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Executive Summary

A methodology to predict each stage of camber and displacements in composite prestressed
concrete and steel bridge superstructures from inception to end of service life including a
prediction of rebound in deck replacement projects is presented. For prestressed concrete beams
the prediction methodology can be used to predict camber and displacements at any point in time
during the life of the beam. For steel beams, the prediction methodology can be used to predict
camber and displacements in the composite bridge system. The proposed methodology was based
on six iterations each of which represents a theoretical improvement in prediction accuracy
compared to the previous iteration. The last iteration (i.e. Iteration No. 6) is presented as an
algorithm written in Matlab that features a graphical user interface. In addition to the proposed
prediction methodology, two alternative methods for predicting pre-erection camber were
evaluated. These include the Incremental Time Step method (Nilson 1987) and the Time
Dependent Multiplier Method. The Time Dependent Multiplier Method was derived from the
proposed prediction methodology using curve-fitting techniques.

The proposed method invokes the use of multiple creep curves and allows the proper
simulation of various construction activities each of which feature unique loading events. The
proposed method captures the influence of several factors, such as creep and shrinkage of beam
and deck concrete as well as prestresses losses induced because of these phenomena. Additionally,
the prediction methodology offers the capability to quantify the influence of temperature gradients
on beam camber and displacements at any point in time thus providing lower and upper bounds
for anticipated camber and displacements. The proposed method can be used to predict beam
rebound during a deck replacement activity by considering the removal of the deck as well as the
removal of the locked in time dependent internal forces in the deck. In the proposed methodology
the lifespan of the bridge is broken down into time steps that represent certain construction
activities. These time steps are further broken down into time sub-steps the length of which varies
in a logarithmic fashion. Separate creep curves are used for forces applied at a given time sub-step
as opposed to a single creep curve with an age adjusted effective modulus. The overall framework
for the prediction methodology is based on principles of engineering mechanics. However,
components of the methodology are based on empirical models such as the estimation of the
modulus of elasticity at prestress release and at 28 days and its variation with time, prediction of

creep and shrinkage properties, and relaxation of prestressing strands.



The proposed methodology has been evaluated using measured pre-erection camber data for
a total of fourteen projects, which feature a total of 90 beams. Camber and displacement
predictions obtained from the proposed prediction methodology are blind predictions, in the sense
that no calibration was conducted to match measured camber values. An alternative simplified
method suitable for preliminary design and based on time dependent multipliers is presented. This
method was empirically derived based on data produced by the proposed prediction methodology
for the beams used in the projects considered in this study. Pre-erection camber predictions based
on the proposed methodology and the Time Dependent Multiplier Method are more accurate than
those based on the PCI Multiplier Method and the MDOT multiplier method. Additionally, camber
at prestress release predictions based on the proposed methodology were also more accurate and
consistent than the current MDOT procedure. While the use of measured properties resulted in
comparable predictions with specified properties it is believed that if the database of specimens
were be to expanded the use measured properties would result overall in more accurate predictions.
Therefore, an overstrength factor of 1.2 is recommended for compressive strength at release and
28 days to adjust specified values.

While it is determined that the unit weight of concrete, w, the magnitude of the prestressing
force at jacking, Pjacking, and beam length, L, all have a significant influence on camber at release
and pre-erection beam camber, it is determined that these parameters do not vary significantly
from specified values and therefore do not represent a significant source of uncertainty. Modulus
of elasticity at release, E.;, had a proportional influence on camber at release and pre-erection beam
camber. Similarly, beam compressive strength at release, f’c, also had a close to proportional
influence on camber at release and pre-erection camber, although this influence was quantified
through the use of compressive strength dependent equation for modulus of elasticity. Transfer
length, Lyansfer, debonded length, Liesondea, support conditions during storage, Loverhang, and location
of harping point, Liamping, influence camber at release and pre-erection camber at a degree that is
some cases is worth considering. The selection of the creep and shrinkage model has a marked
influence on the prediction of pre-erection camber development. The time when initial camber is
measured appears to be an important parameter since marked differences were found between
predicted camber at release and predicted camber during the first 10 days. The proposed prediction
methodology (Iteration No. 6) provides the user the flexibility of accounting for the influence of

all the above-mentioned factors.



Factors that led to a single digit average % change in net camber and displacement in the
composite system due to the induced 10% change include: beam overhang length at precast facility
(i.e. storage conditions), transfer length, debonded length, deck modulus, and beam overhang
length at the bridge site. Factors that led to a double-digit average % change in net camber and
displacement in the composite system due to the induced 10% change include: beam concrete
compressive strength at release and 28 days, beam concrete unit weight, beam concrete modulus
of elasticity at release and 28 days, location of harping point, beam spacing, compressive strength
of deck at 28 days, and unit weight of deck. Factors that led to a triple digit average % change in
net camber and displacement in the composite system due to the induced 10% change include:
beam length, and prestressing force. The influence of the selected creep and shrinkage model on
the full displacement history of a prestressed concrete beam bridge was investigated and it was
concluded that this selection has a marked influence on the beam displacement history. Some
models result in rather similar displacements after 75 years despite initial differences in pre-
erection camber and net displacements after deck placement. Influence of deck placement time on
the full beam displacement history was investigated and it was concluded that while pre-erection
camber is highly influenced by it, camber and displacements after 75 years were rather similar.
The influence of temperature gradients was rather uniform throughout the displacement history of
the beam with positive temperature gradients having a higher influence on camber and
displacements compared to negative temperature gradients.

Deck replacement time had no influence on the magnitude of beam rebound and net camber
after deck removal provided that the deck is replaced at least after 40 years. Deck replacement
time had a minor influence on the net camber before new deck placement with greater deck
replacement times resulting in slightly lower net cambers before new deck placement. The
influence of solution method (Iteration No. 5 vs. Iteration No. 6) on beam rebound, net camber
after deck removal, and net camber before new deck placement was investigated. It was determined
that Iteration No. 6 leads to smaller rebounds compared to Iteration No. 5. Additionally,
predictions based on Iteration No. 5 showed that there is no change between net camber after deck
removal, and net camber before new deck placement whereas Iteration No. 6 suggests that there is

a slight camber growth.
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Chapter 1: Introduction

The ride quality of bridges in Michigan has been the subject of increased focus in recent
years. Two factors that can significantly impact ride quality are beam camber and deflection.
Flexural deformations in composite bridge superstructures that feature prestressed concrete or steel
beams with a cast in place concrete deck are time dependent. Excessive camber growth due to
concrete creep may result in an unpleasant transition from the roadway to the bridge and from
bridge to the roadway. A similar problem may be caused by excessive downward deflections due
to differential shrinkage between the deck and the girder. Time dependent flexural deformations
in such composite bridge superstructures combined with live load deflections may also affect the
vertical under clearance, which may lead to traffic restrictions for the roadway underneath.

Camber and deflection different than those estimated during design can also lead to the
need for changes during construction, which can result in increased cost and longer construction
duration. Differences between calculated and actual camber could result in either excessive or
negative haunches. Excessive haunches may affect the embedment depth of extended stirrups in
prestressed concrete beams or shear studs in steel beams. Negative haunches may impact deck
thickness over beam flanges. Similarly, any deviations from the specified deck surface elevations
may result in grinding of the deck to ensure that the finished deck surface matches the vertical
roadway geometry as close as possible.

A related concern is accurately predicting beam rebound and subsequent deflections when
decks are removed for replacement. For this assessment, the “rule of thumb” procedure used by
MDOT designers has, in some cases, produced unreliable estimates of beam rebound and resultant
camber. The consequences of inaccurate rebound prediction are similar to those of inaccurate pre-
erection camber predictions (i.e. excessive or negative haunches). Steel beams should be able to
rebound to their original position, assuming that the deterioration that has prompted the
replacement of the deck has not affected the beams and that pin and roller supports behave as
intended. Conversely, rebound in prestressed concrete beams is a function of the loading history
and the competing effects of prestress and self-weight induced creep as well as differential
shrinkage.

MDOT currently relies on multiplier based empirical equations to determine camber and
long-term deflection for prestressed concrete beams. However, these expressions may not be

suitable when concrete mixtures featuring high strength concrete or formulations different than



those for which the multiplier method may be appropriate are specified for prestressed concrete
beams. Therefore, there is a desire to re-evaluate existing MDOT procedures for estimating beam
camber and deflection. Ideally, revised procedures should be validated by actual values for camber
and deflection measured during Michigan bridge construction projects, as well as account for
current fabrication practices.

The multiplier method used by many state DOTs to predict long-term camber was
originally developed by Martin (1977) for precast double tees used in buildings with a 2 in.
concrete topping and normal strength concrete. However, the typical strength of concrete at
prestress release has increased from about 4500 psi in the past to 6500 psi and even 12000 psi, as
shown in recent work by FHWA and Nebraska Department of Roads (Morcous and Tadros 2009).
This increase in concrete strength has led to complications when using the multiplier method,
resulting in inaccurate camber predictions. For example, higher strength concretes are often used
with more slender beams, which require a corresponding increase in prestress, and result in an
expected level of camber greater than that associated with traditional mixes. While, this increase
in camber is somewhat counterbalanced by the greater modulus and lower creep associated with
high strength concrete, it is uncertain what the extent of this counterbalancing effect is.
Additionally, in higher strength concrete, the majority of creep and shrinkage take place in the first
few months rather than throughout longer periods of time, as is the case for lower strength mixes,
altering the assumption of gradual development of camber and deflection inherent in the multiplier
method. The interaction of these factors is not only complex, but also consequential as they
represent significant changes in the assumptions used to develop the multiplier method, causing it
to produce inaccurate estimates of camber.

Another inherent problem associated with the multiplier approach is that the multipliers
provide a single lump sum value to predict behavior, while camber and deflections are affected by
many factors that vary with time such as creep, differential shrinkage, temperature gradients, age
of concrete, loading history, etc. As a result, the use of a single numerical multiplier for predicting
beam camber or deflections at a specific time is not an adequate approach to accurately capture
the influence of the multiple factors that affect long-term beam response.

The research presented in this report aims to address the problem above, by providing a

procedure in which the effects of all significant factors that influence camber and deflections are



quantified individually and appropriately combined to produce an accurate model for predicting

camber, deflections, and rebound of MDOT beams as a function of time.

1.1 Research Objectives
The specific objectives of this research are to:

1. Synthesize relevant research and current practices of other DOTs.

2. Develop a procedure that can accurately predict the camber of prestressed concrete beams.

3. Develop a procedure that can accurately predict deflection at all stages of construction for
prestressed concrete and steel beams used in new and existing bridges.

4. Develop a procedure that can accurately predict beam rebound after the removal of existing
deck in deck replacement projects.

5. Develop guidelines for calculating slab and screed elevations on the bridge.

1.2 Significance of Work

The final product of this research is a computational framework (Matlab based algorithm)
that can be used to estimate beam camber, deflections, and rebound, at any point in time during
the service life of the bridge. This is done by individually quantifying the influence of significant
factors that affect camber and deflections at: 1) the material level through the use of appropriate
models for predicting the free creep and shrinkage of concrete; 2) the cross-sectional level by
determining how the distribution of strain, stress, and curvature is affected while maintaining strain
compatibility, and; 3) the element and structure level by considering how changes in curvature at
the cross-sectional level alter beam camber and deflection as a function of time. The developed
guidelines will allow MDOT to improve slab and screed elevation calculations for future projects.
Additional benefits include improved ride quality, more precise camber and deflection predictions,
and fewer adjustments in the field. Those impacted by this research include MDOT bridge

designers, construction staff and consultants performing bridge work, as well as motorists.

1.3 Organization of the Report
Chapter 2 provides a review of the literature in the subject matter including the results of a
nationwide survey. Chapter 3 presents the details of the proposed prediction methodology.

Chapter 4 presents details about the beam camber and displacement dataset that was used to



validate the proposed prediction methodology. Chapter 5 presents an evaluation of factors that
affect prestressed concrete beam camber through a sensitivity analysis, which was conducted using
the proposed prediction methodology. Chapter 6 presents an evaluation of factors that affect
camber and displacements in composite bridge superstructures that feature prestressed concrete
and steel beams through a sensitivity analysis that includes deck related parameters in addition to
those considered for the beam. Chapter 7 presents an evaluation of factors that affect beam rebound
and behavior after deck replacement. Chapter 8 presents an evaluation of various prediction
methodologies for time dependent flexural deformations. This includes various versions of the
proposed prediction methodology, a new time dependent multiplier method, MDOT’s fixed
multiplier method, and PCI’s fixed multiplier method. Chapter 9 provides a summary and
conclusions. Appendix A provides additional details on previous studies conducted on the subject
matter. Appendix B presents the details of the nationwide survey on the topic of beam camber and
displacements. Appendix C illustrates the implementation of the proposed prediction methodology
through a Matlab based computer program called MDOTCamber. Appendix D and E provide
details of how the proposed prediction methodology computes camber and deflections in a
prestressed concrete beam and steel beam superstructure, respectively. Appendix F includes
recommended revisions, updates, and guidelines for several MDOT documents that were reviewed

as part of this research project.
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Chapter 2: Literature Review
2.0 Introduction

Prestressed concrete beam camber and deflections is a topic that has been investigated in
detail by various Department of Transportation (DOT)-sponsored research projects. Some of these
include:

e North Carolina (Storm et al. 2013),
e Alabama (Stallings et al. 2003; Schrantz 2012; Johnson 2012; Isbiliroglu 2014; Mante

2016),

e Nebraska (Tadros et al. 2011),

e Washington (Rosa et al. 2007; Davidson 2014; Barr and Angomas 2010),

e Jowa (Nervig 2014; Honarvar et al. 2015; He 2013), Kentucky (Mahmood 2013),
o Texas (Kelly et al. 1987),

e Oklahoma (Jayaseelan and Russell 2007),

e Minnesota (French and O’Neill 2012; Wyftels et al. (2000)),

¢ Florida (Cook and Bloomquist 2005), and

e Idaho (Brown 1998).

Other studies include those conducted by Buettner and Libby (1979); Tadros et al. (1985);
Hinkle (2006); Omar et al. (2008); Lee (2010); the PCI Committee on Bridges (2012); Keske
(2014); and Hofrichter (2014).

Most of these studies have dealt with improving the accuracy of pre-erection camber. The
subject of predicting long-term beam deflections in the composite system, and beam rebound once
the deck is removed, has not received similar attention. A common conclusion found in the
majority of these studies is that the main reasons for the difference between predicted and
measured camber are: 1) a disparity exists between the assumed and observed concrete properties
(modulus, creep, shrinkage), and; 2) local fabrication practices are often not properly considered
within the prediction method such as type of curing, storage time and conditions, ambient relative
humidity, temperature gradients, etc.

In past decades, NCHRP has sponsored related work such as NCHRP 496, in which
guidelines were presented to obtain realistic estimates of concrete elastic modulus, shrinkage, and
creep, and how these properties could affect prestress losses, camber, and deflections (Tadros et

al. 2003). Much earlier, NCHRP Projects 12-1 and 12-6 addressed deflection and loss of camber
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in steel girders, considering shrinkage and creep in the concrete slab among other factors (Baldwin
and Guell 1975), while the effect of thermal changes in concrete bridges was investigated by

Imbsen et al. (1985) in NCHRP 276.

2.1 Factors that Affect Camber at Release and Long-term Camber, Deflections, and Rebound

One of the reasons why camber, deflections, and rebound are difficult to predict accurately
is the uncertainty in quantifying the various factors that affect beam behavior. Consider, for
instance, the simple case of a simply supported PC beam with a harped tendon profile loaded with
self-weight only. Deflection at mid-span due to self-weight is given by Eq. 2.1, while camber due
to prestressing force is given by Eq. 2.2:

swit

Aw= 384E] (2.1)

4p?

D= 2| (em + (e = em) 57 2.2)

P gEI

Although both are theoretically ‘exact’ models, none of the input parameters are usually
precisely known. For example, the modulus of elasticity (E) at the time of prestress release, a key
factor for determining camber at release and long-term camber, deflections, and prestress losses,
is typically calculated using approximate formulas as a function of compressive strength (f°.), that
are known to have a large amount of scatter (Pauw 1960; Raphael 1985). Although perhaps known
with less uncertainty, beam self-weight (w), the initial prestressing force (P;), beam length (/),
location of harping points (b), cross-sectional geometry (moment of inertia (/)), and prestress
eccentricities at the ends (e.) and mid-span (en), are all estimates of actual conditions. Other factors
that affect camber at release are unintended cracking, inaccurate estimates of transfer length, and
any debonding between the strands and concrete. Storm et al. (2013) investigated the effects of
fabrication practices on prestressed concrete beams and concluded that the actual compressive
strength at release, the deformation of internal void forms in box beams during casting, and curing
method all significantly affect camber.

The effect of these uncertainties is further compounded when long-term behavior
accounting for creep and shrinkage is considered. When a beam is cast using typical fabrication
methods and placed within an actual structure, a multitude of factors may significantly affect the

magnitude of beam camber and deflections. For example, downward deflections are not only
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caused by beam and deck self-weight and associated creep, but also by other factors such as:
differential shrinkage between the beam and strands in the initial non-composite section;
differential shrinkage between the deck and beam in the final composite section; and negative
temperature gradients. Conversely, camber is primarily caused by the prestressing force and
associated creep as well as positive temperature gradients. In both cases, concrete creep and
shrinkage will vary depending on the initial concrete properties; the member size effect (volume
to surface ratio); the method and length of curing; age at loading; level and variation of prestressing
force and other sustained loads; as well as environmental conditions.

Additional factors will affect the rebound of all beam types, such as the weight of the
removed deck, unintended support stiffness, connectivity to other components such as diaphragms

and end walls, as well as member deterioration.

2.2 Methods to Measure Camber at Release and Long-term Camber

While most state DOTs have guidelines to measure camber, a consistent standard does not
exist (Honarvar et al. 2015). Common methods of measurement in the precast industry include the
use of simple, inexpensive tools such as a tape measure and a stretched string along the length of
the beam, a rotary laser, and occasionally, survey equipment such as a theodolite or total station.
Different approaches also exist for where (top flange, bottom flange, or web) and when camber is
measured (immediately after release of prestress, or up to three hours after prestress transfer
(Hornavar et al. 2015)). MDOT allows camber at release to be reported within seven days of
detensioning the strands (MDOT 2018).

Typically, the industry practice for quantifying camber involves measuring from the
prestressing bed to the bottom of the beam at mid-span using a conventional tape measure recorded
to the nearest 1/8 in. This method requires that the beam rests free on the prestressing bed at the
time of camber measurement. Variations in industry practice include differences in benchmark
points for locating mid-span (where camber is measured); the refinement of the value read from
the tape measure; and the time at which camber is measured. Potential sources of error in camber
measurement include bed defects, friction between the precasting bed and beam ends, and
inconsistently flat top or bottom flange surfaces locally or along the beam length.

The string method was used by Storm et al. (2013) and Menkulasi et al. (2014a; 2014b).

However, this approach may lead to inaccurate measurements due to string elongation and

12



anchorage slippage unless strict precautions are followed. Honarvar et al. (2015) used a rotary
laser to accurately measure camber, and developed adjustment procedures for measuring camber
using more traditional methods. Regardless of the method used, camber can be measured

accurately if appropriate procedures are followed and possible errors are properly accounted for.

2.3 Methods to Predict Camber at Release and Long-term Camber and Deflections

Typical methods used to predict camber at release include tabulated equations, moment
area theorems, and energy methods. The computation of long-term camber is more complex
because of the number of parameters involved and the time-dependent and interrelated nature of
these parameters. Although AASHTO (2020) provides limited guidance for long-term camber
calculation, ACI 435R-95 (1963; 2003) summarizes seven methods for computing long-term
deflections in prestressed concrete one-way flexural members, which include the:

1) Multiplier Method (Martin 1977);

2) Incremental Time-Steps Method (Nilson 1987);

3) Approximate Time-Steps Method (Branson and Ozell 1961);

4) Axial Strain and Curvature Method (Ghali and Favre 1986);

5) Prestress Loss Method (Tadros et al. 1985);

6) CEB-FIB Model Code Method (CEB-FIP 1990); and

7) Section Curvature Method (ACI 435R-95)

2.3.1 Multiplier Method (Martin 1977)

The multiplier method was originally developed by Martin (1977) for building double tees
with a 2 in. concrete topping and normal strength concrete, and does not provide reliable estimates
for bridge girders with high strength concrete subject to a variety of environmental conditions. The
multiplier method was later refined by Zia (1979) and Tadros (1985), and was ultimately adopted
in the PCI Design Handbook (2010) and the PCI Bridge Design Manual (2011). However,
Stallings et al. (2003) concluded that the PCI Design Handbook (2010) multiplier method
significantly overestimated camber at the time of girder erection. In 2011, Tadros et al. (2011)
revisited the topic of precast girder camber variability and concluded that designs should allow for

up to a 50% variation in results unless future research offers a refined procedure.
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2.3.2 Incremental Time-Steps Method (Nilson 1987)

The incremental time-steps method (Nilson 1987) is based on the idea that correctly
capturing the variation of the prestressing force with time leads to a more accurate estimation of
time dependent camber and displacement. The design life of the structure is divided into several
increasingly larger time intervals (ACI 435R-95). PCI recommends that at least four time steps
are used when implementing this method and requires the adoption of creep, shrinkage and
relaxation time dependent functions. The strain distributions, curvatures, and prestressing forces
are calculated for each interval together with the incremental shrinkage, creep, and relaxation
losses during the particular time interval. (ACI 435R-95). The procedure is repeated for all
subsequent incremental intervals, and an integration or summation of the incremental curvatures
is made to give the total time dependent curvature at the particular section along the span (ACI
435R-95). These calculations should be made for a sufficient number of points along the span to
allow the construction of a curvature diagram with reasonable accuracy. This diagram can then be
used to calculate deflections using numerical integration and the second moment area theorem.
Eq. 2.3 can be used to determine curvature at a given section in a prestressed concrete beam at any

given point in time.

