition for the 

calculation of loss parameters in each stage of construction.  For example, a segmental balanced 

cantilever post tensioned bridge is analyzed by adding one segment, applying the post-

tensioning and dead loads, calculating the losses and deflections occurring from time of addition 

to the time of the erection of the next segment, and using the found stress state and deflections 

as initial conditions for the next segment.  This process is iterated until all segments are erected 

and stressed.  All long term deflections occurring after the completion of construction can then 

be calculated based on the conditions directly after completion of the construction process.  The 

Jacking Force before closure Deflections due to jacking 
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lateral deflections of the piers based on sustained loads can then be used as the basis for 

additional lateral loads to be applied.   

Piers in these types of bridges are often unusually shaped, such as V-shaped piers or 

piers that change in dimensions along the height.  To account for this, an approximate shape 

with similar sectional properties is often assumed and used for the analysis [2]. 

 

 

 

 

Fig 3.2.3: Simplification of Pier cross section 

 

This analysis is further complicated if the piers are found to be cracked, as they surely 

will be under even small lateral deflections.  To account for the cracked behavior of the piers, 

there are two options for analysis.  The first option is nonlinear analysis with a concrete material 

model representative of the behavior of concrete.  The second option is the CRD method, which 

is an iterative approach for percentage of gross stiffness used to converge to the correct cracked 

section stiffness along the height of the pier.  This is the most commonly used approach because 

although the first approach can be the more accurate if done right, it is difficult to employ 

nonlinear analysis techniques compared with linear analysis. 

 In the CRD method, pier stiffness is estimated using an iterative approach.  One 

procedure is to first discretize each pier into a number of segments at which stiffness is to be 

updated (each segment could consist of multiple elements in the F.E. model), the number 

depends on the desired accuracy, but approximately five or more elements has been suggested 

by a bridge design professional [2].  Each stiffness updating segment in the pier should then be 

assigned an assumed percentage of gross stiffness.  A good starting point for a pier in double 

curvature is to assume a stiffness of EIGross/2.5 for the elements with maximum moment, those 

being the ones connected to the superstructure and the footing [2].  This starting point comes 

from ACI 318-08 section 10.10.6.1 concerning members in compression [4].  The element(s) at 

mid-height can be assumed to have a stiffness of EIGross.  Once the stiffnesses are assumed for 

each segment along the height of the piers, a linear analysis is executed for deflection of the 

structure at a moment in time.  A sectional analysis program such as Response-2000 is then 

V-Shaped Pier Cross Section Possible assumed analysis cross Section 
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used to compare the sectional response and cracked section to the one assumed in the bridge 

model.  Based on this comparison, the stiffness of the piers in the model can then be refined to 

match the results of the Response-2000 output and the analysis run again.  This process is 

repeated until the modeled pier stiffness and deflection agree with the stiffness and deflection 

computed by the sectional analysis program within a reasonable tolerance.   

 Because of the nonlinear behavior of concrete, a linear analysis cannot be run for the 

duration of the life of the structure.  At each point in time the piers will have a unique 

percentage of gross stiffness along the height of the pier and therefore a unique analysis needs 

to be run for the deflections at the instant in question.  This is not usually a significant 

inconvenience because the worst case scenario is usually desired, the worst case will occur after 

all creep and shrinkage losses have occurred towards the end of the life of the structure and the 

maximum negative temperature load is applied. 

 

 

 

 

 

 

                      

 

Fig 3.2.4: Twin-walled pier discretized for analysis 

 

3.2.2 Application of Thermal loads 

As can be seen in figure 3.2.1, the controlling case for lateral loads will occur when the 

temperature drops and therefore contributes to the shortening of the span between the fixed 

piers and consequently, the curvature of the piers.  A positive temperature will reduce the 

stresses on the piers because it acts to counteract the creep and shrinkage deflections. 

 After the deflections due to sustained loads are calculated, the temperature changes are 

applied.  The applied temperature changes will, like the sustained loads, change the piers’ 

relative stiffness.  This can be accounted for in the same manner described above, or some 

conservative assumptions can be made.  When a designer is considering the application of 

Footing 

Superstructure Superstructure 

Footing 
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thermal loads, there are two situations to be considered: strength and serviceability.  If strength 

is the consideration, it is seen that the stiffer the piers are, the larger the moments will be at the 

ends of the piers.  Because of this, it is conservative to leave the stiffness of the piers unchanged 

from the sustained load lateral deflection procedure.  This will result in a pier that has a larger 

stiffness than is realistic and will result in a conservative design.  If serviceability is being 

considered, an excessively large stiffness will lead to underestimated deflections and steel strain 

values.  If conservative deflections are sought, the pier walls can be assumed not to restrain the 

superstructure movement and simply move with it.  This assumption will lead to larger than 

actual displacements and steel strains.  Although these procedures will produce adequate 

designs, it may be preferable to use the previously described iterative approach for application 

of thermal loads as well as sustained loads to reach the most economical and realistic design in 

some cases. 

 Some modeling programs cannot apply a temperature gradient as specified in AASHTO 

directly.  In order to achieve this effect, the restraint stresses can be computed separately and 

superimposed on the stress state of the superstructure and piers at the point of interest. 

 

3.2.3 General Modeling Considerations 

 The finite element model used in the above analysis must take into account all 

properties of the bridge and encompass all of the following: 

• Correct cross-sectional geometry 

• Foundation springs – both rotational and translational springs based on realistic footing 

analysis.  Foundations in soil will rotate and translate to provide stress relief in the piers.  

Appropriate foundation springs can be found by executing a foundation analysis.  

Conservative assumptions should be used when dealing uncertainty in foundation 

movements. 

• Points of connection of piers to superstructure modeled at correct positions 

• Superstructure frame elements modeled to provide force output at the section’s center 

of gravity to provide accurate pier moment computations 

• Footings can be modeled with rigid link elements because they are excessively stiff 

compared to the pier walls.   
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3.3 Finite Element Analysis Review 

The design of reinforced concrete bridges is a complex task that readily lends itself to 

the creation of computer models in order to predict behavior based on design loads and 

predicted structure-environment interaction.  Computer models allow for refinement in design 

that could not be performed by hand and therefore are invaluable tools that must be used in 

contemporary engineering practice.  Complex mathematical codes have been developed and 

combined with convenient graphical user interfaces for pre- and post-processing and provide a 

simple modeling environment for an experienced user.  These programs are powerful analysis 

and design tools if used correctly.  If they are not used correctly, incorrect analyses will result.  

To avoid this problem in the current study, a literature review was conducted to ensure proper 

analysis. 

 Concrete is a difficult material to model due to its nonlinear response.  This problem has 

been a central focus of research for many years and information regarding advancements and 

strategies in concrete modeling are readily available [9].  Information is available in the technical 

literature on improvements of RC modeling to produce accurate models [9].  

From the first application of finite element analysis to reinforced concrete by Ngo and 

Scordelis in 1967 [8], finite element modeling has evolved dramatically.  The manner cracking of 

concrete is modeled, the interaction of steel and concrete, and steel yielding considerations 

have all become increasingly accurate and complex.  The first report on the finite element 

analysis of concrete submitted to the ASCE occurred in 1982.  At this time it was agreed that 

finite element analysis of concrete had progressed much faster than the actual understanding of 

reinforced concrete itself.  In order to bridge the gap of understanding, Vecchio and Collins 

(1982) performed tests on RC members.  This allowed finite element models to be correlated to 

specific experimental data with complex loading histories [9]. 

The method of concrete modeling must be an iterative process because of the nonlinear 

behavior and cracking.  The most important aspect of modeling concrete structure behavior is 

the manner in which cracking is taken into account.  Many different approaches have been 

taken in attempt to capture cracking behavior.  Early researchers used “smeared” cracking 

models that reduced the stress across regions that would crack to zero immediately after a 

predefined limiting tensile stress was reached.  This led to numerical instability and was not 
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representative of the actual behavior of concrete.  Although the steel in reinforced concrete 

carries the total tensile load across the cracks, intact concrete still has the ability to carry a small 

amount of tensile stress and the loss of tensile strength occurs over a narrow range of tensile 

strain.  Many different methods were tried by researchers to capture this concrete cracking 

behavior.  Bashur and Darwin (1978) tried to represent cracking as a continuous process by 

integrating through the depth of the slab, Hand, Pecknold, and Schnobrich (1973) tried 

representing it by using layered finite elements and evaluating cracking as a step by step 

process, Jiang and Mirza (1993) used a layered element and fracture energy principles [11], and 

many researchers tried representing it using a descending stress branch after cracking.  The idea 

of a descending stress branch eventually dominated the modeling of cracking in concrete [9].   

First introduced by Scanlon and Murray (1974), ‘tension stiffening’ as it is referred to, is 

a descending stress-strain curve that ranges from the cracking stress of the concrete at cracking 

strain to zero stress at a specified strain after cracking.  It refers to the transfer of tensile stress 

from the concrete near the vicinity of a crack to the steel.  This treatment has been widely 

investigated and has been shown to produce accurate results when compared to experimental 

test data.  It is also beneficial in that it aids in the numerical stability of the solution.  It is now 

the predominantly used cracking model in finite element modeling.  Although this method can 

be reliable, the necessary parameters should be calibrated to the application.  The shape of the 

tension stiffening curve can change based on material properties and amount of reinforcing 

steel present in the section.  Because of this variability, much research has been performed to 

determine appropriate values for the tension stiffening curve for common applications such as 

steel reinforced concrete beams and columns.   

Nayal and Rasheed (2006) report on the different models proposed and attempt to 

determine an appropriate generalized curve for tension stiffening behavior for common steel 

reinforced concrete sections [10].  Four models are reviewed: Scanlon-Murray, Lin and Scordelis, 

Vebo and Ghali, and Gilbert and Warner. 
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Fig 3.3.1: Different Tension Stiffening Models: a) Scanlon-Murray model; b) Lin and Scordelis 

model; c) Vebo and Ghali model; d) Gilbert and Warner model [10] 

 

After these models are summarized, experimental tests performed by previous 

researchers were compiled and tested against finite element models with varying tension 

stiffening curves as a parameter study.  A generalized curve was chosen similar to the Gilbert 

and Warner model and the four variable values on the curve were manipulated. 

 

Fig 3.3.2: Tension stiffening model used in study[10] 
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A representative set of results on one member is shown below. 

 

 

Changing Pt                                                                   Changing Rt 

 

Changing St                                                                   Changing Ft 

Fig 3.3.3: Varying tension stiffening parameters compared to test results [10] 

 

The best set of parameters found to match the experimental data was St=4, Rt=0.45, 

Pt=0.8 and Ft=10, where, as can be seen by fig 3.3.2: 

• St is a dimensionless number that, when multiplied by the cracking strain, Єcr, 

produces the strain at the onset of secondary cracking occurs. 

• Rt is a dimensionless number that, when multiplied by the tensile strength of 

concrete, f’t , produces the stress at the onset of secondary cracking. 

• Pt is a dimensionless number that, when multiplied by the tensile strength of 

concrete, f’t , produces the stress just after the first crack occurs. 

• Ft  is a dimensionless number that, when multiplied by the cracking strain, Єcr, 

produces the strain when stress reduces to zero. 
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 This data was shown to be accurate for test data ranging from many different researchers with 

varying beam sizes.  Among the parameters, Ft can be seen to be the most important in the 

response of the RC members.  Stramandinoli and Rovere (2007) employ a similar value of strain 

at zero stress (Ft) in their tension stiffening model and likewise get good experimental 

agreement [19].  ABAQUS, a commercial finite element code, also recommends this value in its 

user analysis manual [20]. 

 Tension stiffening inherently incorporates some bond characteristics in its cracking 

representation because of the empirical derivation of the curve.  Although this is the case, the 

question of bonding should be considered.  Most finite element models assume a perfect bond 

between steel and concrete although it is well known that some bar slip does occur in 

experiments.  A perfect bond relationship is often considered adequate, however, because test 

results show that the load-deflection response of reinforced concrete members is often 

insensitive to bond-slip [9].  Isenburg [9] states, “The small amount of slip occurring in most 

reinforced concrete members has little effect on the load-deflection behavior, and a model 

which disregards that local slip will not cause in a significant error in the predicted load-

deflection, unless the failure mode is a bond failure”. 

 Reinforcement properties must be considered next.  The constitutive model of 

reinforcing material has been paid little attention to compared to that of the concrete, possibly 

because steel has a very simple behavior and can be generalized as elastically-perfectly plastic or 

elastic with strain hardening.  In a survey of papers performed by the ASCE [9] most researchers 

specified reinforcing steel as elastically perfectly plastic and as a uniaxial material, therefore 

ignoring dowel action of the rebar.  This has led to models of acceptable accuracy and is 

therefore recommended.  There are three techniques that can be used to represent the 

reinforcement in the concrete. 

1. The steel is represented as ‘smeared’ steel in which the constitutive matrix is simply 

added to the constitutive matrix of the concrete. 

2. The steel is represented as a discrete element.  This leads to a restriction on the mesh 

because the concrete mesh is forced to have nodes at reinforcement locations. 

3. The steel is represented as an embedded element in which reinforcing node 

displacements are forced to coincide with concrete element node displacements.  The 
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difficulty with this method is that a special finite element formulation is needed that 

some codes do not posses. 

 

The shear modulus of elasticity of concrete is another consideration in RC modeling.  

Introduction of the shear modulus increases numerical stability and realism of cracking 

behavior.  In order to introduce this factor into cracking behavior, researchers have suggested a 

shear reduction factor after cracking representing aggregate interlock.  Although this parameter 

is important, researchers report little sensitivity with values of the reduction factor between 0.1 

and 0.5 [9]. 

Although tension and cracking dominate structural behavior of RC structures, compression 

should still be considered.  The compressive behavior of concrete in analysis is almost always 

modeled non-linearly and this has been shown to produce accurate results. 

Other considerations must be taken into account in modeling including, but not limited to, 

mesh shape and size, load step, and higher order elements.  Mesh shape is recommended to be 

based on brick elements if building a solid model as these converge quickly compared to other 

elements.  Higher order brick elements can also be useful in achieving convergence with a small 

number of elements although they many lead to numerical instabilities.  Mesh sensitivity studies 

are usually needed to determine the appropriate mesh size.   Also to be considered is the load 

step size.  A load step that is too large can produce inaccurate results.  And most importantly, 

good judgment must be used when building a finite element model. 

 

3.4 Thermal Loadings on Concrete Bridges 

Much research has been conducted to determine the effect of temperature on the 

response of bridges.  This focus on temperature loadings on bridges is well justified, as the 

stresses produced by temperature changes has been shown to be comparable or larger than 

that of live loads [1].  Of primary interest in much of the obtained research is the amplitude of 

the thermal gradient caused mainly by solar radiation on the top of the bridge deck.  This 

gradient produces a stress state in the bridge superstructure, which is also felt by the piers if 

they are integral with the superstructure, as is the case with the twin-wall piers in the Wakota 

Bridge.  Also investigated is the magnitude of uniform temperature change throughout concrete 

bridges corresponding to the climate in which the bridge is immersed. 
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 Many researchers have investigated the values and shape of the gradient curve and the 

stresses they produce in the structure.  These attempts include thermal analysis attempts and 

field observations.  Saetta et al. (1995) proposed a numerical finite element analysis to 

determine values of thermal loading at different points in a box girder [12].  Branco and Mendes 

(1993) used a numerical method employing the Fourier heat transform equation to solve for the 

temperature gradient in a cross section [13].  Researchers using field observations for 

temperature gradients include Shushkewich (1998) who used a large number of thermocouples 

to obtain temperature data throughout the cross section of a typical precast prestressed 

concrete box girder, and which agree favorably with AASHTO recommendations for critical 

temperature gradient [15].  Possibly the most cited and proven research concerning 

temperature gradient though, is by Priestley [14].  The following is a short summary of Priestley 

[14], which will be used in the current study. 

 Predicting temperature distribution throughout a typical concrete box section was the 

first objective of Priestley’s study.  First, heat conduction equations were considered through 

the depth of the cross section and solved using one dimensional finite difference methods and 

compared with two and three dimensional finite element solutions. 

 Stresses were then found from the temperature distribution using simple statics 

methods.  Expressions for the restraint stress, axial force, and internal moment were derived for 

simple and continuous spans.  Experimental and theoretical solutions were compared and 

shown to be in close alignment for both deflection and stress.   

 A design thermal gradient was then established for concrete bridges.  The critical design 

gradient is defined as the thermal gradient likely to occur in the lifespan of the bridge.  This 

definition was used in a parameter study of the various influences on temperature gradient in 

the structure: wind, ambient temperature variation, blacktop thickness, and surface solar 

absorptivity.  The parameter study was conducted on seven typical prestressed concrete bridge 

sections including slabs, box girders, and beam and slab sections.  An analysis of the bridge 

sections led to a universal design temperature gradient.  The design temperature gradient 

consists of two parts. The first is a fifth order curve ranging from 0⁰F at a depth of 47.2 inches 

below the deck of the bridge to a maximum temperature value T at the deck, which depends on 

the blacktop thickness.  The second part is a linear increase in temperature over the bottom 7.9 

inches of the section.  This design gradient is currently in use for concrete bridges in New 
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Zealand and has proven very accurate based on numerous in-field tests to determine 

temperature gradient. 

 

Fig 3.4.1: Priestley’s thermal design gradient [14] 

 

 The significance of the thermal response is then discussed; both at serviceability and at 

ultimate.  It is mentioned that for normal reinforced concrete bridges, cracking will have 

occurred with the applied dead and live loads, therefore greatly reducing the continuity 

moments and the chance that thermal loadings will cause fatigue problems.  This argument is 

also applied to certain cases of prestressed concrete bridges.  The response for ultimate 

loadings is discussed next and it is contended that thermal loadings have a small effect on 

ultimate behavior and are therefore mostly a serviceability concern when designing bridges.  

Priestley states, “A further consequence of the loading is that thermal effects are generally 

insignificant when assessing the ultimate load characteristics of a concrete bridge, and need 

only be considered during serviceability checks.” 

 It is proposed in the conclusions that partial prestressing to reduce thermal stresses and 

control cracking seems attractive but more research needs to be conducted to establish 

reasonable design specifications for this method. 

