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SUMMARY

In recent years, NCDOT has experienced increasing construction problems related to
discrepancies between the predicted and measured camber for prestressed concrete bridge
girders, as well as problems with differential camber between identical girders. In addition,
current prestress loss predictions used by NCDOT are based on the 2004 AASHTO LRFD
Bridge Design Specification, which has been superseded by the 2010 edition.

This report examines the accuracy of the current NCDOT method for predicting the
prestress losses and camber for prestressed concrete girders as compared to field
measurements. Other methods available in the literature are also reviewed, including the PCI
method and the AASTHO 2010 method.

The report presents the findings from the testing of a large number of concrete
cylinders that was conducted to evaluate the properties of the concrete. It also presents the
findings of several site visits to precasting plants that were conducted by the research team to
identify factors related to girder production that could potentially affect the accuracy of the
camber predictions. Specific findings related to the concrete properties and other production

factors include the following:

1) The concrete compressive strength at transfer was found to be on average 25%

higher than the specified design value.

2) The concrete compressive strength at 28 days was found to be on average 45%

higher than the specified design value.

3) The elastic modulus of the concrete was found to be on average 15% less than the
value predicted by the AASHTO specifications using a unit weight of 150 pcf for

the concrete.

4) Concrete properties can potentially vary from girder to girder within the same
casting bed due to the use of multiple batches of concrete along the bed as well as

delays in concrete batching that occasionally occur during a casting.
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5) Deformation of the internal void forms in box beams and cored slabs caused the
camber to be overestimated by a significant amount and should therefore be
considered in the prediction of camber.

6) The prestressing force was found to be significantly affected by the temperature
fluctuations of the prestressing strands during fabrication.

7) Temporary thermal gradients in the girder could cause significant scatter of the

measured camber data.

8) The debonding and transfer length of the prestressing strands were found to be
significant sources of error in the camber predictions for girders with debonded
lengths greater than ten feet and should therefore be considered in the prediction of

camber.

This report provides specific recommendations to account for several of these factors to
enhance the prediction of camber.

The research introduces two methods for the prediction of camber for prestressed
concrete bridge girders, including an “approximate” method based on multipliers and a
“refined” method based on the detailed losses calculations given in the 2010 AASHTO
specifications. The current NCDOT method was also modified to account for the factors
related to girder production. The current NCDOT method, the modified NCDOT method,
and the two proposed methods were compared with measured cambers of 382 prestressed
concrete girders in the field, some of which were taken by the research team and others that
were collected with the help of NCDOT inspectors and Resident Engineers. The girder types
that were considered in the study include AASHTO Type Il and Type IV girders, box
beams, cored slabs, and modified bulb-tees. The findings from the comparison of the

prediction methods are summarized briefly as follows:

1) The current NCDOT method was found to overestimate the camber of prestressed
girders by an average of 52%. The modified NCDOT method overestimated the
camber by an average of 39%. The proposed approximate method overestimated the
camber by an average of 16%. The proposed refined method underestimated the

camber by an average of 6%.
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2) The accuracy of the predictions of camber at prestress transfer was found to vary
between different girder types and curing methods. Steam cured box beams and
cored slabs exhibit lower cambers at the time of prestress transfer than the moist
cured members. However, the accuracy of the predictions at later stages is less

significantly affected by the curing method and girder type.

Based on the findings of this research, the two proposed methods are recommended to
provide the most accurate prediction of camber. The proposed approximate method is more
convenient for simple hand calculations, while the proposed refined method is suited for
more accurate computer calculations.

A spreadsheet program to predict prestress losses and camber using each of the
methods considered in this research is provided. A spreadsheet that calculates the modified

section properties for box beams and cored slabs due to void deformation is also provided.
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1 INTRODUCTION

1.1 Background

Loss of prestress is a basic time-dependent characteristic of prestressed concrete. For
pretensioned concrete, the magnitude of the prestress loss depends on the elastic and time-
dependent properties of concrete, including elastic modulus, creep and shrinkage, as well as
the relaxation characteristics of the prestressing steel. The prestress loss and creep in turn
affect the camber of prestressed girders. The prediction of prestress losses and camber has
been a subject of study by many investigators for nearly half a century since they directly
affect the structural response and performance of prestressed concrete girders.

In recent years, NCDOT has experienced an increasing occurrence of problems
resulting from discrepancies between predicted camber and actual camber of girders in the
field. The most significant issues are overestimation of camber for box beams and cored
slabs and differential camber among adjacent girders. Similar problems have also been
experienced by other state transportation agencies as Chapter 2 discusses.

Problems caused by inaccurate camber predictions can be significant. For example,
overestimation of camber can result in the need for additional deck concrete or asphalt in
order to achieve the desired grade. This raises construction costs and increases the dead load
acting on the bridge. In addition, differential camber between adjacent girders can cause
construction problems in the field that can be difficult or impossible to overcome.

Currently, the camber predictions used by NCDOT engineers use a simplified
multiplier method based on a paper by Leslie Martin published over 30 years ago (Martin,
1977). With the increasing use of newer types of prestressed concrete bridge girders, such as
modified bulb-tees, box beams and cored slabs, this method seems to be inadequate. In
addition, this method does not utilize detailed prestress loss predictions, instead relying on
simplifying assumptions regarding the magnitude of prestress losses.

NCDOT engineers currently use the “refined” method specified in the 2004 AASHTO
LRFD Bridge Design Specifications for prediction of prestress losses. However, these
specifications are now superseded the 2005-2006 Interim Revisions, in which the loss

predictions have become significantly more detailed. While earlier versions of the



specifications only provided estimates of the total losses, recent versions provide time-
dependent estimates of the long-term losses. Since time-dependent estimates could provide
improved camber predictions, this research focuses on evaluating the effectiveness of the
current simplified prediction method, introducing possible modifications to improve the
predictions, and recommending alternative prediction methods that utilize the time-dependent
losses.

1.2 Research Objective and Scope

The objective of this research is to evaluate and improve the current NCDOT method
for predicting camber and prestress losses for pretensioned prestressed concrete bridge
girders with particular emphasis on the camber at the time of prestress transfer and at the
time of girder erection. To accomplish this objective, the following tasks were pursued:

1) Review the method currently used by NCDOT to predict prestress losses and

camber.
2) Review other methods for predicting prestress losses and camber.

3) Develop a camber prediction method that will utilize detailed prestress loss

predictions.

4) Develop an extensive database of field measurements that includes camber data for

various girder types and sizes.

5) Conduct site visits to prestressing plants to identify factors relating to production

that could potentially impact prestress losses and camber.

6) Evaluate the effects of the production factors, and include adjustments for these

factors in the prediction models for prestress losses and camber.
7) Evaluate and compare the prediction methods by utilizing the field measurements.

8) Propose a “refined” camber prediction method that utilizes detailed prestress losses
predictions, as well as an “approximate” method that is suitable for simple hand

calculations.



2 REVIEW OF LITERATURE

2.1 Introduction

Typically, the effect of the prestressing force, combined with the girder self-weight,
causes a net upward deflection at the midspan of a precast prestressed girder before
superimposed dead and live loads are applied. This upward deflection, or camber, helps to
reduce the final downward deflection of the girder when the full service loads are in place.
Prediction of camber and deflection is therefore an important design issue

The ability to predict camber accurately is critical for the design and construction of
bridges. However, this is a complex task, since the camber is dependent on many variables,
some of which are interdependent and change over time. Four of the most significant
variables are the properties of the concrete, the creep of the concrete, concrete temperature,
and the magnitude and location of the prestressing force. This chapter presents a brief review
of research in the literature related to these factors and to the prediction of camber in general.
It also provides a summary of the responses to a questionnaire that was sent by the research
team to other state departments of transportation to learn about their experiences with camber

prediction.

2.2 Concrete Properties

Since prestressed concrete bridge girders are usually designed in a manner that
eliminates flexural cracking under service loads, elastic theory is typically used to predict
camber and deflection. A key component of the various elastic deflection formulas is the
elastic modulus of the concrete. One of the most prevalent models for predicting elastic
modulus has been the following equation specified by the 2004 edition of the AASHTO
LRFD Bridge Design Specifications (AASHTO, 2004):

E. = 33000w}>/f) 2-1
where:
E. = elastic modulus of concrete (Kksi)
w, = unit weight of concrete (kcf)



fi = specified concrete compressive strength (ksi)

However, several studies have revealed potential sources of error with this approach.
Kelly et al. (1987) noted that the actual concrete compressive strength is often much higher
than the specified strength. Based on a study of eight prestressed concrete girders with
specified 28-day strengths of 6500 psi, they found that the average measured 28-day strength
was approximately 9300 psi, which is more than 40% higher than the specified strength. This
discrepancy results in a higher elastic modulus than predicted using the specified strength,
consequently reducing the measured camber compared to the predicted value. Tadros et al.
(2003) showed that the stiffness of the coarse aggregate used in the concrete, which typically
varies with the aggregate source, can introduce significant errors when estimating elastic
modulus. They recommended using an aggregate adjustment factor, K;, to account for the
aggregate stiffness. This recommendation was subsequently adopted in the AASHTO
specifications, beginning with the 2005-2006 Interim Revisions (AASHTO, 2006). Tadros et
al. also observed that the elastic modulus measurements exhibited significant scatter even
though the mix proportions were tightly controlled, suggesting that the elastic modulus and
camber of prestressed girders will always have some inherent variability. They also noted
that although it is typically assumed by the designer that the prestressing will be applied to
the girders one day after casting, it is common in practice to allow girders to cure over the
weekend, applying the prestressing after three days. This is sufficient time for the elastic
modulus of the concrete at an early age to develop to a higher value than the value predicted
for the time of prestress transfer, resulting in poor estimation of camber at this stage.

The compressive strength of the concrete, in addition to impacting the elastic modulus
of the concrete, is also related to other factors affecting camber, such as creep and prestress
losses. Bruce et al. (2001) showed that a potential source of error when predicting these
factors is caused by a measured difference between the compressive strength of the concrete
cylinders cured with the member and the strength of the concrete within the girder itself due
to the higher curing temperatures within the more massive girder. By keeping the
temperature of several cylinders the same as the temperature of the girder concrete using an
embedded thermocouple, they showed that the strength of the temperature-controlled

cylinders was as much as 10% greater than the cylinders that were cured with the girder but



without the thermocouple. This could lead to a greater than expected discrepancy between
the specified and actual concrete strength at prestress transfer, resulting in poor predictions of

elastic modulus and camber.

2.3 Creep of Concrete

Creep is a time-dependent deformation of concrete under sustained loading. The rate of
creep controls the time-dependent growth of camber in bridge girders. Although creep of
normal strength concrete has been extensively studied by many researchers over the years,
the increasing popularity of high-strength concrete for prestressed girders in recent years has
prompted new studies to analyze the creep effect for high-strength concrete.

The creep coefficient is defined as the relative increase in the initial strain over a given
time due to sustained loading. Since the calculation for the creep coefficient specified by the
AASHTO LRFD Bridge Design Specifications prior to 2005 was developed for girders with
concrete strengths in the range of 4 to 5 ksi, Tadros et al. (2003) proposed adjusting the
calculation to account for concrete strengths up to 15 ksi. Based on dozens of high-strength
concrete cylinder tests, it was shown that the new creep predictions provided results that
averaged 98% of the measured values, while the pre-2005 AASHTO method produced
results that averaged 174% of the measured values. AASHTO implemented the
recommended equation beginning with the 2005-2006 Interim Revisions to the specifications
(AASHTO, 2006).

In addition to being related to the concrete strength, the creep is also a function of the
volume-to-surface ratio of the girder, the ambient humidity, and the age of the concrete at

which loading is applied.

2.4  Prestressing Force

The prestressing force is of critical importance when predicting camber. Due to various
factors, the prestressing force tends to decrease after initial stressing. These prestress losses
consist of instantaneous and time-dependent losses. The instantaneous loss of prestress is due
to elastic shortening of the girder at the level of the prestressing strands upon initial

application of the prestressing. Time-dependent losses are due to creep, concrete shrinkage



caused by drying, and relaxation of the prestressing strands. Based on the work of Zia et al.
(1979), the Precast/Prestressed Concrete Institute adopted a set of simple equations to predict
the prestress losses due to each of these sources. This was an improvement over the prior
predictions, which required either substantial analytical analysis or calculation of a somewhat
inaccurate lump-sum value. They showed that the proposed equations, which are still
specified by PCI today, produced results similar to those predicted by detailed analytical
methods (PCI, 2004).

Prior to 2005, the AASHTO LRFD Bridge Design Specifications also recommended
simple equations for prestress losses. However, Tadros et al. (2003) showed that these
calculations are not well-suited for high-strength concrete girders. Based on detailed
measurements of seven bridge girders of various designs, it was shown that the pre-2005
AASHTO equations overestimated prestress losses by an average of 60%. One of the primary
shortcomings of the AASHTO equations was that only the ultimate losses were calculated,
rather than the time-dependent losses at various time intervals. Tadros et al. proposed
equations to calculate the losses with respect to time and included adjustments to account for
high-strength concrete. It was shown that these predictions as well as the PCI predictions
were significantly more accurate for predicting prestress losses for high-strength girders than
the pre-2005 AASHTO methods. The recommended equations were subsequently adopted by
the AASHTO specifications beginning with the 2005-2006 Interim Revisions (AASHTO,
2006). A study by Byle et al. (1997) also showed that the pre-2005 AASHTO method
overestimated losses for twelve girders constructed with high-strength concrete, although the
margin was only 8%. They recommended an alternate set of time-dependent equations for
prestress losses.

Another factor that can affect the prestressing force is thermal expansion of the
prestressing strands caused by differential temperatures prior to prestress transfer. Bruce et
al. (2001) showed that hydration-induced temperature increases in the concrete during curing
can raise the temperature of the strands, resulting in a reduction of the prestress force by as
much as 11% due to thermal expansion. However, since the concrete likely bonded with the

steel within six to eight hours after casting, a portion of the force would be regained upon



cooling, and the final loss of prestress due to this effect was estimated to be approximately
6%.

2.5 Thermal Gradient Effect

As noted by Tadros et al. (2011), thermal gradients can develop through the depth of
the girder due to differential cooling after curing or due to solar effects. This gradient can
temporarily induce additional camber or deflection of the girder, thereby introducing scatter
into the camber measurements. Byle et al. (1997) estimated that thermal gradient effects
could produce deflections of approximately 1/2” for the U-girders that they studied, which
were in the range of 115 to 145 feet in length.

2.6 Prediction of Camber

Prediction of camber is inherently imprecise due to variability of the concrete
properties, differential shrinkage in composite sections, variation of when prestress transfer
occurs, and many other factors (Martin, 1977). Because of the uncertainty in camber
prediction, Martin developed a simple method to predict camber based on multiplying the
predicted elastic camber and deflection at prestress transfer by standard factors to estimate
the camber at later stages due to creep. This method is still being used by the PCI Design
Handbook, and is one of the most commonly used methods for predicting camber. Ahlborn et
al. (1995) tested two full-size composite I-girders constructed with high-strength concrete
and measured the camber at various ages. The PCI method predicted camber reasonably well
for one of the girders, which contained a limestone coarse aggregate, but overestimated
camber by 40% for the other girder, which contained a glacial gravel.

Other methods for predicting camber include the incremental time-steps method and
the approximate time-steps method (ACI Committee 435, 1995). The incremental time-steps
method requires calculation of creep strains, shrinkage strains, and prestressing forces at
numerous intervals, and is therefore typically only justified for very long spans or segmental
bridge structures. Stallings et al. (2001) tested five AASHTO BT54 bulb-tee girders
constructed with high-strength concrete with an average 28-day strength of 10 ksi. Based on

the camber measurements, the PCI multiplier method significantly overestimated the camber



at the time of girder erection. The approximate time-steps method and the incremental time-
steps method predicted camber reasonably well.

Although several methods for predicting camber exist, most studies show significant
scatter in the camber measurements. Kelly et al. (1987) noted that the camber for eight
identical AASHTO Type IV girders that were 127 feet in length varied from 2 to 6 inches at
the time of prestress transfer.

A detailed summary of the existing methods for predicting prestress losses and camber

that are considered in this report is provided in Chapter 3.

2.7 Camber Experiences of Other States

A brief questionnaire was sent to bridge design engineers at the Nebraska Division of
Roads (NDOR), the Texas Department of Transportation (TXDOT), and the Florida
Department of Transportation (FDOT). These questionnaires were designed to explore the
methods used by these states to predict prestress losses and camber. They also requested
information about any problems experienced with the prediction of camber. This section
provides a summary of the responses. The full text of the responses are provided in Appendix
C.

2.7.1 Nebraska Division of Roads (NDOR)

NDOR uses both the “approximate method” and the “refined method” of the 2004
AASHTO LRFD Bridge Design Specifications to estimate prestress losses. In their
experience, both give approximately the same prediction of camber at the time of the erection
of the bridge, which is assumed to be 30 days after casting.

NDOR has observed that the camber predictions are often higher than the measured
values, particularly for very long spans (over 150 feet) when the specified concrete strength

exceeds 10 Kksi.



2.7.2 Texas Department of Transportation (TXDOT)

TXDOT typically uses the “refined method” of the 2004 AASHTO LRFD Bridge
Design Specifications to estimate prestress losses. To predict camber, they use a single set of
assumed creep values for all girders.

In contrast with NDOR, TXDOT has observed that their camber predictions are often
significantly lower than the measured values for long span girders. In rare cases, the girders
had to be re-cast. In addition, TXDOT has observed that girders cast at the same time will
often have different cambers on the bridge if the project phasing requires that some girders
remain in storage in the casting yard longer than others. They observed that these differential
camber problems are most problematic with box beam girders since these are placed
immediately adjacent to each other on the bridge.

2.7.3 Florida Department of Transportation (FDOT)

FDOT uses the AASHTO equation (Equation 2-1) to calculate the elastic modulus of
concrete. They use the specified concrete strength and a concrete unit weight of 145 pcf. For
concrete made with coarse aggregate native to Florida, which is typically limestone, the
elastic modulus is factored by 0.9.

FDOT estimates prestress losses using the refined calculations specified by the 2004
AASHTO LRFD Bridge Design Specifications. Camber is calculated using either the PCI
multiplier method or the approximate time-step method. FDOT engineers have not
experienced persistent problems with camber prediction using either method, although
construction difficulties related to camber occasionally occur.

Problems related to camber prediction are prevented to some extent by FDOT’s
practice of requiring that the contractor measure the camber of the girders before setting the

seat elevations on the bridge bents.*

! The fact of this practice was related to the researchers in a private communication.



3 EXISTING PREDICTION METHODS

3.1 Introduction

There are several methods in the literature and in various codes normally used to
predict prestress losses and camber for prestressed concrete girders. The current NCDOT
method, the PCI method, and the AASHTO 2010 method are presented in this chapter,
although it should be noted that the AASHTO 2010 method predicts only prestress losses.

Throughout this report, some of the symbols have been altered from those of the source
materials for the purposes of uniformity and comparison. The symbols used here are
consistent with the definitions in the “List of Symbols” provided in this report.

In addition, the equations presented here pertain only to pretensioned girders using
normal-weight concrete and low-relaxation strands with a nominal strength of 270 ksi. The

calculations and assumptions may differ for other applications.

3.2 Prestress Losses

The three existing methods for predicting prestress losses considered in this study are
the current NCDOT method, the method specified by the Precast and Prestressed Concrete
Institute (the PCI method), and the “refined” method specified in the 2010 AASHTO LRFD
Bridge Design Specifications (the AASHTO 2010 method).

All of the prediction methods provide estimates of the instantaneous loss that occurs at
transfer of prestressing due to elastic shortening, as well as estimates of the time-dependent
losses including concrete shrinkage, creep, and strand relaxation. However, a fundamental
difference between the three methods is that the AASHTO 2010 method provides estimates
of the time-dependent losses as functions of time, while the NCDOT method and the PCI

method provide estimates of only the ultimate time-dependent losses.

3.2.1 Current NCDOT Method

The current NCDOT method for predicting prestress losses is based on the “refined”
method specified in the 2004 AASHTO LRFD Bridge Design Specifications. In this method,

10



the predictions of the time-dependent losses are not expressed as functions of time. Rather,
they are estimates of the ultimate time-dependent losses only.

3.2.1.1 Total Prestress Loss

The total prestress loss is determined by combining the effects of elastic shortening,
concrete shrinkage, creep, and strand relaxation, as follows:

Afprr, = Afpes + Dfpsr + Afpcr + Afr2 3-1
where:

Af,rs = elastic shortening loss
Af,sr = total shrinkage loss
Af,cr = total creep loss

Afr, = total relaxation loss after prestress transfer

Although some strand relaxation occurs prior to transfer of the prestressing force, it is
commonly accepted that the producer will compensate for this loss by overstressing the

strands. Therefore, only the relaxation loss that occurs after transfer is included in the total
losses.

3.2.1.2 Elastic Shortening Loss

Elastic shortening loss occurs instantaneously at the time of prestress transfer as a result
of the shortening of the girder caused by the application of the prestressing force. This
prestress loss is estimated as the product of the stress applied to the concrete at the level of
the centroid of the strands and the modular ratio, as follows:

E.
AprS = _pfcgp 3-2
Eci
where:
E, = elastic modulus of the prestressing strands
E, = elastic modulus of the girder concrete at transfer
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stress in the concrete at the level of the centroid of the prestressing

strands immediately after transfer due to prestressing and girder

self-weight
- (i N P_> _Mge
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total prestressing force immediately after transfer
eccentricity of the centroid of the prestressing strands at midspan
with respect to the centroid of the girder
area of the gross cross-section of the girder
moment of inertia of the gross cross-section of the girder
moment at midspan due to girder self-weight, assuming simply
supported conditions

B w, L2

8

uniformly distributed load due to girder self-weight

girder length

Since the initial prestressing force after transfer, P;, depends on the elastic shortening

loss, this calculation is iterative. On the first iteration, the initial prestressing force after

transfer is assumed to be 90% of the specified jacking force. After computing the elastic

shortening loss, the prestressing force after transfer is determined for the second iteration by

reducing the specified jacking stress by the calculated loss. This process is then repeated until

convergence occurs.

