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ABSTRACT

The objective of this study was to develop accurate prestressed girder camber calculations and
validate them with available data. The project team conducted a thorough literature review and
analyzed recent girder camber research efforts in other states. The project collected existing data
on 189 Missouri bridge girders. The project also collected field data and cylinder samples from
four girders during fabrication. The camber prediction equations and parameters were evaluated
and compared to the field data. The study found that the current prediction method under-predicted
the initial camber measured in the field on average by about 23%. However, investigation also
found that the field measurements may have had error due to sag in the measurement string line.
The study found that the effect of the overhang (girder length past storage support locations) affects
the camber. Temperature effects were found to be another source of camber error. The current
camber calculations were modified to include the effect of the girder overhang and a continuous
time-dependent prediction of camber. In addition, guidelines for camber measurement were
developed. The modifications to the camber prediction reduced the underprediction of camber to
less than 4% on average and decreased the average error from 35% to 20%. This yielded
predictions that were in most cases within £25% of the measured camber. The proposed method

was implemented into a computer spreadsheet for easy calculation.
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EXECUTIVE SUMMARY

The objective of this study was to develop accurate prestressed girder camber calculations and
validate them with available data. Accurate bridge camber in prestressed concrete girders is a
critical design component in the ride, appearance, maintenance requirements, slab placement, and

overall life of a concrete bridge superstructure.

A literature review found several previous studies that have highlighted the difficulties in
predicting initial and long-term camber. Even with improvements to equations, accuracy was at
best in the £15% range. The primary causes of camber error were concrete compressive strength,
concrete modulus, temperature effects, creep and shrinkage parameters, support geometry, and

camber measurement errors.

Data from 189 girders with initial camber and 33 girders with later camber measurements before
hauling were analyzed to evaluate the accuracy of the camber calculation procedure. In addition,
field measurements were conducted on four girders, including material characterization tests for

concrete strength gain with time, modulus, and creep.

The current camber measurement showed an average under-prediction of the camber by about
23% with a RMSE of 0.81 in. and average error of 35%. The camber measurement method in two
precast plants were compared. It was found that the self-weight of the string line used to measure

camber caused a significant sag and led to larger than actual camber measurements.
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A systematic look at the parameters affecting the accuracy of the initial and long-term camber
predictions was undertaken. The parameters of overhang length, concrete modulus, concrete
strength/age, temperatures, prestressing force, section properties, temperature during curing,
concrete density, strand eccentricity, creep, shrinkage, humidity, and long-term analysis method
were systematically investigated. The investigation found that the length of the overhang (distance
past temporary supports) does affect camber. A change in overhang length from O ft. to 4 ft. can
cause a change in camber of about 20% (average change based on girder data set). Analysis
equations used in PGSuper can be used to include the effect of overhang in the initial camber.
Concrete modulus equations from different sources only changed the camber prediction by about
4%. Using the measured compressive strength, decreases the trendline slope of the measured to
predicted camber by 10%. Increased temperatures during curing can temporarily reduce prestress
forces and reduce camber by about 12%. Daily temperature changes cause a thermal gradient in
the girder and can increase camber by 25% with a 25 °F temperature change. The effect of
temperature should be considered in the camber results. In order to mitigate the effect of
temperature, camber can be measured at least 72 hours after form release, and in the morning
(Tadros 2015). Other factors investigated did not significantly change the camber prediction. The
project also found that procedures and tolerances for the measurement of camber and location of

temporary supports at prestress girder plants are needed.

The main changes in the camber calculation equations compared to the current MoDOT method

arc:
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e Incremental time-step approach. Rather than determining camber at transfer, 7
days, and 90 days, camber can thus be determined at any point in the life of the
girder.

e Include effect of overhang length on camber.

e Additional options to include the effects of prestress loss due to elevated concrete

temperatures during curing and daily temperature effects on camber.

The modifications to the camber calculation reduced the underprediction of camber to less than
4% on average (when sag in the string line measurement was accounted for) and decreased the
RMSE from 0.81 in. to 0.30 in. and the average error from 35% to 20%. This yielded predictions
that were in most cases within +25% of the measured camber. ~The proposed method was

implemented into a computer spreadsheet for easy calculation.
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CHAPTER 1: INTRODUCTION

Accurate bridge camber in prestressed concrete girders is a critical design component in the ride,
appearance, maintenance requirements, slab placement, and overall life of a concrete bridge
superstructure. However, errors in the calculation of the prestressed girder camber may lead to
difficulties during construction. Less than expected camber may increase the concrete needed to
meet the deck slab bottom which causes additional weight to the superstructure. On the other hand,
a higher-than-expected camber can result in difficulties in meeting planned deck grade.
Differential camber is an issue with phased constructed bridges, as the girders from each phase
can be fabricated and delivered at widely varying times, resulting in differences in camber. These
cases cause undesirable sequences that may result in delays in the construction and increase the
cost of material and labor. The motivation of this study was to improve the prestressed camber

calculation and provide a validated calculation tool.

The study looked closely at possible contributors to the causes for error in camber, including
concrete properties (e.g., strength, stiffness, creep), prestressing tendon relaxation, beam storage
conditions, and camber measurement methods. Changes in some of these methods and conditions
(such as the use of high-performance concretes) over the years have additionally led to more
inaccuracies in the current camber calculations. This project evaluated the sources of error in
camber calculation and measurement and developed a new calculation model validated with

measured field data.



1.1 Research Objectives and Methodology

The main objective of this project was to develop accurate prestressed girder camber calculations

and validate them with available data. To achieve this objective, specific objectives included:

Evaluation of the existing camber calculation and measurement techniques. This
was conducted through literature review and analyzing the recent girder camber
research efforts in other states.

Collection of existing data and gathering of additional data on Missouri prestressed
concrete bridge girders.

Evaluation of the camber data and comparison of calculated camber by different
camber models.

Development of an accurate calculation method considering time-dependent effects
for camber.

Validation of the calculation method with the existing and field data from Missouri
bridges, as well as custom measurements on prestressed girders at a pre-casting

plant.

1.2 Organization of Report

This report is organized as follows:

Chapter 2 summarizes the previous research in camber calculation with a view to
identify possible parameters for improved camber calculation. The chapter also

reviews the main approaches to camber calculation.



Chapter 3 describes the available field data from 189 girders with initial camber
measurement, and 29 girders with later camber measurements before hauling. In
addition, field testing was conducted for two bridge pours comprising four girders
including material characterization tests for concrete strength gain with time,
modulus, and creep.

Chapter 4 describes the evaluation of the parameters that affect camber calculation.
The parameters were considered in relation to the field data and evaluated to
determine which changes improve camber calculation.

Chapter 5 describes the proposed camber calculation method and camber
measurement method. The chapter also details the guidelines for the use of the
spreadsheet to calculate the camber.

Chapter 6 provides the summary and conclusions for this study including

recommendations and suggestions for practice and future research.



CHAPTER 2: BACKGROUND

Precast, pre-tensioned concrete beams (PPCBs) use prestressed steel to improve the flexural
resistance of the beam. When prestressing steel is below the centroid of the beam, this causes an

upward deflection that is counteracted by the self-weight of the member, resulting in a camber.

Accurate camber in prestressed concrete girders is a critical design component in the ride,
appearance, maintenance requirements, slab placement, and overall life of a concrete
superstructure bridge. The camber calculation helps to determine haunching requirements when
the girder is placed, as well as slab deck requirements. Differential camber is an issue with phased
constructed bridges, as the girders from each phase can be fabricated and delivered at widely
varying times, resulting in differences in camber. However, there are some difficulties in
accurately calculating this camber. Designers may have challenges with accurately predicting the
variables employed in the design, such as concrete properties, prestress force, and temperature
effects. During fabrication, there may be problems with the methods of camber measurement and

storage conditions implemented with PPCBs.

Furthermore, PPCBs exhibit time-dependent structural responses due to the time-dependent
characteristics of the constituent materials. Concrete used in prestressed members exhibits aging,
creep, and shrinkage at normal service temperatures and environmental conditions. While
conventional reinforcement does not exhibit measurable creep or relaxation at service
temperatures, high-strength prestressing strands do exhibit relaxation loss.  Furthermore,
temperature changes can affect the camber. The long-term variation of camber with time also

needs to be understood for Missouri bridges to allow for more accurate camber calculations.



The previous issues mentioned have led to variations in the calculated to measured camber by as

much as 50% (Tadros et al. 2011). In order to understand variations in camber calculations, the

previous studies and factors that affect camber need consideration.

2.1

The estimation of camber and comparison with field data has been a topic in many previous

studies. Table 2-1 gives an overview of some of the previous work and details of selected works

Previous Studies

are given in the following sections.

Table 2-1: Previous research of camber calculation methods

State (year) Method Conclusion
Existing analytical methods can lead to
Alabama Monitored five AASHTO BT-54 accurate expectations of HPC girder camber
(Stallings et al. girders for Alabama’s HPC and prestress losses if the properties of the
2003) Showcase Bridge. material used in the calculations are measured
in girder construction.
Arkansas Underestimation of concrete elastic modulus
(Mohammedi 9 PPCB instruments and materials . .
and prestress losses. Suggest a modification to
and Hale tested. I
2018) the long-term multiplier.

Idaho (Brown
1998)

Theoretical analysis of time-

dependent camber.

Developed a time-dependent model for camber
prediction.

Iowa giﬁgﬁg d d:::tfe(ﬁailns ti)rfflc) :r?lf; Recommended best practices for camber
(Honarvar et. of 100 PPCBs, monitored long- measurement and proposed new long-term
al 2015) term camber 66 PPCBs. multipliers.
Minnesota Examined camber records of Found higher than design concrete strengths,
(O’Neill and 1,000 PPCBs, measured material and lolw er strand stresis at. release dllle tg
French2012)  properties thermal effects and relaxation. Develope
' multipliers to predict long-term camber.
Examined camber prediction . .
Mississippi practices  of severa{) states Suggested improvements to material property
L .7 data and revised multipliers for camber
(Tomley 2019) evaluated  historical  material -
prediction.
property data.



State (year)

Method

Conclusion

Missouri
(Yang and
Meyers 2005,
Gopalaratnam
and Eatherton
2001)

Evaluated prestress loss estimates
in an HPC bridge. Monitored an
extensively instrumented HPC
bridge.

Compared prestress loss estimates and
recommended procedure, evaluated prestress
losses, creep and shrinkage, and temperature
effects.

North Carolina
(Rizkalla et al.
2011)

Evaluated material property data
and other factors for camber
prediction with field
measurements and site visits.

Concrete  strength, form deformations,
debonding length, and temperature gradient
affected camber prediction. Developed

detailed and approximate method to predict
camber.

Oklahoma
(Jayaseela and
BRUCE 2007)

Analytical  investigation  on
parameters affecting long-term
deflections and camber.

AASHTO time-step methods, NCHRP 496,
and PCI Design Handbook method produced
comparable results.

Texas (Byle et
al. 1997,

Measured camber and prestress
loss and compared predictions.

Analytical time-step program produced
accurate results, proposed multipliers for hand

Bayrak et al. Evaluated prestress loss calculations, developed new prestress loss
2012) prediction. prediction formulas.
Washington Time-dependent computer Response 1s sensitive to prestrgss loss, elagtlc
. . . modulus, and creep -coefficient. Applied
(Rosa et al. analysis verified with measured X .
adjustment factors for elastic modulus and
2007) camber.

creep coefficient.

2.1.1 Tadros (2011)

Tadros (2011) discussed camber variability and ways to improve the accuracy of camber
predictions. The report includes detailed equations used to predict both long-term and initial
camber. The equations from Tadros (2001) are one of the sets equations analyzed in this study
and are presented in Appendix A. The initial camber equation includes the effect of storage
conditions, debonded strands, and transfer length. Tadros et al. (2011) found that variability of
initial camber can arise from the variability of the concrete modulus (Eci values can vary by £22%)),
differences in the actual vs. design concrete strength at release, differential temperature, initial
prestress, girder weight, and storage conditions. Additional factors found to have less influence
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include the prestressing force and section (use of gross vs. transformed section properties),
debonding length, and friction at girder ends. For the long-term camber, it was found that the
AASHTO LRFD requirements including prestressing losses, and concrete modulus of elasticity,
creep, and shrinkage prediction equations can be effectively used. A constant aging coefficient of

0.7 is applied to the prestress losses.

2.1.2 Tadros (2015)

A later work by Tadros reported that the causes of initial camber variability include the concrete
modulus of elasticity (22% error), curing vs. ambient temperatures reducing prestressing force,
location of lifting inserts and storage supports, and errors in the estimation of prestress force and
girder self-weight. Tadros (2015) suggested allowing a girder to cool for 72 hours before
measuring the camber to remove the effect of the strand detensioning due to curing temperatures
and measuring the camber in the morning for a neutral thermal gradient. Even so, camber
prediction may be accurate to only within +25%. Recommended tolerance levels were +1/2 in.

for a predicted camber < 1 in. and +50% for predicted cambers > 1 in.

2.1.3  Gilbertson and Ahlborn (2004)

Gilbertson and Ahlborn (2004) looked at the inherent variability of the parameters used to estimate
prestress losses. The study found that the parameters with major influence include the jacking
stress (£6 ksi), concrete compressive strength at release (£1,300 psi), relative humidity (= 9%),
and strand eccentricity (+1/16 in.). These parameters can cause a variation of the prestress loss on

the order of 20% or more.



2.1.4 Nguyenetal (2015)

Nguyen et al. (2015) investigated the impacts of variation in temperature on the camber before
casting the deck. The paper presented an experimental work, which involved monitoring of the
prestress girder camber and temperatures. The experiment work found that in two girders (lengths

172 ft. and 164 ft.) the temperature in the top flange may reach 100°F while the bottom is at 65°F.

The temperature variation in one day caused a change in camber of 0.6 in. and 0.5 in. in the girders.
The experimental data were used to generate validated theoretical camber caused by temperature
variation. A new practical method was developed which allows the designer to predict the camber
in a bridge girder caused by diurnal temperature variations. The possible variation in camber in

12 hours becomes:

al, L?
Acamber = T (Tmax - Tmin) ? 2-1

where:

Tmax = maximum air temperature during the 24-hour period,

Tmin = minimum air temperature during the 24-hour period,

a = coefficient of thermal conductivity 5.5 x 10°%/°F (9.9 x 10°%/°C),
A1 = calibration factor, assumed to be 1.28,

L = length of the prestressed girder,

h= the girder height,

A camper = camber variation due to temperature.



2.1.5 Washington Study; Rosa et al. (2007)

To improve the accuracy of camber prediction, (Rosa et al. 2007) developed a computer program
to predict the camber as a time function. This program was compared with the measured camber
from 146 girders, and the long-term camber calculations were compared with the measured values

of 91 girders. The program was calibrated to minimize the error in the camber predictions.

Camber measurements made by the researchers using a self-leveling laser level were compared to
those made by the precast yard using a tape measure (while lifting the girder measurement of the
distance to the casting bed taken at ends and middle). The variation in the measurement methods

was about 0.25 in.

The research recommended the AASHTO equations for predicting the modulus of elasticity and
the creep coefficient of concrete multiplied by calibrated adjustment factors of 1.15 for modulus
and 1.4 for the creep coefficient. These factors can be calculated based on local material testing.
In addition, the prestress losses had to be considered when calculating the creep component of the
camber. The report mentioned that the beam overhang effect due to temporary supports needs to

be taken into account in the camber calculations.

In the set of 146 girders analyzed, the predicted camber using the previous standard WSDOT
method was larger than the measured camber by an average of 0.42 in. with the error increasing in
longer girders. The modified WSDOT method with the factors applied reduced the average error
to 0.14 in. when using the design concrete strength and 0.03 in. when using the measured concrete

strength.



2.1.6  North Carolina Study; Rizkalla et al. (2011)

Rizkalla et al. (2011) looked closely at factors related to girder production to improve camber
predictions. The factors considered include concrete compressive strength at release (on average
25% higher than design), concrete compressive strength at 28 days (on average 45% higher than
design), concrete elastic modulus (15% less than AASHTO predicted), variation of concrete
properties within a girder, variation of prestress force with temperature (for 60°F temperature
change during curing prestress force can reduce by 7%), the effect of thermal gradients, and

debonding length.

The report proposed a detailed and approximate method in camber prediction. Correction factors
for both methods used included: 1.25 for the design release compressive strength of concrete, 1.45
for the design 28 days compressive strength of concrete, and 0.85 for the concrete modulus of

elasticity ki factor in the AASHTO LRFD model.

The proposed method uses AASHTO (2012) for calculating the prestress losses, concrete creep,
and concrete shrinkage, which is the same as MoDOT specifications. The author recommended
recognizing the temperature gradient effect on the camber measurement and found that the transfer
length of the PPCB affected the camber of the PPCB. However, the method ignores the effect of

the overhang on the camber.

The original NCDOT method over-estimated the camber of the girders by an average of 52%,

while the proposed approximate method reduced this to 16% and the detailed method to 6%.
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2.1.7 Minnesota Study, French and O’Neill (2012)

French and O’Neill (2012) looked at historical data from 1,067 girders and found cambers at
release and erection were 74% and 83.5% of the predicted values. They developed a computer
program that evaluated the influence of time-dependent effects such as solar radiation, relative

humidity, concrete creep, shrinkage, length of cure, and storage conditions.

French and O’Neill (2012) recommended a correction factor to the concrete properties, 1.15 for
the release design compressive strength of concrete, and recommended the AASHTO 2010
equation for concrete modulus. Thermal effects caused a strand relaxation of approximately 3%.

The correction increased the accuracy of the release camber to 99% but did not reduce the scatter.

For long-term camber, they found that solar radiation can change the camber as much as 15%
during the course of a day. In addition, the ACI 209R-92 models for calculating concrete creep
and shrinkage provided the best long-term results. The influence of temperature and relative
humidity on the creep and shrinkage were considered to predict the time-dependent camber.
Storage conditions were found to be important and recommended limits (e.g., at least 2 ft. but no
more than 8 ft. for certain girder shapes) to limit variability. Finally, a simple multiplier approach
was proposed to calculate the long-term camber that multiplied the release camber by different
factors (1.65 to 2.05) based on the girder age at erection. The proposed modifications were

expected to reduce camber variability to +15%.

2.1.8 Iowa Study, Honarvar et al. (2015)

To minimize the potential sources of errors between the designed and measured camber, Honarvar

et al. (2015) conducted a study that looked closely at concrete material properties and factors
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affecting release camber for 100 girders and long-term camber in 66 girders. The current lowa
method was found to over-predict camber in long bulb-tee girders 75% of the time, and under-

predicted in shorter girders.

They evaluated the factors that affect the release camber and found the impact of sacrificial strands
(2.6%), transfer length (1.5%), prestress losses (11.3%), and transformed vs. gross moment of
inertia (2.9%). For release camber, they recommended using AASHTO (2010) for concrete
modulus, increasing the concrete release strength (40% to 10%), the gross moment of inertia, and

including prestress losses.

Furthermore, the effects of concrete creep and shrinkage, overhang and prestress force, and the
temperature were considered. They found that the AASHTO (2010) creep and shrinkage models
gave the best estimates but still showed large errors. They proposed their own equations for creep
and shrinkage. In instrumented girders, they found that long-term camber varied as much as 0.75
in. in 24 hours due to thermal effects. Sophisticated analytical models including all the parameters
mentioned were able to predict the long-term camber within £ 15%. They proposed a set of
multipliers to improve camber predictions based on the amount of camber (< or > 1.5 in.), assumed

temperature difference (15°F), and overhang length (L/30).

2.1.9 Alabama Study; Stallings et al. (2003)

The over-estimation of camber and prestress losses for high-performance prestressed bridge
girders motivated Stallings et al. (2003) to improve the camber calculations. In this research,
camber and strains from prestressing transfer to bridge completion were measured for five

AASHTO BT-54 girders for Alabama’s HPC Showcase Bridge. In addition, the camber of 31
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girders was measured at an average concrete age of 200 days. Sample cylinders for creep,
shrinkage, and modulus of elasticity tests were cast and match-cured during girder production.
Modified properties using the ACI 209R-92 models for creep, and shrinkage were used to calculate
the camber and prestress losses up to the construction time of the deck. The field measurements

displayed good agreement with values calculated with measured material properties.

2.1.10 Arkansas Study; Mohammedi and Hale (2018), Feedle (2017)

A more recent study in Arkansas also aimed to improve the camber prediction accuracy. The
measured cambers were less than the design cambers due to concrete compressive strengths that
were 26% to 80% higher than the design strength, and the concrete elasticity modulus that were
20% to 50% higher than the design modulus. The researchers proposed a ki correction factor of
1.0 to 1.2 in the AASHTO (2014) equation for concrete modulus based on the aggregate source
and concrete compressive strength. The long-term camber multiplier was modified from 2.45 to

1.4. These modifications decrease the variation between the calculated and measured camber.

2.1.11 Idaho Study, Brown (1998)

Brown (1998) analyzed the current models for calculating the time-dependent camber of
prestressed concrete girders. A time-dependent model for predicting the camber was proposed as
well as a simple formula for estimating the camber at erection. The camber prediction of both
approaches was compared to the provided data by girder manufacturers in Idaho. Finally, the

author provided relevant approaches for predicting the camber in Idaho.
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2.1.12 Mississippi Study; Tomley (2019)

This research aimed to improve the camber prediction since MDOT experienced over- prediction
of the prestressed girders camber on several projects. To reach this goal, the author examined
camber prediction practices of several states and evaluated historical material property data. After
that, newly revised multipliers for long-term camber prediction were proposed with some

improvements to material property data.