 This study provides valuable temperature distribution information.  Other papers cite 

and accept this temperature gradient to be reliable and accurate for application on different 

types of concrete bridges.  
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 Although temperature gradients are important to take into account in the design of 

bridges, uniform temperature changes are more important in the design of the pier structure.  

The most powerful research conducted as to the change in concrete bridge ambient 

temperature was conducted by Roeder in 2002 [16].  In his study, Roeder created contour maps 

of the United States based on the extreme temperature data of 1273 different locations in the 

United States with a minimum history of 60 years of continuous temperature data.  His 

temperature maps are now adopted as an optional procedure in the AASHTO LRFD Bridge 

design specifications and are used to determine design temperatures based on location, which 

leads to the next topic of discussion; current design specifications for thermal loadings as 

prescribed by AASHTO and the Minnesota Department of Transportation. 

 

3.5 AASHTO and Minnesota requirements for thermal loadings on bridges 

The design of bridges for thermal forces and moments is an important aspect of bridge 

design.  Described below is a quick overview of the design requirements that were generated as 

a product of the research that has been conducted on reinforced concrete box girder bridges 

such as the Wakota bridge as well as general design requirements that are applicable to all types 

of bridges.  Both AASHTO requirements [17] and Minnesota state requirements [18] are 

considered here. 

 The design of concrete bridge superstructures for thermal loadings is fairly well 

researched and documented.  While the superstructure forces are not the main concern in this 

study, they need to be reviewed because the forces produced by superstructure movements are 

the main contributor to the forces in the twin-wall flexible bridge piers.  AASHTO outlines their 

design guidelines in “Thermal Effects in Concrete Bridge Superstructures [21]” as well as in the 

more current “AASHTO LRFD Bridge Design Specifications [17]”, whereas the state of Minnesota 

has its own set of guidelines.   

 All bridges must be designed to accommodate the stresses and movements resulting 

from both the design uniform temperature change and the design temperature gradient that is 

produced largely from solar radiation on the deck of the bridge.  
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3.5.1 Uniform Temperature 

  There are two different procedures specified in the AASHTO specifications: Procedure A 

and Procedure B.   

Procedure A   

This is the classically used procedure and is also the less conservative of the two in the 

state of Minnesota.  Procedure A uses the temperature range shown in table 3.5.1.1 below, 

where a moderate climate is defined as a climate where the number of days with an average 

temperature below 32⁰F is less than 14. 

Table 3.5.1.1 : Procedure A Temperature Ranges 

  

 

 

 

 

 

Procedure B 

This is a relatively new procedure that is a result of research done in 2002 by Roeder 

[16].  The temperature range in this procedure is determined by contour temperature maps of 

the United States.  One map shows the maximum design temperature and another shows the 

minimum design temperature.  The designer obtains the design temperature range as the 

difference of the maximum and minimum temperatures at the desired location in the United 

States.  There are two sets of maps: one for concrete bridges and one for steel bridges. 

 

Climate 

Steel or 

Aluminum Concrete Wood 

Moderate 0-120⁰F 10-80⁰F 10-75⁰F 

Cold -30-120⁰F 0-80⁰F 0-75⁰F 
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Fig 3.5.1.1: Minimum Design Temperatures for Concrete Girder Bridges with Concrete Decks [17] 

 

 

Fig 3.5.1.2: Maximum Design Temperatures for Concrete Girder Bridges with Concrete Decks [17] 

 

Thermal Movements 

 The thermal movements to be designed for are based on the temperature range and the 

coefficient of thermal expansion.   

 ∆*=∝ ,!∆�#,   where ΔT is the thermal design movement, α is the CTE (coefficient of 

thermal expansion), and ΔT is the temperature range. 
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Minnesota Requirements 

 Although either method is acceptable according to AASHTO, Minnesota specifications 

require that Procedure B be used for atypical bridges, whereas Procedure A can be used for the 

internal pier frame forces in typical bridges.  A typical bridge is defined as one that generally 

includes:  

� Routine multiple span prestressed beam, steel beam, and slab bridges 

� Bridges with two or less fixed piers 

� Bridges with piers less than 20 ft. tall 

Procedure A allows for a temperature range of 80⁰F in Minnesota.  Designers are recommended 

to use a 45⁰F temperature fall and a 35⁰F temperature rise.  Also, for flexible pier 

considerations, a strength limit state load factor of 0.5 can be applied to the thermal loads  to 

account for the reduction of stiffness in the piers due to cracking in the concrete while using 

gross section properties.  For longitudinal effects, Minnesota requires Procedure B to be used.  

The Minnesota code interprets the maps in Procedure B to display a temperature range of 

150⁰F.  A strength limit state load factor of 0.5 can still be used with gross section properties in 

lieu of a refined method for typical bridges. 

 For non-typical bridges, designers are required to use Procedure B for Minnesota.  

When analyzing non-typical bridges, the following factors must be considered [18]: 

� Pier Stiffness – Use refined method to determine the appropriate percentage of gross 

stiffness along the height of the pier 

� Bearing fixity and flexibility – Account for the stiffness of expansion bearings in 

determination of the overall bridge movements. 

� Construction method, staging, temperature range at erection, and its effect on the 

connectivity of the structural system. 

� Foundation stiffness – Elastic shortening of the piles provides a significant relaxation to 

forces applied to the pier.  Also, horizontal displacements of piling will provide moment 

reduction. 

� For joint and bearing sizing, use a 150°F range at Service Limit State conditions. Use a 

thermal movement load factor of 1.2. Also use this movement to determine horizontal 

force requirements for guided bearings. 
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� For Strength Limit State, use a thermal load factor of 1.0 with the 150°F range for 

longitudinal force effects. For transverse effects within individual pier frames, an 80°F 

range with a 45°F base construction temperature may be used. A 3-D model of the 

bridge with appropriate elastic restraints at supports may be required (especially for 

curved bridges) to determine the direction of movement, magnitude of thermal forces, 

and interaction between piers for determination of the appropriate cracked section 

reduction in stiffness. The final solution may require several iterations and may be 

bracketed using an upper-bound and lower-bound stiffness matrix (i.e. gross sections, 

partially cracked sections, etc.) so that the final solution falls within an acceptable range 

for the particular structure.  In cases where several piers are fixed to the superstructure, 

consideration of ambient temperature at anticipated time of construction (including 

adjustments for closure pours as necessary) should be considered. Setting of bearings 

and joints within the structure may require special provisions that call for contractor 

submittals which state the intended method of bearing and joint installation to obtain a 

neutral position at the mean temperature. 

 

2.5.2 Temperature Gradient 

 All bridges must be designed to withstand the design temperature gradient caused 

mainly by solar radiation.  The design temperature gradient is based on a topographical map in 

which the United States is divided into 4 solar radiation zones.  A temperature distribution is 

specified for each radiation zone based on a simplified piecewise linear distribution.  A negative 

temperature gradient due to rapid cooling of the structure is also to be accounted for.  The 

values for the negative gradient are the positive gradient values multiplied by a factor of -0.3 for 

plain concrete decks and -0.2 for concrete decks with an asphalt overlay. 
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Fig 3.5.2.1: Solar Radiation Zones for the U.S.A [21]        Fig 3.5.2.2: Design Thermal Gradient [21] 

 

Dimension A in figure 3.5.2.2 is taken as 12 in. for concrete superstructures that are 16in or 

more in depth, 4in less than the actual depth of the section for concrete sections shallower than 

16in, and 12in for steel superstructures.  Temperature T3 is taken as 0⁰F unless data from the 

site shows otherwise, but it shall not exceed 5⁰F. 

 AASHTO specifies “Where determination of force effects due to vertical temperature 

gradient is required, the analysis should consider axial extension, flexural deformation, and 

internal stresses” [17].  AASHTO provides guidelines in order to analyze all of these effects.  

� Axial Expansion due to uniform component of gradient and axial end force 

�-. = 1
/0

1 1 �2 3435 

∈-= 6!�-. + �-# 

8 = 9/0 ∈- 

� Flexural Deformation and fixed end moment effects 

∅ = 6
;0

1 1 �25 34 35 = 1
< 

= = 9;0∅ 

 

 



37 

 

� Internal Stress 

>? = 9[6�2 − 6�-. − ∅5] 

where: 

 ∈B= strain due to uniform temperature 

 ∅ = curvature 

 N = Axial Force 

 �2  = temperature gradient (Δ⁰F) 

 �-. = temperature averaged across the cross-section (⁰C# 

 �- = uniform specified temperature (⁰F) 

 /0  = cross-section area – transformed for steel beams (in2) 

 ;0  = inertia of cross section – transformed for steel beams (in4) 

 6 = coefficient of thermal expansion (in/in/⁰C) 

 9 = modulus of elasticity (ksi) 

 < = radius of curvature (ft)  

 w = width of element in cross section(in) 

 z = vertical distance from center of gravity of cross section (in) 

 

Design examples are provided in “AASHTO Guide Specifications: Thermal Effects in Concrete 

Bridge Superstructures” [21]. 

 Now that a sufficient background has been presented on the relevant topics, the study 

at hand can be detailed and explained. 
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4 RESEARCH-LEVEL MODELING (ABAQUS) 

4.1 Introduction 

In order to be able to analyze and evaluate the CRD method as it pertains to the Wakota 

Bridge structure, a research-level analysis model is needed.  This model will be used to compare 

to a common design-level model utilizing the previously reviewed CRD.  In order to compare the 

two types of models, a well planned research level model is needed.  The modeling 

considerations are discussed in the following sections. 

 

4.2 Modeling Assumptions 

 The structure of the Wakota bridge is quite complex.  It has many members with 

variable dimensions including the overall width, depth, web and slab thicknesses of the 

superstructure. Along with the variable geometric parameters, the structure of the Wakota 

Bridge employs pile-driven footings, fixed flexible piers, post-tensioning, and 5 superstructure 

spans.  All of these complexities provide for a challenging modeling process that requires 

significant consideration and some simplification.  It is desirable to eliminate features of the 

structure that will play little or no role in the behavior of the structure.  Using a degree of 

judgment, many aspects of the Wakota Bridge were eliminated from the modeling process.  A 

brief description and reasoning for the eliminated aspects follows. 

I. Profile Elevation 

It was chosen to exclude the incorporation of the profile elevation in the three 

dimensional model.  The reasoning behind this is that the bridge has a relatively 

small slope along the length of the structure and this slope will have minimal effects 

on stresses due to thermal effects in the structure because thermal loadings will act 

mainly in the longitudinal direction of the superstructure.  This longitudinal 

expansion/contraction will be affected very little by a small slope in the structure.   

This simplification allows for a much easier application of thermal gradient loadings 

because the gradient is dependent on deck elevation. 

II. Pier Flanges 

The architectural flanges on the pier walls perpendicular to the longitudinal 

direction of the bridge (as can be seen in figures 2.4.3 and 2.4.4) were left out of the 
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analysis model because they complicate the nonlinear analysis due to odd shaped 

elements and based on the assumption that they will play a negligible role in overall 

pier behavior. 

III. Traffic railing 

While the concrete base is included in the analysis model, the attached steel railing 

is ignored because it is assumed to provide essentially no stiffness contribution to 

the structure when compared with the stiffness of the concrete superstructure. 

IV. Abutments 

Abutments are not modeled because they are attached to the superstructure via 

expansion joints (fig 1.2.6) and will therefore not affect the behavior of the main 

bridge structure.  The abutments are replaced with idealized support conditions at 

the end of the superstructure. 

V. Diaphragm Openings 

The openings in the diaphragms on the interior of the superstructure were ignored.  

These elements are assumed to have no impact on the behavior of the structure 

because of their small dimension relative to superstructure dimensions.  They are 

used only for accessibility to the interior of the bridge. 

 

4.3 Creating the Three Dimensional Model Geometry 

The geometry of the double box girder cross sections was also simplified.  Small fillets 

were removed from the geometry of the interior of the box girder.  These fillets were small with 

respect to the rest of the cross section.  In order to compensate for the small area change in the 

cross section due to this simplification, connecting lines were extended over the fillet area in a 

way that would produce a similar cross sectional area and still simplify the geometry.  This 

simplification is necessary because the ability to produce a quality mesh without extreme 

computational cost is undermined by the existence of small edges.  Also, the concrete railing 

base located on the flanges of the superstructure was idealized as a rectangle and the 

overhanging portion was modeled as being level with the bottom of the box girder flange (see 

figure 4.3.1). 
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Typical cross section in Constructed Bridge                Typical cross section used in model 

        (Symmetric about axis)                                              (Symmetric about axis) 

 

Fig 4.3.1: Superstructure cross sections 

 

 The geometry was defined using a common CAD program [26].  This was done by 

creating cross sections as shown in the bridge plans at various locations (along bridge length).  A 

total of 136 separate planar sketches were created, one of which is represented in figure 4.3.1, 

to construct the superstructure with dimensions as specified by the bridge plans [6].  Volumes 

were then created to connect the separate sketches to create the superstructure.  Each pier was 

created as a separate part in the program to be combined in the finite element program of 

choice.  Piers 2, 3, and 4 were created as shown in the bridge plans without the architectural 

flanges.  Pier 1 was simplified by replacing the specified pedestal and expansion mechanism 

combination with a single block element that was assigned connection properties in the finite 

element program.  This will not affect the study because pier 1 is not of concern in this study.  

The pier could be modeled simply with boundary conditions, but for completeness it is included.  

The complete, assembled geometric model is shown below (figure 4.3.2). 

 

 

 

Fig 4.3.2: Assembled Geometric 3D analysis model 
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4.4 Importing 

 In order to be useful, this model must be imported into an advanced finite element 

program for analysis.  Although importing a model seems as though it would be a trivial task, it 

proved to be labor intensive.  The F.E. program chosen to carry out the analysis for the model 

was ABAQUS.  ABAQUS has many desirable qualities that prompted its choice, including a very 

user friendly user interface, a large variety of meshing capabilities, and perhaps most 

importantly, the ability to model concrete cracking through either the concrete smeared 

cracking material model or the damage-plasticity model.   

 The geometric model was first exported from the CAD program as a STEP file (a 

common file format), as this is the only mutually compatible format for both ABAQUS and the 

CAD program in use.  One convenient function inherent in the CAD program is the ability to 

export only the visible portion of the model.  This allowed small portions of the model to be 

exported and imported into ABAQUS at a time.  This was desirable because every portion of the 

model that was imported needed to be verified and possibly corrected.  Upon import, ABAQUS 

often altered the geometry and these alterations needed fixing.  This quality is well noted by the 

developers of ABAQUS and many features are available to troubleshoot imported parts that 

have problems associated with them.  Perhaps the most useful of these features is the “combine 

edges” tool.  Upon import, ABAQUS, in many cases, divided single line segments and edges into 

multiple line segments and edges.  While this was not apparent immediately when looking at 

the imported part, it complicated further processes in the program and thus all divided lines 

needed to be replaced by the original line segment.  The “combine edges” tool, in most cases, 

accomplished this task very easily.  In the event that this ABAQUS tool did not solve the 

problem, it was a more difficult process to fix.  In order to fix this problem, a small dimension 

change to the corresponding line was needed in the CAD program from which the STEP file was 

exported.  The change in all cases was small (< 1 mm).   This import error most likely occurred 

because of numerical rounding after being converted from metric to English units.  

 The general nature of ABAQUS is to separate the imported geometry into many 

separate ‘parts’ corresponding to the volume objects created in the CAD program.  Because of 

this, the superstructure initially contained 131 separate ‘parts’.  This was not desirable because 

each part needed to be meshed separately.  Having 131 ‘parts’ to be meshed would create more 
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labor than was necessary and would require constraints to tie each ‘part’ together, which would 

require excess computing cost.  To reduce this problem, all parts with continuous geometry 

were merged into one larger model ‘part’, where “continuous” in this case means that there 

were no drastic cross section changes such as a span connected to a solid diaphragm.  The 

merged parts must be continuous in order to facilitate the desired meshing technique, which 

will be discussed in entirety shortly.  After continuous parts were merged, the superstructure 

consisted of 23 ‘parts’.  The merging process did not create any geometric inconsistencies, but 

allowed for the simplification of the meshing process. 

 

4.5  Meshing 

 After the geometry was completely imported and all import irregularities removed, a 

mesh was assigned for analysis.  Many aspects needed to be considered before assigning a 

meshing technique to a geometric model.  Some of these aspects include: element type, 

integration process, cracking, and partitioning for loading application, among others.   

 The first aspect of the mesh that was considered was the element type and integration 

process.  The element chosen was the C3D20R 20-node hexahedral element with reduced 

integration.  There are advantages involved with the use of the hexahedral element that make it 

desirable.  These advantages include: 

i. Quick convergence compared to tetrahedral elements 

ii. A more uniform mesh than tetrahedral elements 

iii. Provide solution at less computational cost 

Along with the choice of the hexahedral element, the 20-node quadratic formulation was 

chosen over the 8-node linear formulation.  Reasons for this choice include: 

i. Faster Convergence 

Fast convergence is imperative when considering computational cost.  Because 

the smallest dimension in the Wakota model is much smaller than the largest 

dimension, slow convergence leads to a large increase in the number of 

elements needed.   

ii. Can model curved surfaces with less elements 

This is important when used with virtual topology as discussed shortly. 

iii. Very Effective in bending problems 
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Reduced integration is also a very desirable in the element choice.  Advantages of using reduced 

integration include: 

i. Reduced computational cost 

Integration uses only 8 integration points instead of 27, reducing computing 

time by a factor of about 3.5. 

ii. Generally yield more accurate results than fully integrated counterpart 

iii. Eliminates shear and volumetric locking 

 

Fig 4.5.1: C3D20R element in ABAQUS [20] 

 

 Before the geometry was meshed with the chosen element, two aspects of the model 

needed to be considered: loading conditions and the presence of cracking behavior.  Loading 

conditions may affect the mesh scheme if they need to be applied to only certain regions of a 

section of the model.  In this case, each section needed to be partitioned in ABAQUS prior to 

meshing in order to apply loads to the specific regions in the model.  This is imperative if a 

temperature gradient is to be applied to only the top of the cross section along the span of the 

bridge.  In order to facilitate this loading, a partition was created at the appropriate elevation 

below the deck of the bridge for the applied loading.  Secondly, the presence of cracking needed 

to be considered because if cracking occurs, rebar will be needed to be included in the geometry 

to run a stable nonlinear analysis.  Luckily, ABAQUS contains an embedment constraint that 

simulates the interaction of the embedded rebar in the concrete cross section.  Therefore, the 

geometry can simply be meshed as solid concrete and rebar can be embedded into the mesh at 

a later time if needed. 