3.2.1.3 Shrinkage Loss

Shrinkage loss occurs gradually as a result of the shortening of the girder caused by the

drying shrinkage of the concrete. It is determined as follows:

where:

Afysp = 17.0 — 0.150H (ksi) 3-3
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H = average annual ambient relative humidity (%). Typically taken as
70 for North Carolina per Figure 5.4.2.3.3-1 of AASHTO 2004.

3.2.1.4 Creep Loss

Creep is the time-dependent deformation of the girder concrete caused by sustained
stresses due to prestressing, self-weight, and superimposed dead loads. Prestress loss occurs
due to the shortening of the girder at the level of the centroid of the strands. In this method,
the creep loss is considered to be proportional to the applied stresses. Since the superimposed
dead loads are typically applied at a later time than are the prestressing force and self-weight,
the stress due to the superimposed dead loads is considered to impact creep less significantly
than the other loads. This fact is accounted for in the following equation by the two different
coefficients of 12.0 and 7.0:

Afpcr = 12.0fcgp = 7.0fcqs 2 0 3-4

where:

feas =  concrete stress at the level of the centroid of the strands due to

superimposed dead loads applied after transfer.

— Msde 3.5

Iy

M,; = midspan moment due to superimposed dead loads.

3.2.1.5 Relaxation Loss

Under the sustained loading of the prestressing force, the strand steel gradually relaxes.
The resulting reduction in prestress is the relaxation loss. This method divides the relaxation

loss calculations into two parts, including the loss before transfer and the loss after transfer.

Before Transfer

The relaxation loss that occurs between initial stressing and prestress transfer is

estimated as follows:

13
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00 |1 0.55] foi 3-6

Aprl =

where:

t= time (days) between stressing and transfer. Typically assumed to be
2 days.

fpy =  specified yield strength of the prestressing strands. Taken as 90% of
the nominal strength for low relaxation strands.

foj = stress in the strand after jacking. Taken as 75% of the nominal

strength.

After Transfer

The relaxation loss that occurs after transfer accounts for the interaction with the other

components of losses, and is estimated for low relaxation strands as follows:

Afyry = 0.30[20.0 — 0.44f,ps — 0.2(Af sk + Afyer)]| (ksi) 3-7

3.2.2 PCI Method

The method recommended by the Precast and Prestressed Concrete Institute for
estimating prestress losses is similar to the current NCDOT method in that it only estimates
the ultimate time-dependent losses rather than time-specific values. However, the prediction

equations themselves are different.

3.2.2.1 Total Losses

The total prestress loss is the summation of the losses due to elastic shortening,

shrinkage, creep, and relaxation, as follows:

Afprr = Afpes + Afpsg + Afpcr + Afre 3-8
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3.2.2.2 Elastic Shortening

The elastic shortening loss is determined using the same equation used in the NCDOT
method, as follows:

E
Afpes = E_p'fcgp 3-9
ci

Unlike the NCDOT method, however, this method does not compute the loss
iteratively. It is instead determined by applying a reduction factor of 0.9 to the specified
jacking force as follows:

3-10

_ [0.913]- . 0.9P]-ezl  Mge
cgp

A I, I,

g
where:

P = specified jacking force; taken as 75% of the nominal strength

multiplied by the total strand area for 270 ksi low-relaxation strands

The factor of 0.9 is used to approximate the prestressing force after elastic shortening
by assuming that the elastic shortening is ten percent of the jacking force. This is similar to
the first iteration of the NCDOT prediction. However, the calculation is not iterative for this
method as it is for the NCDOT method.

3.2.2.3 Shrinkage Loss

This method accounts for the average annual ambient humidity and the volume-to-
surface area ratio of the girder. Girders with high volume-to-surface area ratios experience

less shrinkage, and vice versa. The shrinkage loss is estimated as follows:
V
Afpsr = (8.2x10‘6)Ep (1 —0.06 §> (100 — H) 3-11

where:

= volume-to-surface area ratio of the girder.
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3.2.2.4 Creep Loss

In the following equation, creep loss is proportional to the applied stresses. However,
unlike the NCDOT method, this method proportions the stresses due to prestressing and the
stresses due to superimposed dead loads equally using the same creep factor of 2.0 for both,
as follows:

E
AprR = Z-OE_p(fcgp _fcds) 3-12
c

3.2.2.5 Relaxation Loss

In the following equation for relaxation loss, each loss is treated equally, regardless of
when it occurs. This differs from the NCDOT method, in which the elastic shortening loss is

given greater influence due to its instant application at transfer.

Afprs = (5000 — 0.040(Afsn + Afycr + Afpes) ) 3-13

3.2.3 AASHTO 2010 Method

Unlike the previous two methods, the method specified in the 2010 AASHTO LRFD
Bridge Design Specifications can be used to estimate prestress losses at any time. In addition,
the predictions of the time-dependent losses are calculated in two parts—the losses occurring
before deck placement and those occurring after deck placement.

The calculations for this method are more detailed than are those for the NCDOT and
PCI methods. One major reason is that the creep loss and shrinkage loss calculations also
require the calculation of creep coefficients and shrinkage strains. This method also includes
provisions to account for the effects of composite deck systems.

Since the creep coefficients and shrinkage strains are used in multiple equations in the

losses calculations, they are presented first, followed by the predictions of the losses.

3.2.3.1 Creep Coefficient
The general form of the equation for the creep coefficient at a time t, is as follows:

Y(ty ty) = 1.9kkpckekegty 118 3-14
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where:

factor to account for the effect of the volume-to-surface area ratio

|4
=145 — 0.13§ >0 3-15

humidity factor for creep

= 1.56 — 0.008H 3-16

factor for the effect of concrete strength

= > 3-17
1+ £
time development factor
t, —t
= 2 1 3-18

61 - 4fC,i + (tz - tl)

age of concrete at time of loading for creep calculations or at time
of prestress transfer for shrinkage calculations (days)

age of concrete at time of consideration of creep or shrinkage
effects (days)

specified compressive strength of concrete at time of prestressing
(ksi)

The creep coefficient for the period between times t, and t; due to loading applied at

time t, is determined as follows:

where:

llu(ts. tz) = llu(t3; tl) - lp(tz; t1) 3-19

Y(ts, t;) = creep coefficient at time t; due to loading applied at time t,

per equation 3-14

Y(t, t;) = creep coefficient at time t, due to loading applied at time t,

per equation 3-14
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3.2.3.2 Shrinkage Strain

The concrete shrinkage strain is determined by applying various factors to a base
shrinkage strain of 0.48x10°. The factors account for the effects of concrete strength,
ambient humidity, volume-to-surface area ratio, and time. The general form of the equation

for shrinkage strain &g, is as follows:

Esp = kskhskfktd0.4‘8x10_3 3-20
where:
kys =  humidity factor for shrinkage
= 2.00—-0.014H 3-21
k.q =  time development factor
= ‘ 3-22
61 —4f 4t )
t= time between prestress transfer and time under consideration for
shrinkage effects (days)

3.2.3.3 Total Prestress Loss

The total prestress loss is the summation of all of the losses:
Afpre = Afpes + (AfpSR + Afpcr + Ale)id + 3-23

(AfpSD + Afpcp + Afprz — AfpSS)df
where:

(Afpsg + Dfpcr + Ale)l_d = summation of the time-dependent losses

between the time of prestress transfer and the time of deck

placement

(Afypsp + Dfypep + Afyprz — Afpss)df = summation of the time-dependent

losses occurring after deck placement
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3.2.3.4 Elastic Shortening

The elastic shortening loss is determined using the same procedure as described by the
NCDOT method (equation 3-2).
3.2.3.5 Shrinkage Loss

The time-dependent shrinkage loss is calculated in two steps, including the loss
occurring prior to deck placement and the loss occurring after deck placement. The times can
be adjusted to predict the loss at any time.

Prior to Deck Placement

The shrinkage loss that occurs prior to deck placement is determined by first
calculating the concrete shrinkage strain at the time of deck placement. This strain is then
converted into prestress loss using the elastic modulus of the strands. Finally, a time-
development factor is used to account for the time-dependent interaction between the

concrete and the bonded steel. The shrinkage loss is determined as follows:

Afpsr = €piaEpKia 3-24
where:
€piqa =  concrete shrinkage strain at time of deck placement per equation
3-20.
K;; =  transformed section coefficient that accounts for time-dependent

interaction between concrete and bonded steel in the section being

considered for the time period between transfer and deck placement

1
T EAy (. Age? 3-25
L+ 8 (1 + ) (14 0.7%(ty, 1,))
Aps = total area of the prestressing strands
‘P(tf, tl-) = ultimate creep coefficient due to loading applied at transfer per

equation 3-14

19



After Deck Placement

The shrinkage loss after deck placement is determined in a manner similar to the
shrinkage loss before deck placement, as follows:

Afpsp = €pasEpKar 3-26

where:

gpar =  shrinkage strain for the period between deck placement and the

final time per equation 3-20.

Kqr =  time development factor for the period between deck placement and
the final time.
_ 1
N E,A A.e? 3-27
p4ips cCpc
1+ (1 +=T ) (1+07% (1))
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

I. = moment of inertia of the section calculated using the gross
composite concrete section properties of the girder and the deck and
the deck-to-girder modular ratio at service

ep,c =  eccentricity of the prestressing force with respect to the centroid of

the composite section.

3.2.3.6 Creep Loss

The time-dependent creep loss prediction is also separated into two parts, including the

loss occurring prior to deck placement and the loss occurring after deck placement.

Prior to Deck Placement

The creep loss that occurs prior to deck placement is determined as follows:
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E
Afpcr = _Ep, Jeap ¥ (ta, t)Kiq 3-28
Cl

where:

Y(ty t;) = creep coefficient at time of deck placement due to loading
applied at transfer per equation 3-14

ty = age of concrete at time of deck placement (days)

After Deck Placement

The prestress loss (if positive) or gain (if negative) due to creep that occurs after deck

placement is determined as follows:
EP Ep
Bfyco = %= fegy (W(tf, t;) — ¥(ta tl-)) Kaf + E—Afcd'lf(tf, ta)Kap — 3-29
Cl C

where:

Af., = change in concrete stress at the centroid of the strands due to time-
dependent losses between transfer and deck placement, combined
with deck weight and superimposed loads. Negative if compressive

concrete stress is reduced.

3.2.3.7 Relaxation Loss

Similar to the other time-dependent losses, the relaxation loss calculation is separated
into two parts, including the loss occurring prior to deck placement and the loss occurring

after deck placement.

Prior to Deck Placement

The relaxation loss that occurs prior to deck placement is estimated as follows:

Mfory = %(}% - 0.55) 3-30

where:
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foi = stress in prestressing strands immediately after transfer

= fpj = Bfpes 3-31

After Deck Placement

The relaxation loss occurring after deck placement is considered to be equal to the
relaxation loss before deck placement:

Afprz = Afpri 3-32

3.2.3.8 Prestress Gain due to Deck Shrinkage

As the composite deck concrete shrinks, the girder is deflected downward, resulting in

an increase in the strand force. This prestress gain is determined as follows:
EP
Myss = 2 MeaKay (1+0.7% (¢, ) 3-33
c

where:

Afcar = change in concrete stress at the centroid of prestressing strands

due to shrinkage of deck concrete.

EaarAaEca 1 eyceq
T 1407%(tp 1) (A_c_ I ) 3-34
Eqaf = ultimate shrinkage strain of deck concrete per equation 3-20.
A; = area of deck concrete.
E.4 = modulus of elasticity of the deck concrete.
eq = eccentricity of the deck with respect to the gross composite
section.
ll/(tf, td) = ultimate creep coefficient of the deck concrete due to loading

applied immediately after deck placement per equation 3-14.
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3.3 Camber

All camber prediction methods estimate the camber at the time of prestress transfer by
using elastic beam theory to determine the deflections due to the prestressing force and the
self-weight. Prediction methods differ in the calculation of the camber at later ages. Common
methods for predicting camber typically utilize “multipliers” applied to the initial deflections
to estimate the camber at the time of bridge erection. The multipliers approximate the effect
of creep, which increases the deflections over time. Multiplier methods do not utilize detailed
prestress losses predictions and are simple enough for hand calculations.

The current NCDOT method and the PCI method both utilize multipliers to predict
long-term camber. The PCI multipliers were developed by Leslie Martin (Martin, 1977). The
NCDOT multipliers were derived in a similar manner, but are larger than those
recommended by Martin.

The AASHTO 2010 specifications do not provide a method to predict camber.

3.3.1 Current NCDOT Method
The NCDOT method is a multiplier method that predicts camber at the time of prestress
transfer and at the time of bridge erection.

3.3.1.1 Camber at Transfer

The two components of net camber at the time of transfer are the upward deflection due
to prestressing and the downward deflection due to self-weight. The net camber is

determined as follows:

A= Aps,i - Asw,i 3-35
where:
A= net camber at transfer
Aps i upward deflection due to prestressing
P, (enl? (L/2 = xp)*
— — —e))—— 3-36
o (5 - e
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Asw,i =

Xp =

downward deflection due to girder self-weight

5w, L*

= m + Adiaphragm

3-37

prestressing force immediately after transfer

eccentricity of the centroid of the strands at midspan with respect to
the centroid of the gross section

eccentricity of the centroid of the strands at the end of the girder
with respect to the centroid of the gross section. Debonding is
neglected.

girder length

elastic modulus of the concrete at transfer

moment of inertia of the gross section
linearly distributed self-weight load

distance from harp point to center of span

Agiapnragm= deflection due to internal diaphragms in hollow girders;

diaphragms are treated as point loads; deflection depends on

number and location; zero for solid girders.

3.3.1.2 Camber at Time of Bridge Erection

To estimate the net camber at the time of bridge erection, the components of initial

deflection at transfer are adjusted by multipliers. The downward deflection due to

superimposed loads applied at bridge erection is also included if superimposed loads are

present:

where:

Agq=

A= 2.26 Ayg; — 231 gy — Dgq 3-38

net camber
deflection due to superimposed dead loads applied at bridge

erection
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_ Swgl?

= 3-39
384E.l,
wsq =  Weight of superimposed loads applied at bridge erection
E. = elastic modulus of the concrete at bridge erection

3.3.2 PCI Method

The PCI method also uses multipliers to predict camber at prestress transfer, at bridge
erection, and at an arbitrary “final” time in the distant future, which represents the ultimate
deflection.
3.3.2.1 Camber at Transfer

The calculation of the camber at prestress transfer is identical to the NCDOT method
(Equation 3-35).
3.3.2.2 Camber at Time of Bridge Erection

In estimating the camber at the time of bridge erection, the PCI method is similar to the

NCDOT method except that the multipliers are reduced:

A= 1.80 Apg; — 1.85 Ay, — Agg 3-40
where A ;, Agy, i, and Ag, are calculated according to Equations 3-36 through 3-39.

3.3.2.3 Camber at Final Time

The net camber at an arbitrary “final” time in the distant future is estimated using
additional multipliers for the initial deflections. The deflection due to superimposed loads

applied at bridge erection, if such loads are present, is also adjusted by a multiplier.

A= 245 Ayg; — 2.70 Ay, ; — 3.00 Agy 3-41

If the superimposed load applied at bridge erection is a composite topping, then its

contribution to deflection is multiplied by 2.30 instead of 3.00 in the above equation.
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4 FIELD MEASUREMENTS AND SITE VISITS

4.1 Introduction

A significant part of the effort of this study was the development of an extensive
database of field measurements that could be used to evaluate the various prediction models.
The field data included camber, concrete properties, and production details. The development
of the database is discussed in Section 4.2.

In addition to collecting camber data, the research team conducted site visits to several
producers to observe the production process to identify factors that may have an effect on the
prediction of camber. During the visits, measurements of the strand tension were also taken
during casting using load cells. The camber of the girders was also measured by the research

team at various stages of production. The site visits are discussed in Section 4.3

4.2 Field Measurements

To develop the extensive database of field measurements, it was necessary to enlist the
help of NCDOT inspectors and Resident Engineers. For quality assurance purposes, the
inspectors are required to be present during the casting of every prestressed bridge girder
produced for NCDOT. Since there is an NCDOT inspector stationed at each precasting yard,
they were well-positioned to take camber measurements before the girders were shipped. The
resident engineers, on the other hand, are present at the erection of the bridge and were thus

able to take camber measurements once the girders were in place.

4.2.1 Camber Data Sheets

In order to collect the camber measurements and the related girder data, a data sheet
was developed on which the inspectors would record the measurements and data at the
precasting yards. Once the girders were sent to the construction site, the data sheets were sent
by the inspectors to the resident engineers so that the camber measurement of the in-place
girder could also be recorded.

The measurements and data included on the data sheets consisted of the following

items:
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e position of each girder along the casting bed

e curing method used

e ultimate compressive strength of the concrete at transfer

e ultimate compressive strength of the concrete at a later age

e locations of the supports in storage

e exposure conditions and geologic orientation during storage

e measurements of the camber at transfer, at the beginning of storage, at the end
of storage, and in place on the bridge

e weather and temperature at the time of each camber measurement
An example of the data sheet is given in Appendix D.

4.2.2 Method of Camber Measurement

In the past, researchers have used a variety of techniques to measure the camber of
prestressed girders. Often, the research is focused on a very limited number of girders,
usually for a single bridge project. In these cases, highly accurate and sophisticated
measuring techniques are warranted. For this study, however, the goal was to develop an
extensive database containing measurements for a large number of girders. It was critical that
the method of measurement be simple, since a number of different people would perform the
measurements. It was also necessary for the method to be a relatively fast process to avoid
delays to the production schedule, since camber measurements needed to be taken just after
transfer but before the girders were removed from the bed. Therefore, an effective method of
measurement was developed that balanced the need for simplicity and accuracy. The

procedure was as follows:

1) Two pieces of steel reinforcing bar (rebar) are notched near their ends.

2) One rebar is embedded in each end of the girder during casting, with the

notched end protruding several inches from the top surface of the concrete.
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3)

4)

5)

6)

7)

A string is pulled tautly from one rebar to the other, spanning the length of the
girder, and fastened at the level of the notch.

Using paint or by indenting the wet concrete, a mark is made at midspan on the
surface of the girder directly under the string where measurements will be
taken. The setup of the girder and string is shown in Figure 4-1.

Before prestress transfer, the vertical distance at midspan from the string to the
mark on the girder is measured. This is considered to be the datum

measurement.

When prestress transfer is complete but before removing the girder from the
casting bed, the distance from the string to the girder is measured again. The
difference between this value and the datum measurement from step 5 is the

measured net camber due to prestressing and self-weight.

Additional measurements are made at the beginning of storage, prior to
shipment, and when the girder is in place on the bridge, for a total of four

camber measurements for each girder.
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string
notched rebar

Figure 4-1 Girder with rebar and string in place for camber
measurements.

4.2.3 Extent of Collected Data

As girders were produced at various precast plants during the data collection phase, the
NCDOT inspectors were asked to select one to two girders from each casting to record the
camber. For this reason, the number and types of girders for which data were collected
depended on the production schedules at the plants.

Camber data were collected via the data sheets over a period of about one year. This
amount of time was necessary in order to obtain a sufficient amount of data on each girder
type to be studied, since some types were produced less often than others were. The
following sections describe the types of girders studied and the typical prestressing strands

used.
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4.2.3.1 Girder Types

This study focused only on precast, pretensioned girders. The types and sizes of the
girders that were considered in this study are given in Table 4-1. The shapes of the sections
are shown in Figure 4-2.

Table 4-1 Types and typical sizes of girders considered in

this study.

Girder Type Depth Length
AASHTO Type Il 36" 57’
AASHTO Type IV 45" 43’ to 104’
Box Beam 27”,33”,39” 44’ to 100’
Cored Slab 18", 21", 24” 24’ to 68’
Modified Bulb-Tee 63", 72" 73’ to 142’

Modified Bulb-Tee
Type IV
Type Il e
Box Beam
@ Cored Slab

Figure 4-2 Typical sections of the girder types
considered in this study.
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The number of each type of girder considered in this study is given in Table 4-2. Again,
these numbers are in proportion to the rate at which each girder type was produced for
NCDOT bridges over the period when data was collected.

Table 4-2 Number of girders of
each type considered in this study.

Member Type | No. of Girders
Type lll 4
Type IV 21

Box Beam 114
Cored Slab 194
Bulb-Tee 49

It should be noted that while all of the girders represented in the database were
measured for camber after prestress transfer, some measurements of camber at later stages

were not completed due to scheduling or other circumstances.

4.2.3.2 Prestressing Strands

NCDOT uses low-relaxation seven-wire strand with 270 ksi nominal strength. During
this study, some girders contained 0.5-inch diameter strand and some contained 0.6-inch
strand. The specified initial tensioning stress for low-relaxation strands is 75 percent of the

nominal strength, or 202.5 ksi for 270 ksi strand.

