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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 shrin kage of beam
and deck concrete aswell 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 beenevaluated usingmeasured 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 propertiesit is believed that if the database of specimens
were be to expandedthe use measured propertieswouldresultoverall 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, Pjaxing, 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 atrelease and pre-erectionbeam
camber. Similarly, beam compressive strength at release, /7, 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, Liranster, debonded length, Lenonded, SUPPOTt conditions during storage, Lowerhang, @nd location
of harping point, Lnarping, influence camber at release and pre-erection camber ata 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 camberatrelease and predicted camber duringthe 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
afterdeck removal, and netcamber before new deck placementwas 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 p restressed 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 co nstruction
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 formulationsdifferent 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
camberand 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 deflectioninherentin 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 DOTSs.

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 pointin 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
determininghow 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 benefitsinclude improvedride 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
affectprestressed 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 superstructuresthat 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 thataffect 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 su bject
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, andguidelines for several MDOT documents thatwere 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 Departmentof Transportation (DOT)-sponsoredresearch projects. Some of these
include:

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

2016),

e Nebraska (Tadrosetal. 2011),

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

e lowa (Nervig2014; Honarvar etal. 2015; He 2013), Kentucky (Mahmood 2013),
e Texas (Kelly etal. 1987),

e Oklahoma (Jayaseelan and Russell 2007),

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

e 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 practicesare 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

10



in steel girders, considering shrinkage and creep in the concrete slab amongother factors (Baldwin
and Guell 1975), while the effect of thermal changes in concrete bridges was investigated by
Imbsen etal. (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:

swi*
A= 384El (2.1)
p;1? 4b?
Ap: SEI [(em + (ec — em) ﬁ] (2.2)

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 (1), that
are known to have a large amountof scatter (Pauw 1960; Raphael 1985). Although perhaps known
with less uncertainty, beam self-weight (w), the initial prestressing force (P;), beam length (1),
location of harping points (b), cross-sectional geometry (moment of inertia (1)), and prestress
eccentricitiesatthe 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 andlength of curing; age atloading; 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 etal. 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
prestressingbed to the bottom of the beam at mid-span usinga 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 etal. (2014a; 2014b).

However, this approach may lead to inaccurate measurements due to string elongation and
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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 etal. 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
forbridge girders with high strength concrete subjectto 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 deflectionsusing 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 pointin time.

€y
= 51 +2(Pn - Z(c CamDPua 2.3

where Piis the prestressing force at prestress transfer; ex is the eccentricity of the strand group with

respect to the beam centroid; Ec is the modulus of elasticity of beam concrete at prestress transfer; I¢ is
the moment of inertia of the beam; P,.1 and P are the prestressing force at time n-1 and n, respectively;

and Cn and Cn.1 are the creep coefficients at time n at time n-1, respectively.

The firstterm in Eq. 2.3 represents the curvature due to prestressing force, the second term
representsthe reduction in curvature dueto 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. Itis 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, —t;): Prestress Transfer to 30 Days — Calculate losses during this period using P; and

calculate P, = P; — CR1., — RE;» — SH1., where P, is the prestressing force at step 2 and CR1.5,
RE;.,, and SHy, 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 ¢ (ty,t,)

e Calculate creep strain g ¢ (t1,t;)

e Calculate shrinkage strain esy (t1,t)

e Calculate creep and shrinkage prestress loss E[€, (t1,t0)+ esn (t1,t0)]

e Calculate relaxation loss (select a function)

e Calculate P,= P; — CR;, —REj.; —SH1,

Step 3 (t;-t,): 30 days to one year — Calculate losses during this period of time using P, and
calculate P; =P, — CRy.3 — RE».3— SH>3
% First, considering the loads applied at t, (P,):
o Calculate creep coefficient ¢ (t,,t,) and subtract ¢ (ty,t,)
o Calculate creep strain for loads applied att,, & [¢ (t2,t0) - ¢ (t1,t0)] (Fig. 2.1.)
% Second, considering the loads applied at t; (Py):
o Calculate strain at the centroid of tendons due to loads applied att;, &
o Calculate creep coefficient ¢ (tp,t1)
o Calculate creep strain g1 ¢ (to,t;)
o Calculate shrinkage strain gsy (t2,11)
% Third,
o Calculate creep and shrinkage prestress loss over interval:
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E(eo [d) (t2,to) - 0 (t1,t0)] — &1 ] (tz,t1) + esn (t1,t0))
o Calculate relaxation loss over interval
o Calculate force in tendon at the end of time step

P3 = P2 — CR2_3 — RE2_3 — SH2_3

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

Strain £l (t3, to)— P (L2, to)]

]_
}— g0l (ta, to)- P (t1, to)]
J>€o¢)(t1't0)
ta ts o
51{ 52{| Time
}52¢(f3rt2)

g1 (ta, t1) k\
e1[@(t3, t1)- @ (t5, t1)]

€0

Strain

Fig. 2.1. lllustration 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 thisreport. The incremental time-steps method (Nilson 1987) is intended to capturethe 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 itincludes an initial and a final time step. The approximate time-steps method
originally presented by Branson and Ozell (1961), and ACI1435R-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 Ghaliand 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), thismethod provides atime 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; Rizkallaetal. 2013; Rosaet al. 2007) investigated the modificationof 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 includingthe type of supportand should be taken into accountwhen 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 me thod
have been somewhatsuccessful inimprovingtime-dependentcamber 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 thatthey use other methods. These results suggestthat the number of statesthat 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 considersexplicitly 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 recommendationsin 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 day's 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 restindicated “no”. Outof the 17 respondents who indicated thata 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
developmentis 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 worksare 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 t; 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
lossesand deck removal. In general, ithas been reported (Gilbertand Ranzi 201 1) 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 iterationsused to develop the proposed prediction methodology

Iteration/Approach No.

. 1 2 3 4 5 6

Cam berap?[red icted Analysis Analysis Analysis Analysis Analysis Analysis

Level Level Level Level Level Level

Basic |[Advanced Advanced | Advanced | Advanced | Advanced Advanced
Release A B B B B B B
P . A B B B B B B
re-erection c c c D D E =
Anytime 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, u=0.7/1.0, discrete time steps, number of sections =end and mid-span, single creep curve
D: Creep effects=EM, multiple timesteps, 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 timesteps, 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 harpedat 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) (Eqg. 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

25



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.

Inthe advanced approach, the algorithm takes into accountthe 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 thisapproach, the time dependenteffects of prestress and self-weightinduced creep, and
differential shrinkage betweenthe beam and the strands are consideredsimultaneously, 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).

o 1 do(7)
£, = E_Z (1+ @pr,) + j [m - (1+ o, D) |dt +egne + €16 (3.1)

to

& is the total strain at time t; oy, a(7) is the stress at time t, and t, respectively; E,, E (1) is the

modulus of elasticity at times t, and , respectively; .. ,¢(t, 7) is the creep coefficient at time t

due to load applied attime t, and 7, respectively; g, ¢ is the shrinkage strain at time t; and eq¢ is
the strain due to temperature gradient. Term 1 represents the elastic and creep strains due to a
stress applied at time to. Term 2 represents the elastic and creep strains due to changes in stress in
the time interval to to t. Term 3 represents the shrinkage strain at time tand Term 4 represents the

strain caused by temperature gradients.
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Fig. 3.1. Distribution of forces in a prestressed concrete girder

Eq. 3.1 uses an integral type creep law and usesthe principle of superposition of stepwise
prescribed stress histories. The integral term can be replaced by an algebraic expression if an aging
coefficient u 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.
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Fig. 3.2. lllustration 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
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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-varyingmodulus canbe conveniently usedto 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,
u, 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 (Egm, Eaaem), Which are
defined in Egs. 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 coefficientis 0.7, and this

is the value adopted in this study.

Sustained load
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Fig. 3.3. lllustration 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.
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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,
equilibriumand compatibility (Eq. 3.6-3.11). Forexample, the change in axial strain atthe 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 (Eg. 3.6).
The change in curvature in the girder can be expressed by summingthe 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 prestressingforce atthe 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 (Eqg. 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
(Aeg, Aeys, AX, ANg, AN, AM).

Material Constitutive Relationships

€ — (Ngdirect"' Ng)[(pGo(tnrto)] + ANg [1+HG(tn’t0)<PGo(tn'to)]
G(tn,tg) EGOAG EGOAG

+ &sn6(tn); (3.6)
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0 0 _ AN _ MisasyAc . o d MO
where: N;girec: = 0, Ng = i ; Nig = —PF, and M;, = Mg, — P ey
(o] o

(Mgdirect+ Mg)[1+¢60(tmto)] + AMG[1+HG(twt0)‘PGo(tn,to)] .

AX(tpto) = Eo. g Fo o ; (3.7)
0
where: M2 i e = 0, M2 = %
_ ANps

ASpS(tn,to) T EpsAps (3.8)

Equilibrium
ANg + ANps = 0 (3.9)
AMg + ANpse =0 (3.10)

Compatibility
ASPS(tn,to) = AeG(tn,to) + AX(t,e€ (3.11)

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
camberand displacements due to deck replacementwere 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 camberand displacements in a prestressed concrete beamora 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 asoverlay 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.

Inthis approach,the actual stress history shown in Fig. 3.5ais discretized usingtwo 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 o, 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 (Mpgireet, Npdirect?, Madiret®, Nadirect?, Npsairee®) Or by forces and moments that are initially
applied to the composite system (M9, N9). For example, an eccentric prestressing force in a pre-
tensioned girder creates axial forcesand 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, itis 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?, Mg? Ng° Np%). 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 AN in (Fig. 3.4). The changesin strains and stresses due to time dependenteffects
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
(Eg. 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, Mgy, AX,ANp,ANg, ANy, AMp, AM;) and seven unknowns in

a composite steel girder system (Aep, Aeg, AX,ANp,ANg, AMp, AM;).
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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. lllustration 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 4[06,(tnto)~06, (tato)] . ANG|1+ia(tntd|@co(tnte) 06, (tato)]]
ASG(tntd) - + +

Eg A EG44c

lesne (tn) — esng(ta)]; (3.12)

0
AGNES _ Misaeso A + AN n MgaGOAG

. — nO 0 0 _ 0 _
Where'NGo - NGdirect + NG'NGdirect =0, NG -

)

AtSo ItSo ACO ICO
NGd = NGO + ANGO

0 0
J n A i n
Ao, = (NBairect+ N)®0o (tnta) | Np [1+up(tntd) 9py(tntd)] tean(t) (3.13)

Ep, Ap Ep, Ap

noApNg  M2ap,noAp
AC IC

. NO _ 0_
where: Npgirect = 0, Np =

o o

Mg 4[06,(tnto) =06 (tato)] 4 AMGd[1+MG (tnta) [fpco(tn.to)—fpao(td,fo)]]

AX(tpte) = Fo o Fo i ;o (3.14)
M2 IgMQ
where: Mg, = M2girece + Moy MRgirece = 0, M2 = ﬁ + =, Mg, = Mg, +AMg,
0 0

0 0
. A )
AX(tn,td) — (MDdlrect + MD)(PDo(tnvtd) + MD[1+ﬂD(twtd) @Do(tn td)] ; (315)

Ep,Ip Ep,Ip

M2n,lp |

)
I,

. 0 — 0 _
where: Mpirece = 0,Mp =

Note: N2 = —P,, M. = Mgy, + Mygy — Poeyr, NO = 0, M2 = My, + Mgy,

ANy

DS tntg) = EpsAps (3.16)

ANg, + ANp + ANy =0 (3.17)
AMGd + A1WD - ANDa + ANpSe =0 (318)
Aep, vy = BéGy ) T Bt @ (3.19)
Agps(tn'fd) - ASG(tn,td) + AX(tn'td)e (3.20)
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Cross-sectional Analysis for Composite Steel Beams

_ (NDairect+ Np)®p, (tntd)  ANp[1+up(tntd) @py(tntd)] )
AED = + + gShD(tn)J
(tn.tq) Ep, AD Ep, Ap

noApNg  M2ap,noAp
AC IC

. NO _ 0_
where: Npgirect = 0, Np =

o o

(MDairect + MB)9p, (tnta) n AMp[1+up(tnta) o, (tnta)]

)

AX(tnrtd) =

Ep,Ip Ep,Ip

M2n,lp

. 0 - 0 _
where: Mp irece = 0,Mp = B

o

Note: N = 0, MQ = My, + Mg,

_ AMg
AX(tnrtd) - EG IG
ANg
A = —<
EG(tn:td) EG A
AN
A ==
eps(tn'td) EpsAps
AND + ANG = 0

AMG + AMD - ANDCI, =0

ASD(fn'fd) - AEG(tn,td) — M (tpep @

(3.21)

(3.22)

(3.23)

(3.24)

(3.25)

(3.26)
(3.27)

(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. Curvaturesare 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 pointin 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.
o 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.
o Draw curvature diagram for the beam/superstructure at each time step
o Calculate camberand displacementsusingthe second momentarea theorem ateach

time step
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3.1.3 Iteration No. 3

This approach uses the Effective Modulus (EM) method as opposed to the AAEM method
usedinthe previousapproach. Inthe EM method, additional time substeps are considered between
major construction activities that constitute the major time steps used in the AAEM method.
Additionally, atime dependent functionfor the modulus is adopted so that the appropriatemodulus
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 Eqg. 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. 3.45-351,
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
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Fig. 3.7. llustration of Approach No. 3-5for 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
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Cross-sectional Analysis for Composite Prestressed Concrete Beams
v |Neilpstirnto)=eg,(tite)] | ANG[1+[06,(tir1to)=ga,(tito)]] N
AEG(tn'td) B Zi:’”[ EGAc T Eo Ac + [esne (tis1)
EShG(ti)]] ; (3.36)
0 0
where: NGo = Nc(;)direct + NC(;)'NC(;)direct =0, NC(;) = IESAG - MtSIatSOAG'
tso tso
OA MO A (g
NGT _ NGO + N; G + cAGoylG + I:Ziz(()‘r 1)ANG,:]’NGL'+1 = NGi +ANGL'
co co
m | Npilep,(tirntd) —op,(titd)] ANDi[H[‘PDo(ti+1'td)_‘PDo(ti'td)]]
AE'D = Zi:r +
(tntq) Ep,Ap Ep,Ag
lesnp(tiv1) — gShD(ti)]] ; (3.37)
0 0 A
Where:NDo = Nl())direct + NOINL())direct = 0' Ng = NC:OAD - = all)ono D'
co co
Np, = Npy, Np,,; = Np; + ANp,
_vm |Me@c,(tir1to) =0 (tito)] AMGi[l"'[‘PGo(tHl'to)‘¢Go(tbto)]] ]
AX(tn,td) - Zi:rl EGiIG + EGiIG ) (338)
here: Mg, = Myirocs + MO MSgiroet = 0, MO = Misle
wnere: Go — "Gdirect »Madirect — Y G — Ies, ’

0 o
Mg, = Mg, +@ + [Z;gr 1)AMGi]’MGi+1 = Mg, +AMg,
co

41
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Cross-sectional Analysis for Composite Steel Beams
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ANg
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EG(tn,td) Eg Ag (3.48)
ANp; + ANg; =0 (3.49)
AMGi + AMDL- - ANDia =0 (3.50)
() (Ypbottom = Yeportom) (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-weightof existingbarrier, existingoverlay, existingdeck, 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 existingbarrier, overlay, and deck weight, aswell
as theremoval of internalaxial forcesand moments in the existingdeck. 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 asingle creep curve forbeam and deck concrete. Inthisapproach, each phenomenonthat 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 hasthe ability to entertime in daysforall 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 se cond
moment area theorem is used to compute camber and displacements at mid-span. In this approach,
the effects of creep and shrinkage (elementbasedaswell 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 (EJ/Es or Egeck/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 constructinga 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
asa 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 IterationNo. 6

In Iteration No. 6, the algorithm used in Iteration No. 5 was further improved to allow the
use of multiple creep curvesratherthan asingle creep curve. Thisiteration isbased 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.

Empirical Model Selection in the Proposed Prediction Methodology h
E;and E,g ‘ _ K‘I’ime Step GeneratioN

AASHTO LRFD _ No overstrength
factors
| AASHTO LRFD (Com.) | ACI 318-19 fib MC 2010 , ,
Gilbert and Ranzi
(2012)
\ ACI 209R-92 \ ACI 363R-92
‘ Bazant and Baweja B3 ‘ fib MC 2010/
Rizkalla et al.
| CEB MC 90 | s
‘ CEB MC 90-99 ‘ L Rosa et al. (2007)

| GL2000

Indicates model included in the benchmark model set

fib MC 2010 |

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 (prestressrelease). 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) llustration of effective modulus (EM) and age adjusted effective modulus (AAEM)
concept, b) effect of loading age on creep coefficient accordingto AASHTO LRFD model for an
interior prestressed concrete beam used in the S-11 project, ¢) 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 previousiterations) 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 t, (Fig. 3.11a) and a new additional
force was applied at time t,.;. If a single creep curve is used (i.e. the one with a loading time of t,)
the remaining creep coefficient between time t,; and t, would be small (¢3). However, if a new
creep curve is developed based on a loading time of t,.; then the creep coefficient at time t, would
be greater than the remaining creep coefficient calculated using the single creep curve (¢4 > @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 ata 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 accountforthe factthatthe majority of creep takes places duringthe early stages of a loading
event. Theapproach usedforthe creation oftime array is presented in Table 3.2. An alternative
approach is proposed by Gilbertand 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.

50



Table 3.2. Approach used for creation of time array

Activity Time steps between activities  Time step length (days)
Release Discrete -
Time between Releaseand Deck L daysto 10 days L
Placement 11 daysto 30days 2
30 daysto time at deck placement 3
Deck Placement Discrete -
1daysto 10 days 1
Time between Deck Placement and 11daysto30days 2
Applicationof Superimposed Dead Loads 31daysto 100days 3
(Typically short—around sevendays) 101 daysto 1,000days 100
1,001 daysto 10,000 days 1,000
Application of Superimposed Dead Loads Discrete -
1daysto 10 days 1
Time between Application of L1 daysto 30days :
i Wi icati
Superimposed Dead Lopa%s andFinal Time 31 daysto100days 3
(75 years) 101 daysto 1,000days 100
1,001 daysto 10,000 days 1,000
10,001 daystofinaltime (75 years) 10,000

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

A time dependentfunction isused to accountfor 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: eq:Apsy); and

some of them are both time and section-dependent (ex: I, ,, Ats; o Ic; o+ Ac; q)-

3. Create functions for creep coefficients and shrinkage strains

The number of time steps considered determinesthe 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.
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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 atime 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 dependentdeflectionforeachtime step and foreachsection the obtainthe 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 (2y) 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

Etnty) = Eol1+ @o(tn, to)] + Ko Aei[1 4 @;(ty, t))] (3.52)

oj Aoy , ,
&= E—f; Ag; = E—f; n = number of time steps; m = number of loading events;

A L
n=m+1

Cross-sectional Analysis for Non-composite Prestressed Concrete Beams

+ lesng(tiv1) —

Ae _ ym Zi'—lNGfal[(pr(tH1’tj)_(pcf(ti'tj)] +ANGi[1+a2<pGi(ti+1,ti)]
Gltn,to) t=0 J=0 EG]AG EgiAg

€ShG(ti)]]; (3.53)
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0
NpAg  MisatsyAg,

. — nO 0 0 _ 0 _
Where'NGo - NGdirect + NG'NGdirect =0, NG -

Af.'SO Its 0

[ >0- Ng = ANg &N, = Ng, + ANg,; if Ng, > 0 — a; = Tensile creep factor,

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

i = 2| B el poefe],
ML
where: Mg, = MQgirect + Mo Mgirect = 0, M2 = IZOG;
i>0- Mg =AM, & Mg, = Mg, + AM,
My, = Z;"% (3.55)
ANg, + AN, =0 (3.56)
AMg, + ANpg.e = 0 (3.57)
ASPS(t,,,tO) = Degp oyt DXt (3.58)

Cross-sectional Analysis for Composite Prestressed Concrete Beams

jaal o (tirat))-0c; (tut,)]l . ANg [1+a206 (tivat?)]

+ & tiv1) —
EG]AG EGiAG [ ShG( l+1)

AgG(tn = Z:nr|:[21 1 NG

esnc (D] (3.59)

N2 Ag M?satsoAG

. — 0 0 0 _
where: NGo - NGdirect+ NG'NGdirect - O'NG

)

AtSQ ItSO

N2A; Mag Ag
_.l_
Aco Ico

Ng = ANg if 0< i< (r—1),Ng_, =ANg_, + ,Ng, = ANg, if i >,

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

factor, otherwise - a, =1;
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Np 'al[‘pD (tirntj)—op '(ti'tj)] AND-[l"'ﬂfz op,(ti+ 1:ti)]
— : +— : + [esnp(tiv1) —

EDiAD

AeD(tn,td) = Z:Z-r [IZ;;&-

Ep.A
DJD

SShD(ti)]] ; (3.60)

NgnoAD _ M((:)aDOnOAD,
AC IC

. — nO 0 0 — 0 _
here'NDr - NDdirect + Np, NDdirect - 0'ND -

0 0

i1>r - NDi = ANDi &NDr = NDr +AND1«'
if Np, > 0 - a; = Tensile creep factor, otherwise — a; =1;if ANy, > 0 — a, = Tensile creep

factor, otherwise - a, =1

1 Mg -B[(PG (tirrtj)-oc -(tirtj)] AMG-[1+B§0G-(ti+1.ti)]
— -1_"J J J i i .
AX(enta) = Z?’ir“Z;:o Fato + Felo ; (3.61)
here: Mg, = M3yirece + MO Mgirece = 0, M = 1516
wnere: Go Gdirect G’ Gdirect G Its, !

0
Mg, = AMg, when0 < i < (r — 1), Mg, _, = AMg, _, +=%, Mg, = AMg,when i >,
co

1 Mp;Blen;(tieat)—ep(tot)] | aMp [1480p (tiretd)]

— m i-1_"J J J i i .

AX(trutd) - Zi:r “ijr Ep Ip + EpIp ;0 (3.62)
0
Where:MDr = Mgdirect + MO’Mgdirect =0, Mp = MC::ID,
i>r- MDi = AMDi &MDT = MDT +AMDT
MN& = —F, Mt?s = Mgsw + Mgy — PeetrlNcO =0, M? = Mpsw + Mosw,
B = flexural creep factor
YitrANps;

Agps(twtd) = —EpsAps (3.63)
NDi + ANGL' + ANpSi = 0 (364)
AMGi + AMDi — ANDia + ANpsie =0 (3.65)
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A(C:D(tn,td) - ASG(tn’td) — M(tpep@ (3.66)

Bepsiy,en = D6 T AX(tnta) € (3.67)

Cross-sectional Analysis for Composite Steel Beams

Np '011[4’D -(fi+ 1 tj)—(PD -(ti,fj)] AND.[1+0(2 op,(tis 1,ti)]
: ’ ’ +— - + [esnp(tiv1) —

EDiAD

— i—1
AgD(tn.td) = Zﬁr “Z;=r

Ep.A
D]D

EShD(ti)]] ; (3.68)

N2ngAp . M?aDOnoAD_

. _ 0 0 0 _ 0 _
Where'NDr - NDdirect + N 'NDdirect - 0'ND - Ac I,
0 0

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

factor, otherwise - a, =1;

i MD'B[(PD-(ti+1'tj)_<PD~(tbtj)] AMDi[1+ﬁ(pDi(ti+1,ti)]
MX (ot = L1, “Z;; T - J + e ; (3.69)
J i
0
Where:MDr = Mgdirect + MO'Mgdirect =0, Mg = MC%((:ID;
i>r-> Mp = AMp, &Mp = Mp_+ AMp,
Note: N2 = 0,M2 = My, + My, B = flexural creep factor
AM,
AX(tn;td) = o I(; (370)
__ ANg
Aeg(tn‘td) = e dg (3.71)
ANDi + ANG{ = 0 (372)
AMGi + AMDi - ANDia =0 (373)
AeD(tn,td) = AgG(tn,td) - AX(tn,td)a (374)
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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 expressedas functionof aggregate type, Ky, concrete

unit weight, we, and compressive strength of concrete at release, /7, or at 28 days, /. (EqQ. 3.75
and 3.76). Eqg. 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, or f°; are ksi. The modulus of elasticity is
computed in Ksi.

E¢; = 120,000K, w 20033 (3.75)

E.25 = 120,000K; w,20f/033 (3.76)

where for normal weight concrete, w, =0.145 kcf for f <5 ksi and w, = 0.140 + 0.001f_ kcf
for5.0 < 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°g, or /¢ are psi. The modulus of elasticity is

E, = 33wls \/E (3.77)

E g = 33w1S\/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 /7,

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

15

E. = (40,000 \/E + 106) ( IVZCS) (3.79)
1.5

Eeps = (40,000/f + 106) (1";;) (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. = 2760aE3\/E (3.81)
Eopg = 27603 f! (3.82)

Table 3.3. Determination of aggregate type dependent parameter

Aqggregate type ag
Basalt, dense limestone 1.2
Quartzite 1.0
Limestone 0.9
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

Prediction Models

Modulus of
Elasticity AASE'ZB(QOERFD ACI 318-19 ACI363R-92  fib MC 2010
E.; (ksi) 5165 4821 4347 5280
E.q (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  is based on Table 3.5. This model
covers only concretes that features either cement type | or Ill. In the proposed prediction
methodology, the user has two optionsto obtain the development of modulus with time. The first
include the use of 28 days modulus and parameters a 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 modulusas a function of compressive strength.

0.5
) Eopg (3.83)

Ect) = (a + Bt

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
| 4 0.85 1 0.95
1l 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 modulusat release and 28 day matches the measured or assumed one. This can be

done using Eq. 3.84 and 3.85.

By ti — 28E;
Eg+ (t: —28)

B = (3.84)

a=28(1-p) (3.85)

Fig. 3.5 shows the development of modulus of elasticity as a function of time by
consideringa 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 111 and those
that are moist and steam cured. Additionally, even if the parameters o and B were back calculated
based on the specified initial and 28 day modulus the modulus after 28 days is similar with the
other approach. Itis 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 11l cement and moist cured concrete.

6000 T

5000 +

4000 |

3000 T —+—Type 1 & Moist-cured

——Type 3 & Moist-cured

2000
I —a&— Type 1 & Steam-cured

Modulus of Elasticity (ksi)

1000 4 Type 3 & Steam-cured
—@—Back-calculated

0 | 1I0 2I0 3I0 4I0 T SIO T 6I0
Time (days)
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 cementused (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
forestimatingthe developmentof moduluswith time. Fig. 3.13 shows the developmentof 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) = Pe(t)Ecas (3.86)
s
) =Ae 0) G.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
<87 325R,425N 0.25
425R,525N,525R 0.20
> 8.7 all classes 0.20
2
in[() ]
s =—028" < (3.88)

28
-5
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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 etal. (1996), Tadros etal. (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 f'g,
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 MC90-99 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 consensuson 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 (f = 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
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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
andthenletto dry for 14 days priorto measuringshrinkage strain since the specimenswere 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.
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3.1.9 Strand Relaxation Loss

Strand relaxation losses are calculated based on the AASHTO LRFD (2020) model.
Accordingto this model, relaxation loss isa 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 prestressrelease are
ignored. In Eq. 3.89, Af,,z, isthe relaxation loss between transfer and deck placement (ksi); £,
is the stress in prestressing strand immediately after transfer, taken not less than 0.55 f,,, (ksi); f
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 factoraccountingfortype of steel taken as 30 for low-relaxation stands,

and 7.0 for other prestressing strands.

Moppy = % (%— o.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,, s is the loss
in the strands caused by shrinkage of concrete (ksi); and Af, ¢ is the loss in the strands caused by

creep of concrete (ksi). The secondterm in Eqg. 3.90 accounts for the reduction in strand stress due

to losses caused by shrinkage and creep.

fot log(24t +1) ( fur 3(Afpsr + Afypcr)
1
Ki= T By <1 AeZ) ; (3.91)
+E_ciT +— ) [1+ o t)]

E,, =modulus of elasticity of strands (ksi); E ;= modulus of elasticity of concrete at release (ksi); 4,5 = total
cross-sectional area of prestressing strands (in.2); A = cross-sectional area of: a) girder between transfer and
deck placement, b) composite structure between deck placementand final time; e =eccentricity of prestressing
strands with respectto: a) centroid of girder, b) centroid of composite section (in.); I =momentof inertia of: a)
girder, b) composite structure (in.%); ¢ (¢, t;) =creep coefficient attime ¢ forthe loadapplied at¢;; ti= loading
time (days); t =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
finaltime. The proposed methodology usesthe 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 momentdue to the temperature gradients
is calculated by integratingthe stress over the depth of the composite section wherethe 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).

(3.92)

hctop
Mro= [ aTG)E,bG)ydy (3.93)
0

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

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

a = coefficient of thermal expansion/contraction 6x10-6 (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.

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

Ep = modulus of elasticity of beam at 28 days
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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) Unequalspansand differentbeamsforeach span. Thiswill 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 restraintmoments. This sequenceis differentcompared to the case where the entire
deckisplaced inoneinstallation in terms of the history of beam camberanddisplacements.

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.

68



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 PSI 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 camberand those used by the other agencies to measure longterm 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. Atthe 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 beamsfor bridge projects in Michigan are summarized in the following table. The
curing processiscompleted once the specified fisreached. The MDOT specifications for

beam curing are provided in section 708.3 of Standard Specifications for Construction.

73



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 heatingsystem (oil) run along outside bottom of beam beds?
Mack, Kalamazoo | Radiant heator 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 uncertain2

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

: Span Deck Center-to- . / , /
. Girder type No. of . Strand Auvailable . fei f. feaeck
Project name - 9 length thickness center - I , Fabricator’ 4 ‘4 4
and depth (in.)  beams/data (ft) (in.) spacing (ft) configuartion? camber data (psi) (psi) (psi)
M5 1-2 Bulb tee (42) 6/6 144.33 6 6.00 H@0.4L R&P PP 6100 8000 4000
M57 M1 1800 (71) 8/8 137.80 9 7.92 H@0.4L R PP 6000 6000 4000
M89 Spr?ig)Box 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
TSO8 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 AASHTO 9/9 39.50 9 5.83 - R PSI-LLC 6000 8000 4000
Type l1(36)
175-S05 Bulb tee (60) 11/11 152.50 9 9.04 D & H@0.4L R&P PSI-LLC 7000 10000 4000
175-509-1 Bulb tee (48) 9/9 115.54 9 7.00 D R PSI-LLC 7000 10000 4000
175-509-2 Bulb tee (48) 9/9 112.79 9 7.00 D R PSI-LLC 7000 10000 4000
175-510-1 Bulb tee (42) 8/8 80.83 9 8.88 H@0.4L R&P PSI-LLC 7000 10000 4000
175-510-2 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
175-512-1 Bulb tee (42) 717 96.75 9 8.08 H@0.4L R&P PSI-LLC 7000 10000 4000
175-512-2 Bulb tee (42) 717 106.17 9 8.08 H@0.4L R&P PSI-LLC 7000 10000 4000
Fre”I"&Rld_'zo"er Bulb tee (42) 18/14 99.04 9 7.00 H@0.4L R & P PP 6000 8000 4000
Shepherd Rd. 1-3 Spr‘zg‘i)Box 10/4 55.92 NAL 7.00 D p3 PP 6500 7000  NA
Shepherd Rd. 2 Spr?gi)BOX 5/5 62.17 NAL 7.00 D ps PP 6500 7000  NAZ
175-Springwells-1  Bulb tee (48) 11/2 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
175-Livernois-1  Bulb tee (48) 12/0 111.00 9 6.63 D & H@0.4L NAL PP 7000 8000 4000
175-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 NAL 6.17 D & H@0.4L R&P PP 7000 10000 NAL
M20 I-shapedsteel 50,5, 75,1901 9 10.0-10.502  Notapplicable ~PRC &PCZ®  NA®  Notapplicable 4000

beam (70)

1. H: Harped, D: Debonded.

2.R: Camber at release, P: Camberat pre-erection.

3. Camber measurements were recorded at the precast facility nine days after beams were cast.
4. Specified concrete strength.

5. Camber measurements were recorded at the precast facility 1-to-3 days after beams were cast.
6. Provided measured pre-erection camber data could notbe used due to insufficient information.
7.PP: Peninsula Prestress, PSI: Prestress Services Industries.

8. TSO: Tiffin Street Overpass, Canadian Project.
9. Represents number of beams forwhich 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 su pplied
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 propertiesand 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. Detensioningthe strands: Prestressingforce istransferredonly 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 curingand 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
below5 °C, the girder is protected via temperature control usingan outside curingchamber
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 PSI Windsor plantand 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
mm2x 103, Y,=793 mm, I,=1.78 x 1011 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
scaleand bullseye level. The scale’s precision was 1/16 in. The bearingblock 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.
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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 bottomflange, c) photographshowingdeviceused 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
datawas made available as part of the quality control and quality assurance reports, the relationship

between the specified concrete compressive strength at release, f'q specities, and the measured
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concrete compressive strength at release, f 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 beamswas between 28-30daysold. 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
forbridge projects constructed in Michigan, only data fromthese companies were used to calculate
an average overstrength factor for the concrete compressive strength at release. This overstrength
factor (i.e. average ratio of /"¢ measured!fci_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_specited) 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.
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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 modulusatrelease and the measured modulus was investigated. The calculated modulus
was obtained using Egs. 3.75, 3.77, 3.79 and 3.81 provided in the AASHTO LRFD Bridge Design
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Specifications (2020), ACI1318-19, ACI 363R-92 (1992), andfib 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 usingmeasured 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 1.09and 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
predictingmodulus. The user of the proposed prediction toolisencouraged to e valuate each model.
As a starting point, itis 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, w20 /033 (3.75)
E.; = 33w/ (3.77)
Ccl
- P w 1.5
E,; = (40,0007 + 10 )(E) (3.79)
E,; = 27600z f] (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)

* . - E’ci measure
) ) Beam E’ci_calculated (kSI) E . Ratio :E:f_d
Fabricator| Project D |[AASTTOl Aci e fi ci_measur ed Lotadated

ibMC (ksi) AASHTO | ACI |ACI 363R-| fibMC

(2020) |318-19(363R-92| 20107 (2020) [318-19 92 2010

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

Peni I R04 NA 4960 4821 4347 5280 6440 1.30 1.34 1.48 1.22

orostrese NA | 4960 | 4821 | 4347 | 5280 6346 128 | 132 | 146 1.20

R04 N1 4960 4821 4347 5280 6272 1.26 1.30 1.44 1.19

S02 01 4484 4273 3967 4872 6443 1.44 1.51 1.62 1.32

B02 P1 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; * Aggregate factor, a,, was taken 1.0. Avg. 1.20 1.24 1.37 1.12

St. Dev 0.18 0.19 0.21 0.17

COV (%) 15.3 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)

- E’cimeasure
E,ci_calculated* (kSi) Ratio = 'gi;azcuzu:z
Fabricator | Project Beam E'ct_measurea ACl |
ID [AASHTO| ACI ACI fib MC (ksi) AASHTO 318- ACI fioMC
(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
R04 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
Prestress R04 N1 5343 5249 4644 5588 6272 1.17 1.19 1.35 1.12
S02 Ol 5315 5218 4622 5566 6443 1.21 1.23 1.39 1.16
B02 P1 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
“Usingmeasured properties; tAggregate factor, a;, 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 4.4 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 benefitto obtain asense forthe range of variability in the resultsfora 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.
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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) B02 (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 weightis 1.0 and the COV is 1.0%.

Table 4.5. Comparison of specified and measured concrete unit weight

Wmeasured

Fabricator Project BeamID  Wspecified (OCT)  Wmeasured (PCT) Ratio =

Wspecified
M-89 All 145 14512 1.00
M-5 All 145 14542 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 14456 1.00
Avg. 1.00
Std. 0.01
Ccov 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

Pi measured

Fabricator ~ Project BeamID Pi speciied (KiPS) Pi measurea (Kips) —Ratio=

Pi specified
Peninsula M-89 All 44 455 1.03
Prestress M-57 All 44 45.0 1.03
Avg. 1.03
Std. 0.01
CoVv 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 Beaml.D. Lspecifiea (iN.) Lmeasured (in.) Lmeasured/ Lspecified
Al 355.00 355.00 1.00
F5 355.00 355.13 1.00
M89 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 f°.. 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 fc’i_measured fc’_measured Eci_measured Eci_measured Wmeasured Pi_measured L_measured
parameters fei swecitiea | fo speciriea Ei catcuated | Eci catcuatea | Wopecitiea | P specified | L specified
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 compressivestrength.
“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
firstat 8:30-9:00 a.m., the second at 11:00-11:30a.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 dueto its proximity to Michigan).
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Fig. 4.5. Variation in camber due to radiation induced thermal gradient for: a) Girder G2-6, b)
Girder G2-7, ¢) 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

atvarioustimesin the day such asearly morning, mid-morning, noon, andafternoon. 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 instrumentwith 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 5: 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

Factorsknownto affectcamberatrelease of prestressingforce are: unitweightof concrete,
member geometry (cross-section andbeam length), strand layoutand 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 prestressrelease and 28 daysas 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 fora +/-10% change in
beam length was 8.6% and -12.1%, respectively. Asimilarinfluencewas observedfor pre-erection
camber. Itis 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 thata 10% change in beam length can cause
as high asa 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
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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 fora +/-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 istypically used as an indicator to characterize the class of concrete
being used includingits 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 prestressingforce at jackingresulted in a change
in camber at release that varied from -20.7% to 20.7%. The average change in camber at release
fora+/-10% change in Pjaing Was 15.1% and -15.2%, respectively. Asimilar 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
significantinfluence. The average change in camber at release for a +/-10% change in w was -
5.2% and 5.1%, respectively. Asimilarinfluencewasobserved for pre-erectioncamber. 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-erectioncamber. Thissuggeststhata certain percentchange 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. Thisisdue to the factthatthe equation usedto 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 \/f;).

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 Lowernang Was 0.4% and -0.6%, respectively. These results suggest that support
location influences pre-erectioncamber to a degree that may be worth consideringin 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 Lransfer 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 Lgepondeg 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
Lharping 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 scenariosand designs.