 Much trial and error was needed to achieve a desirable mesh on all 23 superstructure 

‘parts’, as described previously, and 7 substructure ‘parts’.  While every element was desired to 
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have an aspect ratio of 1 and all angles to be 90 degrees, this was not possible on a complex 

geometry as is used here.  Because of this, a practical decision was made on the limits of the 

angle and aspect ratio of the elements involved in the structure.  The limits for the Wakota 

model were limited to a smallest angle of greater than 30 degrees, a largest angle of less than 

150 degrees, and an aspect ratio of less than 4.  In order to achieve these limits, some 

simplification of the model geometry was needed.  The simplification took the form of the 

“virtual topology” toolset in ABAQUS.  This toolset allows for the combination of faces and 

edges on the model geometry.  By combining faces in the geometry, nodes are not forced at the 

intersection of the two faces and therefore much more flexibility is achieved when the mesh is 

generated.  Because a node is not forced at the face intersection when this function is used, the 

elements create an interpolation over the intersection if a node is not located there.  This 

interpolation causes small geometry changes in the model but it is trivial for faces that intersect 

at close to 180 degree angles.  The only faces combined were ones of this type, therefore the 

meshing was simplified at little or no accuracy cost. 

Using the “virtual topology” toolset, the desired element limits were met and 

additionally, less than 1% of all elements in the model have angles smaller than 45 degrees or 

greater than 135 degrees.  This was determined to be a mesh of sufficient quality.  A mesh that 

is representative of the model is shown in fig 4.5.2 below. 

 

Fig 4.5.2: Representative span meshing scheme 
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4.6 Verifying Convergence 

4.6.1 Superstructure 

 A convergence study was needed to verify that the bridge response values being 

obtained are of satisfactory quality.  Because finite element models tend to converge to the 

exact solution as the number of elements is increased, a common strategy to verify convergence 

is to double the number of elements contained in the tested region and compare stress 

gradients.  In the case of this model, it was considered adequate to test only one of the five 

spans for convergence.  If the mesh for the tested span was sufficiently refined, it would be 

assumed that the mesh quality was adequate throughout the entire structure.    

 Span 3 was used to conduct the convergence study because it is one of the spans that 

will experience the most stress from temperature changes.  Three separate meshing schemes 

were produced for Span 3 as shown below in figure 4.6.1 (a-c).  Mesh 1, 2, and 3 contained: 

14,560, 45,600, and 81,656 elements respectively.  All meshes used the C3D20R 20 node 

hexahedral reduced integration element as described previously. 

 

 

 

a) Course mesh: 14560 elements 

 

 

b) Refined mesh: 45600 elements 
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c) Most refined mesh: 81656 elements 

Fig 4.6.1: Meshing refinements 

 

 The three meshes were then subjected to a 50 degree Fahrenheit uniform temperature 

loading with fixed boundary conditions on the faces located closest to the piers on the 

underside of the box girder.  The three cases were then analyzed and the stresses were 

observed.  As can be seen in Fig. 4.6.2, the stresses are virtually identical in all three cases.  The 

only differences in the three stress plots are stresses at a few points located near the fixed 

boundary conditions.  These points are not of concern because the behavior of the structure as 

a whole was the desired outcome and these stress concentrations were simply the result of 

imposed boundary conditions.  If exact stresses at points like these were desired, this would be 

of more concern, but since that is not the objective of this study, the course mesh shown in Fig. 

4.6.2 (a) was determined to be of sufficient accuracy.  In each of Fig 4.6.2 (a-c) the contour 

values are set to capture the most important aspects of the behavior, therefore the stresses at 

the corners (grey in the plots) are not captured. 
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a) Course Mesh 

 

 

b) Refined Mesh 

 

 

c) Most Refined Mesh 

Fig 4.6.2: Stress contours of different meshing schemes 
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4.6.2 Piers 

 More important than the convergence of the superstructure model in the case of this 

study, was the accuracy of the stress levels in the pier wall structures since these were the 

structures of most concern.  In order to verify the convergence of the pier structures, a separate 

convergence study was conducted on the pier wall/pier table assembly.  Although quadratic 

elements were used in the superstructure, linear elements were used in the case of the pier 

walls.  The reason for this element choice is that cracking behavior in a solid element model is 

more stable when a linear element is used as opposed to a higher order element.  When a 

higher order element is used in a cracking formulation, convergence is hard to achieve and 

tension stiffening parameters may need to be set at high levels to represent the influence of 

steel reinforcement.  However, the influence of steel reinforcement on the fracture properties 

of reinforced concrete is not well understood.   

 Pier table 4 was isolated for the observation of pier wall stresses.  A uniform pressure 

was applied to the diaphragm on one side of the pier table as shown in figure 4.6.3 as four 

different meshing schemes were observed in a loading test of pier table 4 in the convergence 

study.  The four meshing schemes were as follows: 

• 2 elements along the thickness of the pier – reduced integration. 

• 2 elements along the thickness of the pier – full integration. 

• 4 elements along the thickness of the pier – full integration. 

• 5 elements along the thickness of the pier – full integration. 
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Fig 4.6.3: Pier Table 4 used for pier wall convergence study with applied load. 

 

All analyses were carried out with linear material properties although nonlinear analyses were 

used when the global model was analyzed.  It was observed that the reduced integration mesh 

produced imprecise results compared to the other three; therefore a fully integrated element 

was selected.  The other three meshes can be seen to converge to common values.  The two 

element and four element fully integrated meshes were compared to the values of the five 

element mesh in Fig. 4.6.4.  As can be seen, the results appear to have converged, and a mesh 

with four elements along the thickness of the pier looks to be a sufficiently converged mesh and 

the 3 element mesh looks adequate as well, while preserving the efficiency of the model.  The 

four element mesh was chosen for analysis. 

 

Fig 4.6.4: Comparison of different pier meshing schemes 
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4.7 Tie Constraints 

 After a satisfactory mesh had been developed for each of the 23 geometric ‘parts’ of the 

superstructure and the 7 ‘parts’ of the substructure, they needed to be tied together.  There are 

two options for achieving this task in ABAQUS, one being interaction properties, and the other 

being constraints.  The latter tends to produce fewer complications with the analysis so it was 

consequently chosen.  All surfaces were tied together using a simple surface to surface tie 

constraint except the interaction between Pier 1 and the superstructure because Pier 1 contains 

an expansion joint.  Tie constraints in ABAQUS cause the nodes of one of the contacting surfaces 

to conform to the deformation of the other contacting surface at the corresponding node.  In 

order to do this, a ‘slave’ and ‘master’ surface assignment is required, of which the slave nodes 

conform to the master surface.  The ABAQUS manual recommends using the surface with the 

larger cross sectional area to be used as the master surface.  Therefore, the tie constraints 

containing a diaphragm always have the diaphragm defined as the master surface. 

 Pier 1 did not employ a tie constraint as the other piers did.  Pier 1 contains an 

expansion joint and therefore cannot be tied to the superstructure.  Instead, an interaction 

property was used in which the vertical displacement component of the superstructure was 

restrained to zero relative vertical displacement with respect to Pier 1.  Displacements in the 

longitudinal and transverse directions of the bridge were left unrestrained. 

 

4.8 Boundary Conditions and Loading 

 For initial observations, the boundary conditions of the Wakota bridge model were kept 

simple.  The surfaces at each end of the superstructure where the abutments would connect if 

they were to be modeled were constrained to zero translation in the vertical direction.  Also, 

each pier base was fixed in all directions. 

 Loading conditions were similarly kept simple for initial observation.  A few different 

loading conditions were applied separately and an analysis carried out to determine if the model 

was performing reasonably.  The question of how realistic loading conditions could be applied 

was of importance.  A uniform temperature loading was first considered.  This loading condition 

would likely have the largest effect on the pier walls in the substructure of the bridge.  A 

uniform temperature increase of 50 degrees Fahrenheit was chosen for initial observation.  
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Using this loading condition only, it was determined that the piers in the substructure will 

indeed crack under extreme temperature loadings, as expected.    

Another loading condition of interest is a temperature gradient loading on the 

superstructure deck.  This gradient will impose bending moments at the piers and affect both 

the piers and the superstructure.   This loading condition is more difficult to apply to the model 

than the uniform temperature loading because the gradient must be applied as a continuous 

function over the depth of the model.  This is made more difficult by the fact that the AASHTO 

design gradient is a piecewise linear function varying with the width of the deck as discussed in 

Chapter 3.  Because of the difficulty in applying this loading condition, and the fact that this is a 

simplification of the actual temperature distribution in the deck, a more exact and simply 

applicable distribution was sought.  The distribution found to achieve these conditions was the 

temperature distribution presented by Priestley (Fig. 3.4.1) and discussed in Chapter 3.  

Priestley’s distribution has been found to compare favorably with experimental results of an 

experimental segmental bridge in Pennsylvania [15] and consists of one continuous function; 

therefore this was a desirable distribution to be applied to the bridge model because ABAQUS 

more easily facilitates the application of a continuous function than a piecewise function as 

defined in AASHTO [17] and discussed in Chapter 3. 

 Knowing the gradient function to be applied to the analysis before the mesh was 

created was important for the application of this loading condition in ABAQUS because the 

geometry in ABAQUS needed to be partitioned at the point that the gradient temperature 

reaches zero degrees before the mesh was created.   The geometry of the model was 

partitioned 47.2 inches (1200mm) below the deck surface of the superstructure for this gradient 

to be applied because the dimension ‘y’ in the gradient starts at a location 47.2 in. below the 

deck (Fig. 4.8.1).  An arbitrary loading case was executed with this loading and results were 

visually inspected to confirm that they exhibited the expected behavior, which involved a 

bowing up of the superstructure deck in between piers. 

 The dead load of the bridge also had to be accounted for, as this will undoubtedly be the 

main component of the compressive force on the piers.  The dead load will essentially be the 

weight of the reinforced concrete structure as other loads, such as traffic, will likely be small.   

The self weight of the model can be represented using the gravity loading function in ABAQUS.  

The gravitational acceleration constant is defined in the loading step.  Using this constant and 
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the mass density of each element and the gravitational acceleration, ABAQUS calculates the self 

weight as a body force.  The weight used for the calculation of the mass density of the concrete 

was 152 lbs/ft3.  This value combines the weight of normal weight concrete (145 lbs/ft2) and a 

weight contribution from the reinforcing bar assuming an average reinforcement ratio of 0.02.  

The concrete wearing course was not included in the self weight loading.  The wearing course 

can be accounted for by the use of a distributed load on the deck if needed.  It was assumed 

that other dead loads such as utilities were negligible compared to the weight of the concrete 

structure.  This assumption was consistent with the bridge design assumptions.  The model 

behaved as expected with the incorporated self weight load. 

 

4.9 Cracking Behavior 

 Because tensile stresses exceeding the cracking strength in the concrete were observed 

in the analyses, a nonlinear solution algorithm was needed to capture the cracking behavior of 

the piers.  In order to accomplish this task, one of the nonlinear solution methods offered in 

ABAQUS was used.    Two choices are offered for the modeling of concrete cracking in ABAQUS: 

concrete smeared cracking and concrete damage-plasticity.  The former method was selected 

for analysis of the Wakota Bridge piers due to ease of use and the fact that damage was not a 

concern in this analysis; therefore a damage model was not considered.   

 The concrete smeared cracking method does not propagate cracks through the material 

when it reaches its tensile capacity.  It works by reducing the effective stiffness based on the 

concrete material model and the stresses in the model as the load is incrementally ramped up 

from zero.  To employ this method, a nonlinear material model for the concrete was defined. 

 

4.9.1 Compressive Behavior 

The compressive material model chosen for the analysis was the 

Popovics/Thorenfeldt/Collins concrete model found in Response-2000 [27], a common sectional 

analysis program.  This concrete model is widely used and it captures the nonlinear behavior of 

the concrete in compression.  This model was then combined with a tension behavior model 

that incorporates tension stiffening in order to let the solution achieve an equilibrium state.  

Although this model gives stress in terms of strain directly, ABAQUS calls for stress as a function 

of plastic strain.  The plastic strain can be found by subtracting the elastic strain from the total 
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strain.  Because of this definition, an elastic modulus was assumed.  In the case of the adopted 

model, the elastic modulus was taken as 9 = 57000D�0′ (psi), as defined by ACI 318, and the 

concrete was assumed linear up to a stress at which the Popovics/Thorenfeldt/Collins curve is 

no longer approximately linear.  The stress after this point was determined by the model given 

in Response-2000. 

 

Fig 4.9.1: Popovics/Thorenfeldt/Collins concrete material model  

 

4.9.2 Tensile Behavior 

 The tensile behavior of concrete in a nonlinear finite element analysis is possibly the 

most important as well as the most challenging for defining a nonlinear material.  Although the 

tensile ultimate strength is fairly easy to measure, the strength with increasing strain after 

cracking is hard to define.  This strength after cracking is known as either tension softening or 

tension stiffening.  Without tension stiffening, the finite element model will most likely not 

converge to a solution and the equilibrium equations will not be satisfied.   

 Tension softening is the process whereby the energy stored in the material is converted 

into fracture energy as cracks develop, and as the cracks advance the concrete ‘softens’.  

Reinforcement provided in the concrete stiffens the response by providing resistance against 

this softening behavior and engaging the concrete in the presence of cracks.  The stiffening 
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effect allows the average concrete stress to decrease to zero as cracking increases.  Tension 

stiffening must be estimated; it depends on many different parameters including the 

reinforcement ratio, the mesh, and the bond between the rebar and concrete [20].  Local bond-

slip and tension stiffening are two different but interrelated phenomena that cannot easily be 

separated from each other; therefore tension stiffening models take into account both of these 

effects [10].  Although tension stiffening parameters should be calibrated to every case in which 

an analysis is desired, there are recommendations as to the stiffening curve that may be used as 

a starting point for analyses because it is difficult to determine by experimental testing. 

 The ABAQUS Users Manual [20] suggests using a tension stiffening parameter that 

reduces the stress to zero at about ten times the strain at initial cracking.  The strain at which 

most standard concretes fail in tension is approximately  10-4, so a tension stiffening curve that 

reduces the stress to zero at 10-3 is reasonable [20].  Nayal and Rasheed confirm this range [10].  

Although this is a good starting point for the tension stiffening parameter, the ABAQUS Users 

Manual states that “Too little tension stiffening will cause the local cracking failure in the 

concrete to introduce temporarily unstable behavior in the overall response of the model. Few 

practical designs exhibit such behavior, so that the presence of this type of response in the 

analysis model usually indicates that the tension stiffening is unreasonably low” [20].  Also, it 

was found that the tension stiffening curve does not affect the results of the analyses reported 

here as is the case in many analyses.  This fact was determined by running a number of analyses 

with the only changing parameter being the tension stiffening parameter.  The analyses showed 

essentially no change in results and therefore it was decided that this parameter is not of 

significance in the present study and an arbitrary curve with increased tension stiffening was 

picked to enhance solution convergence. 
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Fig 4.9.2: Typical Tension Stiffening Curve 

 

 Another factor that was found to be very important in the convergence of a nonlinear 

material model with smeared cracking is the choice of elements.  It was difficult to achieve a 

converging solution in the nonlinear model while using higher order elements such as the 20 

node brick elements used in the superstructure concrete or even with fully integrated linear 

elements.  Because of this fact, the best meshing scheme that could be achieved while 

generating a solution at sufficiently large temperature loadings was a mesh containing linear 8-

node reduced integration elements.  A large number of meshing schemes and material 

properties and variations in the model were investigated and none could produce results with 

more accurate elements.  Because of the need for reduced integration elements, the previously 

chosen fully integrated element meshing scheme was discarded for the piers that incorporated 

cracking, and a reduced integration pier mesh needed to be verified.  For this purpose, the full 

bridge model was run with two different meshes on Pier 4 with a uniform 100 deg. F. 

temperature loading and the resulting end moments were compared with each other to 

determine if the mesh produced a converged solution.  The first mesh consisted of 8904 

elements in one stem wall of Pier 4, the second consisted of approximately twice the number of 

elements in the first mesh, 16,900.  The analysis was run with both meshing schemes and the 

resulting difference in end moments was less than 0.5%.  Because of this small change, the first 

meshing scheme consisting of 8904 elements in each stem wall of Pier 4 was determined to be 

adequate. 
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4.10 Defining Rebar 

 Rebar must be defined if a nonlinear analysis is to be used, as was discussed in the 

previous section.  The assumption that only the piers will crack requires implementation of 

rebar in the pier walls only.  The superstructure was assumed to be uncracked due to the post-

tensioning, which suppressed cracking, and because the superstructure was not the main 

concern in this study.  Therefore, the superstructure was assumed to behave linearly, which 

simplified the analysis and reduced the computing costs.  Although rebar is not accounted for in 

the superstructure, it was desirable to include the contribution to stiffness of the rebar.  In order 

to accomplish this, the modulus of elasticity of the superstructure was increased.  Assuming a 

reinforcement ratio of 0.02, the increased modulus of the concrete is taken as  0.02 ∗ 9FGHHI +
0.98 ∗ 90K 0LHGH.  For f’c = 6 ksi and Esteel = 29000ksi, the increased modulus of elasticity is about 

4900ksi. 

 Although the pier walls are heavily reinforced with a large number of rebar, the rebar in 

the pier walls was defined quite simply using distributed reinforcement.  Because the 

reinforcement in the pier wall sections is placed in planar arrangements, a distributed 

reinforcement option was possible.  ABAQUS allows rebar to be defined at a set spacing with an 

individual rebar area in a fixed orientation over a shell element of small thickness.  Because this 

was an option, a shell object was defined for each layer of rebar in each pier wall section and 

the appropriate amount of rebar was distributed throughout each shell object.  The object could 

then be assigned material properties with almost zero stiffness while the rebar layers could be 

assigned steel properties.  In this way, each shell object acts similar to individually assigned bars 

throughout the pier with much less input. 