4.3 Site Visits

The research team conducted a series of site visits to precast producers and bridge
construction sites in order to identify possible factors during production that could affect the
prediction of camber. During the visits, the research team observed casting of girders for four
bridge projects selected by NCDOT. One casting was observed for each project. Two of the
projects involved casting of cored slabs, while the other two involved box beams. Strand
tension measurements were taken during casting using load cells placed on selected strands.
Camber measurements of the selected girders were also taken, following the measurement

procedure described in Section 4.2.2. When the girders were shipped, follow-up site visits
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were conducted to observe the transport of the girders from the producer to the bridge

construction site and to measure the camber once the girder was in place on the bridge.

4.3.1 Observations

The following notable observations were made during the site visits:

1)

2)

3)

The casting of multiple girders along the same casting bed requires multiple
batches of concrete. Because batches of concrete are prone to variability, this
could result in girders cast in the same bed having different concrete properties,
including strength, unit weight, and elastic modulus. There are also occasional
delays in the batching process, which could result in girders having different
strengths at the time of prestress transfer since some would experience longer
curing times than others would. Any of these factors could cause camber
variations among girders cast in the same bed. The effect of concrete properties

on camber is discussed in detail in Section 5.4.

For cored slabs, it was observed that there is a local deformation of the void
tubes at the hold-down points during casting in the range of 3/8” to 5/8”. There
was also additional flexural deflection between hold-downs in the range of 1/8”
to 3/8”. For box beams, it was observed that local deformation of the expanded
polystyrene (EPS) internal voids during casting was about 1/8” to 3/8”. The
flexural deflection of the box beam voids was approximately 1/8”. The effects

of void deformation on camber are discussed in detail in Section 5.5.

Curing times and methods vary from casting to casting, even for girders
intended to be placed adjacent to each other on a span. Girders are typically
cured with either heat or water and are released the day after casting. However,
if the girders are cast on Friday, the producer will often wait until the following
Monday to release the girders. In these cases, heat curing is often not used since
the girders have enough time to reach the specified concrete strength for

prestress transfer without heat curing. Because of this difference in curing,
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girders that are intended to be placed adjacent to each other in a span may have
different cambers.

4) Girders were typically supported near their design bearing locations close to the
ends of the girder while in storage. Therefore, the effect of storage support
locations is not considered a significant source of error in the camber

predictions.

4.3.2 Strand Tension Measurements

During the site visits, the research team instrumented several strands with load cells to
measure the prestressing forces during tensioning and casting, as shown in Figure 4-3.

Measurements were taken at the following stages:

1) After tensioning
2) Prior to casting the concrete
3) After casting the concrete

4) Prior to prestress transfer

At each stage, the ambient temperature was also recorded. During the site visit to
Eastern Vault in Princeton, West Virginia, the approximate temperature of the strands was
recorded at each stage by noting the air temperature before casting and the concrete

temperature after casting.
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Figure 4-3 Load cells placed on selected strands to measure
the prestressing force.

Based on the tension measurements, it was observed that the prestressing force in the
strands varied significantly between tensioning and prestress transfer. In addition, by
comparing the prestressing force and strand temperature measurements taken during the site
visit to Eastern Vault, shown in Figure 4-5 and Figure 4-4, respectively, it can be seen that
the prestressing force is reduced as strand temperature increases, and vice versa. This is due
to thermal expansion of the strands. The effect of strand temperature on the prestressing force

and camber is discussed in detail in Section 5.3.
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4.3.3 Camber Measurements

During the site visits, the research team measured the camber of the girders at the

following four stages using the method described in Section 4.2.2:

1) In the casting bed after detensioning
2) At the beginning of storage

3) Prior to shipment

4) In place on the bridge

The camber measurements are discussed and compared with the predicted values in

Section 7.3.4.
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5 EVALUATION OF PRODUCTION FACTORS

5.1 Introduction

Throughout this research, several production variables were identified as factors that
could affect the prediction of camber. In this chapter, these production factors are evaluated
to consider their effects. Recommendations to account for these factors to improve the
predictions are provided.

5.2 Debonding and Transfer Length

One factor that can have an impact on the prediction of camber is debonding of the
strands at the end of the girder. Debonding is typically achieved by covering a portion of the
strand with a sheath. It is often specified for prestressed girders to reduce the stresses caused
by a large eccentricity of the strands at the end region. Debonding reduces the curvature of
the girder in the end regions and therefore reduces the camber. Current NCDOT practice is to
neglect the effect of debonding in the camber predictions.

Another factor that affects the camber predictions is the prestress transfer length. In
pretensioned girders, the full prestressing force is only developed in the strands after a
distance from the end of the girder known as the transfer length, which is the length of
embedment required for a strand to develop the full prestressing force. Currently, NCDOT
estimates camber based on the assumption that the full prestressing force is developed at the
very ends of the girder, which ignores the effect of the transfer length.

To evaluate the effect of debonding and transfer length on the prediction of camber, the
net camber was determined twice for each girder considered in the database—once by
neglecting the effects of debonding and transfer length, and again by including their effects.
The two predictions were then compared.

The camber due to prestressing only was determined by analyzing the moment profile
due to prestressing. Since the shape of the actual bending moment pattern in the girder is
complex when multiple debonded lengths are specified, a linear approximation was used to
represent the moment profile. This approximation is illustrated in Figure 5-1 for a typical

girder with two debonded lengths. In the figure, L; is the transfer length, Ly4; and Lg, are the
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two debonded lengths, and (Pe),,q, IS the moment due to the fully developed prestressing
force. The camber due to prestressing was then calculated based on the approximate moment
profile. The net camber was determined by combining the camber due to prestressing and the
deflection due to self-weight.

38



Moment Profile Due To Prestress

¥
1

(Pe) max

Currently Assumed by NCDOT

(Pe) max

Proposed Approximation

- Lg1+1L
:.-112 dz+Lt —I

Figure 5-1 Approximation of the moment profile due to
prestressing as affected by debonding and transfer length.
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Using this linear approximation, the net camber for girders with only straight strands is

determined as follows:

A Pe (L* (Lgp+ Lp)? 5w, L* -
~E.,\8 6 384E, 1,
where:
Lqy, =  average debonded length of the debonded strands
Ly = transfer length of the prestressing strands; assumed to be 36 inches

for 0.6” strands

The analysis revealed that debonding and transfer length typically reduces the camber
predictions by 0.5% to 3%, although the effect is greater than this for very short girders and
for those with long debonded lengths. The maximum calculated error was about 13%, which
occurred for girders with specified debonded lengths of 10 feet or greater.

Based on this analysis, it is recommended that the effects of debonding and transfer
length be considered for the prediction of camber. This is especially important for very short
girders and for those with long debonded lengths. Section 5.10 contains the general
recommended adjustment equation, which can be used for girders with or without harped

strands.

5.3 Temperature of the Strands

Variations in the temperature of the strands between the time of initial stressing and the
time of prestress transfer can cause changes in the prestressing force. As the temperature
increases, thermal expansion causes the strands to relax, consequently reducing the
prestressing force, which can affect the camber.

Before casting of the concrete, the temperature of the strands fluctuates due to both the
ambient air temperature and solar effects. Soon after the concrete is cast, the strands are
subject to significant heat caused by the cement hydration process. If heat curing is used, this

also contributes significantly to the high temperature of the strands. Research by Roller and
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Russell (Roller & Russell, 2003) has confirmed that the prestressing force can be reduced, at
least temporarily, by these factors.

The impact of thermal effects can be estimated based on the thermal expansion
coefficient of steel cable, up, and the estimated change in temperature, AT. The change in the

stress in the strand can be determined as follows:

Af, = Ep jt, AT 5-2

Research has shown that the coefficient of thermal expansion for prestressing strands is
approximately 8x10°® strain per degree Fahrenheit (Chen, Liu, & Sun, 2011). In addition, it is
reasonable to assume that the temperature increase is about 60°F. This temperature
fluctuation is typical of the case where heat curing is used, causing the temperature of the
strands to rise from the ambient temperature to approximately 140°F shortly after casting.

The resulting reduction in the stress in the strands is then as follows:

in
Af, = (28.5x10° psi) (8x10‘6 E/OF) (60°F)
Af, ~ 13.7 ksi

The resulting stress reduction of 13.7 ksi is equivalent to a 7% reduction of the typical
initial prestress of 202.5 ksi for strands with 270 ksi nominal strength. This error is outside
the typical industry tolerance of 5%, illustrating the fact that strand temperature fluctuations
can have a potentially significant effect on the prestressing force and, consequently, on the
camber. As noted by Roller and Russell, however, it is difficult to determine how much of
the prestressing is permanently lost and how much will be regained after the girder cools
down, since this will depend on when the concrete fully bonds to the strands.

Since the strand temperature history is unknown at the time of design, no specific

recommendation can be made to adjust the prediction of camber due to this factor.

5.4 Concrete Properties

Predictions of prestress losses and camber are highly dependent on the properties of the
concrete used for the girder. The elastic modulus of the concrete is used for predicting

deflections and prestress loss due to elastic shortening. The compressive strength of the
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concrete is used to predict losses and elastic modulus. The unit weight of concrete is also
needed to determine the self-weight load, and it influences the elastic modulus equations
provided by AASHTO, PCI, and ACI.

Due to the importance of the concrete properties in the predictions, the research team
used physical tests and collected data to evaluate these properties. The following sections
describe the tests, the collected data, and the analyses of these properties.

5.4.1 Testing and Collected Data

A large number of concrete cylinders were collected from the producers and tested. The
cylinders represented a variety of typical mix designs used for NCDOT bridge girders. They
were tested for compressive strength, elastic modulus, and unit weight. A total of 88
cylinders were tested for unit weight, 153 were tested for elastic modulus, and 218 were
tested for strength. Many of the cylinders were tested for more than one property. Appendix
E contains detailed information about the testing program.

In addition to the cylinder testing, an extensive amount of concrete strength data was
collected from the producers. For each girder included in the database, the concrete strength
at transfer and at a later date was recorded on the camber data sheets by the NCDOT
inspectors. This data was then used to analyze the relationship between the specified and

actual concrete strength.

5.4.2 Unit Weight of Concrete

The 88 cylinders that were tested for unit weight were tested in 29 sets of three or four
cylinders. As shown in Figure 5-2, the average unit weight of the cylinder sets was 148
Ibs/ft>. The data ranged from approximately 140 to 154 Ibs/ft*,

Currently, NCDOT engineers assume a unit weight of 150 Ibs/ft® for the elastic
modulus and deflection predictions. Due to the weight of the reinforcing steel in the girder, it
is reasonable to assume that the actual unit weight of the section will be slightly higher than
the measured value of 148 Ibs/ft>. Therefore, the value of 150 Ibs/ft* currently used by

NCDOT engineers for design is considered appropriate.
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Figure 5-2 Measured unit weight of concrete cylinders.

5.4.3 Compressive Strength

NCDOT engineers currently use the specified concrete compressive strength to
estimate the elastic modulus of the concrete. Since the specified strength is always lower than
the actual strength, the elastic modulus is likely to be underestimated when the specified
strength is used. The prestress losses, which also depend on the concrete strength, are likely
to be overestimated. To improve the predictions of the camber and prestress losses, it is
critical to use an estimated actual concrete strength for the elastic modulus and losses
calculations.

To estimate the actual concrete strength, it is necessary to determine the typical
relationship between the specified strength and the observed strength for typical bridge
girders. In addition, since there are two specified strength values for pretensioned girders—
one at the time of prestress transfer and one at 28 days—and since both of these values are
used for the losses and camber calculations, it is necessary to determine realistic ratios for

both of these stages.
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Recommended Strength At Transfer

Before the prestressing force is transferred to the girder, the producer must test concrete
cylinders from the cast to ensure that the concrete has reached the specified transfer strength.
Cylinders are made from batches of concrete at each end of the casting bed, and the average
strength of these two batches is considered to be the strength of all of the girders in the same
casting bed.

The concrete strength at transfer for each girder was reported on the camber data sheets
by the NCDOT inspectors. Data was collected for 381 girders. As shown in Figure 5-3, the

average ratio of measured strength to specified strength was 1.24 with a range of
approximately 1.0 to 2.1.
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Database Member ID

Figure 5-3 Ratio of measured concrete strength to specified strength at the time
of prestress transfer.

Based on this analysis, the recommended concrete strength at transfer to be used for the

prediction of prestress losses and elastic modulus for camber calculations is as follows:

fa = 1.25f; 5-3
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where:

fi = the specified concrete strength at transfer

Cl

Recommended Strength at 28 Days

The concrete strength at 28 days was analyzed by computing the ratio of the measured
strength to the specified 28-day strength for the cylinders that were collected from the
producers and tested in the lab. However, since many of the cylinders were tested at ages
other than 28 days, the measured strengths were adjusted to estimate the 28-day strengths.
The ratio of the estimated 28-day strength to the specified strength was then calculated.

To estimate the 28-day strength based on the strength measured at different times, the
measured strength was adjusted using the time function provided by the ACI Committee

Report 209R as follows:

, a+ bt
fl=f. " 5-4
where:
fi = concrete strength at 28 days
fe = measured concrete strength at an age other than 28 days
a= factor to account for curing method and cement type
b = factor to account for curing method and cement type
t= concrete age at time of strength measurement

It should be noted that the above equation is highly sensitive when the concrete strength
is measured at very early ages. Therefore, this analysis only included cylinders that were
measured for strength at ages greater than 5 days. In addition, strengths measured after 28
days were not adjusted.

The analysis included 70 sets of cylinders comprising 200 individual specimens. As
shown in Figure 5-4, the average ratio of the estimated 28-day strength to the specified 28-

day strength was 1.45 with a range of approximately 1.0 to 2.2.
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Figure 5-4 The ratio of the estimated actual 28-day strength to the
specified 28-day strength for tested concrete cylinders.

Based on this analysis, the recommended 28-day concrete strength to be used for the

prediction of prestress losses and elastic modulus for camber calculation is as follows:

fr = 1.45f/ 5-5

where:

fe = the specified 28-day concrete strength

C

5.4.4 Elastic Modulus

Currently, NCDOT engineers use the following formula to estimate the elastic modulus
of concrete, which is based on the 2004 AASHTO LRFD Specifications:

E. = 33w} /f. 5-6
where:
w, = unit weight of concrete (Ib/ft%)
fe = concrete compressive strength
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In 2007, the AASHTO specifications introduced into the equation a factor to account
for the effects of aggregates on concrete stiffness, as follows:

E =33 K1WC1'5 f; S5-7

In the above equation, K; is the aggregate adjustment factor, which is assumed to be 1.0
unless otherwise determined by physical tests.

To evaluate the accuracy of the AASHTO equation for estimating the elastic modulus
of concrete for girders produced for NCDOT bridges, the ratio of the measured elastic
modulus to the predicted elastic modulus was calculated for the cylinders tested in the lab.
For the predictions, the unit weight was assumed to be 150 Ibs/ft* as recommended in Section
5.4.2, and the measured concrete strength of each cylinder set was used.

This analysis included 70 sets of cylinders comprising 153 individual specimens. As
shown in Figure 5-5, the average ratio of measured elastic modulus to predicted elastic
modulus was 0.85. The ratio for individual sets of cylinders ranged from approximately 0.62
to 1.15.

Based on this analysis, it is recommended that the new AASHTO prediction (Equation
5-7) be used to predict elastic modulus for NCDOT bridge girders. In the equation, K; should
be 0.85, the unit weight of concrete should be 150 Ibs/ft*, and the value of concrete strength

should be based on Equation 5-3 or 5-5.
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Figure 5-5 Ratio of measured elastic modulus to predicted elastic modulus for
the tested cylinders.

5.5 Void Deformation

As mentioned in section 4.2.3, two of the most commonly used girder types for
NCDOT bridges are box beams and cored slabs. Both of these girder types have hollow
cross-sections and are constructed using permanent internal void forms. In the case of box
beams, the void forms consist of blocks of expanded polystyrene (EPS) foam, as illustrated in

Figure 5-6 and Figure 5-7.
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EPS Foam Void

Figure 5-6 Expanded polystyrene blocks are used
to form the internal voids in a box beam.

Figure 5-7 Expanded polystyrene void forms are
placed in the casting bed during casting of box beams.

For cored slabs, the internal void forms consist of hollow paper tubes, as shown in

Figure 5-8 and Figure 5-9.
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Paper Void Tubes

Figure 5-8 Paper tubes are used for the internal voids
in cored slabs.

Figure 5-9 Paper tubes have been placed in the casting
bed to form the internal voids of cored slabs. The tubes
are held in place with an external hold-down system.

Due to the natural buoyancy of the void forms used for box beams and cored slabs, they
tend to float up in the fresh concrete during casting. To prevent this from happening, a void
hold-down system is typically used. However, due to the flexibility of the voids, there is a
tendency for the voids to deflect upward in the span between the hold-down supports. In
addition, there is potential for local deformation at the location of the hold-down supports. In
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the case of box beams, there can also be significant compressive deformation of the EPS
foam voids that occurs due to the hydrostatic pressure of the fresh concrete during casting.

Deformation of the void forms alters the section properties of hollow girders from the
original design section properties. This could have a significant impact on the predictions of
prestress losses and camber. Section 5.5.1 introduces two different hold-down systems, while
Sections 5.5.2 and 5.5.3 discuss the effects of void deformation on the camber predictions for
cored slabs and box beams.

5.5.1 Hold-down Systems

Two types of hold-down systems are typically used for box beams and cored slabs.
External hold-down systems consist of rigid braces attached to the casting bed. These braces
are external to the cross section. Typically, reinforcing bars are extended down from the
braces and contact the void tubes, holding them in place. The braces are typically spaced
three to four feet apart along the length of the casting bed. An example of an external hold-
down system is shown in Figure 5-9.

Some producers use internal hold-down systems, in which the tensioned prestressing
strands are used as braces. Steel straps are placed around the strands and the voids, and the
strands prevent the voids from floating upward during concrete casting. The strap spacing of
internal hold-down systems is typically similar to that of external systems.

During the site visits to the precasting plants, the research team observed that the two
cored slab projects and one of the two box beam projects utilized external hold-down
systems, while the other box beam project utilized an internal hold-down system.

For any hold-down system used, local deformation at the hold-down supports and
flexural deformation between the supports should be minimized. If the internal system is
used, then the producer should verify that the buoyancy force is not shifting the strands
upward. This can be verified by measuring the distance from the strands to the bottom of the
casting bed before and after casting at a location between two girders near the middle of the
bed.

51



5.5.2 Cored Slabs

To analyze the impact of void deformation on the camber of cored slabs, the section
properties were adjusted to account for flexural deflection and local deformation of the voids.
The adjusted section properties were then used to predict the girder deflections, and these
deflections were compared to those calculated based on the original design section
properties.

The extent of local deformation that occurs in cored slab voids was determined by
direct measurement during the site visits to the producers. However, the severity of local
deformation was observed to depend on the specific design of the hold-down system used.
During the two site visits in which cored slabs were cast, two different devices were used to
contact the void tubes in the hold-down systems. At one producer, the contact devices
consisted of a thin metal plate with dimensions of 3 inches by 5 inches, as shown in Figure
5-10. At another producer, the hold-down contact was a molded plastic device, as seen in
Figure 5-11.
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Figure 5-10 A thin metal plate is used to contact the void tube
for the hold-down system, resulting in significant local
deformation.

Figure 5-11 A molded plastic device is used to contact the void
tube in the external hold-down system.
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It was observed that when the flat metal plates were used, the void tube was locally
deformed by approximately one-half to five-eighths of an inch at the hold-downs due to the
buoyancy of the voids. When the molded plastic contact devices were used, the local
deformation was less severe—typically one-quarter to three-eighths of an inch. This is
because the molded plastic device contoured to the shape of the void tube and therefore
provided some horizontal confinement while the metal plate did not. It was also observed
that the local deformation is more severe for large diameter voids.

The measured flexural deflection of the voids between the hold-down points was
approximately one-quarter of an inch.

To determine the adjusted section properties of the cored slabs after casting, the voids
were assumed to shift upward by a certain amount. Based on the observed behavior, voids
that were eight inches in diameter were assumed to shift by one-half inch; voids that were ten
inches in diameter were assumed to shift by five-eighths of an inch, and those that were
twelve inches in diameter were assumed to shift by three-fourths of an inch. The concrete
centroid and the moment of inertia of the section were then calculated and compared to the
original design values.

Six cored slab sections with various depths and with voids of varying diameters were
analyzed. The effects of void deformation on the section properties are summarized in Table
5-1, in which y, is the location of the concrete centroid relative to the bottom of the girder,
and lq is the moment of inertia of the section. The percent change in the properties is

calculated relative to the original sections.

Table 5-1 Percent change in section
properties due to void deformation, relative
to the original sections.

Cored Slab Ye I,
(Depth/Void ¢) | % Change | % Change |
18"/10" -2.3% -0.6%
21"/8" -0.7% -0.1%
21"/10" -1.6% -0.4%
21"/12" -3.1% -0.8%
24"/12" -2.3% -0.5%
26"/12" -1.8% 0.5%
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After adjusting the section properties, the effect of void deformation on the camber
predictions was evaluated for several typical cored slab designs by predicting the deflections
using both the original section properties and the modified section properties. The percent

changes in the predicted deflections due to prestress, A, deflection due to self-weight, As,,,

ps
and the typical change in the net camber, A,,.;, are summarized in Table 5-2. It should be
noted that the changes in the prestress deflection and self-weight deflection depend only on
the section and not the girder length or prestressing, while the change in the net camber
depends on all of these factors. Therefore, the typical range is given for the effect of void

deformation on net camber.