P i€x €x
Ppt = +Z(Pn 1 P) Z(C n—l)Pn—l_E i 23
c'c

where P;is the prestressing force at prestress transfer; ey is the eccentricity of the strand group with
respect to the beam centroid; £, is the modulus of elasticity of beam concrete at prestress transfer; /. is
the moment of inertia of the beam; P,.; and P, are the prestressing force at time n-/ and n, respectively;

and C, and C,.; are the creep coefficients at time #n at time n-1, respectively.

The first term in Eq. 2.3 represents the curvature due to prestressing force, the second term
represents the reduction in curvature due to prestress loss, and the third term represents the increase
in curvature due to the average prestress force induced creep. As can be seen, a creep model needs
to be adopted to implement this method and a number of time steps. It is implied in this method
that the user is going to adopt a methodology to estimate prestress losses at every considered time
step. Detailed guidance for how to estimate prestress losses is provided in ACI 423.10R-16. The
method also allows for the use of various moduli of elasticity at every time step considered

provided that a time dependent function for modulus is employed. One possible approach to
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implement the incremental time-steps method (Nilson 1987) considering four time steps is as

follows:

Step 1 (t,): Prestress Transfer — Determine all immediate losses. Determine force in the tendon
immediately after transfer. P1=P;- (E.S. + RE + AS) where P; is the prestresisng force at step 1; P;
is the prestressing force at jacking; ES, RE, and AS are prestress losses due to elastic shortening,
relaxation of strands, and anchorage seating.

Step 2 (t, — t1): Prestress Transfer to 30 Days — Calculate losses during this period using P; and

calculate P, = P; — CRi2 — REi2 — SHi2 where P; is the prestressing force at step 2 and CRj-,
REi.2, and SH;.; are creep, relaxation, and shrinkage losses between step 1 and 2. This can be done
as follows:

e (Calculate strain in concrete at the centroid of tendons, €.

e Calculate creep coefficient ¢ (t1,to)

e Calculate creep strain &, ¢ (t1,to)

e C(Calculate shrinkage strain esy (t1,to)

e Calculate creep and shrinkage prestress loss E[€o ¢ (t1,to)+ €sn (t1,t0)]

e Calculate relaxation loss (select a function)

e C(Calculate P, =P; - CRi2—-REi2—-SHi»

Step 3 (t1-t2): 30 days to one year — Calculate losses during this period of time using P, and
calculate P3 = P> — CR2.3 — RE2.3— SH».3
% First, considering the loads applied at t, (P1):

0 Calculate creep coefficient ¢ (t2,to) and subtract ¢ (ti,to)

0 Calculate creep strain for loads applied at to, €[ (t2,to) - ¢ (t1,t0)] (Fig. 2.1.)
% Second, considering the loads applied at ti (P2):

0 Calculate strain at the centroid of tendons due to loads applied at ti, &

0 Calculate creep coefficient ¢ (t2,t1)

0 Calculate creep strain €1 ¢ (t2,t1)

0 Calculate shrinkage strain gsy (t2,t1)
% Third,

0 Calculate creep and shrinkage prestress loss over interval:
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E(&o [ (t2,t0) - ¢ (t1,t0)] — &1 ¢ (t2,t1) + &sn (t1,t0))
0 Calculate relaxation loss over interval
0 Calculate force in tendon at the end of time step

P3; =P, — CR2:3 — RE23—SH»3

Step 4: One year to end of service life. Repeat.

Fig. 2.1. Illustration of creep induced strain due to prestress and prestress loss

Once the prestress losses for every time step are calculated, they can be implemented in
Eq. 2.3 to calculate curvature at various sections along the beam and then calculate camber using
the second moment area theorem. Pre-erection camber predictions based on the incremental time-
steps method (Nilson 1987) are compared to predictions based on the proposed methodology later
in this report. The incremental time-steps method (Nilson 1987) is intended to capture the variation
of prestressing force with time and how that force affects camber and displacements. However,
this method cannot capture flexural deformations caused by differential shrinkage between the
deck and the girder concrete or shrinkage induced creep. Therefore, the comparison with the
methodology proposed in this report is conducted only for pre-erection camber and not after the
deck is cast because the downward displacement caused by differential shrinkage is significant

and cannot be captured by the incremental time-steps method (Nilson 1987).
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2.3.3 Approximate Time-Steps Method (Branson and Ozell 1961)

The approximate time-step method, also known as the creep coefficient and average
prestress force method (Nilson 1987), is a simplified version of the incremental time steps method
(Nilson 1987) and it includes an initial and a final time step. The approximate time-steps method
originally presented by Branson and Ozell (1961), and ACI 435R-95 (1963), tends to yield in most
cases comparable results to the PCI multiplier method (ACI 435R-95).

2.3.4 Axial Strain and Curvature Method (Ghali and Favre 1986)

This method originally developed by Ghali and Favre (1986) and further discussed in Ghali
(1986) and Elbadry and Ghali (1989) is based on a strain compatibility based cross-sectional
analysis, which is used to calculate curvatures and deflections. The method can be used for
uncracked and cracked sections and does not require the determination of prestress losses.
Transformed section properties are used to conduct the cross-sectional analysis and the modulus
of elasticity of concrete is calculated using the Age Adjusted Effective Modulus (AAEM) (Trost
1967; Bazant 1972) concept to account for concrete creep and aging effects (ACI 435R-95).

2.3.5 Prestress Loss Method (Tadros et al. 1985)

This method is outlined in Tadros et al. (1985) and uses a set of time dependent multipliers for
predicting camber and displacements at discrete points in time similar to the method proposed by
Martin (1977). However, unlike Martin (1977), this method provides a time dependent coefficient
for prestress losses due to creep, shrinkage, and relaxation. It should be noted that the time
dependent multipliers in question are provided at discrete times namely at erection, final time, and

long term, which is defined as the difference between final time and erection time.

2.3.6 CEB-FIB Model Code Method (CEB-FIP 1990)

This method provides detailed and simplified approaches for evaluating deflection and camber in
prestressed concrete elements, cracked or uncracked (ACI 435R-95). Details of this approach are
given in CEB-FIB (1990). The simplified method includes the use of multipliers that account for

long terms effects including creep, cracking, and percentage of reinforcement.
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2.3.7 Section Curvature Method (ACI 435R-95)

This method is provided in Appendix B of ACI 435R-95 and is a comprehensive method for the
computation of deformations in plane frames. The method is based on a strain compatibility based
cross-sectional analysis, which is used to obtain axial strains and curvatures along the length of
the members with the purpose of calculating frame deflections, translations and rotations. The
method requires the use of creep and shrinkage models to account for time dependent effects and

employs the AAEM method (Trost 1967; Bazant 1972).

2.4 Previous Studies

A detailed summary of previous studies is provided in Appendix A.

2.5 Summary of Literature Review

The topic of accurately estimating time-dependent deflections in prestressed concrete
bridge girders has received rigorous attention over the last 50 years. Most studies reviewed
concluded that the first step towards an accurate estimation of camber is the accurate estimate of
the parameters that affect camber. For example, modulus of elasticity is a key factor that affects
camber at release and long-term camber and is typically estimated using formulas that are a
function of compressive strength, unit weight, and aggregate factors. Some previous studies
(Mante 2016; Rizkalla et al. 2013; Rosa et al. 2007) investigated the modification of such formulas
to account for regional practices, such as providing a calibration factor to account for local
aggregates. Similarly, a relationship between the specified and measured f. was investigated to
develop equations that relate the two. The establishment of such a relationship was conducted
under the hypothesis that a more accurate input for the compressive strength would lead to a more
accurate estimation of the modulus of elasticity. Also, many investigations on camber predictions
were followed up with additional investigations for how to accurately predict, modulus, creep, and
shrinkage properties of regionally used concrete mixes used in prestressed concrete beam
fabrication. The accurate estimation of such properties is paramount because they serve as input
values in the prediction framework. Although, currently, there is no consensus as to which model
best predicts creep and shrinkage in concrete. In many studies, it was emphasized that support
conditions during storage also play a role in camber growth. Therefore, such storage conditions

should be recorded including the type of support and should be taken into account when estimating
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pre-erection camber. The multiplier method has resulted many times in inaccurate camber
predictions due to its inability to account for a variety of conditions. Refinements of this method
have been somewhat successful in improving time-dependent camber predictions, especially when
the effects of creep and shrinkage are considered. However, the incremental time step method was

identified as one of the most accurate methods to predict camber.

2.6 Prestressed Concrete Beam Camber Questionnaire

A prestressed concrete beam camber questionnaire consisting of 31 questions was
distributed nationwide with the purpose of gaining a better understanding of the current practice
for estimating the camber and deflection of bridge superstructures. The questions that were
included in the survey as well as the answers received are provided in Appendix B.

Almost 70% of the 40 respondents reported that they have experienced camber related
problems with prestressed concrete bridge beams that are often beyond normal construction
tolerances.

As stated at the beginning of this chapter and as corroborated by the results of the survey,
at least 13 states have sponsored camber related research with the purpose of improving methods
for predicting camber.

When asked what method the respondents use to predict prestressed concrete beam camber;
45.95% of the 37 respondents indicated that they used the multiplier method; 27.03% indicated
that they used the prestress loss method; 2.70 % indicated that they used the approximate time step
method; another 2.70% indicated that they used the incremental time step method; and 21.62 %
indicated that they use other methods. These results suggest that the number of states that currently
use the relatively more accurate incremental time step method is rather small (1 out of 37
respondents).

When asked whether the method that the respondents use considers explicitly the effects
of creep and shrinkage only nine out of 43 respondents provided answers. Out of these nine
respondents 56% responded “yes” and 44% responded “no”.

When asked which model the respondents used to predict the effects of creep and
shrinkage, 25 out of 32 respondents (78%) indicated that they used the AASHTO LRFD
Specification (2020) method, one respondent indicated that they used the ACI 209R-92 model,

and six respondents indicated that they used other methods. However, out of the six respondents
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who chose other methods, one referred to the recommendations in the NCHRP Report 496, one
mentioned the name of the software used to calculate camber, one indicated that only creep effects
are accounted for, and rest indicated that creep and shrinkage are not explicitly accounted for.

When asked whether the respondents had a tool that they used to predict camber and
displacement at a given time after the erection of the deck and after the opening of the bridge to
traffic, the majority of the respondents responded “no”. A few referenced the “Leap Concrete
Bridge Software”, some referenced the multiplier method, some responded that camber and
displacement after the deck is cast is not of interest, and some referenced in house programs and
procedures.

When asked what the range of concrete compressive strength at release and 28 days that
the respondents typically specified was, the response most of the time included a range between
4-8 ksi. Lower and upper bounds included 4 ksi and 12 ksi.

When asked how the respondents determined the modulus of elasticity in camber
predictions, 24 out of the 30 respondents (80%) indicated that they used the equation in the
AASHTO LRFD Specifications (2020), and nine out of 30 indicated that they used other methods.
However, many of the nine respondents indicated that they used a version of the AASHTO LRFD
Specification (2020) equation with various values for coefficient K. For example, one respondent
indicated that they use K=0.9 because of old Nebraska aggregate. Other respondents indicated that
they use K=0.85, and another indicated that they use K=1.0. As can be seen some type of regional
calibration is provided to account for local conditions. TxDOT policy is to set all concrete moduli
to 5000 ksi for stress and deflection calculations. One respondent indicated that they used the
equation in ACI 363R-92 and another indicated that they had derived their own equation based on
curve fitting techniques using historical data.

When asked whether the respondents used the specified value for compressive strength or
some other value when calculating modulus using the equation provided in AASHTO LFRD
Specifications (2020), most respondents stated that they used specified values. One respondent
stated that the specified release strength is increased by 25% and specified 28-day strength is
increased by 45%. Another responded that they have adopted a procedure to adjust based on
expected strengths since they are typically higher. One respondent stated that specified rather than
expected values are used since the variability in compressive strength is believed to be included in

the multipliers.
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When asked whether a specific curing technique was required, 17 out of 32 responded
indicated “yes” and the rest indicated “no”. Out of the 17 respondents who indicated that a specific
curing technique was required, four indicated that they specified steam curing, three moist curing,
and the rest chose “other”. Other techniques identified included radiant heat and steam and moist
curing depending on the season during fabrication. When asked which curing technique was most
prevalent in the state, the answers primarily included steam or moist curing.

When asked which method the respondents used to measure camber, most answers
included either the string line or surveying methods. Similar results were reported when asked
which tools the respondents used when measuring camber.

When asked how frequently camber was measured, answers included once, twice, three
times, weekly, monthly, rarely, and as needed. The polices for when camber was measured varied.

When asked what time of the day camber was measured, most responded that there was
not a specific time required and any time during daylight hours was acceptable.

When asked what procedure or approach (such as pre-loading) was used to minimize or
control camber overgrowth most responded that either they did not resort to such techniques or
used either rarely or occasionally.

When asked how inaccurate camber predictions were typically dealt with, respondents
reported various techniques such as adjustments in haunch height, seat elevations, screed
elevations, stirrup extensions, and asphalt overlay.

When asked whether box beams were prone to inaccurate camber predictions, 13 out of 27
respondents stated “yes”, six “no”, and eight indicated that this beam type was not used in their
state. It is interesting to note how the box beams are not used in eight states. In general, no specific
box beam size was indicated to be more prone to inaccurate camber predictions.

When asked whether cored slabs were prone to inaccurate camber predictions, four out of
28 respondents stated “yes”, five “no”, and 19 indicated that this beam type was not used in their
state.

When asked whether AASHTO I-beams were prone to inaccurate camber predictions,
seven out of 30 respondents stated “yes”, 11 “no”, and 12 indicated that this beam type is not used

in their state.
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When asked whether bulb T beams were more prone to inaccurate camber predictions, 14
out of 29 respondents stated “yes”, 11 “no”, and four stated that this beam type was not used in
their state.

When asked whether other beam types were prone to inaccurate camber predictions, seven
out of 30 respondents indicated “yes”, 15 “no”, and interestingly eight respondents indicated that
this beam type was not used in their state.

When asked whether the respondent had a procedure or tool to predict beam rebound in
deck replacement projects, most respondents indicated “no”.

When asked whether the respondents had measured beam rebound in existing beams after
deck weight is removed and the deflection of the beams after the new deck has been placed, 10 out
of 28 respondents indicated “yes”, and 18 “no”. When asked whether a correlation existed between
rebound and deflection, the answers among the 10 respondents varied between “no” and “yes”.

In summary, the results of the national survey were useful in revealing the practices of
various states related to camber prediction and provided context for the various tasks discussed as

part of this research project.
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Chapter 3: Prediction Methodology
3.1 Time Dependent Cross-sectional Curvature Method

In this chapter, the proposed prediction methodology is discussed and the approach for its
development is presented. The proposed prediction methodology is general and is able to predict
camber and displacements at any point during the life of a prestressed concrete beam or composite
bridge superstructure featuring prestressed concrete or steel beams and a concrete deck. The
overall framework for the prediction methodology is based on principles of engineering
mechanics, although components of the methodology are based on empirical models, such as: the
estimation of the modulus of elasticity for beam and deck concrete, relaxation of steel strands, and
prediction of concrete creep and shrinkage properties. The proposed prediction methodology was
developed based on several iterations/approaches (Table 3.1). Iteration No. 6 represents the final
version of the proposed prediction methodology. The details of the other iterations are presented
with the purpose of discussing their advantages and limitations and to provide some context for
comparisons presented later in this report between camber predictions obtained using various
approaches. The implementation of Iteration No. 6 is presented in Appendix C through the use of
a Matlab based algorithm that features a graphical user interface. Examples of how the algorithm
used in Iteration No. 6 works are provided in Appendix D and E for composite prestressed concrete

and steel beams, respectively.

All iterations are based on the principle of superposition. The principle of superposition
was first applied by McHenry (1943) who stated that the strain produced by a stress increment
applied at any time 7; is not affected by any stress applied either earlier or later. Gilbert and Ranzi
(2011) report that for increasing stress histories, the principle of superposition agrees well with
experimental observations, whereas for decreasing stress histories it overestimates creep recovery.
In the case of composite systems, increasing stress histories include the placement of deck and
superimposed dead loads, whereas decreasing stress histories include time dependent prestress
losses and deck removal. In general, it has been reported (Gilbert and Ranzi 2011) that the principle
of superposition provides a good approximation of the time dependent strains in concrete caused
by a time-varying stress history.

Some of the initial iterations are similar to the sectional curvature method (Ghali et al.
2002) presented in Appendix B of ACI 435R-95 (ACI Committee 1995). All iterations are based

on the assumption that tensile and flexural creep are equal to compressive creep due to a lack of
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consensus for how tensile and flexural creep relate to compressive creep, with some researchers
(Chu and Carreira 1986; Bazant and Oh 1984) multiplying creep coefficients obtained for
compressive creep by factors that range from one to three to characterize tensile creep behavior
(Gilbert and Ranzi 2011). Iteration No. 6 provides an opportunity to enter tensile creep and
flexural creep magnification factors if a consensus on the subject matter were to be reached. The

default value for these magnification factors is 1.0.

Table 3.1. Description of iterations used to develop the proposed prediction methodology

Iteration/Approach No.
. 1 2 3 4 5 6
Camber predicted Analysis Analysis Analysis Analysis Analysis Analysis
at Level Level Level Level Level Level
Basic |Advanced| Advanced Advanced | Advanced Advanced Advanced
Release A B B B B B B
Pre-erection A B B B B B B
C C C D D E F
Any time B B B B B
(no deck replacement) C D D E F
At any time (with deck B B B
replacement) D E F

IA: Ignore debonding, transfer length, and variation in support location.

B: Consider debonding, transfer length, and variation in support location.

C: Creep effects = AAEM, p=0.7/1.0, discrete time steps, number of sections = end and mid-span, single creep curve
D: Creep effects = EM, multiple time steps, Mod. = f (t), number of sections = end and mid-span, single creep curve
E: Creep effects = EM, multiple time steps, Mod. = f (t), number of sections = multiple, single creep curve

F: Creep effects = EM, multiple time steps, Mod. = f (t), number of sections = multiple, multiple creep curves

3.1.1 Iteration No. 1

This approach is concerned with the estimation of pre-erection camber and is similar to the axial
strain and curvature method proposed by Ghali and Favre (1986) and section curvature method
provided in ACI 435R-95. The method features two levels of analyses: 1) basic and 2) advanced.
Both levels of analyses were used to predict camber at release and pre-erection. In the basic
approach strand debonding, transfer length, and variation of support location was not considered.
Strands were assumed to be harped at 0.4L, where L is the overall length of the beam and support
locations were assumed to be at the ends of the beam. Elastic shortening losses were calculated
using gross-section properties and the closed form equation provided in the commentary of
AASHTO LRFD Bridge Design Specifications (2020) (Eq. C5.9.3.2.3a-1). Pre-erection camber
was calculated using the Age Adjusted Effective Modulus (AAEM) method (Trost 1967; Bazant

1972) to account for creep and concrete aging effects. Pre-erection camber can be calculated at
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any time before the deck is placed on the beam. Initial stress conditions are calculated when the
strands are detensioned. Only one time step is considered between camber at release and pre-
erection camber. Cross-sectional analysis based on strain compatibility is conducted to estimate
curvatures at mid-span and end of the beam, construct curvature diagrams, and estimate camber

using the second moment area theorem. Camber predictions are conducted in Mathcad.

In the advanced approach, the algorithm takes into account the location of supports, transfer
length, debonding, multiple strand patterns, and uses transformed cross-sectional properties. In
lieu of deducting elastic shortening losses from the jacking force, transformed section properties
are used together with the jacking force to calculate camber at release. This resulted in similar
estimations for camber at prestress release with those obtained using the basic approach. The
estimation of pre-erection camber was conducted using the same approach. Camber is calculated
as the difference in beam elevation at mid-span and supports. The supports can be temporary
supports during storage at the precast facility or permanent supports at the bridge site. Prestress
losses due to creep and shrinkage are considered using a time dependent sectional analysis and are
calculated at pre-erection. Similarly, prestresses losses due to the relaxation of steel are calculated
at pre-erection using the formula (C5.9.3.4.2¢-1) provided in the commentary of AASHTO LRFD
Specifications (2020), which provides a time dependent function for the calculation of relaxation
losses. In this formula, one of the required inputs is the elastic shortening loss, which was
calculated using the gross section properties and the closed form formula (Eq. C5.9.3.2.3a-1)
provided in the commentary of AASHTO (2020). Elastic shortening losses were calculated solely
to compute the variation of strand stress with time and to calculate relaxation losses. Elastic
shortening losses were not included when calculating cross-sectional curvatures and beam
displacements since transformed section properties were utilized. All calculated long-term losses
are used to adjust the magnitude of the prestressing force at the beginning of the subsequent time

step so that camber and displacements at service can be calculated accordingly.

In this approach, the time dependent effects of prestress and self-weight induced creep, and
differential shrinkage between the beam and the strands are considered simultaneously, despite the
fact that the curvature diagrams for each phenomenon are different. This is done to avoid
conducting several strain compatibility based cross-sectional analysis as mid-span and beam ends
for each phenomenon. Pre-erection camber is calculated using a curvature diagram that is most

appropriate for the combined effects of these phenomena. This approximation is addressed in
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Iteration No. 2 in which the effects of these phenomena are treated separately so that the

appropriate curvature diagram can be used in each case.