Table 5.1. Influence of various parameters on camber at release

Camberat Release Sensitivity Analysis
Lowerbound  Upperbound %

Parameter varied % change for change fornet Average
net camber camber
Baseline (Iteration No. 6) - - -
L+10% -4.8 17.1 8.6
L-10% -18.6 4.1 -12.1
f ci_beam +10 % -4.9 -4.0 4.4
f ci_beam-10 % 4.3 5.6 5.0
Piacking +10 % 11.4 20.7 15.1
Piacking -10 % -20.7 -12.2 -15.2
w +10 % -10.8 24 -5.2
w-10% 1.4 10.8 51
Eci+10% -9.8 -8.4 -8.6
E.i-10% 9.8 10.6 10.3
Loverhang+10 % 0.0 0.8 04
Loverhang -10 % -1.4 -0.3 -0.6
Liranster +10 % -1.4 0.0 -0.1
Liransrer -10 % 0.0 1.4 0.1
L debonded +10 % -14 0.0 -0.4
Ldebonded-10 %0 0.0 14 0.3
Lharping +10 % -3.0 -0.8 -1.9
Lharping -10 % 0.5 2.7 1.7

L = Beamlength, f i hean = cOMpressive strength of beam concrete at release, Pjcking = prestressing force at jacking,
W = unit weight, Eci = modulus of elasticity at release, Lovernang = beam overhang length, Lyanster = transfer length,
Lebonded = debonded length, Lnarping = 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 chaLnogg?‘ztr)gg? c(:jaor/:]ber Upp;eor P r?:tncda?t():;range Average
Baseline (Iteration No. 6) - - -
L+10% -7.7 18.2 8.1
L-10% -17.3 -2.6 -11.5
fi+10 % -6.9 -5.4 -5.8
fci-10 % 6.6 8.2 7.0
Piacking +10 % 12.7 21.8 154
Piacking -10 % -22.0 -11.5 -15.3
w +10 % -12.1 -1.8 54
w-10% 2.7 11.9 5.6
E.i+10% -9.7 -7.7 9.0
E.i-10% 10.7 11.8 11.0
Loverhang+10 % 0.0 0.9 0.5
Loverhang -10 % -1.0 0.0 -05
Liranster 10 % -0.9 0.0 -0.1
Liranster -10 % 0.0 0.9 0.1
Lgebonded 710 % -1.8 0.0 -04
L gebonded -10 % 0.0 1.8 04
Lharping +10 % -3.1 -0.6 -1.9
L harping -10 % 0.6 2.7 1.7

L =Beam length, f i neam = CcOmpressive strength of beam concreteatrelease, Pjacking = prestressing force at jacking,
W = unit weight, Eci = modulus of elasticity at release, Lovernang = beam overhang length, Liansier = transfer length,
Laebonded = debonded length, Lnaring = location of harping point measured from support location

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

Theinfluence 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 valuesaswell as predictions based on other modelsand are the refore notincluded
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 onthe 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.
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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, Ky, 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 influenceon pre-erection camber with the ACI 363R-92 model resultingin 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.
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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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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 /7, 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 fand f’.. 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. Inany case, thistopic was investigated to quantify the variationin 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 usedto 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. Anexample 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. lllustration 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 thatthe unitweight of concrete, w, the magnitude of the prestressing
force at jacking, Pjaxing, @nd beam length, L, all have a significant influence on pre-erection beam
camber, itis 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, Eg,
had a proportional influence on pre-erection beam camber. Similarly, beam compressive strength
at release, /7, 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, Liranster, debonded length, Lgenonded, SUppOrtconditions duringstorage,
Lovernang, @nd location of harping point, Lharping, 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 predictthe 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 creepas 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 deflectionsin 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 deflectionsat 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 pointin 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
fora+/-10% change in beam length was -199% and 110%, respectively. The beamsused in project
M-5 dominated the lower bound for this analysis. The net predicted camber at 75 years for these
beamsis 0.06in. (i.e. nearly zero). Therefore,a 1l in.change in netcamberdue toa change in beam
length or other factors causesa (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 /i 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’; 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 Pjacing 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 Pjing 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 E¢ led to a
change in camber and displacements at service that varied from -667% to 811%. The average
change in net camberordisplacementatservice at75 yearsfora+/-10% change in E¢; was +62.6%
and -76.5%, respectively.

Beam concrete modulusat 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 camberand displacements atservice
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 Ec 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.
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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 moduluson 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
f'ci beam +10 % -455.6 -14.5 471
f ci_peam -10 % 17.8 566.7 57.9
f ¢ beam +10 % 34 288.9 23.3
f c_beam -10 % -38.3 522.2 18.4
Pjacking +10 % 21.7 1400.0 118.1
Pjacking ~10 % -1411.1 217 -119.0
Wheam +10 % -777.8 2.9 -56.9
Wheam =10 % 4.3 7778 56.9
Eci_peam +10 % -666.7 -15.9 62.6
Eci_peam -10 % 19.7 811.1 76.5
Ec beam=+10% 6.8 566.7 45.8
Ec beam -10 % -655.6 5.8 53.2
Loverhang +10 % 0.0 22.2 1.7
Loverhang -10 % -22.2 0.0 -16
Liranster +10 % -1.4 0.0 0.3
Liranster -10 % 0.0 2.9 0.3
Ldebonded +10 % 7.1 0.0 -1.3
Lgebonded ~10 % 0.0 7.1 1.4
Liarping +10 % -177.8 23 227
Lharping -10 % 2.0 155.6 19.9
S+10% -333.3 43 -30.0
S-10% 5.8 355.6 32.3
f'c_deck +10 % 2.8 155.6 14.9
f ¢ deck-10 % -166.7 -1.9 -16.0
Waeck +10 % -233.3 2.9 275
Weeck -10 % -100.0 233.3 17.2
Edeck +10 % 0.0 33.3 4.2
Edeck -10 % -33.3 0.0 -4.0
Loverhang_bridge +10 % 0.0 11.1 15
Loverhang_bridge -10 % -11.1 3.2 -1.0

L = Beam length, f ¢i neam = compressive strength of beam concrete at release, f ¢ neam = 28 day beam concrete
compressive strength, Pjacking = prestressing force atjacking, Weeam =beam concrete unit weight, Eci_bean =modulus of
elasticity atrelease, Ec_peam =28 day modulus of elasticity of beam concrete, Lovernang = beam overhang length, Liranster
= transfer length, Lebonded = debonded length, Lrarping = locationof harping point measured from support location, S =
beam spacing, f ¢_deck =28 day deck concrete compressive strength, waesc = Deck concrete unit weight, Egeck = Deck
Modulus of Elasticity, Lovernang_bridge = Beam overhang lengthat 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) predictand 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.

9 1 "AASHTO Body 2020 N 1.0 l(‘)O lOIOO 10(300 10().000
g —=s— AASHTO Commentary 2020 1 | Nm‘) —— |
—r— AAS ody 202
LU L e ACI209R-92 " =t AASHTO ('ou;mcnlar,\' 2020
T+ =t CEB MC90 e i, S, W EYIPRPRYY. ACI 209R-92
1 CEB MC(C90-99 M S — — Bazant-Baweja B3

=67 fib MC 2010 —=— CEB MC90
] A | ~ = = CEB MC90-99
54 2 = s ~—a— fib MC 2010
8 E2T GL 2000
g4 7T 3
o1 <

3+ q.34

S -3

2 +

1+ -4 1

0 t t y t J

1 10 100 1000 10000 100000 5 1
Time (days) Time (days)
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, w,, 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 creepand 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. 6.2a shows the comparison between
moduli of elasticity at prestress release and 28 days using various models. Fig. 6.2b shows the
difference in camber magnitudewhen eachmodel is considered. Fig. 6.2b suggestthat the selection
of the model for modulus of elasticity at prestress release and 28 days has a noteworthy influence
on camber history with the ACI 318-19 model resulting in differencesup to 148% and ACI 363R-

92 resulting in differences up to 74%.
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Fig. 6.2. a) Comparison of calculated modulus of elasticity at prestress release and 28 days based
on different models; b) influence of model to predict modulus of elasticity at prestress release

and 28 Days on camber history for S-11 project.

6.2.3 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 on camber history was
investigated 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. The results are shown in
Fig. 6.3, which shows that predictions based on both models are almost identical, therefore the
selection of one model or the other is inconsequential. The % difference in camber history

predictions is less than 0.5%.
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Fig. 6.3. a) Comparison of predictions for development of modulus of elasticity with respect to
time based on different models; b) influence of time dependent modulus model on camber for S-
11 project.
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6.2.4 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 camber history. Additionally, the use of overstrength factors affects both f; and
whichin turn affectmoduliof elasticity at prestressrelease 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. 6.4. The inclusion of overstrength factors does have a marked effect on camber
history predictions with differences between the two models being up to 160%. As expected, the

inclusion of overstrength factors results in lower camber predictions.
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Fig. 6.4. Influence of inclusion of overstrength factors for S-11 project

6.2.5 Influence of the Time when the Deck is Placed

The influence of the time when the deck is placed on beam camber and displacements was
investigated by varyingthe time when the deck was placed from 20 days to 55 daysand to 90 days.
This exercise was conductedfortwo projects, S10-2,and S11. Fig. 6.5 showsthe full displacement
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history for the three considered deck placement times. As can be seen, the longer the time when
the deck is placed the higher the pre-erection camber. While this is intuitive, interestingly, a delay
in the time when the deck is placed causes the final camber to be lower. This seemingly
counterintuitive findingisdue to the fact that differential shrinkage betweenthe deck andthe girder
dominates the prestressing force induced camber growth at a greater extent when the placement of
the deck is delayed. It is also interesting to note how camber and displacements after 75 years

appear to be rather similar regardless of when the deck is placed.
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Fig. 6.5. Influence of the time when the deck is placed on beam camber and displacements at
service for: a) S10-2 project; b) S11 project

6.2.6 Influence of the Temperature Gradient

The influence of temperature gradients on beam camber and displacements was investigated by
considering the S10-2, S11, and M20 projects and by using Iteration No. 6 of the proposed
prediction methodology. Camber and displacements were first calculated at various points in time
by ignoring the influence of temperature gradients to establish a baseline, and then were
recalculated by considering both positive and negative temperature gradients based on solar
radiation zone 3 described in AASHTO LRFD Bridge Design Specifications (2020). The results
of this analysis are shown in Fig. 6.6. The evolution of camber in both S10-2 and S11 projects is
characterized by the traditional growth between the detensioning of the strandsand the placement
of the deck, followed by a sudden decrease in camber due to the placement of the deck, and a
further decrease due to time dependent effects. The influence of both negative and positive
temperature gradients is rather consistent throughout the life of the beams with the positive
temperature gradients having a stronger influence on camber and displacements. Therefore, if
construction activities are conducted during the summer months, the contractor should be mindful
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of the impactthat temperature gradients can have on pre-erection camber and orchestrate activities
accordingly. Fig. 6.6c¢ suggests that the influence of temperature gradients on the M20 project,
which features steel beams was similar to that observed in the prestressed concrete beam projects
(S10-2 and S11). The camber and displacement history for the steel beams in the M-20 project
start at deck placement since it is assumed that the beams come with a certain fabricated pre-
erection camber. For S10-2, S-11, and M-20 projects, the absolute maximum % difference values
in camber caused by positive temperature gradients are 20%, 217%, and 600% and those caused
by negative temperature gradients are 6%, 65%, and 180% respectively.

The influence of temperature gradient appears to be large in terms of % change with the
baseline value. However, this is because in some cases the deflection of the beams is either small
or switches from an upward displacement (camber) to a downward displacement. This results in
the baseline value used for comparison to be small and yields large % differences in camber
predictions when in fact the difference in camber or displacement magnitudes is smaller. The
proposed prediction methodology has the ability to quantify camber and displacements due to
temperature gradients and this information can be used to plan for certain construction operations

such as the placement of the deck.
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Fig. 6.6. Influence of temperature gradients on beam camber and displacements at service:
a) S10-2 project; b) S11 project, ¢) M20 project
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6.3 Summary and Conclusions

The influence of various factorsthataffect 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. 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
theinduced 10% change include: beamconcrete compressive strength atrelease 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.

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.

The selection of the model to predict modulus of elasticity at prestress release and 28 days
had a marked effect on camber history with differences from the baseline being as high as 148%.
The influence of the model to predict the variation of modulus with time was inconsequential.

The inclusion of overstrength factors also had a marked effect on camber history with
differences with the case when they are not included being as high as 160%.
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
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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 gradie nts

having a higher influence on camber and displacements compared to negative temperature
gradients.
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Chapter 7: Evaluate Factors that Affect Beam Rebound and
Behavior after Deck Replacement
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Chapter 7: Evaluate Factors that Affect Beam Rebound and Behavior after Deck
Replacement
7.1 Introduction

Intuitively, factors affecting existing steel and concrete beam rebound, net camber after
deck removal, and net camber before new deck placementinclude: the weight of the existing deck;
the age of beam concrete when the deck is removed; the time between the removal of exiting deck
and the placement of the new deck; conditions of the beam and deck concrete at the time of deck
removal, including any changes in geometry or material properties such as those caused by
deterioration; and the type of structure (simply supported or continuous).

The proposed prediction methodology providesthe means to estimate beam rebound, net
camber after deck removal, and net camber before new deck placement for simply supported
bridges that feature prestressed concrete and steel beams. The estimation was done using Iteration
No. 5 and No. 6 to see the difference in results. In the majority of the analysis conducted it was
assumed that the old deck would be replaced after 50 years and that the time between the old deck
removal and new deck placementis 10 days, although the user can enter different values to
investigate various scenarios. The influence of deck replacement time was investigated by varying
it from 40 yearsto 60 years in increments of five years. It was further assumed that for the first
seven days after the placement of the new deck, the new deck will be moist cured such that no
deck shrinkage is taking place. The bridge structures were assumed to be simply supported and
that no significant beam deterioration has taken place in terms of section loss and material
degradation. The only consequential deterioration is assumed to have taken place in the deck thus

prompting a deck replacement.

7.2 Comparison of Rebound and Net Camber after Deck Removal

Table 7.1 provides a comparison between beam rebound, net camber after deck removal,
and net camber before new deck placement. This exercise was conducted for four projects using
Iterations No. 5 and No. 6 of the proposed prediction methodology. There are some differences
between the predicted elastic change in camber (rebound) when Iterations No. 5 and No. 6 are
used. Iteration No. 6 leads to smaller rebounds compared to Iteration No. 5. This difference is due
the different effective moduli of elasticity used in Iteration No. 5 and 6, respectively. Recall that

the effective modulus is a function of the creep coefficient, and Iteration No. 5 and No. 6 use
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different creep coefficients because the former is based on a single creep curve whereas the latter
is based on multiple creep curves. Another reason why the elastic change in displacement
(rebound) is different in Iterations No. 5 and No. 6 is due to the fact that the internal axial forces
and bending moments in the deck, which are considered as newly applied forces on the non-
composite beam section, are different. Since they are different, the rebound caused by their
removal will be different.

In the light of this discussion, it is natural to expect differences in the net camber after deck
removal since the history of forcesin the beam and deck is different. Additionally, predictions
based on Iteration No. 5 suggest 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. This comparison highlights the fundamental differences between the approaches
used in Iterations No. 5 and No. 6. The reason why the net camber after deck removal and net
camber before new deck placement is identical in Iteration No. 5 is due to the fact that the
remaining creep coefficient calculated based on a single creep curve for beam concrete is nearly
zero. Iteration No. 6 on the other hand uses a different creep curve for the unloading of the beam
due to the removal of the deck, and this different creep curve suggests that concrete can still creep

after 50 years.

Table 7.1. Comparison of rebound, net camber after deck removal, and net camber before new
deck placement

ApproachNo.5 ApproachNo. 6
Project Elastic change Net camber after Net camber Elastic change Net camber after Net camber
Name (rebound) in deck removal*  before new deck (rebound) in deck removal*  before new deck
camber” (in.) (in.) placement® (in.) camber” (in.) (in) placement® (in.)
M5 3.67 2.80 2.80 3.39 151 181
TSO 152 2.33 2.33 143 2.00 2.13
S10-2 2.60 484 4.84 2.43 444 4.64
S11 4.65 5.53 5.53 444 474 5.10

“Old deck isassumedto be removedat 50 years.
"Elapsedtime betweenafter deck removal and beforenew deck placement is assumedto be 10 days.

Net camber prior to placement of the first deck was compared to the net camber after the removal
of the deck to determine whether the beam would rebound to its original position. Five prestressed
concrete beam and one steel beam project were considered. The results are shown in Table 7.2.
The penultimate column shows the ratio (f/a) of net camber after removal of deck (and

consequently locked in forces in the deck) to the net camber prior to the placement of the first
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deck. For the steel beam project this ratio is equal to 1.00. This is logical because steel beams do
not creep or shrink, and after the concrete deck is removed, there are no obstacles for the beam to
rebound to its original position. In reality, this may not be the case due to a change in the boundary
conditions (i.e. pin supports may not behave as pin supports), and possible plate action due to the
presence of diaphragms which may restrain the movement of some beams relative to adjacent
beams. For the prestressed concrete beams the ratio f/a varies from 0.47 to 0.92 (i.e. <1.0), which
is an indication that after the deck is placed the beam continues to deflect downwards due to
differential shrinkage and differential shrinkage induced creep. This additional downward
deflection, combined with the smaller immediate rebound when the deck is removed due to the

increased modulus of the beam results in f/a ratios that are lower than 1.0.

Table 7.2. Comparison of net camber prior to placement of deck to net camber after removal of
deck

. . . . Ratio =
Placementof Deckand Barrier (in.) Removal of Barrierand Deck (in.) Removal/Plcement
'?\Irgl;ﬁ‘ét Prior to After After Prior to After Re rﬁ{)t\‘/aarl of
of Deck (a) (b) © d) © Locked in
Forces (f)
S11 6.47 3.53 3.59 0.93 1.67 4.99 0.77 047
S10-2 493 342 3.17 2.30 2.62 4.56 0.92 0.77
M5 3.69 221 1.15 -1.31 -0.37 1.75 0.47 -0.17
TSO 247 1.60 1.45 0.75 0.95 2.08 0.84 0.59
S05 5.74 1.99 1.03 -1.58 -0.69 3.35 0.58 -0.35
M20" 11.68 2.07 0.00* -3.86 -2.97 11.68 1.00 -1.44
“Steel project; *Fabricated camber is arranged such a way that after barrier load is applied, net camber is zero.

7.3 Influence of Deck Replacement Time

The influence of the time when the old deck is replaced on the magnitude of rebound, net
camber after deck removal, and net camber before new deck placement was investigated using
Iteration No. 6 by considering various deck replacement times (40-60 years in increments of five
years). This exercise was conducted for the S-11 project. As can be seen, from Table 7.3 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. Again, this is due to the fact that

the modulus of the beam has reached a stable value after 40 years. This is evident from all full
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beam displacement history curves shown in previous figures. 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. However, as shown in Table
7.3 this influence is minimal. This minimal reduction in net camber before new deck placement as
the deck replacement time increases is due to the fact that concrete creeps less when the load is

applied or removed at a later time rather than at an earlier time.

Table 7.3. Influence of deck replacement time on beam rebound, net camber after deck removal,
and net camber before new deck placement based on Iteration No. 6 (S-11 project)

Time when old

deck is replaced Elastic change (rebound) Net camberafter deck Net camber before new
(yearps) in camber” (in.) removal” (in.) deck placement” (in.)
40 4.44 474 5.11
45 4.44 474 5.11
50 4.44 474 5.10
55 4.44 474 5.10
60 444 474 5.09

“Old deck isassumedto be removedat 50 years.
"Elapsedtime between after deckremovalandbeforenew deck placement is assumedto be 10 days.

7.4 Summary and Conclusions

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.

Steel beams were able to rebound to their original position once the deck was removed
whereas prestressed concrete beams rebounded to 47-92% of their original position depending on
whether differential shrinkage or prestressing induced creep dominated the behavior of the
composite system.

When Iteration No. 6 was used, 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.
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Chapter 8: Evaluation of Various Prediction Methodologies for
Time Dependent Flexural Deformations
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Chapter 8: Evaluation of VVarious Prediction Methodologies for Time Dependent Flexural

Deformations

8.1 Introduction

The purpose of this chapter is to:
1) compare the measured camber at release and pre-erection camber provided as part of the
dataset with predictions based on PCI multiplier Method, MDOT multiplier method, and the
proposed methodology;
2) compare camber predictions based on various approaches within the proposed prediction
methodology to determine the impact of various assumptions.
3) compare predictions of prestress losses based on AASHTO LRFD Specifications (2020)
and those obtained using the proposed prediction methodology

8.2 Evaluation of Predictions for Camber at Release

Measured camber at release data provided by the fabricator was compared with predicted
camber at release using Iteration No. 6. The predicted camber at release was calculated once based
on measured beam properties and another time based on specified properties. The measured
properties in question are the concrete compressive strength at release, length of beam, concrete
unit weight, and magnitude of prestressing force. In all predictions, the modulus of elasticity of
concrete at release was determined using AASHTO’s (2020) formula, which is a function of
concrete compressive strength, unit weight, and aggregate factor. The measured camber was
compared to predicted camber using Iteration No. 6. When conducting this comparison, it was
assumed that camber at release was measured as soon as the strands were detensioned, thus
allowing no time for the concrete to creep and shrink. Measured camber data shows that this was
not always the case because the fabricator has up to seven days to report camber at release
accordingto MDOT’s Special Provisions for Structure Survey during Construction. The measured
camberatrelease was also compared with the anticipated camber specified in the design drawings.

As stated earlier, for the prestressed concrete beams fabricated for Michigan projects
information on beam storage and support conditions when camber at release was measured was
not provided as part of the camber data set. However, in several cases bridge drawings specified
where such supports should be placed. Therefore, predictions were based on the assumption that

such specifications were followed during beam fabrication and considered the placement of beam
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supports after fabrication. When camber at release was measured for the beams fabricated by PSI
Windsor, the beams had been removed from the prestressing bed and stored on wooden blocks
positioned 3 feet away from the ends of the beam. This support condition was taken into

consideration when estimating displacements due to self-weight for this project.

Summary of camber at release predictions

The comparison between measured, predicted (based on proposed methodology), and
design (specified in drawings) camber at prestress release was conducted on a beam-by-beam
basis. The results of this comparison are provided in Fig. 8.1 and Table 8.1. Fig. 8.1 provides a
graphical comparison between measured and predicted camber at release for each beam using
measured and specified properties. Design camber values specified in drawings are also included.
Table 8.1 provides a summary of statistical indicators for the beam-by-beam evaluation. The
average ratio of measured over predicted camber when the proposed method was used is 1.06 and
0.98 when measured and specified properties were employed with 23% and 24% COVs,
respectively. The ratio of measured over predicted camber using the current MDOT method (i.e.
design camber) is 1.13 and the COV is 42%. This suggests that the current MDOT method is less
accurate and less consistent than the proposed methodology regardless of whether specified or
measured properties are used. The range of measured over predicted camber when the proposed
methodology is used is 0.42-1.57 when measured properties are employed, and 0.41-1.50 when
specified properties are utilized. When MDOT’s method is used the range of measured over
predicted camberis0.48-3.36. These statistics suggest that the proposed methodology contains the

error in prediction much better than the current MDOT method.
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Fig. 8.1. Comparison of measured, predicted, and design camber at prestress release
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Table 8.1. Summary of camber at prestress release predictions

Statistical Camber at Release Ratio
Indicators Am/Ag Am/Ap m Am/Ap s
Min. 0.48 0.42 0.41
Max. 3.36 1.57 1.50
Avg. 1.13 1.06 0.98
St. Dev. 0.47 0.24 0.23
COV (%) 42 23 24
# of beams 150 140 154

Am =measured camber (in.); Ag=design camber (in.); A, m =predicted camber based on measured
properties (in.); Ap s = predicted camber based on specified properties (in.)

8.3 Evaluation of Predictions for Pre-erection Camber

Measured pre-erection camber was compared with predicted pre-erection camber usingthe
proposed methodology, the PCI multiplier method, and the MDOT multiplier method to
demonstrate the higher accuracy of the proposed methodology. When the PCI and MDOT
multiplier methods were used, camber at release was based on predictions obtained using the
Iteration No. 6 to contain the source of error solely to that introduced by the multiplier as opposed
to compounding the errors identified in camber at prestress release predictions. Predictions based
on the proposed methodology were once based on the specified properties and another time on the
measured properties. Creep coefficients, shrinkage strains, and modulus of elasticity were based
on the models provided in AASHTO LRFD Specifications (2020). Variation of modulus of
elasticity with time was based on ACI 209R-92 model and the coefficients @ and  were back

calculated using the modulus of elasticity at prestress release and 28 days as anchor points.

Summary of pre-erection camber predictions

Fig. 8.2 and Table 8.2 provide a summary of the pre-erection camber predictions. The
average ratio of measured over predicted camber when measured and specified properties are used
is 1.06 and 0.98 and the corresponding COVs are 19% and 19%, respectively. The average ratio
of measured over predicted camber when the PCI multiplier method is used based on measured
and specified properties is used is 0.82 and 0.78, respectively, and the corresponding COVs are
21% and 20%, respectively. The average ratio of measured over predicted camber when the MDOT
multiplier method is used based on measured and specified properties is used is 0.67 and 0.62,

respectively, and the corresponding COVsare 23% and 20%, respectively. These statistics suggest
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that the proposed prediction methodology results in more accurate and consistent predictions of
pre-erection camber compared to the PCI multiplier method and MDOT multiplier method

regardless of whether measured or specified properties are used.

10 T
® Specified Properties P -
g B  Measured Properties P -~
. = — Best Fit P -
) - ..
207 e T
= n a mm u
© e o 1
24T [ ™ .,-/ﬂ. Specified | Measured
5 ~ - Min. 0.68 0.71
3 . Max. 1.44 1.53
~ 21 _ ~ Avg. 0.98 1.06
= COV (%) 19 19
7~
0 . . Data # 920 82 .
0 2 4 6 8 10

Measured Camber (in.)

Fig. 8.2. Comparison of measured and predicted pre-erection camber

Table 8.2. Summary of pre-erection camber predictions on a beam-by-beam basis

Statistical Pre-erection Camber Ratio

Indicators  Aw/Apm  Aw/Aps Aw/Apcim  Aw/Apcis  Am/Ampor m  Am/ Ampor s
Min. 0.71 0.68 0.56 0.52 0.47 0.46
Max. 1.53 1.44 1.36 1.13 1.30 1.00
Avg. 1.06 0.98 0.82 0.78 0.73 0.68

St. Dev. 0.21 0.19 0.17 0.16 0.17 0.14
COV (%) 19 19 21 20 23 20
# of beams 82 90 82 90 82 90

Am = measured camber (in.); Ap m = predicted camber based on measured properties (in.); Ap s = predicted
camber based on specified properties (in.); Aeci m = predicted camber using PCI multipliers and measured
properties (in.); Apci s = predicted camber using PCI multipliers and specified properties (in.); Ampot m =
predicted camberusing MDOT multipliers and measured properties (in.); Ampor s = predicted camber using
MDOT multipliersand specified properties (in.)

8.4 Evaluation of Predicted Camber Growth Curve

Camber growth curves were developed for the beams that were fabricated by PSI Windsor
as part of the Tiffin Street Overpass project since multiple camber readings were taken for these
beams during the time that these beams were stored in the precast facility. Fig. 8.3 shows the

variation of measured and predicted camber with time for all four beams for which camber data
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was recorded. The predicted camber growth curves were obtained based on various creep and
shrinkage models. In Fig. 8.3athe measured camber data is compared with predicted camber based
on creep coefficients and shrinkage strains obtained from all considered models. As can be seen,
the B3 total creep model and the GL2000 model significantly overestimate beam camber.
Therefore, these two models are excluded in Fig. 8.3b so that the difference between the other
models can be assessed more clearly. AASHTO LRFD Specifications (2020) provide two sets of
equations to account for the effect of volume-to-surface ratio (V/S). The first set of equations is
provided in the body of AASHTO (2020) and the second in the commentary. The maximum V/S
ratio considered in the development of the equations provided in the commentary was 6 in. Fig.
8.3b suggests that for one out of four beams, the AASHTO LRFD (2020) body model leads to
more accurate predictions when compared to other models. For two out of four beams, the CEB
MC90-99 model results in a better match with the measured camber data, and for one out of four
beams, the fib MC 2010 model provides the best prediction.
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Fig. 8.3. Variation of measuredand predicted camber for the prestressed concrete beams fabricated
in PSI Windsor for the Tiffin Street Overpass Project: a) full scale, b) reduced scale

Fig. 8.4 shows the contribution of creep and shrinkage to the predicted long-term camber
based on the AASHTO LRFD (2020) model. The difference in downward deflections caused by
beam shrinkage based on the two sets of equations for V/S ratio is negligible, whereas the
difference in camber caused by creep is noticeable. Additionally, the difference between
predictions based on the provisions for V/S ratio provided in the body of AASHTO (2020) and
those provided in the commentary are also noticeable. Since the provisions in the body of
AASHTO LRFD (2020) Specifications for creep and shrinkage led to more accurate camber

predictions compared to the other models for the beams in question, this model was used to
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evaluate the rest of the camber and displacement data. It should be noted, however, that this
conclusion is based solely on four beams. Menkulasi et al. (2018) arrived at a similar conclusion
for three sets of prestressed concrete beams fabricated in Virginia. In addition, the AASHTO
(2020) creep model provided the best match for the creep coefficient obtained based on measured
creep data collected as part of this research project for one Michigan prestressed concrete beam
mix. While the reasons stated above should provide a level of comfortin using the benchmark
model set used in this research (i.e. AASHTO (2020) model for creep, shrinkage, and modulus at
prestress release and 28 days, and ACI 209R-92 model for the variation of modulus of elasticity
with time) it should be noted that other combinations of models could also result in accurate pre-
erection camber predictions. ACI Committee 209 is perhaps in the best position to recommend a
model for predicting creep and shrinkage. However, as stated earlier, the committee has refrained
fromdoingso duetoa lack of consensusregardingthe data setand statistical indicators that should
be used to arrive at such conclusion.
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Fig. 8.4. Influence of beam creep coefficient and beam shrinkage strain on beam camber
considering the beams used in the Tiffin Street Overpass project
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8.5 Comparison of Incremental Time Step Method (Nilson 1987) and Proposed Prediction
Methodology

The incremental time step method (ITSM) (Nilson 1987) described in Chapter 2 was used
to compare pre-erection camber predictions with those obtained using the proposed prediction
methodology. As noted in Chapter 2, the ITSM (Nilson 1987) relies on updating the prestressing
force for various time steps to capture the variation of this force with time so that the influence of
this variation on beam camber and displacements can be quantified. The ITSM does not capture
the directeffectthat phenomenasuch as differential shrinkage between the deck and the girder can
have on beam camberand displacementin cases where there isno prestress (such as a steel bridge).
Therefore, this comparison was limited to pre-erection camber predictions in which the effect of
differential shrinkage is limited compared to the condition after the deck is cast. Because, the ITSM
relies primarily on an accurate estimation of prestress losses to determine the variation of the
prestress force with time and consequently the variation of camber and displacements, a
comparison between prestress losses computed using the AASHTO LRFD Specifications (2020)

and those computed using the proposed methodology is conducted.

8.5.1 Variation of Prestress and Prestress Losses with Time

Variation of Total Prestressing Force with Time

The variation of prestressing force and prestress losses with time was investigated to show
the effect that certain construction activities such as deck placement or replacement have on the
magnitude of the prestressing force and consequently on the magnitude of camber and
displacements. This investigation was done using Iteration No. 6 of the proposed prediction
methodology. Fig. 8.5 shows the variation of prestress with time in S11 project. The variation of
the prestress is shown at mid-span. The variation of the total prestressing force over time is
characterized by an initial gradual reductiondue to time dependent prestress losses caused by creep
and shrinkage of beam concrete and relaxationof prestressingsteel. Whenthe deck is placed, there
isasudden increase in the prestressingforce (prestress gain) due to the weightof the deck. Between
deck placement and installation of superimposed dead loads (barrier + overlay) there is a minor
gradual decrease due to time dependent losses. The installation of barrier and overlay causes
another increase in the prestressing force due to the induced tension. Then, there is a gradual

decrease in the prestressing force due to the combined effects of creep of beam concrete, creep of
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deck concrete, differential shrinkage between beam and deck concrete, and differential shrinkage
induced creep. When the deck is replaced (for example after 50 years), there is a sudden decrease
in the prestressingforce due to the rebound of the beam and the compression causedat the centroid
of tendons because of this rebound. The sudden decrease in prestress (prestress loss) is recovered
when the new deck is placed. These observations are intuitive and are a confirmation that the
proposed prediction methodology has the ability to quantify the variation of prestressing force with

time and lead to logical results.
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Fig. 8.5. Variation of prestress as a function of time in a composite bridge system at mid-span
(S-11 project)

Variation of Prestress Loss with Time

There are various factors that affect the magnitude of the prestressing force over time. To
illustrate the effect of these factors on the prestressing force, the prestress loss was plotted as
function of time in Fig. 8.6. A prestress loss is designated as positive, and a prestress gain is
designated as negative. Fig. 8.6 shows the variation of prestress loss or gain due creep and
shrinkage of concrete and relaxation of steel as a function of time. The solid lines represent net
effect that creep, shrinkage, and relaxation of steel have on prestress losses. The dashed lines
represent the separate effects of girder and deck creep and girder and deck shrinkage. It should be
noted that in reality these losses are interdependent (i.e. the loss due to shrinkage affects the loss
due to creep, etc.). However, in this exercise, the variation of each loss with time was considered
separately (i.e.when creep loss is calculated, the other losses are setequal to zero). As can be seen,

concrete creep is the main contributor to prestress loss, followed by concrete shrinkage, and
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relaxation of steel. Girder creep causes the majority of prestress loss a portion of which is
counterbalanced by deck creep, which helps increase positive curvature when the deck is placed.
Girder shrinkage is the second largest source of prestress loss, a portion of which is counter
balanced by deck shrinkage, which causes positive curvature in the composite system thus causing
a prestress gain. Finally, the relaxation of prestressing strands is also partly responsible for

prestress losses although it has a lower influence compared to girder creep and shrinkage.
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Fig. 8.6. Variation of prestress losses with time in a composite bridge system at midspan (S-11
project)

Comparison of Prestress Losses

An accurate prediction of prestress losses is important when estimating camber and
displacements. The researchteam believesthatthe proposed approach isaccurate notonly in terms
of predicting time dependent camber and displacements but also in terms of predicting long terms
losses. Recognizing that various states or consulting companies may use the incremental time step
method (Nilson 1987) to predict time dependent camber and displacement, the long-term losses
computed based on the proposed method were compared with those obtained using AASHTO’s
provisions (2020). An accurate prediction of prestress losses is also important when checking
stresses at service.

AASHTO LRFD Specifications (2020) provide a refined method for estimating losses by
considering two main time steps. The first covers the period from release of prestress to deck

placement, and the second from deck placement to final time. Results obtained from AASHTO’s
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(2020) refined method for calculating prestress losses were compared with those obtained from
the proposed prediction methodology and are illustrated in Fig. 8.7 and Table 8.3. When using the
proposed prediction methodology total losses were once computed by ignoring the
interdependence of losses and another time by considering this interdependence. The former
approach was used to be able to compare prestress loss components causes by each phenomenon
and the latter was used for a more realistic assessment. It should be noted that the proposed
prediction methodology provides losses due to creep and shrinkage as a single numerical value
since these phenomena are considered simultaneously. To separate these losses, the analysis was
once run by setting the creep coefficient equal to zero to obtain the shrinkage loss, and another
time by setting the shrinkage strain equal to zero to obtain the creep loss.

In general, predictions based on AASHTO’s (2020) provisions were consistent with those
obtained from the proposed prediction methodology. The largest difference was exhibited by the
creep loss. The difference in creep loss prediction was smaller between transfer and deck
placementand became larger from deck placement to final time. This is expected because once
the deck is placed creep loss is affected by girder and deck concrete creep, and the AASHTO
(2020) model captures only the influence of girder concrete creep. Predictions for shrinkage loss
were rather consistent throughout the lifetime of the bridge. AASHTO LRFD Specifications
(2020) have provisions that capture prestress gains due to deck shrinkage after the deck is placed
and for the S-11 project these provisions seem to be working well. Relaxation loss predictions
were also consistent. A time dependent functionwas used to predict losses due to relaxation of
prestressing steel in the proposed prediction methodology as opposed to the step -wise function
recommended in AASHTO (2020). Total time dependent losses from release of prestress to deck
placement based on the proposed prediction methodology were equal to 7.8% and 7.5% of the
jacking stress when loss interdependence was ignored and considered, respectively, whereas those
obtained from AASHTO Specifications (2020) were equal to 8.1%. Similarly, losses from deck
placementto final time based on the proposed prediction methodology were equal to 5.3% and
4.4% whereas those based on AASHTO specifications (2020) were equal to 3.8%. When elastic
shortening losses are considered total losses based on the proposed prediction methodology are
equal to 24.0% and 22.8% and those based on AASHTO (2020) provisions are equal to 22.9%
(Table 8.3). Overall, predictions based on AASHTO LRFD Specifications (2020) were rather

accurate. The % difference for creep and shrinkage is no greater than 11%. Relaxation loss
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prediction differences are up to 68% although this is due to the small benchmark relaxation loss

value. The maximum difference for total loss when interdependence is ignored does not exceed

33%. When interdependence is considered, the % difference for total loss between proposed

prediction methodology and AASHTO LRFD (2020) body provision does not exceed 34%.
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Fig. 8.7. Comparison of calculated separate and total prestress losses for S-11 project using
proposed prediction methodology and AASHTO (2020) Body provisions

Table 8.3. Comparison of separate and total prestress losses computed using the proposed
prediction methodology and AASHTO LRFD Specifications (2020) for the S-11 project

From initial to deck

placement From deck to final Totalfrominitialto final
Losses Approach AASHTO Approach AASHTO Approach AASHTO
No. 6 LRFD: No. 6 LRFDs? No. 6 LRFD?
(2020) (2020) (2020)
Elastic shortening” (%) 10.9 11.0 NA* NA*
Relaxation (%) 0.7(0.5%) 0.6 0.8(0.3%) 0.6
Creep Dueto girder 5.0 5.4 3.0 14
(%) Dueto deck NA* NA* -0.2 NA* 24.0 229
Shrinkage  Dueto girder 2.0 2.1 2.8 2.2 (22.8%) '
(%) Due to deck NA* NA* -1.0 -0.3
Totaltime-dependent + +
losses™ (%) 7.8(7.5% 8.1 53(4.4% 3.8

“Although it is shown in the table asa loss occurring between from initial to deck placement, it is an instantaneous
loss, not time dependent; ““Combined time-dependent loss - elastic shortening is not included; *Not applicable;
Body provision; *Predicted by considering interdependence of losses.
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Comparison of Camber Prediction

The prestress losses computed using the AASHTO LRFD Bridge Design Specifications
(2020) were used to update the prestressing force for several time steps with the purpose of
computing pre-erection camber using the Incremental Time Step Method (Nilson 1987) described
in Chapter 2. A total of 20 logarithmic like time steps were considered for the S10-2, S-11, and
S12-1 projects and 37 time steps were used for the M-5 project when using the Incremental Time
Step Method (Nilson 1987) as well as the proposed method. This means that the number of steps
considered atthe beginningof the considered time interval (i.e. between prestress transferand pre-
erection) was higher than that towards the end of the time interval to mimic the logarithmic like
variation in creep and shrinkage of concrete. The results of this comparison are shown in Fig. 8.8.
In general, pre-erection camber predictions based on the proposed prediction methodology and
Incremental Time Step Method (Nilson 1987) were similar with the proposed methodology
providing better predictions for three out of four projects. For general use, the proposed prediction
methodology is recommended since it considers phenomena not accounted for by the Incremental
Time Step Method (Nilson 1982) such as the influence of differential shrinkage between concrete

and strands.
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Fig. 8.8. Comparison of proposed method with the Incremental Time Step Method (Nilson 1987)
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8.6 Comparison of Various Approaches within the Proposed Prediction Methodology

Since the latest version of the proposed prediction methodology was based on several iterations
each of each introduced a level of theoretically enhanced accuracy, it is natural to ask what the
impact of the improvements introduced in each layer is on predictions of camber and
displacements over time. This section providesa comparison of predictions conducted using each
iteration and contains three subsections. The first includes a comparison of all iterations for the
displacement history of the beam up to pre-erection. The second includes the full-service life of
the beam but excludes deck replacement. The third addresses the full displacement history

including deck replacement.