 These shell objects were then embedded in the concrete pier wall section using 

constraints available in ABAQUS known as embedment constraints.  The additional mass and 

stiffness due to the embedded elements were added to the model automatically.  Bond for the 

rebar that is embedded is taken into account by the tension stiffening defined in the material 

properties of the concrete model.  The simplified steel model shown below was used to capture 

the steel behavior and a dummy material of modulus of elasticity of 10-14 ksi was used for the 

plate as a whole.  The dummy material of almost no stiffness ensures that the only contributor 

to the model stiffness was the rebar in the shell part.  A modulus of 0 was not used for the 

dummy material because ABAQUS does not allow it; a finite value must be defined. 
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Fig 4.10.1: Steel Reinforcing Bar material model 

 

The model produced in ABAQUS will be referred to as the RLM (Research-Level Model) 

from this point on.  Two versions of this model are referred to in the contents of this 

thesis: RLM1, which uses a linear material representation in the entire structure, and 

RLM2, which incorporates nonlinear materials in the pier walls using the smeared 

cracking representation in ABAQUS for concrete in tension and the 

Popovics/Thorenfeldt/Collins model for concrete in compression.. 
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5 DESIGN LEVEL MODELING (DLM) 

5.1 Introduction 

 One of the main objectives of this study was to evaluate the current design practices for 

fixed, flexible bridge piers and make suggestions for more accurate analysis.  In order to do this, 

a model consistent with the current design methodology was developed.  A commonly available 

commercial design software package for this type of analysis is SAP2000.  SAP2000 provides a 

user friendly environment that lends itself to quick modeling with many convenient features for 

quick data entry and pre-processing provided to make the modeling process quick and efficient.  

It deals primarily with beam, frame, and truss elements, the preference of structural designers.  

Additionally, SAP2000 cannot evaluate the nonlinear cracking behavior of a reinforced concrete 

member.  However, the nonlinear analysis to simulate cracking behavior is too tedious for 

practical design.  Three different versions of the DLM were used in this thesis: The first one 

(DLM1) contains neither prestressing, time-dependant effects, nor rotational springs (at the 

base of the piers), DLM2 is similar to DLM1 except for the addition of rotational springs at the 

base of the piers, and DLM3 incorporates all loadings including prestressing and time-dependent 

effects as well as foundation rotations. 

 

5.2 Development of the Model Geometry 

5.2.1 Superstructure 

 The superstructure of the Wakota Bridge involves variable geometry, and this feature 

can make the model building process tedious and time consuming.  To aid in this process, 

SAP2000 has a “bridge designer” option in which concrete box girder superstructure 

development is greatly simplified, although some geometric approximations needed to be made 

in order to use it.  Dimensions of the concrete box structure can be defined at a starting point 

and each dimension assigned a variation along the length of the bridge.  The program then 

automatically computes the cross sectional properties at each varying section along the length 

of the bridge.  The superstructure dimensions were input as accurately as possible within the 

capabilities of SAP2000.  The most significant simplification that was made concerned the 

idealization of the top of the girder cross section being flat instead of having a slight curve (i.e., 

crown)  as in the field.  Other dimensions were slightly modified to account for the change in 
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area due to this simplification.  A representative section used in the SAP2000 design model is 

shown in Fig. 5.2.1.1. 

 

Fig5.2.1.1: Representative cross section from SAP2000 Model 

 

 After the geometry of the superstructure was defined, SAP2000 automatically generates 

a superstructure frame model incorporating all of the cross-sectional properties from the 

defined sections.  The superstructure was discretized at each construction segment as shown in 

the bridge plans with sectional properties averaged throughout each section.  This choice 

allowed for “staged construction” analysis to simulate the effects of creep and shrinkage 

deformations, which greatly affects the stresses in the pier walls. 

 

5.2.2 Pier Walls 

 Because the pier walls were the main concern in this study, a few considerations must 

be noted.  The pier walls must be connected to the superstructure frame elements at the 

correct vertical location.  To do this, rigid link elements were used to position the pier wall 

elements the correct distance below the centerline of the deck elements.  This is a common 

practice and assumes the pier table deck section is very stiff compared to the pier wall sections.  

This assumption is considered appropriate because of the difference in relative stiffnesses of the 

two connected elements. 
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Fig 5.2.2.1: Bridge pier representation in SAP2000 

 

The icebreaker was also modeled as a frame element rigidly connected to the twin pier walls.  

The links used to connect the pier walls and the icebreaker allowed no rotation or translation 

relative to the attached element.   

 The gross section stiffness of the pier walls must be correctly modeled with the 

contribution of the rebar included in the section properties.  In order to do this, the transformed 

moment of inertia for each pier wall segment was calculated using Response-2000 to account 

for rebar and pier wall dimensions. 

 

5.2.3 Other Modeling considerations 

The following assumptions were also made in developing the SAP2000 models. 

• All materials in the design model behave linearly and thus do not exhibit 

cracking behavior discussed earlier.  

• The ends of the superstructure are restrained against translation in all directions 

except along the skew direction. 

• Footings were fixed in all DOF’s for comparison to the RLM models. 
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• Footing springs were applied for design evaluations. 

• All diaphragms modeled with appropriate thicknesses 

• Bridge elevation modeled as horizontal as was done for the RLM models. 

 

 

Fig 5.2.3.1: SAP2000 Design model for comparison of methods (No Prestresssing) 

 

The model created in SAP2000 at this point will be referred to as the DLM1 (Design Level 

Model) in future sections of this thesis.  This model will be used for evaluation of the reviewed 

CRD method. 

 

5.3 Design/Calibration Model and Staged Construction Analysis (DLM3) 

 In order to develop a model that represents the actual behavior of the structure as a 

whole, time dependent effects and prestressing forces must be incorporated in the analysis.  

These effects were not previously accounted for in the RLM models or in the DLM1 model that 

will be used for evaluation of the CRD method.  Because of the fact that the Wakota Bridge was 

built using cast-in-place cantilever construction, a staged construction model was required to 

capture these effects.  This task was accomplished by first placing the longitudinal prestressing 

tendons in the model and then using the staged construction add-on package in SAP2000 to 

facilitate the time-dependant analysis.  The model incorporating these effects, the DLM3 (Design 

Level Model 3), will be used for the evaluation of design method and loading choices in AASHTO. 

 

 

 



62 

 

 

5.3.1 Prestressing Strands 

 All forces due to post-tensioning tendons were considered in the staged construction 

model, although some simplifications were made. 

1. Only longitudinal strands were considered 

2. All tendon paths were  idealized as a straight path through the superstructure 

3. Tendons were simplified to one path through the center of the girder although the 

actual layout consists of tendon paths at the top of each girder web (3). 

All tendons were modeled as individual elements at the appropriate vertical position in the 

depth of the superstructure.  The loads applied consisted of the forces from the as-built 

stressing tables and were stressed from the specified end using specified frictional loss 

properties.  All prestressing strands were stressed the day after the concrete section was 

constructed in the model as was done in the field. 

 

5.3.2 Time-dependent Effects 

 Time dependent effects of the construction and loading were modeled using the CEB-

FIP model code, as this is what is supported in SAP2000.  The creep and shrinkage curves for the 

concrete is generated internally in SAP2000 after four parameters are input as defined in the 

CEB-FIP model code.  These parameters include the notional size of the section considered, the 

shrinkage coefficient, Bsc, which identifies the type of concrete being used, the relative humidity, 

and the shrinkage start age.  One value for the notional size was used for the superstructure in 

this case although it is a continually varying parameter that depends on the ratio of the concrete 

area to the perimeter of the section.  The value used was taken as the average of the two 

extreme values computed at midspan and at the piers, which is a common design assumption.   

The curves for creep coefficient and shrinkage strain as computed by SAP2000 for the 

superstructure are shown in fig 5.3.2.1 below.  Separate values were obtained for each pier in 

the system. 

 The shrinkage, creep, and relaxation of the prestressing strands are also computed 

internally based on the CEB-FIP model code for grade 270 prestressing strand. 
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  Fig 5.3.2.1: Creep Coefficient(left), shrinkage Strain(right) 

 

5.3.3 General Considerations 

 In order to get the most accurate results, the as-built timeline was obtained and used 

for the analysis and all sequences in the build process were considered.  A couple specific 

considerations in the build process included the falsework included in Spans 1, 2, and 5, the 

jacking sequence prior to closure pours, and the friction at the expansion joints.  The jacking 

sequence involved each span being jacked apart longitudinally prior to pouring the closure pour.  

This initiates an outward bow of Piers 2 and 4 to account for a small amount of the long term 

creep and shrinkage effects.   

 Falsework was represented using stiff supports along the length of the supported span.  

This representation does not consider the specific falsework structure or ground and soil 

conditions, but this is not of concern in the analysis and will not significantly affect overall 

results.  The supports could then be easily added and removed in the staged construction 

analysis. 

 The closure pours in each span involved another consideration taken into account in the 

modeling.  At each closure, the two joining spans were vertically adjusted to obtain matching 

elevations for the closure pour.  In the field, this is done for the closures in Span 2 and 5 by 

adding weight the opposite side of one of the cantilevers to raise the section or placing weight 

on the closure side of the cantilever to lower it.  For the closure pours in Spans 3 and 4, 

alignment beams are used to match the elevations of the two adjoining spans.  An alignment 

beam consists of a very stiff steel beam that is attached to one of the spans and extends across 

the gap to the adjoining span.  The beam is then either jacked or tensioned with respect to the 
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un-attached span to match the elevations.  The alignment processes here were not modeled 

explicitly but instead modeled as simple point loads at the end of the spans.  Approximate 

values of the point forces were recommended by the onsite field engineer [3].  It is noted that 

the elevations of connecting spans were not exactly matched up in the model when closures 

were poured although they are within one or two inches, which is considered adequate.  It was 

more important not to exceed the actual alignment forces as applied in the construction of the 

bridge than to perfectly match the elevations of the sections.  Before the closure pours were 

cast in the structure, a horizontal jacking force was applied.  This is accounted for in the model 

with the application of point loads. 

 Another general consideration was the friction representation of the expansion joints at 

Pier 1 and the abutments.  Friction was considered in the model through a multi-linear plastic 

model, which assumes an essentially rigid-perfectly plastic relationship.  In the case of each 

expansion joint, the coefficient of friction was obtained from the bridge design plans [6] and 

expected normal forces were computed in order to define the transition to plastic behavior for 

each joint. 

 

Fig 5.3.3.1: General multi-linear plastic kinematic relationship 

 

5.4 Footing Restraints 

5.4.1 General 

 Appropriate restraints at the footings of Piers 2, 3, and 4 are important aspects for 

accurately modeling the forces in the pier walls, because as the superstructure expands and 

contracts, the footings will rotate and translate and thus relieve forces in the pier walls.  It was 

necessary to obtain an approximation for the rotational and translational stiffnesses at the 

center of gravity of the footings to account for this effect.  The stiffnesses can then be 



65 

 

represented by the use of translational and rotational springs located at the footings.  Footing 

movements at the abutments and Pier 1 are not as important in this case because of the 

presence of expansion joints at the superstructure connection, which will relieve most of the 

lateral forces on the substructure components, therefore the footing restraints at these 

locations were assumed to be fixed as they will not translate or rotate significantly. 

 A brief discussion of the as-built footings is required before continuing with the analysis.  

The footings of Piers 2 and 3 consist of pile driven footings.  The piles are steel shell pipes filled 

with a combination of structural concrete and sand/gravel.  Each footing consists of 36 piles.  

The footing at Pier 4 is a spread footing resting directly on rock.  Fig 5.4.1.1-3 show the 

geometry of each footing. 

       

Fig 5.4.1.1:Pier 2 Driven Pile Footing 

 

 

Fig 5.4.1.2: Pier 3 Driven Pile Footing  
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Fig 5.4.1.3: Pier 4 Spread Footing 

 

5.4.2 Pile Analysis  

 The most accurate method for determining appropriate spring stiffnesses at each 

footing requires a pile analysis for Piers 2 and 3 incorporating actual soil properties from the 

excavation site.  Because a fully functioning pile analysis program capable of analyzing the full 

pile group could not be acquired, each footing was analyzed as smaller pile groups and the 

associated rotational and translational stiffnesses summed to produce the stiffness of the entire 

footing.  The pile strips were oriented so that the reduction factors associated with each pile 

group were taken into account by the pile analysis program.  Soil composition and elevation 

data was provided from the site excavation and used in the analysis program.   Properties for 

each soil layer were calculated and input as required.   

 A full bridge analysis was run in SAP2000 prior to application of foundation springs to 

get an approximate value of forces that would be acting on the foundation at the stage in which 

the bridge would be analyzed.  This was necessary because of the highly nonlinear nature of 

pile-soil interactions.   It was necessary to investigate the forces just after jacking and at ultimate 

conditions, therefore forces at these stages were applied to the pile-soil interaction model and 

the associated stiffnesses found.  Scour was not considered in this case because the model will 

be used for calibration to field data at service conditions at the beginning of the life of the 

bridge and therefore significant scour will most likely not have occurred.  Also, at ultimate 

conditions, assuming a “no scour” condition is conservative when pier forces are the concern 

because scour will alleviate stresses in the bridge piers.   
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The axial force is approximately constant and the transverse shear and out-of plane 

moment at the foundations are very small, so these DOF’s will be assumed to be fixed at the 

base of the foundation.  The soil profile used for both pier 2 and 3 are shown in figure 5.4.1.1. 

Fig 5.4.2.1: pier 2 soil profile (φ=angle of internal friction, gamma= unit weight) 

Soil Set 1 Layer 1 φ=31 Gamma=110 

Soil Set 1 Layer 3 φ=32 Gamma=111 

Soil Set 1 Layer 4 φ=33 Gamma=116 

Soil Set 1 Layer 5 φ=20 Gamma=90 

Soil Set 1 Layer 6 φ=33 Gamma=113 

Soil Set 1 Layer 7 φ=33 Gamma=114 

Soil Set 1 Layer 8 φ=36 Gamma=129 

Soil Set1  Layer 9 φ=36 Gamma=126 

Soil Set 1 Layer 2 φ=34 Gamma=119 

-50 

-100 

0 

 

ft 
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Fig 5.4.2.2: pier 3 soil profile(φ=angle of internal friction, gamma= unit weight) 

 

                 

Fig 5.4.2.3: Pier 2 pile analysis strip and applied lateral load 

 

Soil Set 1 Layer 1 φ=32 Gamma=110 

Soil Set 1 Layer 3 φ=35 Gamma=123 

Soil Set 1 Layer 4 φ=30 Gamma=103 

Soil Set 1 Layer 5 φ=33 Gamma=116 

Soil Set 1 Layer 6 Cu=1500 Gamma=108 

Soil Set 1 Layer 7 φ=34 Gamma=119 

Soil Set 1 Layer 9 Cu=1800 Gamma=107 

Soil Set 1 Layer 8 φ=35 Gamma=119 

Soil Set 1 Layer 10 φ=35 Gamma=121 

Soil Set 1 Layer 2 φ=30 Gamma=103 

Soil Set 1 Layer 11 φ=33 Gamma=114 

Soil Set 1 Layer 13 φ=35 Gamma=123 

Soil Set 1 Layer 14 Cu=41000 Gamma=165 

Soil Set 1 Layer 12 Cu=2200 Gamma=107 

-50 

-100 

0  

ft 
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It was also useful to consider a simplified approximate procedure for determining the 

rotational and translational stiffnesses at the base of the piers in this type of pile footing.  It 

would be beneficial to be able to define an effective length of the piles to which simple beam 

displacement formulas can be applied.  To investigate this possibility, simple beam bending and 

compression formulas were compared to the results of the pile analysis and an effective length 

was found for each bending case in each loading condition.   This should give a good idea of the 

range of effective lengths for the loading range.  The movement of the piles at the foundation 

can be likened to two different formulas assuming a fixed connection between the pile and pile 

cap, where L is an effective length. 

 

• M*LN FINGOK NI = P
∆ = ��?Q

�&  

 

                                           Fig 5.4.2.4: Translational stiffness diagram         
 

 

• M�RONI = S
∆ = �?

�  

 

 

                                 Fig 5.4.2.5: Axial stiffness formula diagram 

 

 Taking the results from the pile analysis, an effective length could be found for each of 

the loading types: lateral load, rotational load, and axial load.  The pile area and inertia were 

found based on steel area only. 

 For rotation, the effective length was found by assuming a rigid footing and thus 

compressing each pile proportionally on one side and pulling on those on the other side, 

considering both compression and tension in the pile footing (Fig. 5.4.2.6). 
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Fig 5.4.2.6: Simplified rotational stiffness in pile strip 

 

This same simplified analysis could be used when considering a pinned pile to pile-cap 

connection.  Although the connection most closely simulates a fixed connection in the field, 

both fixed and pinned connections are generally analyzed when designing, giving a range of 

displacements and stiffnesses.  The worst case scenario is then taken for each situation.  

Because of this, a pinned connection was investigated and a range for stiffnesses was defined.  

The simple stiffness equation for shear in the pinned case takes the form: 

M*LN FINGOK NI = T?Q
�& . 