2.1.13 Oklahoma Study; Jayaseelan and Russell (2007)

This study aimed to investigate the relevant literature about the prediction of prestress losses. In
addition, the research investigated the variation in concrete material properties. Recommendations
were made to ODOT and OTA for a more accurate calculation of prestress losses, camber, and

deflection. These recommendations are as follows:

e Addition of top prestressing strands in prestressed concrete girders to decrease the
long-term prestress losses and camber by about 69%,

¢ Addition of mild steel to increase the concrete beam stiffness and lower the long-
term camber by about 17.4%,

e Using the AASHTO Time-Step approach to calculate the losses and camber in

prestressed concrete bridge girder.

2.1.14 Summary of Previous Literature

Several previous studies have highlighted the difficulties in predicting initial and long-term

camber. Even with improvements to equations, accuracy was still not better than +15%. Most of
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the previous studies highlighted an over-prediction of camber, while a few noted an under-

prediction in shorter girders. The primary causes of camber calculation error were:

e Concrete compressive strength (on the order of 22% higher at release),

e Concrete modulus (many studies recommended the AASHTO 2010 equation for
modulus with k; factors from 0.85 to 1.2),

e Temperature (differences in ambient and curing temperatures causing reduction of
prestress force at release, and daily temperature variations causing as much as
0.75 in. change in camber),

e Creep and shrinkage parameters (most studies recommend use of AASHTO creep
and shrinkage models but some (Honarvar et al. 2015, Stallings et al. 2003) used
modification factors),

e Storage locations (overhang length in storage affects the girder camber and most
studies recommend including the effect),

e Variability in initial prestress and girder self-weight.

2.2 Camber Prediction Overview

The prediction of camber requires the estimation of the initial camber and long-term camber. The
initial camber is the summation of upward deflection caused by the prestressing strands and the
downward deflection caused by the girder’s weight. Long-term camber considers the time-

dependent factors that influence the camber such as creep and prestress losses.

The initial camber and deflection resulting from loads and the prestressing force and losses are

calculated based on the structural analysis theorems. The long-term camber can be calculated using
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three basic approaches with varying levels of computational difficulty: the multiplier method,

refined approach, and the incremental time-step analysis approach.

2.2.1 Multiplier Method

In the multiplier method, the instantaneous camber is calculated, and the long-term camber is
multiplied by set multipliers. This method is primarily based on the PCI multiplier method. For
example, in lowa, the instantaneous camber is calculated using the program CONSPAN. The
initial camber is multiplied by a multiplication factor (0.85 if f’¢c < 6ksi) and the final camber by
another factor (1.85 if initial camber < 1.5 in.). This is the simplest camber calculation and is used
in many states, but is based on set multipliers and may not be able to accommodate differences in

beam conditions.

2.2.2 Refined/Approximate Method

The refined or approximate method calculates individual components of prestress losses and creep
separately at discrete points in time. The method is primarily based on the refined methods in the
AASHTO-LRFD and PCI Bridge design manual and is currently used by MoDOT. MoDOT
suggests calculating the camber and deflections at four different times, which are the time of
release strands, 7 days after prestress transfer, 90 days after prestress transfer, and after the slab is
cast. The calculation of the camber at the defined time points are based on time-dependent

properties. Details of the current MoDOT equations to calculate camber are given in Appendix A.
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2.2.3  Incremental Time-Step Approach

Incremental time-step analysis can be used for the determination of prestressed girder deflection
and camber over time. These kinds of calculations are made practical by using a computer
program, for example, a spreadsheet. Compared to the discrete approach, this method can give

camber at any time point.

Aging, creep, shrinkage, relaxation, and prestress losses are all time-dependent phenomenon that
affects the deflection history of a prestressed member. All of these phenomena are nonlinear in
nature and have a coupled effect on the behavior of the member. All of these time-dependent
effects are also more significant in the early ages compared to later ages, and hence influence
camber prediction accuracies during construction of the bridge superstructure (e.g., deck slab
placement). Typically, lump-sum estimates of deflection often used while predicting camber do
not systematically account for the coupling or the nonlinear nature of these deflection
contributions. An incremental time-step approach, even though somewhat cumbersome, provides
a more realistic and accurate estimate of the contribution of these coupled nonlinear effects. This

approach is based on Naaman (2012) and the details of the method are given in Appendix A.

2.2.4 Camber Prediction Methods in Other States

Most states use one of the previously described generic methods to predict camber. Table 2-2

gives a summary of the methods used by some states.

Table 2-2: Comparison of camber prediction method by state

State Method of predicting

(year) camber Type of moment of inertia

Alabama Refined method Considers the gross moment of inertia.
17




State Method of predicting Type of moment of inertia

(year) camber

Arkansas Multiplier Considers the gross moment of inertia.

Minnesota ~ Multiplier C0n51ders. the gross moment of inertia. Long-
term 1.4 times initial.
Considers the gross moment of inertia. 1.65

Idaho Multiplier times self-weight induced; 1.55 times prestress
induced

Illinois Multiplier Considers the gross moment of inertia.

Towa Multiolier Considers the transformed moment of inertia.

P Initial camber times 0.85, long term times 1.65.
Kansas Refined method Considers the gross moment of inertia.
Design program

Mississippi  (CONSPAN,
PSBeam, or In-house)

Considers the gross moment of inertia.

Missouri Refined method Considers the transformed moment of inertia.

North. Refined method Considers the gross moment of inertia.

Carolina
Considers the gross moment of inertia.
Considers the non-composite for loads applied

Oklahoma  Multiplier before the slab is hardened. After that, the
composite properties of the girder shall be
considered.

Time-dependent
Texas computer analysis (PG Considers the gross moment of inertia.

super)
Time-dependent

Washington computer analysis (PG Considers the gross moment of inertia.
super)

Considers the gross moment of inertia. Long-

Wisconsin term 1.4 times initial.

Multiplier

2.3  Camber Measurement

In addition to the prediction of camber, the accurate measurement of camber is also critical.
Honarvar (2015) found release camber error and variability stemmed from bed deflections,
inconsistent beam depth, and bed friction and proposed a measurement method to reduce these

influences. They found that different measurement methods from the researchers (rotary laser
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level) and precasters (tape measure to bed) gave an average error of 19% and as much as 89%.
They recommend the use of a rotary laser level with several measurement locations and accounting
for bed deflections. French and O’Neill (2012) recommended a string line procedure using 80-1b.
fishing line. They highlighted that it is important to keep the self-weight of the string line as low

as possible to reduce sag in the measurement line.

The amount of sag in a string line can be calculated from simple structural analysis principles. The

sag is:

sag = — 2-2
where:
w = the self-weight of the string line (1b./ft.),
L = the length of the line (ft.),
H = the horizontal pull force (Ib.).
As can be seen in the equation, the self-weight of the string line is directly related to the sag in the
line. The choice of the lightest weight possible string would produce the best measurement. Also,
the sag is inversely proportional to the horizontal pull force. Consistent pulling forces are required

for consistent camber measurements.
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CHAPTER 3: MISSOURI BRIDGE CAMBER FIELD DATA

Data from 189 girders with initial camber and 33 girders with later camber measurements before
hauling was analyzed to improve prediction of camber on prestressed girders in Missouri. In
addition, field testing was conducted on four girders including material characterization tests for

concrete strength gain with time, modulus, and creep.

3.1 Girder Properties

Field data from bridge girders was mostly available on NU shape girders commonly used in
Missouri. Figure 3-1 and Figure 3-2 give the distributions of the number of bridges with the girder

types in the study compared to the Missouri prestressed bridge inventory.
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Figure 3-1. Number of bridges in study for each girder type
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Figure 3-2. Inventory of Missouri bridges based on girder type
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Figure 3-3 gives the distribution of the length of the girders in the analysis database. The average
length of the girders was 99 ft. The average length of NU girders in the Missouri inventory was
74 ft. Although the study database is, in general, longer than the inventory average, the distribution

is thought to match well enough to give a basis for the evaluation of the camber calculation method.

Most of the field measurements came from the two major precast plants in Missouri. Sixty-eight

girders were from precast Plant #1, and 115 girders were from precast Plant #2.
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Figure 3-3. Distribution of girder length in the study database

3.2 Camber Measurements and Predictions

Camber field measurements were provided by MoDOT as collected by the precasters. At precast

Plant #1, the general method to measure camber was to string a taut mason’s line along a form
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seam line on the beam, as shown in Figure 3-4, directly after the beam was placed on temporary
supports. The location of the supports varied from 20 in. to the depth of the girder. At precast
Plant #2, a Kevlar braided string was hooked to an extended piece of prestressing steel and strung
along the bottom of the beam to the other side while the beam was suspended by the lifting inserts.

The plant tried to use the same technicians to pull the string to a similar level for each girder.

2
2.

Figure 3-4. Seam line in beam for precast Plant #1

A comparison was made between the field measurements and the predicted cambers listed on the
bridge plans. The predicted 7-day camber using the current MoDOT procedures is generally lower
than the field measured camber in the bridge plans by about 25%. It is noted that the predicted

camber is at 7 days, and the measured camber usually occurs on the day the strands are cut (usually
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1 to 2 days after pouring the concrete). Although this is an important difference, the comparison
here is made simply to evaluate given data. Camber at transfer is calculated in Figure 3-7. When
the measured camber is compared to the 90-day camber listed on the bridge plans (Figure 3-6), the
measured camber is generally less than that at 90 days. This agrees with the precaster’s
observations that the camber measured at transfer is between the 7-day and 90-day predicted

cambers.

] Seriesl

X=y
25%
-25%

........... Linear (Seriesl)

Camber at 7 days per MoDOT plans

R*=0.9574
0 1 2 3 - 5 B 7

Measured Camber at Transfer (in)

Figure 3-5. Comparison of camber at 7 days on bridge plans and measured camber
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Figure 3-6. Comparison of camber at 90 days on bridge plans and measured camber

A spreadsheet was created to compute the initial camber at transfer for all the selected girders in
this study. The spreadsheet follows the current MoDOT camber equations as listed in Appendix
A. As can be seen in Figure 3-7, the analysis using the spreadsheet developed in this study gives a
similar result to the camber at 7 days listed on the bridge plans (Figure 3-5). In addition, the
measured camber is higher than the predicted camber with an average absolute error of 35%, or a
RMSE (root mean square error) of 0.81 in. This means that due to errors in the prediction equation,
or errors in the measurement method, the camber is underpredicted by about 23% (trendline slope

=0.77).
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Figure 3-7. Camber prediction at transfer using current MoDOT method

3.2.1 Camber Measurement Method

Figure 3-8 shows the subset of girders from precast Plant #1, while Figure 3-9 shows the subset
from precast Plant #2. While both plants show a similar amount of under-predicting the camber at
transfer, precast Plant #2 shows less variability ( = 0.973) in the data. This is likely due to the

measurement method using a Kevlar string that is pulled tight by the same technicians.
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Figure 3-8. Comparison of predicted and measured camber from precast Plant #1
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Figure 3-9. Comparison of predicted and measured camber from precast Plant #2
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One possible reason for the overall under-prediction of camber is error in camber measurement is
due to sag in the string line used to measure camber, or inconsistency with the pulling force.
Equation 2-2 is a theoretical equation used to predict the sag in the line. It shows that the sag is

related to the weight of the string line, length of the line, and the pulling force.

In order to verify the sag, an experiment was conducted. Two types of string lines were evaluated.
A 1.7 mm braided Kevlar line used by Plant #2 which weighs 0.0016 Ib./ft., and an 80-Ib. test
braided fishing line which weighs 0.00013 1b./ft. (similar to the line used in French and O’Neill
(2012)). Each line was stretched over a distance of 100 ft. and different weights hung vertically
from the ends of the line to create the pulling force. The sag in the line was measured with a rotary
laser level with an accuracy of 0.05 in. The results in Table 3-1 show that the sag in the Kevlar
line was quite high, as much as 1 in. with a strong pull force of 30 Ibs. However, due to the lighter
self-weight of the line, the braided fishing line only had a sag of about 0.05 in. under a similar
level of force. Furthermore, the measured and predicted sag was accurate to about 0.2 in. for the
Kevlar and 0.01 in. for the fishing line, indicating that the equation used to predict the sag is

accurate.

The Kevlar string used by Plant #2 weighs 0.0016 Ib./ft. Assuming a pull force of 35 Ibs., the
predicted sag in a 100 ft. line would be 0.68 in. using Equation 2-2. If a correction for sag is
applied to all of Plant #2 girders, then the result in Figure 3-10 is obtained. The slope of the
trendline increased by 25% and resulted in the average camber measurement only 4% less than the
predicted value. This result showed that the sag error may be significant and the possible cause

for the under-predicted camber.
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For Plant #1, the type of line used for camber measurements was less consistent. Based on
conversation with plant personnel, the type is like a mason’s line, which would have a similar

weight to the Kevlar line.

It is recommended that future string line measurements use the lightest weight line that will
withstand the pull force and abrasion along the concrete. Furthermore, a method for consistent
pulling force (perhaps by use of a scale to measure the level of force) would increase the

consistency of the camber measurement.

Table 3-1. Measured and predicted sag in string line

1.7 mm braided Kevlar
Weight | Measured sag Predicted sag | Error

(1b.) (in.) (in.) (in.)
17 1.65 1.42 0.23
29 1.05 0.83 0.22
35 0.95 0.69 0.26
44 0.7 0.55 0.15

80 1b. braided fishing line
Weight | Measured sag Predicted sag | Error

(1b.) (in.) (in.) (in.)
13 0.15 0.15 0.00
26.8 0.05 0.07 -0.02
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Figure 3-10. Comparison of predicted and measured camber from precast Plant #2
correcting for the line sag

3.3 Field Measured Cambers

In Plant #1, four girders were monitored for the construction of two bridges. The concrete mix
design is given in Table 3-2, and the properties of the girders are shown in Table 3-3. Bridge #1
was cast on 4/27/2021, and the strands cut on 4/29/2021, two days after casting. Bridge #2 was
cast of 5/4/2021, and the strands cut on 5/5/2021, one day after casting. For Bridge #2, the initial
break of the cylinders in the morning of the prestress release (cutdown) was low, so the strands
were cut at noon after the concrete strength had increased. The average of three cylinder tests for
the measured concrete compressive strength and elastic modulus for 4x8 cylinders taken from the

bridges are given in Table 3-4.
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Table 3-2. Concrete mix design quantities

Material Design quantity (per yd®)
Coarse aggregate (E limestone) 1,490 1bs.
Sand (Missouri River) 1,195 1bs.
Cement type 111 850 1bs.
Air entrainer (Daravair 1400) 41.44 oz.
AdvaCast 585 96.05 oz.
Water 4,596.6 oz.

Two additional cylinders from Bridge #2 were tested for creep under sustained compressive load
following ASTM C512. The cylinders were placed under a compressive load of 31,000 Ibs. (2,468
psi) as shown in Figure 3-11. The 28-day compressive strength for this concrete batch is about
124,000 1bs. (9,870 psi). The results, shown in Figure 3-12, show a similar behavior to both the
AASHTO and ACI equations for predicting creep strains and to previous concrete testing by
Gopalaratnam and Eatherton (2001). Overall, based on these two cylinders, the ACI equation
seems to be the most accurate at predicting the creep behavior. However, more data from

additional testing would be needed to confirm the trend.

Table 3-3. Properties of field-tested girders

Bridge Bridge #1 Bridge #2
Section type NU 54 NU 63
Height (in.) 53.16 63.00
Area (in.?) 743.88 801.72
Neutral axis depth (in.) 23.71 28.14
Moment of inertia (in.%) 297512 451,306
Cl to ClI bearing pad length 125.50 141.25
(ft)
End - end length (ft.) 126.42 142.13

Table 3-4. Measured concrete compressive strength and modulus
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Bridge #1 (pour date: 4/17/2021, release date: 4/29/2021)

Concrete | Ultimate strength (ksi) | Modulus of elasticity
age (ksi)
2 7,755 5,213
8 8,507 5,095
21 9,576 5,407
30 9,707 5,889
91 9,406 5,619

Bridge #2 (pour date: 5/4/2021, release date 5/5/2021)

Concrete Ultimate strength Modulus of elasticity
age (ksi) (ksi)
1 7,306 4,686
14 8,919 5,329
90 10,885 5,776

Figure 3-11. Concrete creep test setup
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Figure 3-12. Creep testing results
3.3.1 Field Camber

Camber was also measured by the research team. A 30-lb. fishing line was used to measure the
camber. First, reference lines were drawn at both ends and the middle of the girder using the string
line pulled to about 20 Ibs. force before the strands were cut. Then, the strands were cut, and the
girder moved off the bed and placed on temporary wooden supports. The string line was then
matched with pre-drawn reference line at both ends of the girder and pulled taut. The camber was
measured at the difference in the pre-drawn reference line at the middle of the girder and the
location of the string line after strands were cut. This procedure allowed the researchers to remove

the error resulting from the line sag. The camber growth for these girders was monitored over time

(see Table 3-5).
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Table 3-5. Camber measurement and prediction

Predicted camber at
. release (in.)
Bridge Girder Date Coggzete c{:rlr?llaclr MoDOT ACI
ID (days) (in.) procedur; .
Discrete Time- | Time-

step step

1 IBO01 | 4/29/21 2 2.75 3406 | 3.406 | 3.39
1 IB002 | 4/29/21 2 2.3125 3406 | 3.406 | 3.39
1 1B0O1 5/4/21 7 3.25 4.056 | 4.048 | 3.66
1 1B002 5/4/21 7 2.875 4.056 | 4.048 | 3.66
1 1B0O1 5/14/21 17 3.75 4.608 | 4.604 | 3.87
1 1B002 | 5/14/21 17 3.125 4.608 | 4.604 | 3.87
2 1B0O1 5/5/21 1 3.25 2.997 | 2997 | 2.99
2 1B002 5/5/21 1 3.5 2997 | 2997 | 2.99
2 1B001 5/14/21 10 4.125 3.726 | 3.717 3.2
2 IB002 | 5/14/21 10 4.375 3.726 | 3.717 3.2

A comparison shows Bridge #1 with over-predicted camber and Bridge #2 with under-predicted
(see Figure 3-14 and Figure 3-13). The measured camber for Bridge #1 girders at transfer was
(2.75 in. and 2.3125 in.) on average 26% lower than the calculated camber using existing MoDOT
procedures (3.406 in.). However, when considering overhang effect and the measured concrete

strength, the predicted initial camber became 3.36 in.

On the other hand, the measured camber at transfer for Bridge #2 girders was 3.25 in. and 3.5 in.,
on average 12% higher than the predicted initial camber (2.997 in.). However, when considering
overhang effect and the measured strength the predicted camber was 3.33 in. The measured values
are within -2% and 5% of the predicted value at the time of transfer. At the time of 10 days, the
measured camber was 4.125 in. and 4.375 in., on average 14% higher than predicted (3.73 in.)
using the original MoDOT procedures, and about 2% higher if considering the effect of overhang

and measured release strength.
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34 Summary

Data from 189 girders with initial camber and 33 girders with later camber measurements before
hauling were obtained. In addition, field testing was conducted on four girders, including material

characterization tests for concrete strength gain with time, modulus, and creep.

The girders selected for this study were found to be reasonably representative of the inventory of
NU girders in Missouri. However, the current camber measurement showed an under-prediction
of the camber by about 23%. The camber measurement method in the two plants was compared.
It was found that the self-weight of the string line used to measure camber was causing a significant
sag and leading to larger than actual camber measurements. Field measurements were made on
four girders from two separate pours and cylinder strength, modulus, and creep data taken. The
field cambers showed an over-prediction of camber for one set of girders, while the other was well-

predicted.
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CHAPTER 4: CAMBER CALCULATION — A PARAMETRIC

ANALYSIS OF RELATIVE SENSITIVITY

To enhance the calculation of the initial camber for PPCBs, the parameters that influence the
camber need to be investigated. Factors that are used to determine the initial camber and that
influence the accuracy of calculation include the concrete stiffness modulus, concrete strength, the

prestress force, prestress losses, overhang length, and temperature. The factors are summarized in

Table 4-1. Details of each factor are given in Sections 4.1 to 4.7.

Table 4-1. Factors affecting initial camber calculation

Factor Details % Effect on camber*
Concrete The compressive strength varies with Increasing the compressive
compressive time, so the time of camber strength (fc) by 10% leads to a
strength calculation is important. Also, the decrease in the initial camber
aggregate strength, the ratio between calculation by about 4%.
the aggregate and cement paste, and
the type of cement affect the camber.
Concrete The concrete stiffness (modulus) is Increasing the concrete stiffness
modulus directly related to the concrete (Ec) by 10% leads to a decrease
strength and varies with time. It is in the initial camber calculation
important that prestress loss and early by about 8%.
age detection computations include
explicit modeling of the time-
dependent nature of the elastic
modulus of concrete.
Prestress Prestress force is affected by many Decreasing the initial prestress
force factors like the jacking force, strands’ force by 5% causes about a 10%

temperature variations, and prestress
losses.

decrease in the initial camber.

Initial losses

Initial prestress losses mainly consist
of seating, elastic shortening, and
relaxation after the preliminary

The overestimation of the initial
prestress losses leads to a
decrease in the camber;
decreasing the initial losses by
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Factor Details % Effect on camber*
tensioning to the bonding time of the 10% causes about a 1% increase
concrete. in the initial camber.

Support The location of supports in the storage Placing the storage supports at

conditions area affects the field camber distance equal to the girder
measurement. height from the end of the girder

leads to an increase in the initial
camber values by about 14%.