8.6.1 Comparison of Iterations No. 1 through No. 6 for Pre-erection Camber

Camber growth up to pre-erection was predicted using all iterations for the prestressed concrete
beams used in S10-2 and S-11 project. The results are shown in Fig. 8.10. Iterations No. 1 and No.
2 can provide predictions at discrete points and are shown by the green dots, which represent
camber at release of prestress and pre-erection camber. Iterations No. 3 through No. 6 can provide
the full displacement history. Predictions based on Iterations No. 1-6 are virtually identical with
% differences being smaller than 4%. Iterations No. 1 and No. 2 despite their relative simplicity
lead to similar predictions of pre-erection camber with Iteration No. 6, which is believed to be the
most accurate. On the other hand, ITSM (Nilson 1987) predicts lower camber than all other
iterations for S10-2 and S11 project. Although % difference for Iteration No. 1-5does not exceed
5%, it reaches almost 10% for ITSM. It should be noted that differences between the different
iterations may vary for other projects. For the S10-2 and S-11 projects, differences in pre-erection

camber were no more than 10% despite fundamental differences in each prediction methodology.
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Fig. 8.9. Comparison of various iterations for pre-erection camber for: a) S10-2 project, b) S-11
project

134



8.6.2 Comparison of Iterations No. 2 to No. 6 for Service camber without Deck Replacement

Camber and displacements were predicted using Iterations No. 2 — 6 up to 75 years for the
prestressed concrete beams used in the S10-2, S-11, and M-20 projects. The results are shown in
Fig. 8.10. In this comparison, Iteration No. 1 is not included because its scope was to provide
predictions up to pre-erection and not beyond. All iterations result in rather similar predictions up
to pre-erection for both prestressed concrete beam bridge projects (S10-2 and S-11) with
differences being less than 5%. For S10-2 project, while Iteration No. 5 provides the highest
service camber at 75 years, Iteration No. 2 predicts the lowest one. In addition, Iterations No. 2,
No. 3, No. 4 and No. 6 results in similar service camber results at 75 years. The difference in
service camber with respect to Iteration No. 6 remains less than 22 % for Iteration No.2; 6% for
Iterations No. 3 and 4; and 12% for Iteration No. 5. For S11 project, Iteration No. 6 provides the
lowest prediction all iterations provide similar service camber predictions. The difference between
Iteration No. 5 and 6 is at most 101%. The difference between Iterations No. 3 and 4 and Iteration
No. 6 is around 8%. The difference between Iteration No. 2 and No. 6 is approximately 80%. For
the steel beam bridge project (M-20) the difference between Iteration No. 3, 4 and 5 and Iteration
No. 6 is less than 9%, whereas the difference between Iteration No. 2 and Iteration No. 6 is
approximately 0.6%. It should be noted that in Iteration No. 2 the placement of the deck and
superimposed dead loads (barrier +overlay) is assumed to take place simultaneously whereas in
Iterations No. 3 and above a period of seven days is assumed between the placement of the deck
and placement of superimposed dead loads. As can be seen from Fig. 8.10 the fundamental
theoretical differences in each prediction methodology start to produce notable differences in

camber and displacements at service in some cases.
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Fig. 8.10. Comparison of various approaches for service camber without deck replacement for:
a) S10-2 project, b) S-11 Project, ¢c) M-20 project

8.6.3 Comparison of Iterations No. 4 to No. 6 for Service Camber with Deck Replacement.

The full displacement history of the prestressed concrete beams used in the S-10-2 and S-11
projects was predicted using Iterations No. 4, 5, and 6. A similar comparison was conducted for
the steel beams in the M-20 project. This comparison includes an assumed deck replacement
activity after 50 years of service. Iterations No. 1, 2, and 3 were not included in this comparison
because their scope was limited either to the prediction of pre-erection camber (Iteration No. 1) or
the prediction of service camber withouta deck replacementactivity. The resultsare shown in Fig.
8.11 in terms of the full displacement history. Fig. 8.11a and Fig. 8.11b suggest that there are
notable differences in predictions for camber and displacements at service based on Iteration No.
4 and Iterations No. 5 and 6. Additionally, Fig. 8.11a and Fig. 8.11b suggest that the difference in
camber and displacements for the S10-2 and S-11 projects (prestressed concrete beam projects)
between Iteration No. 4 and 6 can be up to 589%, whereas the differences between Iteration No. 5
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and 6 canbe up to 1795%. Forthe M-20 projectwhich featured steel beams the difference between
camber and displacements did not exceed 11% and all iterations resulted in rather similar
predictions. The results presented so far suggest that the difference in predictions based on various
iterations is more pronounced in prestressed concrete beambridge projects comparedto steel beam
bridge projects. This is due to the fact that any uncertainties related to the creep and shrinkage of
the beam are removed when the beam is a steel beam since a steel beam does not creep or shrink.
The fundamental differences between the various iterations are related for how to best predict the

structural effects of creep in a prestressed concrete beam, which is subject to a varying stress

history.
6 7 -
0, ifference .
5 App. No. Vo .D]m'rm“ 6T App. | % Difference
Min. | Max. s L No Mi M
82 6.6 . . in. ax.
41 23 | 458 41 4 -589 | 426
3 = 3| -1795 | 1297
=2 g
= 3 = s Approach No. 6
2 - 3
".é _E 2T Approach No. 5
Q 2 - 5 I 1 Approach No. 4
Approach No. 6 0 T T N W ST b
| + | = ApproachNo.5 - L4 10 100 1000 10000 100000
e Approach No. 4 - - —
a4l -
0 ,;_A_l_l_LlM‘_l_l_l_LlJJJ‘_‘_L_A_LLm‘_A_I_‘_Lu_IH—I_I_A_LUM_{ =
1 10 100 1000 10000 100000 3 L -
Time (days) Time (days)
a) b)
14 - T : i
12 4 Approach No. 6 App. No. %‘Diffcrcncc |
Approach No. 5 Min. Max.
10T ) 4 63 100
gl LT77™ Approach No. 4 5 82 1.0 |
ot
E 24
9]
0 t t t !
A1 10 100 1000 10000 100000
4+
6+
Time (days)
c)

Fig. 8.11 Comparison of predicted displacement history based on Iterations No. 4, 5, and 6
includinga deck replacementactivity after 50 years of service for: a) S10-2 project, b) S11 project,
¢) M-20 project

8.6.4 Impact of Method to Generate Time Steps within Iteration No. 6
As described in Chapter 3, Iteration No. 6 produces times steps using a stepwise function in which
more time steps are used at the beginning of an eventand fewer at later times. Another approach

is that proposed by Gilbert and Ranzi (2012) who suggest the use of a geometric series for the
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generation of the number of time steps. The impact of the method for generating the number of
time steps used for a given loading event was evaluated by running Iteration No. 6 one time using
the stepwise function described in Chapter 3 and another time using the geometric series proposed
by Gilbertand Ranzi (2012) using 1, 5, and 10 time substeps for every major time step. The results
are shown in Fig. 8.12 for S-10-2 and S-11 projects. The figures shown on the right-hand side
show the % differences between using a logarithmic time substep generation approach or using a
geometric series based on a certain number of time substeps. Predictions based on the step wise
function and the geometric series differ no more than 21% and 100% for S10-2 and S11 projects,
respectively. The proposed prediction methodology allows the user to select either method for the

generation of time steps for a given event.
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Fig. 8.12. Impact of method to generate the number of time steps on full camber and displacement
history for: a) S10-2 project, b) S-11 project

8.6.5 Influence of Number of Beam Sections Specified in Iteration No. 6
When using the Matlab based algorithm (Iteration No. 6) the user needs to specify the
number of beam sections. This decision influences the prediction of camber, which is obtained by

numerically integrating the curvature diagram along the beam span based on the selected number
of sections. Italso influences the smoothness of the deflected shape of the beam for a given time
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step. To obtain a realistic deflected shape, the user needs to specify enough sections so that the
algorithm can produce a smooth deflected shape.

The sensitivity of camber predictions based on the approach used in Iteration No. 6 to the
number of beam sections selected was evaluated by varying the number of odd sections from three
to 99 and the number of even sections from two to 100. The benchmark for conducting this
evaluation is the camber predicted using 100 beam sections. The results of this evaluation are
shown in Fig. 8.13 for camber at release and pre-erection at midspan for the beams used in S-11
project. Fig. 8.13a suggest that the estimation of camber is not sensitive to the number of beam
sections selected when this number is odd. For example, the difference in camber predictions
between three and 100 beam sections is less than 0.5%. This shows the efficiency of the selected
numerical integration technique when an odd number of beam sections are selected. Conversely,
when the selected number of beam sections is even, camber predictions become notably sensitive
to the selected number of beam sections. For example, Fig. 8.13b shows that the difference in
camber prediction between two and 100 beamsections is greater than 35%. This differencereduces
rapidly as the number of beam sections increases and becomes negligible when the number of
sections exceeds 50. Therefore, it is recommended that at least 51 sections are selected when
conducting a time dependent analysis using the Matlab based software developed based on

Iteration No. 6.
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Fig. 8.13. Sensitivity of camber predictions at midspan for the beams used in S-11 project to the
number of sections considered: a) number of odd sections, b) number of even sections, ¢) number
of sections (odd or even)
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8.7 Derivation of Time Dependent Multiplier Method

Camber predictions obtained using the proposed prediction methodology were compared
with those obtained using the time dependent multiplier method. As explained in Chapter 3, time
dependent multiplier curves were developed for the each project based on results obtained from
the proposed prediction methodology. This was done by computing the ratio between long term
camber and camber at release (i.e. the multiplier) at various points in time up to 90 days for all
prestressed concrete beams used in the projects considered as part of this research project. These
curves are shown in Fig. 8.14. Then a logarithmic curve fit was conducted to develop a function

that expresses the multiplier as a function of time (Eq. 8.1).

If t < 3days A=1
otherwise A= 0.171In(t) + 0.85 (A: multiplier,and t:time in days) 6.1
It should be noted that the time dependent multiplier is valid only for predicting pre-erection
camber and cannot be used after the deck is cast. Such time dependent multipliers may be useful
and convenientduringthe preliminary design stage. Thisconvenience should be used with caution
as the proposed time depend multiplier values are empirically derived and may or may notbe valid

for all types of beams.

8.8 Comparison of Proposed Prediction Methodology and Time Dependent Multiplier Method
Measured pre-erection camber was compared with predicted pre-erection camber based on
the proposed prediction methodology (Iteration No. 6), the proposed time dependent multiplier
method, MDOT’s fixed multiplier method, and PCI’s fixed multiplier method. The comparison
was done on a beam by beam basis using both specified and measured properties (Table 8.4). This
comparison was conducted by calculating ratios of measured over predicted camber using each
prediction methodology. Table 8.4 suggests thatthe proposed predictionmethodology andthe time
dependent multiplier method offer significantly better predictions than those obtained using PCI
and MDOT multipliers. While the use of measured properties resulted overall in more accurate
predictions, the COV of was higher than when specified properties were used. Average ratios of
measured over predicted camber when specified properties were used for the proposed prediction

methodology and time dependent multiplier method were 0.98 and 0.96, respectively; whereas
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those for the PCI and MDOT multiplier approach were 0.78 and 0.68, respectively. When
measured properties were used the average ratio of measured over predicted camber for the
proposed prediction methodology and time dependent multiplier method were 1.06 and 1.02;
respectively; whereas those for the PCI and MDOT multiplier approach were 0.82 and 0.73,
respectively.

The time dependent multiplier method was also evaluated by calculating the ratio of
measured over predicted camber using initial camber predictions based on the proposed
methodology as well as measured initial camber. The initial camber predictions were based on
specified and measured properties. This evaluation was done with the purpose of determining the
benefitof usingmeasured camber datawhen available to improve pre-erectioncamber predictions.

Table 8.6 suggests that when measured initial camber isused, the time dependentmultiplier
method results in comparable predictions with those based on calculated initial camber using
measured properties, however, the COV is larger indicating a lower degree of consistency in
predictions.

Finally, the time dependent multiplier method was evaluated by comparing measured
camber for four beams used in the Tiffin Street Overpass project at various points in time when
they were in the precast facility. The results are shown in Table 8.7 and Fig. 8.15. Since the beams
are theoretically identical predictions are also identical. However, as can be seen there are some
differences in measured camber despite the fact the beams are identical. These differences are
attributed to inherent variability and unintended variation from specifications. The time dependent
multiplier method predicted camber growth rather well in beam G2-7, however, the accuracy in
prediction reduced for the other beams. As stated earlier, one of the reasons for the variation of
measured camber could be the influence of temperature gradients, which can be evaluated using

the developed algorithm in Matlab.
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Fig. 8.14. Variation of multipliers as a function of time (prediction curves for each project are
based on specified properties)

Table 8.4. Beam based comparison of several approaches for pre-erection camber

Pre-erection Camber

RatiO Am/ Apmpﬁm Am/ Apmpﬁs Am/ Apfm Am/ Apfs Am/ APCIfm Am/ APCLS Am/ AMDOTﬁm Am/ AMDOTﬁs
Min. 0.70 0.65 0.71 0.68 0.56 0.52 0.47 0.46
Max. 1.59 141 1.53 1.44 1.36 1.13 1.30 1.00
Avg. 1.02 0.96 1.06 0.98 0.82 0.78 0.73 0.68
St. Dev. 0.21 0.19 0.21 0.19 0.17 0.16 0.17 0.14
COV (%) 21 20 19 19 21 20 23 20
# of beams 82 90 82 90 82 90 82 90

Am: measured camber; Apmp_s: predicted camber based on proposed multipliers and specified properties; Apmp m: predicted camber
based on proposed multipliers and measured properties; Ap_s: predicted camber based on analysis and specified properties; Ap m:
predicted camber based on analysis and measured properties; Amport_s: predicted camber based on MDOT multipliers and
specified properties; AMpoT_m: predicted camber based on MDOT multipliers and measured properties; Apci_s: predicted camber
based on PCI multipliers and specified properties; Apci m: predicted camber based on PCI multipliers and measured properties;

Table 8.5. Comparison of proposed multiplier with different initial camber values
Pre-erection Camber

Statistical Indicators

Am/Apmpim Am/Apmpis Am/Apmpimm
Min. 0.65 0.65 0.66
Max. 157 141 1.58
Avg. 0.92 0.96 0.92
St. Dev. 0.21 0.19 0.22
COV %) 23 20 25
#of beams 80 90 72

Am: measured camber; Apmp_s: predicted camber based on proposed multipliers and specified properties; Apmp_m: predicted
camber based on proposed multipliersand measured properties; Apmp_mm: predicted camber based on proposed multipliers and
measured initial camber.
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Table 8.6. Camber growth prediction for Tiffin Street Overpass Project using proposed time-
dependent multiplier

Girder Time at Measured Proposed Estimated Estimated camber Measured camber /
Name measurement (days) camber (in.)  Multiplier” camber_at at measur_ement estimated camber
release® (in.) date (in.)
G2-6 9 2.61 1.22 2.19 1.19
G2-6 14 2.75 1.30 2.32 1.18
G2-6 16 2.88 1.32 2.37 1.22
G2-6 19 2.81 1.35 2.42 1.16
G2-6 22 2.88 1.38 1.79 2.46 1.17
G2-6 26 2.81 1.40 2.51 1.12
G2-6 28 2.78 1.42 2.54 1.10
G2-6 31 3.00 1.43 2.57 1.17
G2-7 12 2.53 1.27 2.28 1.11
G2-7 14 2.66 1.30 2.32 1.14
G2-7 17 2.72 1.33 2.38 1.14
G2-7 20 2.75 1.36 1.79 2.43 1.13
G2-7 24 2.53 1.39 2.49 1.02
G2-7 26 2.66 1.40 2,51 1.06
G2-7 29 2.84 1.42 2.55 1.12
G2-8 10 3.03 1.24 2.22 1.36
G2-8 13 2.81 1.29 2.30 1.22
G2-8 16 3.06 1.32 2.37 1.29
G2-8 20 3.09 1.36 1.79 2.43 1.27
G2-8 22 3.03 1.38 2.46 1.23
G2-8 25 3.22 1.40 2.50 1.29
G2-9 14 3.47 1.30 2.32 1.49
G2-9 18 3.47 1.34 179 2.40 1.45
G2-9 20 3.34 1.36 ' 2.43 1.37
G2-9 23 3.53 1.38 2.48 1.43
“calculated by using proposed equation: y = 0.17 In(t) + 0.85. Min. 1.02
Tobtained from Approach No. 6 usingspecified properties. Max. 1.49
Ave. 121
St. Dev. 0.12
COV (%) 10
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Fig. 8.15. Camber growth prediction for Tiffin Street Overpass Project using proposed time-
dependent multiplier for: a) G2-6 beam; b) G2-7 beam; ¢) G2-8 beam; and d) G2-9 beam

8.9 Summary and Conclusions

1) With respect to predictions for camber at release, the proposed prediction methodology
resulted in more accurate and consistent predictions than the current MDOT method
regardless of whether measured or specified properties are used.

2) With respectto predictions for pre-erection camber the proposed prediction methodology
resulted in more accurate and consistent predictions compared to the PCI multiplier method
and MDOT multiplier method regardless of whether measured or specified properties are
used. Additionally, predictions based on the Time Dependent Multiplier Method and
Incremental Time Step method (Nilson 1987) were also more accurate compared to the
PCI Multiplier Method and the MDOT multiplier method.

3) A time dependent multiplier method was derived for predicting pre-erection camber. This
method should be used for preliminary design purposes and the proposed prediction

methodology (Iteration No. 6) should be used for final design. The proposed time
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4)

5)

6)

7

dependent multiplier method led to more accurate predictions of pre-erection camber
compared to the PCI multiplier method and MDOT multiplier method.

Most pre-erection camber and full displacement history predictions were based on creep
and shrinkage models provided in the body of AASHTO LFRD Specifications (2020), the
AASHTO LRFD (2020) equation for predicting modulus at prestress release and 28 days,
and ACI 209R-92 model for predicting the variation of modulus with time. When
compared to measured pre-erection camber values, this set of prediction models, inserted
in the proposed prediction methodology, resulted in reasonably accurate pre-erection
camber predictions. The proposed methodology allows the user to select various models
for creep and shrinkage of beam and deck concrete, prediction of modulus at prestress
release and 28 days, and its variation with time. The user is encouraged to evaluate the use
of different models to obtain a sense for the anticipated variation of predicted camber and
displacements.

Prestress losses predicted based on Iteration No. 6 and those predicted using AASHTO
LFRD Specifications (2020) were similar. The Incremental Time Step Method (Nilson
1987) and Iteration No. 6 led to rather similar predictions of pre-erection camber.
Differences between predicted pre-erection camber based on Iterations No. 1-5 and
Iteration No. 6 did not exceed 4%. Differences between predicted service camber without
deck replacement based on Iterations No. 2-5 and Iteration No. 6 did not exceed 101%.
Differences between predicted service camber with deck replacement based on Iterations
No. 3-5 and Iteration No. 6 did not exceed 1795%.

The proposed prediction methodology (Iteration No. 6) requires that the user specifies the
number of beam sections to be used in the time dependent analysis. It is recommended that

this number is at least 51 to obtain accurate results.
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Chapter 9: Summary and Conclusions
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Chapter 9: Summary and Conclusions

A methodology for predicting camber and displacements in prestressed concrete and steel
girder bridges was 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 following conclusions are drawn:
9.1 Chapter 3 - General:

1) The proposed prediction methodology can be used to predict camber and displacements at
any pointin time duringthe life of the bridge includingcases in which the deck is replaced.
The proposed methodology may be used for prestressed concrete and steel girder bridges.

2) The proposed prediction methodology considers the effects of concrete creep, shrinkage,
and aging, as well as steel relaxation. The effects of differential shrinkage and differential
creep as well as shrinkage induced creep are also considered. The proposed prediction
methodology considers the effects of temperature gradients thus providing bracketed
predictions for camber and displacements at any point in time.

3) Camber and displacement predictions obtained from the proposed prediction methodology
are blind predictions, in the sense that no calibration is conducted to match measured
camber values based on Michigan specific conditions, and all predictions are based on
principles of engineering mechanics when internal force redistribution is considered.
Empirical modelsare used to predict modulus of elasticity, creep andshrinkage of concrete,

relaxation of prestressing strands, and expected concrete compressive strength.
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9.2 Chapter 5 - Factors that Affect Prestressed Concrete Beam Camber

4)

5)

6)

7)

8)

9)

While it is determined thatthe unitweight of concrete, w, the magnitude of the prestressing
force at jacking, Pjaxing, and beam length, L, all have a significant influence on camber at
release and pre-erection beam camber, itis 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, /%, 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, Liyanster, debonded length, Lgepondes, SUPpPOrt conditions during storage,
Loverhang, and location of harpingpoint, Larping, influence camber atrelease 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 abovementioned factors.

9.3 Chapter 6 - Factors that Affect Camber and Displacements in the Composite System

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.

11)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
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days, location of harping point, beam spacing, compressive strength of deck at 28 days,
and unit weight of deck.

12)Factors that led to atriple digit average % change in net camber and displacement due to
the induced 10% change include: beam length, and prestressing force.

13)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.

14) 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.

15) 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.

9.4 Chapter 7 - Factors that Affect Beam Rebound and Behavior after Deck Replacement

16)Deck replacementtime had no influence on the magnitude of beam reboundand netcamber
after deck removal provided that the deck is replaced at least after 40 years. Deck
replacementtime had aminorinfluence on the netcamber before new deck placement with
greater deck replacement times resulting in slightly lower net cambers before new deck
placement.

17)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 netcamber after deck removal, and netcamber before new deck placement

whereas Iteration No. 6 suggests that there is a slight camber growth.
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9.5 Chapter 8 - Evaluation of Various Design Procedures

18)With respect to predictions for camber at release, the proposed prediction methodology
resulted in more accurate and consistent predictions than the current MDOT method
regardless of whether measured or specified properties are used.

19)With respect to predictions for pre-erection camber the proposed prediction methodology
resulted in more accurate and consistent predictions compared to the PCI multiplier method
and MDOT multiplier method regardless of whether measured or specified properties are
used. Additionally, predictions based on the Time Dependent Multiplier Method and
Incremental Time Step method (Nilson 1987) were also more accurate compared to the
PCI Multiplier Method and the MDOT multiplier method.

20)A time dependent multiplier method was derived for predicting pre-erection camber. This
method should be used for preliminary design purposes and the proposed prediction
methodology (Iteration No. 6) should be used for final design. The proposed time
dependent multiplier method led to more accurate predictions of pre-erection camber
compared to the PCI multiplier method and MDOT multiplier method.

21)Most pre-erection camber and full displacement history predictions were based on creep
and shrinkage models provided in the body of AASHTO LFRD Specifications (2020), the
AASHTO LRFD (2020) equation for predicting modulus at prestress release and 28 days,
and ACI 209R-92 model for predicting the variation of modulus with time. When
compared to measured pre-erection camber values, this set of prediction models, inserted
in the proposed prediction methodology, resulted in reasonably accurate pre-erection
camber predictions. The proposed methodology allows the user to select various models
for creep and shrinkage of beam and deck concrete, prediction of modulus at prestress
release and 28 days, and its variation with time. The user is encouraged to evaluate the use
of different models to obtain a sense for the anticipated variation of predicted camber and
displacements.

22)Prestress losses predicted based on Iteration No. 6 and those predicted using AASHTO
LFRD Specifications (2020) were similar. The Incremental Time Step Method (Nilson
1987) and Iteration No. 6 led to rather similar predictions of pre-erection camber.

23)Differences between predicted pre-erection camber based on Iterations 1-5 and Iteration

No. 6 did not exceed 4%. Differences between predicted service camber without deck
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replacement based on Iterations No. 2-5 and Iteration No. 6 did not exceed 101%.
Differences between predicted service camber with deck replacement based on Iterations
No. 4-5 and Iteration No. 6 did notexceed 1795%.

24)The proposed prediction methodology (Iteration No. 6) requires that the user specifies the

number of beam sections to be used in the time dependent analysis. It is recommended that
this number is at least 51 to obtain accurate results.
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APPENDIX A: PREVIOUS STUDIES
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A.1 Buettner and Libby (1979)

Buettner and Libby (1979) explored several serviceability issues caused by inaccurate
predictions of camber in prestressed concrete girders. The study documented the variation in the
predicted and measured camber for 37 short span (less than 50 feet) bridge girders produced in
Fairfax County, VA. The study concluded that there was consistent variability in the measured
camber and the computational method used resulted in over predictions of camber. The errors in
prediction were attributed to (1) inaccurate assumptions for the concrete compressive strength and
modulus of elasticity, (2) using uncracked concrete properties when the section may have actually
cracked, (3) inaccuracies in the assumed magnitude of the prestressing force, (4) shipping and
erection times being inconsistentand/or inaccurate, and (5) a lack of consideration of the influence
of temperature gradients. It was concluded that: (1) camber at release should be accurately
recorded for all projects, (2) predicted camber should be noted in the shop drawings, and (3) the
difference between the predicted and measured camber shall notexceed L/1200. Itis notclear how
many states are implementing the last requirements and what the ramifications for not meeting it
are if it is implemented. However, in cases when it is implemented as a project requirement, any
deviation from it can either result in the rejection of the beams or accommodations for the
difference can be made. This research was the first to document the growing issues of inaccurate

camber prediction and correctly hypothesized many probable causes for such inaccuracies.

A.2 Tadrosetal. (1985)

Tadros et al. (1985) investigated methods for how to more accurately predict long-term
camber by considering the influence of time dependent effects in prestressed concrete members.
The goal of this study was to improve the predictions based on the PCI multiplier method proposed
by Martin (1977) by considering the effects of higher strength concrete, relative humidity on creep
and shrinkage, presence of non-prestressed steel, and concrete cracking. The developed method
was a more elaborate multiplier method, which produced similar results in typical bridge girders
under average environmental conditions with those obtained based on Martin’s method. Despite
this revision to the original multiplier method, the multipliers used in the PCI Bridge Design
Manual (Precast/Prestressed Concrete Institute 2011) are unchangedand are still based on the work
of Martin (1977).
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A.3 Kellyetal. (1987)

Kelly, Bradberry, and Breen (1987) investigated camber growth in eight (8) — 127 ft long
AASHTO Type IV high strength concrete bridge girders with low-relaxation steel tendons. The
girders were monitored over a period of time, starting at the time of girder production and ending
a year after entering service. The measurements during this period of time included concrete
surface strains, prestressing strand strains, and deflections at quarter and mid-span. Internal beam
temperature was also monitored andrecorded. This setof data was used in evaluating varioustime-
dependent methods used to calculate deflections. The study concluded that the rate at which
concrete strength varies with time, concrete creep, relative humidity, age and strength of concrete
atrelease, construction schedule, supportconditions duringstorage are all factors, which influence
time-dependent camber. The study also concluded that the introduction of regional practices into

the PCI multiplier method increased the accuracy of predicting time-dependent camber.

A.4 Brown (1998)

Brown (1998) examined the methods for predicting camber growth used by the Idaho
Department of Transportation (IDOT) for prestressed concrete girders at that time. Camber
measurements were collected from four different prestressed concrete girder manufacturers and
compared to camber predictions computed by then-current IDOT design procedures. It was found
that the prediction method tendedto underestimate camber atthe time of prestress release. Primary
conclusions from the study included the following: (1) the primary contributor to prestress losses
at release is elastic shortening, while losses due to steel relaxation are minimal and can be
neglected, (2) the incremental time-steps method (Nilson 1987) provided an accurate prediction of
camber after calibration of creep and shrinkage coefficients, (3) a modified PCI multiplier method
was developed to include local concrete material properties and a regionally appropriate
construction timeline, and (4) relative humidity was not observed to significantly affect camber
growth. It was stressed that the recommended camber prediction methods are based on estimates
of the modulus of elasticity, ultimate creep coefficient, and ultimate shrinkage strain and should
be validated by a future material testing program. Various methods to control camber growth in

girders were also explored.
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A.5 Yazdanietal. (1999)

Yazdani etal. (1999) monitored the camber growth in several AASHTO girders as part of
a study for the Florida Department of Transportation (FDOT) to identify some of the reasons for
the problems encountered during construction as a result of inaccurate camber predictions. It was
determined that microcracks and vibrations affect girder stiffness and consequently camber
predictions. Measured camber was always greater than predicted camber. It was also determined
that the rate of camber growth was higher during the first month of storage and that camber in
shorter girders was found to increase quicker than camber in longer girders. The average variation
between predicted and measured camber ranged from 3-11% with maximum variations as high as
20%.

A.6 Wyffels et al. (2000)

Wyffels et al. (2000) investigated the influence of pre-release cracking due to formwork
removal on prestressed concrete beam behavior for the Minnesota Department of Transportation
(MnDOT) and concluded that: (1) compressive strength at the bottom of a section may be reduced
as a result of cracks closing if the majority of pre-release cracking occurs above the neutral axis of
the girder, and (2) bridge girders that have widespread pre-release cracking exhibit a reduced
camber effect. It was noted that experimental testing is needed to validate these conclusions
because despite evidence from the analytical models, some researchers still argue that pre -release
cracking in precast, prestressed concrete bridge girders produces negligible effects due to the
closing of the cracks upon prestress release and the corresponding autogenous healing which may

occur thereafter.

A.7 Jaureguietal. (2002)

Jauregui et al. (2002) explored the use of digital close-range terrestrial photogrammetry
(DCRTP) to estimate deflections in bridges. Two bridge structures were analyzed using DCRTP,
a new bridge constructed with prestressed concrete, and a 64 -year-old non-composite steel girder
bridge. DCRTP measurements taken from the new bridge were compared with field -measurements
during pre-erection, deck casting, and at service. The DCRTP measurements were found to
compare well to field measured data. Also, live load deflections in the steel bridge were estimated

using DCRTP and were found to be precise enough to capture the very small deflections produced
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due to live loads. It was recommended that DCRTP could be used to accurately examine

deflections and structural behavior in lieu of specialized instrumentation.

A.8 Stallings, Barnes, and Eskildsen (2003)

Stallings, Barnes and Eskildsen (2003) conducted a study for the Alabama Department of
Transportation (ALDOT), which focused on evaluating various camber and prestress loss
prediction methods for bridge girders constructed with high-performance concrete (HPC). Five
BT-54 girders were instrumented and monitored. Mid-span camber, concrete strain, and internal
temperature were measured and recorded throughout the duration of the project. Creep, shrinkage
and modulus testing was conducted using HPC samples from the girders to determine such
properties. The study concluded that: (1) By using actual material properties of the girder, both
incremental and approximate time-step methods can produce accurate predictions of camber, (2)
The PCI multiplier method significantly overestimated camber when compared to measured pre-
erection camber, (3) strains in the concrete at the prestressing strand level was within 20 percent
of predicted values for times up to 300 days, (4) accurate predictions of time-dependent prestress

loss can be obtained using the HPC material parameters.

A.9 Waldron (2004)

Waldron investigated long-term prestress losses in pretensioned high performance concrete
girders and monitored changesin strains and prestresses losses for nine high performance co ncrete
(HPC) girders. It was concludedthat Shamsand Kahn (2010) model resulted in the best predictions
of strain. For the normal weight HPC girders, the considered creep and shrinkage models under-
estimated the measured strains at early ages and over-estimated the measured strains at later ages,
and the B3 model was the best-predictor of the measured strains. The PCI-BDM model was the
most consistent model across all of the instrumented girders (Waldron 2004). Several methods for
estimating prestress losses were also investigated and the PCI-BDM and NCHRP 496 methods
predicted the total losses more accurately than the methods provided in the AASHTO
Specifications at that time. The newer methods over-predicted the total losses of the HPLWC
girders by no more than 8 ksi, and although they under-predicted the total losses of the normal
weight HPC girders, they did so by less than 5 ksi (Waldron 2004).
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A.10 Cook and Bloomquist (2005)

Cook and Bloomquist (2005) compared camber measurements of prestressed girders to
numerical predictions. Funded by the Florida Department of Transportation (FDOT), part of the
study monitored time-dependent deformationsand surface temperatures of 13 precast prestressed
concrete bridge girders. Data collected form the 13 girders was compared to predicted camber
using the software package PSBEAM. To account for the effects of temperature gradients on field-
measured camber, a curvature-based model was used, which provided consistent comparisons
between measurements regardless of ambient conditions. The research concluded that: (1) the
observed camber increase with time for the field-monitored girders was significantly less than
predicted by design software, (2) future work is needed to experimentally determine the creep and
shrinkage properties of typical FDOT concretes, (3) the influence of thermal gradients on camber
must be accounted for in field measurements, (4) storage conditions (namely, the height between
the bottom of the girder and the ground) seem to affect the development of time-dependent
concrete properties and, therefore, can affect the time-dependent development of camber, and (5)
consistent differences were documented between camber measurements taken at prestress release
and measurements taken shortly thereafter when girders were relocated to storage. Also, FDOT
sponsored a follow-up study performed by Tia, Liu, and Brown (2005) to examine modulus of

elasticity, creep, and shrinkage behavior for various FDOT concrete mixes.

A.11 Barr etal. (2005)

Barr et al. (2005) examined five precast, prestressed concrete girders throughout
fabrication and service to determine the influence of elevated curing temperatures on prestress
losses. The study was funded by the Washington Department of Transportation (WSDOT) and the
data collected was also used to produce and validate a temperature correction procedure based on
curvature. The study concluded that: (1) based on the observed thermal behavior of the girders, a
curvature-based approach was developed and proved to accurately predict deformations and
stresses due to thermal response, and (2) mid-span camber decreases significantly from elevated
curingtemperatures observedin precast, prestressed concrete dueto significantloss in prestressing

force.
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A.12 Hinkle (2006)

Hinkle (2006) used data collected from twenty-seven high-strength prestressed bridge
girders to determine the most accurate method to predict time-dependent camber. The study,
conducted in South Carolina, used 79 in. Bulb Tee beams with a design compressive strength of
9,000 psi. The girders were periodically measured to determine camber growth over time. An
incremental time-step method (Nilson 1987) was employed using changes in beam curvature to
predict camber and compare it with measured values. The study considered the effect of season
of casting as well as the effects of solar radiation on camber growth. It was concluded that: (1)
camber in girders could vary up to 0.5 inches during the day due to solar exposure, (2) the PCI
multiplier method tended to overestimate camber by 48 percentatan age of 60 days, (3) the revised
PCI multiplier method (proposed by Tadros et al. 1985) tended to overestimate camber by 21
percentat an age of 60 days, and (4) for all 27 beams studied, the incremental time -step method
(Nilson 1987) using the estimated creep, and shrinkage, as well as modulus of elasticity calculated
based on the model developed by Shams and Kahn (2000), resulted in camber predictions that best

matched the measured camber values.

A.13 Rosaetal. (2007)

Rosa et al. (2007) collected short term camber data for 146 girders and long term camber
data for 91 girders as part of a study funded by WSDOT. Camber was measured at various girder
ages. Data on compressive strength, modulus, creep and shrinkage behavior of girders were also
recorded. These data were then used to calibrate constitutive models for use in a prediction
framework. The calibrated material models were used in an incremental time-step method (Nilson
1987) and resulted in improved camber predictions. Recommendations regarding concrete
strength, stiffness, and creep and shrinkage behavior were presented. Additionally, it was
concluded that the effect of lifting and re-seating a girder tended to increase the measured camber
by 0.15 in., and that girders stored on oak blocks tended to behave as if they were approximately
50 percent stiffer than those seated on elastomeric bearings (attributed to the partial restraint

provided by oak blocks).
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A.14 Jayaseelan and Russell (2007)

Jayaseelan and Russell (2007) studied prestress losses and camber in an AASHTO Type
IV girder detailed to typical Oklahoma Department of Transportation (OKDOT) specificationsand
arrived at the following conclusions: (1) expected camber was reduced by 35% by adding two top
prestressing strands and 70% by adding four strands, (2) long-term camber decreased by
approximately 17% due to the addition of five No. 9 mild steel bars in the longitudinal direction,
although this did not significantly affect long-term losses, (3) decreasing the creep coefficient by
20% yields a 6.8% decrease in long-term camber, and (4) reducing the modulus of elasticity by

20% yields 6% increase in long-term prestress loss and a 12% increase in long-term camber.

A.15 Omar et al. (2008)

Omar etal. (2008) conducted a study on camber prediction for prestressed concrete girders
in Malaysia where “camber” is referred to as “pre-camber”. Similar to other researchers, Omar
recommended the use of actual material properties in terms of concrete compressive stren gth and
stiffness for computation of pre-camber. It was determined that the time-dependent change in pre-
camber after girder fabrication could be modeled by a proposed equation similar to the PCI
multiplier method. The proposed equation takes into account creep effectsand assumes an average
prestressing force. Through the proposed method, it was found that the accuracy of pre-camber

predictions could be improved significantly for time periods up to 15 days from girder fabrication.

A.16 Barr and Angomas (2010)

Barr and Angomas (2010) revisited a previous study conducted by Barr et al. (2005) and
offered a revised analytical procedure. The new procedure provided a better match between
predicted and observed behavior in the field in the precast, prestressed concrete girders used in the
study. It was found that: (1) computed reduction in camber due to high curing temperatures was
33% rather than 40% as previously calculated, (2) a reduction in strand stress and non-uniform
temperature gradients at estimated time of bonding are produced from elevated curing
temperatures, which cause a change in camber, (3) by employing an incremental time-step method
(Nilson 1987) and usingmaterial properties as suggested by Tadrosetal. (2003) in NCHRP Report
496, camber was predicted to within 10% of measured long-term camber, and (4) camber was
observed to be 22% lower than that obtained using the PCI multiplier method (Martin 1977), and
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27% higher than that obtained using the modified multiplier method developed by Tadros et al.
(1985).

A.17 Lee (2010)

Lee (2010) investigated thermal effects in prestressed concrete girders both experimentally
and analytically. Using a segment of a BT-63 prestressed concrete girder, Lee measured
environmental conditions and created finite element models to calculate vertical and lateral
displacements. Both a two-dimensional heat-transfer model and a three-dimensional solid model
were used in the analysis. After validating the analytical model with experimental data, four PCI
girder shapes were selected, and maximum vertical and lateral deflections due to thermal effects
were predicted with the model. It was found that the deeper and wider sections of Type-V and BT-
63 girders exhibited the largest vertical and transverse temperature differentials. The research
suggested that more experimental and analytical investigations be performed on prestressed

concrete girders from the construction stages until service load conditions.

A.18 Tadrosetal. (2011)

Tadros et al. (2011) reviewed the most-current camber prediction methods for precast,
prestressed concrete girders and also discussed the variability in camber and best practices for
accommodating this variability in design. The following were concluded: (1) when detailing
bridges, designers should consider camber variations of up to 50% from the predicted design
values, (2) all bridges should be designed with a minimum girder haunch of 2.5 in., (3) shear
reinforcement should be detailed to accommodate camber variability by keeping protruding bars
vertical priorto erection and bendingon-site to final elevations, (4) girder seats should be finalized
near the time of girder installation to accommodate variable elevations, (5) contractor pay items
based on concrete volume should be avoided and instead, the contractor should account for girder
variability in their initial bid, and (6) designers should accommodate local material properties and

storage and construction practices during design, if practical.

A.19 French and O’Neill (2012)
French and O’Neill (2012) used datarecorded from 1,067 bridge I-girders as partof astudy
sponsored by the Minnesota Departmentof Transportation(MNDOT) and determined that camber
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at release was over-predicted by 74% and camber at erection was over-predicted by 86%. The
over-predictions resulted primarily from variations in the concrete compressive strength and
consequently modulus of elasticity used in the calculations. Field testing was performed on a
limited number of concrete samples to determine strength and stiffness. In addition, 14 various
sized girders were monitored for time-dependent deflections from time of fabrication through
shipment. Time-dependent effects on long-term camber were evaluated using an analytical model
which was used to validate a multiplier based prediction model for use by MNDOT. It was
concluded that their multipliers greatly improved pre-erection camber predictions. The study also
gave recommendations on fabrication methods to reduce the variability of girders produced. By
using the combined multipliers and guidelines for fabrication it was suggested that variability in

camber could be reduced to less than +/-15%.