Table 5.4.2.1(a-b) shows the calculated stiffnesses for Foundations 2 and 3 at loading 

just after construction jack-apart and at ultimate.  It also shows the associated beam bending 

stiffness and calculated effective length of the pier if using the simplified equations for both 

fixed and pinned connection situations.  The evaluation of effective length for the theoretical 

calculations may be useful in future calculations.  An estimate of the stiffness with different 

loads could be made without going back into the pier analysis and updating the loads. 
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Table 5.4.2.1 a): Foundation properties (fixed connection) 

Loading 

Case 
Pier D.O.F 

Approximate 

Loading 

magnitude 

Stiffness 

from 

analysis 

Applicable beam 

stiffness 

equation 

Theoretical 

Effective 

Length (ft) 

Pile 

Length 

(ft) 
C

o
n

st
ru

ct
io

n
 J

a
ck

 

2 

Shear 

(longitudinal) 
900 k 16513 k/in 

129;
,T  127 107 

Moment    

(in-plane) 
49000 ‘k 

8.69*10
8
 

‘k/rad 
U /9

,  39 107 

Axial Force 21000 k 165354 k/in 
/9
,  52 107 

3 

Shear 

(longitudinal) 
17 k 12852 k/in 

129;
,T  110 120 

Moment    

(in-plane) 
45000 ‘k 

3.11*10
8
 

‘k/rad 
U /9

,  55 120 

Axial Force 24000 k 116338 k/in 
/9
,  74 120 

U
lt

im
a

te
 

2 

Shear 

(longitudinal) 
6000 k 12793 k/in 

129;
,T  139 107 

Moment    

(in-plane) 
480000 ‘k 

3.33*10
8
 

‘k/rad 
U /9

,  102 107 

Axial 26400 k 77193 k/in 
/9
,  111 107 

3 

Shear 

(longitudinal) 
318 k 12848 k/in 

129;
,T  110 120 

Moment    

(in-plane) 
25000 ‘k 

3.12*10
8
 

‘k/rad 
U /9

,  55 120 

Axial 30500 k 102250 k/in 
/9
,  84 120 
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Table 5.4.2.1 b): Foundation properties (Pinned connection) 

Loading 

Case 
Pier D.O.F 

Approximate 

Loading 

magnitude 

Stiffness 

from 

analysis 

Applicable beam 

stiffness 

equation 

Theoretical 

Effective 

Length (ft) 

Pile 

Length 

(ft) 
C

o
n

st
ru

ct
io

n
 J

a
ck

 

2 

Shear 

(longitudinal) 
900 k 6338 k/in 

39;
,T  111 107 

Moment    

(in-plane) 
49000 ‘k 

8.66*10
8
 

‘k/rad 
U /9

,  39 107 

Axial Force 21000 k 166667 k/in 
/9
,  52 107 

3 

Shear 

(longitudinal) 
17 k 4018 k/in 

39;
,T  102 120 

Moment    

(in-plane) 
45000 ‘k 

3.53*10
8
 

‘k/rad 
U /9

,  48 120 

Axial Force 24000 k 113762 k/in 
/9
,  76 120 

U
lt

im
a

te
 

2 

Shear 

(longitudinal) 
6000 k 1932 k/in 

39;
,T  164 107 

Moment    

(in-plane) 
480000 ‘k 

2.82*10
8
 

‘k/rad 
U /9

,  120 107 

Axial 26400 k 77193 k/in 
/9
,  111 107 

3 

Shear 

(longitudinal) 
318 k 4024 k/in 

39;
,T  102 120 

Moment    

(in-plane) 
25000 ‘k 

3.01*10
8
 

‘k/rad 
U /9

,  57 120 

Axial 30500 k 
95862*10

8
 

‘k/rad 

/9
,  90 120 

 

 A few observations can be made from the results.  It can be seen that the difference 

between the pinned and fixed pile-to-cap connection has a large effect on the translational 

stiffnesses of the foundation, whereas the rotational and axial stiffnesses are affected very little.  

Also, the effective lengths for the simplified bending formulas can be seen to extend beyond the 

actual length of the pile in high loading cases.  In all cases the effective length gets larger as 

loading increases.  In a recently acquired document from the Minnesota Department of 

Transportation, a simplified method for determining the rotational stiffness at the bottom of 
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pile driven footings was presented, which yields the same results as the currently used method.  

In the MN/DOT document [28], the effective length is specified to be a value between L/2 and L 

where L is the length of the pile.  It can be noted that the current investigation yields values for 

effective lengths similar to this specification, although the range extends from about L/3 to L 

with the effective length increasing as loading increases.  A representative graph of lateral 

deflections for the foundation is shown below for both a fixed and pinned pile-to-pile cap 

connection. 

  

 

Fig 5.4.2.7: Lateral deflection range for approximate ultimate loadings 

 

5.5 Preliminary Correlation 

Although data has not started to be collected continuously throughout the structure at 

this point, one set of data was manually obtained.  This data concerned the stresses and 

movements before and after the construction jacking events.  Using this data, a quick 

verification of the predictive ability of the model was desired.  Unfortunately, a large amount of 

time elapsed between strain gage readings due to contractor request (~3 weeks).  Because of 

this large gap in readings, the desired information was not able to be interpreted.  There was 
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simply too much activity in between the two data collection points and therefore pure strain 

behavior due to the jacking sequence was unachievable.   

 Although the strain gages did not yield any intelligible results at this juncture, there 

were displacement readings that were taken during the Span 3 and Span 4 jacking sequences 

indicating the displacement of the expansion joints at Pier 1 and the east and west abutments. 

 

Table 5.5.1: Predicted and measured movements (mm) due to construction Jack Apart 

 West Abutment Pier 1 East Abutment 

Jack 

Location 
Predicted Measured Predicted Measured Predicted Measured 

Span 4 -3.7 -1 -2.4 -1 9.9 8 

Span 3 -4.5 -1 -2.8 0 5.7 2 

 

These displacements provide a means to check if the model is behaving accurately, but too 

much weight should not be put on this correlation because of the fact that the field 

measurements are not precise, as they are simply measured using marks on the joints and a 

ruler.  The estimated least count in these measurements was on the order of 6mm.   Also, the 

predicted results are taken from the beam model and therefore are not taken precisely at the 

location of the expansion joint, but instead at the center of the cross section.   In addition, the 

abutments are not modeled; therefore any movements of the abutments were not taken into 

account, which would reduce the movement of the expansion joints.  Although this is the case, a 

generally reasonable correlation is seen between the predicted and measured movements at 

the expansion joints, where reasonable correlation is defined here as being within a couple of 

millimeters.  
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6 COMPARISON OF LINEAR MODELS 

6.1 Introduction 

 In order to establish a correlation between the DLM1 model and the RLM1 model, 

bridge response to loading has been evaluated using each model and compared.  The 

comparison of the two linearly behaving models should show the precision of the model 

representations and give confidence that the bridge is correctly modeled for further studies.  

The rationale for this chapter is that if the models behave similarly using simplified material 

properties, then significant confidence can be had that diverging results in future chapters of 

this thesis are not caused by basic modeling errors but rather by nonlinear solution methods 

such as the CRD method for the DLM1 model and the incorporated nonlinear material solution 

algorithm in the RLM2 model.  This is necessary because the evaluation of the CRD method is a 

necessary outcome of this study. 

  

6.2 Pier Lateral movement 

 An easy way to evaluate if the DLM1 and RLM1 were behaving appropriately was to 

compare the values produced by the two models with linear materials to simple approximations 

of deflection and force.  In order to accomplish this task, some expected values were estimated 

and compared with the results from the models.  One easy way to estimate expected values for 

the pier walls was through the use of a purely thermal loading and the knowledge of the 

coefficient of thermal expansion (CTE).  Using the CTE, the expected expansion between piers 

can be easily estimated and the corresponding pier moments can then be estimated based on 

the expansion. 

 Because the purpose of this study was to compare the DLM1 model with the more 

descriptive RLM1 model, values for all variable parameters were set identical in both models 

including concrete strengths, moduli, boundary conditions and the coefficient of thermal 

expansion, among others.  The values used for material parameters were taken from the design 

plans for the Wakota Bridge.  The design value for the coefficient of thermal expansion is             

6 x 10-6/0F and the pier concrete is specified as 4 ksi concrete, therefore, both models will be 

evaluated using these values.  Also, the bases of all pier foundations are fixed against rotation 

and translation in the DLM1 and the RLM1 models. 
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 Estimating reasonable values for the movement of the top of each pier in this case is 

fairly easy.  The superstructure will expand about Pier 3 because only Piers 2,3, and 4 are fixed 

and Spans 3 and 4 are of equal length.  Using the coefficient of thermal expansion and a nominal 

85 degree temperature increase (the choice of an 85 degree temperature loading is arbitrary 

and has no relation to the AASHTO design), the displacement of Piers 2 and 4 can be 

approximated as: 

 

            ∆�,T=∝ ,W∆�      (where ∆�,T = lateral movement at top of Pier 2 or 3, Lp= height of pier 

wall, ∆�= change in temperature of the structure) 

                    = !6 × 10�Y/℉# × !5590
�# × !85℉# 

      = 2.85 in 

 

This is an upper bound limit assuming no restraint due to the stiffness of the pier walls.  It can be 

noted that Piers 2 and 4 have different dimensions and heights and therefore will have slightly 

difference displacement values. 

 The following (Table 6.2.1) are the pier displacement results from the DLM1 model and 

the RLM1 model.  These results are reasonable relative to the 2.85” estimate, and they are in 

close agreement with each other, so they are considered acceptable.   

 

Table 6.2.1: Pier wall displacements at top under 85⁰F temp. Increase 

Model Pier Displacement (in) 

DLM1 P2D -2.601 

DLM1 P2U -2.478 

DLM1 P4D 2.539 

DLM1 P4U 2.660 

RLM1 P2D -2.699 

RLM1 P2U -2.584 

RLM1 P4D 2.533 

RLM1 P4U 2.659 
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6.3 Pier End-Moments 

The moments at the ends of the piers must next be checked for reasonableness and 

correlation between models.  In order to get an estimate of reasonable values for the moments 

at the ends of the pier walls, the displacements of the ends of the piers can be used to 

approximate the moment.  If the pier wall is assumed to be fixed on both ends, a maximum 

moment can be found based on the upper displacement.   

 

 

=\NR = SI
�  

 

] = 129;∆
^T  

 

Fig 6.3.1: Estimate of appropriate moments at ends of piers 

 

Estimating I (moment of inertia) to be 2.63 x 106 in4 and using the larger of the displacement 

values for Pier 4 from the preceding analyses, the moment at the base of Pier 4U turns out to be 

5.72 x 105 k-in if no rotation is assumed.  This gives a rough approximation of the expected 

values when considering moments at the bottom of the pier walls.  In this analysis, Pier 4U was 

arbitrarily chosen as the subject for verification purposes.   

 The results from analysis are as follows for a 85 degree uniform temperature expansion 

using linear material properties: 

Table 6.3.1 a): Moments due to 85 degree temp. load 

Model Feature Location Moment (k-in) 

DLM1 P4U Top face 5.32 x 105 

DLM1 P4U Bottom Face 5.28 x 105 

DLM1 Footing Pier 4 Bottom Face 3.01 x 106 

RLM1 P4U Top Face 4.42 x 105 

RLM1 P4U Bottom Face 4.20 x 105 

RLM1 Footing Pier 4 Bottom Face 2.41 x 106 
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Table 6.3.1 b): Axial Forces due to 85 deg. Temp load 

Model Feature Location Force (k) 

DLM1 P4U Top face 4333 

DLM1 P4U Bottom Face 4333 

RLM1 P4U Top Face 3289 

RLM1 P4U Bottom Face 3247 

 

 

Table 6.3.1 c): Shear Forces due to 85 deg. Temp load 

Model Feature Location Force (k) 

DLM1 P4U Top face 2057 

DLM1 P4U Bottom Face 2057 

RLM1 P4U Top Face 1662 

RLM1 P4U Bottom Face 1662 

 

These values, while on the same order of magnitude are significantly different at the ends of the 

pier walls (by approximately 20%).  The reason for this difference is the presense of local 

rotations in the RLM1 model.  While the DLM1 model piers are fixed to a 90 degree angle with 

respect to the superstructure as well as the icebreaker, the RLM1 model allows for some relative 

rotation between the icebreaker-pier wall connection and the pier wall-superstructure 

connection.  This relative rotation relieves a significant amount of moment in the pier walls that 

the DLM1 model does not take into account.  The reason is that the pier walls in the DLM1 

model are attached via rigid link elements based on the assumption that the diaphragm and the 

icebreaker are infinitely stiff compared to the slender pier walls.  The local rotations arise from 

the stem walls being cast and supported on an elastic foundation (the icebreaker at the bottom 

and diaphragms at the top).  This rotation can be accounted for in the DLM1 model through the 

use of rotational springs (DLM2 model), the influence of which will be invesitgated in a following 

section.   

 

 

 

 



 

 

 

 

 

 

 

 

 

Fig 6.3.2: 

 It was desired to further confirm the hypothesis that the difference in moment at the 

ends of the piers was in fact due to the stated local rotations.  To do so, each model was 

analyzed another time, but this time with fixed

instead of the fixed constraints at the foundations

convergence  between the 

argument regarding local rotation

 

Table 6.3.2: Moments with pier wall base fixed (85 deg. Expansion load)

Model 

DLM1 

RLM1 

 

Another way of confirming this hypothesis is to compare the end rotations o

for the two models.  The DL

top and bottom faces of the pier walls, respectively, whereas the 

x 10-4 and 1.2 x 10-3.  The bottom rotations 

contributor to the moment reduction in the 

further confirmed by imposing the displacement and rotation loads given by the 
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 Local Rotation of pier base due to Elastic Icebreaker

 

It was desired to further confirm the hypothesis that the difference in moment at the 

ends of the piers was in fact due to the stated local rotations.  To do so, each model was 

analyzed another time, but this time with fixed constraints at the bottom of the pier stem walls 

the fixed constraints at the foundations.  The results showed a significant 

between the moment values of the two models. This agreement supports the 

argument regarding local rotations. 

Moments with pier wall base fixed (85 deg. Expansion load)

Feature Location Moment (k-in) 

P4U Bottom Face 5.62 x 105 

P4U Bottom Face 5.65 x 105 

Another way of confirming this hypothesis is to compare the end rotations o

LM1 predicted a rotation of 6 x 10-4 rad. and 1.032 x 10

top and bottom faces of the pier walls, respectively, whereas the RLM1 predict

.  The bottom rotations were significantly different, which is the main 

contributor to the moment reduction in the RLM1 model.  The values given by the 

further confirmed by imposing the displacement and rotation loads given by the 

Icebreaker 

It was desired to further confirm the hypothesis that the difference in moment at the 

ends of the piers was in fact due to the stated local rotations.  To do so, each model was 

constraints at the bottom of the pier stem walls 

.  The results showed a significant 

This agreement supports the 

Moments with pier wall base fixed (85 deg. Expansion load) 

Another way of confirming this hypothesis is to compare the end rotations of the piers 

rad. and 1.032 x 10-11 rad. at the 

predicted rotations of 8 

significantly different, which is the main 

model.  The values given by the RLM1 were 

further confirmed by imposing the displacement and rotation loads given by the RLM1 on the 
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corresponding pier in the DLM1.  The values agreed very favorably.  This observation leads to 

the conclusion that the models were both giving appropriate values considering the modeling 

techniques at the piers.   

 

6.4 Superstructure Bending 

It was then desired to check the bending of the superstructures of the two models to 

verify that they were both behaving as expected.  If both models show similar deflections, it is 

assumed that they are both valid.  The self weight dead load was applied to each model for this 

purpose and deflections observed.  As can be seen for self weight loads (Fig 6.4.1), the DLM1 

and RLM1 models  act very similarily under dead loads which shows the validity of the 

superstructure models as well as the models as a whole.  One should note that the deflections in 

this case are not representative of the actual Wakota Bridge deflections due to the fact that 

neither model contains post tensioning or construction loads at this point.  The deflections are 

meant only for confirming modeling techniques.  Because of this fact, the below graph does not 

indicate units for the deflections. 

 

 

Fig 6.4.1: Qualitative vertical deflections of superstructure under self weight 
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Because the DLM1 and RLM1 were shown to behave similarly, there was significant confidence 

that both were sufficiently accurate for continuing investigation of the design method for fixed 

twin wall flexible pier systems. 

 

6.5 Rotational Spring Considerations 

It was necessary to investigate the use of rotational springs as mentioned earlier in 

order to evaluate their effect on the modelling.  In order to do this, rotational springs were 

applied to the bottom and top of the pier walls.  To get a base estimate of what the rotational 

stiffness of the piers should be, the moment and rotation were simply taken from the RLM1 

model and the relation  _` = a
`   used.  For the base of Pier 4, this yields a value of                       

3.5 x 108 k-in/rad.  While this was used as a starting value, actual values were obtained by 

guessing and checking the moments at the top and bottom of the 4 stem walls of Piers 2 and 4 

until acceptible agreement (<1%) between the DLM2 and RLM1 models was achieved.  The 

values used for the rotational spring stiffnesses were on the order of 108 k-in/rad for the top and 

bottom of the stem walls.  It can be seen that all the values of forces and moments in the DLM2 

model are very close to the RLM1 results for pier 4U.  Forces at other piers exhibited similar 

correlation. 

Table 6.5.1 a): Moments due to 85 degree temp. load (w/ rot. Springs) 

Model Feature Location Moment (k-in) 

DLM2 P4U Top face 4.43 x 105 

DLM2 P4U Bottom Face 4.19 x 105 

DLM2 Footing Pier 4 Bottom Face 2.53 x 106 

RLM1 P4U Top Face 4.42 x 105 

RLM1 P4U Bottom Face 4.20 x 105 

RLM1 Footing Pier 4 Bottom Face 2.41 x 106 

 

Table 6.5.1 b): Axial Forces due to 85 deg. Temp load (w/ rot. Springs) 

Model Feature Location Force (k) 

DLM2 P4U Top face 3736 

DLM2 P4U Bottom Face 3736 

RLM1 P4U Top Face 3289 

RLM1 P4U Bottom Face 3247 
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Table 6.5.1 c): Shear Forces due to 85 deg. Temp load (w/ rot. Springs) 

Model Feature Location Force (k) 

DLM2 P4U Top face 1675 

DLM2 P4U Bottom Face 1675 

RLM1 P4U Top Face 1662 

RLM1 P4U Bottom Face 1662 

 

For the purpose of further confirming the values of the DLM2 modelwith respect to the 

RLM1, another loading case was defined.  This time a 120 degree temperature loading was used.  