Using gross

The gross properties are calculated

Change in camber less than 2%

properties of based on concrete only, ignoring the if gross used instead of

the beam reinforcement and the prestressing transformed.
strands. MoDOT suggests using the
transformed properties of the beam in
the camber calculations.

Temperature Nguyen et al. (2015) investigated the Temperature variation of 20°F
influences of temperature variationon results in an increase in the
the girder camber. camber measurement by about

23%.

Concrete This time affects the initial camber as The variation in the initial

age/strength  well as the final camber calculations. strength and concrete age at

at strand release affects the camber

release measurements, so the camber
calculation should be revised
after measuring the compressive
strength at the time of release.

Concrete The concrete density affects the dead Decreasing the concrete density

density load deflection. by 5% results in an increase in

the camber measurement by
about 3%.

* Effect of each factor on camber determined through incremental time-step analysis. Change in
camber based on average change in suite of 189 girders in study.

4.1 Effect of Overhang

After releasing the pretensioned strands, the prestressed concrete girders are typically transferred

from the precasting bed to the storage area, where they are placed on temporary supports. Usually,
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these temporary supports are timber or concrete blocks positioned beneath the girder. Typically,
the blocking supports are placed within one girder depth from the girders’ ends, but their locations
are random. The field observations saw that the locations of the supports from the girders’ ends

were between 20 in. and 50 in.

The overhang will cause a change in the initial camber and a change in the camber growth
throughout the time of storage. The overhang length alters the moment diagram due to the self-
weight of the girder (as seen in Figure 4-1). The change in the moment diagram alters the stress

distribution of the girder and affects initial camber deflection and long-term deflections.

Tadros et al. (2011) recommended the overhang effect to be considered in the calculation of the
camber. He proposed a calculation method which considers that the prestressed girder is located
on temporary supports at the storage yard that is a few feet into the span from the girder’s ends. In
addition, this method includes the effect of debonding strands and transfer length. The current
MoDOT equations are the same, except it ignores the effect of the overhang and the transfer length.

The equation used in this method is listed below in Table 4-2.

J_ I e_-_ o — & ]I”Strand profile
iy ) | AN % S
f M, ! f L =

L =

Figure 4-1. Bending moment diagram due Figure 4-2. Optimum strand arrangement
to girder's weight (Tadros et al. used in Tadros method (Tadros et
2001) al. 2001)
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Table 4-2. Equations used in the initial camber prediction proposed by Tadros et al. 2001

Factor Equation
Aje Aje = Ag + Ag
LZ
A Ag = 0.1M M.+0.1M
d d 48Ecilti ( e1 T Mc + e2)
Ag= %(b +c)2a+b+c)+ %(3ab + 2b% + 6ac + 3c?)
B _ Piex _ Pilectex)
$1= Ecilti #2 = Ecilti
L~ L
a a=dagy— Lo, LO =
2
b b=a;—a
c ———_a—b
c > ) a
Cx ex=3e+_0(e_ee)
aq
where:

A;.= initial camber,

A4= deflection caused by the dead load of the girder,

Ag= camber caused by the straight and harped strands,

Me.1 = moment at left support, negative if overhang exists, zero if overhang ignored,
Me2 = moment at right support, negative if overhang exists, zero if overhang ignored,

M. = midspan moment,
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L = girder length between supports,

Lo = overhang length,

L = total member length,

E.; = initial concrete modulus,

I = moment of inertia of precast concrete transformed section at time of prestress release,
a = distance between the support and the assumed start of prestress in girder,
b = distance between start of ¢1 and start of @2,

a, = modified debond length = (actual debond length + transfer length/2),

aq = distance from member end to hold-down point,

¢ = distance from the start of curvature to the midspan,

ex = eccentricity of strand group at the point of debonding,

@1 = curvature due to straight strands,

@2 = curvature due to harped strands.

The equations are theoretically sound; however, the camber given in the calculation is the
deflection from the support to the middle of the girder. An additional term would need to be added
to include the deflection from the end of the girder to the support. This term is considered when
using PGSuper software (Brice 2020), used by WsDOT and TxDOT for calculating the prestressed
girder camber, and considers the overhang effect. Equation 4-1 shows the equation used for
calculating the initial camber. In this method, the self-weight deflection is divided into two
components as seen in Figure 4-5. In addition, Figure 4-6 and Figure 4-7 illustrate the eccentricities
and the dimension used in this method. The PGSuper method and the Tadros (2011) equations are

equivalent, the only difference is the reference point (end vs. support) for the deflection.
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Figure 4-7. Strand eccentricities (Brice 2020)

Table 4-3. Equations used in the initial camber prediction proposed by PGSuper (Brice

2020)
Factor Equation
Aic Ape= Agq — Agp + Ags + Ays
_ wga ) 3
Agl Agl_ m [3a (a + ZLS) - Ls]
A A Swyls  wga’Ls
g 927 384E.l, 16El,
P.e,L?
A Acc= ———
SS SS= BEL,
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where:

A;.= initial camber,

Agq1= deflection from support to end of girder,

Ag42= deflection from support to center of girder,

Ay = deflection due to harped strands,

Ags= deflection due to straight strands,

wg = self-weight of girder (weight per unit length),

Ls = girder length between supports,

E.; = initial concrete modulus,

Ix = moment of inertia of precast concrete transformed section at time of prestress release,

a = length of overhang,

b = length between harped points (in.),

P, = total prestressing force of straight strand group just prior to transfer with initial relaxation
losses (kips),

P = total prestressing force of harped strand group just prior to transfer with initial relaxation
losses (kips),

ex = eccentricity of strand group at the point of debonding — see Figure 4-7.

To investigate the effect of overhang on the camber, an analysis was done using both the Tadros
(2011) equations and the equations in PGSuper on a set of prestressed girders constructed in
Missouri. With an assumed overhang distance equal to the girder depth, the analysis showed an
insignificant change happened in the camber estimated compared to the current MoDOT procedure
(Figure 4-9) using the Tadros (2011) equations. This is because the Tadros equations calculate the

deflection from the support to the center of the beam, which ignores the deflection in the overhang.
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However, using the equations in PGSuper, which calculate the deflection from the end of the girder
to the center, a significant change happened in the camber calculation as shown in (Figure 4-9).

The trend line slope is 14% higher than the original MoDOT analysis.

For precast Plant #2, camber was measured while the girder was lifted in the air by the lifting
inserts. Figure 4-10 shows the calculated camber considering the overhang length equal to the
distance of the lifting device from the girder end. That gives a trend line slope about 5.4% higher

than the original MoDOT trend line slope.
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Figure 4-8. Camber including overhang length equal to girder depth per Tadros (2011)

A sensitivity analysis was done to examine the effect of the overhang length on the camber
prediction. A change in the overhang length from 0 to 4 ft. caused on average a 20.22%

change in the camber for the 189 girders in this study (Figure 4-11).
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The results show that the overhang length has a significant effect on the camber, and is
included in the proposed procedure. The research team recommends that the equations
used in PGSuper to include the effect of the overhang be used. Furthermore, it is
recommended that the location of temporary supports be more consistent, perhaps under

location of lifting loops.
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Figure 4-9. Camber including overhang length equal to girder depth per PGSuper
method
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4.2  Effect of Concrete Modulus of Elasticity

Modulus is related to compressive strength, but the relationship varies based on the source of
aggregate and inherent variability. The previous studies found the modulus was a significant
contributor to the accuracy of the camber prediction. Most studies suggested the AASHTO (2010)

equation but used different ki factor depending on their aggregate source.

There are several methods used to predict the modulus of elasticity discussed in this section. The
equation currently used by MoDOT is noted in the AASHTO LRFD (2010) Article 5.4.2.4

employed for normal-weight concrete. The AASHTO equation is as follows:

E.(t) = 33000k,y'5\/f.(t) (ksi) 4-1

where:

E.(t) = the time modulus of elasticity,
k, = correction factor,
y = the concrete unit weight,

f/ (t) = the time compressive modulus.

However, ACI Committee 363 suggests a different formula for high-strength concrete which is

typically used in prestressed girders. The ACI equation is as follows:

E.(t) = (ﬁ)l'5 (1000 + 1265/ (D) (ksi) 4-2

The ACI-363 and ASHTO LRFD equations do not consider material properties other than the
compressive strength and unit weight of concrete. Tadros et al. (2003) proposed a formula that

considered the influence of the coarse aggregate and is shown as follows:
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f g .
E.(t) = 33000k, k,(0.14 + T(O%)l-%/ f1(t)  (ksi) 4-3

where:
ki and ko are correction factors for local materials.

The formula recommended by the fib Model Code 1990 (MC1990) is only proportional to the
concrete compressive strength. Both equations recommended by Tadros and fib are independent

of the concrete unit weight. The fib formula is as follows:

! 1
E.(t) = 215000, (55 (MPa) 4-4

where:
ag = aggregate correction coefficient,

f’c (1) = concrete compressive strength (MPa).

Table 4-4 shows the comparison of the experimental and predicted modulus using the three
methods for the concrete cylinders tested in this study. All three methods provide a reasonable
prediction of the modulus with an error less than 10%, however the ACI method for high strength

concrete was slightly better than the other two with an average error of 3%.
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Table 4-4. Comparison of experimental and predicted modulus of elasticity

Bridge #1 (pour date: 4/17/2021, transfer date: 4/29/2021)

Ultimate

Concrete | compressive Experimental Modulus of elasticity | Modulus of elasticity | Modulus of elasticity
age strength modulus of (ksi) AASHTO (ksi) ACI (ksi) fib
(ksi) elasticity (ksi)
Predicted | Error (%) | Predicted | Error (%) | Predicted | Error (%)

2 7,755 5213 5,220 0.12 4,902 -5.96 5,453 4.60
8 8,507 5,095 5,508 8.11 5,083 -0.23 5,624 10.38
21 9,576 5,407 5,907 9.26 5,327 -1.48 5,850 8.20
30 9,707 5,889 5,956 1.14 5,356 -9.05 5,877 -0.20
91 9,406 5,619 5,845 4.01 5,289 -5.88 5,815 3.49

Bridge #2 (pour date: 5/4/2021, cutdown date 5/5/2021)

1 7,306 4,686 5,043 7.61 4,790 221 5,345 14.06
14 8,919 5,329 5,663 6.27 5,179 -2.83 5,713 7.20
90 10,885 5,776 6,381 10.47 5,608 -2.92 6,105 5.70

Average | 5 g 3.3 6.7
error

The modulus of elasticity has a strong effect on the initial camber. Changing k; in the AASHTO

equation from 0.7 to 1.2 changes camber prediction by about 33% to -15% on average for the suite

of 189 bridge girders.
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ki: aggregate correction factor

Average % change in camber prediction

Figure 4-12. Effect of ki modulus factor on camber prediction

Figure 4-13 and Figure 4-14 show the predicted camber vs. the field camber measurements using
the AASHTO and ACI modulus of elasticity. The slope of the trend line using the ACI equation
is higher than the AASHTO equation by about 4%, though the variability is about the same. On
the other hand, the fib equation (Figure 4-15) gives results with a trend slope lower than the

AASHTO by about 6% (see figure 19).

Based on the analysis, ACI 363 may give more accurate results unless a ki correction factor is used

with the AASHTO formula. However, the difference in the two results is less than 4%.
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Figure 4-13. Camber using AASHTO (2010) equation for concrete modulus
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Figure 4-14. Camber using ACI 363 equation for concrete modulus
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Figure 4-15. Camber using CEB-FIP Model Code 1990 equation for concrete
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4.3  Effect of Concrete Age/Strength at Prestress Transfer

The effect of the concrete compressive strength at the time of prestress transfer was also a major
factor cited in previous literature. The main effect of the compressive strength in the initial camber
is that the strength is directly proportional to the modulus of elasticity of concrete. Usually, the
fabricator uses a greater strength mix design to get the expected initial strengths at release at
concrete age 1 day. However, when looking through the field data, the average concrete ages at

release were 2 + 1.25 days (Figure 4-16).

Concrete strength varies with age. The American Concrete Institute (ACI 209R-92) uses a well-

established time function for early-age strength, (f°(t), t less than 28 days) as well as early age
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stiffness (elastic modulus, £.(?)). Equation 4-6 gives the variation of concrete compressive strength

with time which is applicable for high and normal reinforced concrete.

fre(®) = ——(f'e)zs 4-5

a+pt

where:
(f'.).g = the concrete compressive strength at 28 days,
¢t = concrete age (days),

a and P = factors given in Table 4-5.

Table 4-5. The values of the a and f constants

Type of curing Cement type « B

. I 40 085
Moist 11 23 092
Steam I 1.0 0.95

I 70 0.98

An analysis was done to compare the measured strength with the ACI formula on a set of bridges
that have the same compressive strength at 28 days ((f';),s = 8 ksi). Figure 4-17 shows that all
the bridges had compressive strength higher than expected. The average initial compressive

strength was 8.58 + 1.17 ksi, which is about 32% higher than the design strength (6.5 ksi).

The field measured concrete cylinder strengths from the two test bridges are compared to the
prediction equations from ACI using the 28-day measured strength of 9,700 psi in Figure 4-18.
The measured strengths show a slower increase in strength than the steam cured specimens, but a
faster increase than the moist cured specimens. The use of an o and P factor between that of the
moist and steam cured specimens (a=1.4, f=0.95) yields a better match to the measured time

variation of concrete compressive strengths (Figure 4-19). However, this is a small number of
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cylinder tests, and it is recommended to use the published values in ACI 209R-92 unless more

comprehensive data is obtained.

In the analysis of the 189 bridge girders, using the measured initial compressive strength decreases
the trend line slope (0.6957) compared to using the design compressive strength the slope (0.7752),
by about 10% (see Figure 4-20), however, the variability is about the same. Because it is not
possible to know the compressive strength before the concrete is cast, it is recommended that the
design compressive strength continue to be used in the camber prediction. If after casting, the
camber measurement is found to be out of tolerance, an analysis with the measured compressive

strength may be used.
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Figure 4-16. Concrete age at release for the available field data
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strength using ACI 209R-92 formula
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4.4  Effect of Temperature

Thermal camber due to daily temperature variations has been another cited cause for camber
variability in previous research. Several researchers have evaluated the temperature gradients and
their impacts on the prestressed girder camber. For example, Nguyen et al. (2015) investigated the
influences of temperature variation on the girder camber. A practical method was developed which
allows the designer to predict the camber in the prestressed girder caused by the variation in

temperature. The model is as follows:

AT = (OCTAI) (Tmax - Tmin) (1_“)5[;2%2"]) (%) 4-6

where:

to = reference time for counting the thermal camber during that day,
max = Maximum air temperature during a period of 24 hours,

T'nin = minimum air temperature during a period of 24 hours,

« = coefficient of thermal conductivity 5.5 x 10°%/°F (9.9 x 10%/°C),

A; = calibration factor,

L = length of the prestressed girder (in.),

h= the girder height (in.),

Ar = camber variation due to temperature.
Figure 4-21 shows the predicted camber vs. the measured camber for the studied bridges assuming
a 20°F temperature change. This temperature change is the average change in Missouri in the

summer months. The trend line slope about 23% higher than the current MoDOT camber

calculation.

In another analysis, the actual temperature variation on the day of prestress transfer was used. The

trend line slope is about 25% higher than the current calculation. (see Figure 4-22).
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The results show that the daily temperature variation does impact the camber. Therefore, it is
recommended that camber measurements occur in the morning to avoid significant temperature
variation, or that the analysis take into account the variation in temperature. However, for the case
of initial camber, the increased internal temperature due to the concrete curing will also alter the

results, see Section 4.7.
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Figure 4-21. Predicted camber considering 20°F temperature variation
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Figure 4-22. Predicted camber considering actual daily temperature variation

4.5  Effect of Prestressing Force

Prestress losses and elastic shortening losses will reduce the initial prestressing force and result in
less camber. The total prestress losses, in general, can be determined by considering the individual
components. The prestress losses are divided into instantaneous losses and long-term losses. The
instantaneous losses are due to anchorage set, friction, and elastic shortening. The long-term

prestress losses are due to concrete creep, concrete shrinkage, and steel relaxation after transfer.

AprL = AprS + AfpSR + AprR + Apr 4-7
where:
Afpri= total prestress loss,
Afyes = elastic shortening loss,

Afpsr= shrinkage loss,
59



Afycr = creep loss,

Afyr = relaxation loss after prestress transfer.

4.5.1 Elastic Shortening

According to AASHTO, the elastic shortening losses can be calculated using Equation 4-9. This
equation may be used at the various loading conditions for each section along the beam. Tadros et
al. (2003) concluded that the suggested approach of predicting the relaxation prestress losses
provides acceptable agreement with the measured value. The total elastic shortening gain or loss

may be calculated as the sum of the effects of prestressing and external loads.

E
AprS = E_:; * fcgp 4-8

where:

feop = the concrete stress at the center of gravity of prestressing tendons due to the prestressing
force immediately after transfer and the self-weight of the member at the section of the maximum
moment (ksi),

E, = modulus of elasticity of prestressing steel (ksi),

E¢ = modulus of elasticity of concrete at transfer or time of load application (ksi).
4.5.2 Relaxation Losses

The loss in tensile stress in a prestressing tendon over time maintained at a sustained strain and
constant temperature is referred to as relaxation loss. Relaxation loss is negligible for initial stress
levels of less than 55% of the yield stress of the prestressing tendon, f,,. For higher levels of initial

prestress often used, relaxation loss, Afyz, is given by the following equation:
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log(t) ,fpi
Afpr = fpi °§( ﬁ_ 0.55) 4-9
where:

Jpi = the initial prestress stress,

K =10 for stress-relieved strands, and 45 for low-relaxation strands.

Figure 4-25 shows the predicted camber vs. the measured camber for the studied bridges when
decreasing the initial prestress force by 5%. The trend line slope for it is lower than the current
MoDOT calculation trend line slope by about 8.5%. That gives evidence that the prestress force

has a significant effect on the camber calculation.

Another sensitivity analysis was done to know the effect of the jacking force on the camber
prediction. This analysis was motivated by research, done by Gilbertson and Ahlborn (2004),
which mentioned that the jacking force may have a variation (6 ksi). When increasing the jacking
force by 6 ksi, the trend line slope (0.8049) is higher than the existing MoDOT calculation trend
line slope (0.7752) by about 4% (see Figure 4-23). However, when decreasing the jacking force
by 6 ksi, the trend line slope (0.7209) is lower than the existing MoDOT calculation trend line

slope (0.7752) by about 7% (see Figure 4-24).

Although the results do show that prestressing force affects camber, the actual prestress force
would be difficult to determine. It is recommended current methods for the determination of

prestress force continue to be used.
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Figure 4-23. Predicted camber when increasing the jacking force by 6 ksi
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Figure 4-24. Predicted camber when decreasing the jacking force by 6 ksi
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Figure 4-25. Predicted camber when decreasing the initial prestress force by 5%

4.6 Transformed vs. Gross Section Properties

For the calculation of camber, either transformed or gross section properties can be used. Tadros
et al. (2003) recommended that transformed properties be used, however, the elastic shortening
losses should not be considered. The current MoDOT method also uses transformed section

properties for camber calculations.

An analysis was done to evaluate the difference in the camber prediction when using gross and
transformed properties. As shown in Figure 4-26 and Figure 4-27, the results are similar for both
analyses (trend line slope of 0.7752 for transformed and 0.7611 for gross properties). This result
is similar to Honarvar et al. (2015) who found only a 2% difference in camber due to the choice
of section properties. Due to the small change in camber results, it is recommended that the

transformed properties continue to be used.
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Figure 4-27. Predicted camber using gross properties
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4.7 Temperature Due to Concrete Curing

The increased temperature of the concrete during curing reduces the prestressing force because
thermal increase causes the strands to relax. As a result, the girder camber is affected by these

losses.

In order to explain this behavior, a study by Roller and Russell (2003) concluded that there are
losses in the prestressing force caused by the increased temperature of the concrete. The influence

of temperature impacts can be calculated according to the following:

Afp = EpupAT 4-10
where:
11, = the thermal expansion coefficient of steel cable (8x107 strain /'F),
AT = the estimated change in temperature (assumed to be 60°F for increase in curing temperature),
E, = elastic modulus of prestressing steel (ksi),

Af, = change in prestressing force.

An analysis was done to evaluate the difference in the camber prediction when considering
increased curing temperature by 60°F (see Figure 4-28). The trend line slope is lower than the
current MoDOT calculation trend line slope by about 12%. It is recommended that this effect is
considered in initial camber, or that the initial camber is measured 72 hours after form removal so

that the temperature in the concrete can cool (Tadros, 2015).

65



6
£
Ts e DATA
ey
= 4 25%
_"é' -25%
é 3 A ety e T ] e Linear (DATA)
=
a5}
52
o
z
o

1

0

0 1 2 3 B 3 6 T

Measured Camber at Transfer (in)

Figure 4-28. Predicted camber including prestress reduction due to increased concrete
temperature at curing

4.8 Effect of Concrete Density

The concrete density is related to the girder's self-weight which affects the deflection caused by
the dead load. An analysis was done to evaluate the difference in the camber prediction when
decreasing the concrete density by 5% (see Figure 4-29). The analysis showed that the trend line
slope is higher than the current MoDOT calculation trend line slope by about 3%. Therefore, the

effect of concrete density does not have a significant effect on girder camber.
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Figure 4-29. Predicted camber when decreasing the concrete density by 5%

4.9 Strand Eccentricity

A sensitivity analysis was completed to establish the impact of the strand eccentricity on the
camber calculation. This analysis was motivated by research, done by Gilbertson and Ahlborn
(2004), who observed that the strand eccentricity may have a variation (+1/16 in.). When
considering strand eccentricity by +1/16 in., the trend line slope is lower than the current MoDOT
calculation trend line slope by about 1.5% (see Figure 4-30). When considering strand eccentricity
by -1/16 in., the trend line slope is higher than the current MoDOT calculation trend line slope by

about 1.6% (see Figure 4-31). The strand eccentricity does not have a significant impact on camber.
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4.10 Effect of Creep

The long-term camber of bridge girders includes the effects of creep and shrinkage in the concrete.