A.20 Schrantz (2012)

Schrantz (2012) developed a Visual Basic based computer program to predict long-term
camber in prestressed concrete beams. The computer program takes into account creep, and
shrinkage effects in addition to modulus of elasticity and was validated using measured strain and
camber data from Boehm (2008), Levy (2007), and Stallings et al. (2003). The computer program
was used to evaluate various prediction models in terms of their capability to accurately predict
camber. The work of Schrantz (2012), was later refined by Johnson (2012), andalso used by Mante

(2016) to develop a prediction method based on an incremental time-step approach (Nilson 1987).

A.21 Johnson (2012)

Johnson (2012) collected camber data on 28 bulb-tee girders constructed with self-
consolidating concrete supplied for an Alabama Department of Transportation (ALDOT) bridge
project. Predictions of time-dependent camber were compared to actual measurements taken over
the course of the project. Material testing was conducted to determine time-dependent properties.
The following conclusions were drawn: (1) when considering the bottom-flange of girders, time-
dependent strain predictions were reasonably accurate for all creep and shrinkage models used, (2)
concrete strains were over-estimated at later girder ages, (3) the effective prestressing force was
overpredicted in the first months after prestress transfer and underpredicted at later ages, (4)

measured mid-span camber was usually less than predicted for ages up to 200 days, and (5) none
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of the time-dependent models used predicted camber growth well. The study demonstrated that
improved methods for predicting time-dependent camber growth needed to be developed for
ALDOT, which was later addressed by Mante (2016).

A.22 Precast/Prestressed Concrete Institute Committee on Bridges (2012)

The PCI Committee on Bridges (2012) conducted a study to evaluate the construction
tolerances for camber in prestressed concrete bridge girders specified by then current PCI
standards. Camber values were collected for 1,835 bridge girders from eight different states for
analysis. Using the measured and predicted camber values of these girders, changes to the
allowable camber tolerances at release were recommended. The Committee recommended
increasing the tolerance limits to match historical data. The percent of predictions that were within
the new tolerance limits increased to 90% compared to the 66%, which was based on the old
tolerance limits.

A.23 Bazantetal. (2012)

Bazantetal. (2012) investigated long-term deflections in a segmental prestressed concrete
box girder bridge located in Palau, . The span of the bridge was 791 ft; the bridge was erected in
1977 and collapsed in 1996 after failed attempts to repair it. Atthe age of 18 years, the bridge was
found to have a measured mid-span camber 5.3 ft greater than the design camber. Results from
finite element models were compared to time-step predictions using creep and shrinkage models
from then-current provisions of American Concrete Institute, Japan Society of Civil Engineers,
Comité Euro-International du Béton, and Gardner and Lockman (2000) recommendations. These
prediction models were found to provide inaccurate estimates of the effects of long-term creep and
shrinkage. For 18-year deflection estimates, the models were 50-77% lower than measured
deflections and yielded unrealistic shapes of the deflection history. They also predicted the 18-
year prestress loss to be 46-56% less than measured. The analysis done by Bazant etal. (2012)
emphasized the importance of accurate calculations for time-dependent properties and prestress

losses. Future work was recommended to develop newer, more accurate prediction models.
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A.24 Storm et al. (2013)

Storm, Rizkalla, and Zia (2013) performed a study on various factors affecting prediction
of camber, with a focus on the factors related to girder fabrication. A field study was conducted
using 382 pretensioned concrete girders from nine different states. Camber measurements from
the 382 girders were collected and analyzed from four different stages: (1) immediately after
prestress transfer, (2) at the beginning of storage, (3) prior to shipping, and (4) after erection. A
laboratory study was also conducted to obtain compressive strength, modulus, and unit weight of
concrete at various ages. It was concluded that: (1) Camber predictions should account for the
typically higher compressive strength at prestress transfer and service compared with specified
values, (2) camber predictions should consider debonding and transfer length, especially for
girders with long debonding lengths, (3) curing method can significantly affect camber at time of
prestress, (4) Measured camber can vary significantly among girders that are identical in their
design even for girders cast at the same time on the same casting bed, this is due in part to multiple
batches of concrete being used for a single casting and (5) A refined method ( time-step method)
provides the most accurate camber predictions for most girder types and curing methods, while
the approximate method (PCI multiplier) generally overestimates camber at erection, but can still

be useful for preliminary estimates.

A.25 Mahmood (2013)

Many of the studies discussed so far were concerned with the topic of how to accurately
predictcamber. Anothertopic of interestis how to control camber in cases when camber s initially
higher than predicted and consequently grows to higher than predicted values. Mahmood (2013)
explored the feasibility of controlling camber in simply-supported prestressed concrete bridge
girders by using post-tensioned strands. This theoretical study also considered the reduction in
load capacity of the girder. The research demonstrated that using the post-tensioned strands to
control camber was proved to be a feasible option and that the method resulted in minimal
reduction to load-carryingcapacity. Forinstance,an AASHTO Type IV girder experiencedaload-
carrying capacity reduction of 2.9 % per 100 kips of jacking force. Recommendations for future
studies include: (1) using other girder types to further investigate the effects of such a camber

control method; and (2) conduct a study on the practicality of the proposed method.
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A.26 He (2013)

He (2013) conducted a study for the lowa Department of transportation on improving
prediction of long-term camber in prestressed concrete girders. Seven concrete mixeswith regional
properties were tested for modulus of elasticity, creep and shrinkage. The recorded properties were
used to compare several prediction techniques to the camber measured in 26 prestressed high -
performance concrete girders. Conclusions from the work include: (1) the prediction method in
currentuse over predicts camber by 30% n long-span bridges, (2) modulus of elasticity in concrete
varied by 205 between the AASHTO (2012) predicted values and measured values, (3) sealed
concrete specimens tended to represent the creep and shrinkage behavior of the full scale
prestressed girder better than unsealed specimens, (4) when calculated by gross section properties
instead of transformed section properties, girder camber was on average 13 percent higher, (5) the
time-steps method implemented in this study predicted camber within 25 percentaccuracy, and
(6) about 50% of ultimate camber growth had occurred one year after girder production.

A.27 Nervig (2014)

Nervig (2014) performed a study funded by the lowa Department of Transportation
(IDOT), focusing on improving camber at release estimates for concrete bridge girders. The
camber at release of 105 prestressed concrete beams was measured and compared to predicted
values. Inconsistent field measurement methods and inaccurate estimates of material properties
were found to be the main cause for discrepanciesin camber at release estimates. To increase the
accuracy of camber at release estimates, Nervig (2014) recommended that: (1) AASHTO LRFD
(2010) equation for transfer length should be used in calculations, (2) using AASHTO LRFD
(2010) modulus of elasticity equation with an accurate release strength and unit weight will
improve camber predictions, (3) designers should increase the design release strength by 40% and
10% for beams with designed release strength of 4500-5500 psi and 6000-8500 psi, respectively,
(4) actual prestressing force should be used for calculations, as well as accurate prestressing losses,
and (5) sacrificial prestress strands should be accounted for as they can affect camber by as much
as 6.46%.
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A.28 Hofrichter (2014)

Provided that many previous studies emphasized the use of measured material properties
to obtain more accurate estimates of camber, Hofrichter (2014) conducted a study to establish a
relationship between specifiedand measured properties so that this information can be used during
the design phase. Compressive strength datafrommore than 1,900 prestressed concrete beams was
collected. The beams were fabricated in Alabama and consequently the collected data was
regionally exclusive to Alabama. The collected data was used to refine methods for predicting
average concrete compressivestrength atprestress transferandat 28 days. Itwas found that release
strengths and 28-day strengths are often much higher than the specified strengths, more so for the
28 day strengths. An strength prediction equation was proposed which incorporated an assumed
aggregate factor. The proposed equation resulted in better prediction of compressive strength and
modulus of elasticity.

A.29 Isbiliroglu (2014)

Isbiliroglu (2014) expanded on the work of Schrantz (2012) and Johnson (2012) to finalize
a camber prediction software that incorporated an incremental time-step method (Nilson 1987).
Experimental research produced by Johnson (2012), Schrantz (2012), Boehm (2008), Stallings et
al. (2003), and Levy (2007), were used in validation of the program. Isbiliroglu (2014) worked to
improve the camber prediction software by: (1) Allowing the user to import and export files,
creating an easier-to-use interface, (2) refining material prediction models and utilizing newer
design code parameters; and (3) includingrecommendations made by Hofrichter (2014) and Keske
(2014).

A.30 Nguyen (2014)

Nguyen (2014) explored methods to predict camber in precast, prestressed concrete girders,
with a focus on the effects of temperature on camber during curing and in while in service.
Historical data from Rosaat el. (2007) was used, as well as new data acquired from the fabrication
of nine girders for the Alaska Way Viaduct projectin Tacoma, WA. Research focused on using
both fabrication camber and field-measured camber to calibrate models predicting camber. The
effect of daily temperature variations on girder camber was also studied using recorded

temperature histories at release and service. Two models were developed to predict daily camber
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changes under solar radiation, which correlated well with the ambient temperature data collected
during the research. Some notable conclusions fromthe study include: (1) using actual, rather than
design compressive strength will improve camber predictions, especially for long-term camber,
(2) camber estimates using the elastic modulus from the AASHTO 2006 and ACI 363
recommendations tended to overestimate the measured camber, (3) the NCHRP 496 method of
calculating the elastic modulus led to better predictions of camber, (4) girder camber is
significantly affected by daily variations in the girder temperature distribution and the effects
should be considered in estimatingthe camber, and (5) thermal effects are potentially major causes

of the discrepancies between measured and predicted release camber.

A.31 Honarvar et al. (2015)

Honarvaretal. (2015) conductedastudy funded by the lowa Departmentof Transportation
(IDOT) to address discrepancies between the design and measured camber in precast pretensioned
concrete beams. IDOT’s current practice at the time of study was to perform elastic analysis and
apply Martin’s multipliers (1977) to estimate the camber at release and erection. This method was
observed by IDOT to frequently over predictcamber. The study included material testing for creep
and shrinkage of both normal and high-performance concrete specimens, as well as identified other
variables affecting camber. Long-term camber was evaluated using finite element analysis and
time-step methods. The study resulted in new multipliers for camber that, when used with accurate

camber at release measurements greatly increase the accuracy of predicted camber.

A.32 Keraga (2016)

Keraga (2016) compared predicted and measured camber for a variety of prestressed
concrete box girder bridges and recommended a set of multipliers including lower and upper
bounds. The recommended multipliers are lower than those recommended by PCI and Martin
(1977) and are 1.65 for the prestress camber and 1.70 for the self-weight deflection.

A.33 Menkulasi et al. (2018)
Menkulasi et al. (2018) performeda study on the restraint moments developed in simple
span bridges made continuous for live loads. Long-term beam camber was also examined by

comparing predicted and measured values as camber growth affects the magnitude of restraint
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moments after continuity has been established. It was concluded that camber predictions based on
the AASHTO (2020) and CEB MC90-99 models matched rather well with measured values, while
the ACI 209R-92 model resulted in slightly higher camber values, and the GL2000 and B3 models

overestimated beam camber significantly.

A.34 Mante et al. (2019)

Mante et al. (2019) conducted a comprehensive camber prediction study sponsored by the
AlabamaDepartmentof Transportation (ALDOT). The research objectivewasto provide practical
recommendations to improve camber predictions for precast, prestressed concrete bridge girders.
The study incorporated concrete materials data from nearly 2000 girder production cycles among
four regional producers, the data was used to develop regional calibration factors for properties
essential in predicting camber growth, including compressive strength, modulus, creep, and
shrinkage. A standard incremental time-step analysis software (ALCAMBER V1.0) was
developed andutilized for conductinga parametric study. Usingthe developed regional calibration
factors resulted in the elimination of approximately 80% of the prediction error associated with
current camber prediction practices within the region. Current design practices resulted in a mean
over prediction in camber of 68% whereas regionally calibrated prediction models had a mean
over prediction of approximately 10%. Using expected vs. specified compressive strength values,
aggregate correction factorsfor modulus of elasticity, and incremental time-step method (Nilson

1987), was shown to have the most effective improvement in predictions.
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APPENDIX B: CAMBER SURVEY
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briefly...
0% 10% 20%  30%  40%  50% 60% 70%  80% 90% 100%

ANSWER CHOICES RESPONSES

No 30.77%

Yes (please briefly describe) 69.23%

TOTAL

# YES (PLEASE BRIEFLY DESCRIBE) DATE

1 We have had instances where cambers greatly exceeded the normally expected values. In rare 9/12/2019 4:44 AM
cases, these girders had to be re-cast because they could not be made to fit into the bridge
elevation profiles using normal mitigation measures. Other more common cases involve girders
fabricated at the same time but with large variations in storage duration due to project phasing.
The second phase girders usually arrive with higher cambers than the 1st phase girders but no
adjustment of the bridge grades can be made to accommodate the 2nd phase girders

2 Occasionally, actual camber exceeds the provided camber strip thickness between the top of 8/26/2019 10:55 AM
girder and bottom of deck. When this occurs, an adjustment to the finished grade profile is required
to maintain minimum deck thickness.

3 Camber that is over tolerance as well as the opposite, situations where the cast deck results in 8/21/2019 7:12 AM
beams having negative camber.

4 Note that all answers herein assume your questions are regarding pretensioned beam members 8/12/2019 11:40 AM
(p/t members are not addressed). In the early 2000s, it was observed that cambers were typically
much lower than predicted.

5 The actual camber was less than the predicted camber. Thus, the erected beams once the deck 8/12/2019 6:42 AM
was placed resulted in zero to negative camber. We are monitoring a few bridges built to this
situation.

6 There has been camber variation greater than the maximum 1 inch tolerance per MNL-116 8/9/2019 9:09 AM
Appendix B, B-10 I-Beam (Girder) or Bulb Tee-Girder.

i Trey Carroll, thcarroll1@ncdot.gov, 919-707-6465, submitting for North Carolina DOT. Before 8/7/2019 7:45 AM
NCDOT's camber research project was implemented camber predictions (particularly for cored
slabs and box beams) were not reliable.

8 Sometimes camber between adjacent beams is not similar and camber calculated by AASHTO 8/7/2019 3:27 AM

Q1 Have you ever experienced any camber related problems with
prestressed concrete bridge beams that are often beyond normal
construction tolerances?

Answered: 39  Skipped: 4

No

Yes (please

equations is not the same as the camber in the fabricator's shop.

12

27
39
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(7
18

19

20
21

22

23

24
25
26

27

The primary issue appears to be with prestressed beams that sit at the fabricator unloaded for
extended (6 mo +) period prior to deck placement. This is especially problematic for project built in
phases when the beams are all cast at once. The camber growth between phases is critical.

The camber of the beams is sometimes inconsistent between abutting beams and the value
calculated by AASHTO equations is lower than what is seen at the precast plant.

Most bridges are ok, but at times there is variance between girders.

For the most part, projects seem to be within tolerance, but can occasionally have variance
between girders.

Problems with prestressed concrete bridge members are typically experienced where members
are cast more than three months prior to planned erection. Contractors are assumed to schedule
this early fabrication typically to ensure members are available for their planned erection schedule
and, for multi-stage projects, to achieve potential cost savings or ease of fabrication. In the case of
multi-stage projects, the period between staged erection could be 6 months or in excess of one
year. Problems with prestressed concrete bridge members are also typically experienced where a
member depth is selected in the lower range of applicability and a larger number of strands and
higher concrete strength are used accordingly.

It has been difficult sometimes to get the predicted camber

Our primary issue is the discrepancy between the estimated time and actual time of girder
placement after strand are released. Girders that are estimated to camber up may actually sag
when construction is accelerated.

We have had over cambering occur due to beams not being put in service soon enough such
construction delays

Camber growth that compromises the deck thickness.

In long-span (greater than 120-feet) bulb-tee girders (such as the SCDOT Modified 72" Bulb Tee),
we have had multiple cases where the camber did not grow as much as the PCI equations predict.
In these examples the concrete strength was 10ksi (min.).

We had a beam with zero camber that we rejected due to concerns over loss of prestress. The
beam was rejected.

Beams that have excessive camber and beams have less than designed for camber.

Most of the time, large cambers were observed where debonded strands design was utilized.
Other occasions camber growth was an issue. Long term issues were related to girders designed
with no tension allowed at final condition

In the past, we have had issues with cambers not matching the values that were calculated using
the AASHTO equations. In response, we developed our own equations that are included in our
bridge design manual.

Many factors affect cambers, such as concrete mix/strength/quality/curing, rest time (from
fabrication to installation), prestressing force, section properties, formulas for calculating camber
and so forth. We added Camber Management Plan in the specifications to mitigate this issue. We
also adjusted the tolerances.

Most issues are from beam camber growth from sitting in the fabricator's yard too long.
Have camber issues fairly often, especially when the beams are made far in advance.

A couple of bridges over the last 5 years have less camber than estimated. The constructed
bridges essentially have zero or negative camber. We are monitoring (elevation survey) these
couple of bridges to determine if we are continuing to lose camber. To date these bridges are
functioning adequately.

Increased amount of camber that caused fit up issues with adjacent beams on a high skewed
bridge

8/6/2019 9:15 AM

8/6/2019 6:22 AM

8/6/2019 5:01 AM
8/6/2019 4:55 AM

8/5/2019 12:10 PM

8/2/2019 9:04 AM
8/2/2019 8:13 AM

8/2/2019 7:48 AM

8/2/2019 4:58 AM
8/1/2019 3:27 PM

8/1/2019 12:47 PM

8/1/2019 3:46 AM
7/31/2019 1:05 PM

7/31/2019 12:44 PM

7/31/2019 12:20 PM

7/31/2019 11:42 AM
7/31/2019 11:36 AM
7/31/2019 11:35 AM

7/31/2019 11:22 AM
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Q2 Have you conducted or sponsored any research related to prestress
losses, camber, and deflections?

Answered: 38  Skipped: 5

Yes (Please
provide a...

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

ANSWER CHOICES RESPONSES
No 65.79% 25

Yes (Please provide a reference to your report and indicate whether the results of the research have been implemented into 3421% 13
your state’s practices)

TOTAL 38
# YES (PLEASE PROVIDE A REFERENCE TO YOUR REPORT AND INDICATE WHETHER THE DATE

RESULTS OF THE RESEARCH HAVE BEEN IMPLEMENTED INTO YOUR STATE’S

PRACTICES)
1 Sinno, Raouf. The Time-Dependent Deflections of Prestressed Concrete Bridge Beams, Ph.D. 9/12/2019 4:44 AM

Dissertation, Texas A&M University, College Station, Texas, January 1968. Kelly, D. J., Bradberry,
T. E., and Breen, J. E. “Time-Dependant Deflections of Pretensioned Beams,” Research Report
381-1, Research Project 3-5-84-381, Center for Transportation Research, Bureau of Engineering
Research, The University of Texas at Austin, Austin, TX (August 1987) 211 pp. URL:
https://library.ctr.utexas.edu/digitized/texasarchive/phase2/381-1-CTR.pdf We used this research
to design beams, until we adopted PGSuper for prestressed concrete girder design. We now use
the same method used by the program.

2 Report No. UT-09.10: UDOT Calibration of AASHTO’s New Prestress Loss Design Equations Link: ~ 8/26/2019 10:55 AM
https://www.udot.utah.gov/main/uconowner.gf?n=7904804259161866

3 A small internal study resulted in changing camber multipliers from the PCI values to a value of 8/12/2019 11:40 AM
1.5. We also sponsored a camber study to confirm/change the camber multiplier. The result was
implementation of a slightly modified approach using a multiplier of 1.4. Report is "Validation of
Prestressed Concrete |I-Beam Deflections and Camber Estimates", which can be found at:
https://www.Irrb.org/media/reports/201216.pdf

4 Keraga, Cody. Development of Camber Multipliers for Precast Prestressed Box Girders. 2016, 8/9/2019 9:09 AM
digital.auraria.edu/content/AA/00/00/51/37/00001/Keraga_ucdenver_0765N_10686.pdf. This has
been implemented into the state's practice by allowing a camber tolerance for precast girders. This
tolerance is used in the design.

5 NCDOT sponsored research titled "Predicting Camber, Deflection, and Prestress Losses in 8/7/2019 7:45 AM
Prestressed Members" and results from this report have been successfully implemented.
https://connect.ncdot.gov/resources/Structures/Pages/Structure-Resources.aspx

6 We looked at girder camber values of 800 girders and compared those values to the theoretical 8/6/2019 5:01 AM
value at release. From this, we require a multiplier of 1.4.
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10

We looked at the camber of about 800 girders in Wisconsin and compared values to the design
values. From this study, we implemented a camber multiplier of 1.4 to be applied to the theoretical
camber at release.

Cousins, T.E., and Gomez, J.P. Investigation of Long-term Prestress Losses in Pretensioned High
Performance Concrete Girders, VTRC Report 05-CR20. Virginia Transportation Research Council,
Charlottesville, 2005 Cousins, T.E., and Nassar, A.J. Investigation of Transfer Length,
Development Length, Flexural Strength, and Prestress Losses in Lightweight Prestressed
Concrete Girders, VTRC Report 03-CR20. VTRC Report 05-CR20. Virginia Transportation
Research Council, Charlottesville, 2003 In-formal research was conducted in support of
specification updates related to camber, but a report was not developed.

We have monitored lots of girder production to compare with predicted. NDOT ended up using k
factor of 0.9 instead of 1.0 in calculating the section modulus

http://www.virginiadot.org/vtrc/main/online_reports/pdf/05-cr20.pdf

https://fdotwww.blob.core.windows.net/sitefinity/docs/default-
source/content/structures/structuresresearchcenter/final-reports/bd545_07.pdf?
sfvrsn=d665c214_0

Improving the Accuracy of Camber Predictions for Precast Pretensioned Concrete Beams, IHRB
Project TR-625, Sri Sritharan, July 2015. Implemented to a limited degree. Additional
implementation likely with future beam standards update.

Research project to measure prestress loss of decked bulb-T girders has recently begun by Dr. II-
Sang Ahn at the University of Alaska Fairbanks.

8/6/2019 4:55 AM

8/5/2019 12:10 PM

8/2/2019 9:04 AM

7/31/2019 12:20 PM
7/31/2019 12:00 PM

7/31/2019 11:42 AM

7/31/2019 11:38 AM

179




Q3 What method do you use to predict prestressed concrete beam

camber?

Answered: 37  Skipped: 6

Multiplier
Method

Prestress Loss
Method

Approximate
Time Step...

Incremental
Time Step...

Other (please
specify)

0% 10% 20% 30% 40% 50% 60% 70% 80%
ANSWER CHOICES RESPONSES
Multiplier Method 45.95%
Prestress Loss Method 27.03%
Approximate Time Step Method 2.70%
Incremental Time Step Method 2.70%
Other (please specify) 21.62%
TOTAL
# OTHER (PLEASE SPECIFY)

-

WSDOTSs method as programmed in PGSuper.

2 The use of FDOT research that quantifies elastic shortening and shrinkage-related losses.

3 NCDOT Refined Method for Camber (uses a modified approximate time step method) See page
70 of the research report.

4 Please refer to ODOT BDM Section 302.5.2.3 at the following link:
http://www.dot.state.oh.us/Divisions/Engineering/Structures/standard/Bridges/BDM/2019_BDM_07
-19-19.pdf

5 Multiplier method with all factors set to 1.0

6 State specific equations

7 University of Florida Method. or the PCI multiplier method.

8 None of the above

90% 100%

DATE

9/12/2019 4:44 AM
8/21/2019 7:13 AM
8/7/2019 7:46 AM

8/6/2019 9:17 AM

8/2/2019 4:59 AM

7/31/2019 12:44 PM
7/31/2019 12:02 PM
7/31/2019 11:37 AM

17

10

37
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Q4 Does this method explicitly consider the effects of creep and
shrinkage?

Answered: 9  Skipped: 34

0%  10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

ANSWER CHOICES RESPONSES
Yes 55.56%

No 44.44%
TOTAL
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Q5 What model do you use to account for creep and shrinkage effects?

Answered: 32 Skipped: 11

ACI 209R-92
model

Bazant-Baweja
B3 model

CEB MC90-99
model

GL2000 model
AASHTO LFRD
Specificatio...

Other (please

specify)

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

ANSWER CHOICES RESPONSES

ACI 209R-92 model 3.13% 1
Bazant-Baweja B3 model 0.00% 0
CEB MC90-99 model 0.00% 0
GL2000 model 0.00% 0
AASHTO LFRD Specifications model 78.13% 25
Other (please specify) 18.75% 6
TOTAL 32
# OTHER (PLEASE SPECIFY) DATE

1 ? 9/19/2019 5:16 AM

2 In PGSuper - Modulus of elasticity at transfer is computed using a modified form of AASHTO 9/12/2019 4:45 AM

LRFD Equation 5.4.2.4-1 using fci. This equation is modified with the factors K1 and K2 as
defined in NCHRP Report 496. Creep and shrinkage are computed with modified versions of
AASHTO LRFD Equations 5.4.2.3.2-1 and 5.4.2.3.3-1. These equations are modified with K1 and
K2 factors as defined in NCHRP Report 496. For girders having temporary top strand to control
stability during transportation, the elastic shortening losses and Kid and Kdf transformed section
coefficients are modified to compute the shortening, creep, and shrinkage losses in the permanent
strands. Modifications account for the fact that the temporary strands raise the CG of the
prestressing force while the majority of the creep and shrinkage losses are taking place.

3 Creep and shrinkage are accounted for by way of calculation in the FDOT Prestressed Beam 8/21/2019 7:14 AM
Program.

4 For camber, creep and shrinkage are not explicitly calculated. Instead, they are lumped into the 8/12/2019 11:42 AM
multiplier.

5 Just Creep 8/12/2019 6:42 AM

6 Do not explicitly consider. 8/5/2019 12:12 PM
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Q6 Do you have a procedure or a tool that you use to predict camber and

o A W N =
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29
30

opening of the bridge to traffic?

Answered: 30  Skipped: 13

RESPONSES

No

Multipliers in UDOT Structures Design and Detailing Manual 14.6.4.
N/A.

No.

No

Multipliers in Bentley LEAP Concrete Bridge. There is not a specific tool used to predict time
dependent camber and displacements.

Final Camber Prediction = Girder Alone - Superimposed Dead Load
No.

Please see ODOT C&MS Section 511.07 for construction procedure and ODOT C&MS Table
515.16-5 for tolerances at the following link:
http://www.dot.state.oh.us/Divisions/ConstructionMgt/OnlineDocs/Specifications/2019CMS/2019_
CMS_07192019_for_web_letter_size.pdf

No.
No
No.

We would use the same equations that we use to predict final camber after deck placement (90
days).

No. We use AASHTO time dependent method

No

No.

No

No

NO

No

Leap Conspan

Take measurements at various stages including pre installation of the risers
No

No.

No.

Long term camber (after composite) is not checked.
No

We use the deflection multiplier method. We have multipliers for short-term and long-term
predictions but these are only used as a check of fabricator predicted values. Girder fabricators
working for the Alaska DOT&PF have the capability to sag the forms to compensate for predicted
camber.

We have an inhouse program, PSLRFD
No

displacement at a given time after the erection of the deck and after the

DATE

9/12/2019 4:46 AM
8/26/2019 11:30 AM
8/21/2019 7:16 AM
8/12/2019 11:48 AM
8/12/2019 6:44 AM
8/9/2019 9:19 AM

8/7/2019 7:46 AM
8/7/2019 3:32 AM
8/6/2019 9:25 AM

8/6/2019 6:36 AM
8/6/2019 5:13 AM
8/5/2019 12:15 PM
8/2/2019 9:09 AM

8/2/2019 9:08 AM
8/2/2019 8:16 AM
8/2/2019 4:48 AM
8/1/2019 3:30 PM
8/1/2019 6:48 AM
8/1/2019 3:59 AM
8/1/2019 2:27 AM
7/31/2019 1:48 PM
7/31/2019 1:46 PM
7/31/2019 1:09 PM
7/31/2019 12:48 PM
7/31/2019 12:23 PM
7/31/2019 12:06 PM
7/31/2019 11:51 AM
7/31/2019 11:43 AM

7/31/2019 11:42 AM
7/31/2019 11:39 AM
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beams?

Answered: 31  Skipped: 12

RESPONSES
fci — 4 ksi to 6 ksi fc — 5 ksi to 8.5 ksi
28-day compressive strength = 5.0 to 8.5 ksi Compressive strength at release = 5.0 to 7.5 ksi

Ranges of compressive strength are typically 8.5 ksi, but may be occasionally higher even to 10
ksi.

fci range is from 4.5 ksi to 7.5 ksi f'c range is from 5.0 ksi to 9.0 ksi

Varies based on design. Typically, we see 6.8 ksi before stress transfer and see 8 ksi for 28-day
design compressive strengths.

fci=6,500psi f'c=8,500psi
28-Day = 5ksi-10ksi Release = 4ksi-8ksi

The release strength typically dictates the 28 day compressive strength. We specify the minimum

release strength to satisfy the top of the end of the beams stresses. Release is approximately 80%

of final so if we need 4800 psi at release we specify 6000 for final. Anything that needs 4800+ to
6400 psi at release will be specified as 8000 psi for final/

fci =5 ksi f'c = 7 ksi These are ODOT minimums as specified in the ODOT Standard Bridge
Drawings PSBD-2-07 and PSID-1-13. Designers may increase these with prior written approval of
our fabricators. Standards may be found at the following link:
http://www.dot.state.oh.us/Divisions/Engineering/Structures/standard/Bridges/Pages/StandardBrid
geDrawings.aspx

We typically will specify the strength that we need for release to avoid cracking at the top ends of
the girders. The final strength is determined so that the release is 80% of that. So if we needed
4800 at release we would specify 6000. if we needed a release strength between 4800 and 6400
we would specify 8000.

fci = 6400 to 6800 psi for girders with fc = 8000 is typical.

0.8 f'c (e.g., release typically minimum of 6.4 ksi for 8 ksi concrete)
6.5 ksi (release) 8.0 ksi (final)

8 ksi- 12 ksi

no range - specify strength at release and strength 28-day

min

Usually it's 6,000 psi, but we have gone up to 8,000 psi.

6ksi - 10 ksi

10 ksi

Range for 28 days varies between 5 Ksi to 8 Ksi Range at release varies between 4 Ksiand & 7
Ksi. 1 to 1.5 Ksi difference between release and 28 days.

Compressive strength at release is approximately 90% of 28-day strength.
8,000 psi/6,000 psi

4500 RELEASE 6000 -28 DAYS FOR PILES ONLY 6000 PSI TO 6500 PSI RELEASE 8500 PSI -
28 DAYS RELEASE 7500 PSI AND 10000 PSI -28 DAYS

28 day 6000 at release 5000

6-8ksi for 28-day strength, 80% for release
5,000psi to 10,000psi

Release 6-6.8 ksi. 28 day strength 8.5 ksi
Release 4.5 ksi to 8 ksi Final 5 ksi to 9 ksi

28 day f'c ~ 7500 psi to 8500 psi with test results typically between 9000 psi and 12000 psi 16-
hour f'ci ~6000 psi to 7500 psi with test results typically between 7000 psi and 9000 psi

8 ksi 6.8 ksi
28 day 6-8 ksi At release 4-7 ksi

Q7 What is the range of 28-day compressive strength and compressive
strength at release that you typically specify for prestressed concrete

DATE

9/12/2019 4:46 AM
8/26/2019 11:30 AM
8/21/2019 7:16 AM

8/12/2019 11:48 AM
8/12/2019 6:44 AM

8/9/2019 9:19 AM
8/7/2019 7:46 AM
8/7/2019 3:32 AM

8/6/2019 9:25 AM

8/6/2019 6:36 AM

8/6/2019 5:13 AM
8/5/2019 12:15 PM
8/2/2019 9:09 AM
8/2/2019 9:08 AM
8/2/2019 8:16 AM
8/2/2019 7:49 AM
8/2/2019 4:48 AM
8/1/2019 3:30 PM
8/1/2019 6:48 AM
8/1/2019 3:59 AM

8/1/2019 2:27 AM
7/31/2019 1:48 PM
7/31/2019 1:46 PM

7/31/2019 1:09 PM

7/31/2019 12:48 PM
7/31/2019 12:23 PM
7/31/2019 12:06 PM
7/31/2019 11:51 AM
7/31/2019 11:43 AM

7/31/2019 11:42 AM
7/31/2019 11:39 AM
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Q8 How do you determine modulus of elasticity when conducting camber
calculations? (choose all that apply)

Answered: 30  Skipped: 13

The equation
provided in...

Other (please
specify)

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

ANSWER CHOICES RESPONSES
The equation provided in AASHTO LRFD Bridge Design Specifications 80.00% 24
30.00% 9

Other (please specify)
Total Respondents: 30

# OTHER (PLEASE SPECIFY) DATE

1 TxDOT policy is to set all concrete moduli to 5000 ksi for both stress and deflection calculations 9/12/2019 4:46 AM
and to indicate on the plans that the deflections shown are calculated assuming an E'c of 5000 ksi.

2 We use the ACI 363 equation: Ec = 1265 x (f'c)*0.5 + 1000 where f'c and Ec are in ksi. 8/12/2019 11:48 AM

3 modulus of elasticity of beam concrete at transfer 8/12/2019 6:44 AM

4 AASHTO LRFD Bridge Design Specification equation (7th Edition) K1=0.85 8/7/2019 7:46 AM

5 (5500 x SQRT(f'c))/ (SQRT(6)) This is based on historical data. 8/6/2019 5:13 AM

6 We use the AASHTO LRFD equation that was removed around 2015. Ec = 33000K1(wc 1.5)(fc 8/2/2019 9:09 AM
0.5)

7 we use K of 0.9 instead of 1.0 because od Nebraska aggregate 8/2/2019 9:08 AM

8 Provided by the contractor 7/31/2019 1:46 PM

9 K=1.0 7/31/2019 12:06 PM
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Q9 If the equation provided in AASHTO LRFD Bridge Design

Specifications is used to determine the modulus of elasticity, do you use

the specified compressive strength at release and the 28-day
compressive strength from the plans or some other value?

Answered: 29  Skipped: 14

RESPONSES
N/A

Use specified compressive strength at release and the 28-day compressive strength from the
plans

Compressive strength at release and 28-day as stated in the Plans.

We use the compressive strengths given in the bridge plan for calculating Ec in the equation
above.

fc=fci

Usually the specified compressive strengths are used. The designer has the option of using actual
average values of fci=8.5ksi and fc=12.5ksi

Specified release strength is increased by 25% and the specified 28-day strength is increased by
45%

We use the 28 day compressive strength.
Plans

We use the final design strength. This is usually lower than what is being provided by the
precaster. The precaster tries to turn their beds every 24 hours so they will use a higher strength
mix to get the design release strength earlier.

NA

Plans

Plan Values
from the plans
From plans

We use the specified compressive strength at release and the 28-day compressive strength from
the plans.

Specified compressive strength at release and the 28-day compressive strength.
Yes

We use specified compressive strength at release and 28-day compressive strength from the
plans.

Use 28 day compressive strength
Values from the plans.

we use release and 28 day.

Yes.

From the plans.

Specified 28-day strength in the plans.

At release, although we have adopted a procedure to adjust based on expected strengths since
they are typically higher.

Yes, we use the specified (not expected) fci and assume that the variability is included in the
deflection multipliers. We use the Eci modulus as the basis for deflection.

From the plans

release and the 28-day

DATE
9/12/2019 4:46 AM

8/26/2019 11:30 AM

8/21/2019 7:16 AM

8/12/2019 11:48 AM

8/12/2019 6:44 AM
8/9/2019 9:19 AM

8/7/2019 7:46 AM

8/7/2019 3:32 AM
8/6/2019 9:25 AM
8/6/2019 6:36 AM

8/6/2019 5:13 AM
8/5/2019 12:15 PM
8/2/2019 9:09 AM
8/2/2019 9:08 AM
8/2/2019 8:16 AM
8/2/2019 4:48 AM

8/1/2019 3:30 PM
8/1/2019 6:48 AM
8/1/2019 3:59 AM

8/1/2019 2:27 AM
7/31/2019 1:48 PM
7/31/2019 1:09 PM

7/31/2019 12:48 PM
7/31/2019 12:23 PM
7/31/2019 12:06 PM
7/31/2019 11:51 AM

7/31/2019 11:43 AM

7/31/2019 11:42 AM
7/31/2019 11:39 AM
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Q10 Do you require a specific curing technique for prestressed concrete
beams?

Answered: 32  Skipped: 11

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

ANSWER CHOICES RESPONSES
Yes 53.13% 17
No 46.88% 15
TOTAL 32
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Q11 Which curing technique do you specify?

Answered: 17  Skipped: 26

Steam curing

Moist curing

Other (please
specify)

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

ANSWER CHOICES RESPONSES

Steam curing 23.53%

Moist curing 17.65%

Other (please specify) 58.82%

TOTAL

# OTHER (PLEASE SPECIFY) DATE

1 any curing technique is acceptable provided all exposed surfaces remain wet until release strength ~ 9/12/2019 4:47 AM

is achieved. Curing compound is not allowed on the top surface girders. Standard Specifications
for Construction and Maintenance of Highways, Streets and Bridges, Item 424 -
ftp://ftp.dot.state.tx.us/pub/txdot-info/des/spec-book-1114.pdf - This specification allows steam,
moist, barrier, and wet mat. Wet mat is the most commonly used.

2 Steam or radiant heat. (Typically, radiant heat is used.) 8/26/2019 11:33 AM

3 All of the following methods are allowed by our specs: 1) covering with wet burlap or canvas 2) 8/12/2019 11:49 AM
continuous water mist 3) airtight seal using plastic curing blankets 4) steam curing

4 Steam Curing, Water Curing, and Radiant Heat Curing are all options given to the precasters. 8/7/2019 7:47 AM

5 Please refer to ODOT C&MS 515.15 for specific curing requirements at the following link: 8/6/2019 9:27 AM

http://www.dot.state.oh.us/Divisions/ConstructionMgt/OnlineDocs/Specifications/2019CMS/2019_
CMS_07192019_for_web_letter_size.pdf

6 Steam cure "or cure by other methods identified by the contractor's fabrication quality control 8/6/2019 5:16 AM
plan”. Curing compound is not allowed.

78 Moist curing is specified with Contractor option of steam curing with adherence to requirements. 8/5/2019 12:15 PM

8 steam cure in the winter and moist cure in the summer 8/1/2019 1:09 PM

9 Steam and Moist curing are allowed 8/1/2019 4:09 AM

10 steam or wet method with thermocouples "match cure" 7/31/2019 1:55 PM

10

17
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Q12 Which curing technique is more prevalent in your state?

Answered: 27  Skipped: 16

RESPONSES

Moist or water curing (wet mat or soaker hoses)

Radiant heat

Moist curing with curing compound and burlap sheeting on the top flange.
Steam curing

Fabricators have the option of steam or saturated cover curing. Pub 408, Section 1107.03(d)5.g
provides PennDOT's requirements on initial and intermediate curing phases. Each phase has
temperature requirements. Typically, PennDOT utilizes the saturated covering in conjunction with
a steam cure.

Steam Cure

Steam Curing

Steam curing

Steam curing.

Moist curing

Moist curing

Steam Curing

steam accelerated method
moist curing

Moist curing.

moist curing method

moist curing

radiant heat curing/electric
Moist (Wet) Curing and accelerated curing using low pressure steam or radiant heat curing.
Saturated cover curing.

Steam cured.

Steam
Moist curing.