The results are not shown for brevity, but the values for moment were again within about a 1% 

correlation.  A loading condition including self weight and a uniform thermal loading was also 

checked for correlation.  The values, which are not shown for brevity, were again very close, this 

time within about 3% due mainly to the slight difference in dead load values in the two models 

because of slightly different geometries.  In light of these comparisons, it was presumed that the 

DLM2 model (with rotational springs at the ends of the pier walls) was properly calibrated to the 

more descriptive RLM1.  This DLM2 model could then be used to investigate the use of 

rotational springs at the ends of the piers in the CRD method, although the use of springs  may 

not be practical in most designs.   
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7  EVALUATION OF COMMON DESIGN METHOD 

7.1 Introduction 

It was then  necessary to incorporate nonlinearity into the model representations.  The 

CRD method for incorporating cracked sections can be applied to the DLM1 and DLM2 models  

and can be compared with the results of the RLM2 model, which incorporates nonlinear 

materials.  In order to accomplish this, each model was analyzed with arbitrary loadings 

imposing lateral movements on the piers.  Again, no time-dependent effects or post-tensioning 

were considered here, but in this case, nonlinear materials were used in the RLM2 model and 

the concrete stiffnesses in the DLM1 and DLM2 models were reduced via the iterative process 

described in the CRD method.   

 

7.2 Pier Discretization Questions 

The first question to be answered with respect to the CRD method concerned the 

number of stiffness updating segments that need to be used for each pier to produce an 

accurate result.   Accuracy was determined by comparison to the cracking-capable RLM2 model.  

This is an important aspect of the analysis because a solution that is not refined correctly with 

respect to stiffness may lead to either an unconservative or an uneconomical design.  On the 

other hand, a solution that is unnecessarily overrefined with respect to stiffness may result in 

valuable time lost for little or no gain.  In order to investigate this question of the appropriate 

stiffness refinement (number of stiffness updating segments)  and the accuracy of different 

refinement choices, a nominal temperature loading was applied to the bridge structure to 

initiate cracking in the piers.  A number of stiffness refinement techniques were used in the 

DLM1 and DLM2 models and compared with the results of the nonlinear RLM2 model.   

The procedure for the CRD method employed by most bridge designers is rather simple.  

The bridge model based on gross section properties is first analyzed with appropriate loading 

conditions.  The moments along the pier height are then extracted and compared with a 

moment curvature plot for the pier wall section.  This plot can be easily generated using a 

sectional analysis program.  Response-2000 [27] was used for this purpose in this study.  

Stiffness was then updated and cracking accounted for by reducing Young’s modulus at certain 

intervals along the height of each pier.  The question to be addressed here concerned the 



84 

 

number of stiffness updating segments along the height of the pier that are necessary, and 

whether this method generally yields accurate results.   

 First, the method for updating the pier stiffnesses as used in this study is summarized 

(CRD method).     

• Analysis is conducted using gross section properties 

• Moments are recorded at both ends of each stiffness segment 

• End moments are averaged over the stiffness segment 

• Updated curvature found based on a M-φ plot. 

• Updated modulus found based on 9 Hb = a
∅∗Qc

 for each discretization 

• Updated modulus is input into frame model to reduce stiffness 

• Repeat with updated stiffnesses until convergence (i.e. change in modulus of 

elasticity<1%) 

In order to evaluate the accuracies of different discretization schemes, three different 

analyses were performed with 2, 4, and 6 stiffness updating segments along each pier of the 

DLM1 and DLM2 models.  The geometry, loading, and mesh remained the same in all three 

analyses.  The only variable in the analyses was the number of stiffness updating segments  

along the height of each pier wall.  All material properties were identical in the two models for 

comparison purposes. 

 A nominal temperature loading of 100 degrees Farenheit was applied first as the loading 

condition.  This loading condition was chosen because it causes the pier walls to be well into 

their cracked state and the stiffnesses of the walls were significantly reduced.  

 The results for the RLM2 Pier 4 moments and forces are shown in Table 7.2.1.  Again, 

Pier 4 was chosen as the focus of the study because it is the one that will experience the most 

cracking and the mesh refinement in the RLM2 model was refined adequately to provide 

convergent results.  

Table 7.2.1: RLM2 moments and Forces 100 deg. (Pier 4) 

Location Moment (*105 k-in) Axial Force (k) Shear Force (k) 

Pier 4U-top 4.034 -2589 1509 

Pier 4U-bot 3.888 -2661 1509 

Pier 4D-top 3.746 2821 1451 

Pier 4D-bot 3.715 2684 1450 
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These values were then used as reference for comparison to the different values 

achieved through the refined design process (CRD method) described above and applied to the 

DLM1 and DLM2 models.  The DLM1 and DLM2 models were both analyzed for a 100⁰F 

temperature loading with 2, 4, and 6 stiffness update segments spaced approximately evenly 

along the height of each pier.  It should be noted that because the geometry of the piers 

changes along the height of the pier, average sectional properties were assumed for the 

stiffness updates that included varying geometry although the geometry itself remained 

unchanged.  This averaging technique is accurate because the pier geometry changes in width 

only and therefore the stiffness (EI) scales linearly with the changing width.  The results of the 

design method with a 100⁰F temperature loading applied to the initially unstressed structure are 

shown for the three chosen stiffness updating schemes for both the DLM2 model  (only 

including 2 stiffness updates) and the DLM1 model in table 7.2.2 (a-b) below. 

Table 7.2.2 a): DLM1 (100⁰F, Pier 4) 

# Stiffness 

Updates 

Location Moment (*105 k-in) Axial Force (k) Shear Force (k) 

2 Pier 4U-top 4.07 -3106 1608 

2 Pier 4U-bot 4.1 -3106 1608 

2 Pier 4D-top 3.97 3015 1543 

2 Pier 4D-bot 3.94 3015 1543 

4 Pier 4U-top 3.94 -3038 1564 

4 Pier 4U-bot 4.01 -3038 1564 

4 Pier 4D-top 3.77 3035 1499 

4 Pier 4D-bot 3.85 3035 1499 

6 Pier 4U-top 3.86 -2979 1549 

6 Pier 4U-bot 4.01 -2979 1549 

6 Pier 4D-top 3.7 2975 1485 

6 Pier 4D-bot 3.85 2975 1485 

 

Table 7.2.2 b): DLM2 ( 100⁰F, Pier 4) 

# Stiffness 

Updates 
Location Moment (*105 k-in) Axial Force (k) Shear Force (k) 

2 Pier 4U-top 3.6 -2696 -1380 

2 Pier 4U-bot 3.5 -2696 -1380 

2 Pier 4D-top 3.56 2689 1368 

2 Pier 4D-bot 3.49 2689 1368 
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Although the particular numbers resulting from these analyses are artificial due to the fact that 

only a temperature load is applied, some significant observations can be drawn from the 

comparison of the results.  First of all, it can be observed that the CRD method is far more 

accurate when rotational springs are not assigned at the ends of the pier walls (i.e. the DLM1 

model is more accurate than the DLM2 model).  The most likely reason for this is that the 

interaction of the connection is highly nonlinear, and employing a linear spring to model a 

connection that displays nonlinear behavior cannot yield good results for all loading cases.  The 

influence of the connection interaction became less important as loading magnitude is 

increased.   The DLM2 model  is unconservative with respect to moment, although a more 

accurate value of axial force is achieved.  Because of this unconservatism with respect to 

moment, which is the main contributor to stiffness reduction, and the fact that adding these 

rotational springs is not common or desireable in design practice, the DLM2 model was removed 

from discussion at this point.   

 It can also be observed that the values achieved using the DLM1 model and the CRD 

methodology  are very close to the three-dimensional RLM2  analysis results, which incorporate 

the actual physical geometry of the bridge including rebar in the piers and nonlinear material 

behavior. 

 

 

 

 

 

 

 

 

 

  



 

Fig 7.2.1: Pier force and moment comparison of 
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Fig 7.2.1: Pier force and moment comparison of DLM1 with CRD stiffness updating method and

RLM2 with nonlinear materials 
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It was slightly concerning that the axial force values were so much different in the DLM1 

and RLM2 models whereas the moment and shear forces seem to converge more closely.  

However,  this loading case does not include any direct axial loading on the piers although in 

actual bridge loadings, the piers will have significant axial loads induced by the vertical dead and 

live loads acting on the bridge.  In order to investigate the case with both lateral and axial loads 

acting on the piers, the DLM1 and RLM2 were analyzed with a series of point loads acting on the 

top of the bridge deck concurrently with the temperature loading.  The applied loading induced 

a very large axial compression load in one of the Pier 4 stem walls and a very small tensile axial 

force in the other (Table 7.2.3).  What is seen in this situation is a very close correlation of axial 

forces in the stem wall with high compression forces (~4%) and poor correlation of axial forces 

in the stem wall with low tensile forces (~50%) when comparing the two modeling techniques.  

Therefore, the CRD method is shown to be more accurate for axial forces, as presumed, for load 

cases including gravity load effects.  Also, it has been shown that the CRD method should be 

used very carefully with significant conservatism when dealing with small axial loads, as there 

could be a level of inaccuracy in the method. 

Table 7.2.3: Results from axial + lateral loading 

Model Location Moment (*105 k-in) Axial Force (k) Shear Force (k) 

DLM1 P4U-bot 3.56 409 1421 

DLM1 P4D-bot 3.54 -9324 1418 

RLM2 P4U-bot 3.12 818 1246 

RLM2 P4D-bot 3.87 -9731 1500 

 

The DLM1 model incorporating the CRD method  tends to average the moments and 

shear forces of the more descriptive RLM2 model for loadings that produce large magnitude 

differences in stem wall axial loading between the twin pier walls.  It is also recognized that the 

discrepancy of the DLM1 model  axial forces compared to those of the RLM2 is equal in 

magnitude for both stem walls (~400 kips in this case).  This difference could very well be 

produced by the modeling difference and not the CRD updating procedure.  Overall, what is 

seen is that the DLM1 model using the CRD method distributes the forces more evenly over the 

two stem walls than does the RLM2 model.  This behavior should be kept in mind when 

designing with this method and appropriate conservatism should be used to account for this 

effect. 
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7.3 Dependence on loading magnitude 

 Another aspect of the reduced stiffness design method is the question of how loading 

magnitude affects the accuracy.  For the purpose of investigating this aspect, the uniform 

temperature loading condition as discussed earlier was analyzed for three different magnitudes: 

40, 70, and 100 degrees Farenheit.  Again, no vertical loads were applied.  The results are shown 

below for both 2 and 4 stiffness updates along each pier.   

 

 

Fig 7.3.1: Moment deviation w.r.t. loading magnitude- 2 Stiffness Segments (top), 4 Stiffness 

Segments (bot) 
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Fig 7.3.2: Axial force deviation w.r.t. loading magnitude- 2 Stiffness Segments (top), 4 Stiffness 

Segments (bot) 
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Fig 7.3.3: Shear force deviation w.r.t. loading magnitude- 2 Stiffness Segments(top), 4 Stiffness 

Segments (bot) 
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respect to the base of the pier becomes less important because the cracking releases large 

amounts of moment and thus the relative rotations become smaller and the models converge.   

 Axial forces are not as dependant on loading, as can be seen by the data.  This is 

understandable because axial forces are not as affected by the lateral stiffness of the piers and 

rotations at the faces of the piers. 
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8 AASHTO DESIGN OPTION EVALUATION 

8.1 Introduction 

 The last objective of this thesis was to investigate the different design options presented 

in AASHTO for accounting for the reduced section properties due to temperature loads in fixed 

pier walls (using a refined method (such as the CRD method) or the gross section method, as 

discussed in chapter 3) as well as the different temperature load application options.  For the 

purpose of evaluating the different design options, the DLM3 model, which incorporates all 

post-tensioning and time-dependant loads was evaluated at ultimate loading conditions using 

each of the accepted design options stated by AASHTO. 

 

8.2 Loading Considerations 

 In order to properly conduct this investigation, a brief discussion of the loading is 

needed.  The case of maximum moment at the base of Pier walls 2 and 4 is needed when 

evaluating for lateral effects and cracked section properties.  All strength load cases specified in 

AASHTO were considered (Table 9.2.1) and the case producing the maximum moment at the 

pier stem wall bases was applied. 

Table 8.2.1: AASHTO Strength Load Cases 

Load 

Combination 

State 

DC 

DD 

DW 

EH 

EV 

ES 

EL 

PS 

CR 

SH 

LL 

IM 

CE 

BR 

PL 

LS WA WS WL FR TU TG SE 

Strength I Γp 1.75 1 - - 1 1.2/0.5 γTG ΓSE 

Strength II Γp 1.35 1 - - 1 1.2/0.5 γTG ΓSE 

Strength III Γp - 1 1.4 - 1 1.2/0.5 γTG ΓSE 

Strength IV Γp - 1 - - 1 1.2/0.5 γTG ΓSE 

Strength V Γp 1.35 1 .4 1 1 1.2/0.5 γTG ΓSE 

(Abbreviations are defined in the List of Abbreviations at the beginning of this document and in 

the following) 
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Loads considered: 

1. Dead Loads 

• Reinforced concrete (DC) 150 pcf 

• Concrete wearing course (DW) 150 pcf 

• Utilities  (DW)   0 pcf 

2. Live loads 

• HS25 vehicle load (LL)  As specified by AASHTO 

• Dynamic impact factor (IM) 33% vehicle axle weight 

• Pedestrian (PL)   0.075 ksf 

3. Temperature (TU) 

Two methods 

o 75 ⁰F rise and fall 

o 45 ⁰F rise and fall 

o α = 6.0 x 10-6/⁰F 

4. Creep and shrinkage (CR, SH) 

CEB/FIP model for creep and shrinkage, 1990 

5. Construction Loads (EL) 

 Included with load factor 1.0 

6. Load factors 

• Γp (Dead load factors) 

Table 8.2.2:  Dead weight load factors (Γp) 

DC (Dead load of structural 

Components) 
1.25/1.5 for Strength IV 

DW (Wearing surface and utilities) 1.5 

EL (Locked in Forces) 1.0 

PS (Secondary Forces) 1.0 

CR (Creep) 1.0 

SH (Shrinkage) 1.0 

 

• Temperature gradient load factor, γTG = 0 for strength 

• Settlement load factor, ΓSE= not considered 
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Please note that a load factor of 1.0 is used for both creep and shrinkage although there is a 

range of values specified in AASHTO.  This was chosen because it was the load factor used for 

the design of the Wakota Bridge as presented in the design documents. 

Through inspection and by running various analyses, Strength Load Case 1 was found to 

control the ultimate moment on the critical piers (Piers 2 and 4).  As the controlling load case, all 

of the following analyses were conducted using Strength Load Case 1. 

 

8.3 Comparison of Options 

 As mentioned previously, there are two different options in AASHTO for accounting for 

the reduced stiffness in the cracked piers, 

1. Use a refined method (such as the CRD method) and load factor of 1.0 (AASHTO allows a 

load factor of 1.0 if the reduced section properties are accounted for with a refined 

analysis as stated in article 3.4.1) 

2. Use gross section properties and load factor of 0.5 

 

There are also two different methods described in AASHTO for the magnitude of uniform 

temperature change to be applied, 

1. Procedure A: Use a temperature range centered at 45⁰F with a decrease of 45⁰F and 

increase of 35⁰F. 

2. Procedure B: Use the temperature contour maps which define a 75⁰F decrease and a 

75⁰F increase from a central 45⁰F temperature for Minnesota. 

 

Because of this ambiguity and the fact that it is difficult for bridge designers to know which 

procedure is appropriate for their application, it was necessary to compare the different options 

for the case of the Wakota Bridge using the constructed staged construction model (DLM3) with 

applied ultimate loading conditions and appropriate foundation springs.  This comparison sheds 

some light on the correlation of the options and provides insight into the appropriate design 

option when considering thermal loads. 

 

 

8.3.1 Comparing cracked stiffness methods 
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 In order to compare the two cracked stiffness options, both Procedure A and Procedure 

B temperature application methods were analyzed using: 1) the refined method at ultimate 

conditions and 2) the gross section method using a load factor of 0.5.  The maximum moment is 

likely to occur near the end of the bridge’s service life when all creep and shrinkage have 

occurred and when the maximum negative temperature change is applied to the structure.  The 

creep, shrinkage and temperature change will then contribute additively to the moments and 

forces at the ends of the pier walls.  The results comparing the refined and gross section 

methods (Fig 8.3.1 and 8.3.2) show a correlation within 10% for the majority of the values, 

where the vertical axis is the percent difference in the results of the two design methods.  In 

figures 8.3.1-2, a positive value corresponds to the gross section stiffness method being 

conservative with respect to the refined analysis method.  It can be seen that the gross section 

method generally becomes less conservative with the higher temperature loading (Procedure 

B), although it is closer to the actual values.   

  



 

Fig 8.3.1: Comparison of predicted pier wall end forces and moments using the refined and

section cracked section procedure (Temperature Procedure A)
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: Comparison of predicted pier wall end forces and moments using the refined and

section cracked section procedure (Temperature Procedure A)

P2D-top P2U-bot P2U-top

Pier 2 twin wall difference in end forces due to refined vs. 

gross section methods (%) - Procedure A

P4D-top P4U-bot P4U-top

Pier 4 twin wall difference in end forces due to refined vs. 

gross section methods (%) - Procedure A

 

 
: Comparison of predicted pier wall end forces and moments using the refined and gross 

section cracked section procedure (Temperature Procedure A) 
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Fig 8.3.2: Comparison of predicted pier wall end forces and moments using the refined and gross 

section cracked section procedure (Temperature Procedure B)
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Comparison of predicted pier wall end forces and moments using the refined and gross 

section cracked section procedure (Temperature Procedure B)
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Comparison of predicted pier wall end forces and moments using the refined and gross 

section cracked section procedure (Temperature Procedure B) 
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8.3.2 Comparing Temperatu
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to confirm this hypothesis and compare the procedures and investigate the stiffnesses produced 
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are shown in Fig 8.3.2.1 below.  As

between the design Procedure A and B although axial forces are similar.
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Comparing Temperature application methods 

that Procedure B will produce larger moments at the pier ends 

the piers will be more extensively cracked because of the

temperature change being imposed on the structure.  Although this is the case, it was still 

to confirm this hypothesis and compare the procedures and investigate the stiffnesses produced 

by each procedure.  The differences (%) in moment produced by Procedure A and 

below.  As expected, there was a large difference in design forces 

rocedure A and B although axial forces are similar. 

Percent difference in design forces when using Procedure B vs. Procedure A
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 For future reference, it was considered valuable to document the relative stiffness 

values.  For this purpose, the relative stiffnesses along the height of Piers 2 and 4 for the refined 

stiffness (CRD) method are reported in table 8.3.2.1.  Each pier wall was divided into 4 stiffness 

update segments, segment 1 being at the bottom and segment 4 being at the top.   