The factors are summarized in Table 4-6.

Table 4-6: Factors affecting long-term camber prediction

Concrete
creep

Time-dependent  strain due to
sustained stress is attributed to the
creep of concrete. The concrete creep
is more significant in the long-term
losses of the prestress force.

Increasing the creep coefficient
has an insignificant effect on the
initial camber calculations. That
if the creep coefficient (C,) is
increased by 10%, the long-term
camber at one year will be
increased by about 4%.

Concrete
shrinkage

Shrinkage is defined as volume
decrease in concrete with time. The
concrete shrinkage influences the
long-term losses of the prestress
force.

The shrinkage strain has an
insignificant effect on the initial
camber calculation. Increasing
the shrinkage strain (&) by
100% results in decreasing the
long-term camber at one year by
about 6%.

4.10.1 Effect of Concrete Creep

Concrete creep is an important property that affects long-term camber growth. Several existing

methods already exist to predict creep in concrete and their equations are presented in the next

sections.

4.10.1.1 AASHTO LRFD 5.4.2.3.2 (2012)

where:

P(t,t;) = 1.9kskpckekegty 118
ks = 1.45 — 0.13(v/s) >= 1.0

kpe = 1.56 — 0.008H
ke =5/(1+f)

ke =t/
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4.10.1.

where:

= creep coefficient from time t; to time t,
=70, average annual ambient relative humidity,

= maturity of concrete (day), defined as age of concrete between time of loading
for creep calculations, or end of curing for shrinkage calculations, and time being
considered for analysis of creep or shrinkage effects,

= age of concrete when a load is initially applied, (days) Use 0.75 days for
camber design,

= volume-to-surface area ratio, (in.),

= initial girder concrete compressive strength, (ksi),

= factor for the effect of the volume-to-surface ratio of the component,
= factor for the effect of the concrete strength,
= humidity factor for creep,

= time development factor.

2 ACI Committee 209 (1997)

t—t;)06
Cc(t—t;) = (L)

= T0+(t-1,)06 CcuKenKesKea 4-16

= maturity of concrete (day), defined as age of concrete between time of
loading for creep calculations, or end of curing for shrinkage calculations,

and time being considered for analysis of creep or shrinkage effects,

= age of concrete when a load is initially applied, (days). Use 0.75 days for

camber design,

C.(t —t;) = creep coefficient,

Ccy = nominal ultimate creep coefficient (2.35),

Kcy = ambient relative humidity factor = 1.27 — 0.67h ,
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Kes =

KCA -

volume-to-surface ratio factor =

wiN

.<1 + 1.13e(‘°'54(§))>,

age application of load factor = 1.13¢; %%%%,

4.10.1.3 fib Model Code 2010 (MC2010)

where:

@ (t, t;) = creep coefficient,

dru =

(L, t) = @o.fc(t — t;)

@0 = @ruPEm)B(t)

_ 1-RH/RH,
@ruy =1-— A
0.

46(%)

B(fcm) =22 05
(rem)

t)= ——=

B(t; 0.1+<tliff)02

RH 1.8 h
By = 150 (1 + (1'2R_HO) )h—0+ 250 < 1500

relative humidity factor,
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RH = the relative humidity of the ambient environment in %,

f em=the 28 days mean compressive strength of concrete in MPa,

B (fom) = concrete strength factor,

B(t;) = concrete age at loading factor,

ho=the notional size of the member in mm where: hy, = 24, /u,

A, = the cross-sectional area,

u = the perimeter of the member in contact with the atmosphere,

B.(t —t;) = coefficient to describe the development of creep with time after loading,

Pu = coefficient depending on the relative humidity (RH in %) and the notional member size,
tierf = the temperature adjusted age of concrete at loading in days, note: a=-1for cement class

S; a=0 for cement class N; o=1 for cement class R.

In order to calculate the change in deflection using the creep coefficient the following equation is

used:

Acg= (Ass—j + Aps—j + Ay) = creep coefficent + (Ags—; + Aps—;)0.7 * creep coefficient 4-25

where:

A4 = deflection due to self-weight of girder (in.),
Ags_j = initial camber due to prestressing straight strands (in.),
Aps—j = initial camber due to prestressing harped strands (in.),

Ags_; = camber due to prestressing straight strands using the prestress losses (in.),

Ays_; = camber due to prestressing harped strands using the prestress losses (in.).
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The 0.7 factor is the aging coefficient recommended in Tadros (2011). A comparison of the results
from different models is completed for the concrete cylinders tested in this investigation (see
Figure 4-32). The ACI creep model provides closer results to the creep obtained from the cylinders
tested. The model was about 26.64% lower than the average cylinder result at 7 days and 1.31%
higher at 90 days. The difference using AASHTO was about 66% lower at 7 days and 22% lower
at 90 days. On the other hand, the difference using fib Model Code 2010 (MC2010) was about
41% lower at 7 days and 33% lower at 90 days. However, when comparing to the cylinders that
were tested by Gopalaratnam and Eatherton (2001), the fib Model Code 2010 (MC2010) gives the

most accurate results with the lowest error (about 11%).
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Figure 4-32. Comparison of the different creep models with the tested concrete cylinders

A sensitivity analysis was done to understand the effect of concrete creep on the long-term camber

calculation as shown in Figure 4-33. Multiplying the AASHTO creep coefficient by a factor ranged
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from 1.1 to 1.5 changes 90-day camber prediction by about 4% to 18%, on average for the suite of

189 bridge girders.

An analysis of the current MoDOT camber calculation compared to the measured camber growth
for 33 girders with a later camber measurement before hauling is presented in Figure 4-34. The
current analysis under-predicted the camber growth by about 12%. Another analysis was done
using the current MoDOT calculation method to evaluate the difference in the long-term camber
prediction when increasing the creep coefficient by 20% (see Figure 4-35). The trend line slope is
higher than the current MoDOT calculation trend line slope by about 5.5%. It appears that

changing the creep coefficient causes a significant change in the long-term camber calculations.
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Figure 4-33. Change in 90-day camber due to the creep coefficient
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Figure 4-34. Camber prediction at later time using the current MoDOT method
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Figure 4-35. Camber prediction at later time when increasing the creep coefficient by 20%
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4.11 Effect of Concrete Shrinkage

Drying shrinkage is the contraction in the concrete in time caused by moisture loss from drying
concrete. A sensitivity analysis was completed to study the influence of concrete shrinkage on the
long-term camber calculation (Figure 4-36). Changing (&/go ) from 1.2 to 2 changes 90-day camber

prediction by about 1% to 6%.

An analysis was done to evaluate the difference in the camber prediction when increasing the
shrinkage strain by 50% (see Figure 4-37). The trend line slope is lower than the current MoDOT
calculation trend line slope by about 1.4%. It appears that changing the shrinkage causes an

insignificant change in the long-term camber calculations.
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Figure 4-36. Change in 90-day camber due to shrinkage strain
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Figure 4-37. Camber prediction at later times when increasing the shrinkage strain by 50%

4.12 Effect of Humidity

Relative humidity plays an important role in the creep of concrete. The current MoDOT calculation
considers the relative humidity of 70%. However, it changes from day to day throughout the year.
To understand the significance of this factor, a sensitivity analysis was done by considering the
relative humidity as 50% (see Figure 4-38). The trend line slope is higher than the existing MoDOT
calculation trend line slope by about 3.4%. It appears that changing the relative humidity causes a

minor change in the long-term camber calculations.
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Figure 4-38. Camber prediction at later times when using relative humidity as 50%

4.13 Effect of the Long-Term Prediction Method

This section presents a comparison between three existing techniques for predicting the long-term
camber. These methods are the AASHTO discrete time-step approach (currently used by
MoDOT), approximate time-step approach by Stallings et al. (2003) using the ACI Committee 209
(1997) creep equations, and the Naaman (2012) approach using the ACI Committee 209 (1997)

creep equations.

Figure 4-39 and Figure 4-40 show a comparison of the approaches for the two bridges that were
monitored. For the Bridge #1, the camber growth after 200 days is about 2.68 in. using AASHTO
discrete time-step approach. The Naaman approach (1.15 in.) is about 57% lower, and the Stalling

approach (3.6 in.) is about 35% higher. For Bridge #2, the camber growth is about 2.62 in using
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AASHTO. The Naaman approach (0.96 in.) is about 63% lower, and the Stalling approach (2.06

in.) is about 21% lower.

The measured camber growth for both bridges is compared to the predictions. The Bridge #1 girder
cambers at 17 days are about 38% higher than the Naaman approach, and about 40% lower than
the AASHTO approach; however, the Bridge #2 camber growth after 10 days was only 25% lower

than the AASHTO approach.

Figure 4-41 and Figure 4-42 show this comparison on the two bridges that were monitored by
Gopalaratnam and Eatherton (2001). For the shorter span, the camber growth after 40 days is about
0.17 in. using AASHTO, about 70% higher than the measured value (0.1 in.), which is 30% lower
than it is using the Naaman approach (0.132 in.). For the longer span, the measured camber growth
is about 0.55, which is about 22% lower than using AASHTO (0.67 in.), and about 10% higher

than it is using the Naaman approach (0.5 in.).

Another analysis was done to evaluate the difference in the camber growth prediction when using
different approaches for the suite of bridge girders in this study (see Figure 4-43 to Figure 4-45).
The AASHTO approach and Naaman method show underprediction of the camber with trendline
slopes of 0.89 and 0.78. The Stalling method showed over-prediction with a trendline slope of
1.0692. Given that there is still possible error in the camber measurement as described in Section
3.2.1, and better prediction for the bridges with field measurement in this study, it is recommended
that the AASHTO discrete time- step approach continue to be used for the prediction of long-term

camber.
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Figure 4-39. Time-dependent camber growth prediction vs. measured for Bridge #1
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Figure 4-40. Time-dependent camber growth prediction vs. measured for Bridge #2
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Figure 4-41. Time-dependent camber growth prediction vs. measured for bridge monitored
by Gopalaratnam and Eatherton (2001) (shorter span)
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Figure 4-42. Time-dependent camber growth prediction vs. measured for bridge monitored
by Gopalaratnam and Eatherton (2001) (longer span)
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Figure 4-43. Camber growth prediction vs. measured when using the AASHTO approach
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Figure 4-44. Camber growth prediction vs. measured when using the Stalling approach
with default ACI parameters
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Figure 4-45. Camber prediction when using the Naaman approach with ACI creep
equation

4.14 Conclusions and Recommendations

A systematic investigation at the parameters affecting the accuracy of the initial and long-term

camber predictions was undertaken. The following conclusions are made based on the analyses:

e An evaluation of the current MoDOT camber prediction method found that the
current method under predicts the initial camber by about 23%.

e The method of camber measurement is critical to the accuracy of the camber
measurement. The current heavy Kevlar string line used by Plant #2 produced a
line sag of 0.56 in. under a 45 Ib. pull force for a 100 ft. girder. If the camber
measurement is corrected for possible sag in the string line, then the under-

prediction of initial camber using the current MoDOT method is reduced to 4%.
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Consistency of the camber measurement is also important. Plant #2 had a more
consistent measurement method and less variability than Plant #1.

The length of the overhang (distance past temporary supports) affects camber. A
change in overhang length from O ft. to 4 ft. can cause an average change in camber
of about 20% for the girder data set. Analysis equations in PGSuper can be used to
include the effect of overhang in the initial camber. In addition, the location of
temporary supports should be specified and be consistent to ensure improved
camber predictions.

Actual concrete strength at transfer often exceeds the design concrete strength at
transfer. The average initial compressive strength of the field bridges was 8.58 +
1.17 ksi, about 32% higher than the design strength (6.5 ksi).

The increased compressive strength affects the modulus of the concrete and thereby
the calculated camber. Using the measured compressive strength, the trendline
slope of the measured to predicted camber decreases by 10%.

Equations used to calculate concrete modulus from concrete compressive strength
were evaluated. Using the AASHTO LRFD 5.4.2.3.2 (2012) equations vs. the ACI
Committee 209 (1997) changed the camber by only 4%.

Both elevated temperatures during curing and daily temperature changes affect
camber. Increased temperatures during curing can temporarily reduce prestress
forces and reduce camber by about 12%. Daily temperature changes cause a
thermal gradient in the girder and can increase camber by 25% with a 25 °F

temperature change.
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e Variability in initial prestress force, concrete density, type of section property used
(gross vs. transformed) and strand eccentricity results in a change of camber of less
than approximately 5%.

e The current AASHTO discrete time-step approach can predict the long-term

camber.

Based on the analysis of camber prediction methods and comparison to Missouri bridge data the

following recommendations are made:

e Procedures and tolerances for the measurement of camber at prestress girder plants
are needed.

e The length of the overhang (distance past temporary supports) needs to be included
in the camber analysis. The equation used in PGSuper to account for actual
overhang used in the precast storage yard is recommended for camber predictions.

e While concrete compressive strength (and related modulus) affects camber, it is not
possible to predict the actual strength beforehand. Therefore, design initial concrete
strength can still be used.

e The effect of temperature should be considered in the camber predictions. In order
to mitigate the effect of temperature, camber can be measured at least 72 hours after
form release, and in the morning (Tadros 2015).

e Other factors affect camber to a lesser degree (initial prestress force, concrete
density, type of section property used (gross vs. transformed) and strand

eccentricity) and need not be modified in predicting camber.
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Using the correction for sag using the Kevlar string line with a pull force of 25 1bs., including the
overhang length equal to the location of the lifting loops, and using measured concrete strength at
release, the comparison of the measured to predicted camber is shown in Figure 4-46. The camber
is under-predicted by only 10% on average. If only girders from Plant #2 are considered, then the
variability of the data is also reduced with most predictions within 25% error. Use of the design
initial concrete strength (which is lower than the actual strength and thereby increases the predicted

camber) yields a predicted camber on average only 4% less than the measured camber.
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Figure 4-46. Predicted to measured camber with correction for sag in measurement line,
overhang length, and actual concrete strength
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Figure 4-47. Predicted to measured camber with correction for sag in measurement line,
overhang length, and actual concrete strength for only Plant #2 girders
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Figure 4-48. Predicted to measured camber with correction for sag in measurement line,
overhang length, and design concrete strength for only Plant #2 girders
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CHAPTER 5: PROPOSED CAMBER PREDICTION

This chapter presents a proposed approach to predict the prestressed girder camber. The main

changes in the approach compared to the current MoDOT method are:

e Incremental time-step approach. Rather than determining camber at transfer, 7
days, and 90 days, camber can be determined at any point in time.

e Include effect of overhang length on camber.

e Additional options to include the effects of prestress loss due to elevated concrete

temperatures during curing and daily temperature effects on camber.

5.1 Calculation of Deflection and Camber

Deflection and camber calculations shall consider all internal loads (i.e., prestressing, concrete
creep, and shrinkage) and external loads such as dead loads, superimposed dead load, and live

loads.

Camber is an upward displacement caused by movement due to prestressing forces. Deflection is
a downward displacement due to external loads. Therefore, both camber and deflection shall be

considered in making an appropriate adjustment for final profile grade on the bridge.

5.1.1 Initial Camber at Transfer at Midspan

Total initial camber at transfer due to self-weight of girder and prestressing forces shall be

determined as:

Arc= —Ag1; + Dgai + Aps—j + Ags—; S-1
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where:

A;c = initial camber at transfer,

Agq; = deflection due to self-weight from support to end of girder,
Ag; = deflection due to self-weight from support to girder midspan,
Ags—; = camber due to prestressing straight strands, defined in 5.1.5,
Aps—j = camber due to prestressing harped strands, defined in 5.1.5.

Note: Positive and negative values indicate downward and upward displacements, respectively.

5.1.2  Camber at Midspan After Strand Release

This section presents the long-term camber or the camber growth over time, while the girder is at
the precast plant (after strand release and before hauling). The time variation of camber can be

calculated as following:

At: (Agz + Apsl + ACth + Allt)center + (Agl + Apsz + ACRZt + Alzt)overhang 5-2

Aps1= Dys—j + Ags—j 5-3
Aps2= Dys—j + Ags—j - Dpsa 5-4
Losses
Ape= Dpsy * F 5-5
LOS?S‘}eS
Appe= Dpsz * F 5-6
pj

where:
A = camber at time t after strand release with creep,
Acgy ¢ = time—dependent camber due to creep at time t days, see 5.1.7,

A1 = time—dependent camber due to prestress losses (at center),

A, = time-dependent camber due to prestress losses (at girder ends),

Note: Camber is typically calculated 7 days after strand release to allow sufficient time for

inspection. Camber is also typically calculated at 90 days to estimate camber before hauling.
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5.1.3  Final Camber at Midspan After Slab is Poured

Total deformation after the slab is poured can be determined as the sum of theoretical camber of
girder after erection and deflections due to slab and concentrated loads (haunch, diaphragms, etc.)

before composite action between slab and girder.

AFC= At + AS + ZAC + Agh 5-7

where:

Agc = final camber after slab is poured,
A, = deflection due to weight of slab,
Y. Ac = deflection due to concentrated loads (haunch, diaphragms, etc.),

Agn = change in girder self-weight deflection when changing the support locations (i.e., change

from temporary support location to bearing pad support). See 5.1.6

5.1.4 Final Camber Along Span Length

Deformations along the span length can be approximately determined as a product of final camber

at midspan times correction factors.

Ap1= 03140 Agc at span fraction of 0.10,
Ag, = 0.5930 Ap¢ at span fraction of 0.20,
A 25 =0.7125 Apc at span fraction of 0.25,
Ag3 = 0.8130 Apgc at span fraction of 0.30,
Ap 4= 09520 Apc at span fraction of 0.40,

Ags= 1.0000 Agc at span fraction of 0.50.
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5.1.5 Calculation of Camber (Upward) Using Transformed Properties

Camber at midspan due to strand forces is determined as noted below:

For straight strands (there may be multiple groups as determined by debonding lengths),

Ass= Ass—j + Ass— 5-8
where:
Ass_j= — %(L2 — 412) 5-9
Agsi= g Initjctszoss 5-10
where:
Fi_j = total prestressing force of straight strand group just prior to transfer with initial
relaxation losses (kips),
L = end to end prestressed girder length (in.),
E. = initial concrete modulus of elasticity (ksi),
Liri = transformed moment of inertia of non-composite section (in.),
ly = debonded length of prestressed strands (in.),
e = eccentricity between centroid of straight strand group (CSS) and center of gravity
of transformed non-composite section (CGB) as shown in Figure below (in.),
foj = prestressing force in the strand just prior to transfer (ksi),

Initial Loss = summation of the time dependent losses. Losses include relaxation, creep, and
shrinkage, but exclude elastic shortening. See section 5.1.8 for calculation of time

dependent losses at time t (usually 7 or 90 days).

Note: Gross properties may be used to calculate losses and is consistent with AASHTO LRFD

59.34.

For two-point harped strands,
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Aps= Bus—j + Bps—y 5-11

where:
_ Fp_jesl?  Fp_ i(es+ez)ar
AHS_j_ B SEc]iltri + JGEciItri >-12
Initial Loss
Aye_ 1= Ay —m—m8— 5-13
HS-1 HS—j Iy

a,=(L—0b)/2 5-14

A= Ags—y + Aps—y 5-15
where:

F,_

b
ah

)

€3

A

1]

ed L L

= total prestressing force of harped strand group just prior to transfer with initial relaxation

losses, (kips),
= length between harped points, (in.),
= distance from end of girder to harped point,

= eccentricity between centroid of harped strands (CHS) and center of gravity of

transformed non-composite section (CGB) at midspan as shown in Figure below, (in.),

= eccentricity between centroid of harped strands (CHS) and center of gravity of

transformed non-composite section (CGB) at the end of girder as shown in Figure below,
(in.).

= Camber caused by prestress losses (in.).

Efin. | TOTEETER = o e s o TRt
-~ o
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~~End of girder | End of girder -

Figure 5-1. Girder details displaying the eccentricities and distances used in camber

computations
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5.1.6  Calculations of Deflections (Downward)

Deflections at midspan due to dead loads are determined as the following:

For self-weight of girder,

_ wg.a 2 _ 3 _
M= g [3a%(a+2Ly) — L] 5-16
_ 5wglL§ _ wga®L3
927 384E.(t)I},  16E.(D)I}, 517
Aghz Ag3 - Agl - Agz 5-18
_ SwgyL*
937 384E.(0)1], 5-19

where:

Ag3 = deflection due to self-weight from end to end of girder,

Agq = deflection due to self-weight from support to end of girder,
Ay, = deflection due to self-weight from support to girder midspan,
Wy = uniform load due to self-weight of girder (kip/in.),

E. = final concrete modulus of elasticity based on f'c (ksi),

L; = length between temporary supports, (in.) as shown in Figure 5-2,
a = overhang length, (in.) as shown in Figure 5-2,

I;, =moment of inertia of transformed non-composite section based on E. (in*),

L = length of the girder = Ly+2a, (in.) as shown in Figure 5-2.
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Figure 5-2. Girder dimensions
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For self-weight of slab,

_ swel'*
S 384E.l},

5-20

where:

w, = uniform load due to self-weight of slab and haunch (the mid span haunch thickness is used
to calculate the haunch distributed load), (kip/in.),

L' = length between permanent supports of the prestressed girder, (in.),

Weight of additional slab haunch may be treated as uniform or concentrated load as appropriate.