Unsure

Steam methods are used by the Alaska fabricators Heated forms are used by the Washington

fabricator
Steam

Wet cure

DATE
9/12/2019 4:47 AM

8/26/2019 11:34 AM

8/21/2019 7:19 AM

8/12/2019 11:50 AM

8/12/2019 6:44 AM

8/9/2019 9:22 AM
8/7/2019 7:47 AM
8/7/2019 3:33 AM
8/6/2019 6:37 AM
8/6/2019 5:16 AM
8/5/2019 12:16 PM
8/2/2019 9:29 AM
8/2/2019 9:09 AM
8/2/2019 7:50 AM
8/2/2019 4:50 AM
8/1/2019 3:34 PM
8/1/2019 1:10 PM
8/1/2019 6:49 AM
8/1/2019 4:10 AM
7/31/2019 1:54 PM
7/31/2019 1:10 PM
7/31/2019 12:48 PM
7/31/2019 12:25 PM
7/31/2019 11:54 AM
7/31/2019 11:44 AM

7/31/2019 11:42 AM
7/31/2019 11:40 AM
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Q13 What method do you use to measure camber?

Answered: 25  Skipped: 18

RESPONSES
No prescribed method. Camber is only measured when there is a problem.
Deviation from stringline

At fabricator yard before shipping, measurements may be done using stringline or survey
instruments. After beam erection, measurement is done using survey instruments.

a. Beams less than 70’ - string line b. Longer than 70’ — Surveyor’s Transit
Survey, note it is up to the fabricator's inspector to submit camber measurements.
Inspectors manually measure the camber at the precast plant.

It is specified for the fabricator to manage camber if they think that the actual camber will be higher
than the calculated camber. Typically the fabricator will take shots on the top of the beam at the
ends and midspan and record the information.

Taut stringline with beams sitting on proper donnage.

Tape measure at midspan

None specifically prescribed in Specifications. Typically string line or shooting elevations.
survey

string line method

Tension line with measured offsets at the tenth points.

Survey shots at tenth points along the beam top flange.

Laser beam

Survey

None unless there is a concern. If needed, would use tape measure.
Survey or string line method.

Shots on top of beam after beam is set on substructures.

Not specified

Not specified.

Camber measured by fabricator

Camber measurement procedure listed in IM 570 at
https://iowadot.gov/erl/current/IM/content/570.htm Measure elevations at beam ends and center
after lifting and resetting beams within 3 hours of detensioning.

As | understand, chord offset is measured using a laser level. Girder lift off distance at mid-span
(distance between bottom pan and concrete girder after release) is also measured for each girder

Survey

DATE

9/12/2019 4:49 AM
8/26/2019 11:42 AM
8/12/2019 12:13 PM

8/12/2019 6:45 AM
8/9/2019 9:36 AM
8/7/2019 7:48 AM
8/7/2019 3:59 AM

8/6/2019 9:37 AM
8/6/2019 5:21 AM
8/5/2019 12:18 PM
8/2/2019 9:14 AM
8/2/2019 7:53 AM
8/2/2019 5:05 AM
8/1/2019 3:50 PM
8/1/2019 6:52 AM
8/1/2019 4:40 AM
8/1/2019 2:30 AM
7/31/2019 2:00 PM
7/31/2019 1:13 PM
7/31/2019 12:49 PM
7/31/2019 12:29 PM
7/31/2019 12:13 PM
7/31/2019 12:02 PM

7/31/2019 11:53 AM

7/31/2019 11:42 AM
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Q14 What tools do you use to measure camber?

Answered: 26 Skipped: 17

RESPONSES

Steel wire line

Stringline and tape measure

Stringline and survey.

See answer to previous question.

a. String lines b. Steel tape measure c. Surveyor’s transit
Total Station

String Line and tape measure

See above

String, tape measure, 3 individuals.

Tape measure

None specifically prescribed in Specifications.

level

tape measure and string line

See 12.

Survey shots at tenth points along the beam top flange.
laser

Laser Level

tape measure

Survey equipment or string line and tape measure.
Survey Level.

Not specified

Not specified.

survey equipment (distance from tensioned strings are not used anymore)
Typically surveyed.

Laser level for chord-offset method Tape measure for girder lift-off

Depends on contractor - Level

DATE

9/12/2019 4:49 AM
8/26/2019 11:42 AM
8/21/2019 7:22 AM
8/12/2019 12:13 PM
8/12/2019 6:45 AM
8/9/2019 9:36 AM
8/7/2019 7:48 AM
8/7/2019 3:59 AM
8/6/2019 9:37 AM
8/6/2019 5:21 AM
8/5/2019 12:18 PM
8/2/2019 9:14 AM
8/2/2019 7:53 AM
8/2/2019 5:05 AM
8/1/2019 3:50 PM
8/1/2019 6:52 AM
8/1/2019 4:40 AM
8/1/2019 2:30 AM
7/31/2019 2:00 PM
7/31/2019 1:13 PM
7/31/2019 12:49 PM
7/31/2019 12:29 PM
7/31/2019 12:13 PM
7/31/2019 12:02 PM
7/31/2019 11:53 AM
7/31/2019 11:42 AM
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Q15 How frequently do you measure camber?

Answered: 27  Skipped: 16

RESPONSES

Rarely. Only when there is a problem.

Once a week

Monthly measurement is required per our Specification.

Initial camber is measured before removal from the casting bed. During storage, camber is

measured at frequencies < 60 days and within 7 to 21 days of shipment. It is also measured after

beam erection when setting grades for the deck pour.

a. Camber is measured after cutting the strands (form release) or at beginning of beam storage b.

According to Publication 408, Section 1107, camber verification is required within 2 weeks of
shipping
At release and prior to shipment

Camber is measured when member is removed from the casting bed and at the time of final
inspection.

It is specified at regular intervals and in the fabricator's camber control procedure. Some
fabricators will check it every three days to control camber growth.

Post pour after release, prior to storage and prior to shipment. The contractor can request a
measurement at any time.

Once

Once members have been placed on temporary supports for storage at release, camber

measurements are taken and at 2 week intervals thereafter up to 120 days after detensioning.

we require camber measure on every project before shipping
once unless delayed construction
Only at the plant (acceptance) before shipment.

First within 72 hours of release. Additional times if it is out of tolerance. Then again when the
beams are erected / before deck stay-in-place formwork is installed.

As needed

During construction

Only when there are problems

During every hands-on bridge safety inspection (every six years).
3 times, initial , 28 days and 21 days prior to installation

Only when beams are set.

Not specified

Every 2 weeks.

weekly

Once

Usually twice - immediately after release of prestress force and prior to transport

Contractor measures before deck placement.

DATE

9/12/2019 4:49 AM
8/26/2019 11:42 AM
8/21/2019 7:22 AM
8/12/2019 12:13 PM

8/12/2019 6:45 AM

8/9/2019 9:36 AM
8/7/2019 7:48 AM

8/7/2019 3:59 AM

8/6/2019 9:37 AM

8/6/2019 5:21 AM
8/5/2019 12:18 PM

8/2/2019 9:14 AM
8/2/2019 7:53 AM
8/2/2019 5:05 AM
8/1/2019 3:50 PM

8/1/2019 6:52 AM
8/1/2019 4:40 AM
8/1/2019 2:30 AM
7/31/2019 2:00 PM
7/31/2019 1:57 PM
7/31/2019 1:13 PM
7/31/2019 12:49 PM
7/31/2019 12:29 PM
7/31/2019 12:13 PM
7/31/2019 12:02 PM
7/31/2019 11:53 AM
7/31/2019 11:42 AM
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Q16 At what time of the day do you measure camber?

Answered: 25  Skipped: 18

RESPONSES

Any day light hours.

No specific time

Not specified in our Specs.

Our spec says to measure at a time when camber and alignment of beam is not influenced by
temporary differences in surface temperature.

Varies, while PennDOT does not have a specification limit on this, camber is typically checked in
the early morning to avoid direct sunlight

No specified time.

Various

It is in the fabricator's camber control procedure. Some fabricators check it in the morning.
Not specified.

Unknown

These measurements are recorded in the morning to reduce the effects of solar radiation for each
unit and entries include the date, time, weather conditions and measurements taken.

no requirements

There is no particular time of the day that we insist the camber be measured.
Various.

Mid day

Day time

N/A

Normally during midday.

Any time.

Not specified

Not specified.

Early in the morning

Not specified.

16-hours and about within about 1 or 2 days after setting on temporary bunking points

At discretion of contractor

DATE

9/12/2019 4:49 AM
8/26/2019 11:42 AM
8/21/2019 7:22 AM
8/12/2019 12:13 PM

8/12/2019 6:45 AM

8/9/2019 9:36 AM
8/7/2019 7:48 AM
8/7/2019 3:59 AM
8/6/2019 9:37 AM
8/6/2019 5:21 AM
8/5/2019 12:18 PM

8/2/2019 7:53 AM
8/2/2019 5:05 AM
8/1/2019 3:50 PM
8/1/2019 6:52 AM
8/1/2019 4:40 AM
8/1/2019 2:30 AM
7/31/2019 2:00 PM
7/31/2019 1:13 PM
7/31/2019 12:49 PM
7/31/2019 12:29 PM
7/31/2019 12:13 PM
7/31/2019 12:02 PM
7/31/2019 11:53 AM
7/31/2019 11:42 AM
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minimize or control camber overgrowth?

Answered: 27  Skipped: 16

RESPONSES

No prescribed method.

Static weight (pre-loading) or change dunnage position
Pre-loading or ballasting.

Our spec assumes we can reasonably predict the camber for beams that will be erected and have
the deck formed between 30 and 180 days of prestress release. For beams between 30 and 180
days old, fabricator must report if cambers become greater than 1 inch plus or minus beyond the
erection camber given in the bridge plan. Limits are specified on beam end overhang during
storage. For beams expected to be > 180 days old at erection, contractor is required to submit a
plan to prevent/accommodate excess camber.

a. Only done on occasions. Pre-loading is accomplished by loading with precast roadway barrier
or similar. In general, camber is not an issue.

Precast barrier has been used to pre-load, but results have not been successful.
Pre-loading is occasionally used on shorter beams.

Preloading is used by the fabricator to control camber growth.

Not permitted.

Pre-loading very rarely done, except if long term storage.

The Contractor is required to submit a camber management plan prior to fabrication indicating the
method for controlling camber. Pre-loading is the primary method utilized. The Contractor is
required to implement the plan if specific thresholds are exceeded. Contractors are required to
implement the camber management plan for any members that will be erected 120 days or more
after detensioning. Where a change in construction schedule occurs which will result in erection
120 days or more after detensioning, the Contractor is required to implement the camber
management plan. The Contractor may submit a request to delay the implementation of the
camber management plan to the next scheduled camber measurement if documentation is
submitted showing the camber growth is following an established camber development path that
will not exceed the camber tolerance at erection under the current construction schedule.

We don't do this

have had to preload in construction in a few cases
We have used pre-loading on occasion.

none

Preloading

None

none

None.

nonea

We have used pre-load or temporary prestressing.
Pre-loading

Up to the contractor/fabricator.

Over growth has not been a concern. Specifications allow fabricator to move the supports in the
storage to increase camber, if needed.

Fabricator may adjust supports in yard to control camber growth.

Fabricators can sag (parabolic vertical depression) for Alaska style decked bulb-T girders (most
commonly used in out state)

Pre-loading has occasionally been used in our state.

Q17 What procedure or approach (such as pre-loading) do you use to

DATE

9/12/2019 4:49 AM
8/26/2019 11:42 AM
8/21/2019 7:22 AM
8/12/2019 12:13 PM

8/12/2019 6:45 AM

8/9/2019 9:36 AM
8/7/2019 7:48 AM
8/7/2019 3:59 AM
8/6/2019 9:37 AM
8/6/2019 5:21 AM
8/5/2019 12:18 PM

8/2/2019 9:14 AM
8/2/2019 7:53 AM
8/2/2019 5:05 AM
8/1/2019 3:50 PM
8/1/2019 6:52 AM
8/1/2019 4:40 AM
8/1/2019 2:30 AM
7/31/2019 2:00 PM
7/31/2019 1:57 PM
7/31/2019 1:13 PM
7/31/2019 12:49 PM
7/31/2019 12:29 PM
7/31/2019 12:13 PM

7/31/2019 12:02 PM
7/31/2019 11:53 AM

7/31/2019 11:42 AM
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Answered: 27  Skipped: 16

RESPONSES

Fabricator - TxDOT specifications state, “Variations greater than those specified in Table 3 (there
is no camber tolerance) are subject to review. However, these tolerances do not relieve the
Contractor from the responsibility of furnishing a completed structure that is in reasonably close
conformity with the lines, grades, cross-sections, dimensions, and details specified. Correct
members not meeting these tolerances at no additional expense to the Department, to achieve a
satisfactory completed structure. This also includes costs for correction due to variations in vertical
beam camber. Correction may require replacement of the member. In the Field - For girder with
significantly less than predicted camber tend to be rejected. For girders with higher than predicted
camber, we will try to adjust the roadway grade. If we cannot, then in rare cases, these are
rejected.

Adjustment to deck finished grade profile when necessary
Accommodate the product into the bridge by pedestal adjustments, build-up adjustments.

For cambers that are low, additional stool/haunch above the beams is built in to get the deck to
proper grade. For cambers that are high, deck grades are adjusted (raised) in the field to
accommodate cambers and avoid negative stools/haunches.

Case by case, limited cases. Measure deflections at erection, deck placement and barrier
placement. The deflections are assessed to ensure water does not pond on the bridge.

Increase haunch thickness to allow camber variability. Place shims to adjust bearing seat
elevations.

The bridge deck buildup (haunch) accommodates minor inaccuracies in camber predictions.

If camber is predicted inaccurately it is sometimes necessary to adjust the deck overpour to
account for it.

ODOT C&MS 511.07 at the following link:
http://www.dot.state.oh.us/Divisions/ConstructionMgt/OnlineDocs/Specifications/2019CMS/2019_
CMS_07192019_for_web_letter_size.pdf

May have to add 'hat' bars (supplemental bars to ensure stirrups project 3" min. into the deck).

Preloading and Contractor adjustments to seat elevations or grade if approved by the Department.
Use of top strands has been proposed to alleviate continued inaccuracies and reduce camber
growth.

we use 1.5 in of fillet on our NU girder and we add hat bars in the field
make up for it in the haunch

As with steel beams, the camber for prestress concrete beams is about twice that anticipated at
installation. Over time, with creep and with the camber deflections decreasing, there are usually
other more significant issues which will warrant bridge rehabilitation of replacement.

We add a 1" camber tolerance into the required haunch thickness for all spans greater than 80'.
This avoids camber issues in most cases. In long-span bulb tee girders we deal with issues such
as accepting net negative camber in the final condition in approximately 25% of those bridges
(spans > 120-feet).

Slab Haunch - "A" Dimension
Adjust screeds,

A minimum coping thickness is applied on top of the beam that provides room for errors in
predicted camber.

Asphalt overlay.

modify haunch depth if necessary

Adjust the riser or change the profile on the deck.
Case-by-case

Adjust bridge seats, bolster/haunch and grade.

The contractor is required to construct the bearing seat elevation based on actual measured
camber.

Built-in tolerance in stirrups, then modify road profile, then stirrup height modification.

If differential camber exceeds contract tolerances (i.e., 0.25" at ends and 0.5" at midspan) then
forces devices cast in the girders are used to level up girders

Contractor has to adjust deck at his expense.

Q18 How do you typically deal with inaccurate predictions of camber?

DATE
9/12/2019 4:49 AM

8/26/2019 11:42 AM
8/21/2019 7:22 AM
8/12/2019 12:13 PM

8/12/2019 6:45 AM

8/9/2019 9:36 AM

8/7/2019 7:48 AM
8/7/2019 3:59 AM

8/6/2019 9:37 AM

8/6/2019 5:21 AM
8/5/2019 12:18 PM

8/2/2019 9:14 AM
8/2/2019 7:53 AM
8/2/2019 5:05 AM

8/1/2019 3:50 PM

8/1/2019 6:52 AM
8/1/2019 4:40 AM
8/1/2019 2:30 AM

7/31/2019 2:00 PM
7/31/2019 1:57 PM
7/31/2019 1:13 PM
7/31/2019 12:49 PM
7/31/2019 12:29 PM
7/31/2019 12:13 PM

7/31/2019 12:02 PM
7/31/2019 11:53 AM

7/31/2019 11:42 AM
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Q19 Are box beams prone to inaccurate camber predictions?

Answered: 27  Skipped: 16

Yes

This beam type

is not used ...
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
ANSWER CHOICES RESPONSES
Yes 48.15% 13
No 22.22% 6
This beam type is not used in my state 29.63% 8
TOTAL 27
Q20 Is there a specific size(s) of the member that is more prone?
Answered: 14  Skipped: 29
# RESPONSES DATE
1 no 9/12/2019 4:49 AM
2 48 inch 8/12/2019 6:45 AM
3 No, based on internal research camber variation is the same over different span/depth ratios. 8/9/2019 9:41 AM
Note, girders with larger cambers will have larger variation, but the over/under camber percentage
is the same.
4 Box Beam camber predictions have significantly improved since the implementation of NCDOT's 8/7/2019 7:49 AM
camber research.
5 No. 8/7/2019 3:59 AM
6 No 8/6/2019 9:37 AM
i Box beams designed for concrete strength in upper range of allowable with larger number of 8/5/2019 12:18 PM
strands are more prone, but can typically be dealt with by Contractor field adjustments.
8 We have not investigated this issue. 8/2/2019 5:06 AM
9 no 8/1/2019 1:22 PM
10 No. 7/31/2019 2:00 PM
" No 7/31/2019 1:13 PM
12 No 7/31/2019 12:49 PM
13 No. 7/31/2019 12:30 PM
14 Not sure 7/31/2019 11:43 AM
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Q21 Are cored slabs prone to inaccurate camber predictions?

Answered: 28  Skipped: 15

This beam type

is not used ...
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
ANSWER CHOICES RESPONSES
Yes 14.29%
No 17.86%
This beam type is not used in my state 67.86%

TOTAL

19

28

Q22 Are there specific cored slab size(s) of the member that is more
prone?

Answered: 4  Skipped: 39

# RESPONSES DATE

1 Cored Slab camber predictions have significantly improved since the implementation of NCDOT's 8/7/2019 7:50 AM
camber research.

2 No. 8/7/2019 3:59 AM

3 Voided slabs designed for concrete strength in upper range of allowable with larger number of 8/5/2019 12:19 PM

strands are more prone, but can typically be dealt with by Contractor field adjustments (assume
voided slabs are similar to cored slabs in response here and in Question 20).

4 No 7/31/2019 12:50 PM
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Q23 Are AASHTO I-beams prone to inaccurate camber predictions?

Answered: 30  Skipped: 13

Yes

No

This beam type

is not used ...
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
ANSWER CHOICES RESPONSES
Yes 23.33%
No 36.67%
This beam type is not used in my state 40.00%
TOTAL

11

12
30

Q24 Are there specific I-beam size(s) of the member that is more prone?

oS

w N

N o o s

Answered: 7 Skipped: 36

RESPONSES DATE

Larger sizes that approach maximum span lengths for that size 8/26/2019 2:18 PM
No 8/6/2019 9:38 AM
These beam types are only used on in-kind widening and rarely utilized. Historically, VDOT 8/5/2019 12:20 PM

previously designed using 5 ksi concrete and cracking overload so less strain differential. Type 6
are more prone where span lengths are near maximum range for section or where shallower
section than existing is utilized due to existing vertical clearances and exterior widening.

We do not know. 8/2/2019 5:07 AM
All 8/1/2019 4:40 AM
no 7/31/2019 1:14 PM
Not sure 7/31/2019 11:43 AM
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Answered: 29  Skipped: 14

Yes

No

This beam type

Q25 Are bulb T beams prone to inaccurate camber predictions?

is not used ...
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
ANSWER CHOICES RESPONSES
Yes 48.28%
No 37.93%
13.79%

This beam type is not used in my state

TOTAL

14

1

29

Q26 Are there specific bulb T beams size(s) of the member that is more

=

o a b~ W N

prone?

Answered: 14  Skipped: 29

RESPONSES

no

Larger sizes that approach maximum span lengths for that size

No, see previous response.

No.

No, 36" to 72". To clarify #21, we haven't had some camber problems, but not significant lately.

Whether 29" bulb-T sections (smallest size used by VDOT) are more prone where designed for
concrete strength in upper range of allowable with larger number of strands are more prone to
experience inaccurate camber predictions is debatable but appears to depend on whether design-
bid-build or design-build procurement process is used. 85" bulb-T and primarily 93" bulb-T sections
are more prone where designed for concrete strength in upper range of allowable with larger
number of strands where span lengths are near maximum range for section. Stability during
fabrication, transportation and erection are also issues with these sections.

We do not know.

Generally any bulb tee with span lengths greater than 125-feet.
All

No

No.

The cambers typically have been lower than predicted. The longer beams would tend to be more
troublesome since the cambers are larger.

Although no systematic evaluation has been undertaken by the Department, it seems that deeper,
longer girders are more prone to camber variability

Not Sure

DATE

9/12/2019 4:49 AM
8/26/2019 2:20 PM
8/9/2019 9:43 AM
8/7/2019 4:00 AM
8/6/2019 5:23 AM
8/5/2019 12:20 PM

8/2/2019 5:08 AM
8/1/2019 3:52 PM
8/1/2019 4:40 AM
7/31/2019 12:50 PM
7/31/2019 12:30 PM
7/31/2019 12:04 PM

7/31/2019 11:55 AM

7/31/2019 11:44 AM
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Q27 Are other beam types prone to inaccurate camber predictions?

Answered: 30  Skipped: 13

This beam type

is not used ...
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
ANSWER CHOICES RESPONSES
Yes 23.33%
fis 50.00%
26.67%

This beam type is not used in my state

TOTAL

15

30

Q28 Are there specific other beams size(s) of the member that is more

prone?
Answered: 6  Skipped: 37
# RESPONSES
1 All beam types can be subject to inaccurate camber issues. We use bulb T beams, box beams,

solid slab beams, and U beams. Rarely we see the longer beams with higher amounts of strand
have more inaccurate camber issues. Typically, inaccurate camber issues arise in the different
materials and practices the various precast fabricators use.

2 We use an Inverted T section 300mm to 800mm It seems they are more prone
3 We do not know.

4 no

5 Not sure

6 no

DATE
9/12/2019 4:50 AM

8/2/2019 9:17 AM
8/2/2019 5:08 AM
7/31/2019 1:14 PM
7/31/2019 11:44 AM
7/31/2019 11:25 AM
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Q29 On past deck replacement projects MDOT has observed that
existing prestressed and steel beams/girders do not rebound to the
original camber when the deck weight is removed. Do you have a
procedure or tool that you use to predict beam rebound in deck

replacement projects?

Answered: 28  Skipped: 15

RESPONSES

no

No.

N/A

No

No

No.

No procedure or tool, but beam rebound should be considered in deck replacement projects.
No.

Please see BDM Section 403.5 at the following link:
http://www.dot.state.oh.us/Divisions/Engineering/Structures/standard/Bridges/BDM/2019_BDM_07
-19-19.pdf

At times we've measured girder location before and after deck removal, but seem to have gotten
away from that practice.

No.

We had similar situation on few AASHTO type girders. We don't have a tool to predict beam
rebound if any

make it up in the haunch

No. We do, however, believe that although camber predictions may be inaccurate, they are at least
consistently off and conservative. We measure camber before placing the new deck -- the camber
is still well within the predicted limits.

No. SCDOT has performed less than five total deck replacements.
No

No

No

No

no.

No

No

No

No.

We do not.

No. | don't know that we've done very many deck replacements on prestressed beams.

No

No

DATE

9/12/2019 4:50 AM
8/26/2019 2:23 PM
8/21/2019 7:23 AM
8/12/2019 12:14 PM
8/12/2019 6:46 AM
8/9/2019 9:44 AM
8/7/2019 7:50 AM
8/7/2019 4:00 AM
8/6/2019 9:42 AM

8/6/2019 5:24 AM

8/5/2019 12:21 PM
8/2/2019 9:18 AM

8/2/2019 7:55 AM
8/2/2019 5:14 AM

8/1/2019 3:53 PM
8/1/2019 1:24 PM
8/1/2019 6:53 AM
8/1/2019 4:42 AM
8/1/2019 2:31 AM
7/31/2019 2:02 PM
7/31/2019 1:58 PM
7/31/2019 1:15 PM
7/31/2019 12:50 PM
7/31/2019 12:31 PM
7/31/2019 12:14 PM
7/31/2019 12:05 PM
7/31/2019 11:56 AM

7/31/2019 11:45 AM
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Q30 Have you measured the rebound of existing beams/girders after the
deck weight is removed and deflection of the beams/girders after the new
deck has been constructed on deck replacement projects?

Answered: 28  Skipped: 15

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

ANSWER CHOICES RESPONSES
Voi 35.71% 10
No 64.29% 18
TOTAL 28

Q31 Have you found a correlation between the rebound and the
deflection?

Answered: 10  Skipped: 33

# RESPONSES DATE

1 No 8/12/2019 6:46 AM

2 Yes 8/6/2019 9:42 AM

3 Some 8/6/2019 5:25 AM

4 Yes but inconclusive because of the creep and strength gain effect 8/2/2019 9:20 AM

5 No 8/2/2019 7:55 AM

6 As you stated previously in this questionnaire, most states do not see a significant rebound. The 8/2/2019 5:17 AM
same is true of our state.

T No 8/1/2019 4:43 AM

8 No. 7/31/2019 2:02 PM

9 No 7/31/2019 12:51 PM

10 Yes. 7/31/2019 12:31 PM

202




APPENDIX C: COMPUTATIONAL INFRASTRUCTURE
FRAMEWORK AND IMPLEMENTATION
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Disclaimer

Though every effort has been devoted toward its accuracy, the software should not be used
as a replacement for local standards of practice, design requirements, and engineering
judgment. In no eventshall the software developers or anyone distributing the software be liable

for any damages or other liability arising from use of the software.

Software Limitations

The presented software is a tool to predict camber and displacements in fully prestressed
concrete and steel beams when such beams are used in a simply supported configuration. The
software considers non-composite fully prestressed concrete beams, and  fully prestressed
concrete and steel beams made composite with a cast in place concrete deck. The software
considersone beamatatime. Continuous bridges superstructures are notaddressed. Foradditional
information refer to this manual as well as the final MDOT report titled “Evaluation of Camber

and Deflections for Bridge Girders”
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C.1Tab 1: Introduction

In this page, it is required to provide general project information such as project name, job
number, name of the person who conducts the analysis, name of the person who checks the
analysis, and date of the analysis. In addition, previously saved input files can be loaded using the
“Load Project Data” button. General information about how the program works is presented and
the sign convention employed throughoutthe analysis is shown. In this program, upward deflection
(camber), negative curvature and moment (tension in the top and compression in the bottom), and
compression forces are shown as negative, whereas downward deflection, positive curvature and
moment (compression in the top and tension in the bottom), and tension forces are shown as
positive. It is important to consider this sign convention when providing a user defined input for
the program such as pre-fabricated camber values for steel beams, or measured prestressed

concrete beam camber values at specific time.
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# MDOTCamber v6.0 - O *

Introduction Girder Properties Girder Concrete Properties Deck Properties Prestressing Steel | »

Predicting Camber and Deflections in Composite Bridge Superstructures

"C‘MDOT W @ benesch

Michigan Department of Transportation College of Engineering

Name of the Project: I175-5811 Date: Mar 04,2021 | = |
Job Number: 201437 Project Data: [ Load Project Data ]
Conducted By Furkan Cakmak About: [ @ |

Checked By: Fatmir Menkulasi

Sign Convention

(-) Upward (-) Negative (-) Negative
Deflection Curvature Moment

e (H) -Be-
s (B -H-

(+) Downward (+) Positive (+) Positive (+) Tension
Deflection Curvature Moment

(-) Compression

Copyright © 2021 MDOTCamber. All rights reserved

Fig. C.1. Introduction tab
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C.2 Tab 2: Girder Properties

In this page, firstly, the beam type, either steel or prestressed concrete, and time dependent
analysis type should be selected as shown in Fig. C.2. If the user selects to predict camber at
service, then the boxes for camber at release and pre-erection camber are automatically selected.
The userhasthe option to conductthe time dependentanalysis with or withoutincludingthe effects
of temperature gradients. Since the inclusion of temperature gradients effects involves many
numerical integrations, the analysis may take up to 120 seconds in Dell Laptop Computer with
Intel Core i7 2.8 GHz and 16 GB of RAM. If the inclusion of temperature gradient effects is
omitted the analysis should be completed in less than 15 seconds in a similar computer. After
selecting the beam type and analysis type, the button shown inside the red box in Fig. C.2 must be
clicked so that the selections are locked. Without locking the selections, the user cannot proceed
with the analysis. If steel girder is selected as a beam type, the necessary input must be provided
to before proceeding to the next step. Fig. C.3 shows what these necessary inputs would be if a

steal beam is selected.

Select the Beam Type Analysis Type
Steel Beam Temperature Gradient Analysis [ @ | | Zone IIT v

® | Prestressed Concrete Beam

| Service Camber
Lock the selections made above

Fig. C.2. Selection of Beam Type and Analysis Type

If a prestressed concrete beam type isselected, adrop-downmenu appearsas shownin Fig.
C.4. This menu includes several standard girder cross-sections used by MDOT such as ASSHTO
Type I-1V, MI 1800, Bulb Tees, and Box Beams. The menu includes three types of girder cross-
section: I-shaped, Rectangular, and Box. If the girder to be used in the analysis matches with one
of the standardized cross-sections, cross-sectional properties are automatically calculated. To see
the automatically calculated values the button with the exclamation mark shown in Fig. C.5 must
be clicked. If the girder in question has a I-shape, rectangular shape, or box shape but does not
match with one the standardized cross-sections, then the user has the option to enter custom cross-

sectional properties.
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wi MDOTCamber v6.0

Introduction Girder Properties Girder Concrete Properties Deck Properties ‘ Prestressing Steel | »

= O

Select the Beam Type Analysis Type
Temperature Gradient Analysis (@) (Zonem v
( Lock the selections made above | :
Parameter Value Unit
‘ Gross area (Ag) 90 ' in2 A
Unit-weight of cross-section (y) 05 kef
‘ Girder length (L) 173 ft
Centroid of girder measured from bottom (ybottom) 355 in.
‘v Gross moment of intertia (Ig) 75840 in4
Modulus of elasticity (Eg) 28500 ksi
‘ Overhang length at bridge site (Lb) 24 in.
Girder height (h) 72 in.
‘ Top flange width (bft) 23 in.
Top flange thickness (ht) 1 in.
| Web thickness (tw) 0625 in.
Bottom flange width (bfb) 7 25 in. v
ks cicla 1) e Q|
A J
NS
hy
> [t

centroid 4\.}

wonoq

™S

X

Fig. C.3. Steel girder properties
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“ MDOTCamber vb.0

Introduction Girder Properties Girder Concrete Properties Deck Properties

Select the Beam Type Analysis Type
)

Lock the selections made above

Select Girder Type v

Select Girder Type

AASHTO Type 1

AASHTO Type 2

AASHTO Type 3

AASHTO Type 4

MI 1800

Bulb Tee 49" Top Flange Width - 36" Height
Bulb Tee 49" Top Flange Width - 42" Height
Bulb Tee 49" Top Flange Width - 48" Height

Bulb Tee 49" Top Flange Width - 54" Height

Bulb Tee 49" Top Flange Width - 60" Height
Bulb Tee 49" Top Flange Width - 66" Height
Bulb Tee 49" Top Flange Width - 72" Height
Bulb Tee 61" Top Flange Width - 36" Height
Bulb Tee 61" Top Flange Width - 42" Height
Bulb Tee 61" Top Flange Width - 48" Height
Bulb Tee 61" Top Flange Width - 54" Height
Bulb Tee 61" Top Flange Width - 60" Height
Bulb Tee 61" Top Flange Width - 66" Height
Bulb Tee 61" Top Flange Width - 72" Height

Rectangular Beam 36" width - 12" Height

- O X

Prestressing Steel | »

Zone III v

Fig. C.4. Selection of girder type
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+ MDOTCamber v6.0 = O X

Introduction Girder Properties Girder Concrete Properties Deck Properties Prestressing Steel | »

Select the Beam Type Analysis Type
O ) |Zonemm v
| Lock the selections made above
(Bulb Tee 49" Top Flange Width - 54" Height vl ©
Parameter Value Unit
Unit-weight of cross-section* (y) 0.15 kef
Girder length (L) 136.9 ft.
Overhang length at precast facility (Lt) 215 in
Overhang length at bridge site (Lb) 55 in.
Girder tributary width™ (s) 8.41 ft.
Thermal expansion coefficient () 6.7e-06 1/F v
9
by
e

Yvottom Lt/Lb

Fig. C.5. Girder properties for prestressed concrete girder

4 MDOTCamber - X
Parameter for Bulb Tee 49" Top Flange Width - 5... |Value Unit

Gross area (Ag) 1022.3 in.2

Centroid of girder measured from bottom (ybottom) 27 in.
Gross moment of intertia (lg) 412056 in4

Girder height (h) 54 in.

Perimeter of cross-section (Sg) 2514 in.

Top flange width (bf) 49 in.

Top flange thickness (hf) 5 in.

Web thickness (tw) 8 in.

Height of top inclined surface (ht) 351 in.

Fig. C.6. Custom girder properties for bulb tee 49” top flange width — 54" height
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C.3 Tab 3: Girder Concrete Properties

This page applies only to prestressed concrete girders and consists of three parts. The first
involvesthe selection of amodel to determine the variation of modulus of elasticity with time (Fig.
C.7). The user has two options: 1) ACI 209R-92, and 2) fib MC 2010. ACI 209R-92 is
recommended solely because the camber data provided in the final report was evaluated based on
the selection of this model as well as other applicable American models for predicting modulus of
elasticity at prestress release and at 28 days, as well as creep and shrinkage models. While the use
of these combination of models resulted in reasonable estimations of pre-erection camber when
compared to measured data, the user is encouraged to evaluate other models with the purpose of
obtaining a range of camber and displacements estimations and be prepared to accommodate this
range of variation.

The second part requires the specification of compressive strength at prestress release and
28 days (Fig. C.8 and Fig. C.9). Here the user has the option of providing specified values and no
overstrength factors or adjusting the specified values with overstrength factors. Various options
are provided for specifying overstrength factors including Michigan overstrength factors that were
derived based on compressive strength data analyzed as part of this research. The specification of
compressive strength at release and 28 days is required to determine the modulus of elasticity at
release and 28 days, which is the focus of the third part (Fig. C.10 and Fig. C.12). The modulus at
28 days serves as an anchor point to obtain the development of modulus with time, which is
obtained based on the model selected in the first part (Fig. C.7). The user has the option of either
entering measured values of modulus at release and 28 days, which is uncommon, but possible in
special cases, or the option of selecting a model that relates compressive strength at release and 28
days to modulus at these two times. The models available for relating compressive strength to
modulus are AASHTO LRFD 2020, fib MC 2010, ACI 318-19, and ACI 363R-92. It is
recommended that the AASHTO LRFD 2020 model is selected and since this model together with
other applicable models was evaluated as part of this research effortand resulted in reasonable
predictions of pre-erection camber and displacements when compared to measured values.
Although, as indicated above the user is encouraged to explore the use of other models to get an
ideaaboutthe range of variation in results. The evaluations of other models and their combinations
was outside the scope of this research. Even if such acomparison ismade, no definitive conclusion

can be drawn as the results are a function of the dataset considered. Once a model is selected the
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user has the option to either select certain parameters to determine the variation of modulus with

time based on the model selected in part1, or, to back calculate these parameters using the modulus

at release and 28 days as anchor points. The latter option is recommended.

A. Variation of Modulus of Elasticity with Time

Select a Model
B. Concrete Compressive
_ _ ACT 209R-92 (Recommended)
Click to provide actual concre
fib MC 2010

| ACI 209R-92 (Recommended) ¥ || @

8 Days

Fig. C.7. Model selection for development of concrete strength and modulus of elasticity

Click to provide actual conerete compressive strength values.

Specified Conerete Compressive Strength

Symbol Definition

Overstrength Factors for Conerete Strength

B. Concrete Compressive Strength at Release and at 28 Days

fei Specified concrete compressive strength at release

fc Specified concrete compressive strength at 28 day

Michigan Factors (Recommended) v
Symbol Definition
0Si Overstrength factor for conerete at release
0S28 Ovwerstrength factor for conerete at 28 day

Value (ksi)

7

10

Factor
1.2

1A

Fig. C.8. Inputs for concrete compressive strength and overstrength factors
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C. Modulus of Elasticity at Release and at 28 Days
Click to provide actual modulus of elasticity values.

Actoal Modulus of Elasticity

Symbol Definition Value (ksi)
Eci Actoal modulus of elasticty at release 5000
Ec Actual modulus of elasticty at 28 day 6000

Required Parameters for modulus of elasticity

+'| Back-calculate parameters. 3

C. Modulus of Elasticity at Release and at 28 Days

Click to provide actual modulus of elasticity values.

Model for estimating elastic modulus: | AASHTO LRFD 2020 (Recommended) ¥ P

Required Parameters for modulus of elasticity

| Back-calculate parameters.| @ Unit-weight of plain concrete (wc): 0.13

Aggregate factor (K1): 1

kef

Fig. C.9. Model for modulus of elasticity at release and 28 days
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C.4 Tab 4: Deck Properties

If the user wishesto predictcamberand displacements atservice then this page can be used
to enter parameters related to deck properties. If the scope of the analysis is limited to pre-erection
camber then no deck parameters need to be specified. The program has the capability to consider
the effect of existing deck removal and new deck placement on prestressed concrete beam camber
and displacements. If project in question does not involve deck replacement, only the properties
for the existing deck need to be entered. If the projectincludes deck replacement, then the user
must specify the properties of the new deck to predict net camber and displacements after the
placement of the new deck. Additionally, it should be noted that unlike in the girder concrete
properties tab, only the concrete compressive strength at 28 days is required for the deck. It is
assumed that deck concrete compressive strength at the end of curing period is assumed to be 80
% of its 28 day value, and the AASHTO LRFD 2020 model is selected to estimate the deck
concrete modulus of elasticity at 28 days. Also, the development of deck concrete modulus with
time is based on the ACI 209R-92 model assuming Type 1 cement and moist curing. Since deck
concrete compressive strength and modulus are not as influential as girder concrete compressive
strength and modulus on camber and displacements, it was decided to use only the models
specified above.

To facilitate the determination of slab and screed elevations, the user must specify
information related to the weight of deck formwork, reinforcement weight, and diaphragm weight
and number. This information is used to compute the deflected beam shape at various stages of
loading. The required information is shown in Fig. C.11.
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Has the deck been replaced?

®) Yes
No
Parameter for the First Deck Value Unit
Specified concrete compressive strength at 28 day (fcd) 4 ks1
Unit-weight of deck and haunch® (with mild steel) () 0.15 kef
Average deck thickness** (td) ] mn
Aggregate factor™ (K1) 1 -
Unit weight of plain concrete” (wc) 0.145 kef
Average haunch thickness (th) ] n.
Overlay thickness (to) 2 in.
Unit-weight of overlay (yo) 0.14 kef
Barrnier load™" (wh) 0.04 klf
Parameter for the Second Deck Value Unit
Specified concrete compressive strength at 28 day (fed) 4 ksi
Unit-weight of deck and haunch® (with muld steel) (y) 0.15 kef
Average deck thickness** (td) 9 in.
Aggregate factor™ (K1) | -
Unit weight of plain concrete™ (wc) 0.145 kef
Average haunch thickness (th) 0 i
Overlay thickness (to) 2 mn
Unit-weight of overlay (yo) 0.14 kef
Barrier load™" (wh) 0.04 kif
Fig. C.10. Inputs for the decks
Parameter Value Unit
Slab formwork load (wsf) 10 psf
Surface load due to rebars (wsr) 4 psf
Diaphragm load (Pd) 5 keips
Number of interior diaphragms* (Ndp) 1 -

Fig. C.11. Inputs for computation of slab and screed elevations
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C.5 Tab 5: Prestressing Steel Properties

In this page, the user specifies the propertiesand configuration of prestressing strands. This
information is provided in three tables. The first table includes information about cross-sectional
and mechanical properties. The second and third table include information regarding the
configuration of strands. Forexample, in the second layer the user has the option to specify bonded
as well as debonded strands including the length of debonding. The third table provides the
opportunity to specify the configuration of any harped strands including harping point and
eccentricities at the end and midspan. The following additional explanation can be found by
clicking the button with the exclamation mark.

a. Layer: Itis a set of strands positioned at the same elevation.

b. Layer Group: It is a subset of strands within a Layer with identical harping or debonding

configurations.
= Fully Bonded, Straight Strands (Table 2)
= Debonded, Straight Strands (Table 2)
= Harped Strands (Table 3)
c. Layer Group Detail Length = debonded length
d. Hold-down location from girder end = harping point

e. Distance from bottom of girder represents the distance from the bottomof girder to centroid

of a layer group.

f. Toadd orremove a Layer Group, the +/- buttons next to the tables shall be used.

g. Nominal diameter, d,, for strands must be provided as a decimal value, and shall be

ps’

selected from the available options:

* dys =0.375in. dps = 0.4375 in.