Fig. 3.1 shows the distribution of forces in a prestressed concrete girder. The time
dependent strain at any fiber in the precast girder can be calculated by summing the elastic and
creep strains due to initial stresses, elastic and creep strains due to changes in stress, shrinkage
strain, and strains due to thermal gradients (Eq. 3.1).

t
o 1 do(1)
g = E_Z(l + @rp,) + f [ﬁ = (14 (D) |dr + esne + €r¢ (3.1
to

&; is the total strain at time #; gy, 0(7) is the stress at time t, and t, respectively; Ey, E(7) is the
modulus of elasticity at times t, and 7, respectively; @, ¢ (¢, 7) is the creep coefficient at time ¢
due to load applied at time ¢, and 7, respectively; &gy, ¢ 1s the shrinkage strain at time #; and &7 1s
the strain due to temperature gradient. Term 1 represents the elastic and creep strains due to a
stress applied at time #9. Term 2 represents the elastic and creep strains due to changes in stress in
the time interval ¢y to ¢. Term 3 represents the shrinkage strain at time t and Term 4 represents the

strain caused by temperature gradients.

Fig. 3.1. Distribution of forces in a prestressed concrete girder

Eq. 3.1 uses an integral type creep law and uses the principle of superposition of stepwise
prescribed stress histories. The integral term can be replaced by an algebraic expression if an aging

coefficient p is introduced. Eq. 3.1 can then be reformulated as shown in Eq. 3.2. The assumed
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stress history shown in Fig. 3.2a is idealized such that the initial stress and the change in stress are
applied simultaneously over the considered time step (Fig. 3.2b). The initial and creep induced

strains due initial stresses and changes in stress are illustrated in Fig. 3.2c.

0o Ao
& = E. (1 + (Pt,to) + E. (1 + .Ut,tofpt,to) + Epe T €16
0 0

The first two terms can also be expressed as: (3.2)
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Fig. 3.2. Illustration of Approach No. 1 for predicting time-dependent flexural deformations; a)
assumed stress history, b) discretized stress history, and c) elastic and creep induced strains using
Effective Modulus (EM) and Age-adjusted Effective Modulus (AAEM) approaches and based on
discretized stress history

Creep effects can be estimated by either using the AAEM method developed by Trost
(1967), Dilger and Neville (1971), and Bazant (1972), or Effective Modulus (EM) method. The
AAEM method is used in cases when only a limited number of time steps are considered and an
adjustment for the concrete age is made to account for: 1) the stiffening of the material with time,
and 2) the change in concrete’s viscoelastic behavior as a function of various ages of loading. If

the EM method is used, a sufficient number of time steps should be considered together with a

28



time dependent function for the modulus to partially account for the effect of aging. This is the
approach used in Iterations No. 3, 4, and 5 which ignore the effect of loading age on concrete
viscoelastic behavior, as well as in Iteration No. 6, which takes into account the loading age by
invoking separate creep curves in every time step.

In the AAEM method, creep effects are modeled by varying the modulus of elasticity with
time as a function of the creep coefficient and an aging coefficient. For example, consider a
concrete cylinder subject to a sustained load as in a typical creep test (Fig. 3.3). Strain will initially
increase proportionally with load until the load is kept constant at a certain magnitude (typically
0.4f"¢). After the load is held constant, the cylinder will continue to deform (strain) due to creep.
This increase in strain at constant stress can be captured by using a reduced modulus, which will
vary with time. This time-varying modulus can be conveniently used to capture the effects of creep.
However, as the cylinder is loaded over time, creep effects are slightly counterbalanced by an
increase in modulus due to the maturing concrete. As a result, to properly capture creep effects,
the initial modulus is reduced with a creep coefficient, ¢, but modified with an aging coefficient,
1, representing the AAEM approach. As a result, Eq. 3.2 can be re-written as shown in Eq. 3.3
using the effective and age adjusted effective modulus, respectively (Eeuy, Ea4rm), which are
defined in Eqgs. 3.4 and 3.5. The creep coefficient (¢) and the shrinkage coefficient can be based
on various existing models. A typical recommended value for the aging coefficient is 0.7, and this

is the value adopted in this study.

Fig. 3.3. Illustration of Age Adjusted Effective Modulus (AAEM) concept to capture
creep effects
As defined earlier g represent initial stresses in the member. These stresses can be created
by forces and moments that are initially directly applied to the precast girder or by forces and
moments that are initially applied to the heterogenous system (girder concrete+strands). It is

assumed that the girder self weight and prestressing force are applied to the heterogeneous system.

29



To utilize the free shrinkage and creep properties of the precast beam, it is useful to decouple the
internal forces acting on the heterogenous section, into forces acting separately on the beam and
strands.

The term Ac in Eq. 3.2 represents the change in stress due to changes in axial forces and
bending moments in the girder or prestressing strands. The changes in strains and stresses due to
time dependent effects can be calculated by using equations of material constitutive relationships,
equilibrium and compatibility (Eq. 3.6-3.11). For example, the change in axial strain at the centroid
of the girder can be expressed by summing the creep strain due to initial axial forces, the elastic
and creep strain due to the change in axial force over time and the free shrinkage strain (Eq. 3.6).
The change in curvature in the girder can be expressed by summing the creep curvature due to
initial moments and the elastic and creep curvatures due to changes in these moments over time
(Eq. 3.7). The change in prestressing strand strain over time can be calculated by dividing the
change in stress in the strand by the modulus of elasticity of the strand (Eq. 3.8). The change in
stress in the strand over time represents either a prestress loss or prestress gain due to differential
shrinkage and creep. Prestresses losses due to relaxation can be added to losses caused by creep
and shrinkage to calculate the magnitude of the prestressing force at the end of the considered time
step and at the beginning of the next time step.

In a statically determinate system, because there are no externally applied axial forces over
time, the sum of changes in the axial forces in each component must equal zero (Eq. 3.9). In
addition, in such a determinate system because there are no externally applied bending moments
over time, the sum of moment about the centroid of the girder must equal zero (Eq. 3.10). Finally,
assuming perfect bond between girder concrete and prestressing strands the axial strains at the
centroid of each of these components can be inter-related by using the change in curvature and the
distances between the centroids (Eq. 3.11).

Equations 3.6 to 3.11 form a set of linear equations, which can be solved simultaneously
to determine the six unknowns caused by the time dependent effects
(Agg, Agys, AX, ANg, ANy, AM).

ps’

Material Constitutive Relationships

€ — (Ngdirect"' Ng)[(PGo (tnto)] + ANG[1+#G(tn'to)‘PGO (tnto)]
G(tn;fo) Eg, Ac Eg, Ac

+ &sng(tn); (3.6)
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0 — 0 _ ANl _ MisaisAc | o _ 0 _
where: Ngairece = 0,Ng = Ars - Its ; Neg = =B, and Mg = Mgy — Peeyyr
o o

_ (Mgdirect + Mg)[1+(p¢;0 (tn'to)] AMG[1+ﬂG(tn:t0)(PGO (tn,to)] )

AX(tn:to) - EGOIG + EGOIG ) (3.7)
0
where: Mgdirect =0, Mg = @
tso
_ ANps
Agps(tn.to) T EpsAps (3.8)
Equilibrium
ANg + ANps =0 (3.9)
AMg + ANpse =0 (3.10)
Compatibility
Agps(tn,to) = AgG(tn.to) + AX(tn’to)e (311)

3.1.2 Iteration No. 2

In this approach, the basic level of analysis was removed and only the advanced analysis
was further developed since all calculations were conducted in Mathcad 15 and there was no
convenience to implement simplifying assumptions. Additionally, the approach used in the
advanced analysis in Iteration No. 1 was extended to predict camber and displacements in a
composite bridge superstructure featuring prestressed concrete or steel beams. Changes in beam
camber and displacements due to deck replacement were not considered and were within the scope
of Iteration No. 4. In this approach, the effects of prestress, self-weight, beam shrinkage, prestress
induced creep, self-weight induced creep, and differential shrinkage are considered as separate
phenomena to utilize the curvature diagram appropriate for each. This creates the inconvenience
of conducting several strain compatibility based cross-sectional analysis at the ends and mid-span
for each phenomenon to obtain the corresponding curvatures. This inconvenience is addressed in
Iterations No. 5 and 6 when the effects of these phenomena are treated simultaneously, and
numerical integration is used to compute camber and displacements. An algorithm written in

Mathcad 15 was developed in which the user provides certain inputs and the algorithm calculates
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camber and displacements at the desired time. Two Mathcad files were prepared. The first was
used to calculate camber and displacements in a prestressed concrete beam or a bridge that features
such beams, and the second was used to predict service camber and displacements in a bridge that
features steel girders. The algorithm considers the following five key time steps to compute time
dependent beam camber and displacements:

1) detensioning of the strands,

2) time from detensioning of the strands to deck placement,

3) placement of the deck,

4) placement of any superimposed dead loads (such as overlay and barriers)and opening of

the bridge to traffic, and

5) time from opening of the bridge to traffic to the end of service life.
The approach is similar to that presented in Iteration No. 1 expect that there is a new component
(i.e. the deck). Fig. 3.4 shows the distribution of forces in a composite system consisting of a
precast prestressed concrete girder and a cast-in-place deck or a steel girder and a cast-in-place
concrete deck. Since the analysis consists of a total of five time steps, three of which are discrete
(strand detensioning, deck placement, and placement of superimposed loads) while the other two
vary in length, the aging coefficient was taken equal to 0.7 for the time step between strand
detensioning and deck placement, and 1.0 for the time step from deck placement to end of service
life. This was done due the fact that most of the maturing of concrete will take place during the
time step from strand detensioning to deck placement. This of course does not take into account
the effect of loading age on concrete creep behavior. When considering creep effects in the deck,
the only time step that applies is the one from placement of superimposed loads to end of bridge
service life. Therefore, the aging coefficient for the deck concrete was taken equal to 0.7 in this
time step. The modulus of elasticity used in the time step from strand detensioning to deck
placement is the initial modulus (i.e. the modulus when the strands are detensioned), whereas the
one used for the time step from deck placement to end of service life is the 28 day modulus.

In this approach, the actual stress history shown in Fig. 3.5a is discretized using two timesteps
(unlike in Approach No. 1, in which one-time step was used). The incurred changes in stress are
separated between changes that occur during step 1 and those that occur during step 2. The
discretized stress history is shown in Fig. 3.5b. The initial and creep induced strains due to initial

stresses and changes in stress is illustrated in Fig. 3.5c.
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As defined earlier g represent initial stresses in the member. These stresses can be created
by forces and moments that are initially directly applied to the precast girder or the cast-in-place
deck (Mpudirect’, Nbdirect’, Madirect’, Nadireet’, Npsdireet’) 0F by forces and moments that are initially
applied to the composite system (M°, N°). For example, an eccentric prestressing force in a pre-
tensioned girder creates axial forces and bending moments that are applied directly to the girder in
addition to the axial force applied directly to the prestressing strand. To utilize the free shrinkage
and creep properties of the precast concrete beam and cast-in-place concrete deck, it is useful to
decompose the internal forces and moments acting on the composite section, into forces and
moments acting separately on the girder and deck (Mp’,Np’, Mc’, N¢’, Nps"). Examples of axial
forces and bending moment that are applied initially to the composite system include post-
tensioning forces applied after the system is made composite and bending moments created due to
superimposed dead loads.

The term Ac in Eq. 3.2 represents the change in stress due to changes in axial forces and
bending moments in the deck, girder or prestressing strands. These are denoted as AMp, ANp,
AMg, ANg and ANps in (Fig. 3.4). The changes in strains and stresses due to time dependent effects
can be calculated by using equations of material constitutive relationships, equilibrium and
compatibility (Eq. 3.12-3.28). For example, the change in axial strain at the centroid of the deck
and girder can be expressed by summing the creep strain due to initial axial forces, the elastic and
creep strain due to the change in axial force over time and the free shrinkage strain (Eq. 3.12 and
3.13). The change in curvature in the deck and girder can be expressed by summing the creep
curvature due to initial moments and the elastic and creep curvatures due to changes in these
moments over time (Eq. 3.14 and 3.15). The change in prestressing strand strain over time can be
calculated by dividing the change in stress in the strand by the modulus of elasticity of the strand
(Eq. 3.16). The change in stress in the strand over time represents either a prestress loss or prestress
gain due to differential shrinkage and creep. Prestresses losses due to relaxation can be added to
losses caused by creep and shrinkage to calculate the magnitude of the prestressing force at the
end of the considered time step and at the beginning of the next time step.

In a statically determinate system, because there are no externally applied axial forces over
time, the sum of changes in the axial forces in each component must equal zero (Eq. 3.17). In
addition, in such a determinate system because there are no externally applied bending moments

over time, the sum of moment about the centroid of the girder must equal zero (Eq. 3.18). Finally,
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assuming perfect bond between deck concrete, girder concrete and prestressing strands the axial
strains at the centroid of each of these components can be inter-related by using the change in
curvature and the distances between the centroids (Eq. 3.19 and 3.20).

Equations 3.12 to 3.20 for composite prestressed concrete beams and Eq. 3.21-3.28 for
composite steel beams form sets of linear equations, which can be solved simultaneously to
determine the nine unknowns caused by the time dependent effects in a composite prestressed

concrete beam system (Aep, Agg, Agyg, AX, ANp, ANg, ANy, AMp, AM;;) and seven unknowns in

a composite steel girder system (Aep, Agg, AX,ANp, AN;, AMp, AM;;).

Fig. 3.4. Distribution of internal forces in: a) composite prestressed concrete beam, and b) composite steel beam
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Fig. 3.5. Illustration of Approach No. 2 for predicting time-dependent flexural deformations; a)
assumed stress history, b) discretized stress history, and c) elastic and creep induced strains due to
discretized stress history
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Cross-sectional Analysis for Composite Prestressed Concrete Beams

NG 4l#6,tnto)—96, (tato)] + ANGd[1+#G(tn:td)[(PGO (tn:to)_(PGo(td:to)]]

Ag =
Gtntq) Eg,AG Eg,Ac
[esne (tn) — Esne (t)]; (3.12)
0 0 0 0
. _ A0 0 a0 _ 0 _ AgNigs  MisaisgAc | AgN Mcag,Ag
Where-NGo = NGdirect + NG'NGdirect =0, NG - * = — + <+ . ’
Ats() Itso ACo ICO
NGd = NGO + ANGO
N girect ND)®p, (tnta) . ANp[1+up(tnta)®@p,(tn.ta)
ASD — ( Ddirect D) o\'n + [ n o\'n ] + E_S'hD (tn); (313)
(tntq) Ep, Ap Ep, Ap

0 0
. NO — 0 _ NoApNe _ Mcdp,nodp
where: Npgirect = 0, Np = P e

o o

Mg, (96, (tnto) =96, (tarto)] " AMGd[1+HG(tn’td)[‘PGO(tn'to)_‘PGO(td'to)]] .

AX = 14
(tnta) Eg,lg Egylg ' (3.19)
0 0
. — 0 0 png0 — 0 _ Misle | IeMc _
where: Mg, = Mgairect + Mg, Mgairec = 0, Mg = e + I Mg, = Mg, + AMg,
0 0
AX _ (MDgirece + Mp)@p, (tnta) | AMp[1+up(tnta)Pp,tnta)] 315
(tn'td) - E 1 + E 1 ) ( ° )
DolD DolD
0
. 0 — 0 _ Mcnolp |
WheT'e MDdiTect —_ O, MD —_ T,
o

Note: Nt,ps = _Pe:MLps = Mggyw + Mgy — PeetrrNcO =0, Mg = Mpsw + Mysy

Ensioey = Ef}”—; (3.16)

ANg, + ANp + AN, =0 (3.17)
AMg, + AMp — ANpa + AN, e = 0 (3.18)
Agp (tntg) = Agg (tntg) AX(t, e (3.19)
Asps(tn‘td) = Agg (tnta) + AX (¢, )€ (3.20)
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Cross-sectional Analysis for Composite Steel Beams

_ (NDgirect* Np)op, (tnta) | ANp[1+up(tnta)ep, (tnta)]

ASD = + + gShD(tTl); (321)
(tntq)

Ep, Ap Ep, Ap

0 0
. 0 _ 0 _ noADNc MCaDgnOAD
where: Npjirect = 0, Np = Yo e

o o

(Mgdirect + Mg)(pDo (tn,ta) + AMp [1+ﬂD(tn,td)‘PDo (tn’td)] .

Ao e = wE I ; (3.22)
where: M} jiyoce = 0,M5 = %:ID
Note: N = 0, Mg = Mpsy, + Mosw

Bty ) = 5o (3.23)

Meg, .\ = % (3.24)

Bepg, )= Ef}”—; (3.25)

ANy + AN, = 0 (3.26)

AM; + AMp, — ANpa = 0 (3.27)

AgD(tn.td) = AEG(tn.td) — AX (¢t (3.28)

The initial curvatures and the change in curvature obtained using Eq. 3.14 and 3.22 can be
used to obtain camber and displacements at the beginning of the time step as well as at the end of
it using the moment area method and the applicable curvature diagrams. Fig. 3.6 shows the
curvature diagrams in a typical prestressed concrete beam. While this approach allows the use of
various harping points, in Fig. 3.6 the prestressing strands are assumed to be harped at 0.4L, where
L is the length of the beam. Curvatures are calculated based on the transformed section properties
for both the non-composite and composite sections. Prestress and prestress creep create negative
curvatures. Beam shrinkage in the non-composite section and deck shrinkage in the composite
section create positive curvatures, whereas beam shrinkage in the composite section creates
negative curvatures. The self-weight of beam and deck and the creep due to self-weight create

positive curvatures. These curvature diagrams can be used to calculate camber and displacements
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at any point in time using the moment area method. The proposed method can be summarized as
follows:
e Perform time dependent analysis at the cross-sectional level for each time step
assuming the beam is simply supported.
0 Calculate curvatures for each time step at mid-span and ends of beam
= Time Step 1: Calculate curvatures due to the effects of the prestressing force
and self-weight using transformed section properties.
= Time Step 2: Calculate time dependent effects (such as changes in forces
and curvatures) at the cross-sectional level using transformed section
properties (beam+steel) due to forces computed in Time Step 1.
= Time Step 3: Calculate instantaneous curvatures due to deck weight and
superimposed dead loads.
= Time Step 4: Calculate time dependent effects at a sectional level using
transformed section properties (beam+deck+steel) due to forces computed
in the previous time steps.
0 Draw curvature diagram for the beam/superstructure at each time step
0 Calculate camber and displacements using the second moment area theorem at each

time step

37



Non-Composite Section

—_———— =
0AL - S 04L \th‘t;f(;e:?an <
Non-Composite Beam Elevation Y
f_L\ — ~ __ "I—Horizontal
‘ T — __Ta—)”"’"' axis (—)
04L 0.2L 0.AL N-Curvature
Diagram

Curvature Diagram due to prestress

rvature Diagram
— — —

(+)

\Hoﬂzontal axis

/Curval:ure Diagram

__/ (+)

— - -
@ =MEF
Curvature Diagram due to beam self-weight
04L 0.2L | 0.4L
@e_f @m_

Curvature Diagram due to beam shrinkage

[ [

Composite Section

Horizontal axis

NA of deck

NA of

transformed

\ section

1
0.2L—=l=

Composite Beam Flevation

E

NA of beam

—_—

‘“Tl__L

Curvature Diagram due to creep of prestress

e ———
,_,_.---"'"_._'_'_._.
—

/Cun’ature Diagram
——

—

=

> -
\\Horizontal ( )

axis
\Clm’ature

Diagram

(+)

d=MEI-

Curvature Diagram due to creep of beam self-weight, deck
self-weight, and creep of deck self-weight

\\-Horizontal axis

Horizontal axis
0.4L 0.2L 0.4L -
ﬁbm o -
#e ____,_.__g-—-——'—‘{ ____Hh_““—_%h_.____._.__:-(:uwature
Curvature Diagram due to beam shrinkage Diagram
04L 0.2L— 0.4L
‘ /JZ,‘un’ature Diagram
’_L_________.__.———"" T —— /Horizontalaxis(—|—)
—
'I’e_f @m_

Curvature Diagram due to deck shrinkage

Fig. 3.6. Curvature diagrams for composite and non-composite sections.
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3.1.3 Iteration No. 3

This approach uses the Effective Modulus (EM) method as opposed to the AAEM method
used in the previous approach. In the EM method, additional time substeps are considered between
major construction activities that constitute the major time steps used in the AAEM method.
Additionally, a time dependent function for the modulus is adopted so that the appropriate modulus
can be used for each time step. This approach partially removes the necessity to use an aging
coefficient since the modulus of elasticity is updated continuously throughout the analysis using
the adopted time depend function. The need for an aging coefficient is not entirely removed since
a single creep curve is used for the beam and another for the deck concrete. Therefore, the effect
of loading age on creep behavior is ignored. Additionally, the utilization of additional time
substeps theoretically improves camber and displacement predictions for the next time step since
initial stress conditions are continuously updated. However, the impact of this improvement was
not clear and this iteration provided an opportunity to quantify the difference between predictions
using this approach and that used in Iteration No. 2. The strain compatibility based cross-sectional
analysis is conducted in an identical manner with that presented in the previous approach with the
exception that the aging coefficient is set equal to 1.0. This iteration is also implemented in
Mathcad and the user is asked to provide input related to girder properties, deck properties,
prestressing steel properties, and environmental conditions at the precast facility or bridge site.
Then the user is asked to select the desired creep and shrinkage model to be used in the time
dependent analysis. Finally, the algorithm also has the ability to calculate camber and
displacements caused by temperature gradients for beams featuring certain geometries.