Table 5-2 Percent change in deflections and net
camber due to void deformation, relative to the original

sections.
Cored Slab Ay Agy Apet
(Depth/Void ¢) | % Change | % Change | % Change |
18"/10" -3.4% 0.6%
21"/8" -2.9% 0.1%
21"/10" -2.7% 0.4% 5%-12%
21"/12" -5.2% 0.9% (typical)
24"/12" -4.5% 0.5%
26"/12" -5.5% -0.5%

As shown in the table, the calculated net camber was reduced by approximately five to
twelve percent when the void deformation was considered. It is important to note that the net
camber is affected more significantly than either the camber due to prestress or the deflection
due to self-weight. This result arises due to the fact the magnitude of the net camber is small
in comparison to the magnitude of the prestress deflection alone. Therefore, small changes in
the prestress deflection will have a significant impact on net camber. An example of this
calculation is provided in Appendix A.

Based on this analysis, it is apparent that void deformation can have a significant effect
on the camber predictions. To avoid this, the local deformation and flexural deflection of the
voids should be minimized, either by reducing the spacing between hold-down supports, by

using more effective contact devices, or by using stiffer void tubes. However, absent any
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changes to current production practices, the adjusted section properties tabulated in Appendix
A should be used to improve the camber and prestress losses predictions.

5.5.3 Box Beams

The EPS foam voids used for box beams also deflect and deform during casting. In
addition to undergoing flexural deflection and local deformation, the voids are compressed
due to the hydrostatic pressure of the fresh concrete, as shown in Figure 5-12. This increases
the amount of concrete required for the section, resulting in increased dead load. Since the
compression is greater near the bottom of the void, this could also shift the centroid of the
section closer to the strands, consequently reducing the eccentricity of the prestressing force.
The moment of inertia of the section is also changed when the void is deformed. Therefore,
in the analysis of the box beam voids, all three effects—flexural deflection, local deformation

at the hold-downs, and hydrostatic compression—were considered.

Figure 5-12 Distribution of the assumed pressures acting on the box beam
EPS void form and the resulting deformed shape. The black arrows represent
the hydrostatic pressure, while the white arrows represent the magnitude of
the hold-down support reaction if it were evenly distributed along the entire
top surface of the EPS form.

Similar to the analysis for cored slabs, the effect of void deformations was determined

by calculating the adjusted section properties and the resulting camber. Based on
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measurements made during the site visits, the box beam void was assumed to shift upward by
1/4 of an inch due to local deformation at the hold-down supports. The flexural deflection of
the void was calculated using elastic beam formulas by modeling the void as a continuous
beam with a uniformly distributed load acting upward due to the buoyancy of the void. The
extent of hydrostatic compression was determined by assuming that the EPS void material
behaves linearly and has an elastic modulus of 170 psi. These values are representative of
typical EPS voids used for NCDOT box beams, which have an average density of 1.0 Ib/ft>.
Linearity of the EPS material under the calculated loads was confirmed by physical tests
conducted at the NCSU Constructed Facilities Laboratory. The details of the testing are
reported in Appendix F.

Similar to the cored slab analysis, the effects of the void deformation depend on the
section used. The calculated percent changes in the section properties of various box beam

sizes are shown in Table 5-3, where A, is the area of the section, y. is the location of the
centroid relative to the bottom of the section, I, is the moment of inertia of the section, and
w, is the distributed self-weight load. The percent changes in the predicted deflection due to
prestress, A, deflection due to self-weight, A, and the net camber, A, are summarized

in Table 5-4.

Table 5-3 Percent changes in section properties due to void
deformation in box beams.

Box Beam A, Ye Iy w,
Depth % Change % Change % Change % Change
27" 1.2% -2.5% -0.2% 1.2%
33" 1.9% -2.5% 0.5% 1.9%
39" 2.7% -2.7% 1.3% 2.7%
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Table 5-4 Percent changes in deflection and net
camber predictions due to void deformation in box

beams.
Anet
Box Beam Dps A, % Change
Depth % Change | % Change (typical)
27" -4.8% 1.4% 5%-10%
33” -5.5% 1.4% 15%-25%
39” -6.2% 1.4% 20%-25%

As shown in Table 5-4, the percent change in net camber is more significant than for
either the camber due to prestress alone or the deflection due to self-weight. As discussed in
Section 5.5.2, this is because the magnitude of the net camber is typically significantly less
than the magnitude of the deflection due to prestress only. Therefore, small changes to the
prestress deflection will have a significant impact on the net camber prediction.

Based on the above analysis, it is recommended that void deflection and deformation be
minimized by using a void material that is significantly stiffer than the typical EPS that is
currently used, which has an elastic modulus of approximately 170 psi. However, to improve
the camber predictions for current production materials, the camber predictions may be
improved by the using the adjusted section properties, which are summarized in Appendix A.

The research team also considered the direct effect of the non-zero stiffness of the EPS
void when calculating the section properties. However, because the stiffness of the concrete
is sufficiently greater than that of the EPS void (E./Egps ~25,000), the effect on the section
properties was negligible. Therefore, it may be reasonably assumed that the stiffness of the
void is zero when calculating the section properties. This assumption should not be confused
with the assumption that the stiffness of the void is 170 psi when determining the shape of

the deformed void.

5.6 Temperature of the Concrete

Since the top surface of a girder stored in the casting yard is usually exposed to the sun
while the bottom surface is shaded, the girder is subject to temporary thermal gradients

through the depth of the girder. Due to thermal expansion, this thermal gradient can cause
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temporary changes in camber throughout the day. In addition, the effect on the camber for
box beams and cored slabs could be more severe than it is for other girder types since these
are often stored immediately adjacent to one another in the yard, which keeps the bottom
surfaces relatively cooler.

Since the effect of the thermal gradient causes scattering of the collected camber data, it
is important to evaluate the impact that this effect can have on the camber measurements. For
the case of a linear thermal gradient, the increase in camber due to thermal effects can be

estimated using the following integral:

L
2 u AT
AT= f X 5'8
o d
where:
A= deflection due to thermal gradient effects
L= girder length
Ue = coefficient of thermal expansion for concrete; approximately 6x10°°
strain/°F
AT = total temperature difference in the girder
d= depth of the girder

This equation can be simplified to the following form:

_ HATL?

5-9
T 8d

For the example case of a 33-inches deep, 75-feet long box beam with a 40-degrees
temperature differential, the increase in camber is estimated as follows:
A (6x107%)(40)(75x12)?
(8)(33)

Box beams of this size typically have a camber of 1 to 2 inches, so the thermal gradient

=0.74in

effect can temporarily increase the measured camber by 40 to 80 percent for this example.
For the case of non-linear thermal gradients, which are more likely, the estimated impact of

the thermal gradient could be even more significant.
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Based on Equation 5-9, the effect of the thermal gradient on camber is more severe for
long girders with shallow depths. Since girders are being designed increasingly longer by the
use of greater amounts of prestressing, this could explain why camber variability seems to be
more of a problem in recent years. In addition, newer girder types such as box beams and
cored slabs are especially susceptible to thermal gradient effects due to their relatively low
depth-to-width ratio and their high span-to-depth ratio.

Based on this analysis, it is recommended that future camber measurements be taken
before dawn whenever practical to avoid the effect of the thermal gradient induced by the
sun. No adjustment for this factor is recommended for the prediction of camber at the design

stage since the effects are temporary.

5.7 Curing Method

The two primary curing methods used for precast, pretensioned girders are moist curing
and heat (or steam) curing. Moist curing typically consists of using a hose to drip water on
the top surface of the girder, while heat curing involves the use of steam lines to heat the
girder, consequently accelerating the cement hydration process.

As discussed in Section 5.3, the temperature of the strands can affect the prestressing
force through thermal expansion and relaxation of the strands. When heat curing is used, the
temperature of the girders and strands rises very quickly after casting. Therefore, girders that
are heat cured could experience a greater reduction in the prestressing force than moist cured
girders due to the effect of the strand temperature.

In addition to affecting the prestressing force, heat curing can also generate a thermal
gradient within the girder since the girder is typically heated from below while the top of the
girder is more exposed to cooling. This could reduce the camber of the girder at the time of
prestress transfer due to differential thermal expansion, as discussed in Section 5.6.

The effect of the curing method on camber is evidenced by the analysis of the collected
camber data, which is discussed in detail in Section 7.3. The data suggest that the camber at
the time of prestress transfer is significantly reduced for heat cured members as compared to
moist cured members. The data also suggest that the effect seems to depend on the girder

type. For box beams, the camber at transfer for heat cured members is roughly 50% lower
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than for moist cured members; for cored slabs, the difference is approximately 75%; and for
Type IV girders, the difference is approximately 20%. For modified bulb-tees, there is not a
significant difference in the camber at transfer for heat cured versus moist cured girders.

Although the effect of curing method on the camber at the time of transfer is
significant, analysis of the camber measurements at later ages suggests that the effect may be
only temporary, since the difference between the camber measurements for heat cured and
moist cured girders is significantly reduced at ages greater than 24 days.

Based on these observations, it is concluded that the effect of curing method on camber
prediction accuracy can be significant at the time of transfer, although it varies for different
girder types. In addition, the fact that the effect of the curing method is most significant for
shallow girders such as cored slabs and box beams leads to the conclusion that thermal
gradients present at the time of transfer may be a significant cause of camber discrepancy at
this stage for heat cured members. This conclusion is drawn from the fact that thermal
gradients with the same temperature differential tend to cause a greater deflection in shallow
members than in deep members, as discussed in Section 5.6.

This analysis leads to the further conclusion that the measured camber at the time of
transfer is not necessarily a reliable indicator of the eventual long-term camber since the
camber at this early stage may be temporarily reduced due to effects related to the curing
method.

Adjustments to the camber predictions due to this factor are not practical since the
curing method is generally not known at the design stage. However, for camber analysis,

girder data should be grouped according to the curing method used.

5.8 Transport and Handling

The effects of girder transport and handling on camber were evaluated by observing
handling practices during the site visits and by measuring the camber at various stages.

During the site visits, camber was measured just before the girders were moved from
the storage yard and again when they were in place on the bridge. In all of the visits except
one, the camber did not change during shipping. In the case of the exception, the camber of

the cored slabs decreased by about 20%. It is possible that this change was the result of a
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dissipation of the thermal gradient in the cored slabs during shipping. When the camber was
measured before the girders were shipped, the slabs were exposed to the sun in the storage
yard, and it is likely that a thermal gradient developed within the slabs at this time, producing
additional camber. During shipment, the air moving across the girder may have dissipated the
thermal gradient, thus reducing the measured camber. The thermal gradient effect is
discussed in further detail in Section 5.6.

5.9 Project Scheduling

Factors related to project scheduling can also affect the camber predictions. For
example, predictions of the camber at the time of prestress transfer as well as predictions of
losses are based on the assumption that prestress transfer occurs one day after casting, which
is typically the case. However, it is also common for girders cast on a Friday to have the
prestressing transferred on the following Monday, three days after casting. During this extra
time, the strength and elastic modulus of the concrete increases significantly. As a result,
these properties can be significantly greater than the specified values used in the camber and
prestress loss predictions. In addition, the increased strength could result in significantly less
creep than predicted. Therefore, two girders cast for the same bridge could have very
different cambers if the prestressing force is transferred to the girders at different ages.

Another factor related to project scheduling that could affect the camber predictions is
the amount of time between prestress transfer and erection of the bridge. There is often wide
variation in this respect from project to project. For example, it is not uncommon for cored
slabs to be erected within 15 days of casting, while other girder types may be in storage for
six months or more before being erected. Due to the effects of creep on the measured camber,
this could result in significant discrepancies between predicted and measured camber since
the time of bridge erection is typically assumed to be 28 days in the predictions.

Due to the inherent scheduling uncertainties involved with bridge projects, adjustments
to account for the project scheduling at the design stage are not practical. However, camber
behavior will be more consistent among the girders in a particular bridge or span if they

experience the same amounts of time between casting, prestress transfer, and bridge erection.
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5.10 Summary of the Proposed Adjustments

Many of the factors discussed in this chapter introduce errors in the camber predictions
that are additive. Specifically, the effects of neglecting debonding, transfer length, concrete
over-strength, and void deformation in the camber predictions all tend to overestimate the
actual camber. When considered together, the impact of these effects can be significant.
Therefore, it is recommended that the adjustments for all four of these factors be included in
the predictions.

The following recommended adjustments should be used when predicting camber and
when predicting prestress losses for the camber calculations. The adjustments are

summarized as follows:

Concrete Strength

The specified concrete strength at transfer, f;, should be adjusted to determine the best

estimate of the actual concrete strength at transfer, £;, as follows:
fei =125 fg 5-10
The specified 28-day concrete strength, f,, should be adjusted to determine the best
estimate of the actual 28-day strength, f£.*, as follows:
frr=145f 5-11
These adjusted strengths should replace the specified strengths in all of the calculations,

including concrete elastic modulus, creep coefficients, shrinkage strains, losses, and

deflections.

Concrete Elastic Modulus

The AASHTO equation to estimate the elastic modulus of concrete at transfer should

be adjusted by a factor of 0.85 to account for local production factors, as follows:

E.; = (0.85)33wlS./f; 5-12

The 28-day elastic modulus equation should be similarly adjusted:
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E, = (0.85)33wls,/fr 5-13

Void Deformation

To account for the effect of void deformation as discussed in section 5.5, the section
properties of cored slabs and box beams should be modified from their original design
values. For cored slabs, the modified properties include the section centroid and the moment
of inertia. For box beams, the modified properties include the section centroid, the moment
of inertia, and the area of the section. See the appendices for details regarding calculation of
the modified section properties as well as a summary of all section properties used in this

study.

Debonding and Transfer Length

The reduction in camber due to debonding and transfer length, discussed in section 5.2,
is currently neglected by NCDOT engineers. To account for this effect, the elastic deflection

due to prestressing only should have the following general form:

P [e,l? L/2—x,)? en(Lg, + Lp)?
AP,elastic= — = (em - ee)( / h) - m( ab t) 5-14
EJd,\ 8 6 6
where:
P = prestressing force
em = eccentricity of the centroid of the strands at midspan with respect to

the centroid of the gross section
€, = eccentricity of the centroid of the strands at the girder end with

respect to the centroid of the gross section

E. = elastic modulus of concrete

I, = moment of inertia of the gross section

L= girder length

Ly, =  average debonded length of the debonded strands

L, = transfer length; assumed to be 36 inches

xXp = distance from the harp point to the center of the span
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In Equation 5-14, the third term in the parenthesis represents the adjustment for
debonding and transfer length based on the linear approximation of the prestress moment
profile as discussed in Section 5.2.
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6 PROPOSED CAMBER PREDICTION METHODS

6.1 Introduction

As stated in Chapter 1, one of the main tasks of this research is to develop and
recommend two methods that will provide improved predictions of the camber of prestressed
concrete bridge girders. One is an “approximate” method intended for hand calculations and
does not require detailed prestress loss estimates. The other is a “refined” method that makes
use of the detailed, time-specific prestress loss calculations.

In addition to these two proposed methods, a modified version of the current NCDOT
method is also presented. All three methods utilize the recommended adjustments for the
production factors discussed in Chapter 5.

Since the primary focus of this research is to predict the camber at prestress transfer
and immediately prior to the placement of the deck, the procedures outlined below do not
include the effects of superimposed dead loads applied after erection of the girder. In the
following discussion, camber is predicted at the time of transfer (assumed to be one day), at
28 days, and at one year assuming that the superimposed dead loads have not been placed.
This provides a one-year predicted time-history of camber prior to deck placement. Based on

these three camber predictions, the predicted camber at other times can be interpolated.

6.2 Adjustment of the Section and Material Properties

For the two proposed methods and the modified NCDOT method, the section and
material properties are adjusted to account for the effects of the production factors

summarized in Chapter 5 as follows:

1) If the girder is a box beam or cored slab, the section properties should be
modified to include the effects of internal void deformation. The proposed
modified properties for girders produced with the void materials that were

typical at the time of this research are summarized in Appendix A.

2) Estimate concrete strength at transfer and at 28 days by adjusting the

specified values according to Equations 5-10 and 5-11, respectively.

66



3) Estimate concrete elastic modulus at transfer and at 28 days according to
Equations 5-12 and 5-13 using the concrete strength estimated in step 2.

Use the adjusted properties from steps 1 through 3 for all subsequent calculations.

6.3 Modified NCDOT Method

The modified NCDOT method is based on the current NCDOT method discussed in
Chapter 3. It uses the same losses predictions and the same camber multipliers. However, this
method includes the adjustments for the production factors as recommended in Section 6.2.

The proposed prediction procedure for the modified NCDOT method is as follows:

1) Estimate the elastic shortening loss according to the current NCDOT procedure

provided in Section 3.2.1 using the properties determined in Section 6.2.

2) Determine the initial prestressing force after transfer as follows:

P = Aps(fpj - AprS) 6-1

where:

P, = initial prestressing force after transfer, where transfer is assumed to
occur one day after casting.

fpj =  stressin the strand after jacking. Taken as 75% of the nominal
strength.

Af,ps = elastic shortening loss

A,s =  total area of the prestressing strands

3) Predict the net camber at transfer as follows:

Ai= Dpsi — Bsw,i 6-2
where:
A= net camber at transfer
Aps;=  upward deflection due to prestressing
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P; emL2 (L/z - xh)z
= —(em—€)———
E.l, \ 8 6
) 6-3
_ €m (Ldb + Lt)
6
Agy ;= downward deflection due to girder self-weight
Sw,L*

= m + Adia]ohra,gm 6-4
em = eccentricity of the centroid of the strands at midspan with respect to

the centroid of the gross section
€p = eccentricity of the centroid of the strands at the end of the girder
with respect to the centroid of the gross section. Debonding is

neglected.
L= girder length
E,; = elastic modulus of the concrete at transfer
I, = moment of inertia of the girder cross section
Wy = uniformly distributed girder self-weight
Xp = distance from harp point to center of span
Ly, =  average debonded length of the debonded strands
L, = transfer length; assumed to be 36 inches

Agiapnragm= deflection due to internal diaphragms cast in hollow girders;
diaphragms are treated as point loads; deflection depends on

number and location; zero for solid girders.

4) Predict the net camber at 28 days using the current NCDOT multipliers for the time

of bridge erection, as follows:

Dpg=2.26 Ayg; — 2.31 Mgy 6-5

5) Since the current NCDOT method does not provide multipliers to calculate the
camber beyond the time of bridge erection, the net camber at one year, As¢s, IS

assumed to be equal to the camber at 28 days.
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Azgs= Azg 6-6

6.4 Proposed Approximate Method

The proposed approximate method is based on the PCI method for predicting prestress
losses and camber outlined in Chapter 3. Since the camber is predicted using multipliers, this
method does not require calculation of the time-dependent losses to predict camber. Instead,
the deflections at transfer due to prestressing and self-weight are adjusted by multipliers to
estimate camber at later stages.

The prediction procedure for the proposed approximate method is as follows:

1) Estimate the elastic shortening loss according to the PCI procedure provided in

Section 3.2.2 using the properties determined in Section 6.2.

2) Determine the initial prestressing force after transfer as follows:

P = Aps(fpj - AprS) 6-7
where:
P, = initial prestressing force after transfer
fpj =  stressin the strand after jacking, taken as 75% of the nominal

strength
Af,ps = elastic shortening loss

A,s =  total area of the prestressing strands

3) Predict the camber at transfer in the same manner as step 3 of the modified NCDOT
method.
4) Predict the camber at 28 days by using the PCI multipliers for the time of girder

erection as follows:

Ayg=1.80 Ayg; — 1.85 Agy i 6-8
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5) Predict the camber at one year by using the PCI multipliers for final long-term

camber, as follows:

Dsgs= 245 Apg; — 2.70 Ay ; 6-9

ps,i

6.5 Proposed Refined Method

As stated in Chapter 3, the 2010 AASHTO LRFD Bridge Design Specifications provide
estimates of prestress losses at specific times. However, they do not specify a procedure to
predict camber. Therefore, it was necessary to develop a method to predict camber utilizing
the time-specific losses calculations as discussed in Section 3.2.3.

The 2010 AASHTO specifications contain provisions for calculating the creep
coefficient for any period of time, as outlined in section 3.2.3. Since the instantaneous
deflection at transfer due to prestressing and self-weight is proportional to the internal
stresses induced in the girder, the creep coefficients, which are used to estimate the effect of
creep on strains, can also be used to estimate the additional deflections due to creep.
Therefore, the components of the initial deflection can be multiplied by the creep coefficients
to estimate the deflections at specified times.

The proposed refined method outlined below is a time-step method that uses two time-
steps. It is similar to the approximate time-steps method described by the ACI Committee
435 (ACI Committee 435, 1995), although the formulation is somewhat different. It can be
used to predict camber at any time before or immediately after placement of the deck or
superimposed dead loads. However, since the time of girder erection is not known during the
design stage, it is recommended that losses and camber be estimated at transfer, at 28 days,
and at one year assuming that the deck has not been placed. The deflection at other specific
times can be estimated by interpolating between these values.

The prediction procedure for the proposed approximate method is as follows:

1) Estimate the elastic shortening loss according to the AASHTO 2010 procedure
provided in Section 3.2.3.4 using the properties determined in Section 6.2.
2) Estimate the time-dependent losses including shrinkage, creep, and strand

relaxation at 28 days according to the AASHTO 2010 procedure provided in
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Section 3.2.3 using only the calculations that apply to the losses prior to deck

placement. Assume that ¢; equals 1 day, t, equals 28 days, and t; equals 1825 days

(five years).

3) Estimate the time-dependent losses including shrinkage, creep, and strand

relaxation at one year (365 days) according to the AASHTO 2010 procedure

provided in Section 3.2.3 using only the calculations that apply to the losses prior to

deck placement. Assume that t; equals 1 day, t; equals 365 days, and ¢r equals

1825 days (five years).