Diaphragm weight should be treated as concentrated load.

For one concentrated load at midspan,

A= Fal 5-21
A 48E Iy,
For two equal concentrated loads,
__ 2Pgex 2 2 _
A= YR (3L —4x*) 5-22

where:
P; = concentrated load due to diaphragm (kips),

x = distance from the centerline of bearing pad to the applied load, P (in.),

P, = concentrated load due to additional slab haunch (the thickness used is the difference in

haunch thickness between the end and center of the girder.) (kips),
A, = additional deflection due to additional slab haunch (kips),

A4 = deflection due to diaphragm weight (kips).
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5.1.7 Creep Coefficient

Research has indicated that high strength concrete (HSC) undergoes less ultimate creep and

shrinkage than conventional concrete. Creep is a time-dependent phenomenon in which

deformation increases under a constant stress. Creep coefficient is a ratio of creep strain over

elastic strain, and it can be estimated as follows per AASHTO LRFD 5.4.2.3.2 (2012):

Ht, t;) = 1.9kskpckskqt; "8
ks = 1.45—0.13(v/s) >= 1.0
kne = 1.56 — 0.008H

ke = 5/(1+ fe)

kg =t/ (12(100—4fa-) + t)

fli+20
where:
¥ = creep coefficient,
H =70, average annual ambient relative humidity,
t = maturity of concrete, (days), may use 7 days for camber design after strand

release, use 90 days for camber design after erection,

t; = age of concrete when a load is initially applied, (days) use 0.75 days for

camber design,
v/s = volume-to-surface area ratio, (in.),
f4; = initial girder concrete compressive strength, (ksi).

kg = volume to surface ratio correction factor,
ky. = creep humidity correction factor,
ks = concrete strength factor,

k.4 = time development factor.
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Using the creep coefficient, the change in deflection due to creep at any time t can be determined

as:

Acrie= (Dgai + Dps1) K, t) + (8)10.7 (2, ¢;) 5-28

ACRZT: = (Agli + ApSZ) Y/(t, tl) + (Al)207 Yj(t, tl) 5-29
5.1.8 Prestress Losses

Losses = AfpSR+AprR+Apr+AfpSD+AprD + AfpSS 5-30

Afpsr = prestress loss due to shrinkage of girder concrete between transfer and deck placement
(ksi),

Afpcr = prestress loss due to creep of girder concrete between transfer and deck placement (ksi),
Afpr = prestress loss due to relaxation of prestressing strands (ksi),

Afpsp = prestress loss due to shrinkage of girder concrete between time of deck placement and
final time (ksi),

Afpcp = prestress loss due to creep of girder concrete between time of deck placement and final
time (ksi),

Afpss = prestress gain due to shrinkage of deck in composite section (ksi).

5.1.9 Elastic Shortening

The loss due to elastic shortening in pretensioned members shall be taken as:

E
Afpps = E—Zﬁgp 531

Jfeqp = the concrete stress at the center of gravity of prestressing tendons due to the prestressing
force immediately after transfer and the self-weight of the member at the section of maximum
moment (ksi),

E, = modulus of elasticity of prestressing steel (ksi),
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E.i=modulus of elasticity of concrete at transfer or, time of load application (ksi).

Note: This type of loss shall not be considered when using the transformed properties.

5.1.9.1 Relaxation Losses

A more accurate equation for prediction of relaxation loss between transfer and deck placement is
given in Tadros et al. (2003):
_ log(24t) _ 3(Afpr+AfpR) foji
Afpr = W Tog(2at) Kiqg |1 — 5 0.55] fp; 5-32
where:

k’L= factor accounting for type of steel, equal to 45 for low relaxation steel and 10 for stress
relieved steel,

t = time in days between strand tensioning and deck placement,

Kia = transformed section coefficient that accounts for time-dependent interaction between
concrete and bonded steel in the section being considered for time period between transfer and

deck placement.

5.1.9.2 Shrinkage Losses of Girder

The prestress loss due to shrinkage of girder concrete between time of transfer and deck placement,

Afpsr, shall be determined as:

Afpsr = €piaEpKia 5-33
in which:

€pia = —KsKnskekeq * 0.48 + 1073 5-34

Ky = 1 5-35

EpA Age?
14-P2P8 1 429 PI N (140,79 (L))
EciAg Ig
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where:
€pia = concrete shrinkage strain of girder between the time of transfer and deck placement,

epg = eccentricity of prestressing force with respect to centroid of girder (in.); positive in common
construction where it is below girder centroid,

Y(t, t;) = girder creep coefficient at final time due to loading introduced at transfer as per section
5.1.7,

t = final age (days),

t; = age at transfer (days),

kg = volume to surface ratio correction factor as per section 5.1.7,

ks = shrinkage humidity correction factor, = 2.0 - 0.014H,

ks = concrete strength factor, = 5/(1+f"c;),

k:q = time development factor as per section 5.1.7.

5.1.9.3 Creep Losses of Girder

The prestress loss due to creep of girder concrete between time of transfer and deck placement,

Afpcr, shall be determined as:

AprR = Epfcgplp(t; t;) Kia/Eci 5-36
5.1.9.4 Shrinkage Losses of Deck Concrete

The prestress loss due to shrinkage of girder concrete between time of deck placement and final

time, Afy,sp, shall be determined as:

AfpSD = Ebdepde 5-37

in which:
1

5-38

de -

EpA Ace?
peps pc
1+Ea_AC <1+ - >(1+0.71/}(tf,td))
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where:
€pay = shrinkage strain of girder between time of deck placement and final time,

Kqur = transformed section coefficient that accounts for time-dependent interaction between
concrete and bonded steel in the section being considered for time period between deck placement
and final time,

epc = eccentricity of prestressing force with respect to centroid of composite section (in.), positive
in typical construction where prestressing force is below centroid of section,
A = area of section calculated using the gross composite concrete section properties of the girder
and the deck and the deck-to-girder modular ratio (in.?),

I. = moment of inertia of section calculated using the gross composite concrete section properties

of the girder and the deck and the deck-to girder modular ratio at service (in.*)

5.1.9.5 Creep Losses of Deck Concrete

The prestress loss due to creep of girder concrete between time of deck placement and final time,

Afpsp, shall be determined as:

_ &ddfAdEca (i epced )
Aear = 1+0.79(tf tg) AC+ I, ) 5-39

Af.qr = change in concrete stress at centroid of prestressing strands due to shrinkage of deck
concrete (ksi),

€qar= shrinkage strain of deck concrete between placement and final time,

A, = area of deck concrete (in.?),

E.4 = modulus of elasticity of deck concrete (ksi),

eq= eccentricity of deck with respect to the gross composite section, positive in typical
construction where deck is above girder (in.),

Y (tr, tq) = creep coefficient of deck concrete at final time due to loading introduced shortly after

deck placement.
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5.1.10 Modulus of Elasticity

MoDOT currently uses the AASHTO formula for predicting the modulus of elasticity. In the

proposed model, the AASHTO LRFD 5.4.2.4 equation is recommended for use:

E.(t) = 33000k,y*5/f.  (ksi) 5-40
where:

E.(t) = the time modulus of elasticity,
k, = correction factor, currently taken as 1.0,
y = the concrete unit weight,

f/ (t) = the time compressive modulus.

5.1.11 Temperature Due to Concrete Curing

The prestress losses used in this approach are the same as MoDOT. However, the proposed model
considers the losses caused by the increased temperature of the concrete during curing. The thermal
increase during this stage causes the strands to relax. As a result, the girder camber is affected by

these losses.
The influence of temperature impacts can be calculated according to the following:

Afp = EpupAT 5-41
where:

11, = the thermal expansion coefficient of steel cable (8x107 strain /°F),

AT = the estimated change in temperature (assumed to be 60°F).
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5.1.12 Change in Camber Due to Daily Temperature Variation
Differential heating during the day can result in extra camber in bridge girders.
The possible variation in camber in 12 hours can be estimated as (Nguyen et al. 2015):

_(adA, L?
Acamber - T (Tmax_Tmin) ? 5-42

where:
max = Maximum air temperature during the 24-hour period,
Tiin = minimum air temperature during the 24-hour period,
a = coefficient of thermal conductivity 5.5 x 10°%/°F (9.9 x 10°%/°C),
A1 = calibration factor, assumed to be 1.28,
L = length of the prestressed girder (in.),
h= the girder height (in.),

Acamper = camber variation due to temperature.

5.2 Camber Prediction Spreadsheet

This section presents guidelines for use of the spreadsheet for predicting camber-deflection history
using the new methodology proposed in this study. This spreadsheet allows prediction of the
camber-deflection history using the incremental time step approach. Input data like the girder type
and geometries, the strands details and profile, the material properties and the debond length are
indicated using yellow highlighted cells. The spreadsheet also provides the option to display the

camber at transfer and at hauling.
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5.2.1 Overview of the Spreadsheet

This section provides overview of the proposed spreadsheet. The details of each page will be

discussed in the following subsections.
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Camber Calculations for Prestressed Girders

Project Name:  Prestressed Bridge By: Page 1
N MADOT Project Number: ABS3T Span#: 1 Date: 8112021
7
= Run Ref:
Input Values:
Input girder proparties. Yellow cells require Input Information, Blue cells are common values but may be changad, White cells are calculated
Prestressed Girder Definition Haunch Details
Bearn Type = NU 43 Apean = G3805 W Assumed haunch @ Midspan = 2 ]
ClLto CL Beanng= 5333 FT ¥eae= 10836 N Girder Spacing=_ 12.00 FT
Girder Length = FT Le= 170343 mN* Roadway Width= 3000 FT
Girder Height = 4321 N External or Intermnal? Interior & of Girders = 3
unit weignt (Inrdf=  153.00 CL to CL Support. Ls (ft) 5333 SBC Width = 1a IN
(Cwm weight (kipft)= 073 Inciude Owerhang Mo S|P Forms? Mo
If no weite 0 If yes what is the overhang length a (ft) 0.00
Member Properties 5lab Details
f.= 4 K5I Swength of Slab Concrete Slab Depth = 850 N
E.= 3844 K5I Elastic Modulus of Slab Concrete Map, = KFT
n= (.89 Modular Ratio: B g Adi EFW (int)= 823 FT
fa= 6.5 K5l Initial Strength of Girder Concrete (at transfer) 12.00
gi= 0725 stress block factor (LRFD 5.7.2.2) Adj.EFW (Ext)= 708 FT
Ez= 4780 K5I Elastic Modulus of Initial Concrete Strength 10.33
= 8 K5l Final Strength of Girder Concrete (23 days)
By = 0.85 stress block factor (LRFD 5.7.2.2) Elastic Modulus of Concrete Strenpgth i ed on AASHTO LRFD 5.4.2.4
En.- = 5314 KSI Elastic Modulus of Final Concrete 5‘h’\eng1h But could wary the camber by 5% wh.::| using the equation propsosed by
E,= 28000 KSI Elastic Modulus of A1 Bars ACI Committee 363 (E.(r) = (T) 7 (1000 + 1265 (£ (ki)
n= G035 Modular Ratio: EgE4 b
n= 544 Modular Ratio: EgE.
E. =/"38800 " ks Elastic Modulus of Prestressing Strands Spreadsheet is setup for the common haunch situation where the
i = . R d minimum haunch is 3t mid-span. In some cases, the maximum haunch
m= 5085 Modular Ratio: By dEy may be 3t mid-span. In this case it is ressonable to spproximate with a
n= 538 Modular Ratio: E,
Strands Profile and Definitions
Strand Size = 0.6 IN Typ. form strands == d = 38", A = 0085 in.”
Harped Distance = 10067 FT Qit. Form Strand = 0375 in., Diameter of outer form strands
Beam Shape =  NU Girder Ot Pull = 2.02 kips. Pull of outer form strands
Inciude top 3/8" form strands for Box Beam? NiA In. Form Strand = 0.375 in_, Diameter of inner form strands
Incliined part ratio. b 0.4 Inner Pull = B kips. Pull of inner form strands.
Strand Location
Row Loc. 55 HS (mid} | HS (end)
MU 41.55 0.18 Distance to Form Strands Dist. to Top Row
1 30.31 175 in 4 in.
2 37.31 LA L]
3 35.21 2 i L._.__+;.__ e aa e e _._;_..—"._.i.. _
4 33.21 2 P ¥
5 31.31 2 + . / T
6 28.31 o | Top Row £ 2 in.
7 2731 | |
B 25.31 |
a 18.00 .
10 8.0 Fiow Spacing L T e
11 14.00 2|im. L T
1z 12.00 i T
13 10.00 R T T A T T T T B
14 EDD + + + + + + + + + + + + + + + + + + * Dst.tDBﬂ“DmRDw
16 5.00 2 R PRI
18 200 0 ] [}
17 2.00 16 2
cgb (end)-HSonly= 3331 IN - -
cgb(mid) -HS only= 400 IN E3 I T —
Ggh .85 Cll'ﬂy= 3034 T I ST "'."\1..____\:_;;-‘ _______________ -Eé _________________ (:_,,_.-f _________ 4
ArealStrand= 0217 I Et I — I o
# of Straight Srands = 26.18
# of Harped Strands = [}
Total Strands =___32.13 b'L Harped Distance

Figure 5-3. Proposed spreadsheet page 1
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Project Name: Prestressed Bridge By:

MODOT Project Numbe A8537 Span#: 1 Date: 10/27/2021
17
Run Ref:

Input Values Continued:
Input girder properties. Yellow cells require input information, Blue cells are common values but may be changed, White cells are calculated

Page 2

Strands eccentricities Mild Rebar Debonded Strand Input
E1= 1633 IN AT A2 Debond|Camber Debonded Data
E2= 1536 IN No of Bars = 0 0 Loc. (in.) INo. (lg) (ft) | Const. Vo= 2.667
E3= 1385 IN Size # = 6 4 2 4 8 172499.308 No. 6
fw=! 270 KSI f,= 60 KSI 4 2 12 66513.1018
f=0.75",, = 2025 KSI COG _Top= 188 N 0 Adjust Bonded - SS
fy =09%pu=_ 243 KSI Area=  0.00 IN? 0 Vo= 3143
WWR 0 Elw= 15520
COG. _Top= 172 IN 0
Area=_ 048 "IN 0
SUM[E*No.(L24l,)] = 239012.41 in'sf
Transformed Section Properties Transformed vs. Gross Section Properties
Non-Composite Section Transformed properties can be used to calculate elastic shortening, but the full initial
Initial Properties Final Properties prestressed force must be used. This gives a little more accurate results, but it is not
Agi = 72304 IN® Ay = 71865 IN? recommended since most of the loss calculations call for gross properties and mixing
Yotri = 18.663 IN Your = 18.74 IN the two will be confusing. Since transformed is used for camber, the elastic stresses
b = 189205 IN* by = 188072 IN* should be removed from the prestress force camber calculations.
Ely,= 15629  IN El,= 1571 N
E2y = 14663 IN E2y = 14.74 IN
E3;i= 14650 IN E3; = 14.57 IN
Composite Section
Interior Girder Exterior Girder
A= 145923 |N? A= 135637 IN?
Yoe = 33.62 IN Yoe = 32.53 IN
lo= 505099 IN* lo= 481543  IN*

Initial Camber Calculation
Initial camber is based on the deflections from the prestressing forces and the self weight. The camber is measured from the end of the girder to midspan (regardless
aof support location).

A- Initial camber at transfer

Apg=—Agy; +Bgo; + s+ A5 + L) "
Ay -1.004 Initial camber at transfer (in.)
Agii -0.02 Deflection from self weight from end of girder to support (in.}
Agai 0.09 Deflection from self weight from support to middle (in.) L [ [ L
Ays 0.125 Deflection due to harped strands (in.) ot = At
Ace -0.986 Deflection due to straight strands (in.)
| Deflection due to self weight (including the overhang effect) Deflection due to Prestressing forces
Wg. a 4 L 2272
Bgui= 57— BaP(a+2L5) — 1] Bpi= —Mebs _ Wea'ls Fyyerl? | Fooy(eates)(bL)?
eiler 92" 3B4Blyi  16Eqler Bys—j= — 8Eoilon 6Borlon
A = 002 IN
0.09 IN Fuel 2 L2
Ags—j = L% — 4l
=) Z SECf!Ii'f ( C)
A | -
| o Ausy= 0125
A e Ags; = -0.986

Figure 5-4. Proposed spreadsheet page 2
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Project Name: Prestressed Bridge By:
MADOT Project Numbe A8537 Span#: 1 Date:
175
Run Ref:

Page 3
10/27/2021

Loss Estimation with time

The following describes the equations used in the estimation of camber with time. Estimation of camber with time includes the effect of losses. The losses in the
concrete are grouped from time to deck placement, and after deck placement.

Prestress Losses Camber

Ap1e= Apsl *

Losses

foj

A= Apsz *

fp}'

~Losses

Losses = Afysptd fpcr D fpr+ D fosp A fpcp + Dfpss

Ay; = camber due fo prestressing losses at center (in)
Ap = camber due to prestressing losses at end, (in)

LRFD 5.9.5.4.2 Losses: Time of Transfer to Time of Deck Placement

LRFD 5.9.5.2.3a Elastic Shortening

LRFD 5.9.5.4.2 Losses: creep and shrinkage of concrete

EF‘
Afps.s‘ = E_ fcgp
ci

Bending moment caused by the concrete beam, Myeam = -3109.70 KN

5.9.5.4.2a Shrinkage losses |

5.9.5.4.2b Creep losses

Afgsr = 2higEpKig ‘ Afger = EpfeonPhiaKidEci

Humidi

CGof Strands= 3.2141 IN

ty, H (%) 70  Release time ti (days) 1
Shrinkage strain (infin), g = -kskr,sk,k.no,48*10'3
Creep coefficient, P(tt) = 1.9kek, ikt '"®

Stress @ strand level by concrete beam, fyezm = -0.2800 KSI V/s correction factor, ks = 1.45 - 0.13({v/s) == 0.0 1.05
Stress @ strand level by strands, f,s = 412 Ksl Creep humidity factor, khc = 1.56 - 0.008H 1.00
Stress @ strand level by strands, fo,,= 384  KSI Shrinkage humidity factor, khs = 2.0 - 0.014H 1.02
Elastic Shortening losses, Afgs = 2283 K&l Concrete strength factor, kf = 5/(1+fciy ~ 0.67
5.9.5.4.3c Relaxation losses Transformed section coefficient, Kid ~ 0.808
1
log(24t) 3(Afpr + Afpr) | [fos Kig = =
- e 1= P . EpA A

Bfor = g5 Tog(zaty) | foi foy 05| foi 1+ ;T;; (1 —%) (1 4+ 0.74pi7)

t= concrete age in days Time development factor, kid t(61-4F ;+)
Af,z_ Time relaxation losses Creep coefficient at final time, Wy (25yrs,1days) = 1374

LRFD 5.9.5.4.3 Losses: Time of Deck Placement to Final Time

5.9.5.4.3a Shrinkage of Girder Concrete

5.9.5.4.3b Creep of Girder Concrete

5.9.5.4.3d Shrinkage of Deck Concrete

Time of Deck placement, ty 90

Afpep = EYEciegn (Woir - Woio) Kar + Ef/E Al g™ Vg K

Afpss = EJE A oK 1+0.7Wpg¢)

df

Afpsp = EpaEpkKar Wy (td, 1days) = 0.99
- Pslosses= 2578 Mgy = M(i + Epred)
Ke = 1 It Gdr.  Ext. Gdr. 1+07har \A: L.
! +%AT(L + "—f‘—j (1+0.7u5ir) Mfep= -0.94 -0.94
v Int. Gdr. Ext. Gdr.
Transformed section coefficient, Kdf _ (t:)(gdr_spac)(0.15k/ ft2 )1 x (Vptr = €. Gogprands ) ey= -1494 -16.04 in.
Int. Gar_ Ext. Gar. - Ag= 12240 10540 in?
Kgi = 0.830 0.830 + (PSJﬂssesJ(w(m +17“)
2pgr ({d days) = 2E-04
Afpsg (td days)= 5.697
Construction Deflections
The following describes the information needed to estimate camber through the construction process
Slab Wt. + Haunch Deflection
Aftar prastress relsase Camber (in) B, + By + by + gy Sw. L% SIP Forms Variable Joint Filler? | Yes
- I I 0.00 kif - Int
Bt B 384E. 1, 0.00 ki - Ext
4 Assumed Joint Filler Width = 3" ™ per side
i deflection due to sef-weight of Slab and haunch int. girder. A = 023 IN
B deflection due fo self-weight of Slab and haunch ext. girder, A. .. = 020 IN

Cast girder Cast Slab

Bare Girder

Time (days)

Composite Girder

Figure 5-5. Proposed sprea
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PI’OjECt Name: Prestressed Bridge By: Page 4
MODOT Project Numbe A8537 Span#: 1 Date: 10/27/2021
rr,ly
Run Ref:
Additional Slab Wt. Deflection Diaphragm Deflection
x= 667 FT PL?
Approx. Haunch @ End of Gdr = 2001 IN Ag = _dar
2P (3 — 427) P,= 000 KPS Is Diaphragm Load 48E L,
Ags = as” Pasine = 000 KPS External or Internal? ~ External
48E I, Paeex = 000 KPS # of Diaphragms = 0
Additional Slab Wt Deflection, A;s = 0.000 1N VJF Py By KIPS
Additional Slab Wt. Deflection for int. girder, Ageinp = 0.000 1N CJF Agant = 0.000 IN
Additional Slab Wt Deflection for ext. girder, Ayje e = 0.000 IN CJF A gt = 0.000 IN
Times for construction elements Effect of temperature variation (Nguyen et al. 2015
Time at hauling 90 Days Include effect of temperature? h

Time at adding diaphragm, tss 120 Days Ay 0.00 IN Calibration factor, A1 1
Time at deck and haunch, thau 120 Days Ay 023 IN t0 (hrs.) 1
Time at adding barrier, thau 120 Days Ay 0.00 IN t(hrs) 13
Tmax°F 80
Aging Stiffness Tmin“F 60

R
Felt) = Tht (Fledae

Cement Type (I, 11l mn

thermal expansion, a /'F  0.00001

t—t
1—cos [Wnbrl

thermal strain, ry o 000011
depth of the girder, h (in) 43.31

Factor, a 0.482 A= (DC_AI) (T =Ty ) (L_z) Length of girder, L (ft) 5333 IN
Factor, p 0.98 i I 2 8 Adin) _ 0.00
Camber Estimates
The following are the estimates for camber at transfer, 7 days, and hauling
A- Initial camber at transfer B- Camber at 7 days
Ape= —Bga; T Do T Apsj + Ags A7
= (Agat+Apst + An 7 + Acry 7)center
+ (Agl+Ap52 T A!Z_T T ACRZ_? )over.‘nang
A -1.004 Initial camber at transfer (in.)
Agt -0.018 Deflection from self weight from end of girder to support (in.) Creep coeflicient @ 7 days, Py (7,1days) = 0.23
Agai 0.089 Deflection from self weight from support to middle (in.) Prestress losses at 7 days  7.24 KSI
Ays -0.125 Deflection due to harped strands (in ) 7 days Camber by prestress losses at (center) , Ay 7 0.03 IN
Ass -0.986 Deflection due fo straight strands (in.) T days Camber by prestress losses at (end) , 427 0.01 IN
Agq7 = Additional deflection by creep at center, (in) -0.19 IN
Az 7 = Additional deflection by creep at end, (in) -005 IN
C- Camber at hauling (Estimated at 90 days) A; = Total camber at 7 days, (in) -1.21 IN

| Ago= (Aga+Aps1 + A oo + Acr1 90)center + (Ag1+8ps2 + A2 90 + Acr2 90 )overhang |

Aps1= Bps—j + Ags—j

D= Bos + Die

| | Ap52= AHS—;' + Ass—; ’Apsl |

| Acgr = W (Agaitdpsi) + (A1), 07 W

| Acpz = W (Ag1ithpsa) + (A12)20.7 F

Change in girder own weight deflection after hauling

D= Bz = Ay = A 5w, L'

92~ 3B4E_1,,.