The strain at any given fiber in composite or non-composite cross-sections can be calculated
using Eq. 3.29. This is illustrated in Fig. 3.7. The set of equations that can be used to conduct time
dependent cross-sectional analysis for non-composite (but heterogenous) cross-sections,
composite cross-sections featuring a prestressed concrete beam, and composite cross-sections
featuring a steel beam are provided in Eq. 3.30-3.35, Eq. 3.36-3.44, and Eq. 3.45-3.51,
respectively. These sets of equations apply also to Iterations No. 4 and No. 5, although there are
differences in the way that they are implemented. These differences are explained in the

subsequent sections.
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Fundamental Equation

g(tn,to) =& + ZT:O Z_j[goo(tj+1v to) - ¢O(tj! to)] + [Agj + Z:Z]AE_GL] [‘Po(ti+1r to) - (po(ti' to)]]] (3.29)

i Ao . ,
& = E—L; Ag; = E—‘; n = number of time steps; m = number of loading events; n =m +1
i i
_ Oy A _Agy
N N | Approach No. 3-5] 4 E BUEYTE

Ady_y

3 [p(ts to) — @(tute)] +——
.- n-1

n-1g
D R0t ~ (e
=0 Bi

n—1 A,
) F et — el

a) b) c) z:%’ [ (tisa. ta) = @(t: 1g)]

Fig. 3.7. Tllustration of Approach No. 3-5 for predicting time-dependent flexural deformations for
Approach No. 3-5; a) assumed stress history, b) discretized stress history, and c) elastic and creep
induced strains due to discretized stress history

Cross-sectional Analysis for Non-composite Prestressed Concrete Beams

m NGi[(pGo(ti+1:to)_(pGo(tirto)] + ANGi[l'I'[(pGO(ti+1'to)_‘pGo(ti'to)]] [

A = yn ) _
EG(tn,to) =0 EG,AG Eg,Ac + [&sne (tl+1)
Esnc (ED]]; (3.30)
0 0
. — NO 0 poO _ 0 _ NesAg  MisQesp4e _
WheT'e. NGO - NGdirect + NG; NGdiT‘eCt - O, NG — - y NGi+1 == NGL' + ANGi

AtSo ItSo

Mg; irnto)— wto AMG;|1+|9G, (tiv1,t0)— @G, (tito)
AX(tn,to) — ﬁo 6ilP6, (tiv1,to)—0c, (tito)] + G[ (06, (tir1.to) =6, (tito ]] ; (3.31)

Eg,la Eg,lg
0
_ Mg

. — 0 0 pg0 _ 0 Ig —
where: MGO - MGdirect + MG'MGdirect =0, MG - Its 'MGL-H - MGi + AMGi
0

Note: NtoS = —P, and M,_PS = Mgoyw — Poeyr
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Zl (]ANpS
Deps, )= “pa (3.32)

EpsAps
ANg, + AN, =0 (3.33)
AMg, + ANpze =0 (3.34)
Aeps(tn’to) = AeG(tn’to) + AX¢,t)€ (3.35)

Cross-sectional Analysis for Composite Prestressed Concrete Beams
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ANp, + ANg, + ANy, =0 (3.41)
AMci + AMDl. — ANDia + ANpse =0 (3.42)
AgD(tn.td) = AgG(tn.td) - AX(tn’td)a (343)
Aeps(t ) AeG(t ) + AX(t,e0)€ (3.44)
Cross-sectional Analysis for Composite Steel Beams
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ANg

Be6(eneg) = Fota G48)

ANp, + ANg, =0 (3.49)

AMg, + AMp, — ANp,a = 0 (3.50)

AED(tn‘td) = AgG(tn,td) — DXt t9) Ybbottom — Yebottom) (3.51)

3.1.4 Iteration No. 4

In this approach, the EM method used in Iteration No. 3 was extended to capture the effects
of deck replacement on beam camber and displacement. To model the effect of deck removal and
the corresponding beam rebound, the loading history was modified to include unloading steps for
the self-weight of existing barrier, existing overlay, existing deck, and locked in forces in the deck,
as well as new loading steps for the weight of the new deck, weight of new overlay, and weight of
new barrier. The removal of the self-weight of the deck and the removal of internal forces present
in the deck were treated as new forces applied at the time of deck removal to the non-composite
beam section. The removal of barrier and overlay were considered as new forces applied to the
composite system. The calculation of the immediate rebound involves calculating the upward
displacement (camber) caused by the removal of existing barrier, overlay, and deck weight, as well
as the removal of internal axial forces and moments in the existing deck. The calculation of longer-
term rebound requires a time dependent analysis. Time dependent effects due to these newly
applied forces were calculated using the remaining creep coefficient for the beam concrete based
on a creep curve with a loading time of one day (i.e. the application of prestressing force when the
beams are fabricated). This approach, similar to the approaches presented so far, relies on the use
of a single creep curve for beam and deck concrete. In this approach, each phenomenon that causes
time dependent camber and displacements is treated separately and the strain compatibility based
cross-sectional analysis is based on two sections: beam end and midspan. For each phenomenon
the corresponding curvature diagrams are used to predict camber and displacements at midspan.

A total of eight key time steps were considered to compute time dependent camber and
displacements. These time steps include the:
1) detensioning of the strands;

2) time from detensioning of the strands to deck placement;
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3) time at which the deck is placed;

4) time from deck placement to placement of barriers, overlay and the opening of bridge
to traffic;

5) time from the opening of the bridge to traffic to deck removal for projects that
features a deck replacement;

6) time from deck removal to new deck placement;

7) time from new deck placement to placement of new barrier, overlay, and reopening
of bridge to traffic; and

8) time from reopening of bridge to traffic to the end of service life, which is currently
considered to be 75 years.

In this iteration, the user has the ability to enter time in days for all these eight key time steps
such that camber and displacements are calculated at the desired times. Additionally, because
camber and displacements at a given time step depend on the conditions in the previous time step,
such as the predicted camber and forces in the previous time step, the user has the ability to enter
the camber in the previous time step if such information is available. In this case, the algorithm
overrides the predicted camber in the previous time step with that specified by the user. When
camber and displacements in a steel bridge are desired, pre-erection camber must be provided as
an input. Then the effect of differential shrinkage between the deck and the steel girder is

considered to calculate service camber and displacements.

3.1.5 Iteration No. 5

In this approach, the algorithm prepared in Mathcad was translated into Matlab, was
improved to develop a graphical user interface, and was further enhanced to improve the accuracy
of camber and displacement predictions. Unlike the previous iterations, in this approach the strain
compatibility based cross-sectional analysis is conducted for several sections along the length of
the beam rather than only at mid-span and beam ends. The calculated cross-sectional curvatures
are then used to construct a curvature diagram and numerical integration together with the second
moment area theorem is used to compute camber and displacements at mid-span. In this approach,
the effects of creep and shrinkage (element based as well as differential), as well as steel relaxation
are considered simultaneously during the strain compatibility based cross-sectional analysis. This

is different from the approach used in the previous iterations in which the effects of these
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phenomena were considered separately to utilize the curvature diagrams appropriate for each
phenomenon. The utilization of numerical integration removes the need to rely on curvature
diagrams for which existing deflection formulations can be employed to predict camber and
displacements. The flowchart used to create the code for this approach is provided in Fig. 3.8.

The algorithm starts with the creation of arrays for the number of time steps and number
of sections. Then time dependent material properties such as the modulus of elasticity, creep, and
shrinkage are calculated. Similarly, time dependent section properties are calculated since the
calculation of composite section properties depends on the modular ratio (E~/Es or Edeck/Ebeam)-
Then, initial curvatures, axial forces, bending moments, and deflections caused by self-weight and
the prestressing force are calculated. The algorithm operates based on two loops. The first
represents the number of time steps at which camber and displacements are desired to be
calculated. The second, which runs within the first loop, represents the number of sections along
the beam. For a given time step, a strain compatibility based cross-sectional analysis is conducted
for multiple sections along the length of the beam with the purpose of constructing a curvature
diagram and computing deflections by using numerical integration and second moment area
theorem. The change in axial force, bending moment, and strand strain is recorded and this
information is used to update initial conditions for next time step. This procedure is repeated until
all desired time steps are considered. The computed camber and displacement can then be plotted
as a function of time.

Another improvement offered by Iteration No. 5, is the ability to calculate the deflected
shape of the beam as a function of time. The graphical user interface offers the user the ability to
plot camber/displacements as a function of time and location along the beam span from beam end
to midspan. In this iteration, just like in the previous iterations, axial forces and moments are
summed at the end of each time step so that time dependent effects can be calculated for the next
time step based on a single creep curve for beam and deck concrete with loading times that

correspond with prestress release and deck placement, respectively.
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Initial Calculations
Create time array (i), and section armmay s5(j)
. = number of time steps
«  m = number of sections
Calculate tme-dependent matenial and secbon
properties
Define time-dependent creep and shrinkage arrays

. Calculate initial curvatures, axial and bending moment

forces and deflections caused by girder self-weight and
prestressing effect for each section

FALSE

FALSE

whilei = n

Find the change in axial and
bending forces, and curvatures due
to effect of ime-dependent effects

:

Procead for the next
section: f = f 4+ 1

I Calculate the time-dependent deflection
for each section
1. Update the forces for next time step

II1. Update the creep coefficient and shnnkage
strain, and modulus of elasticity

|

Proceed for the next

time step: { =i+ 1

Fig. 3.8. Flowchart for approach used in Iteration 5
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3.1.6 Iteration No. 6

In Iteration No. 6, the algorithm used in Iteration No. 5 was further improved to allow the
use of multiple creep curves rather than a single creep curve. This iteration is based on the principle
of superposition, multiple creep curves, a time dependent function for the modulus of elasticity,
and multiple time substeps. The method included in this iteration removes some of the limitations
included in the previous iterations and provides the user the ability to obtain the complete
deformation history of the beam including non-composite and composite states as well as deck
replacement activities. The proposed prediction methodology relies on the selection of several

empirical models which are summarized in Fig. 3.9 and discussed in the subsequent sections.

Fig. 3.9. Empirical model selection in the proposed prediction methodology

The approach used in Iteration No. 6 is summarized in the flowchart shown in Fig. 3.10. In
previous iterations, only one creep curve was used for beam and deck concrete to predict time
dependent camber and displacements. The creep curve for beam concrete was developed based on
a loading time of one day (prestress release). The time dependent effects of any changes in forces
in the beam were accounted for by calculating the remaining creep coefficient obtained from this
curve based on the time that each new force was applied. The same approach was used for deck
concrete. A single creep curve was used assuming that the loading time was the time that
corresponded with the placement of the deck. Remaining creep coefficients were calculated for

any changes in deck forces after the placement of deck.
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Initial Calculations

Create time array #(i). and section array s(j)

. n = number of time steps

. m = number of sections
Calculate time-dependent material and section properties such as elastic modulus.
moment of inertia and transformed cross-sectional area: E(i), /(i) and A(Q)
Define time-dependent creep and shrinkage functions: @(t,t;) and & (t)
Calculate initial curvatures. axial and bending moment forces and deflections
caused by girder self-weight and prestressing effect for each section
Define force history matrix for bending moment and axial force: M(i,j) and
NG, )

FALSE v
whilei < n
TRUE
k=1

€6sn = €sn(tiv1) — €sn(ts)
z =row # of M array
CM=0,CN=0

FALSE

whilek <z

Calculate cumulative effect of each axial and bending
moment force in the force history: CM and CN

@6 = @(tirr, t) — @t t): Eg = E(k)

_ M(k:) ¢c
CM = CM + 70—
_ N(k,:) ¢
CN=CN+ S

FALSE

whilej < m

TRUE
Find the change in axial and bending forces,
and curvatures due to effect of time-dependent
effects

!

Proceed for the next
section:j =j+1

—PI Calculate the time-dependent deflection for each section

Proceed for the next

timestep:i=i+1

Fig. 3.10. Flowchart for iteration No. 6
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Fig. 3.11. a) Illustration of effective modulus (EM) and age adjusted effective modulus (AAEM)
concept, b) effect of loading age on creep coefficient according to AASHTO LRFD model for an
interior prestressed concrete beam used in the S-11 project, c) assumed stress history, idealized
stress history, and creep induced strain due to a varying stress history (multiple time steps with
multiple creep curves)

This approach (i.e. the one used in previous iterations) does not fully take into account the
aging effect of concrete, which requires the utilization of a separate creep curves. For example,
consider a concrete cylinder that was initially loaded at time #, (Fig. 3.11a) and a new additional
force was applied at time #,.;. If a single creep curve is used (i.e. the one with a loading time of #,)
the remaining creep coefficient between time #,-; and ¢, would be small (¢3). However, if a new
creep curve is developed based on a loading time of #,-; then the creep coefficient at time #, would
be greater than the remaining creep coefficient calculated using the single creep curve (¢, > @3).
This constitutes a fundamental difference between Iteration No. 5 and Iteration No. 6.

Additionally, in Iteration No. 6 since each newly created force is associated with its own
creep curve, forces at the end of each time step are not updated so that a single axial force and
bending moment can be used for the next time step to calculate the corresponding time dependent

effects. Rather, each existing and newly developed force is considered independently, and the
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principle of superposition is used to calculated total curvatures and axial strain at a given time. The
curvature diagram is then numerically integrated to obtain camber and displacements. The only
exception is for a deck replacement event, during which all internal axial forces and bending
moments present in the deck are summed and are applied as equal and opposite forces when the
deck is removed. After this point, any newly created axial forces and bending moment in the beam
or in the new deck are associated with separate creep curves. The consideration of multiple sets of
axial forces and bending moment in the beam and deck concrete rather than a single set for each
component, constitutes another fundamental difference between Iteration No. 5 and 6. In Iteration
No. 5 axial forces and bending moments in the beam and deck were summed at the end of each
time step so that time dependent effects for the next time step could be calculated based on single
creep curves for beam and deck concrete. In Iteration No. 6 this summation is not conducted
intentionally to distinguish between the loading time of various events and to facilitate the use of

different creep curves.

The general mechanism for the flowchart provided in Fig. 3.10 is provided below:

1. Create a time and section array.
The time array is created such that the number of time steps increases in a logarithmic fashion
to account for the fact that the majority of creep takes places during the early stages of a loading
event. The approach used for the creation of time array is presented in Table 3.2. An alternative
approach is proposed by Gilbert and Ranzi (2011), which is based on a geometric series. The
proposed algorithm allows the user to select either approach. The impact of this decision is
presented later. The section array is created by dividing half of the beam length in an equal
number of sections. The user has the option to select how many sections are considered. To
obtain a smooth deflected shape for the beam a minimum of 51 sections are recommended.
The influence of the number of sections in the accuracy of camber and displacement

predictions is discussed later.
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Table 3.2. Approach used for creation of time array

Activity Time steps between activities Time step length (days)
Release Discrete -
) 1 days to 10 days 1
Time between Release and Deck
11 days to 30 days 2
Placement .
30 days to time at deck placement 3
Deck Placement Discrete -
1 days to 10 days 1
Time between Deck Placement and 11 days to 30 days 2
Application of Superimposed Dead Loads 31 days to 100 days 3
(Typically short — around seven days) 101 days to 1,000 days 100
1,001 days to 10,000 days 1,000
Application of Superimposed Dead Loads Discrete -
1 days to 10 days 1
Time b Anolicati c 11 days to 30 days 2
ime between Application o 31 davs to 100 d 3
Superimposed Dead Loads and Final Time s io s
(75 years) 101 days to 1,000 days 100
1,001 days to 10,000 days 1,000
10,001 days to final time (75 years) 10,000

2. Generate time-dependent arrays for material and section properties.

A time dependent function is used to account for the variation of modulus of elasticity with
time. Since a prestressed concrete beam and a composite bridge superstructure are
heterogeneous members, the variation in modulus affects the calculation of modular ratio,
centroid of transformed section, and moment of inertia. Therefore, these parameters are
calculated for every time step considered and include modulus of elasticity, modular ratio,
transformed moment of inertia, transformed cross-sectional area, composite moment of
inertia, composite cross-sectional area, prestressing strand area, and eccentricity for each
time and section, if applicable. It should be noted that some of the parameters are only

time-dependent (ex: Eg,, Ep,), some of them are only section-dependent (ex: eg, 4y Sq), and

some of them are both time and section-dependent (ex: Itsiq, Atsl.q, Iciq' Aciq)'

3. Create functions for creep coefficients and shrinkage strains

The number of time steps considered determines the number of creep curves that need to be
calculated since at every time step internal forces in the beam and deck change due to time
dependent effects. Unlike the creep curves only two shrinkage curves are developed for the
beam and deck concrete since shrinkage does not depend on the time at which the load is

applied. The user can select one of out eight creep and shrinkage models.

51



4. Calculate initial strains, curvatures, axial forces, bending moments and deflections caused by
girder self-weight and prestressing effect for each section.

5. Define matrix for history of axial forces, bending moments, and curvatures.

6. For every time step and beam section considered:

1. Conduct a time dependent strain compatibility-based cross-section analysis (see Eq. 3.53-
3.74). Calculate changes in strains, curvatures, axial forces, bending moments. Calculate
the time dependent deflection for each time step and for each section the obtain the complete
history of flexural deformations as a function of time and distance along the span. The
flowchart operates based on two main loops. The first considers the number of time steps
in the time frame of interest, and the second considers the number of beams sections along
the span.

7. After each beam section is considered, net camber/displacement at each section A;.q, is
calculated using net curvature values along the span (Xy) and second moment-area theorem
together with numerical integration.

8. The procedure is repeated until all time steps are considered. Camber and displacement history

can be obtained using the calculated camber/displacement values.

The mathematical framework for Iteration No. 6 is provided by Eq. 3.52-3.74.

Fundamental Equation

Etpty) = €o [1 + @, (tn’ to)] + Zﬁo Agi[l + (pi(tn' ti)] (3-52)
& = Z—i Ag; = %; n = number of time steps; m = number of loading events;

n=m+1

Cross-sectional Analysis for Non-composite Prestressed Concrete Beams

Nc;ja1[<PG]-(ti+1'tj)—<ﬂc;j(ti,tj)]l + ANGi[1+a2<pGi(ti+1,ti)] + [EShG (t- 1) _
i+

Ae = yn 1
G(tnrto) (=0 Jj=0 EG]'AG EGiAG

esm(ti)]]; (3.53)
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0 0

. _ a0 0 a0 _ 0 _ NgsAg  MisaresyAc,

where: NGO - NGdirect + NG'NGdirect =0, NG - Ags - Is >
0 0

i >0 - Ng, =ANg, & Ng, = Ng, + ANg,; if Ng; > 0 - a; = Tensile creep factor,

otherwise —» ay = 1; if ANg, > 0 — a, = Tensile creep factor, otherwise » a, = 1;

i1 Mc 'ﬁ[‘PG-(ti+1't')_‘PG-(ti't')] AMMg,|1+B g, (tiv1,t:)
AX(ty o) = ?10“23-30 jPloo i) o0, (il | | ame | s ]; (3.54)

EG]-IG EGiIG

0

. _ w0 0 ps0 _ 0 _ Milg,

where: MGO - MGdirect + MG'MGdirect - Or MG - Its ’
]

i > 0 - MGi = AMG,: &MGO == MGO + AMGO

Y7o ANps.
Ag = 3.55
PS(tnto)  EpsAps (3.55)
ANg, + ANps; = 0 (3.56)
AMg, + ANpse =0 (3.57)
Bepsiy iy = BeGe, ey + DXtnin)€ (3.58)

Cross-sectional Analysis for Composite Prestressed Concrete Beams

— ym “ i-1 NGjal[‘pcj(ti“'tf)_‘paj(ti'tj)]l + e [1+205,t141.) + [esne (tiv1) —

Ag = D= i
G(tn,td) L=r Jj=0 EG]-AG EGiAG

&snc (E)]]; (3.59)

N2A, Mla, A
. — NO 0 pjo0 _ 0 _ 'tsiG tsUtso2G
where: Ng, = Nggirect + Ng» Negirece = 0, Ng = -

)

AtSO ItSO

N2 Ag M(?aGOAG
+
Ag, I,

Ng, = ANg, if 0 <i < (r—1),Ng_, = AN, + ,Ng, = ANg, if i 2T,

if Ng, > 0 - a, = Tensile creep factor, otherwise —» a; = 1; if AN;, > 0 - a, = Tensile creep

factor, otherwise = a, = 1;

53



+ [esnp (tiv1) —

Ae _ Zl 1 ND,“1[<PD (tis1s t]) #p; (ti, t])] N ANDi[l‘Fa’z(PDi(thti)]
D(fn’fd) -

ED]AD EDiAD

EshD (tl-)]] ; (3.60)

N¢noAp MgaDonoAD.
Ac ’

here: ND NDleECL’ + ND' NDdlrect 0 ND -

0 ICO
i >r- NDi = ANDi &NDT = NDT + ANDT;
if Np, > 0 - a, = Tensile creep factor, otherwise - a; = 1; if ANp, > 0 — a, = Tensile creep

factor, otherwise = a, =1

i—1 MajB [‘PG (tivat))- ®q; (t t])] AMGi[1+[>’<pai(ti+1.ti)] )
DXty = Xizr “2 e ic + Foie AN X
MtsIG

where: MGo MGdlrect + MG' MGdlrect 0, MG -

)
IfSO

Mc

. I
MGL' = AMGi when0 < i < (T - 1)'MG-,«_1 = AMGr—l + ICOG MG = AMG wheni > T,

. Mp Blop (tistj)—op (tut)) AMp.[1+B@p.(tiy1,ti

)
j=r ]] ;o (3.62)

EDjID EDiID

McnoID

. _ 0 0 0
where: MDr - MDdirect + MD' MDdirect 0 MD - I

’
0

i >r - MDi = AMDi &MD‘r = MDr +AMDT
ImNtos = _PefM?s = Mgsyw + Mgy — Peetr'NcO = Ong = Mpsw + Mosw»

B = flexural creep factor

_ 2?=TANpSi
Asps(tn‘td) = oA (3.63)
NDi + ANGl' + ANpSi == 0 (364)
AMGl' + AMDl' - ANDl.a + ANpSie = 0 (365)
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AgD(tn'td) - AgG(tn,td) — At )@ (3.66)
Aeps(tn'td) - AgG(tn,td) + AX(tn'td)e (367)

Cross-sectional Analysis for Composite Steel Beams

ASD(tn’td) = + [&snp (tiv1) —

2 ND1“1 ¢p; (tivnty)- ¥p; (i t])] n ANDi[1+aZ(PDi(ti+1'ti)]
ED]AD EDiAD

EShp (ti)]] ; (3.68)

NZnoAp MgaDgnoAD.
AC IC ’

_ _ O 0 A0
where: N = Npgirece + Np, Npgirece = 0, Np =

0 0

I: >1r - NDi == ANDL' &ND‘r - NDT +ANDr
if Np, > 0 - a, = Tensile creep factor, otherwise - a; = 1; if ANp, > 0 — a, = Tensile creep

factor, otherwise = a, = 1;

Moy = ST “ o Mp jﬁ[wnj(ti;;;tg—wo j(tut))] s AMDL.[1+§;,:?;(Q+1,Q)] C 669)
where: Mp_ = Mpgirece + M3, MDgirece = 0,MJ = MC%:ID»
i >71 > Mp, =AMy & My = M, + AMp,
Note: N2 = 0,M? = My, + M,g,, B = flexural creep factor
Bty = ot (3.70)
Etmea) ~ EAGNjG 3-71)
ANp, + ANg, = 0 (3.72)
AMg, + AMp, — ANp,a = 0 (3.73)
Agp (ntg) = Agg (tntg) AX (¢, e (3.74)
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3.1.7 Modulus of Elasticity Prediction

Modulus of elasticity is one of the most influential parameters on beam camber and
displacement as it represents the stiffness of the material. Its development with time is also
important when predicting time dependent camber and deflections. In this section, four models for
predicting the modulus of elasticity at release and at 28 days are presented. Additionally, two
models for predicting the development of modulus with time are discussed. The proposed

prediction methodology allows the user the select the desired model.