4) Determine the initial prestressing force after transfer, at 28 days, and at one year as

follows:
Pi = Aps(fpj - AprS) 6-10
Pyg = Aps(fpj - [Aprs + Afpsr2s + Dfpcr2s T AprE,ZS]) 6-11
P35 = Aps(fpj - [Aprs + Afpsrzes + Afpcr,zes T AprE,365]) 6-12
where:
P, = initial prestressing force after transfer
Py = prestressing force at 28 days
Py = prestressing force at 365 days
foj = stress in the strand after jacking, taken as 75% of the nominal
strength.
Aps = total area of the prestressing strands
Afpps = elastic shortening loss
Afy,sr2s =  shrinkage loss between transfer and 28 days
Afysrzes =  shrinkage loss between transfer and 365 days
Afycr2s =  creep loss between transfer and 28 days
Afpcrzes =  creep loss between transfer and 365 days
Afpre2s =  relaxation loss between transfer and 28 days
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Afyrezes =  relaxation loss between transfer and 365 days

5) Predict the net camber at transfer by following the procedure defined for the
Modified NCDOT method in Section 6.3.

6) Predict the net camber at 28 days, A,g, as follows:

Dog= Dps28 — Asw2s + Acr2s 6-13

where:

Aps 8= deflection at 28 days due to prestressing only

L 2
Pi—Pyg [enl? (em—ec) (7 - xh) em(Lap + Ly)?

=Apg;— 6-14
PSSt (Eci + Ec) | 38 6 6
— 2 )i
Agy 28= deflection at 28 days due to self-weight only; equivalent to
self-weight deflection at transfer
= Agw;i
Ay 8= deflection at 28 days due to creep
P+ P L 2
= ¥(28,t;) ( ) 2 28) emlL? (em — ) (7_ xh) em(Lap + Lo)*
B at E,l, 8 6 6
6-15
- Asw,i

Y(28,t;) = creep coefficient at 28 days due to loading applied at transfer
per equation 3-14

7) Predict the net camber at one year, A<, as follows:

Azes= Dps3e5 — Dsw 365 + Der 365 6-16

where:

Apsz65= deflection at 365 days due to prestressing only

72



L 2
Pyg — Pses [ eml?  (em —€e) (7 - xn) em(Lap + Lt)?

=A — — 6-17
ps:28 E.l, 8 6 6
Agy 365= deflection at 365 days due to self-weight only; equivalent to

self-weight deflection at transfer

= Asw,i
Acr365= deflection at 365 days due to creep
Pyg + P, L 2
= D¢y 25 + W(365,28) ( - 2_365) enl? (em—ec) (7 B x,,)
o8 ’ E.l, 8 6

_ €m (Ldb + Lt)z
6

- Asw,i

¥ (365,28) = creep coefficient for the period between 28 days and 365 days
due to loading applied at transfer per Equation 3-19
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7 EVALUATION OF PREDICTION METHODS

7.1 Introduction

To evaluate the accuracy of the methods for predicting camber, the predicted values
from each method were compared to the field measurements. The following four prediction

methods were compared:

1) current NCDOT method

2) modified NCDOT method

3) proposed approximate method
4) proposed refined method

The detailed calculations for these methods are given in Chapters 3 and 6. All of the
methods except the current NCDOT method include adjustments to account for the effects of

the production factors and material properties as discussed in Chapter 5.

7.2  Method of Comparison

A series of spreadsheets was developed to predict the camber of each girder in the
database using each prediction method. Since no camber measurements were taken after
placement of superimposed dead loads, the predictions were limited to consider only the
camber up to the time of girder erection.

For each method, camber was predicted at three specific times—at transfer, at 28 days
after casting, and at one year after casting. For the current NCDOT method, the camber was
predicted according to the procedure outlined in Section 3.3.1, where the multipliers for the
camber at bridge erection were used to determine the camber at 28 days, and the camber at
one year was assumed to be equal to the camber at 28 days. For the other methods, the
camber was predicted following the procedures discussed in Chapter 6.

Linear interpolation between the predicted cambers for each method was performed to
determine the predicted camber at the time of measurement. For example, if camber was
measured at 60 days, then linear interpolation was performed using the 28-day and one year

predictions from a given method to determine the prediction at 60 days. This interpolated
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value was then compared to the measured camber. An example of the resulting bilinear

prediction curves is shown in Figure 7-1.
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Figure 7-1 Camber is predicted at transfer, at 28 days, and at one year for each
prediction method to obtain a bilinear prediction curve. Linear interpolation
between these points is performed to determine the predicted value at the time

that camber is actually measured.

Since the camber significantly increases in the early days after transfer and the rate of

increase reduces over time, the linear interpolation is expected to significantly underestimate

the camber between roughly 3 days and 24 days for any given method, even if the method

itself is accurate. Therefore, only measurements taken either at the time of transfer or at ages

beyond 24 days were used to evaluate the prediction models.

The camber data were grouped by girder type, curing method, and the time at which

camber was measured (e.g. at transfer or at ages greater than 24 days).

To compare the predicted camber to the measured camber, the difference between the

predicted and measured camber was determined as follows:

dif ference = Apredicted — Appeasured 7-1
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For each group of camber data, the mean and the standard deviation of the normally-

distributed difference data was determined. The upper and lower bounds of the 95% range of

the data were determined using the standard deviation and the mean, as follows:

where:

(95% upper) airr = Mairs + 20aiss

(95% lOWGT)diff = Uaiff — zo-diff

(95% upper)qirr = upper bound of the range that contains 95% of the
“difference” values for a given group of data based on normal
distribution

(95% lower) ;¢ = lower bound of the range that contains 95% of the
“difference” values for a given group of data based on normal
distribution

tairr = mean of the “difference” values for a given group of data

7-2

7-3

oqirr = standard deviation of the “difference” values for a given group of

data

The mean and the upper and lower bounds of the 95% range of the difference data were

determined relative to the average measured camber for each group of data, as follows:

where:

Haifr
Uy error =~
Umeasured
(95% upper) 4
(95% upper)% error — i
Umeasured

(95% lower) 4
I

(95% lOWQT)% error —
Umeasured

Uy, error =  Mean relative percent error

Umeasurea = average measured camber of the group of data

7-4

7-5

7-6
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(95% upper)y, error = upper bound of the range that contains 95% of
the “difference” values for a given group of data, converted to
“relative percent error”

(95% lower)y, error = lower bound of the range that contains 95% of
the “difference” values for a given group of data, converted to

“relative percent error”

Using this approach, the mean difference and the mean relative percent error for a
group of data for any given prediction method will be close to zero if the prediction method
is accurate. By analyzing all of the data for each group of girders and curing methods, the

overall best prediction method can be selected.

7.3 Results and Analysis

The analysis of the camber data collected in the database for 382 girders revealed
significant scatter in the camber measurements as well as significant differences in typical
camber behavior between the different girder types and curing methods, as discussed in the

following sections.

7.3.1 Scatter of Data

Since the data comparing predicted to measured camber is normally distributed, the
degree of scatter was evaluated by comparing the upper and lower bounds of the range
containing 95% of the data as determined by Equations 7-1 to 7-6. The prediction method
that has the narrowest 95% range for a given group of data has the least scatter of data.

The results of this analysis indicate that the scatter of the relative percent error of the
camber predictions was similar for each prediction method considered in nearly every group
of data. In a few cases, the scatter was slightly narrower for the proposed approximate
method and the proposed refined method than it was for the two NCDOT methods, as
illustrated in Figure 7-2 for the case of moist cured cored slabs measured at ages greater than
24 days. In general, however, the relative percent error had a wide scatter for all prediction
methods due to the various factors discussed in Chapter 5 related to concrete properties,

temporary temperature effects, and other variables.
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Figure 7-2 Distribution of relative percent error for moist cured cored slabs;
includes camber measurements taken at 24 days or greater.

It is concluded that there is not a significant difference in the scatter of the data between
prediction methods due to uncontrollable variables. For this reason, the remainder of the data
analysis compares the prediction methods using only the mean of the data for each prediction

method.

7.3.2 Camber at Transfer

The calculation of the camber at prestress transfer is nearly identical for all methods.
The primary difference is that the recommended adjustments to account for the effects of the
production factors described in Chapter 5 are included for the modified NCDOT method, the
proposed approximate method, and the proposed refined method, while they are not included
for the current NCDOT method. The results shown in Figure 7-3 indicate that the
adjustments significantly improve the prediction of camber for box beams and cored slabs,
while the predictions for the other girder types are not significantly affected. This suggests

that the majority of the improvement is due to the adjustments for the void deformation in
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hollow sections. The adjustments improved the predictions of camber at transfer for box

beams and cored slabs by approximately ten to twenty percent.
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Figure 7-3 Mean relative percent error of the camber predictions for
measurements taken at prestress transfer.

It can also be observed from Figure 7-3 that the effect of the curing method on the
camber at transfer is significant. For cored slabs and box beams, the mean relative percent
error of the camber predictions is approximately 50% to 70% less for moist cured girders
than for heat cured girders. For Type IV girders, the difference in the percent error between
moist cured and heat cured girders is approximately 20%. For modified bulb-tees, there is not
a significant difference in the prediction error between curing methods. Since the predicted
camber is the same for moist cured and heat cured girders, it is concluded that the measured
camber at transfer is significantly less for heat cured girders than for moist cured girders.
This discrepancy may be caused by the presence of a thermal gradient within the concrete at
transfer due to the heat curing or by the reduction in the prestressing force discussed in

Chapter 5. It may also be due to other unknown factors.
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To illustrate the performance of the camber predictions in absolute terms, Figure 7-4
shows the average difference between the predicted and measured camber at transfer for each
group of data. From the analysis results shown in the figure, it is clear that the average
camber for heat cured box beams and cored slabs is approximately 1/4” to 1/2” less than
predicted. The predictions for the rest of the girder types and for moist cured girders are
relatively accurate.
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Figure 7-4 Mean difference (predicted camber - measured camber) at prestress
transfer.

7.3.3 Camber at 24 Days and Later

The data for camber measurements taken at 24 days or more after casting provide a
more reliable comparison for the performance of the prediction methods since the bilinear
approximations of the prediction curves more closely represent the realistic camber growth
during this time. This analysis is of primary importance since the focus for this research is to
improve the prediction of the camber at the time of girder erection, which typically occurs

several weeks after casting.
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The analysis indicates that both the proposed approximate method and the proposed
refined method provide significant improvement to the camber predictions compared to the
current NCDOT method and the modified NCDOT method, as shown by the data in Table
7-1 and Figure 7-5. The most significant improvement to the predictions was seen for the box
beams and cored slabs. When the proposed refined method is used, the average error for
these girder types is reduced to nearly 0%, compared to an error of between 50% and 90%
for the current NCDOT method. When the proposed approximate method is used, the

average error is between 13% and 30% for these girder types.

Table 7-1 Awverage relative percent error for camber measurements taken at 24 days
or later.

No. of Data | Current | Modified | Proposed | Proposed
Points NCDOT | NCDOT Approx. Refined
Type lll Moist 8 21% 26% 10% -8%
Type lll
Type Ill Heat 0
Type IV Moist 16 16% 18% -4% -23%
Typelv 2P > > > >
Type IV Heat 8 30% 35% 15% -4%
Box Beam Moist 11 57% 40% 14% -7%
Box Beam
Box Beam Heat 142 90% 59% 30% 4%
Cored Slab Moist 74 60% 45% 19% -1%
Cored Slab 2 2 2 2
Cored Slab Heat 114 49% 35% 13% -6%
Modified Mod. Bulb-Tee Moist 26 38% 43% 18% -8%
Bulb-Tee | Mod. Bulb-Tee Heat 27 5% 8% 5% -26%
] All Moist 135 43% 39% 14% -8%
All Girder
Types All Heat 291 57% 40% 17% -6%
All 426 52% 39% 16% -6%

It is apparent from Figure 7-5 that the proposed approximate method and the proposed
refined method both provide significantly improved predictions of camber compared to the
current NCDOT method.
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Figure 7-5 Mean relative percent error of the camber predictions for
measurements taken at 24 days or later.

The averages of the difference between the predicted and measured camber for
measurements taken at 24 days or later are shown in Figure 7-6. The analysis indicates that
the proposed refined method provides the best overall prediction of camber with the
exceptions of moist cured Type IV girders and heat cured modified bulb-tees, for which it
underestimates the camber by an average of 1/2” and 17, respectively. The proposed
approximate method overestimates camber by 1/4” to 1/2” for most girder types. The current
NCDOT method and the modified NCDOT method overestimate the camber by 1/4” to 1
1/2” depending on the girder type.
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Figure 7-6 Mean difference (predicted camber - measured camber) at 24 days
or later.

Based on this analysis, the proposed refined method is recommended as the most
accurate camber prediction method. The proposed approximate method is recommended
when simpler calculations are desired, since it does not require calculation of time-dependent

losses.

7.3.4 Evaluation of Camber Data from Site Visits

The camber measurements made by the research team during the site visits support the
conclusions reached in the previous sections. The measurements for the observed cored slabs
show that camber varies significantly, especially at early ages, even for identical girders cast
in the same casting bed, as shown in Figure 7-7 and Figure 7-8.

In addition, the comparison of the measured to predicted camber for the observed box
beams shows that the current NCDOT method tends to overestimate camber, while the
proposed approximate method and the proposed refined method provide improved

predictions, as shown in Figure 7-9 and Figure 7-10.
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Figure 7-8 Predicted and measured cambers for eight identical cored slabs
observed during site visits to S&G Prestress in Wilmington, NC. The camber

varies widely at early ages.
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Figure 7-9 Predicted and measured cambers for two identical box beams
observed during site visits to Ross Prestress in Bristol, TN. The proposed
methods provide improved predictions of camber compared to the current
NCDOT method.
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Figure 7-10 Predicted and measured cambers for three identical box beams
observed during site visits to Eastern Vault in Princeton, WV. The proposed
methods provide improved predictions of camber compared to the current
NCDOT method.




8 CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

Based on the field measurements collected by NCDOT personnel, site visits by the

research team, consultation with transportation authorities in other states, material tests

conducted at NCSU, and the comprehensive analysis of various prediction methods provided

in the literature, the major findings and conclusions of this research are summarized as

follows:

1) Many factors related to the design of girders as well as the production process can

have significant impacts on the prediction of camber and prestress losses.

Significant factors which should be considered at the design stage include the

following:

a)

b)

Concrete properties. The accurate estimation of the concrete properties is
essential to obtaining reliable predictions of camber and prestress losses.
NCDOT currently uses the specified concrete strength in the predictions,
which is often significantly lower than the actual concrete strength of the
girder. A survey of cylinder test data as well as tests conducted by the
research team showed that the actual concrete strength at transfer was on
average 25% higher than the specified strength for transfer, while the
concrete strength at 28 days was 45% higher than the specified 28-day
strength. The cylinder tests also revealed that the elastic modulus for locally
produced girders was on average 85% of the value predicted using the
AASHTO equation. In addition, concrete properties can vary from girder to
girder on the same casting bed since multiple batches of concrete are used

for a single casting.

Void deformation. The deformation of the internal voids for box beams and
cored slabs caused by hydrostatic pressure of the fresh concrete during
casting can lead to overestimation of the camber by as much as 25%

depending on the shape and size of the section. Camber predictions were

86



improved when the section properties were modified to account for this

factor.

Debonding and transfer length. Neglecting the reduced curvature at the ends
of the girder due to debonding and transfer length can result in
overestimation of camber. For most girders, the effect on camber is less than
3%. However, for girders with especially long debonded lengths (10 feet or
greater), the camber may be overestimated by as much as 13% if this effect
is not considered. The effect is also more significant for short span girders
since the affected end region comprises a larger proportion of the overall

span.

2) Factors that are less significant or for which little can be practically done at the

design stage to improve the predictions include the following:

a)

b)

Temperature of the concrete. Temporary thermal gradients through the
depth of the girder caused by heat curing or solar effects can result in
temporary changes in camber. This effect is most severe for box beams and

cored slabs.

Curing method. The camber of girders at the time of prestress transfer can
be significantly affected by the curing method used. Heat cured girders other
than modified bulb-tees tend to have significantly less camber at transfer
than moist cured girders, although there does not seem to be a significant
difference in the camber at later stages, suggesting that the discrepancy

could be due to temporary thermal gradients.

Temperature of the strands. The prestressing force can undergo significant
fluctuations between the time of tensioning and the time of prestress transfer
due to temperature changes in the strands caused by the ambient
temperature, solar effects, and concrete curing temperatures. This can affect

the camber of the girder.
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8.2

3)

4)

5)

6)

7)

8)

d) Project scheduling. Girders that experience different amounts of time
between casting and prestress transfer or between transfer and girder

erection can have different cambers.

Due to the variations in production, some of which are unpredictable, the measured
camber was observed to vary significantly among girders that were otherwise
identical in design.

The measured camber at the time of transfer should not be used as a reliable
indicator of the camber at later stages due to the variability caused by rapidly
changing concrete properties and by thermal gradient effects.

The current NCDOT method was shown to significantly overestimate the camber
for most girder types. Camber was overestimated by an average of 52% among all
of the girders studied.

The modified NCDOT method provided improved camber predictions compared to
the current NCDOT method, but it still overestimated the camber by an average of

39% among all of the girders studied.

The proposed approximate method overestimated camber by an average of 16%
among all of the girders studied, which was significantly better than the NCDOT

methods.

The proposed refined method provided the best estimates of camber for most girder
types. It underestimated camber by an average of only 6% among all of the girders
studied, although it underestimated the camber by an average of approximately 25%

for heat cured modified bulb-tee girders and moist cured Type IV girders.

Recommendations for Practice

Based on the findings of this research, the following design and production practices

are recommended:

1)

For deflection calculations, the specified concrete strength at transfer should be

increased by 25%. The specified 28-day concrete strength should be increased by
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2)

3)

4)

5)

6)

7)

45%. These changes account for the average relationship between specified and
actual concrete strength.

The concrete unit weight should be assumed to be 150 Ibs/ft*.

To estimate elastic modulus, the equation provided in the 2010 AASHTO
specifications should be multiplied by 0.85 and should be calculated using the
adjusted concrete strength and the recommended unit weight of 150 Ibs/ft>.

The section properties of box beams and cored slabs should be adjusted to account
for the void deformation caused by the hydrostatic pressure of the fresh concrete
during casting. For girders made using typical void materials used at the time of this
research, which includes paper tubes for cored slabs and EPS foam with 170 psi
elastic modulus for box beams, the properties provided in Appendix A are
recommended. The designer should also consider the effects of these modified
properties in stress and strength assessments. As an alternative to adjusting the
properties, the designer may specify void materials that are significantly stiffer than

current materials.

If an internal hold-down system is used for box beams or cored slabs such that the
internal voids are connected to the strands, it should be verified that the buoyancy

force is not shifting the strands upward during casting.

The effect of debonding and transfer length should be accounted for in the camber
predictions. The calculations for the proposed methods provided in Chapter 6

include this adjustment.

The proposed refined method provided in Section 6.5 should be used to predict
camber. The proposed approximate method provided in Section 6.4 may be used to
predict camber when a simple rough estimate is desired. The elastic shortening loss
used in the approximate method may be calculated according to the AASHTO 2010
method instead of the PCI method, since this will not significantly affect the camber
predictions and will provide consistency with the losses calculations that are

performed for the proposed refined method.
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8.3

8) Whenever practical, camber should be measured before dawn before the sun
induces thermal gradients within the girders.

9) Girders should be stored with the supports as close as possible to their design

bearing locations to minimize camber variability.

Recommendations for Future Research
The following topics for future research are recommended:

1) The effects of the strand temperature on the prestressing force should be analyzed
in further detail. Field measurements as well as laboratory testing are required to
determine how the prestressing force within the girder changes before and after the
strands are released for both moist cured and heat cured girders.

2) Further research should be performed to ensure that the void deformation in box
beams is not more severe than was estimated in this study. This could include
cutting open a trial girder to view the deformed section directly. Analysis could also
consist of detailed modeling of the effects of the hydrostatic pressure on the voids,

including non-linear local effects at the hold-down supports.

3) The effect of void deformation should be analyzed further with respect to the

flexural performance and limit-states of the girder.
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9 IMPLEMENTATION AND TECHNOLOGY TRANSFER PLAN

The research team proposes the following for the implementation of the research

findings and recommendations:

1)

2)

3)

As proposed, the research team has prepared three spreadsheet files that can be used
to predict prestress losses and camber for typical prestressed girders. The three files

are:

Camber and Losses (Proposed Approximate Method).xIsx
This file predicts camber and prestress losses using only the proposed
approximate method presented in Chapter 6.

Camber and Losses (Proposed Refined Method).xIsx
This file predicts camber and prestress losses using only the proposed refined

method presented in Chapter 6.

Camber and Losses (All Methods).xIsx
This file predicts camber and prestress losses using each of the four methods
considered in this report, including the current NCDOT method, the modified
NCDOT method, the proposed approximate method, and the proposed

refined method.

The research team has developed an additional spreadsheet file, Modified Section
Properties.xlsx, that can be used to calculate the modified section properties of
typical box beams and cored slabs by accounting for the effects of void
deformation. This file was used to calculate the proposed section properties
provided in Appendix A.