Agz = deflection of girder self-weight.center, (in) 0.12 IN
Agh = Change in deflection after hauling, (in) 0.067 IN

Total Deflection - Valid for 90 day Creep Only after hauling

A= Ag + A+ A+ 0 A HAHA;+ A,

Note: camber values at different locations in the girder are calculted

assuming beam deflection due to a constant distributed load
Interior Girder

Initial camber by the presiress force (center), Asr -0.92 N Aps = -1.557 -1-9M16 IN

Prestress losses at 90 days  25.78  KSI Aga = 0952" A5 = -1.482 1142 IN

Initial camber by HS (center). Azs—y  -0.103 IN Agz = 081345 = -1.266 -1-1/4 IN

Initial camber by SS (center), Ass-s -0.821 N Apzz = 0712502 = -1.109 -1-1/8 IN

Initial camber by the prestress force (end). 019 IN Mgz = 05935 = -0923 -15/16 IN

90 days Camber by prestress losses at (center) , 012 IN Agq = 03145 = -0.489 -1/2 IN
90 days Camber by prestress losses at (end) , A 002 N Exterior Girder

deflection by self-weight of girder overhang, (in) -0.015 IN Aps = -1.586 -1-8/16 IN

= deflection by self-weight of girder at center, (in)  0.07 IN Mgy =0952%5 = -1.510 -1-1/2 IN

Creep coefficient @ 90 days, Py, (90, 1days) = 0.99 Aga =0813"g5 = -1200 -1-5/16 IN

Awi so = Additional deflection by creep at center, (in)  -0.75 IN Apan = 071255 = 1130 -1-1/8 IN

Anz o = Additional deflection by creep atend, (in) -0.19 N Mgz = 0593 A5 = -0.941 -15116 IN

Asy = Total camber at 90 days, (in)  -1.86 N Agq = 0.314% 5 = -0.408 /2 IN

Figure 5-6. Proposed spreadsheet page 4
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Project Hame: Prestressed Bridge By: 1] Page 5
- Project Mumber: ABR3T Span#: 1  Date: 81172021
M‘\!-"'DDT Run Ref:
Time Step Camber Analysis
Ky S Ked Afcdf My Wo W M Afa TL Tyl de A Eci) A
CI Girder) (Girden) (peck) M (ksi) frs) (£8) 64D g ) s ) g g ) 0 gy 2O
] i
1 0
1 0.03 000001 000 0.00000 Q.00 ©.22 D04 000 D.83 112 187 20053 0.01 D.001 47E255 0147 -0.04 -0.89
2 0.05 0.00002 000 0.00000 @Q.00 ©O43 0DO7 0.00 1.23 135 300 12050 0.01 D.002 524095 0135 -0.07 -1.03
3 008 000003 000 O0.0DOO0 @00 Q62 D11 000 178 147 388 12841 002 D002 542237 0130 010 -1.08
4 010 0.00D04 000 0.00000 0.00 Q&1 D14 00D 2313 155 468 187.81 0.02 0003 552043 0.128 -013 -1.09
5 013 0.00004 000 000000 0.00 0899 017 000 2.84 161 544 18706 0.03 0002 553189 0126 -016 -1.12
g 015 0.060D05 000 0.00000 0.00 118 D20 0.0 33z 185 613 12637 0.03 0.004 532402 0.125 -018 -1.14
T 017 0.0D06 000 0.L00000 000 132 D23 000 378 168 678 18571 0.03 0.004 583471 0125 -022 -1.18
10 022 0.DOOD0E 000 0.0D0D0 0.00 178 D031 0.00 504 176 BA56 12324 0.04 0.005 571123 0124 -028 -123
13 027 0.000080 000 0.0DO00 000 214 D37 000 6.15 1.80 10.02 12241 0.05 0.006 574237 0123 -035 -128
18 o 0.02011 000 0.00000 0.00 243 D43 000 T.12 182 1142 12108 0.08 0.007 573210 0.122 -040 -1.32
19 035 000012 000 O0.0DOOD 000 273 D42 00D T 183 1281 18280 008 0008 577571 0122 -044 -1.36
22 039 000013 000 0.0D000 0.00 305 D53 000 B.TE 184 1388 18884 0.07 0.008 573508 0.122 -0408 -140
25 042 000014 OO0 O0.0DOOD 000 330 D57 00D .45 185 1480 18720 007 0008 579323 D122 -052 -143
23 044 000015 000 O0.0DDOD 0.00 352 0&1 000 10.09 185 1548 187.04 0.08 0.010 579223 0.122 -055 -1.46
4 049 000017 000 0.0DDOQ 0.00 390 088 0DD 1118 1.86 1684 18556 0.08 0.010 580813 D121 -061 -1.81
41 054 000018 000 O0ODOO0 000 427 074 000 1224 186 1837 18413 009 0.011 581522 D121 -067 -1.55
43 053 000020 000 O0.0DDOC 0.00 453 08D 0DD 1313 185 19.55 18224 0.1 0012 532025 0121 -071 -1.58
55 081 000021 000 O0ODOO0 000 484 084 000 1387 185 2058 181.84 01 0013 582401 D121 -075 -1.62
a2 084 00OO02ZZ 000 OODDDD QOO0 505 DBE OO0 1451 185 2142 18108 01 0013 532693 D121 073 -1.85
it} 0.83 0.00023 000 0.0D0D0 0.00 525 082 000 1508 185 2216 180.34 0.11 0.014 532825 0.121 -080 -1.67
Td 0.38 000024 000 O0.0DDOD 0.00 542 084 000 1554 185 X280 17270 0.11 0.014 533115 0.121 -083 -1.80
a3 0.y0 0.00024 000 O0.0DDOD @Q.00 557 087 000 15497 184 2338 17012 0.11 0.014 583274 D121 085 1.7
a0 072 000025 000 O0.0DDOQ Q.00 570 082 000 168.34 184 2388 17862 0.12 D.015 533407 0121 087 -1.73
aa 0.y2 000025 000 0.000O0 Q00 570 082 000 18.34 184 2388 17862 0.12 0.015 533407 0121 087 -1.48
a2 0.y2 000025 004 0.00002 -0.01 568 1.00 057 1418 184 2172 18071 Q.11 D013 533442 0121 083 -1.38
120 0.7 0.00027 040 0.0D022 -0.0B 5085 1.07 081 1517 186 2280 178.70 Q.11 D.O14 533804 0121 -0.84 -1.40
160 082 000028 061 000033 -013 572 113 084 1610 100 2388 17862 012 0.015 584102 D121 -099 -1.44
200 045 0.DO028 071 000033 -0.15 592 117 087 1872 201 2485 177.85 012 0.015 584231 0121 -1.02 -1.46
240 047 000030 077 0.0DD42 -0.16 &03 120 D&8 1715 203 2521 177.28 012 0016 584401 0121 104 -148
280 089 000031 081 000044 017 &11 123 070 1748 204 2584 17686 0.12 0.016 584433 0121 -106 -1.40
320 080 0.DO031 0B84 0ODD45 -0.18 G183 124 0OT1 17.73 206 2597 17653 0.13 0.016 534550 0.121 -1.08 -1.50
360 o 0.00031 088 00DD48 -D.18 &24 126 071 17.83 207 2625 17625 013 0016 534500 0121 100 -1.851
400 092 000032 0B7 00DD47 018 G209 127 072 1810 2008 2647 17602 013 0016 534540 0121 100 -1.51
0125 100 000034 100 O0ODOS4 -021 &78 137 078 1064 267 2008 17342 014 0018 584083 D121 -117 -156
Time: {days)
-z
-18 .
45 — L
-14 e
E -1z
Eoa
5 -0E
L=
s
02
2z
a
Q 30 100 130 200 300 3 00

Figure 5-7. Proposed spreadsheet page 5
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5.2.1.1 Spreadsheet Page Heading

The heading of each page in the spreadsheet contains some general information about the girder.
These are the project name, designer name, project number, span number, page number, date, and

the run reference (see Figure 5-8) to help identify the prestressed girder for which camber is

calculated.
| Camber Calculations for Prestressed Girders
! Project Mame:  Prestressed Bridge By Page 1
N MADOT Project Mumber: AS537 Spans: 1 Drate: BM12021
s, —
L Run Ref:

Figure 5-8. Page heading in the spreadsheet

5.2.1.2 Prestressed Girder Definition

This section contains the geometric information of the prestressed girder. The input data in this
section are the beam type, beam length, and overhang length (see Figure 5-9). The white cells are
calculated automatically based on tables of standard beam types in another tab of the workbook.
In addition, there is an option whether to include the overhang effect or not. If the option is yes,

the user must insert the overhang length details.

Prestressed Girder Definition
Girder Type = NU 43 Aam = 686.05 [N?
Girder Length, L = 53.33 FT Yone = 19.36 IN
le= 179343 IN*
Girder Depth= 43.31 IN External or Internal? Interior
Unit Weight= 153.00 Ib/ft3 CL to CL Support, Ls (ft)' 53.33
Wg : Self Weight = 0.73 kip/ft Include Overhang No
If no write 0 If yes what is the overhang length , a {ft)‘ 0.00

Figure 5-9. Prestressed girder definition
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5.2.1.3 Cross-Section and Haunch Details

Haunch details are also defined in the calculation of the camber as the haunch causes a dead load,
which will cause downward deflection. The haunch thickness, girder spacing, the roadway depth,
and number of girders must be filled by the user in the part of haunch details in the proposed

spreadsheet (see Figure 5-10).

Haunch Details
Assumed haunch @ Midspan = 2 I+
Girder Spacing= 1200 FT
Roadway Width= 3000 FT
# of Girders = 3
SBC Width = 16 I+
SIP Forms? Mo

Figure 5-10. Haunch details
5.2.1.4 Slab Weight

To consider the deflection caused by the slab weight after the deck is added, the slab details are
defined in the spreadsheet (see Figure 5-11). The proposed spreadsheet allows the user to identify

the slab thickness.

Slab Details
Slab Depth = 8.50 IN
MspL = K-FT
Adj. EFW (Int.)= 823 FT
12.00
Adj. EFW (Ext.)= 7.09 FT
10.33

Figure 5-11. Slab details
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5.2.1.5 Material Properties

The properties of concrete of slab and prestressed girder, steel, and prestressed strands are defined
in this section (see Figure 5-12). The user must fill the initial and 28-day compressive strength of
the concrete used in the prestressed girder. In addition, the user may revise the concrete

compressive strength of slab and the elastic modulus for steel and prestressed strands.

Material Properties

f.= 4 KSI Strength of Slab Concrete
E.= 3644 KSI Elastic Modulus of Slab Concrete
ng = 0.69 Modular Ratio: E.qjapy/Ec(girgen
f,= 6.5 KSI Initial Strength of Girder Concrete (at transfer)
By = 0.725 stress block factor (LRFD 5.7.2.2)
E. = 4790 KSI Elastic Modulus of Initial Concrete Strength
f.= 8 KSI Final Strength of Girder Concrete (28 days)
By = 0.65 stress block factor (LRFD 5.7.2.2)
E.= 5314 KSI Elastic Modulus of Final Concrete Strength
E.= 29000 KSI Elastic Modulus of A1 Bars
ng = 6.05 Modular Ratio: E../E
N = 5.46 Modular Ratio: E..../E.
E, = 28500 KSI Elastic Modulus of Prestressing Strands
N, = 595 Modular Ratio: E.;..¢/E
Ny, = 5.36 Modular Ratio: E..../E.

Figure 5-12. Material properties
5.2.1.6 Strand Profile and Definition

The strand profile and definition are important to calculate the exact camber caused by the
prestressing strands. The window highlighted in Figure 5-13 allows the user to input the location
of each strand (harped as well as straight) in the girder, as well as the number and their diameter.

The average eccentricities are automatically calculated in the part of strand eccentricities (see
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Figure 5-14). These calculations also consider the effect of debonded length of the strands on the

camber (see Figure 5-15). These definitions enable more accurate calculation of the camber.

Strands Profile and Definitions
Strand Size = 0.6 N Typ. form strands == d = 3/8", A = 0.085 in *
Harped Distance = 10.67 FT Out. Form Strand = 0.375 in., Diameter of outer form strands
Beam Shape =  NU Girder Out. Pull = 2.02 kips, Pull of outer form strands
Include top 3/8” form strands for Box Beam? M/A ~  In. Form Strand = 0.375 in., Diameter of inner form strands
Incliined part ratio, b 0.4 Inner Pull = 8 kips, Pull of inner form strands
Strand Location
Row Loc. 85 HS (mid)  |HS (end)
MU 41.56 0.18 Distance to Form Strands Dist. to Top Row
1 39.31 175 in. 4 Vi
2 37.31 ¥
3 35.31 2 —aalt _’*/J
4 33.31 2 .o 4
5 31.31 2 . T
5 29.31 + TopRow Spacing 2 in. |
7 27.31
g 25631
9 18.00 .
10 16.00 Row Spacing .
1 14.00 +
12 12.00 +
13 ool 11 | @ [+esees R
14 goo | | 1 1 frrrrrrrrorrrrrrtl Dist. to Bottom Row
15 6.00 2 o 2 in.
16 4.00 10 2 4
17 2.00 16 2
Y_bottom (end) -HS only = 3331 IN
Y bottom (mid) - HS only = 4.00 1§ E3I
Y_bottom -SSonly= 3.034 IN
ArealStiand = 0217 N E1 I B2 I
# of Straight Strands = 26.18
# of Harped Strands = 6 -+ > >
Total Strands = 32.18 b*L Harped Distance

Figure 5-13. Strand profile and definition

Strands eccentricities

E1= 1633 IN
E2= 1536 IN
E3= 1395 IN
fu= 270 KSI
fy = 0.75%,, = 2025 KSI
fy=09%pu= 243 KS|

Figure 5-14. Strand eccentricities
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Debonded Strand Input

Debond |Camber Debonded Data
Loc. {in.) Mo (lz) () |Const. ve=| 2.667
2 4 a 172499 3 Mo, B
4 2 12 665131
0 Adjust Bonded - 55
0 ye = 3.143
0 Elwi= 15.520
0
0

SUM[E*No.(L2-4153)] = 2390124 in*sf

Figure 5-15. Input to account for debonded strands

5.2.1.7 Transformed Section Properties Calculation

The proposed calculations use the transformed section properties. The section of spreadsheet
shown in Figure 5-16 presents the calculated transformed properties for non-composite section,
girder without slab, and composite section, girder with slab. For the non-composite section, these
properties are calculated using the initial material properties and final material properties. These

are calculated for the interior and exterior girders, after pouring the deck slab.
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Transformed Section Properties
Non-Composite Section

Initial Properties Final Properties
A= 723.04 IN? A, = 718.65 IN?
Youri = 18.663 IN Your = 18.74 IN
.= 189205 IN* l,= 188072 IN*
E1,= 15629 IN E1,=  15.71 IN
E2, = 14.663 IN E2, = 14.74 IN
E3ii = 14.650 IN E3, = 14.57 IN

Composite Section

Interior Girder Exterior Girder
A= 145923 |N? A= 135637 N’
Ybe = 33.62 IN Yoo = 32.53 IN
l. = 505099 IN* I, = 481543 IN*

Figure 5-16. Transformed section properties

5.2.1.8 Initial Camber Calculations

Initial camber is based on the deflections from the prestressing forces and the self-weight. The
camber is measured from the end of the girder to midspan (regardless of support location). This
section presents the part of the spreadsheet in which the initial camber is calculated (see Figure

5-17). The procedures of theses calculation are presented in detail in section 5.1.
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Initial Camber Calculation
Initial camber is based on the deflections from the prestressing forces and the self weight. The camber is measured from the end of the girder to midspan (regardless

of support location).

A- Initial camber at transfer

A

2o
Agi
Agai
Mg

Ass

Ap=—A

g1i T Dga; T Bpsj + Ags;

-1.004

-0.02
0.09

-0.125
-0.986

Initial camber at fransfer (in.)

Deflection from self weight from end of girder to support (in.)

Deflection from self weight from support to middle (in.)
Deflection due to harped strands (in.)
Deflection due to straight strands (in.)

Lo

—

Ls

-
»
-

wg. @ N
Agi= ————[3
gli 24E,; [3a (i

Tori

L Deflection due to self weight (including the overhang effect)

Deflection due to Prestressing forces

4 252
SwyLs wga“Ls

a+2Lg) — 1] - _ % =5
384Eqlyy  16Eqlem

Agpi

Ay = 0.02 IN
Ap = 0.09 IN
A= Do+ A

Fy_jeal? + Fy_j(eates)(bL)?

Aye_i= —
G Y- 6Ecilir;

Fy:
Agsj = Zi (Li — ‘HOZJ

BEciler
ysy= 0125
Asey= -0.986

Figure 5-17. Initial camber calculations

5.2.1.9 Loss Estimation

This section describes the equations used in the estimation of camber (according to AASHTO
LRFD 5.9.5) with time and calculates it (see Figure 5-18). Estimation of camber with time must

include the effect of prestress losses. The losses in the concrete are grouped from time to deck

placement, and after deck placement.

5.2.1.10 Additional Deflection

The additional deflections caused by different components, like the haunch and slab, are also

considered in the proposed spreadsheet (see Figure 5-19). It is important to compute how much

change occurs in the camber due to the weight of the deck slab.
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Loss Estimation with time

The following describes the equations used in the estimation of camber with time. Estimation of camber with time includes the effect of losses. The losses in the
concrete are grouped from time to deck placement, and after deck placement.