Prediction of Modulus of Elasticity at release and 28 days
AASHTO LRFD (2020) Model

In this model, modulus of elasticity is expressed as function of aggregate type, K;, concrete
unit weight, w., and compressive strength of concrete at release, /., or at 28 days, /. (Eq. 3.75
and 3.76). Eq. 3.75 and 3.76 are intended for normal weight concrete with design compressive
strength up to 15.0 ksi and lightweight concrete up to 10.0 ksi, with unit weights between 0.090
and 0.155 kcf. The units for w. are kcf and for f°c, or f°c are ksi. The modulus of elasticity is
computed in ksi.
E, = 120,000K,w 20033 (3.75)
Eczs = 120,000K,w>0f/%33 (3.76)

where for normal weight concrete, w, = 0.145 kcf for f; <5 ksi and w, = 0.140 + 0.001f, kcf
for 5.0 < f/ <15.0 ksi

ACI 318-19 Model
This model is similar with the AASHTO LRFD (2020) model in format (Eq. 3.17 and

3.18). However, the powers to which the unit weight of concrete and compressive strength are
raised are different. In addition, the ACI 318-19 model does not distinguish between various types

of aggregates. The units for w are pcf and for f’c;, or f°c are psi. The modulus of elasticity is

Ei = 33wlS |f, (3.77)

Ecpg = 33wiS\/f) (3.78)

computed in psi.
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ACI 363R-92 Model

This model is similar to the ACI 318-19 model in terms the parameters that the modulus
of elasticity is expressed as a function of (Eq. 3.79 and 3.80). The units for w, are pcf and for f7c;,

or f’c are psi. The modulus of elasticity is computed in psi.

1.5

E, = (40,000 \/E + 106) ( ;ZCS) (3.79)
1.5

Eczg = (40,000,/F7 + 10°) ( ::CS) (3.80)

fib MC 2010 Model
This model, similar to the AASHTO LRFD (2020) model expresses the modulus of

elasticity as a function of concrete compressive strength and aggregate type (Eq. 3.81 and 3.82).
However, unlike the other models it does not include the unit weight of concrete as a parameter.

The aggregate type dependent parameter can be selected based on Table 3.3.

E; = 276OaE3/fC’l- (3.81)

Ecpg = 2760ag3/f! (3.82)

Table 3.3. Determination of aggregate type dependent parameter

Aggregate type ag
Basalt, dense limestone 1.2
Quartzite 1.0
Limestone 09
Sandstone 0.7

Comparison of Various Models

Consider a normal weight concrete beam with aggregate factor 1.0 and initial and 28-day
compressive strengths of 7 and 10 ksi, respectively. The unit weight of concrete for all models
except for the AASHTO (2020) model is assumed as 145 pcf, whereas for the AASHTO (2020)
model it is computed based on Table 3.5.1-1 in AASHTO LRFD Bridge Design Specifications
(2020), which relates compressive strength to unit weight. The modulus of elasticity predictions

at release and at 28-days using the four different models discussed above are presented in Table
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3.4. The AASHTO LRFD (2020) and fib MC 2010 models produce the highest estimates followed
by ACI 318-19 model and ACI 363R-92 model.

Table 3.4. Comparison of modulus of elasticity prediction models

Modulus of Prediction Models
Elasticity AAS?ZESO%RFD ACI318-19 ACI363R-92  fib MC 2010
E,; (ksi) 5165 4821 4347 5280
E,pq (ksi) 5817 5762 5000 5946

Prediction of Modulus of Elasticity as a Function of Time
ACI 209R-92 Model

In this model the development of modulus of elasticity with time is expressed as function
of modulus at 28 days and two parameters which are selected based on the type of cement used
and curing method (Eq. 3.83). The determination of a and P is based on Table 3.5. This model
covers only concretes that features either cement type I or III. In the proposed prediction
methodology, the user has two options to obtain the development of modulus with time. The first
include the use of 28 days modulus and parameters o and . However, in this approach, it is
possible that the predicted modulus at release may not match the measured modulus if such
information is available or if it can be obtained using one of the four models presented above that

express modulus as a function of compressive strength.

B = )0'5 Ecae (3.83)

a+ ft

Table 3.5 Parameters for ACI 209R-92 time dependent modulus of elasticity model

Moist-cured concrete | Steam-cured concrete
Type of Cement
a B a B
I 4 0.85 1 0.95
11 2.3 0.92 0.7 0.98

Alternatively, the development of modulus with time can be obtained by using the initial

modulus and 28 day modulus as anchor points and back calculating the parameters a and B such
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that predicted modulus at release and 28 day matches the measured or assumed one. This can be

done using Eq. 3.84 and 3.85.

B = Efg ty — 28Ec2i
Ef - (t; — 28)

(3.84)

a=28(1-f) (3.85)

Fig. 3.5 shows the development of modulus of elasticity as a function of time by
considering a concrete with an initial (1 day) and 28-day modulus of elasticity of 3000 ksi and
5000 ksi, respectively. Fig. 3.12 suggests that the modulus of elasticity reaches a stable value after
28 days with only minor differences between concretes featuring cement type I and III and those
that are moist and steam cured. Additionally, even if the parameters o and 3 were back calculated
based on the specified initial and 28 day modulus the modulus after 28 days is similar with the
other approach. It is worth noting, however, that there are some differences between the predicted
modulus up to 28 days depending on which approach, which type of cement and which method of
curing is selected. According to this model, steam curing helps the stiffening of concrete during
the first 28 days compared to moist curing. The back calculated curve is similar to that obtained

for Type III cement and moist cured concrete.

Fig. 3.12. Modulus of elasticity as a function of time based on the ACI 209R-92 Model

fib MC 2010 Model

In this model the development of modulus of elasticity with time is expressed as a function
modulus of elasticity at 28 days as well as the strength class of cement used (Eq. 3.86 and 3.87).

Unlike the previous model, the type of curing is not a parameter that influences the development
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of modulus with time. The parameter s that reflects the strength class of cement used in the mix
may be calculated based on Table 3.6. The mean compressive strength may be taken as 1.2 ksi
more than specified strength. Additionally, if both initial and 28 day modulus values are known,
the parameter “s” may be back-calculated using Eq. 3.88. The proposed prediction methodology
allows the user to select either prediction model and either approach within each prediction model
for estimating the development of modulus with time. Fig. 3.13 shows the development of modulus
as a function of time using different classes for the strength of cement by considering a concrete
with initial (1 day) and 28-day modulus of elasticity of 3000 psi and 5000 psi, respectively. The
curve obtained by back calculating the coefficient s is also presented. Fig. 3.13 suggests that the
development of modulus with time is generally similar for all cases with lower strength cements
featuring a lower modulus. This is different from the previous model in which pronounced
differences in the development of modulus with time up to 28 days were observed depending on

the type of curing method.
E.(t) = Be(O)E 2 (3.86)

5o - es<1— %) (3.87)

Table 3.6. Coefficients for strength class of cement based on fib MC 2010 model

Mean compressive strength (ksi) Strength class of cement S

325N 0.38
<8.7 325R,42.5N 0.25
42.5R,52.5N,52.5R 0.20
> 8.7 all classes 0.20

Eci g

In [(EC28) ]
§=——"— (3.88)
1— |28
i1
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Fig. 3.13. Modulus of Elasticity as a function of time based on the fib MC 2010 Model

3.1.8 Creep and Shrinkage Models

The calculation of long-term camber and displacements is highly dependent on the creep
and shrinkage models that are selected. ACI 209.2R-08 (2008) provides four models for
calculating shrinkage and creep in hardened concrete, namely: ACI 209R-92 model, Bazant-
Baweja B3 model, CEB MC90-99 model and GL2000 model. The Precast Prestressed Concrete
Institute (PCI) bridge design manual (2016) recommends two methods for estimating the creep
coefficient and shrinkage strain. The first is the same with the ACI 209.2R-08 (2008) model and
the second is based on modifications suggested by Huo (1997). AASHTO LRFD Bridge Design
Specifications (2020) also provide models for estimating shrinkage and creep in hardened
concrete. LeRoy et al. (1996), Tadros et al. (2003), and Lopez and Khan (2004) developed models
for estimating the creep behavior of high strength concrete. The proposed methodology allows
the selection of the following creep and shrinkage models: 1) AASHTO Body (2020) (provisions
in the main body), 2) AASHTO Commentary (2020) (provisions in the commentary), 3) ACI
209R-92, 4) Bazant-Baweja B3 model, 5) CEB MC90, 6) CEB MC90-99, 7) GL2000, and 8) fib
MC 2010.

Fig. 3.14 illustrates how the free shrinkage strain and creep coefficient vary with time for
a PCBT 54 beam used in the S-11 project and the corresponding deck based on different shrinkage
and creep models. The variation is shown using a logarithmic timescale for fixed values of i,
RH, and V/S. The variation of creep coefficient with time generally exhibits an asymptotic

behavior. As can be seen, the creep coefficient at a given beam age can vary significantly
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depending on which model is chosen. The same conclusion can be drawn for beam and deck
shrinkage. The considered models include the AASHTO (2020) models using the provisions
provided in the body as well as in the commentary, ACI 209R-92 model, B3 model, CEB MC90
model, CEB M(C90-99 model, and GL 2000 model. The variation of the creep coefficient based
on the B3 model and GL 2000 model was significantly higher than that predicted by the other
models. As a result, these two models were excluded to show more clearly the variation between
the other models. The variation of shrinkage strain and creep coefficient for beam and deck
concrete as a function of the selected model highlights once again the challenge of obtaining
accurate long-term camber and displacement predictions. It should be noted that ACI Committee
209 has refrained from endorsing a particular model due to a lack of consensus on the set of data
that should be used to evaluate different models as well as the statistical indicators that should be
used if an agreement on the data set was reached. The majority of the data presented in this report
are based on the AASHTO (2020) provisions provided in the main body. While these provisions
together with the selection of the other models for the prediction of modulus at prestress release
and 28 days as well as its variation with time, have resulted in reasonably accurate predictions of
pre-erection camber as will be demonstrated later, the user is encouraged to explore the use of
different models to get a sense for the variation in camber results.

The research team conducted a creep test on a Michigan concrete mix used in one of the
projects listed in Chapter 4. The creep test setup is shown in Fig. 3.15 and the test was conducted
in accordance with ASTM C512. The cylinders were loaded when they were 15 days old due to
logistics related to the sulfur capping of the cylinder ends. Companion cylinders were cast to
measure the shrinkage strain so that this shrinkage strain could be deducted from the total strain
measured in the creep test so that remaining strain could be attributed solely to creep. The
measured data was used to calculate a creep coefficient, which was then compared with predictions
based on different models. Predictions for the considered models were based on measured
compressive strength of concrete at release and 28 days (fc = 8.3 ksi and f = 10 ksi). This
information was used to calculate modulus of elasticity at prestress release and 28 days. Such input
is required in either all or some prediction models. The initial concrete compressive strength f; is
also a required parameter in the AASHTO (2020) creep and shrinkage model. In addition, the mix
design for cylinders in question was made available and used when calculating creep coefficients

based on a specific model. The results of this comparison are shown in Fig. 3.16. The model based

62



on AASHTO (2020) main body provisions provided the most accurate prediction for the creep
coefficient. However, it should be noted that his conclusion is based solely on the data collected
for this one mix. The shrinkage data collected from the companion cylinders was compared with
predicted shrinkage strains based on different models. The cylinders were steam cured for one day
and then let to dry for 14 days prior to measuring shrinkage strain since the specimens were loaded
in the creep frame after 15 days. The measured shrinkage strain after 15 days was compared with
the predicted change in strain after 15 days based on different models. The results are shown in
Fig. 3.17. The majority of the models provided reasonable predictions with the exception of
Bazant-Baweja B3 model and ACI 209R-92 model, which provided lower and upper bounds. The
impact of the aforementioned models on long-term prestressed concrete beam camber is
investigated later by comparing predicted values with measured ones for the Tiffin Street Overpass

project for which multiple camber data for several beams were measured by the research team.

a) b)
Fig. 3.14. Variation in creep coefficient and shrinkage strain based on different shrinkage and
creep models for: a) PCBT 54 used in S11 project (Flange width 49 in., t= one day steam curing,
tioad = one day, Cement Type I); b) Deck used in S11 project (tc = one day steam curing, tioad = One
day, Type I cement, mixture proportions are based on a typical deck mix featuring normal weight
concrete and fly ash)
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Fig. 3.15. Test setup for creep test

Fig. 3.16. Comparison of measured and predicted creep coefficient
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Fig. 3.17. Comparison of measured and predicted shrinkage strain

3.1.9 Strand Relaxation Loss

Strand relaxation losses are calculated based on the AASHTO LRFD (2020) model.
According to this model, relaxation loss is a function of strand type, strand grade and level of stress
on the strands. The relaxation loss between transfer of prestress and deck placement can be
estimated using Eq. 3.89, which is provided in the body of AASHTO LRFD Specifications (2020).
In this model any relaxation losses between the tensioning of the strands and prestress release are
ignored. In Eq. 3.89, Afy g, is the relaxation loss between transfer and deck placement (ksi); fp;
is the stress in prestressing strand immediately after transfer, taken not less than 0.55f,,,, (ksi); fp,
is the yield strength of strands, typically taken as 0.9f,,, (ksi); fp,, is the ultimate strength of the
strands (ksi); and K;, is the factor accounting for type of steel taken as 30 for low-relaxation stands,

and 7.0 for other prestressing strands.

Mory = %(% - 0.55> (3.89)

According to AASHTO LRFD Specifications (2020) a more accurate estimation of
relaxation loss between prestress transfer and deck placement can be calculated using Eq. 3.90,

which is provided in the commentary of AASHTO (2020)/NCHRP Report 496. In this equation,
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K] can be taken as 45 for lox-relaxation steel and 10.5 for other strand types; t and t; are the times
at which relaxation loss is desired and at prestress transfer (hours), respectively; Af,sg is the loss
in the strands caused by shrinkage of concrete (ksi); and Afy,c is the loss in the strands caused by

creep of concrete (ksi). The second term in Eq. 3.90 accounts for the reduction in strand stress due

to losses caused by shrinkage and creep.

log(24t + 1 3(Afpsg + A
Ay = |2 lo82AL 1) )<@—0.55>l Il— (8psi +Bpcr)] (5 99
K[ log(24t; + D\ £,y fot
1
Ki = E, Ay,  Ae? (3.91)
1+ E—ClT<1 + T) [1 + (p(t, ti)]

E,, = modulus of elasticity of strands (ksi); E; = modulus of elasticity of concrete at release (ksi); Aps = total
cross-sectional area of prestressing strands (in.%); A = cross-sectional area of: a) girder between transfer and
deck placement, b) composite structure between deck placement and final time; e = eccentricity of prestressing
strands with respect to: a) centroid of girder, b) centroid of composite section (in.); I = moment of inertia of: a)
girder, b) composite structure (in.*); @(t, t;) = creep coefficient at time t for the load applied at t;; #; = loading
time (days); ¢ = time of interest (days)

Alternatively, AASHTO (2020) allows relaxation loss to be taken equal to 1.2 ksi for low-
relaxation strands between prestress transfer and deck placement and between deck placement and
final time. The proposed methodology uses the equation provided in the commentary of AASHTO
(2020) for computing strand relaxation loss since it is claimed to provide more accurate estimates.
While it is attempted to compute relaxation losses as accurately as possible it should be noted that

relaxation losses are rather small compared to losses caused by other effects.

3.1.10 Temperature Gradients

Temperature gradients create similar effects to the ones created by differential shrinkage
between the concrete and the strands or between the deck concrete and beam concrete. Because
temperature can vary through the depth of the cross-section, some parts of the cross-section will
tend to contract or expand more than the other parts. The temperature gradient used in this report
for quantifying its effects on beam camber and displacements was obtained from AASHTO LRFD
Bridge Design Specifications (2020) for solar radiation zone 3. The positive temperature gradient
has a bi-linear shape and is shown in Fig. 3.18. When calculating the effects of temperature

gradients on beam camber and displacements, creep effects were not considered because it was
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assumed that the temperature gradient would develop over a period of eight hours. Accordingly,
creep effects over such a short period of time would be negligible. Curvatures caused by positive
temperature gradients can be calculated by dividing the moment due temperature gradient by the
flexural stiffness of the composite section (Eq. 3.92). The moment due to the temperature gradients
is calculated by integrating the stress over the depth of the composite section where the temperature
gradient applies and by multiplying each infinitesimal stress block by the corresponding distance

to the neutral axis of the composite section (Eq. 3.93).

—M7g
Brp = —008 .
6= (3.92)
hctop
Myg = f T (Y)Eyb(y)ydy (3.93)
0

@1 = curvature due to temperature gradient (1/mm)

M7 = moment due to temperature gradient (N-mm)

a = coefficient of thermal expansion/contraction 6x10 (mm/mm/°F)
y = distance from the centroid of the composite section (mm)

b = width of the composite section (varies along the height) (mm)

T = temperature gradient defined in Fig. 3.18.

hewp = distance from centroid of composite section to top of deck

E» = modulus of elasticity of beam at 28 days

beam spacing —_— _he 102 mm 305 mm
. [ 41°F 5———
deck bin ;
: : 11°F
haunch ~ J Positive
4 temperature h
| flange gradient ctop
thickness I Y
Precast J/ | @gqg—————m———————————————r e ey
beam
Centroid of composite hy, = height of haunch (mm)

section h, = height of deck (mm})

Fig. 3.18. Positive temperature gradients for solar radiation zone 3
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3.1.11 Limitations of the Proposed Prediction Methodology

The previous sections presented the approach as well as the assumptions made during the
development of the proposed prediction methodology. For fully prestressed concrete beams the
prediction methodology can be used to predict camber and displacements at any point in time
during the life of the beam. For steel beams, the prediction methodology can be used to predict
camber and displacements in the composite system. In both cases the non-composite and
composite beams are assumed to be prismatic and simply supported. The proposed prediction
methodology does not address multi-span continuous bridges or non-prismatic members. It also
does not address partially prestressed concrete beams (i.e. beams that are allowed to crack under
service loads), although in Michigan such beams are rare due to the aggressive environment
created by the cold climate and the treatment of bridge decks with deicing salts. The extension of
the prediction methodology to continuous bridges could very well be the scope of a future project.
If this is pursued the following would need to be considered:

1) Quantification of restraint moments and their impact on beam camber and displacements.
This will depend on the detail adopted by MDOT to create continuity for live loads.

2) Unequal spans and different beams for each span. This will require the entry of the relevant
information for each span. This is a significant research endeavor as it requires to extend
the capabilities of the computational tool to include time dependent analysis in statically
indeterminate structures.

3) Consideration of various construction sequences. For example, in multi-span continuous
bridges, the deck is sometimes placed such that the portion over the interior supports is
placed later than the rest of the deck to reduce the likelihood of any transverse deck
cracking due to negative restraint moments or any continuity diaphragm cracking due to
positive restraint moments. This sequence is different compared to the case where the entire
deck is placed in one installation in terms of the history of beam camber and displacements.

4) Consideration of continuity in pin-hanger connections in terms of how it affects the
variation of internal forces if the tool is anticipated to be used in these cases.