- d,;=05in dys = 0.5625 in.
dps = 0.62 in.

" dps =060 in. .
dys =0.70 in.
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For the strand type, the input value must be either 1 or 2 for low-relaxation and stress-

relieved strand types, respectively.

To perform the analysis, atleastone layer group mustbe fully bonded. Itcan be either fully

bonded straight or harped. In other words, analysis with only debonded strands cannot be

conducted.

+| Check if there 1s any harped strand. 3

Parameter Value Unit
Modulus of elasticity (Eps) 28500 ksi
Nominal diameter (dps) 06 in
Ultimate tensile strength (fpu) 270 ksi
Jacking stress (fpj) 2025 ksi
Yield stress (fpy) 243 ks1
Strand Type 1 1:Low-r...
Layer Group Number of Strands  Distance from Debonded
Group Type in Layer Group Bottom of Girder | Length (ft.)
(in.)
1 Fully Bonded, Straight 14 2 0
2 Fully Bonded, Straight 16 4 0
3 Fully Bonded, Straight 12 6 0
- Fully Bonded, Straight 8 8 0
5 Fully Bonded, Straight 2 10 0
[\ Debonded, Straight 1 2 4
7 Debonded, Straight 2 2 12
Layer | Group Number of Distance from Distance from Harping
Group |Type Strands in Bottom of Girder |Bottom of Girder | Point (ft.)
Layer Group at Midspan (in.) at End (in.)
1 Harped 12 7 46 4477

Fig. C.12. Inputs for prestressing steel properties

220



C.6 Tab 6: Creep and Shrinkage Model Selection

In this page, the user can select one of out of eight creep and shrinkage models (Fig. C.13),
which would be used for beam and deck concrete. The AASHTO Body 2020 model is
recommended as this is the model that was evaluated as part of this research and together with the
other selected models resulted in reasonable estimations of pre-erection camber when compared
to measured values. As noted earlier, the user is encouraged to evaluate all models to get a sense
for the anticipated variability in camber and displacement predictions. The model labeled as
AASHTO Body 2020 is based on creep the shrinkage models provided in AASHTO LRFD
Specifications using equations presented in the body of AASHTO. AASHTO Commentary means
that the creep and shrinkage models are based on alternative parameters provided in the
commentary of AASHTO. Depending on the selected model type, additional parameters about
properties of concrete mixture such as water content, air content, and cement content may be
required. The default parameters were taken from MDOT project (175-S11 Job No. 201437). The
usershould specify the applicable values for the projectin question (if they are known). Additional

9o
1

information can be obtained by clicking the “i” (information) buttons or by consulting the final

MDOT report titled “Evaluation of Camber and Deflections for Bridge Girders”.

Note: After the model is selected, the parameters corresponding to the selected model should be provided.
If they are not known, default values (shown below if appropriate) will be assigned to them.

Creep and Shrinkage Model: | AASHTO Bady 2020 (Recommended) v | 9

Select a Model

Parameter AASHTO Body 2020 (Recommended) s

Tensile creep magnit , \ <116 Commentary 2020

Flexural creep magni

ACI 209R-92
Parameters needed to be defined: Bazant-Baweja B3
AASHTO Body 2020 CEB MCS0

For this model, no parameter 1s required BEBLIBE S,

GL 2000

fib MC 2010

Fig. C.13. Available creep and shrinkage models
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C.7 Tab 7: Time, Environment and Measured Camber Properties

In this page, the user has the option to specify the timeline of certain construction activities
and information regarding relative humidity and curing time (Fig. C.14). The user has also the
option to select the method for generating the time matrix. Two options are available: Proposed,
and Gilbert and Ranzi (2010). For additional information regarding these two methods please
consult the final MDOT report titled “Evaluation of Camber and Deflections for Bridge Girders”
or click the “i” button for a brief explanation. In addition, the user has the option of entering any
measured camber data that may be available at a certain time (Fig. C.14). If such data is entered,
then the algorithm conducts camber and displacements predictions for any point in time after the
time when such measurements were taken. It should be noted that the measured camber values
should be entered based on the sign convention stated in page 1. Additionally, the user should
specify the number of beam sections to be considered in analysis. This number affects accuracy as
well as the deflected shape of the beam. To obtain a smooth curve for the deflected shape at least
51 sectionsare recommended. Since analysistime highly depends on this input, values higher than

200 are not recommended as they are not necessary.

222



< | Creep

» MDOTCamber v6.0 - O
and Shrinkage Model Selection Time, Environment and Measured Camber Properties Results
Number of sections to be investigated: | 51 o ]

A. Time and Environment Properties 4 |

Parameter Value Unit
Relative humudity™® (H) 70 %

Age of girder when prestressing strands are released (1) 1 days
Age of girder at deck placement (12) 28 days
Age of girder when barrier load 15 applied on first super-structure (3) 35 days
Apge of girder when overlay load 1s applied on first super-structure (t4) 35 days
Age of girder at deck remowal (t3) 18250 days
Age of girder at new deck placement (16) 18260 days
Age of girder when barrier load 1s applied on second super-structur. .. 18267 days
Age of girder when overlay load 1s applied on second super-structur. .. 18267 days

Time Matrix Generation

Proposed (Recommended) Gilbert et al. {2010) 9

A logarithmic timescale will be assigned for conducting time-dependent calculations. Please consult
user's manual for detailed information.

B. Measured Camber Properties 5 ]

Check if there 1s any measured camber value.

Provide measured camber input for a particular time v

x

>

Fig. C.14. Inputto specify the timeline of certain constructionactivities and information regarding
relative humidity and curing time; method to generate time matrix; and measured camber

properties
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Provide measured camber mput for a particular time

Measured camber at release (Aim)

Measured camber at pre-erection state (Apm)

Measured camber just after deck placement (Aadp)

Measured camber just before application of barrier load (Ababl)
Measured camber just after application of barrier load {Aaabl)
Measured camber just before application of overlay load (Abaol)
Measured camber just after application of overlay load (Aaaol)
Measured camber just before deck removal (Abdr)

Measured camber just after deck removal (Aadr)

Measured camber just before new deck placement (Abndp)
Measured camber just after new deck placement (Aandp)
Measured camber just hefore application of barrier load (Ababl2)
Measured camber just after application of barrier load {Aaabl2)
Measured camber just before application of overlay load (Abaol2)
Measured camber just after application of overlay load (Aaaol2)

Provide measured camber input for a particular time

Fig. C.15. Drop-down list for measured camber input
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C.8 Tab 8: Results

In this page the user can click on the “calculate” buttom to conduct the time dependent
analysis. One the analysis is completed, the results will be presented as shown in Fig. C.16. The
first table shows the net camber with and without the effects of positive and negative temperature
gradients at several discrete times. This data can be downloaded as an excel file using the
“Download Data” button. The figure shows the full camber and displacement history from the
inception of prestressed concrete girders to the end of the service life of the bridge. The second
table provides the data for the full camber and displacement history in a tabular format. This data
can also be downloaded as an excel file using the “Download Data” button. The user has also the
option of calculating camber at a specific time by entering the desired time in days and by clicking
the “Get Camber” button. The user can save the the project data by clicking on the “Save Project
Data” button. This greatly facilities the re-running of the analysis if one of the parameters is
decided to be changed at a later time. The results shown in this tab can be saved as an image file
and later printed by clicking on the “Print Results” file.

In addition to this information, the user can obtain additional results by clicking on the
“Detailed Analysis” button next to the “Calculate” button. This prompts the generation of a new
window with two tabs: “Time Based Analysis” and “Location Based Analysis”. Clicking on the
“Time Based Analysis” tab the user will prompt the generation of three figures (Fig. C.17a). The
first shows the full 3D camber and displacement history along the span of the beam starting from
support to midspan. The second shows the variation of curvature with time at midspan, and the

third shows the variation of prestress with time at midspan.

Clicking on the “Location Based Analysis” tab will prompt the user to enter the time at
which analysisisto be conducted (forexample 1000days). Providingthis informationand clicking
on the “Calculate” button will promt the generation of three figures and one table Fig. C.17b. The
first shows the variation of curvature along the span at the specified time, the second shows the
variation of camber along the span at the specified time (i.e. deflected shape), and the third shows
the variation of prestress along the span at the sepcified time. The table provides the data that is
used to plot the deflected shape fothe beam for half of the span and can be downloaded by clicking
the “Download Data” button.
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To conduct a time dependent stress analysis, the user must click on the “Stress Analysis”
button. This option provides information how the stresses in the beam and deck vary as a function
of time along the span. After clicking on the stress analysis button, a new window appears, which
featuresthree tabs: a) “Stress Analysis for Girder”; b) “Stress Analysis for Deck”, and ¢) “Location
Based Analysis”. Underthe “Stress Analysis for Girder” tab, the user can see two 3D graphs which
shows the stress history for girder top and bottom fibers, and one 2D graph which shows the
variation in stresses at the top and bottom fibers for girder at midspan (Fig. C.18a). The same
results can also be obtained for the deck, or decks if there is deck replacement activity by selecting
the “Stress Analysis for Deck” tab (Fig. C.18.b). Under “Location Based Analysis” tab, the user
can selecta time to obtain the girder and deck stresses at the top an bottom fibers along the span
(Fig. C.19.aand Fig. C.19.b). In addition, the cross-sectional stress distribution for a given time
can be obtained as shownin Fig. C.19c.

Finally, by clicking on “Slab and Screed Guidance” buttonthe user may obtain information

to plot the deflected shape of the beam at different stages (Fig. C.20).
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“ MDOTCamber v6.0

< Creep and Shrinkage Model Selection

Time, Environment and Measured Camber Properties

- d X

Results

Calculate Detailed Analysis | | Stress Analysis| | Slab & Screed Guidance New Analysis Download Data
Time (days) Event Net Camber (in.) Camber with... | Camber witk
1 Release -4 88 -5.82 -4.60
28 Pre-erection -6.54 -7.48 -6.26
23 Just after deck placement -3.66 -4.59 -3.38
35 Just before application of barner load -3.68 -4.27 -3.50
35 Just after application of barrier load -2.92 -3.51 -2.74
w
- I - . S -,
s Camber Developement
Net Camber
== == Camber with Pos. Temp. Gr.
-6 [ memm—— Camber with Neg. Temp. Gr.
=4
5
=
= 5L
T ~
- - -
CI L -..--h-.--IlIIIIIIIII-----IIIIIIIIIIIIIIIH-
2 | 1 | | . |
1(° 10! 10- 10° 10* 10°
Time (days)
Time (days) Net Camber (in.) Download Data 10 days Desired day to estimate the camber
1 -4.88
5 98 Get Camber -5.72 in. Desired camber at desired time
3 -5.09 Project Information
4 -5.20 _ )
Project Name & Job Number: 175-811 & 201437
5 -5.30
6 _5.40 Conducted & Checked By: Furkan Cakmak & Fatmir Menkulas:
7 -5.49 Date: 04-Mar-2021 Save Project Data | | Print Results

Fig. C.16. Results of time dependent analysis
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Variation in Camber with Time and Location

o

&

urvalure (x1076) (1/in.)

(

@ 0O
(1]

Variation in Curvature along the Span 2, ") &, ©)

Net Corvature

= = Cuorvature with Pos. Temp. Gr.
wesnsunms Cyrvature with Neg. Temp. Gr

— w6 % 10 ! - . 1 ] | |
Ti days) 10° o &), B 10 20 30 40 50 60 70
I Location (ft) Location (ft.)
. Variation in Curvature with Time at Midspan . Variation in Camber along the Span
2 35
Net Camber
iture with Pos. Temp. Gr. -, . .
Curvature with Neg. Temp. Gr. 3p|= = Camberwih P_e’ Temp. Ge -
. + Camber with Neg. Temp. Gr. -
; E
é 0
3 sl
101 L:
15 L L 1 L J 0 L L L L L 1 il
i e 0r G L e 0 10 20 30 40 50 60 70
L) Location (ft)
Location (ft.) Net Camber with Pos.  Camber with Neg. | Download Data |
Camber (in.) Temp. Gr. (in.) Temp. Gr. (in.)
0 0 0 0
137 -0.07 0.09 -0.06
274 014 0.19 -0.12
411 019 0.26 -0.16
548 025 035 -022 v
185 Variation in Effective Stress in the Strands with Time at Midspan — Variation in Effective Stress in the Strands along the Span
s Nt Effective Stress in the Strands
= = Effective Stress in the Strands with Pos. Temp. Gr. = 160
= 180 w=eeeeee: Effective Stress in the Strands with Neg. Temp. Gr. 2
£ = 140
Ef 175+ E 10
577 i
i S 100
=170k T 80
@
o 165
=
3
= Net Effective Stress in the Strands
- == == Effective Stress in the Strands with Pos. Temp. Gr.
s=snsnse: Effective Stress in the Strands with Neg. Temp. Gr.
155 N N L | | 20 I I Il i | I |
T10° 10 10° 10 10% 10° 0 10 20 30 40 50 60 70
Time (days) Location (ft.)

a)

b)

Fig. C.17. Detailed analysis results: a) time dependent analysis, b) location dependent analysis

for a specified time

228



Variation in Stress at Top Fiber with Time and Location

Stress at top fiber
[ - liowable compressive stress at release
N ool strength at release
[ Allowzble compressive stress at service
[ Tensile strength at service

20

Location (ft.) Time (days)

Location (ft.)

Variation in Stress at Top Fiber with Time and Location

Time (days)

Variation in Stress at Bottom Fiber with Time and Location

Stress at top fiber

Variation in Stress at Bottom Fiber with Time and Location

Stress at bottom fiber

I Alovvable compressive stress at elease
I ol suength at release s ensile strength for 15t dec
Alowable compressive stress at service . eagth
[ Tensile strength at service h 02
£ .01
Y |
g 0
2| E o
- B
5 02
Al Bos
7 o4
0 0s
Location (ft) Time (days) Location (ft) Time (days)
: Variation in Stresses at Top and Bottom Fibers at Midspan 05 Variation in Stresses at Top and Bottom Fibers
- Stress at top fiber
. e 0ar Stress at bottom fiber
L — = Allowable compressive stress at release 03| - Fﬂ?g‘ strength ;"’ {S‘dﬂ;:‘;
Tensile strength at release ensile swength for 2nd ded
—=—= Allowable compressive stress at service
savanens: Tensile strength at service
= Z
£ g
@ @ 01
—
02
03 —
or 04f
1 " . L L ) 05 ; n pe - -
100 10 102 100 100 105 10° 10! 10? 10° 10* 105
Time (days) Time (days)

a)

b)

Fig. C.18. Time dependent stress analysis results: a) girder, b) deck
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Time at which the analysis is to be conducted (days): | 1035 | cactae | [ @ e Variation in Stress along the Span for Deck u
. Variation in Stress along the Span for Girder
B 041 n
e Sitress at top fiber
L — Stress at bottom fiber
03 Tensile strength for 1st deck
b h
%
=
e ]
£ B
B 7
E
Allowable compressive stress at service
swessnsss Tensile strength at sen
¢ ,
0 10 20 30 40 s0 60 70 0 10 20 30 40 50 60 0
Location (f.) Location (ft.)

a) b)

Cross-sectional based Stress Analysis at Midspan

=
1

1

eomposite section (in.)
3
T

2
S
T

s
T

)
o

s
T

ok

0 I I I . |
- - - 3 2 -1 ] 1
Stress (ks1)

c)

Fig. C.19. Location based stress analysis results for a specified time: a) girder, b) deck, and c)

along the depth of the composite cross-section
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For the first super-structure

Download Data ]

Location (ft.)

1.37
2.74
4.11
5.48
6.84

Net Camber just

after girder
erection (in.)

-0.30
-0.60
-0.88
-1.18
-1.43

after app. of

formwork and deck

rein. (in.)

-0.30
-0.59
-0.87
-1.17
-1.42

Net Camber just

Net Camber just

after app. of

diaphragm load (in.)

-0.30
-0.59
-0.87
-1.16
-1.42

Net Camber just

after app. of

deck load (in.)

-0.21
-0.42
-0.62
-0.83
-1.00

4

Location (ft.)

1.37
2.74
4.11
5.48
6.84

Net Camber of girder
alone on bridge

site (in.)

-0.30
-0.60
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-1.17
-1.42

For the second super-structure

Net Camber just
after app. of
formwork and deck

rein. (in.)

-0.30
-0.59
-0.86
-1.16
-1.40

1 o

Net Camber just

after app. of

diaphragm load (in.)

-0.29
-0.59
-0.86
-1.15
-1.40

1 mn

[ Download Data ]

Net Camber j
after app. of

-0.21
-0.42
-0.61
-0.82
-0.98

deck load (in

Fig. C.20. Slab Screed Information
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D.1 Definition of the Problem

Using the proposed prediction methodology, Approach No. 6, explained in this thesis,

camber and displacement along the span is going to be estimated at:

1.
2.

9.

detensioning of the strands (t;);

time at which the deck is placed (t,);

time at placement of barriersand the opening of bridge to traffic (t3);
time at placement of overlay (t,);

time at deck removal for projects that features a deck replacement (ts);
time at new deck placement (t);

time at placement of barrier and reopening of bridge to traffic (¢);
time at placement of overlay (tg);

time at the end of service life (tq);

for the following prestressed concrete beam used in S11 project:

Fig. D.1. PCBT 54 girder dimension and strand pattern at; a) end and b) midspan

The strand patterns at ends and midspan are shown in Figure D.1. The strands indicated

inside the circles and squares represent debonded strands whose information is provided in Table

D.1.
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Table D.1. Debonded strand information

STRAND LEGEND & DEBONDING TABLE

NUMBEFR ENGTH

Additionally, the detailed strand location as well as debonded strand information is
provided in Table D.2. All the harped strands are harped at 0.33L, with respect to end of the
girder.

Table D.2. Detailed strand location information

Strand Location Table
End (a) Midspan (b)
Bottom Top Bottom Top
Layer# 112 (3]4]5 2|3 2 1 3]141]5
Strand# |17[16]12|8(2]|3[3|3|3[17|19[15|11|5({0]0[0]|0

Location

'_\
SN
=
'_\
N
w
N

Furthermore, the strand properties are provided in Table D.3.

Table D.3. Prestressing strand properties

Parameter Value
Modulus of elasticity (E,s) (ksi) 28500
Nominal diameter (d,,) (in.) 0.6
Ultimate tensile strength (£,,,) (ksi) 270
Jacking stress (f,,;) (ksi) 202.5
Yield stress (£, ) (ksi) 243
Strand type Low-relaxation

The girder used in this projectis a type of bulb tee girder with 49" top flange width and
54" height, as shown in Figure D.1. Girder properties and other relevant information are given in

Table D.4. In addition to this, Figure D.2 indicates the notation used in this example problem.
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Table D.4. Parameters for PCBT 54" girder and project specific information

Parameter Value
Gross Area (A;) (in.2) 1022.3
Centroid of girder measured frombottom (v¢portom) (in.) 27
Gross moment of inertia (I;) (in.*) 412056
Girder height (h) (in.) 54
Perimeter of the cross-section (S;) (in.) 251.4
Top flange width (b;) (in.) 49
Top flange thickness (hs) (in.) 5
Web thickness (t,,) (in.) 8
Height of top inclined surface (h;) (in.) 3.51
Unit-weight of cross-section™ (y¢) (kcf) 0.155
Girder length (Lg) (ft.) 136.9
Girder overhang length at precast facility (L;) (in.) 21.5
Girder overhang length at bridge site (L;) (in.) 5.5
Average spacing of girder from center to center® (s;) (ft.) 8.41
Thermal expansion coefficient (a) (1/°F) 6.7E-06
*Calculated based on AASHTO LRFD (2020) Bridge Design Specifications
Table 3.5.1.1 by Reinforcement weight is considered as 5 pcf.
TFor the fascia beams, spacing should be adjusted accordingly.

Sq

iiiii K

Mhl

‘ » : .;cbrr;oéit;section
L _ -C.g. girder
j —‘7

YGbottom

—— -

Lo/l

L R

.g. prestressing strand

Fig. D.2. Notations used for bridge super-structure

The initial and 28-days specified concrete compressive strength for the girder are f,; = 7

ksiand f; = 10 ksi, respectively. Moreover, the deck concrete compressive strength at 28-days is

given f.; = 4 ksi. The unitweight of concreteis 0.145 Kkcf. Itis assumed that the deck is replaced
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after the bridge has been in service for 50 years. The properties related to first and second decks
are given in Table D.5.
Table D.5. Parameters related to first and second decks

Parameter for the First Deck Value
Unit-weight of deck and haunch™ (y44) (kcf) 0.150

Deck thickness (t;4) (in.) 9

Average haunch thickness (t;,,) (in.) 0

Overlay thickness (t,;) (in.) 2
Unit-weight of overlay (y,;) (kcf) 0.140
Barrier load (wy, ) (klf) 0.475
Parameter for the Second Deck Value
Unit-weight of deck and haunch* (y,,) (kcf) 0.150

Deck thickness (t;,) (in.) 9

Average haunch thickness (t;,) (in.) 0

Overlay thickness (t,,) (in.) 2
Unit-weight of overlay (y,,) (kcf) 0.140
Barrier load (wy,,) (klf) 0.475

“Reinforcement weight is considered as 5 pcf.

In this example, the following time arrangement is going to be utilized. It should be noted
that the barrier and overlay load is applied to super-structure simultaneously so that there is no

additional time-dependent activity taking place between these two events.

Table D.6. Time arrangement for major activities

Event timeindex (t) | t(t) (days)
Detensioning of strands 1 1
Time at which the deck is placed 2 28
Time at placement of barriersand the 3 35
opening of bridge to traffic =
Time at placement of overlay 4 35
Time at deck removal for projects that 5 18250
features a deck replacement
Time at new deck placement 6 18260
Time at placement of barrier and
reopening of bridge to traffic ! 18267
Time at placement of overlay 8 18267
Time at the end of service life 9 27375
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For this analysis, ACI 209R-92 model is going to be used with back-calculated parameters
for the development of modulus of elasticity with time. In addition, AASHTO LRFD (2020)
equation is going to be used for the estimation of modulus of elasticity at release and 28 -days.
Throughout the analysis, specified concrete compressive strength values are going to be utilized
with no overstrength factor. Moreover, for conducting time-dependent analysis, AASHTO LRFD
(2020) Body creep and shrinkage models are going to be used assuming that flexural and tensile
creep are equal to compression creep. In addition to this, three sections are going to be considered
along the half-span to minimize the computation effort. To estimate the deflection from curvature
diagram, Simpson’s rule is employed for numerical integration. It is assumed that the ambient
relative humidity is 70 % for Michigan based on the map provided in AASHTO LRFD (2020) 9t
Edition Figure 5.4.2.3.3-1. Moreover, it is assumed that both decks (firstand second) are cured 7-
days using moist curing, and the girder is cured 1-day using steam curing. While generating the
time matrix for the analysis, only 1 time-step is going to be taken between the major activities
stated above. Finally, the sign convention adopted in this example problem s given in the Figure
D.3.

(-) Upward (-) Negative (-) Negative
Deflection Curvature Moment

un (H) ~He-
s (O -O-

(1) Downward (1) Positive (+) Positive (1) Tension
Deflection Curvature Moment

(-) Compression

Fig. D.3. Sign convention

D.2 Definition of Parameters

- Generate the time and section matrix

Since only 1 time step is going to be considered in this example, the time matrix generated
for this specific example would be same as in Table D.7. In addition to this, since three sections

are going to be considered along the half-span, the section matrix can be assigned as follows:
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Table D.7. Section array

sectionindex (x) | loc(x) (in.)
1 0
2 410.7
3 821.4

It should be noted that when creating time and section dependent arrays, index number is
going to be used for simplicity throughout the analysis. For example, say a parameter A(t,x) is
both time and section-dependent. A(6,3) refers to the value of A at time t(¢t) = t(6) = 18260
daysand loc(x) = loc(3) = 821.4 in. from girder end.

Determine the prestressing related parameters such as eccentricity, strand area,

debonding length, transfer length along the span and jacking force

e Transfer length:

As specified in AASHTO LRFD (2020) 9t Edition section 5.9.4.3.1, the transfer length is
assumed to be 60 times strand diameter. Between the points where bonding commences and

transfer length finishes, the stress in the strands is assumed to be varying linearly.

Ley = 60 - dys o1
L, = 60-(0.6) = 36 in.

Average debondinglength, total debonded strand area and eccentricity of debonded strands:

Using Table D.1, the average debondinglength, total debonded strandarea and eccentricity

of debonded strands can be calculated as follows:

L _ 2 Lapi* N
dbavg Ndb D-2
Apsdb = Apsi *Nap D-3
o — _ Xyapi- N
db = YGbottom Ndb D-4
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Nominal area for @0.6 in. strand:
Apsi = 0217 in?2

(4'12)'1+(12'12)'2
Ldbavg: 1+ 2

=112 in.

Apsap = (0.217) - (2 +1) = 0.651 in.2

2)-24+2)-1

e Average harping length, total harped strand areaand eccentricity of harped strands:

Similarly, using Figure D.1 and Table D.2, the average harping length, total harped strand
area and eccentricity of harped strands along the half-span can be calculated as follows:

_ Xlppit N
thavg - th D-5
Apshp = Apsi ' th D-6

o —y Zthi,end " N;
hp,end — YGbottom — _
Npp D-7

. _y 2 Yhpimia " Ni
hp,mid — JGbottom ~— _
Npp D-8

Since they change along the span, eccentricity of harped strands should be determined for
each section shown in Table D.7. For this, a linear equation is going to be generated such that the

eccentricity of harped strand along the span can be determined as follows:

x: (ehp,end - ehp,mid)

if x < Lnpavg €hp x) = €hpend — Ly D-9
pavg

if x> Lnpavg €hp (%) = €hp,mid D-10

Since all the harped strands are harpedat 0.33 L fromend of girder, average harping length

equalsto 0.33L;.
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Lnpavg = 033 " Lg = (0.33) - (136.9 - 12) = 542.1 in.
Apsnp = (0.217) - 3+ 3 +3 +3) = 2.604 in.2

_,, (3:4343:45+43-47+3-5) .
ehp,end— (3+3+3+3) = D n.

(3-44+3:6+3-8+3-10)

=27 — =20 in.
Erpmid (B+3+3+3) ik
. : x- (—19.5 — 20)
if x <542.1in. gy, (x) = —=19.5— 171 =x-(0.0729) — 19.5
if x >542.1 in. epp (x) = 20

The eccentricities of harped strands at sections given in Table D.7 are provided in Table D.8.

Table D.8. Eccentricity of harped strands along the half-span

enp (x) (in.)
enp(1) | enp(2) enp(3)
-19.5 10.44 20.00

e Total area and eccentricity of fully bonded, straight strands:

Using Figure D.1 and Table D.2, the total area of the remaining fully bonded, straight

strand and their eccentricity can be calculated as follows:

Apsst = Apsi * Ng¢ D-11

o = CXystit N
st — YGbottom Nst D-12

Apsst = (67 —3 = 12) - 0.217 = 11.284 in.2

_,, 14¢2+16+4+12:6+8+8+2+10__ .
Cst = 14+16+12+8+2 - 4ces

e Total effective strand area and net eccentricity along the half-span:
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Using the calculation above and Table D.2, the effective strand area and net eccentricity

along the half-span can be calculated as follows:

= Net eccentricity atend, midspan and end of debonding length

o — st * Nst + enpend " Nnp
€ Ngt + Npp D-13

Ldbav

. . — _ . _abavg |,

€st Nst + €ab Ndb + ehp,end (ehp,end ehp,mid) th
thavg

e rap = D-14
atdb Ng¢ + Npp + Ngp

_est" Nyt + enpmia " Nnp + €ap " Nap

ém = Nyt + Nip + Nap D-15
_2223:-52-195-12
Ce = 52 + 12 = loain.
2223524253+ [—19.5 — (=195 — 20) %] 12 .
€atdp = 52 11213 =16.34 in.
_2223-52420-12+25-3
bm = 52 + 12 + 3 i
= Net eccentricity along the half-span
v fo < Ldbavg =112 in.& x < thavg = 5421 in.
xX-Le — e
e(x) =e, + (L(jztbdb ) D-16
avg
x-(16.34 — 14.64)
e(x) =14.64 + 1 = 14.64 + 0.0152 - x
V' if Lapavg = 112 in.< x < Lppayg = 542.1 in.
(em - eatdb)' (x - Ldbavg)
e(x) = eqrap +
o (thavg - Ldbavg) D-17
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(21.95 —16.34) - (x — 112)

FESHGSES (542.1 - 112)

= 16.34 + 0.0130 - (x — 112)
V' if Lppavg = 542.1in.< x

e(x) =em D-18
e(x) =21.95

Table D.9. Net eccentricity along the half-span

e(x) (in.)
e(1) e(2) e(3)
14.64 20.22 21.95

Effective prestressing area along the half-span

v fo < Ldbavg =112 in.

Aps (x) = Apsst + Apshp

D-19
Aps (x) =11.284 + 2.604 = 13.388 in.?
v lf x> Ldbavg =112 in.
Aps(x) = Apsst +Apsdb +Apshp D-20

Aps(x) = 11.284 + 0.651 + 2.604 = 14.539 in.2

Table D.10. Effective strand area along the half-span

Aps (x) (in.2)
Aps (1) Aps (2) Aps (3)
13.388 14.539 14.539
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- Generate creep and shrinkage arrays

e Creep function based on AASHTO LRFD (2020) 9t edition

¢(t;t1) = 1-9'k5'khc'kf-ktd.ti—o.118

D-21

- 5)=
ks=145-013-(3) 2 1.0 D-22
kp. = 1.56 — 0.008 - H, D.23

5
=TT D-24
1 +f;l'l -
ke g() ‘

talt) = 100 — 4 - f;

12 - (W> +t D-25
e Shrinkage function based on AASHTO LRFD (2020) 9t edition

Esh(t) :kskhskfktd000048 D-26
kps = 2.00 —0.014 - H, D27

Here, the volume-to-surface ratio can also be expressed as surface-to-perimeter ratio.
Moreover, accordingto AASHTO LRFD (2020) Bridge Design Specification section 5.4.2.3.3,
shrinkage as determined in Eqn. D-26 should be increased by 20 % if the concrete is exposed to

drying before 5 days of curing have elapsed.

= Creep and shrinkage calculation for girder

1022.3
251.4

ks=145-0.13" ( ) =0921<10-ks=1.0

k. =1.56 —0.008 - (70) = 1.00

kps = 2.00 — 0.014 - (70) = 1.02

5
= =0.625
kr 1+7
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t—t; t—t;

kae® = —A50—3- ) R -0
12'(—7+20 >+(t—ti) '
Kone(6) = t—1 -1
tds - A -
1. (1007 +420(7)) -1 31+t

Using Eqgns. D-21 and D-26, creep and shrinkage strain values at desired time can be
calculated. To exemplify, Y (tq,t,) = ¥ (27375,36) and &4, (t9) = €5, (27375) can be calculated
as shown below. In addition to this, creep and shrinkage arrays are provided in Table D.11 and
Table D.12.

(27375,36) = 1.9+ 1.0 1.0 - 0.625 - ——272 —36 __3¢-0118 _ (78
v T T Y 3+ (27375 — 36) -
(27375) =12-1.0-1.02- 0.625 =212 . 000048 = 367
Esh T e e e e 7375 — o0 HE

Table D.8. Creep function for girder

t (days

Vet ti) 1 29 | 36 1(82g0) 18260 | 18627 | 27375
1 0.00 0.54 0.61 1.19 1.19 1.19 1.19
29 - 0.00 0.14 0.80 0.80 0.80 0.80
36 - - 0.00 0.78 0.78 0.78 0.78
t; (days)| 18250 - - - 0.00 0.09 0.13 0.37
18260 - - - - 0.00 0.07 0.37
18267 - - - - - 0.00 0.37
27375 - - - - - - 0.00

t; = loading time, t = desired time
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Table D.9. Shrinkage array for girder

Event timeindex (t) | &p6(t) (ue)
Detensioning of strands 1 0.00
Time at which the deck is placed 2 168
Time at placement of barriersand the 3 189
opening of bridge to traffic =
Time at placement of overlay 4 189
Time at deck removal for projects 5 367
that features a deck replacement =
Time at new deck placement 6 367
Time at placement of barrier and 7 367
reopening of bridge to traffic -
Time at placement of overlay 8 367
Time at the end of service life 9 367

= Creep and shrinkage calculation for 1st deck

Since initial concrete compressive strength for the deck is generally unknown, it is

assumed:
fcldi =0.80 'fc,d D-28
foq; = 0.80 -4 =3.2 ksi

It should be noted that since the deck is 7-days moist-cured, there will be no shrinkage that
takes places within the 7-days period after it is cast. Similarly, before deck is cast, there will be no

creep in the deck.

Agy = Sq-tqr +tpy by

D-29

Sdlzz'sd_bf-i_thl D-30
Var _ Aax

Agr Saa D-31

Agy = (8.41-12) -9 = 908.28 in.2

Sy =2-(8.41-12) —49 + 0 = 152.84 in.
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908.28

—)=o. 1. = 1.
152.84) 0677 < 1.0 > ks =1.0

k= 1.45—0.13 - (

kp. =1.56 —0.008 - (70) = 1.00

kps = 2.00 — 0.014 - (70) = 1.02

k=755 = 1190
_ t —t; ~ t—t;
ktac(t) = . (100 —4- (3.2))+ G- t) 4514 (t—ty)
3.2+ 20 i
ko () = t—29—7 _ t-36
tdsis) = 100 —4 - (3.2) T 910 +¢
12'( 32+ 20 )+(t_29_7)

Using Eqns. D-21 and D-26, the creep and shrinkage array for the 15t deck can be obtained

as follows:
Table D.10. Creep function for 1t deck
t (days

¥p1(t,t) 29 | 36 1825(§ {8)260 18627 | 27375
29 0.00 0.00 0.00 0.00 0.00 0.00
36 - 0.00 1.79 1.79 1.79 1.79
18250 - - 0.00 0.13 0.20 0.71
ti (days)[go60] - - - 0.00 | 0.10 | 0.71
18267 - - - - 0.00 0.71
27375 - - - - - 0.00

t; = loading time, t = desired time
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Table D.11. Shrinkage array for 1stdeck

Event timeindex (t) | €sp1(t) (ue)
Detensioning of strands 1 0
Time at which the deck is placed 2 0
Time at placement of barriersand the 3 0
opening of bridge to traffic =
Time at placement of overlay 4 0
Time at deck removal for projects 5 581
that features a deck replacement =
Time at new deck placement 6 581
Time at placement of barrier and 7 581
reopening of bridge to traffic -
Time at placement of overlay 8 581
Time at the end of service life 9 582

= Creep and shrinkage calculation for 2nd deck

Similar to the 1st deck, the creep and shrinkage arrays for the 2" deck can also be
determined. For simplicity, it is assumed that the 214 deck has exactly the same features with 1
deck. The only formulation that is different for the 2nd deck is as follows:

t—18260 —7 t — 18267
ktds(t) = =

_ 100—4-(3.2)) ~ t—18221.9
12 ( 55730 ) T (¢ —18260 —7)

Table D.12. Creep function for 2" deck

t (days
Yp2(t,ti) 18260 1(86%/7) 27375
18260 0.00 0.00 0.00
t; (days)| 18267 - 0.00 1.79
27375 - - 0.00
t; = loading time, t = desired time
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Table D.13. Shrinkage array for 2 deck

Event timeindex (t) | e_shD2 (t) (u¢

Detensioning of strands 1 0

Time at which the deck is placed 2 0

Time at placement of barriersand the 3 0
opening of bridge to traffic =

Time at placement of overlay 4 0

Time at deck removal for projects 5 0
that features a deck replacement =

Time at new deck placement 6 0

Time at reopening of bridge to traffic 7 0

Time at placement of overlay 8 0

Time at the end of service life 9 580

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

e Modulus of elasticity based on AASHTO LRFD (2020) 9t edition with ACI 209R-92

development function

0.5
E.(t) = (a +ﬁt) Ecas D-32
Eq; = 120,000K, w2(f))1/3 D-33
E.26 = 120,000K, w2 (f/)/3 D-34

= Forgirder

For girder, development model parameters, « and g, are back-calculated using the
equations below:

EZyg't, — 28EZ
E% - (t, — 28) D-35

B =

a=28(1—p) -

Accordingto AASHTO LRFD (2020) Bridge Design Specifications Table 3.5.1.1, the unit

weight of concrete, w, may be estimated in terms of kcf using the equations below:
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If f > 4 ksi w = 0.140 4 0.001 - (£)) D-37

If ¢ < 4ksi w = 0.145 kcf D-38
w = 0.140 + 0.001 - (10) = 0.150 kcf
E.; = 120,000 - (1.0) - (0.150) 2- (7) 1/3 = 5165 ksi
E!,q = 120,000 - (1.0) - (0.150) 2+ (10)1/3 = 5817 ksi

_(5817)2- (1) — 28+ (5165)2

P= Gy a—zs 9%
a =28-(1—0.990) = 0.278
t 0.5
E..(t) = ( ) 5817
ca 0.278 + (0.990) - t

Table D.14. Elastic modulus development for girder with time

Event time index (t) | E q(t) (ksi)
Detensioning of strands 1 5165
Time at which the deck is placed 2 5817
Time at plgcement_of barriers a_md 3 5823
the opening of bridge to traffic =
Time at placement of overlay 4 5823
Time at deck removal for projects 5 5846
that features a deck replacement =
Time at new deck placement 6 5846
Time at p_Iacemen_tof barrier gnd 7 5846
reopening of bridge to traffic -
Time at placement of overlay 8 5846
Time at the end of service life 9 5846

= For 1stand 2nd deck

Unlike in girder concrete, in deck concrete, same development model with coefficients
corresponding to Type | — Moist-cured concrete is going to be utilized.
a=4&L[ =085&w = 0.145 kcf
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E!,s = 120,000 - (1.0) - (0.145)2- (4) /3 = 3644.1 ksi

Eepi(6) = ( t—28 )0-5 3644.1
P17 \4 + (0.85) - (t — 28) '
Eqpy(t) = ( £ — 15260 )O'S 3644.1
P22 \4 +(0.85) - (t — 18260) '
Table D.15. Elastic modulus development for 1stand 2" deck with time
time | Ecp1(t) | Ecp2(t)
Event index (B (ksi) | (ksi)
Detensioning of strands 1 - -
Time at which the deck is placed 2 - -
Time at placement of barriersand 3 3447 ]
the opening of bridge to traffic =
Time at placement of overlay 4 3447 -
Time at deck removal for projects 5 4343 i
that features a deck replacement =
Time at new deck placement 6 4343 -
Time at placement of barrier and
reopening of bridge to traffic 4 4343 3359
Time at placement of overlay 8 4343 3359
Time at the end of service life 9 4344 4343

e Modular ratio and transformed area

Since transformed section properties are utilized in Approach No. 6, all the materials apart
from girder are transformed to girder by using the equation below. Since girder modulus of

elasticity varies with time, the modular ratio for the elements will also vary with respect to time.