The final report includes a disc containing these files as well as camber data and
cylinder test data. The research team is prepared to organize a workshop to

demonstrate the use of the files for NCDOT engineers at their convenience.
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4) An abstract of this research has been accepted for presentation and publication at
the upcoming 2011 PCI Annual Convention and National Bridge Conference in Salt
Lake City, Utah. The research team also plans to present the research findings in a
comprehensive paper to be submitted to the PCI Journal for possible publication
later this year.
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Appendix A Proposed Modification of the Section Properties to Account for Void

Deformation

This section presents the recommended section properties of the prestressed girder
sections considered in this study to account for the deformation of the void forms that occurs
during casting due to the local deformation, flexural deflection, and compressive deformation
of the voids caused by the fresh concrete. The modified properties are calculated based on the
use of typical void materials in use at the time of this study, which includes paper tubes for
cored slabs and EPS foam blocks with an elastic modulus of 170 psi for box beams. Other
assumptions used to calculate the modified section properties of the box beams and cored
slabs are also presented in this section, along with examples of the evaluation of the effect of
void deformation on the camber.

Since AASHTO girders and modified bulb-tee girders do not have internal voids, the
section properties are not modified. However, for completeness, the original design section

properties for these girder types are also presented.

The section properties presented in this section have the following notation:

Aq area of the gross section

Iy moment of inertia of the gross section

Ye vertical distance from the centroid of the gross section to the bottom fibers
Wy uniformly distributed dead load due to girder self-weight

VIS volume-to-surface area ratio; for girders with internal voids, only half of the

internal surface area is included.
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A.1  AASHTO Girders

Since AASHTO girders do not have internal voids, the section properties are not
modified to account for void deformation. The original section properties for these girders

are given in Table A-1.

Table A-1 Original section properties of
AASHTO girders.

Girder Type
Type Il | Type IV
A, (in%) 559.5 789

Iy (in) 125390 260741
ye(in) 20.270 24.730

wy (Ib/ft) | 583.0 822.0
V/S (in) | 4.056 3.140

A2 Modified Bulb-Tee Girders

Since modified bulb-tee girders do not have internal voids, the section properties are
not modified to account for void deformation. The original section properties for these

girders are given in Table A-2.

Table A-2 Original section properties of modified
bulb-tee girders.

Modified Bulb-Tee (Depth)
63" 72"
A, (in?) 770.1 833.1
Iy (in%) 408315 570260
ye (in) 32.290 36.790
wq (Ib/ft) 802.0 868.0
V/S (in) 3.246 3.264
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A.3  Cored Slabs

Measurements taken during the site visits to the precasting plants were used to estimate
the distance that the void tubes used for cored slabs shift upward during casting due to local
deformation at the hold-down supports and flexural deflection between the supports caused
by the buoyancy of the voids in the fresh concrete. Large diameter voids were found to shift
upward more than smaller voids due to their greater buoyancy and reduced local stiffness. It
was observed that 8-inch diameter voids were have an average upward shift of 1/2”; 10-inch
diameter voids have an average upward shift of 5/8”; and 12-inch diameter voids have an
average upward shift of 3/4” based on the measured local deformation and flexural
deflection.

Six unique cored slab sections were considered. The original and modified section
properties as well as the percent change in the properties due to the modifications are given
in Table A-3.
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Table A-3 Original and modified section properties of cored slabs.

Cored Slab Depth/Void Diameter

18"/10" 21"/8"
Original | Modified | % Change | Original | Modified | % Change
A, (in%) 483.4 483.4 0.0% 647.9 647.9 0.0%
Iy (in) 16286 16189 -0.6% 27019 26982 -0.1%
ye (in) 8.920 8.717 -2.3% 10.423 10.345 -0.7%
wy (Ib/ft) | 503.5 503.5 0.0% 674.9 674.9 0.0%
VIS (in) 3.467 3.467 0.0% 4.657 4.657 0.0%

Cored Slab Depth/Void Diameter

21"/10" 21"/12"
Original | Modified | % Change | Original | Modified | % Change
A, (in%) 591.4 591.4 0.0% 522.3 522.3 0.0%
Iy (in) 26439 26345 -0.4% 25384 25169 -0.8%
y. (in) 10.415 10.249 -1.6% 10.404 10.079 -3.1%
w, (Ib/ft) | 616.0 616.0 0.0% 544.0 544.0 0.0%
VIS (in) 4.067 4.067 0.0% 3.443 3.443 0.0%

Cored Slab Depth/Void Diameter

24"[12" 26" /12"
Original | Modified | % Change | Original | Modified | % Change
A, (in?) 630.3 630.3 0.0% 702.3 702.3 0.0%
Iy (in) 38905 38699 -0.5% 49775 50022 0.5%
ye (in) 11.902 11.633 -2.3% 13.224 12.982 -1.8%
wg (Ib/ft) | 656.5 656.5 0.0% 731.5 7315 0.0%
VIS (in) 3.997 3.997 0.0% 4.390 4.390 0.0%

Using the modified section properties in Table A-3 provided improved accuracy in the
camber predictions when compared to field measurements. The following example provides

a numerical illustration to highlight the effect of the deformation of the voids.

Example
This example determines the effect that the void deformation has on the camber of

typical cored slabs due to the buoyancy of the voids in the fresh concrete during casting. For
simplicity, the effects of debonding and transfer length are ignored.

The cored slab considered has the following properties:
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depth 21in
void diameter 12 in

P; 700540 Ibs

Ye original: 10.404 in modified: 10.079 in
Yps 4.412 in

L 600 in (50 ft)

Wy 45.33 Ib/in (544 Ib/ft)

Ei 3.99x10° psi

lg original: 25384 in*  modified: 25169 in’

Initial net camber, calculated using the original properties:

i€ . — 4,
_ P;el? _ (700540)(10.404 — 4.412) (6007

- _ = 187
PSiT BE, (8)(3.99x106)(25384) m
o Swlt _ (5)(4533(600)
Wi~ 384E,1,  (384)(3.99x100)(25384)
Aneti= Dysi — Agyi= 1.87 — 0.76 = 1.11 in
Initial net camber, calculated using the modified properties:
_ (700540)(10.079 — 4412)(6003) _ -
psi= (8)(3.99x105)(25169) - nem
5)(45.33)(600*
Agw = (5)(45.33)(6000) _ _ 74

(384)(3.99x109)(25169)
Aperi= 1.78 = 0.76 = 1.02 in

The percent change in net camber resulting from using the modified section properties

to account for the effect of void deformation is as follows:

1.02 1=-0.08 = —8Y%
111 e T TeAR

In this example, the initial net camber was reduced by 8% due to the deformation of the

voids in this sample cored slab during casting. The typical reduction in camber among all of
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the cored slabs considered in the study ranged from 5% to 12%. In addition, since the creep
is proportional to the initial stresses, the effect on the long-term camber is expected to be
proportional to the initial effects.

A4 Box Beams

Similar to the analysis used for cored slabs, the box beam analysis considers the local
deformation of the voids at the hold-down supports and the flexural deflection between the
hold-down supports. In this case, however, the compressive deformation of the void form
used for the box beam due to the hydrostatic pressure of the fresh concrete must also be
considered. The modified section properties of the three standard box beam sections
considered in this study were calculated. Based on field measurements, the voids were found
to shift upward by 1/4” due to local deformation. The flexural deflection of the void form
was calculated using elastic beam theory. The net hydrostatic pressure pushing upward on the
void was calculated by analyzing the voids as an inverted continuous span with hold-downs
at 48 inches apart. The average elastic modulus of the expanded polystyrene (EPS) material
used for the void forms was assumed to be 170 psi based on data from the manufacturers,
which was verified by lab tests conducted at NCSU. Linear behavior of the material under
the anticipated loads was also verified. (See Appendix F for details of the testing.) The
average flexural deflection was assumed to be 50% of the maximum calculated deflection.
The compressive deformation of the void in the horizontal direction was determined by
applying the linearly varying hydrostatic pressure to the sides of the void. The vertical
compressive deformation was calculated by assuming that the void is subject to uniform
compression equal to the net hydrostatic pressure acting on the void. Figure A-1 illustrates

the profile of the assumed hydrostatic loading and the deformed shape.
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Figure A-1 Distribution of the hydrostatic pressure on the internal foam void of
the box beam and the resulting deformed section.

The original and modified section properties for the box beams as well as the percent
change in the properties resulting from the modifications are given in Table A-4.

Table A-4 Original and modified section properties of

box beams.
Box Beam Property | Original | Modified | % Change
(Depth)

A, (in°) 574.3 581.3 1.2%

Iy (i) 51007 50913 -0.2%

27in ye(in) 13.182 | 12.851 -2.5%

w, (Ib/ft) | 598.2 605.5 1.2%

V/S (in) 3.502 3.502 0.0%

A, (in%) 634.3 646.5 1.9%

Iy (i) 86465 86912 0.5%

33in ye(in) 16.090 | 15.686 -2.5%

w, (Ib/ft) | 660.7 673.5 1.9%

V/S (in) 3.485 3.485 0.0%

A, (in°) 694.3 713.2 2.7%

I, (in") 133302 | 134993 1.3%

39in y.(in) 19.015 | 18.492 -2.7%

w (Ib/ft) | 723.2 742.9 2.7%

V/S (in) 3.471 3.471 0.0%
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Using the modified section properties in Table A-4 provided improved accuracy in the
camber predictions when compared to field measurements. The following example provides
a numerical illustration to highlight the effect of the deformation of the voids on the camber

of box beams.

Example
This example illustrates the effect that the void deformation during casting has on the

camber of a given box beam. For simplicity, the effects of debonding and transfer length are
ignored.
The box beam considered has the following properties:

depth 39in

Pi 1158208 Ibs

Ye original: 19.015 in modified: 18.492 in
Yps 7.714 in

L 1200 in (100 ft)

Wy original: 60.26 Ib/in (723.2 Ib/ft) modified: 61.91 Ib/in (742.9 Ib/ft)
Ei 4.29x10° psi
Iy original: 133302 in* modified: 134993 in’

The initial net camber, calculated using the original section properties:

Pel? _ (1158208)(19.015 — 7.714)(1200%)

Apsi=gp 1 = (8)(4.29x10°)(133302)
9

= 412 in

A Swgl*  (5)(60.26)(1200%)
W™ 384E,1,  (384)(4.29x10°)(133302)

Apet,i= Bpsi — Dgw,i= 412 —285=1.27 in

=2.85in

The initial net camber, calculated using the modified section properties:

Pel? _ (1158208)(18.492 — 7.714)(1200%)

_ _ — 3.88i
Bps. 8El, (8)(4.29x106)(134993) m
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5w, L* (5)(61.92)(1200%)

384E,l, (384)(4.29x10%)(134993)

=2.89in

Asw,i=
Apeti= Dpsi — Dgw,i= 3.88 —2.89=0.99 in

The percent change in net camber resulting from the use of the modified section
properties to account for the effect of void deformation:

0.99 1=-0.22=-22%
127 — et T 0

This example illustrates that the local deformation, flexural deflection, and compressive
deformation of the EPS foam void due to hydrostatic pressure caused by the fresh concrete
during casting reduces the predicted initial net camber of the example box beam by 22%. The
typical percent change in net camber among all of the box beams considered in the study
ranged from 5% to 10% for 27-inch box beams, from 15% to 25% for 33-inch box beams,
and from 20% to 25% for 39-inch box beams.
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Appendix B

Example: Prediction of Prestress Losses and Camber

The following example illustrates the calculation of the prestress losses and camber for

a modified bulb-tee girder with harped strands using the four prediction models considered in
this report, including the current NCDOT method (Chapter 3), the modified NCDOT method
(Chapter 6), the proposed approximate method (Chapter 6), and the proposed refined method

(Chapter 6). For each method, the camber is determined for transfer, 28 days, and 1 year

assuming that the girder erection has not occurred.

The properties of the modified bulb-tee girder and other problem variables are as

follows:

Identification

Prestressing Properties

fou (ksi) 270
Ep (psi) 2.850E+07
D,s (strand Dia.) (in) 0.600
Nstr 46
Ypsm (in) 8.609
Ypse (in) 18.347
Xp (ft from CL) 5.000
Time Steps

t; (days) 1

t; (days) 28

t, (days) 365
Diaphragm

# of Diaphragms 0
Length (each, inch, 0
longitudinal direction of
member)

D1 (ft) 0.000
D2 (ft) 0.000
D3 (ft) 0.000
D4 (ft) 0.000
Loads

w, (self-wt) (Ib/ft) 868
W,q (SI Dead) (Ib/ft) 0

Project # R-2301A
County Jones-Craven
Member Type 72in MBT (metric)
PC#
Span B
INT/EXT
Environmental Factors

[ H (%) 70
Member Properties
L., (member) (ft) 123.819
Ls (span) (ft) 122.375
A (in?) 833.100
e (in) 36.790
lg (in”) 570260
d (in) 72.000
V/s 3.264
Concrete Properties
w, (pcf) 150
f's (psi) 7200
f'c (psi) 9500
Debond Length

| Lo () 0
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B.1  Current NCDOT method

Using the current NCDOT method, the prestress losses and camber for the example
girder given at the beginning of this appendix are predicted as follows:

1) Estimated elastic modulus of the concrete at prestress transfer (E¢j) and at 28 days

(Eo):

Ec; = 33w;® /fc'i

= (33)(150 pcf)*5,/7200 psi
= 5144190.9 psi

E. = 33w}S/f!

= (33)(150 pcf)*>,/9500 psi
— 5908981.5 psi

2) Moment at midspan due to self-weight:

2
Wy Ly,
Mg = 8 + Mdiaphragm

(868%) (123.819 ft)?
- 40
8

= 1663429 lb — ft
= 19961148 1b —in

3) Eccentricity of the prestressing strands at midspan (en,) and at the end of the girder

(€e):
em = Yec — Ypsm
= 36.790 in — 8.609 in
= 28.181 in
€e = Yc — Vpse

= 36.790 in — 18.347 in
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= 18.443 in

4) The cross-sectional area for a 0.6-in prestressing strand is 0.217 in®. Therefore, the
total strand area is:

Aps = Aps,strnstr
= (0.217 inz)(46)
= 9.982 in?

5) Specified initial prestressing force before transfer:

P = 0.75fu Aps
= 0.75(270000 psi)(9.982 in?)
= 2021355 lbs

6) Prestress loss due to strand relaxation prior to prestress transfer:

log(24.0t) | f,;
Mo =0 |1,

foy

_log(24.0t) [0.75 * fou

40 0.9 * fo

log(24.0 * 2) [0.75 % 270000

- 40 0.9 270000
= 2412 psi

- 0.55]f,,,-

- o.55] (0.75 * f)

— 0.55] (0.75 % 270000)

7) Prestress loss due to elastic shortening at transfer:

a. Guess prestress force after transfer (1" iteration):

P;(guess) = 0.7(ﬁ,u)ApS
= 0.7(270000 psi)(9.982 in?)
= 1886598 lbs

b. Stress in the concrete at the level of the centroid of the strands (1% iteration):

Pi Pl-e,% Mgem
fegp = |7 -

A I I

g g g
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_ [1886598 (1886598)(28.181)%] (19961148)(28.181)
~ |833.10 570260 570260

= 3905.5 psi

Elastic shortening loss (1" iteration)

Ep
AprS = chgp
ci

_ 28500000psi
T 51441909 psi > o P

= 21637 psi

Prestress force after transfer (2" iteration):

P; = 2021355 lbs — (2412 psi + 21637 psi)(9.982 in?)
= 1781298 lbs

Stress in the concrete at the level of the centroid of the strands (2"

iteration):

~ 1781298+(1781298)(28.181)2 (19961148)(28.181)
feor = | 83310 570260 570260

= 3632.4 psi
Elastic shortening loss (2" iteration)

_ 28500000 psi
PES ™ 5144190.9 psi

= 20124.3 psi

3632.4 psi

Prestress force after transfer (3" iteration):

P; = 2021355 lbs — (2412 psi + 20124.3 psi)(9.982 in?)
= 1796398 lbs

Stress in the concrete at the level of the centroid of the strands (3" iteration):

_[1796398 | (1796398)(28.181)%] _ (19961148)(28.181)
Jeor = 783310 570260 570260

108



= 3671.6 psi
i. Elastic shortening loss (final iteration):

_ 28500000psi , .
PES 51441909 psi o O P!

= 20341.5 psi

8) Prestress force after transfer:

P; = 2021355 lbs — (2412 psi + 20341.5 psi)(9.982 in?)
= 1794230 lbs

9) Prestress loss due to concrete shrinkage:

Af,sp = 17.0 — 0.15H
=17.0 — 0.15(70)
= 6.5 ksi
= 6500 psi
10) Stress in the concrete at the level of the centroid of the strands due to superimposed

dead loads applied at girder erection:

f Msd * €m
cds =
Ig

_ (0)(28.181)
~ 570260

= 0 psi
11) Prestress loss due to creep:

AprR = 12fcgp - 7fcds
= (12)(3671.6) — 7(0)
= 44059.2 psi

12) Prestress loss due to strand relaxation that occurs after prestress transfer:

Afyra = 0.3[20.0 — 0.4Af, 5 — 0.2(Afpsr + Afpcr)]
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03 [20 0 o4 (20341.5) 6500 + 44059.2
o ' ““\ 1000 1000

= 0.525 ksi

= 525 psi

13) Final prestress force:

P = Pj — Aps * (AprS + Afpsr + Afper + Aprz)
= 2021355 —9.982 * (20341.5 + 6500 + 44059.2 + 525)
= 1308384 lbs

14) Camber at prestress transfer:
a. Camber due to prestressing only:

P; (emL%n (Lin/2 - xh)2>

pS,iz EClIg 8 - (em - ee) 6

A

~ 1794230 (28.181)(123.819 * 12)?
~ (5144190.9)(570260) 8

(123.8%9 12 _ (5, 12))2

6

—(28.181 — 18.443)

=4.294 in
b. Deflection due to self-weight:

Sw, L%
Asw,i: ﬁ + Adiaphragm

_5(868/12)(123819 < 12)*
~ 384(5144190.9)(570260)

= 1.565in

c. Net camber at prestress transfer:

A= Aps,i - Asw,i
= 4.294 — 1.565
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=2.729in

15) Camber at girder erection (28 days):

Ape= 2.26A,; — 23144,
= 2.26(4.294) — 2.31(1.565)
= 6.089 in

16) Camber at 1 year equals camber at 28 days for this study:
A365= 6089 lTl
17) Summary of prestress losses, prestress forces, and camber:

Afpr1 = 2412 psi
Afpps = 20341.5 psi
Afysr = 6500 psi
Afpcr = 44059.2 psi
Afprz = 525 psi

P; = 2021355 lbs

P; = 1794230 lbs
P; = 1308384 lbs

A= 2.729 in
A28: 6.089 ln
A365: 6.089 ln
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B.2 Modified NCDOT Method

The modified NCDOT method for predicting the prestress losses and camber of
prestressed, pretensioned concrete girders is similar to the current NCDOT method except
that it uses the adjustments recommended in Section 5.10 to account for the production
factors, material properties, and debonding and transfer length. For box beams or cored slabs,
this method utilizes the modified section properties recommended in Appendix A. Using this
method, the prestress losses and camber for the example girder given at the beginning of this

appendix are determined as follows:

1) Estimated concrete compressive strength at transfer (f ;) and at 28 days (f'c):

fc*z = 1'25fc,i
= (1.25)7200
= 9000 psi

f& = 1.45f/
= (1.45)9500
= 13775 psi

2) Estimated elastic modulus of the concrete at prestress transfer (E;) and at 28 days
(Eo):

Ec; = (0.85)33w2\/f}
= (0.85)(33)(150 pcf)*5,/9000 psi
= 4888673.2 psi

E. = (0.85)33w25./f>
= (0.85)(33)(150 pcf)'5,/13775 psi
= 6048052.6 psi

3) Moment at midspan due to self-weight:

_wyli,
g — 38 + Mdiaphragm
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(868 %) (123.819 ft)2
- - 40

= 1663429 Ib — ft
= 19961148 Ib — in

4) Eccentricity of the prestressing strands at midspan (em) and at the end of the girder

(€e):

€m = Ye — Vpsm
= 36.790 in — 8.609 in
= 28.181in

€e = Yc — Vpse
= 36.790 in — 18.347 in
= 18.443 in

5) The cross-sectional area for a 0.6-in prestressing strand is 0.217 in®. Therefore, the

total strand area is:

Aps = Aps,strnstr
= (0.217 inz)(46)
= 9.982 in?