Table 8.3.2.1: Pier wall relative stiffnesses 

Procedure (A or B) Pier Wall Section EIRefined/ EIGross Avg EIrefined/EIgross 

A 

2D 

1 0.66 

0.78 
2 0.88 

3 0.98 

4 0.60 

2U 

1 0.68 

0.8 
2 0.89 

3 1.00 

4 0.63 

4D 

1 0.63 

0.75 
2 0.80 

3 1.00 

4 0.58 

4U 

1 0.62 

0.74 
2 0.78 

3 1.00 

4 0.56 

B 

2D 

1 0.64 

0.72 
2 0.79 

3 0.88 

4 0.57 

2U 

1 0.65 

0.75 
2 0.81 

3 0.94 

4 0.58 

4D 

1 0.61 

0.72 
2 0.73 

3 1.00 

4 0.55 

4U 

1 0.60 

0.70 
2 0.71 

3 0.95 

4 0.54 
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8.4 Discussion 

 Although all of the above discussed options are allowed by AASHTO, a balance between 

conservatism and accuracy must be kept in mind.  It is seen through the above results that the 

methods for determining cracked section (refined and gross section) stiffnesses yield results that 

are relatively similar for the case of the Wakota Bridge (<~10%).  Although this is the case, the 

refined method probably yields more accurate results due to the process of refinement, but the 

gross section method could be very valuable in preliminary design to get quick estimates of 

design force and moment demand.   

 It was also seen that the traditional Procedure (A) for the thermal design loads yields 

moments and shear forces that are significantly different than those produced by the more 

recently added Procedure B in AASHTO, as was expected.  Relative reduced stiffness values for 

the Wakota pier walls using four stiffness updates per wall can also be seen as reference for 

future design using the refined stiffness method.  Having starting values for the relative stiffness 

can prove valuable when analyses take excessive computational time.  A good estimate for the 

refined stiffness will speed up convergence and reduce the number of analyses that are needed 

for convergence.   
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9 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

9.1 Summary 

 In this work, a common refined design method for the analysis of lateral forces on  

flexible twin-walled bridge piers as seen on the Wakota Bridge in South St. Paul, MN was 

reviewed.  Finite Element models were produced in two different programs; ABAQUS, a 

research-level program that has the ability to perform nonlinear analyses for the cracking of 

concrete, and SAP2000, a design-level program often used in structural design.  A common 

refined design method for the refinement of concrete reduced section properties in the piers 

was used with the design-level models, and parameters in the method were varied.  The design-

level model results were then compared to those produced by the research-level model with 

similar loading conditions.  Results were affected by the varying parameters used in the refined 

method, but were found to correlate fairly well for the two modelling techniques.  

 A design-level staged construction model was also produced for the evaluation of pier 

moments and forces at ultimate design conditions.  Using this model, different design options 

for lateral loads that are available in the AASHTO LRFD Bridge Design Specifications were 

evaluated and compared.  The different options showed some similarities and some differences 

that should be noted by bridge design professionals.   

 An instrumentation plan was also developed for monitoring the lateral forces due to 

temperature changes and long term deflections in the Wakota Bridge.  

 

9.2 Conclusions 

 Several conclusions regarding thermal design and the refined design method can be 

drawn as a result of the finite element simulations that have been constructed and evaluated: 

1. Based on a more accurate and descriptive modeling approach, the refined design 

method as defined in this study predicts shear forces and moments at the ends of fixed 

pier walls to a sufficiently accurate degree. 

2. The refined method may have a degree of inaccuracy with respect to axial force 

predictions.  This inaccuracy is reduced significantly with the presence of large initial 

axial loadings, as is the case with most bridge pier structures.  But when dealing with 

small axial forces, this method may be inaccurate. 
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3. Rotational springs at the base of the pier walls may be important when calibrating the 

design model to actual bridge behavior with service loads and loads that produce very 

little cracking.  The connection interaction becomes less important as loading increases. 

4. The accuracy of the refined cracked section design method increases as the lateral 

loading magnitude on the piers increases.  This is most likely because the cracking in the 

pier becomes more uniform and the pier wall to icebreaker connection becomes of less 

significance. 

5. Four and six stiffness update segments  along the height of each pier wall was sufficient 

to achieve a rather accurate prediction of cracked section stiffness and pier forces and 

moments. 

6. Foundation rotational and translational springs were found and approximate effective 

lengths were found for each case.  For rotational springs, an effective length of 

approximately L/3 to L, L being the pile length, was found to estimate the rotational 

stiffness using simple beam formulas.  The effective length increases as loading 

increases.  For translational springs, an effective length of approximately L to 1.5L was 

found to approximate the translational stiffness using appropriate beam bending 

formulas. 

7. The refined stiffness analysis method and gross section method produce similar results 

for the Wakota Bridge critical piers (to within about 10% correlation).  This leads to the 

belief that both are reliable methods, although the refined method is probably more 

accurate and should be used in final designs.  The gross section method with a load 

factor of 0.5 is a good method for preliminary design to achieve quick estimates of force 

demand on the piers in a fixed pier system. 

8. Procedure A and Procedure B as defined in the AASHTO LRFD Bridge Design 

Specifications produce much different moment and force requirements at the base of 

the pier walls in Minnesota.   
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9.3 Recomendations 

9.3.1 For Practice 

1. The CRD Method, as discussed in chapter 3, is an appropriate method for the analysis of 

cracked section properties in concrete piers that experience cracking.  This method, or a 

similar one, should be used when performing final designs concerning lateral forces on 

this type of bridge pier.  Although this is the case, the gross section method, which 

employs a 0.5 temperature load factor can be used for preliminary design, as it generally 

produces conservative results. 

2. When using the CRD Method, a minimum of 4 stiffness updating segments should be 

used along the height of each pier wall. 

3. The CRD Method should be used with considerable conservatism when dealing with 

small axial loads as it may not be a precise predictor of axial load magnitude.  

4. For conservatism, the magnitude of the uniform temperature load should be applied as 

per Procedure B in AASHTO, as this procedure produces much larger moments at the 

ends of the pier walls. 

 

9.3.2 For Research 

1. Field data must be collected and compared to the results from this thesis.  This will be 

completed using the described instrumentation plan and a monitoring of the Wakota 

Bridge.  Using the DMCD, the field data should be calibrated to the model and the global 

behavior of the bridge should be studied. 

2. Other bridges containing fixed flexible reinforced concrete piers should be studied to 

determine the applicability of this research to different geometries and locations around 

the country.  
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APPENDIX A   

WAKOTA BRIDGE MONITORING PROGRAM 

INSTRUMENTATION PLAN 
 

1  Background 

This document describes the instrumentation plan for the Minnesota Department of 

Transportation (MN/DOT) Bridge 82855 carrying the eastbound lanes of trunk highway 494 over 

the Mississippi River, as well as the Union Pacific Railroad (mile point 347.56) and Verderosa 

Avenue. The instrumentation plan contained here is intended to be part of a monitoring 

program aimed at monitoring the effects of temperature variations on the forces in the bridge 

piers as well as the superstructure of Bridge 82855. As such, this document describes the 

instrumentation that has been placed in the piers and superstructure as well as the data 

acquisition system that will be installed to collect the data transmitted from the instruments. 

This document does not address the monitoring program that will be used to collect and analyze 

the data recorded using the instruments. Such components are beyond the scope of this 

document. 

 

2 Rationale 

The plan described in this document provides instrument descriptions (and 

specifications), locations and installation notes as well as data acquisition equipment 

descriptions, specifications, approximate installation locations and installation notes. The basic 

premise for the instrumentation plan is that daily and seasonal temperature changes generate 

fluctuations in the length of the bridge superstructure.  Due to bridge support conditions, the 

length fluctuations generate changes in member forces. Of primary interest to the monitoring 

program are the magnitudes of the changes in pier axial forces, bending moments and shear 

forces.  Likewise, the pier support conditions will generate changes in forces and moments in 

the box girder superstructure sections, causing axial strains in the superstructure members.   

The instrumentation described here is designed to capture the behavior of the changing 

forces, moments, and strains.  The gages are placed in positions that are assumed to be most 

affected by the change in length of the superstructure due to thermal loading caused by the 

changing of temperature throughout the seasons and thus having the largest change in axial 

strains.  The positions determined to capture this behavior are in Pier 2 and 4 in the 

substructure and Spans 3 and 4 in the superstructure.  These positions were determined 

because Pier 1 contains an expansion bearing and Pier 3 is close to the calculated neutral point 

in the superstructure longitudinal displacement, therefore these piers are assumed to be 

exposed to small strain changes.  Also, since Spans 1,2, and 5 have at least one end of the span 

containing an expansion bearing (each abutment contains an expansion bearing), these three 

spans are assumed to also undergo a small strain change due to temperature loading.  All pier 

instrumentation is limited to the pier walls. Strain changes due to temperature fluctuations are 

assumed to be much smaller in the icebreakers compared to the other components of the pier. 

In addition, the piles were not selected for instrumentation due to complications associated 

with measurement of pile strains (i.e., saturated conditions, potential gage damage during pile 

driving, and uncertainty associated with soil-pile interaction). 
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I. PIER INSTRUMETNATION 

 
I.1 Overview 

The two piers to be instrumented (Piers 2 and 4) are shown in the elevation of Bridge 

82855 in Fig. A.I.1.1..  The instrumentation consists of 44 vibrating wire strain gages installed in 

the walls of Piers 2 and 4, and the PVC conduit needed to carry the wires to the top of the pier 

walls.  At each instrumented pier, both walls (upstation and downstation) are instrumented at 

two elevations that are near the top and bottom of the pier walls. The instrumented sections 

are located 1000mm away from the top and bottom of the pier walls to avoid disturbance of the 

strain fields and the potential for cracking posed by member termination. The top instrumented 

sections for each pier are at the same elevation for both walls. The bottom instrumented 

sections for both walls of both piers are the same elevation (214m). 

 

 

 

 
Fig A.I.1.1:  Elevation of Mn/DOT Bridge 82855 with Instrumented Piers 2 and 4 

 

 

Pier 4 Instrumented 

Pier 2 Instrumented 
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Fig A.I.1.2 a):  Pier 2 Instrumented Sections 
 

 

 

Fig A.I.1.2 b):  Pier 4 Instrumented Sections 

 
 

Top Instrumented 

section Elev. 223.16 

Bottom  Instrumented 

section Elev. 214.00 

Bottom Instrumented 

section   Elev. 214.00 

Top Instrumented 

section Elev. 225.10 
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I.2 Instrument Locations and Designations 

 
Fig A.I.2.1:  Gage Designations for Pier 2 

 

 
Fig A.I.2.2:  Gage Designations for Pier 4 

 

Instrument locations along wall width are given in Fig A.I.2.3 relative to wall centerline. 

Only one half of the walls are shown by virtue of symmetry. The gages in the “center” position 

(2TUC1, 2TUC2, 2TDC1, 2TDC2, 2BUC1, 2BUC2, 2BDC1, 2BDC2) are slightly off center.  The 

location of the long PVC conduit is shown in Fig A.I.2.3 for running the bottom section gage 

leads to the top of the pier was modified an unspecified distance during construction due to the 

fact that the leads of the gages farthest away from the PVC conduit were too short to travel the 

specified distance.  To remedy this, the long PVC was moved closer to the center point of the 

pier, thus shortening the distance of travel of the leads farthest away. 
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Fig A.I.2.3:  Gage Locations along Wall Width 

 

Each gage has a 5 digit designation with the first digit being the pier number (2 or 4). 

The second digit defines the top (T) or bottom (B) instrumented section. The third digit 

designates the upstation (U) or downstation (D) wall. The fourth digit indicates the location of 

the gage along the width of the wall (L – left, C – center, R – right, E – right edge). The last digit 

indicates the nearest face (1 – rusticated, 2 – flat). 
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Table A.1 Gage Designations 

 
I.3 Gage Description 

All gaged locations are instrumented with Model 4200 vibrating wire strain gages 

manufactured by the Geokon Inc. (www.geokon.com). These gages are designed for direct 

embedment in concrete and manufacturer specifications are given in Table A.2. The gages have 
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wire leads attached by the manufacturer and two different wire lengths are used. The gages 

that are installed in the top sections of the piers have a 35-ft wire lead, and those that are 

installed in the bottom sections have a 70-ft lead. 

 

Table A.2: Gage Specifications 

 
 

I.4 Installation 

Installation of the strain gages is made to adjacent reinforcing bars using steel wire ties.  

The gages have a barbell configuration (Fig A.I.4.1) which facilitates the installation by tying 

steel wires ties around the heads of the gages. The gages are placed in a stable configuration by 

using at least two wire ties at each end (e.g., horizontal wires tied to adjacent vertical 

reinforcing bars and vertical wires tied to adjacent horizontal reinforcing bars). The gages are 

placed in a vertical configuration in the same plane as the vertical reinforcing bars, and at the 

horizontal locations as specified in Table A.1. The center of the gages coincides with the 

elevations for the corresponding section elevation (Fig. A.I.1.2 (a) and (b)) and the wire leads are 

pointing downward in all installed gages. 

 

 
Fig A.I.4.1: Geokon Vibrating Wire Strain Gage Model 4200 

 

All gages placed in the top sections of the wall piers (i.e., with second digit “T” in the 

designations given in Table A.1 and Fig. A.I.2.1-2) have a 35-ft wire lead installed by the 

manufacturer. The gages in the bottom sections (i.e., with second digit “B” in the designations 

given in Table A.1 and Fig. A.I.2.1-2) have a 70-ft wire lead. The wire leads are extended to the 

corresponding PVC conduit for that section (“top” sections are serviced by the short conduit and 

“bottom” sections are serviced by the ling conduit). The wire leads are tied to the vertical bars 

using wire ties and leaving enough slack lead wire to provide stress relief.  Care was taken when 

tying the wire leads to the reinforcing bars to prevent the plastic insulation in the wire leads 

from being damaged. The wire leads were inserted into the PVC conduit and extended to the 

top of the wall pier and an elbow was attached so as to facilitate the leads exiting the stem wall 
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diaphragm in a horizontal configuration, where all lead wires were wound into a coil and taped 

securely to the outside of the PVC conduit. The top of the PVC was covered with duct tape to 

prevent concrete from dropping into the conduit during casting.  After casting, the PVC conduits 

were cut flush with the inner diaphragm wall of the box girder and the leads were trimmed.  The 

leads were left accessible for future splicing and the installation of data acquisition equipment. 

 

 

 
Fig A.I.4.2:  View of Pier 2 with the PVC conduit as seen from the rusticated face 

 

Prior to the installation of the strain gages, the PVC conduit was installed as shown in 

Figures A.I.2.1-2 and A.I.4.2-3. The PVC conduit was cut into straight lengths as indicated in 

Table 3 and they were placed such that the top of the conduit protruded 700mm above the top 

of the pier walls. An elbow was attached to the straight PVC to facilitate a horizontal exit 

configuration from the corresponding pier wall diaphragm.  The PVC conduit was tied to 

reinforcing bars at sufficient locations along its height to prevent movement of the conduit 

during the casting process. The bottom of the conduit was covered with duct tape to prevent 

concrete from entering during casting. 

 

 

 

 

 

 

  

 

Elbow to Exit 

diaphragm 

Elbow to Exit 

diaphragm 
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Fig A.I.4.3:  View of Pier 4 with the PVC conduit as seen from the rusticated face 

 

Table A.3: PVC Conduit Lengths 

 
 

 

 

 

 

 

 

 

 

 

 

 

Elbow to Exit 

diaphragm 

Elbow to Exit 

diaphragm 
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Installation Pictures 

 

                             
Fig A.I.6.4: PVC Exiting top of Pier Wall                         Fig A.I.6.5: Strain gages tied to vertical    

                                                                                           Reinforcing bar 

 

 
Fig A.I.6.6: Gage leads being run to PVC transfer pipe 

 

 Prior to casting and after gage installation, all strain gages were manually checked to verify that 

they were operable.  Upon checking the 48 gages installed in piers 2 and 4, it was found that 3 

gages were not working properly.  These gages were: 2TUE2, 2BUL1, and 2BUC1. 

 

I.5 Gage Labeling 

The vibrating wire strain gages are labeled using two complementary techniques. The 

first of these comprises the attachment of adhesive labels with the designations listed in Table 

A.1. The labels are printed using permanent (non-water soluble) ink, and labels are attached to 

the wire leads (not the gage itself). Two labels are attached to each wire lead, one at the free 

end and the other at the end where the lead is attached to the strain gage. These labels are 

necessary to identify the correct location of each gage during data collection and analysis. The 

second labeling scheme is meant for rapid visual inspection gage installations. This scheme 

comprises the use of three successive loops of colored electrical tape that are coordinated to 

identify the location of the gages. The colored tape combinations are placed at both ends of the 

wire leads of all strain gages. The electrical tape colors are linked to specific locations, as noted 

in Table A.4. The combinations arising from this scheme are given in Table A.5. 
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                     Table A.4: Gage Color Labeling Scheme                   

 
 

Table A.5: Gage Color Schemes 
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II. SUPERSTRUCTURE INSTRUMENTATION 

II.1 Introduction 

The instrumentation for the superstructure is limited to the members of the structure 

that are expected to undergo the largest axial strains due to change in temperature.  Those 

members are Spans 3 and 4.  Spans 1,2 and 5 are all fitted with expansion joints at one or both 

ends and therefore will not experience the magnitude of forces that Span 2 and 3 will.  Because 

axial strains are desired, the sections in Span 2 and 3 to be instrumented were chosen close to 

the live load inflection points of the structure.  This way, the bending strains from live loads will 

be minimized and axial forces can be more clearly computed.  The inflection points are near if 

not over the pier tables, so sections close to the piers were chosen.  In order to best coincide 

with the timelines of the construction schedule and the monitoring project progress,  gages 

were installed in section P4-6D in Span 4, and section P2-4U in Span 3.  The instruments were 

spaced evenly around the box-girder cross section in order to obtain a full representation of the 

axial strains in the cross section. 