0o = D-39
ECG(t)
A = A-1(8) D-40
= For prestressing strands
E 28500
Tlps(t) — 1) —_—

ECG (t) B ECG(t)
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Apstr t,x) = Aps(x) ) (nps(t) -1

Table D.16. Modular ratio and transformed area for prestressing strands

For 1stand 2nd deck

Apser2) (in2) | () (—SeckionIndex(x)
1 5.52 62.7 65.7 65.7
2 4.90 54.2 56.7 56.7
3 4.89 54.1 56.7 56.7
time 4 4.89 54.1 56.7 56.7
index (£) 5 4.88 53.8 56.3 56.3
6 4.88 53.8 56.3 56.3
7 4.88 53.8 56.3 56.3
8 4.88 53.8 56.3 56.3
9 4.88 53.8 56.3 56.3
EcD (t)
np(t) Eog(D)

Ager (£) = Ag " g (t)

Table D.17. Modular ratio and transformed area for the 1stand 2nd deck

] . Transformed deck
time Modular ratio e
index (t) area (in.? )
N1 (0 | Ng2(®) | Ag1er () | Aoy (E)
3 0.61 - 555.6 -
4 0.61 - 555.6 -
5 0.72 - 656.8 -
6 0.72 - 656.8 -
7 0.72 0.61 656.8 553.4
8 0.72 0.61 656.8 553.4
9 0.72 0.72 656.8 656.8

Apcer (6,%) = Ag + Apstr (t, x)

Transformed area for composite and non-composite structures

Actr (t,x) = Ag + Apstr (t,x) + Ager ()
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Table D.18. Net transformed area for the non-composite structure

. sectionindex (x
Ay (t,x) (in2) 1 > ( :)3

1076 1079 1079
1076 1079 1079
1076 1079 1079
1076 1079 1079

1 1085 | 1088 | 1088
2 1076 | 1079 | 1079
3 1076 | 1079 | 1079
fime 4 1076 | 1079 | 1079
index (& g 1076 | 1079 | 1079
>
8
9

Table D.19. Net transformed area for the 1stand 2 composite structures

Acltr(tf x) Athr(t’ x)
A (t,x) (in2) sectionindex (x) section index (x)
1 2 3 1 2 3

1733 1736 1736 1733 1735 1735
1733 1736 1736 1733 1735 1735

3 1632 | 1635 | 1635 - - -
4 1733 | 1736 | 1736 - - -
. 5 1733 | 1736 | 1736 - - -
indon (6) |—2 1733 | 1736 | 1736 - - -
7 1733 | 1736 | 1736 | 1630 | 1632 | 1632
8
9

= Transformed moment of inertia for non-composite structure

Ypsbottom(x) = Ygbottom — €(x) D-41

Ag " Yepottom T Apstr (t,x) - Ypsbottom ()

D-42
Anctr (t' X)

ye(t, x) =
ees(t,x) =y (t,x) — Ypsbottom(x) D-43

2 2
Ies(t,x) = I + Ag - (YGbottom - ye(t, x)) + Apstr (t, x) - (Yt (t, x) — Ypsbottom(x)) D-44
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Table D.20. Location of prestressing strands with respect to bottom of girder

Yy sbottom(x) (in-)

Ypsb ottom (1)

ypsb ottom (2)

ypsbottom (3)

12.5

6.7

5.0

Table D.21. Eccentricity of prestressing strand in transformed non-composite structure

e,.(t, %) (in.) is‘ectlon ;ndex (x%
1 13.7 19.1 20.6
2 13.8 19.2 20.8
3 13.8 19.2 20.8
, 4 13.8 19.2 20.8
| time 5 138 | 193 | 208
index(t) —5 1 138 | 19.3 | 2038
7 13.8 19.3 20.8
8 13.8 19.3 20.8
9 13.8 19.3 20.8

Table D.22. Centroid of transformed non-composite structure with respect to bottom of girder

, sectionindex (x)

y:(t,x) (in.) 1 2 3
1 26.2 25.8 25.7
2 26.3 25.9 25.8
3 26.3 25.9 25.9
time 4 26.3 25.9 25.9
index (£) 5 26.3 25.9 25.9
6 26.3 25.9 25.9
7 26.3 25.9 25.9
8 26.3 25.9 25.9
9 26.3 25.9 25.9
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Table D.23. Moment of inertia of transformed non-composite structure

I;5(t,x) (in.%)

section index (x)

1

2

3

time
index (t)

424490

437520

441810

422870

434210

437950

422860

434190

437920

422860

434190

437920

422810

434080

437800

422810

434080

437800

422810

434080

437800

422810

434080

437800

OO N[O O R WIIN]-

422810

434080

437790

= Transformed moment of inertia for composite structure

Sd'td'(O.S'td+th)+0.5'bf'tf21

Ydc

Aq

Yabottom = h + Yac

Ag " Yepottom T Apstr (t, x) - Ypsbottom (%) + Aaer * Yavottom

Ve tx) =

ec(t,x) =y.(t,x) — Ypsbottom (x)

_Sqrty+btp
a 12

2
I.(t,x) = Ig + Ag - (Ve (t, X) — Yepottom)* + Apstr(tr x) - (:Vc (t,x) — Ypsbottom(x))

Actr (t' x)

Lytr = 1q- g1 (2)

+ Laer () + Ager () - (v (8, x) — ydbottom)2

+5q tg" (Yac— 0.5 tqg—tp)*+ byt - (Ygc — 0.5 - tp)?

D-45

D-46

D-47

D-48

D-49

D-50

D-51
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Table D.24. Centroid of transformed composite structure with respect to bottom of girder

ycl(t: x) }’cz(t, x)

y(t,x) (in.) sectionindex (x) sectionindex (x)

1 2 3 1 2 3

3 37.2 37.0 36.9 - - -

4 38.5 37.0 36.9 - - -

time 5 38.5 37.0 38.2 - - -

index (£ 6 38.5 38.3 38.2 - - -
7 38.5 38.3 38.2 37.2 37.0 36.9
8 38.5 38.3 38.2 37.2 37.0 36.9
9 38.5 38.3 38.2 38.5 38.3 38.2

Table D.25. Eccentricity of prestressing strand in transformed composite structure

ec1(t,x) ec2 (t,x)

e.(t,x) (in.) sectionindex (x) sectionindex (x)

1 2 3 1 2 3

3 24.7 30.3 31.9 - - -

4 24.7 30.3 31.9 - - -

time 5 26.0 31.6 33.2 - - -

index (t) 6 26.0 31.6 33.2 - - -
7 26.0 31.6 33.2 24.7 30.3 31.9
8 26.0 31.6 33.2 24.7 30.3 31.9
9 26.0 31.6 33.2 26.0 31.6 33.2

Table D.26. Transformed moment of inertia for the 1stand 2nd deck

Transformed

time moment of
index (t) | __inertia (in.*)
Tozer | lager

3 3751 -

4 3751 -

5 4434 -

6 4434 -
7 4434 3736
8 4434 3736
9 4434 4433
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Table D.27. Moment of inertia of transformed composite structure with 1stand 2" deck

Icl(t’x) ICZ(tlx)
I.(t,x) (in%) sectionindex (x) sectionindex (x)
1 2 3 1 2 3
3 807250 826900 832690 - - -
4 807250 826900 832690 - - -
, 5 850800 871330 877330 - - -
. il‘me N 850800 | 871330 | 877330 - - -
index (t) —3 850800 | 871330 | 877330 | 806060 | 825600 | 831360
8 850800 871330 877330 806060 825600 831360
9 850810 871340 877340 850780 871310 877310
e Simpson’s 1/3"rule for numerical integration
A general idea behind the Simpson’s 1/3" rule is explained briefly below.
____________ center of gravitlyof givder | _ __ _ _ _______
B fe center of gravitiy of prestressing strands % 3
L/2 L/2 .

B

elastic curve

curvature

/ diagram

armj

Fig. D.1. Elastic curve and curvature diagram for typical prestressed concrete beam at release

An: AA/C + xntanHB/C

BB/C = Apm

AA/C: Ap Xy

D-52

D-53

D-54
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%, =2 D-55

Ax
Qn =3 (1x1 +4daxy + 2¢3x3 + 4axs + 2¢5x5+ -+ + 4pp_12Xy4 + Ppx,)  D-56

Ax
An == (1 + 4z + 23 + 4+ 2ps + -+ 4y + ) D-57
Ax
Apm = ? (d)n +4dpe1+2¢p2+ -+ 4Py + ¢m) D-58
Lq-/2
Ax = ¢/ D-59

number of sections — 1

e Time-dependent deflection calculations

Note: For both instantaneous and time-dependent deflection calculations, all matrices such as
location, load effects, material properties and creep and shrinkage functions will be recalled using

index number.

1
Ki(t,x) = . %ﬁ’.ﬁ?' (1 N AGI;G@Z) 14w )] D-60
- 1)
z = rownumber(Ng (t, x)) D-62
q = rownumber(Np(t, x)) D-63
m = rownumber(loc(x)) D-64
D, = g D-65
Neioss(1,10c(0)) = Netoss, D-66
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Af,r(1,10c(x)) = Afyr, D-67
A®,(1,10c(x)) =0 D-68

= For non-composite structure

i =index(t;) D-69
p = index(t;+1) D-70
r=1 D-71
k=[r;+1;0+2);-(@—-2); (p— D] D-72
e Foreachvaluein "k" array:
Cong(1,10c(x)) = 0& Copg(1,l0c(x)) =0 D-73
esne = —(gg(k +1) — g4 (k) D-74
u=1[1;,2;-(z—-1); 2] D-75

e For eachvalue in "u" array:

Yere = Y (tlk + 1), t@)) — e (t(k), tw)) D-76
Vergflex = Were ™ Briex D-77
Eg=Ecc(w) D-78
h=[12;-(m—1); m] D-79

e Foreachvaluein "h" array:

if NG(ur h) >0 l/)ch,ax =Yere* Pax D-80
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lf NG(U., h) <0

Ng (u: h) ) lpch,ax

lpch,ax =Yerg

Cong(h) =

EG'AG

Mg (u, h) - l/)ch,flex

Coyg(h) =

e Endof "h"array.

e Endof "u"array.

C
Eg-lg OmG

Inbch,ax =Yerg

stopper =1
j=101;2;-(m—1); m]
» For each value in "j" array:
1 1 0
0 e(j) 1
1+
0 0 _ wch,flex
EG - IG
Mg, = 0 _; 0
Eps 'Aps(j)
_ 1+ lpch,ax 0 0
EG - AG

0 0 0

0

0

M, = Come ()

0
Cong()) + €sng
| 0 i

M, = [Mc_ol] ’ [Mc]

+ CONG

1

—e(j)

D-81

D-82

D-83

D-84

D-85

D-86

D-87

D-88

D-89
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stopper = 0

if M;(1) >0
lpch,ax = wch ’ Bax D-90
if stopper =1
continue
for(k,J) = Afpr(k, ) D-91

fos1 G) + Bfois (1)) - Log (24~ £ (k) + 1)
K] -log(24-t;+1)

Apr (k+ 1:j) = - [(

if fpsi(D
> 055 'fpy . <fpsj(j) + AprS(j) _055) 1 D-92
foy
- AprS(j)
3 (Ntloss(k'j) + Ms(z)) . .
Ki(k+1,)) - Aps ()
(Fos D + Byes (D) - Aps (i) g
if fpsi()
Afpr(k+1,j) =0 D-93
< 0.55" fpy — Afpes()
if Afpr(k +1,))
Afpr(k +1,)) = Afpr(k, j) D-94
> Apr(k'])
for(k +1,)) = Afpr(k+ 1, ) — for(k, /) D-95
Mypr(k +1,7) = for(k +1,)) - [e() = (Yepottom — e (k, 2))] D-96
Ntloss(k + 1rj) = Ms(z) + Ntloss(k'j) D-97

Nek +1,)) = M;(1) — foptk+ 1,)) - ——o——
G ] N pr ] Anctr (k,])
D-98
B Mpr(k +1,)) - Ag - e (k, X) — Yapottom)

Its (k, x)
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lg

Mgk +1,j) = M;(3) — MpR(k +1,)) .Its(k:j) D-99
APy (k +1,)) = Ms(6) + A0, (k, ) — w D-100
Eg - Its(k, J)
stopper = 1 D-101
VerGax = Yere D-102
» Endof "j" array.
0 (k +1,loc(x)) = 8, + A0, (k + 1, loc(x)) D-103
» Endof "k" array.
= For composite structure
YaG = Ydbottom ~ YGbottom D-104
i =index(t;) D-105
p = index(t;y1) D-106
r=i D-107
g = index(t,) D-108
k=[r;r+1);0+2);(@-2); p—-1] D-109
e Foreachvaluein "k" array:
Cong(1,10c(x)) =0 & Copg(1,loc(x)) = 0
D-110

Conp(1,10c(x)) = 0 & Copp(1,loc(x)) =0

268



esng = —(ec(k + 1) — e (k)
esnp = —(ea1 (e + 1) — g41(K))
u=[12-(z-1);z]

e For eachvaluein "u" array:

Yerg = Yotk + 1), t@) — e (tk), t(w))
Yere frex = Yere* Briex
Eg=E(w)
h=[1;2;--(m —1); m]

e Foreachvaluein "h" array:

if Ne(w,h) >0 Yercax = Yere " Bax
if Ne(w,h) <0 Yergax = Yerg
Cone(h) = Na(u};(l;). 'Al/;crc,ax + Copg
Cona(h) = Mc(w,h) “Yer frex

EG - IG + COMG
e Endof "h"array.

e Endof "u" array.

z=[g;9+1-(q—-1); q]

e For eachvaluein"z" array.

D-111

D-112

D-113

D-114

D-115

D-116

D-117

D-118

D-119

D-120

D-121
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Yerp = Yotk + 1),t@) — Py (t(k), £ (2))
Yerpfiex = Yerp * Briex
Ep =Ep(2)
h=[1;2;--(m —1); m]

e Foreachvaluein "h" array:

if Np(z,h) >0 VYerpax = Yerp * Bax
if Np(z,h) <0 Yerpax = Yerp
Conp () = Np (Z;Ll)).'/lll;crn,ax + Cop
COMD(h) _ MD(Z; h) '¢ch,flex + Coup

Ep-lp
e Endof "h"array.
e Endof "z" array.
Yercax = Yere
Yerpax = Yerp
stopper = 1
j=112-(m—1); m]

» Foreachvaluein"j" array:

D-122

D-123

D-124

D-125

D-126

D-127

D-128

D-129

D-130

D-131

D-132

D-133

D-134
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co

1 1
—Yac 0
_ 1 + lpch,ax 0
Ep-Ap
0 _ 1 + ll)C‘Y‘G,CI.X
E; -Ag

= 0 0
0 0
0 0
0 0
0 0

if [Ms(l) or Ms(z)] >0

if stopper =1

1 0 0
e(j) 1 1
0 0 0
0 0 0
0 _ 1+ 1/Jch,flex 0
Ep-Ip
0 0 _ 1+ I»bch,flex
: E; -1,
- - 0 0
Eps ' Aps(])
0 0 0
0 0 0
0
0

M, =

Conp () + €snp
Cong () + €sng
Comp())
Copme()

0
0
0

[Mc_ol] ’ [Mc]

stopper =0

if MS(Z) > 0; l/)ch,ax = Yere Pax

if Ms(1) > 0; Yerpax = Werp * Bax

continue

pr(k:j) = Apr(k:j)

(=]

o

1
0

-1
-1

0

(=]

D-135

D-136

D-137

D-138
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(fpsj () + Afps (J')) log(24-t(k)+1)
K] -log(24-t;+ 1)

Apr (k + 11}) = - [

if fpsi(D)
> 0.55 - £,y _ <fpsj () + Afpes () B 055)‘ " D-139
foy
- AprS(j)
- (’.V“"“(k” 2 MS(B))_ KiCk+ 1))+ Aps ()
(fpsj (]) + AprS(])) 'Aps(])
if fosi()
Apr(k +1,/)=0 D-140
< 055 'fi)y - Aprs(j)
if Afpr(k+1,))
Afpr(k +1,)) = Afpr(k,)) D-141
> Apr(k'])
pr(k + 1']) = Apr(k'l_ 1']) _pr(k'j) D'142
Myr(k+1,)) = fpr(k+ 1)) - ec(j) D-143
Ntloss(k + 1:j) = Ms(3) + Ntloss(krj) D-144
(SNGpR(k +1,))
_ N 4g
= fork 100 D-145
N MpR(k + 1rj) “Ag - ()’c (k,x) — YGbottom)
1.(k, x)
SNppr(k +1,))
_ , Adtr (k)
= forle+ L) 270 D-146

MpR(k + 1,)) - Aaer () * 0 (k, X) — Yavottom)
+
Ic (k, x)
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MpR(k + 1,]) " IG
I.(k,x)

6MGpR(k + 1,]) =

Myr(k+ 1, j) - Laer (k)
I.(k, x)

6MDpR(k + 1,]) =

No(k +1,7) = My(2) — SNgpr(k + 1)
Mgk + 1,7) = My(5) — Mgpp(k + 1)
ND(k+ 1,]) - Ms(l) - SNDpR(k-}_ 1)

M (k+1,j
AG,(k + 1,)) = My(9) + AG, (k, j) — pr /)

stopper = 1
Yercax = Perg
Yeragax = Yerp
» Endof "j" array.
0, (k + 1,l0c(x)) = @, + A0, (k + 1, loc(x))

» Endof "k" array.

D.3 Camber at Release

> Girder Self-weight Effect

We =V Ag

Wg X

if x < Ly Mgo, (x) = —

EG " Ic(k,])

D-147

D-148

D-149

D-150

D-151

D-152

D-153

D-154

D-155

D-156

D-157

D-158

D-159
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if Ly <x

if x<21.5in.

if 21.5<x

wg Lg-(x— L)) wg-x?

0.155 - 1022.3 L
wg = 3 = 0.0917 kips/in.
12
0.0917 - x?
Mgg, (x) = B S—— —0.046 - x?
0.092-136.9-12-(x — 21.5) 0.092 - x?
Mggw (x) = -

2 2

D-160

Table D.28. Moment applied on non-composite structure due to girder self-weight

Mg, (%) (kips - in.)

MGSW (1) MGSW (2) MGsw (3)
0 21582 29315

> Prestressing Effect

e Straight, fully bonded strands

if x <Ly

if Lgr < x

if x <36

if36 <x

Ppsst = Apsst 'fpj

Ppsst "X
Ltr

Npsst (x) =-—

Npsst x) = —Ppsst

Mpsst (x) = Npsst (x) - [est - (beottom - Yt(lfx))]

Pysse = 11.284 - 202.5 = 2285.01 kips

2285.01 - x
Npsst(x) = —T = —63.47 - x

Mpsst(x) = —63.47 - x - [22.23 — (27 — (1, x)]
Npsse (X) = —Ppsse = —2285.01 kips

M5 (x) = —2285.01 - [22.23 — (27 — y. (1, %)]

D-161

D-162

D-163

D-164
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Table D.29. Axial force and moment on non-composite structure due to straight strands

Npsst (%) (kips)

M, s (x) (kips —in.)

Npsse (1) Npsst(2) Npsst(3) Mpsse (1) Mpsst (2) Mpsst (3)
0 -2285 -2285 0 -47996 -47769
e Debonded strands

Ppsap = Apsan * fpj D-165
if x < Lapavg Npsap (x) =0 D-166
if Labang < % < (Ldbavg 4 Ltr) Nyoas ) = — Ppsap (x — Ldbavg) D-167
if (Lapavg + Ler) < x Npsap (X) = —Ppsap D-168
Mysap () = Npgap (x) - lear — Vopottom — e (1, )] D-169

if x <112

if 112 < x

< (112 + 36)

P

Npsdb x)=—-

Mpgap (x) = —3.66 + (x — 112) - [25 — (27 — y,(1,%)]

if (112 +36) < x

Npsdb x)=0

Mpsdb (x)=0

131.83 - (x — 112)

36

Npsdb (X) = —131.83 klpS

psap = 0.651 - 202.5 = 131.83 kips

= —3.66- (x —112)

Mpsap(x) = —131.83 - [25 — (27 — v, (1,%)]

Table D.30. Axial force and moment on non-composite structure due to debonded strands

Npsdb (x) (kips)

Mpsdb(x) (kipS —in.)

Npsdb (1)

Npsdb (2)

Npsdb (3)

Mpsdb (1)

Mpsdb (2)

Mpsdb (3)

0

-1312

-132

0

-3134

-3121
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e Harped strands

Ppsnp = Apshp * fpj

P shp ' X
f tr pshp( ) Ltr
if Ly <x< thavg Npshp (x) = _Ppshp
if Lhpavg < x Npshp(x) = —Ppsnp

Mpshp x) = Nyshp (%) - [ehp x) — (YGbottom - y:(1, x))]
Ppsnp = 2.604 - 202.5 = 527.31 kips

527.31-x
Npshp(x) = —T = —14.65-x
if x <36

D-170

D-171

D-172

D-173

D-174

Mypshp (x) = (—=14.65 - x) - [x - (0.0729) —19.5 — (27 — y,(1,x)]

Npsnp (x) = —527.31
if 36 < x < 542.1

Mpgnp (x) = —527.31 [x - (0.0729) — (27 — y,(1,%)]

Npgnp (x) = —527.31
if 542.1 < x
Mpgnp (x) = —527.31 - [20 — (27 — y,(1,x)]

Table D.31. Axial force and moment on non-composite structure due to harped strands

Npshp (x) (kips)

M sn,(x) (kips — in.)

Npshp(l)

N pshp (2)

Npshp(3)

Mpshp (1)

M pshp (2)

Mpshp (3)

0

-527

-527

0

-5056

-9847
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> Net prestressing effect

Mps(x) = Mpsst(x) + Mpsap (x) + My shp () D-175

Nps(x) = Npsst (x) + Npsap (x) + Npshp(x) D-176

Table D.32. Axial force and moment on non-composite structure due to prestressing

N, (x) (kips) M, (x) (kips — in.)
Nps(1) Nps(2) Nys(3) M,s(1) M,s(2) M,s(3)
0 -2944 -2944 0 -56186 -60737

> Calculation of camber at release

Mg (x) = Mggy, (x) + Mpg(x) D-177
NGi(x) = Nps(x) D-178
¢:(1,%) = Mg (x) D-179

ECG(l) ) Its(l; x)

Table D.33. Netaxial force and momenton non-composite structure due to prestressingand girder

self-weight effect

Ng; (x) (kips) Mg;(x) (kips —in.)
Ng; (1) Ngi(2) Ngi(3) Mg (1) Mg (2) M;;(3)
0 -2944 -2944 0 -34604 -31422

Table D.34. Net curvature due to combined effects at camber at release

¢ (t,x) (1/in.)
¢.(1,1) $:(1,2) ¢:(1,3)
0 -1.53E-05 -1.38E-05

Using the Egns. between D-52 and D-59, camber at considered sections can be calculated

as follows:

136.9-12
2

Ax = —=—=410.70 in.
X 31 0.70 in
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410.70

Apm (1) = 3 [0+ 4-(-1.53-107%) +(-1.38-107°%)] = —10.27 - 1073 in.2
A @ = 22970 1 _153-10-5) + (=138 10-5)] = —3.98 - 103 in.2
A (3)=0
A (1) =0
A,(2) = 41(;.70 [0+ (=1.53-107%)] = —2.09- 1073 in.2
A, (3) = 412.70 -[0+4-(-1.53-1075) + (—1.38-1075)] — 10.27 - 1073 in.2
Qu(1) = 0
Q,(2) = 41(;.70 [0+ (—=1.53-1075)-410.70] = —0.86 in.3
0.(3) = 4103'70 [0 + 4+ (=153 - 10~5) - 410.70 + (—1.38 - 10~5) - 820.40] = —4.99 in.?

Table D.35. Application of Simpson’s rule and camber at release

Parameters Section index (x)
1 2 3

Q,(x) (in3) 0 -0.86 -4.99
Ay (x) (in?) 0 -2.09E-03 | -10.27E-03

Xp(x) (in.) 0 411.48 485.88
Dyyc(x) (in.) 0 -0.86 -4.99
Og/c(x) (rad.) | -10.27E-03 | -3.98E-03 0

xp(x) (in.) 0 410.70 820.40
Ay (x) (in.) 0 -2.50 -4.99

D.4 Pre-erection Camber

e Elastic shortening loss

A section-dependent elastic shortening loss is calculated based on AASHTO LRFD (2020)
gth Edition section C5.9.3.2.3a-1.
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AprS(x) = -

_Nps(x) [lg +e(x)?- Ag]l — e(x) - Mg, (x) - Ag

Aps(x) g +e(x)?-Agl+ Ag - Ig -

E.c(1)

Eps

Table D.38. Elastic shortening loss along the half-span

D-180

Afpes(x) (ksi)

APyps(x) (kips)

AprS(]-)

AprS (2)

AprS (3)

APpES(l)

APpES(Z)

APpES(3)

0

-23

-22

0

-330

-326

Effect of self-weight on girder only

Mgsi(x) =

I:s(1, x)

Mgy (x) - Ig

MGsw(x) "Ag (Yt(l; x) - beottom)

Ngsi x) =

ItS(lr x)

D-181

D-182

Table D.36. Forces on girder alone due to girder self-weight

Ngsi(x) (kips

M,

(%) (kips

—in.)

NGsi(l)

NGsi (2)

NGsi (3)

MGsi(l)

MGsi (2)

MGsi (3)

0

-62

-90

0

20326

27341

Effect of prestressing on girder only

Mgps (x) =

Mps(x) Ig

ItS(lr x)

Ngps (x) =

Nps(x) “Ag

Mps(x) A e (1, X) = Yepottom)

Ancer (1)

ItS (1; x)

Table D.37. Forces on girder alone due to prestressing

D-183

D-184

Ngps () (kips)

Mg,s(x) (kips —in.)

NGps(l)

NGps(Z)

NGps (3)

MGps(l)

MGps (2)

MGps (3)

0

-2615

-2593

0

-52916

-56647
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e Netforces on girder due to combined effects

Mgy (x) = Mggi(x) + Mgps(x)

Nep (x) = Nggi (%) + NGps(x)

D-185

D-186

Table D.38. Netaxial force and moment on girder due to combined effect at release

Ng, (x) (kips) Mg, (x) (kips — in.)
NGp (1) NGp (2) NGp (3) MGp (1) MGp (2) MGp (3)
0 -2677 -2683 0 -32590 -29306

e Calculation of pre-erection camber

E.;(1) = 5165 ksi

Yty ty) — Ye(ty, ty) =1v6(29,1) —s(1,1) = 0.54

1

, 28500 FAps(x) (1 . 1022.3 - e(x)?
5165 - 1022.3 412056

Ki(2,x) =

)- [1 + 054]

Table D.39. Coefficient K; as a function of location

K;(tx)
K.(21) K,(2,2) K.(2,3)
0.887 0.887 0.887

Table D.40. Stress on the strands along the span prior to transfer

[psj (x) (ksi)
fpsj(l) fpsj(z) fpsj(3)
0.00 202.50 202.50

Table D.41. Force history array on girder as a function of time and location

, N¢(t,x) (kips M. (t, x) (kips —in.)
fndex ™1 2 3 1 2 3
1 0 -2677 -2683 0 -32590 -29306

280



Using Eqgns. between D-60 and D-103, the time-dependent calculation can be performed

between time t; and t,.

z=1&m=3

Ntioss, = 0 &AprO =0

Do = ¢¢(1,x)

i=1&p=2&r=1

k=[1]

—[eg(ty) — g6(t)] = —168-107°

u=[1]

Ye(tyty) — g (t,t) = 0.54

Yere = WerGflex = Yergax = 0.54

E; = 5165

Cong =[0,—2.75-107%,—-2.76 - 1074]

Coyg = [0,-8.32 - 1076,—7.48 - 10~°]

» Forj=1

1
0
0

M, = 0

—2.92-1077

0
M, =

j=1[123]
1 0 0
14.5 1 0
0 —7.25-10"10 0
—2.53-10"6 0 0
0 0 1
0 0 -1
0 56.56
0 —56.56
0 | 820.05
0 &M; = —1.51-10*
—1.68-1074 —1.42-10~*
0 - 5.95-1077

_ O OO0

=
B

SO r OO
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Afpr(2,1) =0
frr(21) =0
M,p(2,1) = 0
Nyjes(2,1) = —56.56
Ng(2,1) = 56.56
Mg(2,1) = 820.05

A®,(2,1) = 5.95 - 1077

» Forj=2
1 1 0 0 0 0
0 20.31 1 0 0 0
M. - 0 0 —725-1071° 0 0 1
co 0 —2.41-1076 0 0 1 0
—2.92-1077 0 0 1 0 0
L 0 0 0 -1 1 -20.31
0 203.85
0 —203.85
_|-8.32-10"5 | 41402
M. = 0 &Ms=1_384.10-
—4.43 1074 —491-107%
L 0 : 532106
(202.5 — 23) - log(24-29 + 1) (202.5—23 )
Af,r(2,2) = — : —0.55)]|1
for(2.2) 45 -log(24-1 +1) 243

3-(0 —203.85)

+ +0.887 - 14.54 = —7.50
((202.5 — 23) - 14.54)

for(22) = —7.50
Mpp(2,2) = —7.50 - [20.22 — (27 — 25.7)] = —143.15

Nt1oss(2,2) = —203.85
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N;(2,2) = 203.85 + 7.50 -

» Forj=3

Afpr(23) = —

N;(2,3) = 199.14 + 7.61 -

AD,(2,2) = —5.32-107° +

S O O

—2.92-1077

1022.30  143.2-1022.3-(25.7—27) _ 210.62
1088 437520 B '
M(2,2) = 4140.2 + 143.2 412056 _ 4275
G el ' 437520
143.15 526 -10-6
5165 - 437520
1 0 0 0 0
21.96 1 0 0 0
0 —725-10"10 0 0 1
—2.41-10"6 0 0 1 0
0 0 1 0 0
0 0 -1 1 —21.96
0 199.14
0 —-199.14
—7.48 1076 | 43722
0 & Ms = —3.86-10"%
—4.44 1074 —4.80-10"%
0 43110

3-

45 -log(24-1+1)

(0 —199.14)

* (202.5 — 22) - 14.54

Myg(2,3) = —=7.61-[21.95 — (27 — 25.7)] = —157

l -0.887-14.54 = -7.61

243

for(23) = —7.61

Ntloss (2r3) = —-199.14

(202.5 - 22) - log(24-29 + 1) (202.5 — 222

o5

= 206

1022.30 157 -1022.3-(25.7 — 27)
1088 441810
M.(2,3) = 4372.2 + 157 412056.0 _ 4518.6
GLE=s ' 441810 '

283



157
=—4.24-10"°

= — - —6 -
A0(2,3) = —4.31- 107+ o =75

Table D.42. Change in curvature between time t; and t,

A®t A@t A@t
5.95E-07 -5.26E-06 -4.24E-06

Table D.43. Net curvature at pre-erection

2, (t,x) (1/in.)
Qt(zrl) ¢t(212) @t(2)3)
5.95E-07 -2.06E-05 -1.80E-05

Using net curvature values provided in Table D.46 and Eqns. between D-52 and D-59, the
pre-erection camber can be calculated, as shown in Table D.47.

Table D.44. Pre-erection camber

Camber section index (x)
(in) 1 2 3
App (X) 0 -3.33 -6.65

D.5 Camber just after Placement of 15t Deck

e [Effectdue to change in support condition

. 0.092 - x2
if x< 55 Mgy (x) = —Tx = —0.046 - x? D-187
0.092-136.9- 12+ (x — 55) 0.092 - x2

if 5.5 <x Mgy () = . =

D-188

Table D.45. Moment applied on non-composite structure due to girder self-weight on bridge site

Mg, (x) (kips- in.)
MGsp (1) MGsp (2) MGsp (3)
0 22787 30520
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Mgsp (x) — Mgy, (%)

Ase (x) = E,o(2) 1,2, %) 189

Table D.46. Change in curvature due to change in support conditions

AQg(x) (1/in.)
Agg. (1) AQ(2) AQ,.(3)

0 4.77E-07 4.73E-07
e Deck self-weight effect
908.28 - 0.150 ) )
Wa1 =Ag41 " Va1 = 173 = 0.0788 kips/in.
if x <55 M 16, (x) = —0.0394 - x2 D-190
if 5.5 <x My, () = Cx— (% —55)2_ D-191
. d1sw (0) = 64.33 x — 0.0394 - (x — 5.5)2 — 352.60

Table D.47. Moment applied on non-composite structure due to 1stdeck self-weight

M 4150 (x) (kips - in.)
Mdlsw (1) Mdlsw (2) Mdlsw (3)
0 19592 26242

Mg1sw (x)
Ecc (2) - Iis (2,x)

AD 15w (x) = D-192

Table D.48. Change in curvature due to 1stdeck self-weight

A(Z)dlsw(x) (1/in-)
A(Z)dlsw (1) A(Z)dlsw (2) A(Z)dlsw (3)
0 7.76E-06 1.03E-05

To obtain the net curvature just after 1st deck is placed, the net curvature values from
previous time-step Table D.46 should be summed up with the change in curvature values given in
Table D.49 and Table D.51.
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Table D.49. Net curvature just after 1stdeck is placed

Qadlp (x) (1/in' )
Q)adlp (2)
-1.23E-05

Q)adlp (1)
5.95E-07

Q)adlp (3)
-7.24E-06

e Calculation of camber just after placement of 1stdeck

Using egns. between D-52 and D-59 with the net curvature valuesgiven in Table D.51, the
camber just after 1stdeck is placed can be estimated.

Table D.50. Camber just after placement of 1st deck

Camber section index (x)
(in.) 1 2 3
Anad1p(¥) 0 -1.79 -3.59

D.6 Camber just before Application of Barrier and Overlay Loads on 15 Superstructure
In this part, a time-dependent analysis for composite structure is conducted. To do so, the
force history array for girder should be updated by considering the change in forces on the girder
due to previous time-dependent effects between t; and t,, change in support conditions and deck
self-weight.
Table D.51. Change in forces on girder due to time-dependent effects between t; and ¢,

ANge.t,(x) (kips) AM ¢, (x) (kips — in.)
ANget,(1) | ANge,e,(2) | ANger,(3) | AMge (1) | AMge ¢, (2) | AMgy e, (3)
56 211 206 820 4275 4519
AN (x) = [MGsp (x) — MGsw(x)] Ag * [Ye(2,%) — Yepottom] D-193
Gsc Itg(Z,X)
[Mesp () = Mgs (O] I D-194

AMGSC (X) =

I:5(2,x)

Table D.52. Change in forces on girder due to change in support conditions

AN (kips) AM g, (kips — in.)
ANGsc (1) ANGsc (2) ANGsc (3) A1\/IGsc (1) A1VIGsc (2) A1VIGsc (3)
0 -3 -3 0 1144 1134
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Mgisw (x) - Ag - [}’t(z. x) _beottom]

AIVGd].SW (x) = ItS(Z, x) D'195
_ M50 (x) - Ig
AMggy5w (x) = 120 D-196
Table D.53. Change in forces on girder due to 1st deck self-weight
ANgGg1sw(Kips) AM g415w (kips — in.)
ANGa1sw(1) | ANGa15w(2) | ANga16w(3) | AMga1ew(1) | AMGa16w (2) | AMgaasw (3)
0 -49 -71 0 18592 24690

The second row in Table D.57 can be obtained by simply summing the values up in the
tables Table D.54, Table D.55 and Table D.56.
Table D.54. Net force history array just after 1stdeck is placed

. N¢(t, x)(kips M (x) (kips — in.)
index 1 2 3 1 2 3
1 0 -2677 -2683 0 -32590 -29306
2 57 158 132 820 24011 30343

Using Eqns. between D-60 and D-68, and D-104 and D-157, the time-dependent
calculation can be performedtime t, and t.
z=2&m=3&q=1

Vr=ly 25 24

0 0 0
N. =
tlosso [—56.6 —204 —199

o =1[595-10"7 —1.23-10"5 —7.24-10"¢]
Yac = 31.5in.

i =2&p=3&7r=2

e Fork=2
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Cong(1,10c(x)) = 0& Copg(1,l0c(x)) =0
Conp(Lloc(x)) = 0& Copp(1,l0c(x)) = 0
esnc = —(£6(3) — €6(2)) 1076 = —21.12 - 1076
esnp = —(£a1(3) — £41(2)) = 0
u=[1;2]
Pe(t3),t(1)) — g (t(2),t(1)) = 0.6203 — 0.5542 = 0.06
Pe(t3),t(2)) —vg(t(2),t(2)) = 0.1433 —0 = 0.14
Eg = [5165; 5817]
Cong = [1.37-1076;—3.08 - 1075;—3.15 - 10~5]
Coyg =[4.92-1078;3.94-1077;8.80 - 1077]
z = [2]

e Forz=2

Yerp = Pp(£(3),6(2)) —9p(£(2),£(2)) = 0
Yerp flex = Werp® Briex
Ep=0
h =11;2;3]
Conp = [0;0;0]
Coyp = [0;0;0]
e Endof "z" array.
J=11;23]

» Forj=1
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1 1 0 0
0 14.5 1 1
0 0 0 0
~1.9-1077 0 0 0
0 0 —1020 0
0 0 0 —48-10710
0 —25-10¢ 0 0
0 0 0 0
0 0 0 0
0
0
0
~1.98-10-5
M, = 0
4.92-1078
0
0
0

M = [Mc_ol] ' [Mc]

for(21) =0
Afpr(3,1) =0
frr31) =0
Mpr(3,1) = 0

Niioss(3,1) = —6.8 — 56.6 = —63.3
8Ngpr(3,1) = 0
§Nppr(3,1) = 0
SMgpr(3,1) = 0
SMppr(3,1) = 0
SNgpr(3,1) = 0

N:(3,1) = 6.8

O PrRP O OO ORr OO

[N eNell R =Rele

-1

_ O R OO0 OO OO

=00 OO0

31.5
—14.5-
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M;(3,1) = 97.9
Np(3,1) =0
Mp(3,1) =0

AB.(3,1) =9.6-1078

Repeat the same procedure for other sections: j = 2 andj = 3
» Endof "j" array.
@t(S,loc(x)) =0, + A(Dt(k + 1,loc(x))
0:(3,loc(x)) =[6.9-10"7 —1.2-10~5 —6.2-1076]
» End of "k" array.

Table D.55. Change in curvature between time t, and t5

A, (x) (1/in.)
A, (1) AP, (2) A9, (3)
9.6E-08 6.0E-07 1.1E-06

Using the previous netcurvature values givenin Table D.52 and change in curvature values
in Table D.58, net curvature values just before the application of barrier and overlay loads can be

obtained as follows:

Table D.56. Net curvature just before application of barrier and overlay loads

?:(3,x) (1/in.)
0:(3,1) 0:(3,2) 0:(3,3)
6.9E-07 -1.2E-05 -6.2E-06
Using net curvature values provided in Table D.59 and Eqgns. between D-52 and D-59,

camber just before application of barrier and overlay loads can be calculated as shown in Table
D.60.