6) Specified initial prestressing force before transfer:

P; = 0.75f, Apg
= 0.75(270000 psi)(9.982 in?)
= 2021355 lbs

7) Prestress loss due to strand relaxation prior to prestress transfer:

log(24.0t) | fp;
40 [E
_log(24.0t) l0.75 * fou
40 |09+ fi

_ log(24.0 * 2) 10.75 * 270000
40 0.9 270000

A pRl —_ - 0.55] fp]

— 0.55] (0.75 * £,)

- 0.55] (0.75 % 270000)
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= 2412 psi

8) Prestress loss due to elastic shortening at transfer:
a. Guess prestress force after transfer (1% iteration):

P;(guess) = 0.7(fou)Aps
— 0.7(270000 psi)(9.982 in2)
= 1886598 lbs

b. Stress in the concrete at the level of the centroid of the strands (1* iteration):

Pi Pl-erzn Mgem
fegp = |5 -

A I I

) ) )

~ 1886598+(1886598)(28.181)2 (19961148)(28.181)
~ | 833.10 570260 570260

= 3905.5 psi

c. Elastic shortening loss:

Ep
AprS = chgp
ci

_ 28500000psi
~ 48886732 psi> P

= 22768 psi

d. Prestress force after transfer (2" iteration):

P; = 2021355 lbs — (2412 psi + 22768 psi)(9.982 in?)
= 1794083 lbs

e. Stress in the concrete at the level of the centroid of the strands (2"

iteration):
_ [1794083 N (1794083)(28.181)2] (19961148)(28.181)
Jegp = 833.10 570260 570260
= 3665.6 psi

f. Elastic shortening loss (2" iteration)

114



_ 28500000psi .
fors = 48886732 psi o000 PSt

= 21370 psi

g. Prestress force after transfer (3" iteration):

P, = 2021355 lbs — (2412 psi + 21370 psi)(9.982 in?)
= 1808043 lbs

h. Stress in the concrete at the level of the centroid of the strands (3" iteration):

_ [1808043  (1808043)(28.181)%] (19961148)(28.181)
feor = | 83310 570260 570260

= 3701.8 psi
i.  Elastic shortening loss (final iteration):

_ 28500000 psi
PES ™ 4888673.2 psi

= 21581 psi

3701.8 psi

9) Prestress force after transfer:

P, = 2021355 lbs — (2412 psi + 21581 psi)(9.982 in?)
= 1781857 lbs

10) Prestress loss due to concrete shrinkage:

Afpsr = 17.0 — 0.15H
=17.0 - 0.15(70)
= 6.5 ksi
= 6500 psi

11) Stress in the concrete at the level of the centroid of the strands due to superimposed
dead loads applied at girder erection:
Msd *€m

Iy

fcds =
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_ (0)(28.181)
~ 570260

= 0 psi
12) Prestress loss due to creep:

AprR = 12fcgp = 7fcas
= (12)(3701.8) — 7(0)
= 444722 psi

13) Prestress loss due to strand relaxation that occurs after prestress transfer:

Afyry = 0.3[20.0 — 0.4Af,ps — 0.2(Afysr + Afpcr)]

_03[200 04(21581) 6500+44422]
o ' "\ 1000 1000

= 0.355 ksi

= 355 psi

14) Final prestress force:

Pr = P; — Aps * (Aprs + Afpsg + Afper + Aprz)
= 2021355 —9.982 * (21581 + 6500 + 44422 + 355)
= 1294086 lbs

15) Camber at prestress transfer:

a. Camber due to prestressing only:

2

2 (L—m — ) 2
psit Ecily 8 m ¢ 6 6
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B 1781857
~ (4888673.2)(570260)

(28.181)(123.819 = 12)*
8

~

2
<123.8;9 12 _ (g, 12)>

—(28.181 — 18.443) G

28.181(0 % 12 + 36)?
6

/l
= 4483 in

b. Deflection due to self-weight:

5w,L%
Asw,i= ﬁ + Adiotphragm

_ 5(868/12)(123.819 * 12)*
~ 384(4888673.2)(570260)

= 1.647 in

c. Net camber at prestress transfer:

A= Aps,i - Asw,i
= 4483 — 1.647
=2.836in

16) Camber at girder erection (28 days):

Dgg= 2.26D,5; — 2.31A,;
= 2.26(4.483) — 2.31(1.647)
= 6.327 in

17) Camber at 1 year is assumed equal to camber at 28 days for this study:

A365: 6.327 lTl
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18) Summary of prestress losses, prestress forces, and camber:

Afpr1 = 2412 psi
Afpps = 21581 psi
Afpsr = 6500 psi
Afpcr = 44422 psi
Afprz = 355 psi

P; = 2021355 lbs

P, = 1781857 lbs
Py = 1294086 lbs

A= 2.836 in
A28= 6.327in
A365= 6.327 in
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B.3  Proposed Approximate Method

The proposed approximate method for prediction of prestress losses and camber for
prestressed, pretensioned concrete girders uses the adjustments recommended in Section 5.10
to account for the production factors, material properties, and debonding and transfer length.
For box beams or cored slabs, this method utilizes the modified section properties
recommended in Appendix A. Using this method, the prestress losses and camber for the
example girder given at the beginning of this appendix are determined as follows:

1) Estimated concrete compressive strength at transfer (f';) and at 28 days (f'¢):

fc*z = 1'25fc,i
= (1.25)7200
= 9000 psi

f& = 1.45f/
= (1.45)9500
= 13775 psi

2) Estimated elastic modulus of the concrete at prestress transfer (E;) and at 28 days
(Eo):

Ec; = (0.85)33w2\/f}
= (0.85)(33)(150 pcf)*5,/9000 psi
= 4888673.2 psi

E. = (0.85)33w25./f>
= (0.85)(33)(150 pcf)*°,/13775 psi
= 6048052.6 psi

3) Moment at midspan due to self-weight:

w, L
glm
Mg = 3 + Mdiaphragm
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(868 %) (123.819 ft)2
- - 40

= 1663429 Ib — ft
= 19961148 Ib — in

4) Eccentricity of the prestressing strands at midspan (em) and at the end of the girder
(€e):

em = Ve — Vpsm
= 36.790 in — 8.609 in
= 28.181in

€e = Yc — Vpse
= 36.790 in — 18.347 in
= 18.443 in

5) The cross-sectional area for a 0.6-in prestressing strand is 0.217 in®. Therefore, the

total strand area is:
Aps = Aps,strnstr

= (0.217 in?)(46)
= 9.982 in?

6) Specified initial prestressing force before transfer:
P; = 0.75f,, Aps

= 0.75(270000 psi)(9.982 in?)
= 2021355 lbs

7) Prestress loss due to elastic shortening at transfer:

a. Stress in the concrete at the level of the centroid of the strands:

0.9P, 09Pe| Myen
cgp — + -

A I

g Ig g
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_ [0.9(2021355)  0.9(2021355)(28.181)?

833.10 570260
(19961148)(28.181)
570260
= 3730.8 psi

b. Elastic shortening loss:

Ep
AprS = chgp
ci

_ 28500000 psi
~ 4888673.2 psi

= 21750 psi

3730.8psi

8) Prestress force after transfer:
P = P] - AprSApS
P; = 2021355 lbs — (21750 psi)(9.982 in?)
= 1804247 lbs

9) Prestress loss due to concrete shrinkage:

Afpsp = (8.2x1076)E, <1 —0.06 (g)) (100 — H)

= (8.2x107%)(28500000)(1 — 0.06(3.264))(100 — 70)
= 5638 psi

10) Stress in the concrete at the level of the centroid of the strands due to superimposed
dead loads applied at girder erection:
Msd *€m

feas =
cas Ig

_ (0)(28.181)
570260

= 0 psi

11) Prestress loss due to creep:
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E
AprR = ZOE_p(fcgp - fcds)
c

20 28500000 (37308 — 0)
77 6048052.6 '

= 35161 psi
12) Prestress loss due to strand relaxation:
Afyre = 5000 — 0.04(Af,sr + Afpcr + Afpes)

= 5000 — 0.04(5638 + 35161 + 21750)
= 2498 psi

13) Final prestress force:
P = Pj — Ay * (AprS + Afpsr + Afper + AprE)

= 2021355 —9.982 * (21750 + 5638 + 35161 + 2498)
= 1372056 lbs

14) Camber at prestress transfer:
a. Camber due to prestressing only:
Loy, 2

_ P [emli (e —e.) (T i xh) _em(Lap + Lo)?
Lally -7 8 8 moowe 6 6

A

_ 1804247 /(28.181)(123.819 * 12)2
~ (4888673.2)(570260) k 8

2
123.8%9 12 _ (g, 12)>

6

—(28.181 — 18.443)<

28.181(0* 12 + 36)2\
6
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= 4.539in
b. Deflection due to self-weight:

5w, Ly,
Asw,i= m + Adiaphragm

_ 5(868/12)(123.819 * 12)*
~ 384(4888673.2)(570260)

= 1.647 in

c. Net camber at prestress transfer:

A= Dps,i = Bsw,i
= 4.539 — 1.647
= 2.892in

15) Camber at 28 days:
Ayg= 1.804,5; — 1.85A4,,;

= 1.80(4.539) — 1.85(1.647)
=5.123in

16) Camber at 1 year (365 days):

Ases= 2450 ,5; — 2.70Ag,;
= 2.45(4.539) — 2.70(1.647)
= 6.674in
17) Summary of prestress losses, prestress forces, and camber:
Afpes = 21750 psi
Afpsr = 5638 psi
Afpcr = 35161 psi
Afpre = 2498 psi

P; = 2021355 lbs
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P, = 1804247 lbs
Py = 1372056 lbs

A= 2.892 in
A28= 5.123 ln
A365= 6674‘ lTl
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B.4  Proposed Refined Method

The proposed refined method for prediction of prestress losses and camber for
prestressed, pretensioned concrete girders uses the adjustments recommended in Section 5.10
to account for the production factors, material properties, and debonding and transfer length.
For box beams or cored slabs, this method utilizes the modified section properties
recommended in Appendix A. Using this method, the prestress losses and camber for the
example girder given at the beginning of this appendix are determined as follows:

1) Estimated concrete compressive strength at transfer (f ;) and at 28 days (f'c):

fc*z = 1'25fc,i
= (1.25)7200
= 9000 psi

f& = 1.45f/
= (1.45)9500
= 13775 psi

2) Estimated elastic modulus of the concrete at prestress transfer (E;) and at 28 days
(Eo):

Ec; = (0.85)33w2\/f}
= (0.85)(33)(150 pcf)*5,/9000 psi
= 4888673.2 psi

E. = (0.85)33w25./f>
= (0.85)(33)(150 pcf)*°,/13775 psi
= 6048052.6 psi

3) Moment at midspan due to self-weight:

w, L
glm
Mg = 3 + Mdiaphragm
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(868 %) (123.819 ft)2
- - 40

= 1663429 Ib — ft
= 19961148 Ib — in

4) Eccentricity of the prestressing strands at midspan (em) and at the end of the girder
(€e):

em = Ve — Vpsm
= 36.790 in — 8.609 in
= 28.181in

€e = Yc — Vpse
= 36.790 in — 18.347 in
= 18.443 in

5) The cross-sectional area for a 0.6-in prestressing strand is 0.217 in®. Therefore, the

total strand area is:

Aps = Aps,strnstr
= (0.217 inz)(46)
= 9.982 in?

6) Specified initial prestressing force before transfer:
P; = 0.75f,, Aps

= 0.75(270000 psi)(9.982 in?)
= 2021355 lbs

7) Prestress loss due to elastic shortening at transfer:

a. Guess prestress force after transfer (1" iteration):

P;(guess) = 0.9(P;)
= 0.9(2021355)
= 1819220 lbs

b. Stress in the concrete at the level of the centroid of the strands (1% iteration):
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Pi Pl'erzn Mgem
fegp = |7 -

A I I

) ) )

_ 1819220+(1819220)(28.181)2 (19961148)(28.181)
| 833.10 570260 570260

= 3730.8 psi

c. Elastic shortening loss (1% iteration):

Ep
AprS = chgp
ci

_ 28500000psi .o
T 4888673.2psi o P

= 21750 psi

d. Prestress force after transfer (2" iteration):

P = P] - AprSAps
= 2021355 lbs — (21750 psi)(9.982 in?)
= 1804247 lbs

e. Stress in the concrete at the level of the centroid of the strands (2"

iteration):
11804247 4 (1804247)(28.181)? (19961148)(28.181)
€9 | 833.10 570260 570260
= 3692 psi

f. Elastic shortening loss (2" iteration)

_ 28500000psi ,
JoEs = 43886732 psi pst

= 21523 psi

8) Prestress force after transfer:

P; = 2021355 lbs — (21523 psi)(9.982 in?)
= 1806512 lbs
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9) Creep coefficients:
a. Factor to account for the effect of the volume-to-surface area ratio:

%
ks =145-013¢ >0

= 1.45—-0.13(3.264)
= 1.026

b. Humidity factor for creep:

kn. = 1.56 — 0.008H
= 1.56 — 0.008(70)
= 1.000

c. Factor for the effect of concrete strength:

5
1+ £

5
1+ (9 kips)
= 0.500

ke

d. Time development factor for 28 days due to loading applied at transfer:

o = b, —t
el —Afi+ (i~ )
28— 1
~ 61— 4(9 kips) + (28— 1)

= 0.519
e. Creep coefficient at 28 days due to loading applied at transfer:

W(28,t;) = 1.9kgkp kskegt; 0118
= 1.9(1.026)(1.000)(0.5)(0.519)(1)~0118
= 0.506

f.  Time development factor for 1 year due to loading applied at transfer:
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t, — ¢

kea = 1= 4fr + (t, — t;)
_ 365 —1
"~ 61— 4(9 kips) + (365 —1)

= 0.936
. Creep coefficient at 1 year (365 days) due to loading applied at transfer:
W(365,t;) = 1.9kskpckskogt 0118

= 1.9(1.026)(1.000)(0.5)(0.936)(1)~0-118
= 0.912

. Time development factor for final time (5 years) due to loading applied at

transfer:
- tr—t;
el —af + (- ty)
_ (5%365)—1
~ 61— 4(9 kips) + (5% 365—1)

= 0.986
Creep coefficient at final time (5 years) due to loading applied at transfer:

llu(tf’ ti) = 1-9k5khckfktdti—0.118
= 1.9(1.026)(1.000)(0.5)(0.986)(1)~0-118
= 0.961

Creep coefficient for the period between 28 days and 1 year due to loading

applied at transfer:
Y(365,28) = ¥(365,t;) — ¥(28,t;)
=0.912 - 0.506
= 0.406

10) Shrinkage strains:

a. Humidity factor for shrinkage:
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kps = 2.00 — 0.014H
= 2.00 — 0.014(70)
=1.02

b. Shrinkage strain at 28 days:

Epid = kskhskfktd0.48x10_3
= (1.026)(1.02)(0.5)(0.519)(0.48x1073)
= 0.0001304

c. Shrinkage strain at 1 year (365 days):

Epid = kskhskfktd0.48x10_3
= (1.026)(1.02)(0.5)(0.936)(0.48x1073)
= 0.000235

11) Transformed section coefficient that accounts for time-dependent interaction
between concrete and bonded steel in the section being considered for the time
period between transfer and deck placement (This will be used for both 28 days and

1 year since the interest is in prestress losses and camber before deck placement):
1

E,A Aje?
1+ (1 + glgm> (1+07% (e, 1))

Kig =

1

(28500000)(9.982) (1 | (833.1)(28.181)?
(4888673.2)(833.1) 570260

= 0.798

1+ )(1 +0.7(0.961))

12) Prestress loss at 28 days due to concrete shrinkage:

AfpSR,ZS = &piaEpKia
= (0.0001304)(28500000)(0.798)
= 2967 psi

13) Prestress loss at 28 days due to creep:
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E
Afpcr2s = E_p_fcgplp(z& ti)Kiq
Ccl

_ 28500000
~ 4888673.2

= 8691 psi

(3692)(0.506)(0.798)

14) Prestress loss at 28 days due to relaxation of prestressing strands:

AprE,ZS = fpi <@ - 0-55>

30 \fy

Py P
_Aps [ Aps g

30 \ 0.9f,

1806512/ 1806512/
_ 9.982 9.982 _ (s

30 0.9(270000) '

= 1175 psi

15) Prestress loss at 1 year (365 days) due to concrete shrinkage:

Afpsr365 = €piaEpKia
= (0.000235)(28500000)(0.798)
= 5345 psi

16) Prestress loss at 1 year (365 days) due to creep:

E
Afpcr365 = E_p'fcgpllu(S 65,t)Kiq
Cl

_ 28500000
~ 4888673.2

= 15664 psi

(3692)(0.912)(0.798)

17) Prestress loss at 1 year (365 days) due to relaxation of prestressing strands:

Joi [ fpi
AfDRE,365 = % % —0.55
py
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b/ P

— E i —0.55
30 \ 0.9f,
1806512/ 1806512/
_ 9.982 9.982 0.55
30 0.9(270000) '
= 1175 psi

18) Prestress force at 28 days:

Pyg = Aps(fpj - [Aprs + Afpsr2s + Afpcr2s + AprE,ZS])
=9.,982(0.75(270000) — [21523 + 2967 + 8691 + 1175])

= 1678413 lbs
19) Prestress force at 365 days:

Pses = Aps(fpj - [Aprs + Afpsrzes + Afpcrzes T AprE,365])
=9.982(0.75(270000) — [21523 + 5345 + 15664 + 1175])

= 1585072 lbs
20) Camber at prestress transfer:

a. Camber due to prestressing only:

2

L
P [ eml% (Tm i xh) _em(Lap + Lo)?

A= —— — —
DSt ECllg 8 (em ee) 6 6
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B 1806512 {(28.181)(123.819* 12)2
~ (4888673.2)(570260) \ 8
123.819 % 12

—(28.181 — 18.443)

28.181(0 % 12 + 36)?

2

— (5% 12))

6

= 4.545in
b. Deflection due to self-weight:

5w,L%
Asw,i= ﬁ + Adiotphragm

_ 5(868/12)(123.819 * 12)*
~ 384(4888673.2)(570260)

= 1.647 in

c. Net camber at prestress transfer:

A= Aps,i - Asw,i
= 4,545 — 1.647
= 2.898in

21) Camber at 28 days:

a. Camber due to prestressing only:

L
Pi - P28 engn (em - ee) (Tm - xh) _ em(Ldb + Lt)Z

|
/

2

8 6

I

Aps,28: Aps,i - (Eci ¥ Ec) ]

2

6
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1806512 — 1678413 28.181(123.819 * 12)?

— 4545 —
4888673.2 + 6048052.6 8
( > )570260
123.819 * 12 2
(28.181 — 18.443) (-=252"25 - 5512) 28181(0 + 36)2
6 6

=4.257 in

b. Deflection due to self-weight:

Asw,28 = Asw,i

= 1.647 in

c. Deflection due to creep:

(Ftle) (o (eneo (- %)

_ €m (Ldb + Lt)z

6 - Bswii

1806512 + 1678413 ,
006 ( > ) [ (28.181)(123.819 » 12)
=0 (4888673.2)(570260) 8
2
(28.181 — 18.443) (w ~5+12)
B 6
28.181(0 + 36)?
_ —1.647
6
= 1385 in

d. Net camber at 28 days:

Ayg= Aps,28 - Asw,28 + Acr,28
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= 4,257 — 1.647 + 1.385
=3.995in

22) Camber at 1 year (365 days):
a. Camber due to prestressing only:

L 2
P28 - P365 engn (em - ee) (Tm - xh) em(Ldb + Lt)z

Ap5,365= Aps,28 - ECIg 8 - 6 6

1678413 — 1585072 [ 28.181(123.819 * 12)2

= 4257 —
(6048052.6)(570260) 8
123.819 % 12 2
(28.181 - 18.443) (Z=252222 - 5412) 28181(0 + 36)2
6 6
= 4.067 in

b. Deflection due to self-weight:

Asw,365 = Asw,i

= 1.647 in

c. Deflection due to creep:

Acr,365 = Acr,28

2
+ ¥(365,28) (Fo5) (e (em = e (5= 1)
' Eoll, 8 6

_em (Lgp + L¢)?
6

- Asw,i

135



1678413 + 1585072
385 4 0406 ( > ) (28.181)(123.819 * 12)?
- ' (4888673.2)(570260) 8
2
(28.181 — 18.443) (w — 5« 12) 28.181(0 + 36)?

a 6 B 6

— 1.647

= 2383 in

d. Net camber at 365 days:

Ase5= Dps365 — Asw365 T Acr 365
= 4.067 — 1.647 + 2.383
= 4803 in

23) Summary of prestress losses, prestress forces, and camber:

Afpps = 21523 psi
Afpsr28 = 2967 psi
Afpcr28 = 8691 psi
Afpre2s = 1175 psi
Afpsr,3es = 5345 psi
Afpcrz6s = 15664 psi
Afprezes = 1175 psi

P; = 2021355 lbs
P; = 1804247 Ibs
P,g = 1678413 lbs
Psgs = 1585072 lbs
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A= 2.898 in
A28= 3-995 ln
A365= 4‘-803 ln
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B.5  Summary of the Predicted Camber

The predicted camber at transfer, at 28 days, and at one year for the example girder
using each of the methods considered in this report as well as the measured values for two
actual girders are presented in Figure B-1. The measured values shown suggest that the
proposed approximate method provided a more accurate prediction of camber than the
NCDOT methods for these two girders. However, due to the natural variability of camber,
such a small number of girders should not be considered to provide a reliable comparison of
the predictions. Based on the extensive database of field measurements of 382 girders
developed for this research, the proposed approximate method and the proposed refined
method provided significantly more accurate predictions of camber than the current NCDOT
method and the modified NCDOT method.

8
7
fmmmmm e m e —————————— -
6 .ID ————————
/ ---------------- = Current NCDOT
-5 ’..-.--
5 / T — — — Modified NCDOT
24 "Q' ..................................... e o
£ gJ’I_:l .
S s 000000 Proposed Refined
2 d O Girder1
O Girder2
1
0 : : . .
0 50 100 150 200
Age of Member (Days)

Figure B-1 Predicted and measured camber for two girders.
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Appendix C Camber Experiences of Other States

A questionnaire regarding design practices and field experiences related to prestress
losses and camber was answered by the Texas Department of Transportation, the Nebraska
Division of Roads, and the Florida Department of Transportation. Their answers are provided

below.

Texas Department of Transportation

1. Have you ever experienced any camber problems with prestressed concrete bridge
beams that are often beyond normal construction tolerances? If so, please briefly describe
them.

Yes. We have had instances where cambers greatly exceeded the normally expected values.
In rare cases, these girders had to be re-cast because they could not be made to fit into the
bridge elevation profiles using normal mitigation measures. Other more common cases
involve girders fabricated at the same time but with large variations in storage duration due
to project phasing. The second phase girders usually arrive with higher cambers than the 1st
phase girders but no adjustment of the bridge grades can be made to accommodate the 2nd
phase girders.

2. Do you use semi-lightweight concrete for your prestressed bridge beams? If so, do
you experience more severe camber problems than using normal weight concrete?