Prestress Losses Camber

Losses Losses
- D= Bpsp * foi
fps pj

A= Apsl *

Losses = Afpsp+Dfpcr+Bfpr+Dfpsp+Bfpep + Afpss

Ay = camber due to prestressing losses at center (in)

A = camber due to prestressing losses at end, (in)

LRFD 5.9.5.4.2 Losses: Time of Transfer to Time of Deck Placement

LRFD 5.9.5.2.3a Elastic Shortening LRFD 5.9.5.4.2 Losses: creep and shrinkage of concrete
5.9.5.4.2a Shrinkage losses | 5.9.5.4.2b Creep losses
Myes = By foam M=Ky \ Afon = Ejfe ¥ K/Ee
Eci Humidity, H (%) 70 Release time,ti (days) 1
CGof Strands = 3.2141 IN Shrinkage strain (infin), &g = -KsKnsKek0.48%10°
Bending moment caused by the concrete beam, My, = -3109.70 K-IN Creep coefficient, P(tt) = 1.9k ki kit" '
Stress @ strand level by concrete beam, fy.., = -0.2800 KSI V/s correction factor, ks = 1.45-0.13(v/s) >= 0.0  1.05
Stress @ strand level by strands, f, = 4142 Ksl Creep humidity factor, khc = 1.56 - 0.008H  1.00
Stress @ strand level by strands, f,,,= 3.84 KSI Shrinkage humidity factor, khs = 2.0-0.014H  1.02
Elastic Shortening losses, Afgs = 22.83 KSI Concrete strength factor, kf = 5/(1+fci)  0.67
5.9.5.4.3c Relaxation losses Transformed section coefficient, Kid  0.808
__log(24) 3(afor + 8Fr) | [fos = L
Afor = 45log(24t;) |7 Foi ] foy 0'55] Foi 14 %ﬁ}’j(l +é"iﬂ) (1 + 0.79if)
t= concrete age in days Time development factor, ktd t/(61-4f ;H)
Af,, - Time relaxation losses Creep coefficient at final time, Wy (25yrs,1days) =  1.374
LRFD 5.9.5.4.3 Losses: Time of Deck Placement to Final Time
5.9.5.4.3a Shrinkage of Girder Concrete 5.9.5.4.3b Creep of Girder Concrete 5.9.5.4.3d Shrinkage of Deck Concrete
Time of Deck placement, t, 90 Afep = BB fegn ™ (Poir - Whia) "Kas + ES/E A" Wi Ky Afss = EJ/EAf oKy 140.7¥py)
Afsp = EpaiE Ky Wy (td, 1days) = 0.99
- Pslosses= 2578 Moy = M(i . epced)
Kop =—— — Int. Gdr.  Ext. Gdr. 1+0.7ar \Ac L
1+ EF“AP‘S (1 _%) (1 + 0.7%mi7) Aoy = -0.94 -0.94
Aot Int. Gdr. Ext. Gdr.
Transformed section coefficient, Kdf _ (t5)(gdr_spac)(0.15k/f12)12 « (Yp—tr — €+ Gostrandas ) e = -14.94 -16.04 in.
Int. Gdr. Ext. Gdr. 8 fer Ay = 1224.0 1054.0 in?
('o—ert — €. G seranas )*
Ky = 0.830 0.830 + (Ps_zﬂsses)(Ans)(AmmfT)
epqr (td days) = 0.0002
Afysr (td days)= 5.6974

Figure 5-18. Loss estimation

Additional Slab Wt. Deflection Diaphragm Deflection
%= BET FT P I
Approw. Haunch @ End of Gdr.= 2001 1N Ay = 43?{
2P, x(3L% —4x?) F.= 000 KIFS I5 Diaphragm Load :
Dop = — 2sc il Foa= 000 KPS External or Inkernal?  External
— Ptz 000 KIPS #of Diaphragms= 0
Additional Slab Wt Deflection, a,. = 0.000 1N WJF Fus KPS
Additional Slab 'wr. Deflection far int. girder, 2 = 0000 I CJF A= LU L LT R
Additional Slab W, Deflection for ext. girder, 4,. 0oon I CJF Ay, 0o M

Figure 5-19. Additional deflection
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5.2.2 Time Camber Estimates (Discrete Time-Step)

This part of the spreadsheet presents the calculated camber at different times (see Figure 5-20).
These are camber at transfer, 7 days, and hauling, which are most important time stages during

construction. In addition, the camber is presented along the girder length.

Camber Estimates
The following are the estimates for camber at transfer, 7 days, and hauling

A- Initial camber at transfer B- Camber at 7 days

Ape= —Agq; T Agp; T s+ Ass A7
= (Bgatdpsr + A 7 + Acri 7)center
+ (Bg1+8psz + Az 7 + Acrz_7 Joverhang
A, -1.004 Initial camber at transfer (in )
Agri -0.018 Deflection from self weight from end of girder to support (in.) Creep coefficient @ 7 days, Wy (7.1days) = 023
Agai 0.089 Deflection from self weight from support to middle (in.) Prestress losses at 7 days  7.24 KSI
Ape -0.125 Deflection due to harped strands (in ) 7 days Camber by prestress losses at (center), Ai; 7 0.03  IN
Ass -0.986 Deflection due to straight strands (in.) 7 days Camber by prestress losses at (end) , Az 7 0.01 IN
A 7 = Additional deflection by creep at center, (in) -019 IN
-7 = Additional deflection by creep atend, (in) -0.05 IN
C- Camber at hauling (Estimated at 90 days) A; = Total camber at 7 days, (iny -1.21 IN

— Change in girder own weight deflection after hauling
| Ag= (Aga+tlps1 + An o T Acri_g0)center + (Ag1+Aps2 + Arz 90 + Acr2_90 Joverhang |

Agn=Bgy — 85 = Ay Bw L+

| Ay = Aps_; + Ags_; | Apsa= Dy j +Ags ;- Ay | g™ 334}? I
cittri
A Aga = deflection of girder selfweight,center, (in) 0.12 IN
at = Agh = Change in deflection after hauling, (in) 0.067 IN

Bo= B + B
| Acpr= ¥ (Agaitaps1) + (811107 ¥ |

Total Deflection - Valid for 90 day Creep Only after haulin:
|A= Acg + A, + A + 0+ A+ A +A;+ A, |

Note: camber values at different locations in the girder are calculted

| Acga= ¥ (Agithps) + (A12)207 F | assuming beam deflection due to a constant distributed load
Interior Girder
Initial camber by the prestress force (center), A,.;  -0.92 IN Apz = =1.B57 -1-9116 IN
Presiress losses at 90 days 2578 KSI Apa =0952°A55 = -1.482 1112 N
Initial camber by HS (center), Axss  -0.103 IN Agzy =0.813%A5 = -1.266 -1-17/4 IN
Initial camber by SS (center). Ass;  -0.821 IN Apzs = 0712555 = -1.109 -1-1/8 IN
Initial camber by the prestress force (end), &,z -0.19 IN Mgz =0.593 A5 = -0.923 -15/16 IN
90 days Camber by prestress losses at (center) . 4 s 012 IN Agq =0.314"Ay5 = -0.489 -1i2 N
90 days Camber by prestress losses at (end) . Az 002 IN Exterior Girder
Ay = deflection by self-weight of girder overhang, (in) -0.015 IN Aps = -1.588 -1-9/16 N
Ay = deflection by self-weight of girder at center. (in)  0.07 N Apa =0952%A5z = -1.510 1172 IN
Creep coefficient @ 90 days, ¥y (90.1days) = 0.99 Mgz =0.813%Ay5 = -1.200 -1-5M16 IN
A s = Additional deflection by creep atcenter, (in) -075 IN Apzs = 0712555 = -1.130 -1-1/8 IN
Az 29 = Additional deflection by creep atend, (in) -019 IN Mgz =0.593 A5 = -0.941 -15/16 IN
Ag = Total camber at 90 days, (in) -1.86 IN Ag = 0.314%Ay 5 = -0.498 142 N

Figure 5-20. Time camber estimates (discrete time-step)

5.2.3 Time Camber Estimates (Time-Step)

This part of the spreadsheet presents the time-step calculated camber (see Figure 5-21). The time

losses including shrinkage, creep, and relaxation losses are calculated in this section in addition to
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the effects from the aging concrete modulus. Finally, the camber time-history is also presented in

a chart form.
Time Step Camber Analysis
hl ] hl hl Al Al hl Al hl hl ] Al Al Al Al Al hl Al

Keg €sh Kegd Afcdf Mg o P Afger Af g TL f(0)  Au ALz Ec(t) Acri Ao ) )
EEYS) irder) (Girden) (Deck) MO (ki) (ksi) (F8) (MRt (Ksi)  (ks) (k) (ks) Gn) Q) (ksi)  gin) (g 2O AOR)

0 0

1 0
1 0.03 0.00001 0.00 0.00000 0.00 0.22 0.04 0.00 0.71 1.12 2.04 20046 0.01 0.002 4789.55 -0.032 -0.01 0.11 -1.03
2 0.05 0.00002 0.00 0.00000 0.00 043 0.07 0.00 1.38 1.34 3.15 199.35 0.01 0.003 5240.96 -0.061 -0.02 0.10 -1.07
3 0.08 0.00003 0.00 0.00000 0.00 062 0.11 0.00 2.01 1.47 410 198.40 0.02 0.004 5422.37 -0.088 -0.02 0.10 -1.11
4 0.10 0.00004 000 0.00000 0.00 0.81 0.14 0.00 2.61 1.54 497 197.53 0.02 0.005 5520.43 -0.116 -0.03 0.09 -1.13
5 0.13 0.00004 0.00 0.00000 0.00 099 017 0.00 3.18 1.60 5.77 196.73 0.03 0.005 5581.89 -0.141 -0.03 0.09 -1.16
6 0.15 0.00005 0.00 0.00000 000 1.16 0.20 0.00 3.72 1.64 6.53 195.97 0.03 0.006 5624.02 -0.164 -0.04 0.09 -1.19
7 0.17 0.00006 0.00 0.00000 0.00 1.32 0.23 0.00 4.24 1.68 7.24 195.26 0.03 0.007 5654.71 -0.187 -0.05 0.09 -1.21
10 0.22 0.00008 0.00 0.00000 0.00 1.76 0.31 0.00 5.65 1.74  9.15 193.35 0.04 0.008 5711.23 -0.247 -0.06 0.09 -1.28
13 0.27 0.00009 0.00 0.00000 0.00 214 0.37 0.00 6.89 1.77 10.81 191.69 0.05 0.010 5742.37 -0.299 -0.07 0.09 -1.33
16 0.31 0.00011 0.00 0.00000 0.00 248 043 0.00 7.98 1.79 12.26 190.24 0.06 0.011 5762.10 -0.344 -0.09 0.09 -1.38
19 0.35 0.00012 0.00 0.00000 0.00 278 0.49 0.00 8.95 1.80 1354 188.96 0.06 0.013 5775.71 -0.384 -0.10 0.09 -1.43
22 0.39 0.00013 0.00 0.00000 0.00 3.05 053 0.00 9.82 1.81 14.68 187.82 0.07 0.014 578568 -0.419 -0.10 0.09 -1.46
25 0.42 0.00014 0.00 0.00000 0.00 330 057 0.00 10.60 1.81 15.71 186.79 0.07 0.015 5793.28 -0.451 -0.11 0.09 -1.50
28 0.44 0.00015 0.00 0.00000 0.00 3.52 061 0.00 11.31 1.81 16.64 185.86 0.08 0.015 5799.28 -0479 -0.12 0.09 -1.53
34 0.49 0.00017 0.00 0.00000 0.00 390 068 0.00 1254 1.81 18.24 184.26 0.08 0.017 5808.13 -0.528 -0.13 0.09 -1.58
41 0.54 0.00019 0.00 0.00000 0.00 427 0.74 0.00 13.73 1.80 19.80 182.70 0.09 0.018 581522 -0.574 -0.14 0.09 -1.63
48 0.58 0.00020 0.00 0.00000 0.00 458 0.80 0.00 14.71 1.80 21.09 18141 0.1 0.019 5820.25 -0.612 -0.15 0.09 -1.67
55 0.61 0.00021 0.00 0.00000 0.00 4.84 0.84 0.00 15.55 179 2217 180.33 0.1 0.020 5824.01 -0.644 -0.16 0.09 -1.71
62 0.64 0.00022 0.00 0.00000 0.00 506 088 0.00 16.26 1.78 23.10 179.40 0.11 0.021 5826.93 -0.671 -0.17 0.09 -1.73
69 0.66 0.00023 0.00 0.00000 0.00 525 092 0.00 16.88 1.78 23.91 178.59 0.11 0.022 5829.25 -0.694 -0.17 0.09 -1.76
76 0.68 0.00024 0.00 0.00000 0.00 542 094 0.00 17.42 177 2461 177.89 0.11 0.023 5831.15 -0.714 -0.18 0.09 -1.78
83 0.70 0.00024 0.00 0.00000 0.00 557 097 0.00 17.90 1.77 25.23 177.27 0.12 0.023 5832.74 -0.732 -0.18 0.09 -1.80
90 0.72 0.00025 0.00 0.00000 0.00 570 0.99 0.00 18.32 176 25.78 176.72 0.12 0.024 5834.07 -0.747 -0.19 0.09 -1.82
90 0.72 0.00025 0.00 0.00000 0.00 570 099 056 15.97 1.86 23.52 178.98 0.13 0.022 5834.09"-0.925 000 0.11 -1.30
92 0.72 0.00025 0.04 0.00002 -0.01 568 1.00 0.57 16.06 1.86 23.61 178.89 0.13 0.022 5834.42 -0.744 -0.19 0.11 -1.31

120 0.77 0.00027 0.40 0.00022 -0.08 566 1.07 061 17.20 1.88 24.74 177.76 0.14 0.023 5838.04 -0.790 -0.20 0.11 -1.35
160 0.82 0.00028 061 0.00033 -0.13 579 1.13 064 18.26 1.89 2595 176.55 0.14 0.024 5841.02 -0.832 -0.21 0.1 -1.38
200 0.85 0.00029 0.71 0.00038 -0.15 592 1.17 067 18.96 1.91 26.79 175.71 0.15 0.025 5842.81 -0.859 -0.22 0.1 -1.41
240 0.87 0.00030 0.77 0.00042 -0.16 6.03 120 068 19.45 1.92 27.40 175.10 0.15 0.025 5844.01 -0.878 -0.23 0.11 -1.42
280 0.89 0.00031 0.81 0.00044 -0.17 6.11 123 070 19.82 1.93 27.87 174.63 0.15 0.026 5844.86 -0.892 -0.23 0.11 -1.43
320 090 0.00031 0.84 0.00045 -0.18 6.18 124 071 20.11 1.95 28.24 17426 0.15 0.026 5845.50 -0.803 -0.23 0.11 -1.44
360 091 0.00031 0.86 0.00046 -0.18 6.24 126 0.71 20.33 1.96 2853 173.97 0.16 0.026 5848.00 -0.812 -0.23 0.11 -1.45
400 0.92 0.00032 0.87 0.00047 -0.18 6.29 1.27 0.72 2052 1.97 28.78 173.72 0.16 0.027 5846.40 -0.819 -0.24 0.11 -1.45
9125 1.00 0.00034 1.00 0.00054 -0.21 6.76 1.37 0.78 2227 2.50 31.53 170.97 0.17 0.029 5849.83 -0.981 -0.25 0.11 -1.50

Spreadsheet is set up for the common haunch situation i
where the minimum haunch is at mid-span. In some 5 Time (days)
cases, the maximum haunch may be at mid-span. In
this case it is reasonable to approximate with a constant 18
haunch as follows. Constant Haunch = Min + 5/6%(Max - -16
Min) 1.4
W E 12
Elastic Modulus of Concrete Strength is based on AASHTO 21
LRFD 5.4.2.4 But could vary the camber by 5% when using E .08
the equation proposed by ACI Committee 363 (E.(t) = v 06
15
v , .
(1) (2000 + 1265 7)) (ksil 04
-0.2
0
o} 50 100 150 200 250 300 350 400

Figure 5-21. Time camber estimates (time-step)
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5.2.4 Sensitivity Analysis

Although the proposed method gives more accurate camber prediction, there are several factors
that will affect the camber. It is hard to control some of these factors during construction. So, the
sensitivity analysis was added as a part of the spreadsheet to understand the effect of changing
these factors on the camber calculation at transfer and at 90 days (see Figure 5-22). These factors
include the initial compressive strength, aging strength factors, ki factor for elasticity modulus,
overhang length, daily temperature change, density of concrete, creep coefficient, and losses due
to concrete curing. The user must hit the run button to facilitate the sensitivity analysis. Note that

+ sign means decrease in the camber and — sign means increase in the camber.

Comglrzlssiv Change _in AGING Change _in Eci Change _in v s Change ?n camber
camber (in.) STRENGTH camber (in.) camber (in.) (in.) Run
e stLerllglh (@ and B) (K1) length (ft)
(ks) Initial 90 days Initial 90 days Initial 90 days Initial 90 days
7 0.08 019 [ 0482 | 098 | 0.04 | 0.11 085 | -0.11 | -0.13 3.61 0.07 0.10
75 0.11 0.27 2.3 092 | 0.11 0.10 09 | -0.05| -0.04 271 0.06 0.10
8 0.14 0.34 1 095 | 0.07 | 0.11 095 | 0.00 0.04 1.80 0.06 0.10
85 017 0.40 0.7 098 | 0.05 | 0.11 1.05 | 0.08 0.17 0.90 0.05 0.11
9 0.19 0.45 1.4 095 | 0.08 | 0.11 1.1 0.12 0.23 4.51 0.07 0.09
Max 0.19 0.45 0.11 0.11 0.12 0.23 0.07 0.11
Min 0.00 0.00 0.00 | 0.00 -0.11 | -0.13 0.00 0.00
Daily Change _in Density Change _in S:;:‘]‘:ri Change _in c‘;':fzzie Change ?n camber Temperat Change ?n camber
e camber (in.) factor camber (in.) iy @) camber (in.) nt (in.) ure due to (in.)
concrete
i curing
Initial 90 days Initial digs Initial dig,s Initial digs Initial 90 days
10 0.1 017 | 095 | 0.03 | 0.09 | 0.0625 |0.0419/0.1063| 0.8 0.05 0.25 60 0.12 0.23
20 0.17 0.24 -0.0625 |0.0430/0.1082| 0.9 0.05 0.18
30 0.24 0.30 1.1 0.04 0.04
1.2 0.04 -0.03
Max 0.24 0.30 0.03 | 0.09 0.04 | 0.11 0.05 0.25 0.12 0.23
Min 0.00 0.00 0.00 | 0.00 0.00 | 0.00 0.00 -0.03 0.00 0.00

Figure 5-22. Sensitivity analysis

5.3 Spreadsheet Verification

The accuracy of the spreadsheet was verified by running an independent analysis of 2 girders (a

NU girder and a Tx girder) and comparing the results to PGSuper and Lusas (Figure 5-23 and
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Figure 5-24). The results show that at transfer PGSuper was about 4% lower and Lusas about 21%
higher than the spreadsheet. At 90 days (before deck) PGSuper was 21% higher and Lusas 3%
lower. At 90 days (after deck) PG super was 60% higher and Lusas 4% higher. All predictions
were within approximately 72 in. These results indicate that the spreadsheet was able to accurately
determine the camber. Possible reasons for differences include: difference in models to predict
elastic modulus and compressive strengths at early ages (under 28 days), moment of inertia used
to calculate deflections, support locations used during deflection calculations, and equations used

to predict prestress losses: approximate vs refined estimates.
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NU 53 - Interior Girder
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Figure 5-23. Comparison of Spreadsheet results vs PGSuper and Lusas for NU girder
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Tx 70 - Interior Girder
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Figure 5-24. Comparison of Spreadsheet results vs PGSuper and Lusas for Tx girder

5.4 Proposed Camber Measurement

The accurate measurement of the camber is also critical for the evaluation of the girder. The
following recommendations outline a method for camber measurement using a string line.
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Use a string line with the least possible self-weight. The self-weight is directly
proportional to the amount of sag. An 80-1b. braided fishing line or similar can be
used with negligible sag effect.

For more accurate measurement and to mitigate the effect of sag in the string line,
reference marks can be placed on the girder before the strands are cut.

Consistent pull forces are needed to reduce variability in camber measurement. A
hanging scale to measure the amount of pull, or a pulley and weight system are
recommended to apply consistent tension. The recommended level of force is
between 20 and 30 1bs. With a braided fishing line this will reduce the sag to less
than 0.1 in. over 100 ft.

According to Tadros (2015) the tolerance for predicted cambers of less than 1 in. is
+’ in. For predicted cambers larger than 1 in. the tolerance is = 50% of the
predicted camber. If a girder falls outside of tolerance, then a more accurate
method, such as use of a rotary laser level, is recommended to confirm the camber
measurement.

Measurements should be taken in the morning before temperature gradients due to
daily heating cause additional camber.

Measurements taken before 72 hours after curing may have reduced camber (~12%)

due to increased concrete temperature reducing the prestressing force.

123



CHAPTER 6: SUMMARY AND CONCLUSIONS

Accurate bridge camber in prestressed concrete girders is a critical design component in the ride,
appearance, maintenance requirements, slab placement, and overall life of a concrete bridge
superstructure. This study looked closely at possible contributors to the causes for error in camber,
including concrete properties (e.g. strength, modulus, time-dependent characteristics of concrete
due to aging, creep, and shrinkage), prestressing tendon relaxation, beam storage conditions, and
camber measurement methods. The study evaluated the sources of error in camber prediction and

measurement, and developed a modified calculation model validated with measured field data.

A literature review found several previous studies that have highlighted the difficulties in
predicting initial and long-term camber. Even with improvements to equations, accuracy was only

in the £15% range. The primary causes of camber error were:

e Concrete compressive strength (on the order of 22% higher at release),

e Concrete modulus (many studies recommended the AASHTO 2010 equation for
modulus with kj factors from 0.85 to 1.2),

e Temperature (differences in ambient and curing temperatures causing reduction of
prestress force at release, and daily temperature variations causing as much as
0.75 in. change in camber),

e Creep and shrinkage parameters (most studies recommend use of AASHTO creep
and shrinkage models but some (Honarvar et al. 2015, Stallings et al. 2003) used

modification factors,
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e Support geometry during storage: overhang length in storage affects the girder
camber and most studies recommend including the effect,

e Variability in initial prestress and girder self-weight.

Data from 189 girders with initial camber and 33 girders with later camber measurements before
hauling were analyzed to evaluate the accuracy of the camber calculation procedure. In addition,
field measurements were conducted on four girders, including material characterization tests for

concrete strength gain with time, modulus, and creep.

The girders selected for this study were found to be reasonably representative of the inventory of
NU girders in Missouri. The current camber measurement showed an average under-prediction of
the camber by about 23%. The camber measurement method in two precast plants were compared.
It was found that the self-weight of the string line used to measure camber caused a significant sag
and led to larger than actual camber measurements. Field measurements were made on four girders
from two separate pours and cylinder strength, modulus, and creep data taken. The field cambers

showed an over-prediction of camber for one set of girders, while the other was well predicted.