5) Consideration of any potential cracking in the deck or beams if partially prestressed beams
were ever pursued or if it is found that existing prestressed concrete bridges crack under

service loads.
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3.2 Time Dependent Multiplier Method

While the algorithm developed based on the proposed methodology (Iteration No. 6) is relatively
straightforward to use, it does require the input of several variables. When only pre-erection
camber is of interest, an alternative method to predict it is to use time dependent multipliers. The
benefit of this method is that it provides a multiplier that is time dependent and thus removes the
limitation imposed by PCI and MDOT fixed value multipliers for any pre-erection time. The
disadvantage of this approach is that these multipliers are empirically derived based on the dataset
used as part of this research project. In this approach, time dependent multiplier curves were
developed for the each bridge project based on results obtained from the proposed methodology.
The ratio between long-term camber and camber at release was plotted as a function of time. The
analysis was conducted up to 90 days. The multipliers are applied to the net camber at prestress

release (i.e. the camber due to prestress plus beam self-weight).
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Chapter 4: Beam Camber and Displacement Data Sets
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Chapter 4: Beam camber and displacement data sets
4.1 Introduction

The research team was provided with a dataset of measured camber for various prestressed
concrete and steel beams used in bridge projects in Michigan. The measured camber typically
included measured camber at release and measured pre-erection camber. In addition, the dataset
included bridge drawings, quality assurance (QA) and quality control (QC) reports. The QA/QC
reports included measured concrete compressive strength, measured prestressing force at release,
measured unit weight, and measured beam length. The camber and displacement dataset provided
by MDOT were evaluated in terms of frequency, time, location, and instrumentation used to
measure camber as well as other information provided as part of the dataset. This evaluation was
done with the purpose that the provided dataset could later be used to assess the accuracy of the
proposed long-term camber prediction method.

In terms of frequency, camber and displacement data sets provided by MDOT were
supplied at two different times for each project; once after the detensioning of the strands (first
set) and another time prior to the erection of the beams at the bridge site (second set). The first set
of camber data was measured by the fabricator and was accompanied with information on the
measured concrete strength when the strands were detensioned, measured length of beams,
measured unit weight, and measured prestressing force. However, not all of this information was
provided for each project discussed in this section. MDOT’s policy in terms of the time frame for
collecting this set of data is that camber be measured at mid-span for each beam no more than
seven calendar days after releasing the prestressing force. The second set of data was measured by
agencies hired by MDOT before the beam leaves the precaster’s facility for erection (between 14
and 21 calendar days prior to setting the beam seat elevations at the abutments and piers). While
these two sets of data taken at two discrete times were certainly helpful in evaluating the accuracy
of the proposed methodology, the research team collected additional data at a higher frequency
from a precast plant in Windsor, Canada to further validate the proposed prediction methodology
and to develop the full camber growth curve for several beams. The precast fabricator in Windsor
is Prestressed Systems Inc. (PSI).

In terms of time, ideally, daily measurements should be taken early in the morning to
eliminate the effects of radiation-induced temperature gradients and allow collection of consistent

data. However, given that the first set of camber data were prepared by the precast fabricator who
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measured camber sometime after the detensioning of the strands, and that the second set was
measured by other agencies employed by MDOT sometime prior to the erection of the beams at
the bridge site, it may be difficult to ensure short term and long term collection of camber data at
a specified period of time during the day. However, if possible, collection of such data at a
consistent time during the day will help eliminate the effects of radiation-induced temperature
gradients and allow collection of consistent data. To quantify the effects of radiation-induced
temperature gradients the research team collected data on several beams at the PST Windsor plant
several times during a day including early in the morning, mid-morning, and noon.

In terms of location, the first set of camber data prepared by the fabricator were measured
at mid-span of the beam. It was assumed that the beam was supported as shown in the drawings
with supports located a distance L; away from the ends of the beam. In cases when the support
conditions were not shown in the drawings it was assumed that the beams were supported as
indicated in MDOT’s Standard Specifications for Prestressed Concrete Beams, which state:
“Support stockpiled beams across the full width on two battens, each greater than 4 in. wide. Do
not support beams at more than two points. Use battens to hold beams off the ground over the full
length. Place battens in from the beam ends no greater than 1% times the depth of the beams, or 3
feet, whichever is less.”

The second set of data were collected at multiple points along the span of the beam as
outlined in the document titled “Special Provision for Structure Survey during Construction”
prepared by MDOT. This document requires the reporting of the location of the supports during
storage as this information affects the magnitude of displacements due to self-weight and
consequently the magnitude of camber. However, such information was not provided. As a result,
similar to camber at prestress release predictions, long term camber predictions used the support
distance L, discussed above.

In terms of instrumentation, information regarding instruments used by the fabricator to
measure short-term camber and those used by the other agencies to measure long term camber was
not provided.

The information provided by the precast fabricator contained information on actual beam
length, magnitude of prestressing force, concrete unit weight, and measured concrete compressive

strength at release. This information was used to quantify the variability between specified and
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measured properties because such variation has been reported to be one of the main reasons for
the disparity between predicted and measured camber.

The provided short term (first set) and long-term (second set) camber and displacement
data were used to evaluate the accuracy of the proposed methodology. The following sections
provide detailed information on the camber and displacement data sets provided by MDOT, and

camber data collected by the research team at the PSI Windsor plant.

4.2 Camber and Displacement Data Sets Provided by MDOT

Camber and displacement data sets were provided by MDOT on 17 projects, which are
summarized in Table 4.2. The prestressed concrete beams for these projects were fabricated by
either Peninsula Prestress or PSI Decatur. Based on information supplied by MDOT the following
procedures/policies are used during the fabrication of the prestressed concrete beams by various
precast fabricators who supply prestressed concrete beams for bridge projects in Michigan.

1. Casting of Concrete: Concrete is prepared and mixed in the precast facility and transported

to the forms. Several fresh concrete tests are conducted to ensure compliance with the
specifications such as: concrete temperature, slump, and air content. Also, concrete
cylinders are prepared for compressive strength testing at release and 28 days. If the results
from fresh air concrete tests deviate from the specifications, then an attempt can be made
to adjust concrete such that it complies with specification requirements within the time
permitted in the MDOT Standard Specifications to avoid rejected concrete. For example,
concrete can be adjusted in truck mixers by doing an additional 30 revolutions at mixing
speed. During concrete placement, the steam is shut off and is turned back on after initial
set to help with accelerated curing. At the end of the concrete placement, tarps are secured
over the beams for moisture retention and insulating purposes. Whenever any type of
external heat source is used, thermocouplers are used to record the concrete temperature
(maximum concrete temp allowed is 150°F).

2. Curing: The curing techniques used by various precast fabricators that supply prestressed
concrete beams for bridge projects in Michigan are summarized in the following table. The
curing process is completed once the specified f;is reached. The MDOT specifications for

beam curing are provided in section 708.3 of Standard Specifications for Construction.
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3. Detensioning the strands: Prestressing force is transferred only after the specified concrete

compressive strength at release is reached. Detensioning of the strands is done gradually
according to a specified sequence to minimize eccentricities.
4. Beam Storage: Once the strands are detensioned, the beam is stored in the yard until the

time comes to ship it.

Table 4.1. Curing techniques used by precast beam fabricators that supply prestressed concrete
bridge beams for MDOT

Precast Curing Technique
Fabricator
Peninsula Prestress | Live steam. The steam lines run on the outside bottom of the beam
beds

Mack, Zilwaukee | Boiler heating system (oil) run along outside bottom of beam beds®
Mack, Kalamazoo | Radiant heat or live steam is used along outside bottom of beam

beds
PSI-Decatur Sure Cure System (electrical curing system) programmable to
ensure the concrete follows a consistent time/temp curve
Spancrete Live steam
Kerkstra Precast Indoor prestressing beds. Curing technique uncertain®

*There were no active projects at this plant at the time of writing of this report
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Table 4.2. Camber and Displacement Data Sets

. Span Deck Center-to- . ' ' '

Project name alfjlfideertﬁygi ) be;:]:s. /gita(’ length thickness center con ﬁStlr;r;gon?l caﬁnv‘t?::iag;faz Fabricator’ (f Ci.) T fci)4 I:Cde.gﬂf

pth (1n. (ft.) (in.) spacing (ft.) & ' Pst Ps Pst
M5 1-2 Bulb tee (42) 6/6 144.33 6 6.00 H@0.4L R &P PP 6100 8000 4000
M57 MI 1800 (71) 8/8 137.80 9 7.92 H@0.4L R PP 6000 6000 4000
MS9 Spre(al“;)B"X 6/6 28.25 9 8.00 D R&P PP 4300 5000 4000
M311 Bulb tee (60) 6/6 147.33 9 7.46 D R&P PSI-LLC 7000 8500 4000
TSO® Bulb tee (63) 4/4 98.33 8.85 8.20 H@(0.40-0.33)L R&P PSI 6100 7200  NA'©
Conc. A. 1 Bulb tee (48) 8/4 115.50 9 6.50 D R PP 7200 9000 4000
Conc. A. 2 Bulb tee (48) 8/8 91.50 9 6.50 D R PP 5200 9000 4000
175-B05 T‘;}’;SI}II?S% 9/9 39.50 9 5.83 - R PSI-LLC 6000 8000 4000
175-S05 Bulb tee (60) 11/11 152.50 9 9.04 D & H@0.4L R&P PSI-LLC 7000 10000 4000
175-S09-1 Bulb tee (48) 9/9 115.54 9 7.00 D R PSI-LLC 7000 10000 4000
175-S09-2 Bulb tee (48) 9/9 112.79 9 7.00 D R PSI-LLC 7000 10000 4000
175-S10-1 Bulb tee (42) 8/8 80.83 9 8.88 H@0.4L R&P PSI-LLC 7000 10000 4000
175-S10-2 Bulb tee (42) 8/8 97.33 9 8.88 D & H@0.4L R&P PSI-LLC 7000 10000 4000
175-S11 Bulb tee (54) 9/9 136.00 9 8.42 D & H@0.33L R&P PSI-LLC 7000 10000 4000
175-S12-1 Bulb tee (42) 777 96.75 9 8.08 H@0.4L R&P PSI-LLC 7000 10000 4000
175-S12-2 Bulb tee (42) 777 106.17 9 8.08 H@0.4L R&P PSI-LLC 7000 10000 4000
Fre“f;“‘Rf'zover Bulb tee (42) 18/14 99.04 9 7.00 H@0.4L R & P° PP 6000 8000 4000
Shepherd Rd. 1-3 Spr?g‘})Box 10/4 55.92 NA? 7.00 D p PP 6500 7000  NAI
Shepherd Rd. 2 Spri;‘})BOX 5/5 62.17 NA'0 7.00 D ps PP 6500 7000  NA°
175-Springwells-1 ~ Bulb tee (48) 112 86.67 9 9.15 D & H@0.4L R PP 7000 8000 4000
175-Springwells-2  Bulb tee (48) 112 74.67 9 9.15 D & H@0.4L R PP 7000 8000 4000
I75-Livernois-1 ~ Bulb tee (48) 12/0 111.00 9 6.63 D & H@0.4L NAI0 PP 7000 8000 4000
I75-Livernois-2  Bulb tee (48) 12/2 96.75 9 6.63 D & H@0.4L R PP 7000 8000 4000
Saginaw County  Bulb tee (42) 12/12 118.9 NA' 6.17 D & H@0.4L R&P PP 7000 10000 NA'©
M20 I'i};ﬁ‘z%‘;el 20/20 172-190"! 9 10.0-10.50'>  Not applicable ~ PRC & PC'3 NA'0 Not applicable 4000

NN AW =

. H: Harped, D: Debonded.
. R: Camber at release, P: Camber at pre-erection.

. Camber measurements were recorded at the precast facility nine days after beams were cast.
. Specified concrete strength.
. Camber measurements were recorded at the precast facility 1-to-3 days after beams were cast.
. Provided measured pre-erection camber data could not be used due to insufficient information.
. PP: Peninsula Prestress, PSI: Prestress Services Industries.

8. TSO: Tiffin Street Overpass, Canadian Project.
9. Represents number of beams for which camber and displacement data was available.

10. Not available.
11. There are four spans whose lengths vary.

12. There are five beams in the transverse direction whose spacings vary.

13. PRC: pre-construction camber (without beam self-weight), PC: post-construction camber
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4.3 Camber and Displacement Data Sets collected from the Windsor Plant

In addition to the data provided by MDOT, the research team collected additional camber
data from the PSI Windsor plant for four prestressed concrete beams used in the Tiffin Street
Overpass project. This bridge has a span of 96 ft 9 in. and features a total of seven prestressed
concrete beams. However, due to the tight casting and shipping schedule, camber data was
collected only for four beams. PSI supplied partial bridge drawings and specifications so that the
research team could predict short term and long-term camber. Camber data was collected twice a
week for a period of four weeks, which was approximately the period of time that the girders
stayed in the precast facility prior to being shipped to the bridge site. The number of camber data
points collected per beam varied from four to eight depending on when the beam was cast. This
increase in the number of camber data points compared to the two data points per beam supplied
for the MDOT projects provided an opportunity to create a camber growth curve for the beams in
question and to validate the long-term camber predictions at additional times. In addition, for all
four beams several measurements were taken two days before the girders were shipped to the
construction site at various times during the day such as morning, mid-morning, and noon to
quantify the effects of radiation induced temperature gradient.

As stated earlier, the Tiffin Street Overpass project features a total of seven 98 foot long
CPCI 1600 prestressed concrete beams whose properties and dimensions are illustrated in Fig. 4.1.
The prestressed concrete beams did not feature any debonded strands, but did have three sets of
harped strands. The following procedure/policy was used during fabrication:

1. Casting of Concrete: Concrete was prepared and mixed in the precast facility and

transported to the forms. Several fresh concrete tests were conducted to ensure compliance
with the specifications such as: concrete temperature, slump, and air content. Also,
concrete cylinders were prepared for compressive strength testing at release and 28 days.
If the results from fresh air concrete tests deviate from the specifications, concrete is
rejected.

2. Curing: A minimum of four-day moist curing is typically used. During the moist curing
and moisture retention period, the members may be exposed to ambient condition for no
more than a total of three hours. The concrete temperature during production, moist curing

and moisture retention period shall not fall below 10 °C before the concrete has reached
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75% of the specified 28-day compressive strength. Once the concrete reaches 75% of
specified 28-day compressive strength, then temperature control does not apply.

3. Detensioning the strands: Prestressing force is transferred only after the specified concrete

compressive strength at release is reached. Detensioning of the strands is done gradually
according to a specified sequence to minimize eccentricities.

4. Additional Curing: After the initial four-day moist curing and moisture retention period

the girder can be moved outside without any additional curing if the ambient temperature
is 50C or higher. If the member is moved outside, and the outside ambient temperature is
below 5 °C, the girder is protected via temperature control using an outside curing chamber
for a minimum of three additional days. In this case, the total curing period becomes seven
days.

5. Beam Storage: Once the curing process is completed, the beam is stored in the yard until

the time comes to ship it. Deep I-beams are braced for stability.

The difference between the fabrication practices used in the PST Windsor plant and those
used by precast fabricators in Michigan is primarily in the initial curing and post curing process.
The predominant curing technique in Michigan appears to be steam curing and the curing process
is complete once the strands are detensioned. Whereas in the PSI Windsor plant, an initial
minimum four day moist curing is used, which may be accompanied by an additional three day
curing depending on the outside ambient temperature, when the beam is moved from the
prestressing bed. While only the Michigan data was used to develop the time dependent multiplier
method, the PSI Windsor measurements were used to further validate the robustness of the
proposed prediction methodology by obtaining additional data points per beam. Additionally, the
PSI Windsor data was used to quantify the influence of solar radiation induced temperature

gradients on camber.
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Fig. 4.1. Nominal Dimensions (in mm) for the CPCI-1600 prestressed concrete beams (A = 515
mm?® x 10°, Yo=793 mm, Iy=1.78 x 10'! mm*)

The first camber measurement for each girder was taken a few days after the girder was
removed from the moist-cure chamber and placed into storage. Camber was measured using
surveying equipment, which featured a differential level, tripod, a custom made measuring rod,
and a bearing block for the rod. The beams were placed on wooden blocks positioned
approximately 3 feet from each end. The custom made measuring rod replaced the standard
surveying rod, which was too tall to fit between the top and bottom flanges of the beam and
featured divisions of up to 1/8 in. as opposed to the custom made rod, which provided divisions
up to 1/16 in. The custom made rod was made using a threaded steel rod, which was fitted with a
scale and bullseye level. The scale’s precision was 1/16 in. The bearing block for the rod was made
using dimensional lumber, which was saw cut to fit the bottom flange of the CPCI-1600 Girders
being measured and is illustrated in Fig. 4.2. b. This provided a solid point to place the measuring
rod and obtain consistent measurements across the length of the girder. Fig. 4.2 shows the basic
layout of the girder and differential level used to take measurements. The sight was first leveled
using the leveling bubble on the differential level. After leveling the sight, a benchmark reading
was taken at position 1. Beam elevations were then recorded at the ends, quarter-points, and at
mid-span (positions 2 through 6 in Fig. 4.2). Then a final benchmark reading was taken at position
7 (same as position 1) to ensure the level did not move during measurements. This procedure was
repeated for each beam. Beam elevations were then used to calculate camber at quarter points and
mid-span. Since for this project camber measured by the fabricator at release was not provided,
the first set of measurements, which was taken typically two days after the release of the

prestressing force, was used to indicate camber at release.

78



b) ©)

Fig. 4.2. a) Illustration of methodology for measuring camber in four CPCI-1600 prestressed
concrete beams, b) photograph showing measurement setup and device made for taking consistent
measurements across beam bottom flange, ¢) photograph showing device used to match the bottom
flange of the beam and to receive the measuring rod.

4.4 Relationship between Specified and Measured f .

Since the modulus of elasticity is typically calculated using empirical formulas that are a
function of the compressive strength of concrete, it could be deduced that an accurate estimation
of the actual concrete compressive strength helps improve the accuracy of the estimation for the
modulus of elasticity and consequently camber predictions. Since measured compressive strength
data was made available as part of the quality control and quality assurance reports, the relationship

between the specified concrete compressive strength at release, f¢i specifiea; and the measured
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concrete compressive strength at release, fci measured, Was investigated (Fig. 4.3a). Additionally,
measured concrete compressive strength data when beams were shipped from the precast facility
to the bridge site were also available for some projects. When the beams were shipped to the bridge
site, the age of beams was between 28-30 days old. Therefore, measured compressive strength data
when the beams were shipped were used to establish a relationship between measured and
specified compressive strength at 28 days (Fig. 4.3b). The average ratio between measured and
specified compressive strength at prestress release was calculated for beams fabricated by three
companies: Prestress Services Industries LLC, Peninsula Prestress, and PSI Windsor (Canadian
Company). Since only Prestress Services Industries LLC and Peninsula Prestress fabricate beams
for bridge projects constructed in Michigan, only data from these companies were used to calculate
an average overstrength factor for the concrete compressive strength at release. This overstrength
factor (i.e. average ratio of f"ci measured/f ci_specited) Was 1.21 and the coefficient of variation (COV)
was 14%. Similarly, the average ratio between measured and specified compressive strength at 28
days (f’c_measured/f c_specifea) for the beam fabricated by Prestress Services Industries LLC was 1.21
and the COV was 11%. These overstrength factors are included as an option in the algorithm
(Iteration No. 6) so that the user can adjust specified compressive strengths accordingly for

improved camber predictions.

a) b)
Fig. 4.3. Ratio of measured over specified: a) initial concrete compressive strength, b) 28 day
concrete compressive strength

4.5 Relationship between Calculated and Measured E;

Since the modulus of elasticity of concrete at release is one of the key parameters for
accurately estimating camber at release as well as long-term camber, the relationship between the
calculated modulus at release and the measured modulus was investigated. The calculated modulus

was obtained using Eqgs. 3.75, 3.77, 3.79 and 3.81 provided in the AASHTO LRFD Bridge Design
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Specifications (2020), ACI 318-19, ACI 363R-92 (1992), and fib MC 2010, respectively. Modulus
of elasticity was calculated once using the specified concrete compressive strength, specified unit
weight, and K;=1.0 (Table 4.3) and another time using measured compressive strength (Table 4.4).
The calculated modulus was compared to the measured modulus for several bridge projects.
Modulus of elasticity tests were conducted in accordance with ASTM C469. The results are shown
in Table 4.3 and 4.4. As can be seen, Eq. 3.75, 3.77, 3.79 and 3.81 underestimate modulus of
elasticity at release of prestressing force. When specified compressive strengths are used average
ratios of measured over predicted modulus for AASHTO (2020), ACI 318-19, ACI 363 (1992),
and fib MC (2010) are 1.20, 1.24, 1.37, and 1.12 and COVs of 15% , 16%, 15%, and 15%,
respectively. As can be seen, the fib MC 2010 model provides the most accurate and consistent
estimations of modulus. When measured compressive strength are used, average ratios of
measured over predicted modulus for AASHTO (2020), ACI318-19, ACI 363 (1992), and fib MC
(2010) are 1.13, 1.14, 1.30, and 1.09 and COVs of 5% , 5%, 4%, and 5%, respectively. As can be
seen, the fib MC 2010 model still provides the most accurate and consistent estimations of
modulus. It should be noted that this conclusion is based on only a limited set of data for Michigan
concretes. The proposed prediction methodology allows the use of any of these models for
predicting modulus. The user of the proposed prediction tool is encouraged to evaluate each model.
As a starting point, it is recommended that the AASHTO (2020) model be used since it is provided
in the main body of AASHTO LRFD Specifications (2020). In addition, this model together with
other models that capture the variation of modulus of elasticity, creep, and shrinkage with time
resulted in reasonable predictions of pre-erection camber when compared with measured values as
will be demonstrated in the subsequent chapters. The use of measured compressive strength
improved the accuracy and consistency of modulus of elasticity predictions. The specified
overstrength factors for compressive strength can be used in the proposed prediction methodology

to utilize this increase in modulus prediction accuracy.