 

 

 

 
Fig A.II.1.1: Elevation of MN/DOT Bridge 82855 with instrumented spans 3 and 4 

 

 

 

 

 

 

Section P2-4U  

instrumented 

 Section P4-6D 

instrumented 
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II.2 Overview 

The two spans instrumented (Spans 3 and 4) are shown in Fig. II.1.1.  The 

instrumentation consists of 40 vibrating wire strain gages with incorporated thermisters as well 

as a PVC outlet in each section to provide an exit point for the leads of the strain gages.  Twenty 

(20) strain gages are embedded in each cross section and spaced uniformly around each cross 

section at a point midway through the length of the section in order to avoid end effects of the 

section.  The spacing of gages is shown in Fig. II.b.  While Fig. II.b shows only one-half the cross 

section, gage placements are symmetric except on the center vertical component.  The 

instrumentation of Span 3 and Span 4 are identical.  Therefore Fig. II.b represents both span 

instrumentations. 

 

II.3 Instrument Locations and Designations 

Instrument locations and designations are shown in Fig. II.b and II.c.  The gages were 

installed with respect to the section dimensions in which they were installed.  Sections P2-4U 

and P4-6D have different dimensions and therefore the gages were spaced differently.  

Dimension specifications for each section are shown in the below table of dimensions. 

 

Table A.6: Table of Dimensions pertaining to Figure A.II.3.1 

 Dim. A (mm) Dim. D (mm) Station 

P2-4U ~2612 ~5310 12+427.650 

P4-6D ~2705 ~4873 12+660.150 

 

In each section, the top slab gages were placed in the same plane as the top layer of longitudinal 

rebar in the slab and the bottom slab gages were places likewise, tied to the top layer of rebar in 

the bottom slab.  The outer web gages were placed in the same plane as the outermost layer of 

longitudinal rebar, and the inner web gages were placed on alternating sides of the web as 

shown in Fig. II.c.  This being the case, all gages have a concrete cover to the respective surfaces 

as indicated in the Wakota Bridge design drawings of at least 50 mm clear cover. 
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Fig A.II.3.1: Gage Locations in cross sections with respect to section dimensions 

 

 

 

 

 

 

Fig A.II.3.2: Gage designations for instrumented section (Span 3 – looking upstation) 

 

 Each gage has a 3-part designation with the first part being the span number in which it 

is located (3 or 4).  The second part designates the side the gage is located in the section (T - top, 

B - bottom, L - left (looking upstation), R - right (looking upstation), M - middle).  The third part 

(after the dash) designates the location within the side (L - left, LM - left middle, RM - right 

middle, R – right). 

D 
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3B-L 3B-LM 3B-RM 3B-R 

3M-UM 

3L-UM  

3L-BM 

3L-B 

3R-U 

3R-UM 

3L-U 
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3M-B 
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Table A.7: Gage Designations 

Gage Span Side Location 

3T-L 

3 

T (top) 

Left (L) 

3T-LM Left middle (LM) 

3T-RM Right middle (RM) 

3T-R Right ( R) 

3B-L 

B (bottom) 

Left (L) 

3B-LM Left middle (LM) 

3B-RM Right middle (RM) 

3B-R Right ( R) 

3L-U 

L (left) 

Upper (U) 

3L-UM Upper middle (UM) 

3L-BM Bottom middle (BM) 

3L-B Bottom (B) 

3M-U 

M (middle) 

Upper (U) 

3M-UM Upper middle (UM) 

3M-BM Bottom middle (BM) 

3M-B Bottom (B) 

3R-U 

R (right) 

Upper (U) 

3R-UM Upper middle (UM) 

3R-BM Bottom middle (BM) 

3R-B Bottom (B) 

4T-L 

4 

T (top) 

Left (L) 

4T-LM Left middle (LM) 

4T-RM Right middle (RM) 

4T-R Right ( R) 

4B-L 

B (bottom) 

Left (L) 

4B-LM Left middle (LM) 

4B-RM Right middle (RM) 

4B-R Right ( R) 

4L-U 

L (left) 

Upper (U) 

4L-UM Upper middle (UM) 

4L-BM Bottom middle (BM) 

4L-B Bottom (B) 

4M-U 

M (middle) 

Upper (U) 

4M-UM Upper middle (UM) 

4M-BM Bottom middle (BM) 

4M-B Bottom (B) 

4R-U 

R (right) 

Upper (U) 

4R-UM Upper middle (UM) 

4R-BM Bottom middle (BM) 

4R-B Bottom (B) 
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II.4 Gage Description 

All gaged locations are instrumented with Model 4200 vibrating wire strain gages 

manufactured by Geokon Inc. (www.geokon.com). These gages are designed for direct 

embedment in concrete and manufacturer specifications are given in Table A.2 shown in the 

pier instrumentation section.  The gages have 100ft. leads attached by the manufacturer. 

 

II.5 Installation 

Installation of the strain gages has been accomplished by attaching the gages to 

adjacent reinforcing bars using zip ties.  The gages have a barbell configuration which facilitates 

the installation by tying the zip ties around the heads of the gages. The gages are placed in a 

stable configuration by using a tie at each end of the gage. The gages are placed in a horizontal 

configuration in the same plane as the horizontal reinforcing bars, and at the locations as close 

to those specified in Fig. A.II.3.1 without interfering with the reinforcing bars. The centers of the 

gages coincide with the centerline of the section in elevation view and the wire leads are 

pointing towards Pier 3 in all installed gages.  The leads of the gages are attached to existing 

reinforcing bar and run around the section in the shortest manner to the PVC outlet located as 

shown in Fig. A.II.3.1. 

 

 

    
 

 

 

Fig A.II.5.1: Gage leads in P4-6D 

are run to the PVC outlet pipe. 

Fig A.II.5.2: Vibrating wire strain 

gage installed in P4-6D. 
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The PVC lead outlet is oriented vertically and one end placed flush with the interior surface of 

the box-beam.  The dimensions of the outlet are such as to accommodate the bundle of 20 leads 

coming from the 20 strain gages housed in the section. Once the leads are all placed in the 

outlets, the ends of the outlets were taped so as to prevent concrete from entering during the 

casting process.  After casting was complete, the tape was removed from the exposed end and 

the leads were exposed. 

 

II.6 Gage Labeling 

The vibrating wire strain gages are labeled using two complementary techniques. The first of 

these comprises the attachment of adhesive labels with the designations listed in Table A.7. The 

labels are printed using a desktop printer on white paper and are attached to the wire leads (not 

the gage itself). Two labels are attached to each wire lead, one at the free end and the other at 

the end where the lead is attached to the strain gage. On the free end, the labels are shrink-

wrapped onto the lead whereas on the other end, the labels are simply taped on.  The shrink 

wrap will ensure the exposed ends are not damaged by outside factors.  These labels are 

necessary to identify the correct location of each gage during data collection and analysis.  

 

Table A.8: Gage Color Labeling Scheme 

Number Parameter Condition Color 

1 
Instrumented 

side 

T (top) white (Wh) 

B (botton) blue (Bl) 

L (left) yellow (Ye) 

M (middle) red (Rd) 

R (right) grey (Gy) 

2 Location 

Left (L) / Upper (U) purple (Pu) 

Left middle (LM) / Upper middle (UM) orange (Or) 

Right middle (RM) / Bottom middle (BM) green (Gr) 

Right ( R) / Bottom (B) brown (Br) 

 

Fig A.II.5.3: Gage Strain gage 

installed in P2-4U 
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The second labeling scheme is meant for rapid visual inspection of gage installations. This 

scheme comprises the use of two successive loops of colored electrical tape that are 

coordinated to identify the location of the gages. The colored tape combinations are placed at 

both ends of the wire leads of all strain gages. The electrical tape colors are linked to specific 

locations, as noted in Table A.8. The combinations arising from this scheme are given in Table 

A.9 

Table A.9: Gage Color Scheme 

Gage Color 1 Color 2 

  

Gage Color 1 Color 2 

3T-L 

Wh 

Pu 4T-L 

Wh 

Pu 

3T-LM Or 4T-LM Or 

3T-RM Gr 4T-RM Gr 

3T-R Br 4T-R Br 

3B-L 

Bl 

Pu 4B-L 

Bl 

Pu 

3B-LM Or 4B-LM Or 

3B-RM Gr 4B-RM Gr 

3B-R Br 4B-R Br 

3L-U 

Ye 

Pu 4L-U 

Ye 

Pu 

3L-UM Or 4L-UM Or 

3L-BM Gr 4L-BM Gr 

3L-B Br 4L-B Br 

3M-U 

Rd 

Pu 4M-U 

Rd 

Pu 

3M-UM Or 4M-UM Or 

3M-BM Gr 4M-BM Gr 

3M-B Br 4M-B Br 

3R-U 

Gy 

Pu 4R-U 

Gy 

Pu 

3R-UM Or 4R-UM Or 

3R-BM Gr 4R-BM Gr 

3R-B Br 4R-B Br 
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III DATA ACQUISITION SYSTEM 

III.1 Overview 

A total of 84 vibrating wire strain gages from piers 2 and 4 and spans 3 and 4 are to be 

wired to data acquisition equipment that will collect, organize, and store data at a prescribed 

rate.  The data acquisition equipment includes 6 multiplexers, 4 vibrating wire modules, 2 

dataloggers, 3 multidrops, and one wireless modem.   Expansion/contraction information will 

also be collected and stored at each expansion joint at the abutments using the equipment.  

Each datalogger requires a power source consisting of a rechargeable lead-acid battery, current 

regulator, and wall charger (to be plugged into the 125V electrical outlets located in the box 

girder). 

III.2 System Description 

As shown in this instrumentation document, Piers 2 and 4, as well as Spans P4-6D and 

P2-4U are instrumented with Geokon vibrating wire strain gages.  The data transmitted by these 

gages will be collected and organized by equipment from Campbell Scientific.  Strain gage data 

from Pier 2 and Span P2-4U and the west abutment sting pot readings will be collected by one 

datalogger system while data from pier 4 and span P4-6D and the east string pot readings will be 

collected by another.  Each system consists of the same basic components from Campbell 

Scientific: 3 model AM16/32B multiplexers, 2 AVW200 vibrating wire interfaces, and a CR1000 

datalogger.  Each of the vibrating wire strain gage leads will be connected to one of 16 inputs on 

a AM16/32B multiplexer (36 leads in the pier 4 - span 4 system, 48 leads in the pier 2 - span 2 

system).  The use of multiplexers allows a vibrating wire interface to be able to read up to 32 

gages in succession at a time.  Each multiplexer is then connected to a vibrating wire interface.  

The vibrating wire interface (AVW200) converts the frequency signal of the VW gage to a 

recognizable signal to the datalogger.  Each vibrating wire interface can accept up to two 

multiplexers at a time, therefore two interfaces are required in each system to accept the 3 

multiplexers.  The two vibrating wire interfaces in each section are then connected to the 

CR1000 datalogger which collects, organizes, and stores the data at a programmed rate.  This 

data can then be transferred to a computer and erased from the datalogger memory for 

analysis.  Fig. III.a and III.b show the system configuration with respect to the bridge piers and 

spans. 

 In addition to the data to be acquired from the aforementioned VW strain gages, overall 

expansion and contraction information of the bridge due to temperature loading is desired.  To 

achieve this, a measurement device is to be placed at each expansion joint located at the 

abutments of the bridge.  The device chosen to accomplish this is a linear potentiometer.  Linear 

potentiometers are capable of measuring large displacements very accurately and are very 

resistant to environmental conditions.  These qualities make them desirable in this situation as 

they will be placed in exposed environments and a displacement range of ~12 inches is desired 

according to the bridge plans.  The linear potentiometer ordered is the HX-P420 from 

Unimeasure, Inc.  This model was selected because of its rugged design, ability to handle a wide 

temperature range, and the option of using long lead wires due to a current output instead of a 

voltage output.   
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III.3 Equipment Description 

Campbell Scientific (www.Campbellsci.com) manufactures the data acquisition 

equipment used in the data acquisition system described above.  These instruments are 

compatible with the Geokon model 4200 vibrating wire strain gages already installed in the 

structure as well as the Unimeasure linear potentiometers installed in the abutments.  The 

specifications for all Campbell equipment can be found on the Campbell Scientific website.  The 

specifications for the string pots are shown below. 

 

Table A.10: HX-P420 Linear Potentiometer Specifications 

General 

Measurement range: 15” 

Performance 

Linearity….±0.20% FS 

Repeatability…….±0.015% FS 

Resolution………Essentially Infinite 

Electrical 

Output………….User adjustable 4-20 mA 

Excitation Voltage….9 to 35 V DC 

Min. Supply voltage..(.02 x Load Res.) + 9 VDC 

Insulation Resistance…..100 Megaohms min. at 

100 VDC 

 

Adjustment Range 

4mA……………………0 to 30% of Range 

20mA………………….80% to 100% of Range 

Protection………………Reversed Polarity 

Environmental 

Thermal Coefficient of Sensing 

Element….±100PPM/⁰C Max 

Operating Temp……………………………-40⁰C to +95⁰C 

Operating Humidity………………………..100% 

Shock……………………………………50 G @ 0.1 ms Max. 

Vibration………………………10 Hz to 2000 Hz, 15 G 

peak 

Ingress protection 

   Exclusive of Wire Rope area NEMA 4 

 

 

III.4 Installation of DAQ Equipment 

 As mentioned, there are two main data acquisition systems for the strain gages installed 

in the substructure and superstructure. The data acquisition equipment that will be used to 

collect data from Pier 2 and Span P2-4U will be placed partly at a location midway between the 

pier and span P2-4U and partly in the pier table.  The equipment to be placed in the pier table 

consists of one multiplexer, whereas the equipment to be placed at the midway location 

consists of two multiplexers, two vibrating wire interfaces, and one datalogger as well as 

supplies to power the system.   

 The leads from the gages located in the pier walls exit at four different locations in the 

pier table.  The 14 leads from the upstation wall exit at two different points through the 

upstation pier table diaphragm: 7 exit on the north side of the web and 7 exit on the south side.  

Likewise, the 14 leads from the downstation wall exit through the downstation diaphragm, 7 on 

each side of the center box girder web.  The leads in the pier table will all be spliced and run to 

one location on the north side of the center web in the box girder, this will be done by running 

the south side leads through the holes created in the center web by the form traveler.  16 leads 

will then be connected to the multiplexer in the pier table.  The remaining 12 leads as well as 

the multiplexer communication wires will be bundled and run along the center of the box girder 

to the equipment location midway between the instrumented span and the pier.  

 The 20 leads exiting in span P2-4U will also be bundled and run to the midway 

equipment location.  These leads along with the 12 pier leads will be connected to the two 

multiplexers at the location, the multiplexers will be connected to the vibrating wire interfaces, 
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and the interfaces connected to the datalogger.  All equipment will be placed in enclosures to be 

placed on the interior girder floor.  Power will be provided by a 7Ahr rechargeable battery with a 

float charger and regulator connected to the 125V receptacle located inside the box girder. 

 The strain gage leads and DAQ equipment in the instrumented sections near Pier 4 will 

be configured similarly although Pier 4 has only 16 leads to be connected.  Because of this, all 

Pier 4 leads will be connected to the multiplexer located in the pier table and no leads will need 

to be bundled and run to the midway equipment location in Span 3 although the multiplexer 

connection wires will still need to be run to the midway location.   

 The equipment locations corresponding to the instrumented sections are shown in Fig. 

A.III.4.1 a-b. 

 

 
 

Fig A.III.4.1 (a): DAQ equipment locations (pier 2) 

 
 

 

Fig A.III.4.1 (b): DAQ equipment locations (pier 4) 

 

Instrumented Section 

Instrumented Section 

Equipment Location 

Equipment Location 

Bundled Leads 

Instrumented Sections 

Instrumented Section 

Equipment Location 

Bundled Leads 
Multiplexer connector 
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III.5 Installation of Linear potentiometers  

 One P-420 linear potentiometer will be installed at each end of the superstructure.  The 

linear potentiometer (a.k.a. string pot) will be mounted on the exterior surface of the end 

diaphragm of the superstructure at the centerline of the box girder.  It will be mounted under 

the ledge of the diaphragm as shown in Fig.A.III.5.2.  The measuring cable from each pot will 

then be extended to the abutment face and fastened in order to measure the amount of 

expansion and contraction between the superstructure and abutment throughout the year’s 

temperature changes.  The string pot range of measurement has been chosen based on the 

design range of the expansion joints in each abutment.  The design of the bridge required an 

expansion joint range of plus or minus 6 inches for a total of 12 inches.  Because of this required 

range, the string pot range has been chosen to be 15 inches to accommodate the 12 inch 

required design expansion and leave some room for variability in installation due to the position 

in the range that the string pot is installed.   

 
Fig A.III.5.1: Placement of Linear potentiometers in superstructure at abutment 

 
Fig A.III.5.2: String pot placement (elevation view) 

 

The string pots will be mounted directly to the concrete box section by drilling anchor points 

and securing the devices with mounting bolts.  The measuring cable from the string pot will be 

extended and mounted in a similar fashion to the face of the abutment.  The exact configuration 

will be decided upon installation.  

 The data produced by these instruments will be collected by the CR1000 dataloggers 

located on the interior of the superstructure box as discussed earlier.  The leads from the 

potentiometer will be run through the diaphragm at each end via the 78mm electrical conduit 

on the west end of the superstructure and via the formed voids for future post-tensioning on 

the east end.  A current shunt needs to be used to read the 4-20mA output of the linear 

potentiometer by the datalogger.   

String Pot  

String Pot  
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 Multidrop interfaces will be used to connect all devices via the CR1000 dataloggers to a 

cell phone modem at the west end of the superstructure which will then transmit the data over 

a broadband cell phone signal. 

 

 

III.6 Summary 

 There will be 5 equipment locations total as shown in figure A.III.6.1, 4 of which are 

sensor connection locations and one in which the cell phone modem will be located.  The 4 

aforementioned locations will require power from the interior power/lighting plan described in 

the bridge plans.  One linear potentiometer and a temperature sensor are yet to be installed at  

each abutment. 

 

 

 

 

 

 

Fig A.III.6.1: Equipment locations along bridge 

 

  

Equipment locations circled 

Cell Phone Modem  

location 
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