A systematic look at the parameters affecting the accuracy of the initial and long-term camber

predictions was undertaken. The following conclusions are made based on that analysis:

e An evaluation of the current MoDOT camber prediction method found that the
current method under-predicts the camber by about 23%.

e The method of camber measurement is critical to the accuracy of the camber
measurement. The current heavy Kevlar string line used by Plant #2 produced a

line sag of 0.56 in. under a 45 1b. pull force for a 100 ft. girder. If the camber
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measurement is corrected for possible sag in the string line, then the under-
prediction of camber is reduced to 4%.

Consistency of the camber measurement is also important. Plant #2 had a more
consistent measurement method and less variability than Plant #1.

The length of the overhang (distance past temporary supports) does affect camber.
A change in overhang length from 0 ft. to 4 ft. can cause an average change in
camber of about 20% in the girder data set. Analysis equations used in PGSuper
can be used to include the effect of overhang in the initial camber. In addition, the
location of temporary supports should be consistent, possibly under locations of
lifting loops, to reduce variability in camber predictions.

Concrete compressive strength at prestress transfer is typically higher than the
design initial concrete strength. The average initial compressive strength of the
field bridges was 8.58 £ 1.17 ksi, about 32% higher than the design strength (6.5
ksi).

The increased compressive strength affects the modulus of the concrete, and
thereby the predicted camber. Using the measured compressive strength, the
trendline slope of the measured to predicted camber decreases by 10%.

Equations used to calculate concrete modulus from concrete compressive strength
were evaluated. Using the AASHTO LRFD 5.4.2.3.2 (2012) equations vs. the ACI
Committee 209 (1997) changed the camber by only 4%.

Both elevated temperatures during curing and daily temperature changes affect
camber. Increased temperatures during curing can temporarily reduce prestress

forces and reduce camber by about 12%. Daily temperature changes cause a
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thermal gradient in the girder and can increase camber by 25% with a 25 °F
temperature change.

e Variability in initial prestress force, concrete density, type of section property used
(gross vs. transformed) and strand eccentricity results in a change of camber of only
approximately 5%.

e The current AASHTO discrete time-step approach can predict the long-term

camber.

Based on the analysis of camber prediction methods and comparison to Missouri bridge data, the

following recommendations are made:

e Procedures and tolerances for the measurement of camber at prestress girder plants
are needed.

e The length of the overhang (distance past temporary supports) needs to be included
in the camber analysis. It is recommended that the equations found in PGSuper be
used to account for the overhang length. Procedures for consistent placement of
temporary supports are needed.

e While concrete compressive strength (and related modulus) affects camber, it is not
possible to predict the actual strength beforehand. Therefore, design initial concrete
strength can still be used. If initial concrete strength is increased to 8,500 psi there
would be an average 10% reduction in camber.

e The effect of temperature should be considered in the camber results. In order to
negate the effect of temperature, camber can be measured at least 72 hours after

form release, and in the morning (Tadros 2015).
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e Other factors affect camber to a lesser degree (initial prestress force, concrete
density, type of section property used (gross vs. transformed) and strand

eccentricity) and need not be modified in predicting camber.

The main changes in the camber calculation equations compared to the current MoDOT method

arc:

e Incremental time-step approach. Rather than determining camber at transfer, 7
days, and 90 days, camber can thus be determined at any point in the life of the
girder. Spreadsheet still calculates specific time points (7 day, 90 day) for bridge
plans.

e Include effect of overhang length on camber while girder is in storage. Spreadsheet
allows adjustment of length to centerline of bearing when girder is placed.

e Additional options to include the effects of prestress loss due to elevated concrete

temperatures during curing and daily temperature effects on camber.

The modifications to the camber calculation reduced the underprediction of camber to less than
4% on average (when sag in the string line measurement was accounted for) and decreased the
RMSE from 0.81 in. to 0.30 in. and the average error from 35% to 20%. This yielded predictions
that were in most cases within +25% of the measured camber. ~The proposed method was

implemented into a computer spreadsheet for easy calculation.
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Appendix A

A—1 Current MoDOT Method

MoDOT suggests using a discrete-time-step approach which means to calculate the camber at
different time points. These time points are at prestress transfer, 7 days after strand release, 90
days after strand release, and after the slab is poured. Also, MoDOT suggests using transformed
properties in the calculation in which the relaxation losses aren’t considered, and considers the

effect of debond length. The existing method used by MoDOT is as follows:
Initial Camber at Transfer

The initial camber at prestress transfer is the combination of the deflections due to the girder self-

weight and prestressing forces from harped and straight strands:
A=Ay + Apys + Agg
where:
A;. = initial camber at transfer,
A4 = deflection due to self-weight of girder (not including overhang),

Ags = camber due to prestressing straight strands,

Ay s = camber due to prestressing harped strands,

Note: Negative and positive values indicate upward camber and downward deflections,

respectively. Details of deflection calculations are given in Section 1.5.
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Camber at Midspan After Strand Release (Estimated at 7 days)

The girder camber 7 days after strand release is the initial camber plus the effect of creep over 7

days:

A;=Arc+Acrar7 days

where:

A, = the girder camber at 7 days after prestress strand release with creep,

Acr at 7 days = time - dependent camber caused by creep at 7 days.

Camber at Midspan After Erection (Estimated at 90 days)

The girder camber 90 days after strand release is the initial camber plus the time-dependent camber

effect over 90 days:

Ago= Ajc + Acr at 90 days

where:

Agq = the girder camber at 90 days after prestress strand release with creep,

Acr at 90 days = time - dependent camber caused by creep at 90 days.

Final Camber at Midspan After Pouring the Slab

Total camber after pouring the slab can be calculated as the sum of the girder camber after erection
(90 days) and displacements caused by slab and concentrated loads (diaphragms, haunch, etc.)

before composite action between girder and slab.
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AFC= Ago + AS + ZAC

where:

Apc = final camber after pouring the slab,

Ag = displacement caused by slab weight,

Z A = displacement caused concentrated loads (diaphragms, haunch, etc.).

Calculation of Camber (Upward) Using Transformed Properties.
Camber at midspan due to strand forces are determined by the following:
For straight strands,

Ags= Ags_j + Ags;

Fl—j €1
Ags_j= L* — 413
S BEly )

Initial losses

Ags_1= Ags— j fpj
where:
F_j = total prestressing force of straight strand group just prior to transfer
(kips),
L = distance between centerlines of bearing pads (in.),
lo = debond length of straight strand group from end of girder (in.),
E.; = initial concrete modulus of elasticity,
Liri = moment of inertia of transformed non-composite section (in.4),
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= eccentricity between centroid of straight strand group (CSS) and center
e, of gravity of transformed non-composite section (CGB) as shown in
Figure below (in.),

foj = prestressing force in the strand just prior to transfer (ksi),

Initial losses = Summation of the time dependent losses (7 or 90 day). Losses include
relaxation, creep, and shrinkage, but exclude elastic shortening.

Losses = AfpsptAfpcrTAfprtAfpsptAfpep + Afpss

Ep
AprS = chgp
ci

log(24t) P 3(Afyr + Apr)l l@ -0 55] foj
7 -~ 0 pj

Afyp = —————K;
for 45log(24t;)

Afpsr = €piaEpKia
Afpsp = €parEpKar
AprR = Epﬁ:gp PhiaKia/Eci

€aafAaEca ( 1 N epced)

Afogr = —
Jear 1+0.7%4f

Ac e

For harped strands:
Aps= Dps—j + Aps—y

A F,_je,L* _Fpj(ep + e;)a?
HS=I™ 8E il 6E il iri

Initial losses
Ags_i= AHs—j - £
pr

a=(L-b)/2
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where:
Aps—j = total prestressing force of harped strands just prior to transfer (kips),
b  =length between harped points (in.),

e, = eccentricity between centroid of harped strands (CHS) and center of gravity of
transformed non-composite section (CGB) at midspan as shown in Figure below

(in.),

e; = eccentricity between centroid of harped strands (CHS) and center of gravity of
transformed non-composite section (CGB) at the end of girder as shown in Figure
below (in.).

Figure 1. Girder details displaying the eccentricities and distances used in camber
computations

Calculations of Deflections (Downward)
Deflections at midspan due to dead loads are determined as the following:
For self-weight of girder,
A Sw,L*
g 385Eci1tri
where:

w,= uniform load due to self-weight of girder, (kip/in.)

For self-weight of slab,
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A S5w,L*
S 385E.I',;

where:
w, = uniform load due to self-weight of slab (kip/in.),
E. = final concrete modulus of elasticity based on f'c (ksi),

I't; = moment of inertia of transformed non-composite section (in.4).

Weight of additional slab haunch may be treated as uniform or concentrated load as appropriate.

Diaphragm weight should be treated as concentrated load.

For one concentrated load at midspan,

A PL3
- 4'8E(:I,tri
For two equal concentrated loads,
A= ————— (3L% — dx*
¢ 48Ecl’m-( )

where:
P = concentrated load due to diaphragm and/or additional slab haunch (kips),

x = distance from the centerline of bearing pad to the applied load, P (in.).

Creep Coefficient

Research has indicated that high strength concrete (HSC) undergoes less ultimate creep and
shrinkage than conventional concrete. Creep is a time-dependent phenomenon in which

deformation increases under a constant stress. Creep coefficient is a ratio of creep strain over

elastic strain, and it can be estimated as follows:
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Wt t;) = 1.9kknckpkegty M8
ke = 1.45 — 0.13(v/s) >= 1.0
kn. = 1.56 — 0.008H
ke=5/(1+ f)

ks =t/ (12(100 — 48 | t)

fei +20
where:
¥ = creep coefficient,
H =70, average annual ambient relative humidity,
t = maturity of concrete, (days), use 7 days for camber design after strand release,

use 90 days for camber design after erection,

t; = age of concrete when a load is initially applied, (days) use 0.75 days for
camber design,

v/s = volume-to-surface area ratio (in.),
fZ; = initial girder concrete compressive strength (ksi).

Acg= (Ags—j + Dys—j + D) P+ (Ags—; + Ays—)0.7 ¥

A-2 PGSuper Method
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Figure 2. Girder dimensions
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Figure 3. Optimum strand arrangement

The discrete time-step approach used in PGSuper allows to calculate the camber at prestress
transfer, 90 days after strand release, and after the slab is poured. Also, PGSuper suggests using
gross properties in the calculation in which the relaxation losses are considered. In addition, it is
suggested by MoDOT to consider the effect of overhang length. The existing method used by

PGSuper is as follow:
Initial Camber at Transfer

The initial camber at prestress transfer due the girder self-weight and prestressing forces from

harped and straight strands shall be determined as:

Da] > il

Agz

Ag= Agl + AgZ

Figure 4. Girder self-weight deflection during lifting (Brice 2020)

Ape= Ag1i — Dgzi + Aps
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Aps= Aps + Ags

where:

A;. = initial camber at transfer,

Agq; = deflection due to self-weight of girder at the overhang part,
Ago; = deflection due to self-weight of girder at the middle part,
Ags = camber due to prestressing straight strands,

Ay = camber due to prestressing harped strands.

Note: negative and positive values indicate upward camber and downward deflections,

respectively.
Factor Equation
A < w,.a
g1 Ag1= s—1[3a*(a+ 2L,) — L}
Agoi A= SwyLe _Wga2L§
927 384FE,;I, 16E.l,
Ass _ Pee;L?
557 BEl,
Ao b(3 —4b*)NL3 +Phe3L2
Ans Hs 24E,;I, 8E ;L
N = P(e; + e3)
~ bL
where:

P, = total prestressing force of straight strand group just prior to transfer with considering the
elastic shortening and initial relaxation losses, (kips),
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P;, = total prestressing force of harped strand group just prior to transfer with considering the
elastic shortening and initial relaxation losses, (kips),

L = distance between centerlines of bearing pads, (in.),
E.; = initial concrete modulus of elasticity,

I, = gross moment of inertia of non-composite section, (in.4),

Camber at Hauling (Estimated at 90 days)

The camber at hauling is equal to the camber at the end of storage, plus the change in dead load

deflection due to the different support conditions between storage and hauling. Transportation is

generally assumed to occur at 90 days.

A9O: (Agl + Apsl + ACR1 at 90 days)mid—span + (Agz + Apsz + ACRZ at 90 days)end
Acr1at 90 days= SZ/(Agli + Apsl)

Acr2 at 90 days= T(Agzi + Apsz)

where:

Y = the creep coefficient and can be calculated using the AASHTO LRFD 5.4.2.3.2.

Apﬁ‘l

3 Storage Datum
Am? 7 ,Q//\ Girder End Datum

. 6] |Release)

Focc
ﬂps= ﬂpsl + Apsz
Figure 5. Prestress induced deflection based on storage datum (Brice (2020)
where:
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Ago = the girder camber at 90 days after prestress strand release with creep,
AcRr1 at 90 days = time - dependent camber caused by creep at 90 days at girder mid-span,

Acr2 at 90 days = time - dependent camber caused by creep at 90 days at girder end.

Factor Equation
w,.a
Bg1 Ag1= Zléﬂj [3a*(a + 2Lg) — L]
ASSl Ace= Rgeng
SS= arm 1
8E I,
Ao b(3 — 4b?)NIL3 N Pyes L2
Apsi HS™  24E I, 8E 1,
N = Pp(e; + e3)
bL
Aps,

Apsy= Dysy + Ags1 — Aps
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Figure 6. Camber diagram

Agirder =deflection caused by the girder self- weight,
A,s =deflection caused by permanent prestressing, based on the in-place span length,

ACT@@Pl = \P(te' ti)(Agirder + Aps )
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Ag4iqo=deflection caused by the self-weight of diaphragm,
8giraer =incremental girder deflection caused by change in support between storage and erection,
Acreepz = (W(ta t) — ¥ (te, t)) (Agiraer + Aps ) + ¥ (ta, te) Daia + Sgiraer)
Agecre =deflection caused by the self-weight of deck,
Ay quncn=deflection caused by the self-weight of haunch,
Ay arrier=deflection caused by the self-weight of traffic barrier,
gy cess =€Xcess camber,
A= (Dgiraer + Dps)
A= (A + Acreepl)
Az= (A2 + Agia)
A= (A3 + Acreepz)
As= (A4 + Dgeck + Draunch)

Ae= (As + Dparrier)

A-3 Incremental time-step approach Stallings et al. (2003)

Incremental time-step analysis can be used for the determination of prestressed girder deflection
and camber over time. This kind of calculation is practical by using a computer program, for
example, a spreadsheet. Compared to the discrete approach, this method can give camber at any

time point. The camber at any time after the transfer of the prestress force is determined by:

6(t) = 6.(t) + 0.5[8,.(t) + 6;]1C(t) + 6p[1 + C(t)]
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where §; is the camber caused by the initial prestress force instantaneously after transfer, §,(t) is
the camber caused by the effective prestress force at any time, C(t) is the creep coefficient, 8 is
the immediate deflection caused by the different types of dead loads, and & (t) Is the overall camber
at any time. The camber caused by prestress losses and dead loads can be calculated using the

same equations used by MoDOT.

0. (t) is calculated using the time-dependent prestress forces considering the effects of shrinkage

and creep. The current calculation uses ACI equations and parameters for these effects as follows:

¥

Cc(t) = mCch

where C, is the ultimate creep coefficient; ¥and d are constants; and y,. is the product of correction
factors for loading age, type of curing, relative humidity, the volume-to-surface ratio of the

member, slump, and component materials of the concrete mixture.
A-4 Incremental time-step approach Tadros et al. (2011)

Tadros et al. (2011) recommended the overhang effect to be considered in the calculation of the
camber during the erection stage. He proposed a prediction method was proposed which considers
that the prestressed girder is located on temporary supports at the storage yard that is a few feet
into the span from the girder’s ends. In addition, this method includes the effect of debond strands
and transfer length. The long-term camber can be calculated with the same equation used by

MoDOT. The creep coefficient can be calculated using the AASHTO LRFD 5.4.2.3.2.
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The equations used in this method for predicting the initial camber are listed below in table 1.
However, these equations give the deflection from the support to the middle of the girder. An
additional term would need to be added to include the deflection from the end of the girder to the

support.

w7\

T M, ! f‘ 1 = =
Lo Lex ————a—
. |
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2 % — g [ Strand profile
o O E :

Figure 7. Bending moment diagram due to Figure 8. Optimum strand arrangement

girder own weight used in Tadros method
— P2
—— —=— Debond length — 1
Transfer length
% |
Rl presiress -\ o o b [
II_ L _]I L2

Figure 10. The curvature distribution due

Figure 9. Debond and transfer length o
to the initial prestress

Table 1. Equation used in the initial camber prediction proposed by Tadros et al. 2001

Factor Equation
2
A Ag = 0.1M M. +0.1M
d d 48Eci1x( el + c + e2)
! P2 2 2
A5—7(b +c)2a+b+c) +?(3ab + 2b* + 6ac + 3c*)
AS __ Piex __ Pi(ectey)
o= E¢ilti 27 Eqly
L-L
a a = aO - Lo, LO = 2
b b=a;—a
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L

c c=——a->
2
_ o
Cx ex_ee-l'a(e_ee)
where:

A,= deflection caused by the dead load of the girder,

A= camber caused by the straight and harped strands,

Me.1 = moment at left support, negative if overhang exists, zero if overhang ignored,
Me2 = moment at right support, negative if overhang exists, zero if overhang ignored,
M. = midspan moment,

L, = overhang length,

L = total member length,

a = distance between the support and the assumed start of prestress in girder,

a, = modified debond length = (actual debond length + transfer length/2),

aq = distance from member end to hold-down point,

c = distance from the start of curvature to the midspan,

ex = eccentricity of strand group at point of debonding,

¢1 = curvature due to straight strands,

@2 = curvature due to harped strands.

A-5 Incremental time-step approach Naaman (2012)

Incremental time-step analysis can be used for the determination of prestressed girder deflection

and camber over time. These kinds of calculations are made practical by using a computer

program, for example, a spreadsheet. Compared to the discrete approach this method can give

camber at any time point.

An incremental time-step approach, even though somewhat cumbersome, provides a more realistic

and accurate estimate of the contribution of these coupled nonlinear effects. The theoretical

approach that can be used for the incremental time-dependent analysis integrates prestress loss
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prediction due to time-dependent effects along with the prediction of the time-dependent deflection

time histories. This is accomplished in the following steps:

1. Divide the timespan of the prestressed member into several time segments (#, #;), with
significantly shorter intervals early in its life, when all of the time-dependent effects are more
significant and when there are also more changes to the environmental and loading conditions
during the early fabrication and construction stages (e.g. 1, 7, 14, 28, 90, 365..... days). Note
t; s the time at the start of the interval and # is the time at the end of the time interval under
consideration. These times can additionally be chosen to also reflect practical
fabrication/construction timelines.

2. Compute the top and bottom strains, &:(%;), and &(t;), at the important cross-sections (support
and hold-down points) at the start of the time interval, #, based on material properties at this

time and basic mechanics.

£ee(t) = (1 %)

Ece(t)Ac kb
F(t) ( ec>
() = ———(1-=
O =g 0a \! Tk,
Ecw)
Eee(D) = 1+ C.(t—t)
t
Ec(t) = 33)/c1'5\/fc’(t = Ec ’b T ct
, (t —thoe
C.(t—t)= CeuKeuKesKea

10 + (t —t")06

3. For the time interval under consideration, (#, ), assume that the loading and environmental

conditions remain unchanged from the start (#;) to the finish (#). Determine the change in the
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top and bottom strains due to aging, creep, shrinkage, relaxation, and prestress losses (A&u (%))
and Aee(t,t)) during the time interval (¢-¢;). Update the strain at the top and the bottom at the
support and at the hold-down points (&u(t) = gu(ti)+ Asu(tit), n(ty) = sn(ti)+ Acen(tity), and ,
to enable curvature and deflection computations.

Ect — Ecb
h

4. Use the updated magnitude of the strains as the starting values of the next time interval.

d =

where:

E..(t) = the equivalent concrete elasticity modulus as affected by creep,
e. = the eccentricity of the C-force at the section,

M = the externally applied moment,

F(t) = the time prestressing force,

E.(t) = concrete elasticity modulus at time z,

t = concrete age (days),

t = concrete age at prestressing release (days),

C.(t —t') = creep coefficient at (z —¢’),

Ccy = Nominal ultimate creep coefficient (2.35),

Kcy = Ambient relative humidity factor = 1.27 — 0.67h,
Kcs = Volume-to-surface ratio factor =§ .<1 + 1.13e(_0'54(;))>,

Kca = Age application of load factor = 1.13¢;%0%%,
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b and ¢ are empirical constants which are functions cement type and curing conditions.

The time camber caused by the prestressing force and deflection caused by dead load can be

calculated as following:

Factor Equation
w,. L*
A, (t A= —9"
20 917 384E,, (D),
b, L?
ASS (t) ASS= 53
8
@y L? a’
AHS(t) AH5= fse + ((pHse - ¢)Hsc) * Z
A(t) A(t) = Agy (t) + Ags () + Aps (£)
.'1— ________________________________ f_l______l ___________________________________________ —

Figure 11: Girder details displaying the eccentricities and distances used in camber
computations

where:

@, = curvature caused by straight strands,

@, = curvature caused by harped strands at the end of the prestressed girder,

®yc = curvature caused by harped strands at the mid-span of the prestressed girder,

Ag4 (t) = time deflection caused by girder own weight,
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Ags (t) = time camber caused by straight strands,
Ay (t) = time camber caused by harped strands,

A (t) = time camber.
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