E.; = 120,000K,w 20f 033 (3.75)
E. = 33wlS/f. (3.77)
1.5
Eei = (40,0077 + 10°) (=) (3.79)
E = 2760ag3/fL: (3.81)
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Table 4.3. Relationship between calculated and measured modulus of elasticity at release
(calculated modulus is based on specified compressive strength)

) ) Beam E,ci,calculated ! (kSI) E’ . Ratio = %
Fabricator| Project cl.measured <

ID |AASHTO| ACI ACI fib MC (ksi) AASHTO| ACI |ACI363R-| fib MC
(2020) |318-19]| 363R-92 | 2010* (2020) |318-19 92 20107

Concord | NA 4960 | 4821 4347 5280 4461 0.90 0.93 1.03 0.84

Avenue NA 4960 | 4821 4347 5280 4682 0.94 0.97 1.08 0.89

NA 4960 | 4821 4347 5280 6533 1.32 1.36 1.50 1.24

Peninsula RO4 NA 4960 | 4821 4347 5280 6440 1.30 1.34 1.48 1.22

Prestress NA 4960 | 4821 4347 5280 6346 1.28 1.32 1.46 1.20

R04 N1 4960 | 4821 4347 5280 6272 1.26 1.30 1.44 1.19

S02 0Ol 4484 | 4273 3967 4872 6443 1.44 1.51 1.62 1.32

B02 Pl 4960 | 4821 4347 5280 5320 1.07 1.10 1.22 1.01

S07 NA 4960 | 4821 4347 5280 6377 1.29 1.32 1.47 1.21

“Using specified properties; TAggregate factor, ag, was taken 1.0. Avg. 1.20 1.24 1.37 1.12

St. Dev 0.18 0.19 0.21 0.17

COV (%) 153 15.7 15.1 15.0

Table 4.4. Relationship between calculated and measured modulus of elasticity at release
(calculated modulus is based on measured compressive strength)

. _El
E,ci,calculated * (kSI) Ratio ﬁ
: : Beam E’ i measured -
Fabricator| Project | "1y | \ xsHTO|  ACI ACI | fibMC (ksi)  |AASHTO ?ICSI ACI | fibMC
(2020) | 318-19 |363R-92| 2010* (2020) 19 363R-92| 2010%
NA 5790 5733 4980 5926 6533 1.13 1.14 1.31 1.10
RO4 NA 5790 5733 4980 5926 6440 1.11 1.12 1.29 1.09
Peninsula NA 5790 5733 4980 5926 6346 1.10 1.11 1.27 1.07
Prestross R04 N1 5343 5249 4644 5588 6272 1.17 1.19 1.35 1.12
S02 o1 5315 5218 4622 5566 6443 1.21 1.23 1.39 1.16
B02 Pl 4991 4855 4371 5305 5320 1.07 1.10 1.22 1.00
S07 NA 5844 5791 5020 5966 6377 1.09 1.10 1.27 1.07
"Using measured properties; tAggregate factor, ay, was taken 1.0. Avg. 1.13 1.14 1.30 1.09
St. Dev 0.05 0.05 0.06 0.05
COV (%) 4.5 4.6 44 4.5

The development of modulus of elasticity with time was also examined by conducting modulus of
elasticity tests at various concrete ages and by comparing the measured modulus with the time
dependent calculated modulus using specified as well as measured compressive strengths. Fig. 4.4
suggests that the use of measured compressive strengths resulted in closer agreements between
measured and calculated time dependent modulus. Fig. 4.4. suggests that the use of the fib MC
(2010) model and the combination of AASHTO LRFD (2020) and ACI 209R-92 model resulted
in more accurate predictions compared with the combination of ACI 363R-92 and ACI 209R-92
model. As noted earlier, the amount of long-term modulus data is too limited to draw any firm

conclusions about the superiority of a given model for Michigan concretes. Since the proposed
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prediction methodology allows the use to select any combination of models the user is encouraged
to explore this benefit to obtain a sense for the range of variability in the results for a given project.
However, the combination of the AASHTO LRFD (2020) and ACI 209R-92 models can be used

as the starting point for predicting the modulus of elasticity with time.

Fig. 4.4. Development of modulus of elasticity with time using specified (left) and measured
(right) properties for: a) R04 (CG1); b) R04 (CG2); ¢) S02 (CG3); d) BO2 (CG4) projects
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4.6 Relationship between Specified and Measured Concrete Unit Weight

The relationship between the specified and measured unit weight was investigated for the
beams fabricated by Peninsula Prestress. Since concrete unit weight is an important factor when
estimating the self-weight of the beam and consequently the displacement due to self-weight, the
quantification of any variation in this parameter is of interest. The results shown in Table 4.5
suggest that there is not much variation between the specified and measured unit weight. The

average ratio between measured and specified unit weight is 1.0 and the COV is 1.0%.

Table 4.5. Comparison of specified and measured concrete unit weight

1 1 . w d
Fabrlcator PrO_] ect Beam ID W~3¥’efl)(i9d (pCf) Whmeasured (PCf) Rat1o = —mease

Wspecified
M-89 All 145 145.12 1.00
M-5 All 145 145.42 1.00
Peninsula B-2,C-3 145 146.00 1.01
Prestress M-57 D-4 145 146.32 1.01
E-5 145 142.00 0.98
H-7 145 144.56 1.00
Ave. 1.00
Std. 0.01
Cov 0.01

4.7 Relationship between Specified and Measured Prestressing Force

One of the parameters that affect the magnitude of camber is the magnitude of the
prestressing force. Therefore, using the correct prestressing force when estimating camber at
release or long term camber is paramount. The relationship between the measured and specified
prestressing force was investigated to determine the degree of variability. The results shown in
Table 4.6 suggest that there is no significant variation between the specified and measured
prestressing force. The average ratio between measured and specified prestressing force is 1.03

and the COV is 1.0%.

Table 4.6. Comparison of specified and measured prestressing force at release

P
Fabricator ~ Project BeamID  Pipeciied (KIPS)  Pi measurea (kips) ~ Ratio =—=measured

Pi_specified
Peninsula M-89 All 44 45.5 1.03
Prestress M-57 All 44 45.0 1.03
Avg. 1.03
Std. 0.01
COv 0.01
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4.8 Relationship between Specified and Measured Beam Length

Beam length is one of the key parameters when estimating displacements and camber
because a small variation in it causes large changes in displacements and camber. For example,
displacements due to beam self weight are a function of the beam length raised to the power of
four. Similarly, camber due to prestress is a function of beam length raised to the power of two.
The relationship between the specified beam length and supplied one was investigated for all three
Michigan projects whose beams were fabricated by Peninsula Prestress. The results of such
comparison are shown in Table 4.7. As can be seen, there is negligible variation between the
specified and measured beam length. Therefore, beam length can be eliminated as a source of

uncertainty.

Table 4.7. Comparison of specified and measured beam length

Fabricator Project Beam L.D. Lipecifiea (in.) Lneasurea (in.) Luneasured/ Lspecified
Al 355.00 355.00 1.00
F5 355.00 355.13 1.00
MS9 B2 355.00 355.00 1.00
C3 355.00 355.13 1.00
D4 355.00 355.00 1.00
E2 355.00 355.13 1.00
1B 1381.00 1380.50 1.00
1A 1381.00 1381.00 1.00
M5 1C 1381.00 1381.13 1.00
Peninsula 2A 1381.00 1380.75 1.00
Prestress 2B 1381.00 1380.63 1.00
2C 1381.00 1381.25 1.00
1A 1664.63 1665.38 1.00
D4 1664.63 1664.50 1.00
B2 1664.63 1665.38 1.00
M57 C3 1664.63 1664.50 1.00
E5 1664.63 1665.00 1.00
G6 1664.63 1665.38 1.00
F2 1664.63 1665.13 1.00
H7 1664.63 1664.75 1.00
Avg. 1.00
Std. 0.00
COV. 0.00
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4.9 Summary of Relationships between Measured and Specified/Calculated Properties

Table 4.7 provides a summary of the relationships between measured and specified/calculated
properties using various statistical indicators. The average ratio and COV of measured over
specified concrete compressive strength at prestress release and 28 days was 1.21 and 1.21, and
14% and 11%, respectively. Therefore, the algorithm based on Iteration No. 6 provides the user
the option to use Michigan Overstrength Factor of 1.2 for both f”.; and /.. The average ratio and
COV of measured over calculated modulus of elasticity at prestress release based on AASHTO
LRFD Specifications (2020) are 1.20 and 15%, respectively, when the specified compressive
strength was used to calculate the modulus. When measured properties were used, the average
ratio and COV. of measured over calculated modulus of elasticity at prestressed release based on
AASHTO LRFD (2020) are 1.13 and 5%, respectively. Finally, as previously indicated there was
negligible variation between measured and specified unit weight, prestressing force, and beam
length.

Table 4.8. Summarized results for the relationship between measured and specified parameters

Statistical | fei.measured | fe.measurea | Ecimeasured | Ecimeasured | Wmeasured | Pimeasurea | L measurea
parameters | fui oociriea | fe specifiea | Eci catcutatea | Eci catcutatea | Wspeciriea | Pispecifiea | L.specifiea
Min. 0.94 1.01 0.90 1.07 0.98 1.03 1.00
Max. 1.78 1.90 1.44 1.21 1.02 1.03 1.00
Avg. 1.21 1.21 1.20 1.13 1.00 1.03 1.00
COV. (%) 14 11 15 4.5 1 1 0
# of tests 299 234 9 7 8 2 20

*Based on AASHTO LRFD (2020) with specified concrete compressive strength.
“Based on AASHTO LRFD (2020) with measured concrete compressive strength.

4.10 Solar Radiation Study

To quantify the influence of solar radiation induced temperature gradient on beam camber, several
measurements were taken for the beams fabricated by PSI Windsor on April 27, 2019 between
8:30 a.m. and 1:30 p.m. in Windsor, Canada. Three measurements were taken for each beam; the
first at 8:30-9:00 a.m., the second at 11:00-11:30 a.m., and the third at 1:00-1:30 p.m. The weather
during the day was mostly sunny and the temperature varied from 38°F to 51°F. All four girders
were directly exposed to sunlight throughout the time measurements were taken. The measured
data is illustrated graphically in Fig. 4.5. Camber varied as much as 0.22 in. due to the influence
of daily temperature gradient. This was a smaller variation than that reported by Hinkle (2006) in
Virginia who reported that camber varied as much as 0.5 in. due to solar radiation induced

temperature gradient. However, Hinkle (2006) conducted his measurements in August 25, in
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Virginia, between 7:30 a.m. and 1:30 p.m. The recorded temperatures varied from 82°F to 90°F.
The differences between the camber variation that was measured in Windsor, Canada and that
reported by Hinkle (2006) in Virginia are attributed to differences in climate and season although
both Michigan and Virginia fall in solar radiation zone 3 (Windsor, Canada is assumed to be in the

same solar radiation zone due to its proximity to Michigan).

Fig. 4.5. Variation in camber due to radiation induced thermal gradient for: a) Girder G2-6, b)
Girder G2-7, c¢) Girder G2-8, d) Girder G2-9

4.11 Data Collection Guidelines

There are many factors that affect camber at release and long-term camber and each factor
is associated with some degree of uncertainty. To minimize uncertainties related to the influence
of radiation induced temperature gradient it is recommended that camber measurements are
collected at a specific time frame during the day, such as early in the morning and this time should
be indicated in the survey report. Additionally, to further quantify the influence of solar radiation
induced temperature gradient it would be useful to collect multiple readings during the same day

at various times in the day such as early morning, mid-morning, noon, and afternoon. Additionally,
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the storage and support conditions for the beams should be indicated in the survey report to
properly quantify the influence of the self-weight of the beam on the reported beam elevations
throughout the span. Such reporting is required in the document titled “Special Provision for
Structure Survey during Construction” prepared by MDOT, however, this type of data was not
provided as part of the data set. Furthermore, the instrument with which camber is measured should

be indicated in the survey report to ensure that reliable techniques are used to measure camber.
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Chapter S: Evaluate Factors that Affect Prestressed Concrete Beam
Camber
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Chapter 5: Evaluate factors that affect prestressed concrete beam camber
5.1 Introduction

Factors known to affect camber at release of prestressing force are: unit weight of concrete,
member geometry (cross-section and beam length), strand layout and magnitude of the prestressing
force, modulus of elasticity at prestress release, transfer length, debonding, intended or unintended
cracking, support conditions during storage, and temperature gradients. A sensitivity analysis was
conducted to quantify the influence of several of these factors on camber at release and long-term
camber. The parameters that were considered in the sensitivity analysis include the length of the
beam, the unit weight of concrete, the magnitude of the prestressing force, modulus of elasticity at
prestress release, and the time when initial camber is measured. For pre-erection camber,
additional parameters such as the creep and shrinkage model, the model to predict modulus of
elasticity at prestress release and 28 days as well as its variation with time, and overstrength factors

were considered to quantify their influence on pre-erection camber.

5.2 Sensitivity Analysis

The results of the sensitivity analysis are shown in Table 5.1 and Table 5.2. The analysis
was conducted using the approach presented in Iteration No. 6 for each project using specified
properties and then the considered parameters were varied by +/- 10%. The results in Table 5.1
and Table 5.2 show the average as well as the lower and upper bounds in terms of % change in net
deflection (i.e. camber) for all projects considered.

A +/- 10% change in the length of the beam resulted in a change in camber at release that
varied from -18.6% to 17.1%. The average change in camber at release for a +/-10% change in
beam length was 8.6% and -12.1%, respectively. A similar influence was observed for pre-erection
camber. It is interesting to note the range of the percent change in net camber due a fixed percent
change in the length of the beam. This range emphasized the need to conduct the sensitivity
analysis for various projects rather than draw conclusions based on conducting a sensitivity
analysis for a single project. While the results suggest that a 10% change in beam length can cause
as high as a 17.1% change in camber, the results presented in Chapter 4 suggest that the variation
in beam length is minimal and this parameter does not constitute a source of high uncertainty.
Additionally, while beam length is expected to have an exponential effect on either prestressed

induced camber or gravity induced downward displacement, the net effects is as shown by the

90



lower and upper bounds as well as the average change. This is due to the competing effects of
prestressing force and gravity as well as other factors such as support conditions during storage.

A +/- 10% change in the specified compressive strength at release resulted in a change in
camber at release that varied from -4.9% to 5.6% and a change in pre-erection camber that varied
from -6.9% to 8.2%. The average change in camber at release for a +/-10% change in f’¢; was -
4.4% and 5%, respectively. While the compressive strength itself does not influence in service
behavior during which stresses are within the linear elastic range of the stress strain curve for
concrete, compressive strength is typically used as an indicator to characterize the class of concrete
being used including its stiffness (modulus of elasticity). Because the compressive strength is used
in the empirical equations used to calculate modulus, it has a marked influence on initial and pre-
erection camber. Its higher influence on the pre-erection camber is explained by the fact that the
compressive strength is a parameter in the creep model provided in the AASHTO LFRD
Specifications (2020).

A +/- 10% change in the magnitude of the prestressing force at jacking resulted in a change
in camber at release that varied from -20.7% to 20.7%. The average change in camber at release
for a +/-10% change in Pjacking Was 15.1% and -15.2%, respectively. A similar influence is observed
for pre-erection camber. As can be seen, the influence of a change in the magnitude of the
prestressing force, similar to that of a change in beam length, has a significant influence on the
magnitude of calculated camber. The maximum influence of a change in the magnitude of the
prestressing force is slightly higher than that of a change in beam length (20.7% versus 17.1%).
However, the results presented in Chapter 4 indicate that precast fabricators have good control
over the magnitude of the applied prestressing force, therefore, this parameter does not constitute
a source of high uncertainty.

A +/- 10% change in the magnitude of the unit weight of concrete resulted in a change in
camber at release that varied from -10.8% to 10.8%, suggesting this parameter also has a
significant influence. The average change in camber at release for a +/-10% change in w was -
5.2% and 5.1%, respectively. A similar influence was observed for pre-erection camber. However,
the results presented in Chapter 4 suggest that precast fabricators have good control over the
supplied unit weight of concrete used for the prestressed concrete beams and that the measured

unit weight matches well with the specified unit weight.
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A +/- 10% change in the modulus of elasticity of beam concrete at release resulted in a
change in camber at release that varied from -9.8% to 10.6%. The average change in camber at
release for a +/-10% change in E.; was -8.6% and 10.3%, respectively. A similar change was
observed for pre-erection camber. This suggests that a certain percent change in the initial modulus
results in a comparable change in camber at release. Although the influence of the modulus of
elasticity of concrete does not appear to be as high as that of beam length or prestressing force,
this parameter constitutes a high source of uncertainty compared to the other three parameters
discussed above. This is due to the fact that the equation used to determine the modulus of elasticity
was obtained using curve fitting techniques and the scatter in data is large. Naturally, the influence
of the initial and 28 day modulus on beam camber and displacements was stronger than that of the
initial beam concrete compressive strength. This is because the former has a direct influence on

camber and displacements, whereas the latter only influences camber and displacements through
the calculated modulus (which is a function of |/ ;).

The influence of the support locations during beam storage in the precast facility on initial
and pre-erection camber was investigated by varying the location of these supports by +/- 10%. A
+/- 10% variation in support locations resulted in -1.4% to 0.8% change in camber at release and
-1.0% to 0.9% change in pre-erection camber. The average change in camber at release for a +/-
10% change in Lovernang Was 0.4% and -0.6%, respectively. These results suggest that support
location influences pre-erection camber to a degree that may be worth considering in the prediction
methodology. As a result, the prediction framework provided as part of this report includes
provisions for accounting for the support locations during storage.

A +/- 10% change in transfer length resulted in a +/-1.4% change in initial camber and +/-
0.9% change in pre-erection camber, suggesting that the influence transfer length may also be
worth considering. The average change in camber at release for a +/-10% change in Liyansfer Was -
0.1% and 0.1%, respectively.

A similar observation was made for the influence of debonded length for beams that
featured strands that were debonded from concrete for a certain length at the ends of the beams to
control the magnitude of tensile stresses at the ends of the beam. A +/- 10% change in debonded
length resulted in a +/-1.4% change in initial camber and a +/-1.8 change in and pre-erection

camber, suggesting again that debonded length may be worth considering in the prediction
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methodology. The average change in camber at release for a +/-10% change in Laeponded Was -0.4%
and 0.3%, respectively.

A +/- 10% change in the location of the harping points resulted in -3.0% to 2.7% change
in initial camber and -3.0% to 2.7% change in pre-erection camber suggesting that the location of
the harping points has a marked influence on pre-erection camber and should be accounted for in
the prediction methodology. The average change in camber at release for a +/-10% change in
Larping Was -1.9% and 1.7%, respectively.

The proposed prediction methodology (Iteration No. 6) accounts of support locations
during storage, transfer length, debonded length, and location of harping point thus providing the

user a tool with great flexibility and which accounts for a variety of scenarios and designs.

Table 5.1. Influence of various parameters on camber at release

Camber at Release Sensitivity Analysis

Lower bound Upper bound %
Parameter varied % change for change for net Average
net camber camber

Baseline (Iteration No. 6) - - -

L+10% -4.8 17.1 8.6
L-10% -18.6 -4.1 -12.1
fci_beam+10 % -4.9 -4.0 -4.4
f'ei beam-10 % 4.3 5.6 5.0
Pjacking 710 % 11.4 20.7 15.1
Pjacking -10 % -20.7 -12.2 -15.2
w+10 % -10.8 2.4 -5.2
w-10 % 1.4 10.8 5.1
Ei+10 % -9.8 -8.4 -8.6
E-10 % 9.8 10.6 10.3
LoverhangT10 % 0.0 0.8 0.4
Loverhang -10 % -1.4 -0.3 -0.6
Liranster 710 % -1.4 0.0 -0.1
Licanster-10 % 0.0 1.4 0.1
Ldebonded T10 % -1.4 0.0 -0.4
Ldebonded-10 % 0.0 1.4 0.3
Liarping 710 % -3.0 -0.8 -1.9
Lharping -10 % 0.5 2.7 1.7

L = Beam length, f'¢i beam = compressive strength of beam concrete at release, Pjacking = prestressing force at jacking,
w = unit weight, E¢; = modulus of elasticity at release, Loverhang = beam overhang length, Liranster = transfer length,
Lagebonded = debonded length, Liaming = location of harping point measured from support location
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Table 5.2. Influence of various parameters on pre-erection camber

Pre-erection Camber Sensitivity Analysis

Parameter varied Lower bound % Upper bound % change Average
change for net camber for net camber
Baseline (Iteration No. 6) - - -
L+10% -1.7 18.2 8.1
L-10% -17.3 -2.6 -11.5
e +10 % -6.9 -5.4 -5.8
i -10 % 6.6 8.2 7.0
Pjacking +10 % 12.7 21.8 15.4
Pjacking -10 % -22.0 -11.5 -15.3
w+10 % -12.1 -1.8 -5.4
w-10 % 2.7 11.9 5.6
Ei+10 % -9.7 -1.7 -9.0
Ei-10 % 10.7 11.8 11.0
Loverhangt10 % 0.0 0.9 0.5
Loverhang -10 % -1.0 0.0 -0.5
Ltranster 710 % -0.9 0.0 -0.1
Ltranster -10 % 0.0 0.9 0.1
Ldebonded T10 % -1.8 0.0 -0.4
Lacbonded -10 % 0.0 1.8 0.4
Lnarping 710 % -3.1 -0.6 -1.9
Liarping -10 % 0.6 2.7 1.7

L = Beam length, i peam = compressive strength of beam concrete at release, Pjaciing = prestressing force at jacking,
w = unit weight, E; = modulus of elasticity at release, Loverhang = beam overhang length, Lyanger = transfer length,
Laebondea = debonded length, Ljamping = location of harping point measured from support location

5.2.1 Influence of Creep and Shrinkage Model on Pre-erection Camber

The influence of the selected creep and shrinkage model for beam concrete on pre-erection camber
was investigated by computing pre-erection camber for the first 28 days for the prestressed
concrete beams used in the S-11 project. The results are shown in Fig. 5.1. Predictions based on
Bazant-Baweja B3 model and GL 2000 model were significantly higher than measured pre-
erection camber values as well as predictions based on other models and are therefore not included
in Fig. 5.1. Fig. 5.1 suggests that the selection of the creep and shrinkage model for beam concrete
has a marked influence on the prediction of pre-erection camber development. The proposed
prediction methodology (Iteration No. 6) provides the user the ability to choose one out of eight
models. Since most predictions presented in this report were based on the AASHTO LRFD (2020)
creep and shrinkage models provided in the body of AASHTO (2020), and since these predictions
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matched well with measured pre-erection camber, it is recommended that these models be used as

a starting point. Other models may be used to quantify the expected range of camber predictions.