No, all of our producers use normal weight concrete when fabricating prestressed beams.
However, beams produced with limestone coarse aggregate typically have higher camber
than those in which river rock is utilized.

3. What procedure or approach do you use to minimize the impact of the camber
problem?

Smart contractors will lower the bearing seat elevations on their own if they suspect there
could be a camber issue. Most contractors are aware that some fabricators have a history of
producing beams with high cambers while others have a history of low cambers. The
problem occurs mainly with widenings or phased construction where profile grade
adjustments are not usually possible. For new construction, it is usually easy to adjust the
profile grade to account for higher cambers.

4. What types and sizes of members (such as box beams, cored slabs, AASHTO girders,
bulb tees, etc.) are more prone to cause the problem?
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On the rare occasions that we see excess camber it usually occurs in the longer members
with high strand patterns (bulb tees, U-beams, etc.). Differential camber in box beams is
harder to overcome in the field since the members are typically placed immediately adjacent
to one another but that is not an issue very often.

5. What is the maximum span that you normally use for each type of the members, and
is the camber problem related more with the longer spans?

50’ spans for slab beams, 110’ spans for box beams, 120+’ for U-beams, and 150+ for
AASHTO beams and bulb tees.

6. What code(s) and design software(s) do you currently use to calculate prestress
losses, camber, and deflection?

PSTRS14-TxDOT Prestressed Concrete Beam Design/Analysis Program (Version 5.0) - User
may choose loss method of AASHTO 1994 Standard thru 2004 LRFD (old LRFD losses) or
2007 LRFD (new refined losses) Specifications. For LRFD the methods are uncoupled from
the LRFD Specifications used for other aspects of design/analysis. For camber calculations
note this excerpt from the PSTRS14 User Guide:

Camber

The maximum camber calculations are derived from the hyperbolic function method
developed by Sinno [6]. Sinno formulated hyperbolic functions for unit shrinkage and unit
creep from field data of full-sized, Texas Type B, prestressed concrete bridge beams.

The prestressing steel for the beams consisted of seven wire, 7/16-in. diameter, 250 ksi stress
relieved strands. The beams were fabricated of both normal-weight and lightweight concrete
and stored for a 300-day period. At the end of the storage period, the beams were installed in
the 40 ft. and 56 ft. spans of a bridge on IH-610 over South Park Boulevard in Houston,
Texas. The camber calculations are, therefore, strongly correlated with the particular
structure they were calibrated to.

The calculation method developed by Sinno was fully implemented in the TxDOT “Camber
Prediction Program” -- PSTRS11 (a.k.a. Prestressed Beam Stresses and Camber). PSTRS11
was written by Sinno and employs empirically based unit hyperbolic creep and shrinkage
functions and a step-wise time-increment numerical procedure. This program was never used
for predicting camber in bridge design production, so the source code was not incorporated
into PSTRS10 or PSTRS14. Instead, a very simplified single step method of calculating the
camber at mid-span, using a single set of assumed creep and shrinkage values, is included in
PSTRS14. The justification for this simplification is the presumption that camber calculation
is inherently inaccurate so there is no need to improve the prediction of what cannot be
reliably predicted. The design engineer may not agree with this logic and may choose to
employ other means to determine beam camber. But in practice, PSTRS14’s calculated
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camber is assumed to be good enough by most bridge design engineers in spite of some field
data to the contrary.

PSTRS14’s camber calculation method may not provide an adequately accurate prediction of
beam camber for design purposes when applied to other beam types (i.e. volume/surface
ratios) than I-beams, other material constituents, other storage periods, other final location
and framing plan, as well as other factors not considered in Sinno’s method. Some of these
factors and other factors described by Kelly, Bradberry, and Breen [7] significantly
influence camber at erection. Under no circumstances should the calculated camber be
considered as having the same degree of certainty as, for example, the concrete strength
required. The value printed for erection camber should be considered a rough estimate only
and is not applicable to all possible design options, beam types, aggregate types, etc.

The user should verify that the calculated camber versus the dead load deflection due to
placement of all superimposed dead load results in a beam with a positive net camber. If the
camber needs to be increased, the user may do so by adding additional strands using the
analysis option. This would not, however, guarantee that the profile of the beam will always
have a net positive camber throughout the service life of the bridge.

Camber calculations performed by the program are thus insensitive to the beam type and
many other factors that affect the actual camber of prestressed concrete beams.
Furthermore, final concrete strength alone is used to determine beam stiffness so the method
is not affected by the initial concrete stiffness associated with fci.

6. Sinno, Raouf. The Time-Dependent Deflections of Prestressed Concrete Bridge Beams,
Ph.D. Dissertation, Texas A&M University, College Station, Texas, January 1968.

7. Kelly, D. J., Bradberry, T. E., and Breen, J. E. “Time-Dependant Deflections of
Pretensioned Beams,” Research Report 381-1, Research Project 3-5-84-381, Center for
Transportation Research, Bureau of Engineering Research, The University of Texas at
Austin, Austin, TX (August 1987) 211 pp.

URL: http://fsel.engr.utexas.edu/publications/docs/381-1.pdf

Deflections are simple span deflections and may be based on the moduli derived from final
concrete strengths of beam and composite areas such as shear keys. However, TxDOT policy
is to set all concrete moduli to 5000 ksi for both stress and deflection

calculations and to indicate on the plans that the deflections shown are calculated assuming
an E'c of 5000 ksi.

PGSuper, WSDOT/TxDOT Precast-Prestressed Girder design and analysis software Version
2.4 - AASHTO LRFD Bridge Design Specifications, 5th Edition, 2010. This software is
capable of using the losses, creep, and shrinkage prediction based on AASHTO LRFD 1st
Edition 1994 through AASHTO LRFD 5th Edition 2010. Losses are generally computed
using the Refined Method.

By design policy TxDOT uses the loss method of the 2004 LRFD Specifications.
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7. How do you determine the modulus of elasticity of concrete at different ages? If you
calculate camber at prestress transfer, do you use the specified fci’ for the calculation? How
do you determine shrinkage and creep in your calculations?

In PSTRS14 - Regarding camber, see discussion above in response to question 6.

PSTRS14 does not calculate the camber at release nor does it perform a time step analysis.
The losses calculations and camber calculations are not coupled in terms of using the same
creep factors. The calculation of losses considers E’ci. The creep and shrinkage calculations
follow the provisions of the various loss specifications (1994, 2004 or 2007) employed.

In PGSuper - Modulus of elasticity at transfer is computed using a modified form of
AASHTO LRFD Equation 5.4.2.4-1 using f’ci. This equation is modified with the factors K1
and K2 as defined in NCHRP Report 496. Creep and shrinkage are computed with modified
versions of AASHTO LRFD Equations 5.4.2.3.2-1 and 5.4.2.3.3-1. This equations are
modified with K1 and K2 factors as defined in NCHRP Report 496. For girders having
temporary top strand to control stability during transportation, the elastic shortening losses
and Kid and Kdf transformed section coefficients are modified to compute the shortening,
creep, and shrinkage losses in the permanent strands. Modifications account for the fact that
the temporary strands raise the CG of the prestressing force while the majority of the creep
and shrinkage losses are taking place.

8. Have you conducted or sponsored any research regarding prestress losses, camber,
and deflection? If so, please send us your report or provide a reference to your report.

TxDOT - Research on prestress losses is ongoing through TxDOT Project 0-6374, "Effects of
New Prestress Loss Predictions on TxDOT Bridges™. Camber and deflection has been
researched previously (see report link to reference 7 in answer to question 6, above). Results
of this camber research have not been incorporated into PSTRS14.

WSDOT - Camber research was conducted at the University of Washington. Reference:
Improving Predictions for Camber in Precast, Prestressed Concrete Bridge Girders, Rosa,
Michael A; Stanton, John F; Eberhard, Marc O, Washington State Transportation Center;
Washington State Department of Transportation; Federal Highway Administration, 2007.
Results of this research have not been incorporated into PGSuper.
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Nebraska Division of Roads

1. Have you ever experienced any camber problems with prestressed concrete bridge
beams that are often beyond normal construction tolerances? If so, please briefly describe
them.

Yes. Lately we have been getting some camber below the predicted values at 30 days which
caused construction problems. We don’t know if this due to design or fabrication or material
use (we have been using SCC for the last few years).

So far we know we have potential problems (less camber than predicted at 30 days)when we
ask for high strength concrete over 10 ksi for long spans (>160 ft

We also know sometimes the fabricator get concrete strength at release way more than the
specified.

2. Do you use semi-lightweight concrete for your prestressed bridge beams? If so, do
you experience more severe camber problems than using normal weight concrete?

No. Our fabricator use an approved SCC mix

3. What procedure or approach do you use to minimize the impact of the camber
problem?

We have shown PCI tolerances (at release) on the plans so our inspectors can enforce it. We
have required the fabricator to check the camber before shipping. We are in process of
identifying the “K” factors due to our local ingredients so we can use it in our calculation
for losses.

4. What types and sizes of members (such as box beams, cored slabs, AASHTO girders,
bulb tees, etc.) are more prone to cause the problem?

We use NU section (I and IT section)
NU1600-2000

5. What is the maximum span that you normally use for each type of the members, and
is the camber problem related more with the longer spans?

We have shipped 175 ft NU2000 section.
Camber problem on long spans

6. What code(s) and design software(s) do you currently use to calculate prestress
losses, camber, and deflection?
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We use CONSPAN software for design using LRFD .We use approximate losses method and
sometimes refined losses. (Both give about the same camber prediction at 30 days)

7. How do you determine the modulus of elasticity of concrete at different ages? If you
calculate camber at prestress transfer, do you use the specified f;” for the calculation? How
do you determine shrinkage and creep in your calculations?

We provide two camber numbers on the plans: camber at release calculated based on the fci
and camber at 30 days (assumed girder erection) based on the 28 days strength (design
strength). In general we use AASHTO LRFD approximate method to determine creep and
shrinkage.

8. Have you conducted or sponsored any research regarding prestress losses, camber,
and deflection? If so, please send us your report or provide a reference to your report.

We haven’t conducted any official research regarding these issues but we are fortunate to
have Dr. Tadros around to guide us along.
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Florida Department of Transportation

1. Have you ever experienced any camber problems with prestressed concrete bridge
beams that are often beyond normal construction tolerances? If so, please briefly describe
them.

On rare occasions, the camber is either underestimated or overestimated.

2. Do you use semi-lightweight concrete for your prestressed bridge beams? If so, do
you experience more severe camber problems than using normal weight concrete?

No.

3. What procedure or approach do you use to minimize the impact of the camber
problem?

The contractor is required to monitor the camber in storage. We are considering additional
loads during design to allow for more tolerance when the camber is overestimated.

4. What types and sizes of members (such as box beams, cored slabs, AASHTO girders,
bulb tees, etc.) are more prone to cause the problem?

The I-beam, possibly because we use them more frequently.

5. What is the maximum span that you normally use for each type of the members, and
is the camber problem related more with the longer spans?

Florida uses Inverted Tees, adjacent slabs and | beams. The adjacent slabs have occasional
camber issues and span up to 50°. The Inverted Tees are rarely used. The Florida I-beams
are new and span up to 180"

6. What code(s) and design software(s) do you currently use to calculate prestress
losses, camber, and deflection?

We use the LRFD approximate method for calculating losses. We also use our in-house
prestressed concrete design program. The camber calculation in our program is based on the
UF research.

7. How do you determine the modulus of elasticity of concrete at different ages? If you
calculate camber at prestress transfer, do you use the specified fg;’ for the calculation? How
do you determine shrinkage and creep in your calculations?

See our Mathcad program.

8. Have you conducted or sponsored any research regarding prestress losses, camber,
and deflection? If so, please send us your report or provide a reference to your report.

We are currently collecting data for the new Florida-l Beam to calibrate the camber
calculation. This in-house research should be completed by June 2011.
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Appendix D Camber Data Sheet Example
L g/-&‘n\ \/3
i NCDOT PRESTRESSED CONCRETE MEMBERS
CAMBER DATA SHEET B 7
C 202090 IN CASTING BED
PROJECT# B-Y 3 cOUNTY: JACKSON LETTING DATE: 3-1-1D pC.# (5]
PRODUCER: Koss , Puster. TN MEMBER TYPE: AASHTO /85X Cored  Bulb
Mix# |4 PVO 78 SELE 0 e ;"’3 Slab e
DATE CAST: 5-/0-26/U pOSITION FROM LIVE END/# OF MEMBERS IN BED: / i
LENGTH: Y3-9%/+ Sunhy Cloudy Rainy TEMP: &) (‘F) CURING: @ Water None
SPECIFIED CONCRETE STRENGTH (psi) At Release: ‘/“80 O 28-days(f:_boeo
MEASURED CONCRETE STRENGTH (psi) At Release: &5 78-days (ifavailable): 7¥2
End A Mid-Span 8 End B
i A
CAMBER MEASUREMENTS )
BEFORE RELEASE DATE: 5-/ /- -20/0 é;;) Cloudy Rainy TEMP: 73 (F)
X END A HEIGHT (notch to top of beam, to nearest 1/8”): & [k inches END B HEIGHT: =
§ MID-SPAN HEIGHT (string to top of beam, to nearest 1/87): _ 4%/® _inches
§ AFTER RELEASE
: MID-SPAN HEIGHT (string to top of beam, to nearest 1/8”) : L/'z/ & inches
3
= IN STORAGE
End A STORAGE SUPPORT CONDITION End B
[ i 7y ]
T, A
LENGTH A (supporttoend): 24/ EXPOSURE TO DIRECT TOP: No
LENGTH B (support to end): [ SUNLIGHT? ;
STORAGE ORIENTATION IN YARD:  N-S WEB: Yes
CAMBER MEASUREMENTS
AT THE BEGINNING OF STORAGE ~ DATE: 5//3—2(2(0 . Cloudy Rainy TEMP: ’70(1:)
MID-SPAN HEIGHT (string to top of beam, to nearest 1/87) : 3/ inches
PRIOR TO SHIPMENT DATE: 7-78-20 unny Cloudy Rainy TEMP: 75('17)
MID-SPAN HEIGHT (string to top of beam, to nearest 1/87) : 43/ @) inches
g AT JOBSITE
]
) RESIDENT ENGINEER: /e 5% rax. & 28- Y77- 0%
g IN PLACE DATE: Sunny Cloudy Rainy TEMP: €3)
3 MID-SPAN HEIGHT (string to top of beam, to nearest 1/8”) : inches
g -~
B> 1! PLEASE SEND THIS SHEET TO DR. SAMI RIZKALLA (NCSU) AS DATA IS OBTAINED.

FAX: (919) 513-1765 E-MAIL: Sami_Rizkalla@ncsu.edu

Figure D-1 Sample camber data sheet used to collect field measurements and

girder data.
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Appendix E Material Properties of Concrete

A large number of concrete cylinders were tested by the research team to determine the
unit weight, elastic modulus, and compressive strength for selected bridge projects. The use
of the test results are discussed in Section 5.4.

The cylinders were produced at various precasting plants using a number of different
concrete mix designs commonly used for prestressed concrete girders. Typically, twelve
cylinders from each mix design were tested, although the number occasionally varied. The
concrete cylinders were collected from a total of ten precasting plants that produce girders for
NCDOT.

Cylinders were cured with the girder during the initial curing phase. In the case of
girders that were moist cured, the cylinders were placed under the burlap that covered the
casting bed, while a soaker hose was placed on top of the burlap. For girders that were steam
cured, the cylinders were placed with the girders underneath the tarp that covered the bed.
When the initial curing phase was complete, the cylinders were removed from the casting
bed and delivered to NCSU, where they were stored and air-cured at room temperature until
the time of testing. Some of the cylinders were left in the molds until testing, while others
were removed from the molds when they were taken out of the casting bed. The cylinders
were tested at various ages ranging from 1 day to 193 days.

Cylinders were tested in sets, as required by the testing standards. Early in the testing
phase, cylinders were tested in sets of six cylinders from each batch of concrete. Three of the
cylinders from each set were tested for strength, and three were tested for elastic modulus.
Later in the testing phase, cylinders were tested in sets of three. The first cylinder was tested
for strength, and the other two cylinders were tested initially to determine the elastic modulus
and then were tested to failure to determine the compressive strength. The average of the two
elastic modulus tests was taken as the elastic modulus for the set, and the average of the three
strength tests was taken as the strength for the set. Approximately 30% of all of the cylinders
tested were measured to determine the unit weight.

A total of 78 sets comprising 260 individual cylinders were tested, although not all of
the cylinders were tested for each property. The details of the testing for each property are

described below.
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Unit Weight
The unit weight was determined by dividing the weight of the cylinder in pounds by the

volume of the cylinder in cubic feet. The dimensions of the cylinder were measured using 18-
inch digital calipers. The weight of the cylinders was measured using a digital scale
calibrated to a precision of 0.005 Ibs. A total of 29 sets of cylinders comprising 88 individual

specimens were measured for unit weight.

Compressive Strength

Cylinders were tested for strength in accordance with ASTM C39 Compressive
Strength of Cylindrical Concrete Specimens using a load-controlled, 500-kip capacity Forney
compression-testing machine. Steel end-caps with high-strength neoprene inserts were used
to distribute the load evenly to the end surfaces of the cylinders, in accordance with ASTM
C1231 Use of Unbonded Caps in Determination of Compressive Strength of Hardened
Concrete Cylinders.

In all, strength tests were conducted on 218 cylinders from 78 tested sets. As mentioned

above, strength tests were conducted at various ages of the concrete.

Elastic Modulus

Cylinders were tested for elastic modulus using an electronic compressometer device.
The device consisted of two rigid aluminum rings held 5 inches apart by braces. Four Duncan
9600 Series linear potentiometers with a 0.4-inch stroke were attached around the
circumference of one of the rings, and the tip of the plunger on each potentiometer rested
against plates attached to the other ring. The device was positioned over the cylinder so that
the rings were concentrically aligned. The rings were then fastened to the cylinder by
tightening six contact bolts, three on each ring, spaced circumferentially. After thus
anchoring the rings, the braces were removed so that the rings were free to move with respect
to each other. As the cylinder was compressed, the rings moved closer together, and the
plungers in the calibrated linear potentiometers were depressed. An electronic signal was sent

from the potentiometers to an OPTIM data acquisition system to record the stroke of each
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potentiometer. The load reading was also sent from the Forney machine to the OPTIM. Load

and stroke were recorded once every second.
Tests were performed by first applying a pre-load of 300 pounds to the cylinder, at
which point the data recording was started. The test was stopped when the load reached 40%

of the estimated ultimate strength.

Figure E-1 Test setup for elastic modulus testing of concrete
cylinders.

To determine the elastic modulus from the test data, the measured strokes from each of
the four potentiometers at each time-step were averaged. The strain at each time-step was
then calculated by dividing the average stroke by 5 inches, the distance between the rings.
The stress at each time-step was calculated by dividing the recorded load by the cross-
sectional area of the cylinder. The stresses and strains were then plotted. The slope of the
best-fit line through these points was considered the elastic modulus for the cylinder. The
elastic modulus of all of the cylinders in a given set were then averaged. A plot of the stress-

strain curves and average elastic modulus for one set of cylinders is shown in Figure E-2.
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A total of 76 sets of cylinders comprising 153 individual specimens were tested for

elastic modulus.
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Figure E-2 Sample elastic modulus test results for a set of two concrete cylinders.
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Appendix F Material Properties of the EPS Foam Void Used for Box Beams

To verify the average elastic modulus of the expanded polystyrene (EPS) material used
to form the internal voids for box beams and to obtain the approximate yield stress of the
material, a sample of the material was tested in the lab at NCSU. The following material

properties were provided in the manufacturer’s specifications for the material:

Minimum density: 0.90 Ib/ft®
Average elastic modulus: 180 psi

These material properties are typical of the material used by most of the precasting
plants at the time of this study based on a review of the specifications from several plants.
Multiple test specimens were obtained from the sample. The specimens were divided

into six groups of three specimens each, as shown in Table F-1.

Table F-1 Box beam void EPS specimens tested.

Group Name | # of specimens | Length (in) | Width (in) | Thickness (in)
2S 3 10 10 2
2L 3 16 10 2
2E 3 6 6 2
4S 3 10 10 4
4L 3 16 10 4
4E 3 6 6 4

All of the specimens were compressed through their thickness using a stroke-controlled
compression testing machine as shown in Figure F-1. The test method for each group of

specimens is described in Table F-2.
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Figure F-1 Testing of EPS void material for elastic modulus and
yield stress.

Table F-2 Compression test method for each group of EPS void specimens.

Group Name | Test Method
2S Entire area in compression using a steel plate.

Compression area consists of 10” x 6” steel plate laid

2L transversely across the specimen so that 5 of the specimen on
either side of the plate are not in compression.

2E Entire area in compression using a steel plate.

4S Same as 2S.

4L Same as 2L.

4E Same as 2E.

The average measured density of the specimens was 0.95 Ib/ft*, which is close to the
manufacturer’s minimum density, suggesting that the sample is representative of the typical

characteristics of the material as given in the specifications. As shown in Figure F-2, the
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average measured elastic modulus of the sample was 170 psi, which is close to the

manufacturer’s specified value. In addition, the yield stress of the sample was found to be

approximately 6 psi, which is well above the maximum hydrostatic pressure of 3 psi that is

typically applied to the void for the box beams considered in this study. Therefore, it is

concluded that the void material can be assumed to behave linearly under the hydrostatic

pressure due to the fresh concrete during casting, and that the average elastic modulus is

approximately 170 psi for the EPS material that is typically used for box beams at the time of

this research. These characteristics were used in the analysis to determine the modified

section properties for box beams.
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Figure F-2 Compression test results for EPS void material.
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