Fig. 5.1. Variation of pre-erection camber for S-11 project using different creep and shrinkage
models

5.2.2 Influence of Model to Predict Modulus of Elasticity at Prestress Release and 28 Days

The influence of the model to predict modulus of elasticity at prestress release and 28 days on pre-
erection camber was evaluated by running the proposed prediction methodology four times for the
S-11 project; one time with the benchmark model (AASHTO LRFD (2020)) and three other times
using ACI 318-19 model, ACI 363R-92 model, and fib MC 2010 model, respectively. When using
the AASHTO LRFD (2020) model the aggregate factor, K;, was taken equal to 1.0 and concrete
unit weight, w., was calculated using the compressive strength dependent formula. Additionally,
the ACI 209R-92 model was selected to capture the variation of modulus with time, no
overstrength factors were used, and the AASHTO LRFD (2020) models for creep and shrinkage
were used as part of the benchmark model. When using the fib MC 2010 model the aggregate type
was assumed to be quartzite. The number of beam sections along half the span was selected as 51,
and the proposed time step generation method was used. Fig. 5.2a show a comparison of predicted
moduli of elasticity at prestress release and 28 days using each model and Fig. 5.2b shows the
difference in pre-erection camber magnitude when each model is considered. Fig. 5.2b suggests

that the selection of the model for modulus of elasticity at prestress release and 28 days has a
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noteworthy influence on pre-erection camber with the ACI 363R-92 model resulting in differences
up to 14% and ACI 318-19 resulting in differences up to 6%. Since the benchmark model used in
the evaluations presented in this report resulted in reasonable predictions of pre-erection camber
when compared to measured values, it is recommended that the AASHTO LRFD (2020) model is
used. Investigation of other models may be used to determine the limits of variability for pre-

erection camber.

a) b)
Fig. 5.2. a) Comparison of calculated modulus of elasticity at prestress release and 28 days; b)
influence of model to predict modulus of elasticity at prestress release and 28 days on camber for
S-11 project

5.2.3 Influence of the Model for Capturing the Variation of Modulus with Time

The influence of the model to capture the variation of modulus with time was selected by running
the algorithm twice; once based on the benchmark model (i.e. ACI 209R-92), and another time
using the fib MC 2010 model. When using the benchmark model, the AASHTO LRFD (2020)
model for creep and shrinkage as well as prediction of modulus at prestress release and 28 days
were used. The number of beam sections along half the span was selected as 51 and the proposed
time step generation method was used. Fig. 5.3a shows the prediction of modulus as a function of
time and suggests that there are some minor differences between the two models. Fig. 5.3b shows
that camber predictions based on both models are almost identical, therefore the selection of one
model or the other is inconsequential. The % difference in pre-erection camber predictions is less

than 0.1%.
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a) b)
Fig. 5.3. a) Comparison of functions for predicting the development of modulus of elasticity with
respect to time, b) influence of considered time dependent modulus functions on camber for S-11
project

5.2.4 Influence of Overstrength Factors

The influence of overstrength factors for beam concrete compressive strength at prestress release
and 28 days was investigated by running the algorithm once without overstrength factors and
another time with Michigan based overstrength factors. It should be noted that the use of
overstrength factors for f.; affects the calculation of modulus at prestress release, E.;, which affects
the calculation of pre-erection camber. Additionally, the use of overstrength factors affect both f;
and f°c, which in turn affect moduli of elasticity at prestress release and 28 days. These moduli of
elasticity at these two times serve as anchor points for the model that predicts the development of
modulus with time. The benchmark model was based on no overstrength factors, AASHTO LRFD
(2020) model for modulus at release and 28 days as well as creep and shrinkage, and the ACI
209R-92 model for capturing the variation of modulus with time. The only change in the second
analysis was the inclusion of the overstrength factors for f; and f’c. The number of beam sections
along half the span was selected as 51 and the proposed time step generation method was used.
The results are shown in Fig. 5.4. The inclusion of overstrength factors does have a noteworthy
effect on pre-erection camber predictions with differences between the two models being up to

10%. As expected, the inclusion of overstrength factors results in lower camber predictions.
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Fig. 5.4. Influence of inclusion of overstrength factors for S-11 project

5.2.5 Influence of Time when Camber at Release is Measured

When camber at release is calculated, time dependent effects are typically ignored because
by defition the term camber at release means the camber induced in the prestressed concrete beam
immediately after the detensioning of the strands. According to MDOT’s Special Provision for
Structure Survey during Construction, for projects with new prestressed concrete beam
superstructures, the release date of the prestressing force and the observed camber at midspan for
each beam should be provided to the engineer no more than seven calendar days after releasing
the prestressing force. The effect of time on camber at release was investigated by predicting
camber for up to 10 days after the release of the prestressing force for four projects: M-5, M-89,
Tiffin Street Overpass, and S-11. This investigation was conducted by using the benchmark model
set described in Chapter 3. The results are shown in Fig. 5.5. Detensioning time was assumed to
be one day after placement of concrete. The change in percentage between the predicted initial
camber at one day and 10 days varies from 17% to 26% introducing yet another source of
uncertainty when comparing predicted and measured camber at release values. This is not an issue
when the proposed prediction methodology is used because it offers the ability to predict camber
at any time, however, traditional techniques such as classical equations for prediction camber at
release and the multiplier method for predicting long term camber cannot capture these nuances in
camber variation. In any case, this topic was investigated to quantify the variation in camber during

the first seven days so that the engineer can have a sense for the degree of this variation.
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Fig. 5.5. Variation of predicted camber during the first 10 days after beam fabrication

5.2.6 Slab and Screed Guidance

The proposed methodology provides camber data at various points along the span of the beam so
that this information can be used to plot the full camber profile for the beam. The cambered beam
profile can then be used to determine slab and screed elevations in accordance with MDOT Slab
and Screed Guidance document. The proposed methodology may be cited as the tool to obtain
beam deflection at various stages. Currently, in the MDOT Slab and Screed Guidance document
the following stages of deflection are referenced: 1) Deflection of the beam due to self-weight
(pre-erection camber), 2) Deflection of the beam due to the weight of forms and rebar, 3)
Deflection of the beam due to the weight of deck concrete, and 4) Deflection of the beam due to
the weight of sidewalk or barrier. The proposed methodology provides beam camber data for each
stage. This data can be downloaded so that beam profiles for each stage can be plotted and slab
and screed elevations can be set accordingly. An example is provided in Fig. 5.6, which shows the
deflected shape of the beam at various stages. In this example, the following loads were used: 10
psf for formwork, 10 psf for reinforcement, 145 pcf for plain concrete, and 150 pcf for reinforced
concrete. This is consistent with Michigan Design Manual Bridge Design - Chapter 7: LRFD
Section 7.02.22.
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Fig. 5.6. Illustration of various stages of deflection during beam erection and deck placement for
the S-11 project

5.3 Summary and Conclusions

While it is determined that the unit weight of concrete, w, the magnitude of the prestressing
force at jacking, Pjucking, and beam length, L, all have a significant influence on pre-erection beam
camber, it is determined that these parameters do not vary significantly from specified values and
therefore do not represent a significant source of uncertainty. Modulus of elasticity at release, E.;,
had a proportional influence on pre-erection beam camber. Similarly, beam compressive strength
at release, f i, also had a close to proportional influence on pre-erection camber, although this
influence was quantified through the use of compressive strength dependent equation for modulus
of elasticity. Transfer length, Lsunser, debonded length, Laeponded, support conditions during storage,
Loverhang, and location of harping point, Liarping, influence pre-erection camber at a degree that is
some cases is worth considering. The selection of the creep and shrinkage model has a marked
influence on the prediction of pre-erection camber development. The time when initial camber is
measured appears to be an important parameter since marked differences were found between
predicted camber at release and predicted camber during the first 10 days. The influence of the
model for calculating modulus at prestress release and 28 days has a marked effect on pre-erection
camber predictions, whereas the model to predict the variation of modulus with time had negligible
effect. The inclusion of overstrength factors also had a marked effect on pre-erection camber
predictions. The default set of models used in most predictions presented in this report is shown in

Fig. 3.9. This selection resulted in reasonable predictions of pre-erection camber as will be
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demonstrated later and is therefore recommended for design. The other models may be
investigated to quantify the variability of pre-erection camber predictions. The proposed
prediction methodology (Iteration No. 6) provides the user the flexibility of accounting for the
influence of all the abovementioned factors. In addition, the proposed prediction methodology
provides the necessary beam camber data such that the profile of the beam can be plotted for

various stages of deflection and slab and screed elevations can be determined accordingly.
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Chapter 6: Evaluate Factors that Affect Camber and Displacements
in the Composite System
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Chapter 6: Evaluate Factors that Affect Camber and Displacements in the Composite
System
6.1 Introduction

Various factors affect displacements in a composite bridge superstructure that features
prestressed concrete or steel beams and a cast in place concrete deck. Beam creep as a result of
the prestressing force (for PC beams), and positive temperature gradients cause negative curvature
(i.e. upward deflection). Conversely, the self-weight of deck and beam and associated creep,
differential shrinkage between the deck and beam, and negative temperature gradients cause
positive curvature (i.e. downward deflection). Even for PC beams, differential shrinkage between
the deck and beam occurs since the majority of the shrinkage in the beam has already taken place
when the deck is cast, while the shrinkage of deck begins after the moist curing of the deck ends.
A similar effect applies to composite steel beams with the exception that differential shrinkage in
this case is more pronounced since steel beams do not shrink.

When PC beams are considered, differential shrinkage and creep between the deck and
beam strongly depend on the age of the beam at deck placement. This age is perhaps the most
critical and influential factor in determining beam deflections in the composite bridge
superstructure. The type of bridge superstructure also affects the magnitude of beam deflections
in the composite system and must be considered. For example, beam deflections in a two span
continuous bridge differ from those in a simply supported bridge. When composite steel beams
are considered, the deflection components involving the prestressing effect, beam creep and beam
shrinkage can be ignored, and the same methodology can be used to compute deflections at any
point in time while accounting for deck shrinkage and creep. The prediction methodology
presented in this report allows the calculation of deflections at any point in time and the inclusion

of appropriate shrinkage and creep coefficients for each component.

6.2 Sensitivity Analysis

Overview: The influence of various factors that affect camber and displacements in the composite
system was evaluated using Iteration No. 6 of the proposed prediction methodology. The influence
of some factors was expressed in % change in net camber as a function of a given % change in the
factor under consideration. This influence was expressed in terms of the average, minimum, and

maximum change for all projects considered. The considered final service time for this evaluation
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was 75 years. The results of this analysis are shown in Table 6.1. It should be noted that minimum
and maximum changes were sometimes driven by the net camber for the baseline case. For
example, if the net camber for the baseline is close to zero, even a small change in camber or
displacement would result in a high % change and can therefore be misleading. The provision of
the average change addresses this to a certain degree. The induced change was +/-10%. Factors
that led to a single digit average % change in net camber and displacement due to the induced 10%
change include: beam overhang length at precast facility (i.e. storage conditions), transfer length,
debonded length, deck modulus, and beam overhang length at the bridge site. Factors that led to a
double digit average % change in net camber and displacement due to the induced 10% change
include: beam concrete compressive strength at release and 28 days, beam concrete unit weight,
beam concrete modulus of elasticity at release and 28 days, location of harping point, beam
spacing, compressive strength of deck at 28 days, and unit weight of deck. Factors that led to a
triple digit average % change in net camber and displacement due to the induced 10% change

include: beam length, and prestressing force.

Additional Information: The parameter with the strongest influence was beam length. For

example, a +/-10 % change in beam length resulted in a change in camber and displacements that
varied from -3155.6% to 1866.7%, suggesting that long-term camber and displacements are very
sensitive to beam length. The average change in net camber or displacement at service at 75 years
for a +/-10% change in beam length was -199% and 110%, respectively. The beams used in project
M-5 dominated the lower bound for this analysis. The net predicted camber at 75 years for these
beams is 0.06 in. (i.e. nearly zero). Therefore, a 1 in. change in net camber due to a change in beam
length or other factors causes a (1-0.06)/0.06*100=1566% in net camber. Therefore, when the net
camber value that serves as the baseline for comparison is small, any deviation from that value
results in a large % change.

A +/-10 % in the initial compressive strength led to a change in camber and displacements
that varied from -455.6% to 566.7%. Although, the average change in net camber or displacement
at service at 75 years for a +/-10% change in f°.; was -47.1% and 57.9%, respectively.

Similarly, a +/-10 % change in the 28 days design compressive strength led to a change in

camber and displacement that varied from -655.6% to 566.7%. Although, the average change in
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net camber or displacement at service at 75 years for a +/-10% change in f’c was -23.3% and
18.4%, respectively.

The magnitude of the prestressing force also had a strong influence on long-term camber
and displacements at service. For example, a +/-10 % change in Pjacking led to -1411% to 1400%
change in camber and displacements at service. Although, the average change in net camber or
displacement at service at 75 years for a +/-10% change in Pjacking was 118.1% and -119%,
respectively.

Beam concrete unit weight also had a strong influence on camber and displacements at
service featuring a variation +/-778% due to a +/-10 % change in unit weight. The average change
in net camber or displacement at service at 75 years for a +/-10% change in w was +/- 56.9%.

The influence of the initial modulus of elasticity of beam concrete on camber and
displacements at service was also significant but not as strong as that of the aforementioned
parameters with the exception of concrete compressive strength. A +/-10 % change in Ec; led to a
change in camber and displacements at service that varied from -667% to 811%. The average
change in net camber or displacement at service at 75 years for a +/-10% change in E.; was +62.6%
and -76.5%, respectively.

Beam concrete modulus at 28 days also had a strong influence but not as strong as that of
the initial modulus. A +/-10 % change in E. led to a change in camber and displacements at service
that varied from -656% to 566.7%. The average change in net camber or displacement at service
at 75 years for a +/-10% change in E. was 45.8% and -53.2%, respectively.

Beam overhang length during storage at the precast facility as well as beam overhang past
the bearing points at the bridge site had a lower influence than that of all parameters considered so
far. A +/-10 % change in the beam overhang length led to a +/- 22% change in beam camber and
displacements at service.

The influence of transfer length and strand debonded length on beam camber and
displacements at service was also lower than that of all aforementioned parameters, with a +/-10
% change in transfer length and strand debonded length leading to a +/-3-7 % change in beam
camber and displacements at service.

A +/-10 % change in the location of harping points led to -178% to 156% change in beam

camber and displacements at service.

105



Finally, a +/-10 % change in beam spacing led to -333% to 356% change in beam camber
and displacements at service concluding the sensitivity analysis conducted for concrete beam
related parameters on beam camber and displacements. The sensitivity analysis continued by
investigating the influence of several deck related parameters on beam camber and displacements
at service.

A +/-10 % change in the 28 day deck concrete compressive strength led to -167% to 156%
change in beam camber and displacements at service. Naturally, the influence of deck concrete
compressive strength on beam camber and displacements is not as strong as that of the beam
concrete compressive strength since the beam comprises the majority of the composite section.

Similarly, a +/-10 % change in the 28 day deck concrete modulus led to a +/-33 % change
in beam camber and displacements at service. The influence of deck concrete modulus on beam
camber and displacements is also not as strong as that of the beam concrete modulus since the

beam comprises the majority of the composite section.
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Table 6.1. Influence of various parameters on camber and displacements at service

Service Camber Sensitivity Analysis

% Change in net camber/displacement

Parameter varied

Min. Max. Average
Baseline (Iteration No. 6) - - -
L+10% -3155.6 141.1 -198.7
L-10% 257.6 1866.7 109.7
fei beam +10 % -455.6 -14.5 -47.1
St beam =10 % 17.8 566.7 57.9
S beam +10 % 3.4 288.9 23.3
S beam 10 % -38.3 5222 18.4
Piacking 710 % 21.7 1400.0 118.1
Pjacing -10 % -1411.1 21.7 -119.0
Wheam +10 % -777.8 2.9 -56.9
Wheam -10 % 43 777.8 56.9
Eei bean +10 % -666.7 -15.9 -62.6
Eei beam -10 % 19.7 811.1 76.5
Ee pean=+10 % 6.8 566.7 45.8
Ee peam -10 % -655.6 5.8 -53.2
Loverhang 710 % 0.0 22.2 1.7
Loverhang -10 % 222 0.0 -1.6
Luransfer +10 % -1.4 0.0 0.3
Luansfer -10 % 0.0 2.9 0.3
Laebondea +10 % -7.1 0.0 -1.3
Laebonded -10 % 0.0 7.1 1.4
Lharping 10 % -177.8 2.3 227
Liarping -10 % 2.0 155.6 19.9
S+10 % -333.3 43 -30.0
5-10 % 5.8 355.6 32.3
S deck 10 % 2.8 155.6 14.9
Se deck -10 % -166.7 -1.9 -16.0
Waeck 710 % 2333 2.9 27.5
Waeck -10 % -100.0 2333 17.2
Eaeek 710 % 0.0 33.3 42
Edeck -10 % 333 0.0 4.0
Loverhang pridge 710 % 0.0 11.1 1.5
Loverhang pridge =10 % -11.1 3.2 -1.0

L = Beam length, fi pean = compressive strength of beam concrete at release, fec peum = 28 day beam concrete
compressive strength, Pjacing = prestressing force at jacking, wee.n = beam concrete unit weight, Ec; peam = modulus of
elasticity at release, E. peam = 28 day modulus of elasticity of beam concrete, Lovernang = beam overhang length, Ly ansser
= transfer length, Laepondea = debonded length, Liaming = location of harping point measured from support location, S =
beam spacing, f 4ok = 28 day deck concrete compressive strength, waecx = Deck concrete unit weight, Egzecr = Deck
Modulus of Elasticity, Loverhang bridee = Beam overhang length at bridge
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6.2.1 Influence of Creep and Shrinkage Model on Service Camber

The influence of creep and shrinkage models for beam and deck concrete on camber and
displacements at service was investigated by predicting the full displacement history for the
prestressed concrete girders used in the S-11 project from the time they were fabricated to the
assumed end of service life for this bridge (75 years). This comparison is shown in Fig. 6.1a.
Predictions based on Bazant and Baweja B3 model and those based on GL 2000 model provided
much higher estimates of pre-erection camber than measured values and were therefore removed
from this comparison. Fig. 6.1a suggests that the selection of creep and shrinkage models has a
marked influence on the full displacement history of the prestressed concrete beams. It is worth
noting how the AASHTO LRFD (2020) model based on specifications provided in the body of
AASHTO (2020) and fib MC 2010 model predict an increase in downward displacements after
placement of deck whereas the rest of the models, including the one based on specifications
provided in the commentary of AASHTO (2020) predict and increase in camber. Similarly, the
predicted camber after 75 years is generally similar between the fib MC 2010 model, AASHTO
(2020) commentary and CEB MC90-99 model. Although, this value is much different than that
predicted by the AASHTO (2020) body model. The CEB MC90 and ACI 209R-92 models also
provide similar predictions of camber after 75 years, although different from the rest of the models.

Finally, all models show that there is generally some stability in net camber after one year.

a) b)

Fig. 6.1. Influence of creep and shrinkage problems on the full displacement history of: a)
prestressed concrete beams used in the S-11 project, and b) steel beams used in the M-20 project
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A similar comparison was conducted for the steel beams used in the M-20 project (Fig.
6.1b). In this comparison it was assumed that the net camber after the placement of deck and
superimposed dead loads was zero. This was done due to the fact that there was some ambiguity
as to what the pre-erection camber in the steel beams was and whether this pre-erection camber
included the effects of beam self-weight. Therefore, the displacement history starts after the
placements of superimposed dead loads (barrier+overlay) (i.e. after the opening of the bridge to
service). Predictions based on Bazant and Baweja B3 model and those based on GL 2000 model
are included in this comparison. As can be seen, the selection of creep and shrinkage model
influences the entire displacement history leading to different predictions. The cause of these
differences is primarily due to differences in the predicted shrinkage in the deck, which leads to
differential shrinkage between the concrete deck and the steel beam. Differential shrinkage
induced creep is a second reason for the differences in predicted displacements, although its

influence is not as strong as that of deck shrinkage.

6.2.2 Influence of Model to Predict Modulus of Elasticity at Prestress Release and 28 Days
The influence of the model to predict modulus of elasticity at prestress release and 28 days on
camber history was evaluated by running the proposed prediction methodology four times for the
S-11 project; one time with the benchmark model (AASHTO LRFD (2020)) and three other times
using the ACI 318-19 model, ACI 363R-92 model, and fib MC 2010 model, respectively. When
using the AASHTO LRFD (2020) model the aggregate factor, K;, was taken equal to 1.0 and
concrete unit weight, we, was calculated using the compressive strength dependent function.
Additionally, the ACI 209R-92 model was selected to capture the variation of modulus with time,
no overstrength factors were used, and the AASHTO LRFD (2020) models for creep and shrinkage
were used as part of the benchmark model. When using the fib MC 2010 model the aggregate type
was assumed to be quartzite. The number of beam sections along 