Table D.57. Camber just before application of barrier and overlay loads on 1stsuperstructure

Camber (in.) section index (x)
Anbas1 (%) 0 -1.67 333
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D.7 Camber just after Application of Barrier and Overlay Loads on 15t Superstructure

As it is indicated above, it is assumed that barrier and overlay loads are applied

simultaneously on the 1st composite structure. In this part, only instantaneous changes in camber

due to application of superimposes deadloads that is barrier and overlay are calculated. In other

words, no time-dependent calculation is performed.

e Barrier load effect

wp1 = 0.04 kips/in.

if x<55 Mp1gw(x) = —0.02 - x?

if 55 <x M1 (x) = 32.636 - x — 0.02 - (x — 5.5)2 — 180.103

Mp 16y (x)
Ecc(3) - 1:1(3,x)

ABp1sw () =

e Overlay load effect

2-100.92 - 0.140

Wo1 =to1 Sqd Vo1 = = 0.0164 kips/in.

123
if x<55 Mg (x) = —8.18 - 1073 - x2
if 5.5 < x My, (x) =13.34-x —8.18- 1073 - (x — 5.5)% — 73.43

Molsw (x)
Ecg(4) - 1.1(4,x)

ABo1sw (x) =

D-197

D-198

D-199

D-200

D-201

D-202

Table D.58. Moment applied on composite structure due to barrier and overlay loads

Mpow(x) (kips-in.) M 1w (x) (kips - in.)
Mblsw(]-) Mblsw (2) Mblsw (3) Molsw(l) Molsw (2) Molsw (3)
0 9940 13313 0 4064 5443
Table D.59. Change in curvature due to barrier and overlay load
ADp1sw®) (1/in.) ADp1sw(x) (1/in.)
A(Db 1sw(1) AQ)b 1sw (2) A(Db 1sw (3) A(Dolsw (1) A(Dolsw (2) A(Z)olsw (3)
0 2.06E-06 2.75E-06 0 8.44E-07 1.12E-06
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e Calculation of camber just after application of barrier and overlay loads

By summing the net curvature values from previous part, Table D.59, with the change in
curvature valuesdueto barrier and overlay loads, Table D.62, the net curvature can be obtained as
shown in Table D.63. Then, using Eqns. between D-52 and D-59, the camber just after application

of barrier and overlay loads can be estimated as shown in Table D.64.

Table D.60. Net curvature just after application of barrier and overlay loads

(bnaasl(x) (1/”1')
Qnaasl(l) Qnaabol (2) Qnaabol(S)
6.90E-07 -8.82E-06 -2.31E-06

Table D.61. Camber just after application of barrier and overlay loads

section index (x)
2 3
-1.28 -2.56

Camber (in.)

1
0

Anaasl (X) (iTl. )

D.8 Camber just before Deck Removal Process
In this part, a time-dependent analysis for composite structure is conducted. To do so, the

force history array for both girder and deck should be updated by considering the change in forces

on the girder due to previous time-dependent effects between t, and t5, barrier and overlay self-
weight.

e Time-dependent effect between t, and ¢,

Table D.62. Change in forces on girder and deck due to time-dependent effects between t, and

i3
ANGtztg (kipS) AMGtztg (klps —in. )
ANge,e,(1) | ANge,e,(2) | ANge,e,(3) | AMgr,e, (1) | AMg,e,(2) | AMge,e,(3)
6.8 22.2 18.4 97.9 450.4 403.5
ANp¢,e,(Kips) AMp,,., (kips — in.)
ANp¢,.(1) | ANpt,e.(2) | ANpe,.(3) | AMpy, (1) | AMpy,e. (2) | AMpe, (3)
0 0 0 0 0 0
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Barrier load effect

_ Mblsw(x) ' AG ' [ycl(?"x) - beottom] D-203
AIVCv‘blSW (x) - 161(3’ x)
Mp 16w (x) - Ig D-204
AM, =
Gb1lsw (x) IC1(3, X)
ANdlblsw(x) _ Mblsw(x) . Adltr(3; x) - [ycl(?’; x) — }’dlbottom] D-205
IC1(3r x)
My 15 (%) * 114 (3, %) D-206
AM =
d1lb1sw (x) 1C1(3, x)
Table D.63. Change in forces on girder and deck dueto barrier load
ANgp1sw(kips AMgp 5w (kips — in.)
ANgGa15w(1) | ANga1sw(2) | ANga1sw(3) | AMga1ow (1) | AMga16w (2) | AMga16w (3)
0 123 163 0 4953 6588
AN 41p1sw(kips) AM g1 p1 5w (kips — in.)
ANg1p1sw(D) | ANg1p16w (2) | ANg1p15w(3) | AMg1p15w (D | AMg1p15w () | AMg1p15w(3)
0 -144 -191 0 45 60
e Overlay load effect
Molsw(x) “Ag - [YC1(4rx) _}IGbottom] D-207
AN =
Golsw (x) Ic1(4': )
My (x) - Ig D-208
A1\/ICy‘olsw(x) - Ic1(4; X)
ANdlolsw(x) _ Molsw(x) 'Adltr(4‘: X) ’ [ycl(4" x) - ydlbottom] D-209
I.4(4,x)
_ Molsw(x) ' Idltr(4'x) D-210
A1\/1d1015w(x) = 101(4, )
Table D.64. Change in forces on girder and deck dueto overlay load
AN(;olsw (kips) A1”601sw (kips — in-)
ANGolsw(l) ANGolsw (2) ANGolsw (3) A1\4Golsw(1) AIVIGolsw (2) AIVIGolsW (3)
0 50 66 0 2025 2693
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ANg41p15w(Kips) AM 41 p1 5w (kips — in.)
ANcllolsw(]-) ANdlolsw (2) ANdlolsw (3) AIVIcilolsw(l) A1V[dlolsw (2) A1\/Idlolsw (3)
0 -59 -78 0 18 25

By summing up the change in forces for deck and girder separately due to abovementioned

effects, the force history array for them can be updated as shownin Table D.68.

Table D.65. Net force history array just after application of barrier and overlay loads

, N.(t, x) (kips) M (t, x) (kips — in.)
fndex ™1 2 3 1 2 3
1 0 -2677 -2683 0 -32590 -29306
2 57 158 132 820 24011 30343
3 7 145 181 98 5404 6992
4 0 50 66 0 2025 2693
. Np(t,x) (kips) Mp(t,x) (kips — in.)
fndex ™1 2 3 1 2 3
1 0 0 0 0 0 0
2 0 0 0 0 0 0
3 0 -144 -191 0 45 60
4 0 -59 -78 0 18 25

It should be noted that although there is no time-dependent change in forces between t;

and t4, an additional row is added for this in Table D.68. This is done on purpose so that the time

indexes match with the MDOTCamber program where the effects of barrier and overlay loads are

considered separately.

After obtaining the force history array for deck and girder, using Egns. between D-60 and

D-68, and D-104 and D-157, time-dependent calculation can be performed between time t, and

ts. Since it is done explicitly in section D.6, it is not repeated here.

After conducting time-dependent calculation, the following change in force and curvature

values can be ob

tained.
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Table D.66. Change in forces on girder and deck due to time-dependent effects between t, and

ts
AN ¢ (kips) AM ;.. (kips —in.)
ANge,e.(1) | ANGe,e.(2) | ANge,: (3) | AMgy,r (1) | AMge e (2) | AMgy,. (3)
-159 6 14 7398 6649 5214
ANp¢ e (Kips) AMp, .. (kips — in.)
ANpe,e (1) | ANpt,e(2) | ANpe,e (3) | AMpe,e (1) | AMpy,e (2) | AMpe,e, (3)
212 126 92 45 -1 4

Table D.67. Change in curvature between time t, and t5

A, (x) (1/in.)
A, (2)
5.13E-06

AQ, (1)
5.74E-06

A@,(3)
7.42E-06

Using the previous netcurvature values given in Table D.63 and change in curvature values

in Table D.70 netcurvature valuesjustbeforethe deck removal process can be obtainedas follows:

Table D.71. Net curvature just before deck removal process

?.(5,x) (1/in.)
®,(5,2)
-3.69E-06

Qt(Sll)
6.43E-06

wt(5)3)
5.11E-06

Using net curvature values provided in Table D.71 and Eqgns. between D-52 and D-59,

camber just before the deck removal process can be calculated as shown in Table D.72.

Table D.68. Camber just before deck removal process

Camber (in.) section index (x)
1 2 3
Anpd1r(X) 0 -0.13 -0.26

D.9 Camber just after Deck Removal Process
Instantaneous change in camber just after deck is removed is composed of two parts: one
is due to removal of self-weight loads of deck, overlay and barrier; other is due to effect of locked

forces inside the deck on girder.
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e Removal of barrier and overlay loads

_ [Mblsw(x) + Molsw(x)] 'AG ' [:VCl(S: x) - beottom] D-211
AIVGObl‘r'(x) - = fi 1(5 .'X')
c ]
[Mp 15w (%) + Mp16 ()] - I D-212
AM, = —
Goblr(x) 151(5, X)
_ [Mblsw(x) + Molsw(x)] . Adltr(s; x) - [YCl(S; x) — Ydlbottom] D-213
ANleblT(x) - i 1(5 x)
c )
[Mp 15w () + M6 ()] - I 414 (5, %) D-214
AM xX) =—
leblT( ) Icl(S,X)
[Mblsw (x) + Molsw (x)] D-215

ADopar x) =-

ECG(S) ) Ic1(5: x)

Table D.69. Change in forces on girder and deck due to removal of barrier and overlay loads

ANGoblr (x) (kips) AMGoblr(x) (kips —in. )
ANGoblr(l) ANGoblr (2) ANGoblr (3) AMGoblr(l) A1VIGob1r (2) A1V[Gob1r (3)
0 -185 -244 0 -6622 -8809
ANdloblr (x) (kips) AMdl oblr(x) (kips —in. )
ANg1ob1r(1) | ANg1op1r(2) | ANg1op1r(3) | AMg1op1r(1) | AMg1op1r(2) | AMg10p11-(3)
0 214 285 0 -71 -95

Table D.70. Change in curvature due to removal of barrier and overlay loads

AQop1r(x) (1/in.)

Aq)oblr(l)

AQ)oblr (2)

A(Z)ob 1ir (3)

-2.75E-06

-3.66E-06

e Removal of locked forces in the deck before it is removed

Using Table D.68, Table D.69 and Table D.73, the total net forces on the deck can be
calculated as shown in Table D.75.
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Table D.71. Net forces on the deck just before it is removed

Ng1p,(kips) M 41, (kips —in.)
Ngipr(1) Ngi1pr(2) Ng1pr(3) Mga1pr (1) Ma1py(2) Ma1pr(3)
212 137 107 44 -8 -7

After determined the net forces on the deck, their effects on non-composite section is

considered when estimating the camber using the equations below:

ANtSle(x) = Ndlbr(x) D-216
AMisarr(2) = Maipr(X) + Ngipr () - [¥es(5, %) = Yaivottom] D-217
_ ANtsq1r(x) - A AMesq1r(X) - Ag - [v:(5,%) — Yepottom]
ANGtSle (x) - Anctr (5, x) + ItS(S, x) D'218
AM¢sq1r (%) - I
AM = -
GtSle(x) Its(S, x) D 219
AM X
AB g1y (x) = tsaiy () D-220

ECG(S) ) 161(51 x)

Table D.72. Change in forces on non-composite structure and girder due to removal of locked
forces inside the deck

AN¢sq1,-(x) (kips) AM 5q1,(x) (kips — in.)
AN¢ga1r(1) | ANpgg1r(2) | ANpsg1r(3) | AMigarr (1) | AMigq1,(2) | AMygq1,(3)
212 137 107 -6782 -4475 -3506

ANgesa1r (x) (kips) AM gisqrr(x) (kips — in.)
ANgesarr (1) | ANgesa1r(2) | ANgesarr(3) | AMgesarr (1) | AMgrsa1r(2) | AMgisqir(3)
213 142 111 -6608 -4248 -3300

Table D.73. Change in curvature due to removal of locked forces inside the deck

AQgy,(x) (1/in.)
Aq)dlr(l) Amdlr (2) Aq)dlr (3)
-2.74E-06 -1.76E-06 -1.37E-06
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e Removal of deck load

M A~ - 5' _ ]
Mg ) = — 1w g It[yé 6:2) ~ Yot 5291
S 1]
M50 (x) - 1 )
A1VIGdlswr(x) = _% D-222
S )
M1 () _
A(Z)dlswr(x) = - disw D-223

ECG(S) ’ Its(5: x)

Table D.74. Change in forces on girder due to deck removal

ANga15wr (x) (kips) AM ¢ 5ur(x) (kips — in.)
ANGdlswr(l) ANGdlswr (2) ANGdlswr (3) AIVIGdlswr (1) AIVIGdlswr (2) AMGdlswr (3)
0 49 70 0 -18598 -24699

Table D.79. Change in curvature due to deck removal

A(Ddlswr(x) (1/in.)
A(Z)dlswr (1) AQ)dlswr (2) AQ)dlswr (3)
0 -7.72E-06 -1.02E-05

After considered all effects, curvature changes given in Table D.74, Table D.77 and Table
D.79 need to be summed together with the previous net curvature values provided in Table D.71

so that the net curvature just after deck removal can be obtained as shown in Table D.80.

Table D.75. Net curvature just after deck removal

Dadir (x) (1/in.)
Q)adlr (1) (Z)adlr (2) Q)adlr (3)
3.69E-06 -1.59E-05 -1.02E-05

Using net curvature values provided in Table D.80 and Eqgns. between D-52 and D-59,

camber just after the deck is removed can be calculated as shownin Table D.81.
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Table D.76. Camber just after deck removal

. section index (x)
Camber (in.) 1 2 3
Anadir(x) 0 -2.37 -4.73

D.10 Camber just before 2" Deck Placement

In this part, atime-dependentanalysis for non-composite structure is performedto estimate
the camber just before the new deck is placed. Before starting this, force history array for girder
needs to be updated by using Table D.68, Table D.69, Table D.73, Table D.76 and Table D.78.

Table D.77. Net force history array just after 1stdeck is removed

. N¢(t, x) (kips) M (t, x) (kips — in.)
fndex ™1 2 3 1 2 3
1 0 -2677 -2683 0 -32590 -29306
2 57 158 132 820 24011 30343
3 7 145 181 98 5404 6992
4 0 50 66 0 2025 2693
5 55 12 -50 790 -22820 -31594

Using Egns. between D-60 and D-103, time-dependent calculationcan be performed. From

analysis results, change in curvature values can be obtained as follows:

Table D.78. Change in curvature between ts and tg

AP, (x) (1/in.)
Ag, (1) 7@, (2) AP, (3)
2.63E-08 -7.29E-07 -1.00E-07

To be able to obtain the net curvature values just before the new deck is placed, the time-
dependent change in curvature values given in Table D.83 is summed up with the net curvature
values from previous part presented in Table D.80. By doing this, the net curvature values just

before the new deck is placed are obtained as follows:
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Table D.79. Net curvature just before new deck placement

?.(6,x) (1/in.)
®t(3I1) ®t (3'2) ®t(3;3)
3.72E-06 -1.67E-05 -1.12E-05

Using net curvature values provided in Table D.84 and Eqgns. between D-52 and D-59,

camber just before newdeck placed can be calculated as shownin Table D.85.

Table D.80. Camber just before new deck placement

Camber (in.) section index (x)
1 2 3
Anbnap(X) 0 -2.50 -5.00

D.11 Camber just after 2" Deck Placement

A similar process that is explained in section F.4 is followed in this part to estimate the
camber. Since it is assumed that 1stand 2" decks are identical, equations used for 1stdeck are valid
for 2nd deck, however, parameters that are time-dependent should be updated accordingly.

e Deck self-weight effect

908.28 - 0.150 o
Wao = Agz " Vaz = E = 0.0788 kips/in.
if x<55 Mgy6, (x) = —0.0394 - x? D-224
if 5.5 <x Mgo6n (x) = 64.33 x — 0.0394 - (x — 5.5)? — 352.60 D-225

Table D.81. Moment applied on non-composite structure due to 2" deck self-weight

M 455, (x) (kips - in.)
MdZSW (1) MdZSW (2) Md2$w (3)
0 19592 26242

MdZSW (x)
Ecc (2)- Its (6, x)

ADgosw (x) = D-226
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Table D.82. Change in curvature due to 2" deck self-weight

ADgpsw(x) (1/in.)
A(Ddst(l) A(Z)dst (2) AQ)dZSW (3)
0 7.72E-06 1.03E-05

e Calculation of camber just after placement of 2nd deck

Table D.83. Net curvature just after 2nd deck is placed

®ad2p(x) (1/in.)
wade (1) wadlp (2) Qade (3)
3.72E-06 -8.93E-06 -9.16E-07

Using net curvature values given in Table D.88, and Eqns. between D-52 and D-59, the

camber just after 2nd deck is placed can be estimated.

Table D.84. Camber just after placement of 2nd deck

. section index (x)
Camber (in.) 1 2 3
Anadzp(%) 0 -1.06 -2.11

D.12 Camber just before Application of Barrier and Overlay Loads on 2"d Super-structure

In this part, a time-dependent analysis for composite structure is conducted similar to
sectionF.5. Todo so, the force history array for girder should be updated by consideringthe change
in forces on the girder due to previous time-dependent effects between ts and t, and deck self-

weight.

Table D.85. Change in forces on girder due to time-dependent effects between t and ¢,

ANget (x) (kips) AM g (x) (kips — in.)
ANget (1) | ANGee (2) | ANget (3) | AMge o (1) | AMge e (2) | AMget (3)
0 13 18 -6 261 377

Maosw () - Ag - [y (6, %) — }’Gbottom]
Its (6I x)

ANGdst(x) = D-227
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AMgazsw (x) =

I:5(6,x)

MdZSW(x) I

D-228

Table D.86. Change in forces on girder due to 2" deck self-weight

ANGdZ sw(kips)

AM 45w (kips — in.)

ANGdst (1)

AN, Gd2sw (2)

ANGdst (3)

AIVIGdst (1)

AIVIGdst (2)

AMGdZSW (3)

0

-49

-70

0

18598

24699

The sixth rowin Table D.92 can be obtained by simply summingthe valuesup inthe Table

D.90 and Table D.91.

Table D.87. Net force history array just after 2nd deck is placed

] N¢(t, x)(kips) M (t x) (kips — in.)

fndex ™1 2 3 1 2 3
1 0 -2677 -2683 0 -32590 -29306
2 57 158 132 820 24011 30343
3 7 145 181 98 5404 6992
4 0 50 66 0 2025 2693
5 55 12 -50 790 -22820 -31594
6 0 -36 -52 -6 18859 25076

Using Eqgns. between D-60 and D-68, and D-104 and D-157, time-dependent calculation
for 2nd composite structure between time ¢t and t, can be performed. Hence, the change in

curvatures can be obtained as follows:

Table D.88. Change in curvature between time t; and ¢,

Ap. (1) AQ,(2) AQ,(3)
1.19E-08 1.32E-07 1.55E-07

Summing the change in curvature values in Table D.93 with the previous net curvature
values in Table D.88, the net curvature values just before application of barrier and overlay loads

on 2d super-structure can be obtained as follows:
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Table D.89. Net curvature just before application of barrier and overlay loads

?.(7,x) (1/in.)

9.(7,1)

?.(7,2)

9.(7,3)

3.73E-06

-8.80E-06

-7.60E-07

Using net curvature values provided in Table D.94 and Eqgns. between D-52 and D-59,

camber justbefore application of barrierand overlay loads on 2n super-structure can be calculated

as follows:

Table D.90. Camber just before application of barrier and overlay loads on 24 superstructure

Camber (in.) : section Lzlrray (x) ’
Appas2(X) -1.03 -2.07

D.13 Camber just after Application of Barrier and Overlay Loads on 2"® Super-structure

Similarly, the process provided in section D.7, is followed in this part to estimate the

camberjustafterapplication of barrierand overlay loads on 2" super-structure. Since it is assumed

that same barrier and overlay loads are applied on it, equations used previously for the effect of

barrier and overlay loads on 1st super-structure are valid for 2n super-structure, however,

parameters that are time-dependent should be updated accordingly. Similarly, it is assumed that

overlay load is simultaneously applied with the barrier load for simplicity.

e Barrier load effect

if x<55 Mpsew (x) = —0.02 - x?
if 5.5 < x My s () = 32.636 - x — 0.02 - (x — 5.5)2 — 180.103
M X
A2y () = Ecc(7§2-s;vc§ ()7, x)
e Overlay load effect
Woy = toy Sq Vop = 2 100f223' 0149 _ 00164 kips/in.

Wpo = 0.04 kips/in.

D-229

D-230

D-231
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if x<55 My (x) = —8.18 - 1073 - x2 D-232
if 5.5 < x Mype,(x) =13.34-x —8.18 - 1073 - (x — 5.5)2 — 73.43 D-233

Monw(x) D-234
Ecq (8) I (8; x)

ADyrew (X) =

Table D.91. Moment applied on 2" composite structure due to barrier and overlay loads

My, (x) (kips-in.) Mo (x) (kips - in.)
MbZSW (1) MbZSw (2) MbZSW (3) Monw (1) Monw (2) Monw (3)
0 9940 13313 0 4064 5443

Table D.92. Change in curvature on 2" super-structure due to barrier and overlay load

AQ)szw(x) (1/11’1) A¢02sw(x) (1/”1)
AQ)szw(l) AQ)DZSW (2) AQ)b 2SW (3) AQ)OZSW (1) AQ)OZSW (2) AQ)OZSW (3)
0 2.06E-06 2.74E-06 0 8.42E-07 1.12E-06

e Calculation of camber just after application of barrier and overlay loads on 2" super-

structure

By summing up the curvature changes given in Table D.92 and previous net curvature
values in Table D.94, the net curvature values just after application of barrier and overlay loads on

2nd super-structure can be obtained as follows:

Table D.93. Net curvature just after application of barrier and overlay loads on 2 super-
structure

@ aas?2 (x) (1/in)
(Z)naasz (1) (Z)naasz (2) (Z)naasz (3)
3.73E-06 | -5.90E-06 3.10E-06

After obtaining the net curvature values along the half-span, camber just after application

of barrier and overlay loads on 2" super-structure can be estimated using Eqns. between D-52 and

D-59.
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Table D.94. Camber just after application of barrier and overlay loads on 2" super-structure

Camber (in.) : section ;ndex () -
Anaasz(x) -0.49 _0.98

D.14 Camber at Final Time

The effect of barrier and overlay loads on girder and deck should be determined and force

histories for both deck and girder should be updated before conducting time-dependent analysis.

To do so, a similar approach stated in Part 8 is followed. Equations used in section D.8 are valid

in this part, however, parameters that are time-dependent should be updated accordingly.

e Time-dependent effect between t. and t-

Table D.95. Change in forces on girder and deck due to time-dependent effects between t, and

t7
ANg¢ ¢, (x)(kips) AMg; ¢, (x) (kips — in.)
ANget, (1) | ANge.t,(2) | ANgee,(3) | AMgy (1) | AMge e, (2) | AMgy .+, (3)
0 -1 -1 -3 -18 -20
ANpig,(x) (kips) AM p, (%) (kips — in.)
ANDt6t7(1) ANDt6t7 (2) ANDt6t7 (3) AMDt6t7 (1) AMDt6t7 (2) AMDt6t7 (3)
0 0 0 0 0 0
e Barrier load effect
M “Ag 7,x) — -
ANgpogy (x) = —222 () - A 1[32’227 (x)x) Yebottom] D-235
C )
_ My 26w (X) - Ig D-236
A1\4Gb2$w (x) - 1C2(7’ X)
M  Agoer (7,%) - 7,x) — ]
ANgapzsw (xX) = b2sw (%) * Aazer Ix)z (7[3;0)2( X) = Yazbottom D-237
C )
M -1 7, _
AM g3 5y () = p2sw (%) * Lazer (7,%) D-238

IC2(7Ix)
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Table D.96. Change in forces on girder and deck due to barrier load

ANgp2sw(x) (kips) AM gpo s (x) (kips —in.)
ANgpasw(1) | ANgpasw(2) | ANgpasw(3) | AMgpasw(1) | AMgposw(2) | AMgposw(3)
0 123 162 0 4961 6599
ANgz2p2sw(x) (kips) AM g2 260 (x) (kips —in.)
ANgop2sw(D) | ANgop2sw(2) | ANgapasw (3) | AMgopasw (1) | AMaop2sw(2) | AMgoposw (3)
0 -143 -191 0 45 60

e Overlay load effect

M A~ - 8, _ )
o () = P L0 VTR0~ Yototon D239
c )
Mposw (x) - I D-240
AM (x) -
Go2sw Ic2(8, x)
M ‘A 8,x) - 8 x) — _
AN g202sw () = ozsw (X) " Aazer( ]x)z (4[3;6)2( X) — Yazbottom) D-241
c )
M5 (%) = I42¢(8,x) ]
AMdZOZSW(x) = OZSWI Z(Sd;)tr D-242
c )

Table D.97. Change in forces on girder and deck dueto overlay load

ANgozsw(x) (kips) AM o5 (x) (kips — in.)
ANGOZSW(l) ANGonw (2) ANGOZSW (3) AMGOZSW(l) AMGOZSW (2) AMGOZSW (3)
0 50 66 0 2028 2698
AN 42 525w (x) (kips) AM 4252 5w(x) (kips — in.)
ANdZonw(l) ANdZOZSW (2) ANdZonw (3) AMdZonw(l) AdeZonw (2) AMdZOZSW (3)
0 -59 -78 0 18 24

By summing up the change in forces for deck and girder separately due to abovementioned

effects, the force history array for them can be updated as shownin Table D.103.
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Table D.98. Net force history array just after application of barrier and overlay loads

, N¢(t, x)(kips) M (t, x) (kips — in.)
fndex ™1 2 3 1 2 3

1 0 -2677 -2683 0 -32590 -29306

2 57 158 132 820 24011 30343

3 7 145 181 98 5404 6992

4 0 50 66 0 2025 2693

5 55 12 -50 790 -22820 -31594

6 0 -36 -52 -6 18859 25076

7 0 122 162 -3 4943 6578

8 0 50 66 0 2028 2698
. Np(t, x)(kips) Mp(t,x) (kips — in.)
fndex ™1 2 3 1 2 3

1 0 0 0 0 0 0

2 0 0 0 0 0 0

3 0 0 0 0 0 0

4 0 0 0 0 0 0

5 0 0 0 0 0 0

6 0 0 0 0 0 0

7 0 -143 -191 0 45 60

8 0 -59 -78 0 18 13

It should be noted that although there is no time-dependent change in forces between ¢,
and tg, an additional row is added for this in Table D.103. This is done on purpose so that the time
indices match with the MDOTCamber program where the effects of barrier and overlay loads are
considered separately. After obtaining the force history array for deck and girder, using Eqns.
between D-60 and D-68, and D-104 and D-157, time-dependent calculation can be performed
between time tg and tq. Since it is done explicitly in section D.8, it is not repeated here. After
conducting time-dependent calculation, the following change in force and curvature values can be

obtained.
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Table D.99. Change in forces on girder and deck due to time-dependent effects between tg and

lo
ANgioe,(x) (kips) AM Gy, (x) (kips — in.)
ANget,(1) | ANGeoe (2) | ANgee,(3) | AMgy o, (1) | AMgr e (2) | AMgy,r,(3)
-355 -432 -458 10921 12096 12489
ANp g, (x) (kips) AM pyge,(x) (kips —in.)
ANpet,(1) | ANptoe (2) | ANpet,(3) | AMpy e, (1) | AMpe e (2) | AMpy e, (3)
350 403 422 49 22 13

Table D.100. Change in curvature betweentime tg and tq

A, (x) (1/in.)
A (1) A®,(2) A®,(3)
6.30E-06 8.05E-06 8.53E-06

Using the previous netcurvature values given in Table D.98 and change in curvature values

provided in Table D.105, the net curvature at final time can be calculated as follows:

Table D.101. Net curvature at final considered time

?,(9,x) (1/in.)
®,(9,1) ?,(9,2) ?,(9,3)
1.00E-05 2.15E-06 1.16E-05

Using the net curvature values in Table D.106, and Egns. between D-52 and D-59, the net

camber at considered final time which is 75 years in this example can be estimated as follows:

Table D.102. Camber at final considered time

Camber (in.) section index (x)
1 2 3
Apsz () 0 0.90 1.79
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D.15 Nomenclature

Ag = girder area, (in.?2),

A, = area under curvature diagram between
nth section and midspan, (in.?)

A,, = area under curvature diagram between
nth section and closest girder end, (in.?)
A,si =nominal area for a strand, (in.?),
Aps = effective area of strands as a function
of location, (in.2),

Apsqp = total debonded strand area, (in.?),
Apsnp = total harped strand area as a function
of location, (in.2),

Aysse = total straight strand area, (in.?),

Agq = area of the first deck, (in.?),

Apcer = transformed area of non-composite
structure, (in.2),

Acr = transformed area of composite
structure, (in.?),

Aq1¢r = transformed area of 1st composite
structure, (in.2),

Acotr = transformed area of 2™ composite
structure, (in.?),

A = netarea of the element that is going to be
transformed, (in.2),

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

Apstr = transformed area of the prestressing
strand, (in.2),

Ager = transformed area for the deck, (in.2),
Ag1¢r = transformed area for the 1st deck,
(in2),

Agzer = transformed area for the 2nd deck,
(in.2),

by = girder top flange width, (in.),

Copng = coefficient related to axial force on
the girder,

Copc = coefficient related to moment on the
girder,

Coye = coefficient related to axial force on
the deck,

C oy = coefficient related to moment on the
deck,

dps = nominal strand diameter, (in. ),

eqp = eccentricity of debonded strands,

(in.2),

enpena = €ccentricity of harped strands at

girder end, (in.),

enpmia = €ccentricity of harped strands at
girder midspan, (in.),

epp = eccentricity of harped strand as a
function of location, (in.),

es; = eccentricity of straight strands, (in. ),
e, = netend eccentricity, (in. ),

eqstap = het eccentricity at the end of
debonding length, (in.),

em = net midspan eccentricity, (in.),

e;s = eccentricity of prestressing strand in
transformed non-composite structure, (in.),
e, = eccentricity of prestressing strand in
transformed composite structure, (in.),

ec1 = eccentricity of prestressing strand in
transformed composite structure with 1%
deck, (in.),

eq, = eccentricity of prestressing strand in
transformed composite structure with 2™
deck, (in.),

E. = modulus of elasticity as a function of
time, (ksi),

E.; = modulus of elasticity function for
girder as a function of time, (ksi),

E.p = the modulus of elasticity function for
deck as a function of time, (ksi),

E.p, = the modulus of elasticity function for
the first deck as a function of time, (ksi),
E.p, = the modulus of elasticity function for
the second deck as a function of time, (ksi),
El,s = 28-day modulus of elasticity of
concrete, (ksi),

E/; = modulus of elasticity value when
strands are released, (ksi),

E; = modulus of elasticity of girder concrete
at a specific time, (ksi),

Ep = modulus of elasticity of deck concrete
at a specific time, (ksi),

E+» =modulus of elasticity of the transformed
material, (ksi),

foy = Yyield stress of the prestressing strands,

(ksi),
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fpsj = stress on the strands along the span

prior to transfer, (ksi),

fpr = remaining relaxation loss array as a
function of time and location, (kips),

foq; = initial concrete compressive strength
fordeck, (ksi),

f.q = 28-day concrete compressive strength
fordeck, (ksi),

f.; and are initial concrete compressive
strength, (ksi),

f¢ = 28-day concrete compressive strength,
(ksi),

fpj = Jacking stress of the prestressing
strands, (ksi),

g = a time index for the initiation of
composite action,

h = section index array,

H, = the average annual ambient relative
humidity (%),

i = index for initial reference time,

I:s = moment of inertia of the transformed
non-composite structure, (in.%),

144 = transformed moment of inertia of the
deck, (in.%),

414 = transformed moment of inertia of the
1stdeck, (in.4),

l42¢r = transformed moment of inertia of the
2nd deck, (in.%),

I, = transformed moment of inertia of
composite structure, (in.4),

I., = transformed moment of inertia of
composite structure with 1stdeck, (in.*),
I., = transformed moment of inertia of
composite structure with 2n deck, (in.%),

j =section index array,

k =time index array,

k, = factor for the effect of the volume-to-
surface ratio of the component

k. = humidity factor for creep,

ks = factor for the effect of concrete strength,
k4. = time development factor for creep,
k:qs =time developmentfactor for shrinkage,
ks = humidity factor for shrinkage,

K, = factor accounting for type of
prestressing strand, equal to 45 for low

relaxation strands (AASHTO LRFD 9t
Edition section 5.9.3.4.2c)

K; = accounts for time-dependent interaction
between concrete and bonded steel in the
section being considered (AASHTO LRFD
8th Edition section 5.9.3.4.2a-2),

K; = coefficient depending on aggregate
type: for normal weight concrete K; = 1.0,
L¢, = transfer length (in.),

Lapavg = average debonding length, (in.),
Lppavg = average harping length, (in.),

Lpp; = harping length for i" harped strand
group, (in.),

Lgp; = debonding length for it" debonded
strand group, (in.),

L, = qgirder overhang length at precast
facility, (in.),

m = number of sections to be investigated,
M, = moment on the non-composite
structure due to prestressing effect, (kips —
in.),

Mg; = netmoment on the non-composite
structure due to prestressing and girder self-
weight effect, (kips — in.),

Mg, = momenton the non-composite
structure due to girder self-weight at precast
facility, (kips — in.),

M. = momenton girder alone due to girder
self-weight at precast facility, (kips — in.),
M,,ss¢ = moment on the non-composite
structure due to straight prestressing strand,
(kips — in.),

Mysqp = momenton the non-composite
structure due to debonded prestressing
strand, (kips — in.),

My snp = momenton the non-composite
structure due to harped prestressing strand,
(kips — in.),

Mg,s = momenton girder only caused by
prestressing effect as a function of location,
(kips — in.),

Mg, = netmoment on girder only due to
combined effect at release, (kips — in.),
M, = matrix composed of coefficients for
time-dependent calculations,
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M, = matrix of constants for time-dependent
calculations,’

M, = solution matrix for time-dependent
calculations,

M = array of moment on the girder a
function of time and location, (kips — in.),
Np = array of axial force on the deck a
function of time and location, (kips),

My = array of moment on the deck a
function of time and location, (kips — in.),
M 415wy = moment caused by 1stdeck load as
a function of location, (kips — in.),

M 455, = moment caused by 2n deck load as
a function of location, (kips — in.),

My, = moment caused by 1st barrier load
as a function of location, (kips — in.),
My, = moment caused by 2" barrier load
as a function of location, (kips — in.),
M,15» = moment caused by 1stoverlay load
as a function of location, (kips — in.),
M,,4,, = moment caused by 2" overlay load
as a function of location, (kips — in.),
Mgs, = moment due to girder self-weight on
non-composite structure on bridge site,
(kips — in.),

Mg1p = netmoment on the 1stdeck before it
is removed, (kips — in.),

M, = array of moment on non-composite
structure caused by remaining relaxation
loss as a function of time and location,
(kips — in.),

N; = total number of straight strand, (in.?),
Ngp = total number of debonded strand,
(in2),

Ny, = total area of harped strand, (in.?),

N; = number of strands debonded in ith strand
group,

N, = axial force on the non-composite
structure due to prestressing effect, (kips),
Ng; = netaxial force on the non-composite
structure due to prestressing and girder self-
weight effect, (kips),

N¢g; = axial force on girder alone due to
girder self-weight at precast facility, (kips),

Ny = axial force on the non-composite
structure due to straight prestressing strand,
(kips),

Nysqp = axial force on the non-composite
structure due to debonded prestressing
strand, (kips),

Nysnp = axial force on the non-composite

structure due to harped prestressing strand,

(kips),
Ng,s = axial force on girder only caused by

prestressing effect as a function of location,
(kips),

Ng, = netaxial force on girder only due to
combined effect at release, (kips),

N = array of axial force on the girder a
function of time and location, (kips),

Ng1p = Netaxial force on the 1stdeck
before itis removed, (kips),

Ni10ss = total time-dependent loss with
respect to time along the half-span, (kips),
Nt10ss, = initial time-dependent loss with
respect to time along the half-span, (kips),
Pysst = axial force on the straight prestressing
strand, (kips),

Ppsqp = axial force on the debonded
prestressing strand, (kips),

Ppsnp = axialforce onthe harped prestressing
strand, (kips),

p = index for final reference time,

Q,, = firstmomentof the area under curvature
diagram between nth section and closest
girder end, (in.3),

r = helper symbol that is related to time
reference for time-dependent calculations,
s4 = average center-to-center spacing of the
girders, (in.),

Sq41 = perimeter of the first deck, (in. ),

t, = time when strands are released, (days),
t; = age of concrete at the time of load
application (days),

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

tq = average deck thickness, (in.),

t, = average haunch thickness, (in.),

t,1 = 1stoverlay thickness, (in.),

t,, = 2" overlay thickness, (in.),

u = time index array,

V1 = volume of the firstdeck, (in.3),

V' /S = volume-to-surface ratio (in.),

w = unit weight of concrete, (kcf),

w¢ = load due to girder self-weight, kips/in.,
wg; = load due to 1stdeck, (kips/in.),

wg, = load due to 2nd deck, (kips/in.),

wp1 =load dueto 1stbarrierload, (kips /in.),
wy, = load due to 2nd barrier load, (kips/
in.),

w,1 = load due to 1t overlay load, (kips/
in.),

w,, = load due to 2n overlay load,
(kips /in.),

x5, = location of nt section measured from
closest girder end, (in.),

X,, = curvature atnthsection, (1/in.),

X, = location of midspan measured from
girder end, (in.),

X,, = curvature at midspan, (1/in. ),

X, = centroid of the area under curvature
diagram between nth section and closest
girder end, (in.),

Yac = a parameter indicating the distance
between centroids of girder and deck, (in. ),

Yhpiena = distance from centroid of it" harped
strand group to the bottom of the girder at
end, (in.),

Yhpimia = distance from centroidof it" harped
strand group to the bottom of the girder at
midspan, (in.),

Yebottom = Centroid of prestressed concrete
beam with respect to bottom of girder, (in.),
yapi = distance from centroid of ith debonded
strand group to the bottom of the girder,
(in.),

ysti = distance from centroid of ith straight
strand group to the bottom of the girder,

(in.),

Ypsbottom = distance of centroid of
prestresisng strands to the bottom of girder,
(in.),

y; = distance of centroid of transformed non-
composite structure to the bottom of girder,
(in.),

vac = centroid of the deck & haunch couple
with respect to the bottom of the haunch,
(in.),

Yabottom = distance between centroid of deck
& haunch couple with respect to bottom of
the girder, (in.),

y. = distance of centroid of transformed
composite structure to the bottom of girder,
(in.),

yc1 = distance of centroid of transformed
composite structure to the bottom of girder
with 1stdeck, (in.),

yq, = distance of centroid of transformed
composite structure to the bottom of girder
with 2nd deck, (in.),

z =time index array,

z4 = row number of the axial force history
array,

loc = array for location, (in. ),

stopper = helper word for time-dependent
calculations,

continue = loop termthat restarts the current
iteration,

a = parameters for ACI209R-92
development model depending on curing
type,

B = parameters for ACI209R-92
development model depending on cement
type,

/¢ = relative slope at point B relative to
pointB, (rad.),

ye = unit-weight of girder including
reinforcement weight, (kcf),

Yo1 = Unit-weight of 1stoverlay, (pcf),

Y02 = Unit-weight of 2" overlay, (pcf),
&sne = remaining girder shrinkage at a given
time, (in./in.),

egpp = remaining deck shrinkage at a given
time, (in./in.),

Bax = magnification factor tension creep,
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Briex = magnification factor flexural creep,
Y.re = remaining girder creep at a given
time,

Yerriex = remaining girder flexural creep at
agiven time,

Y .-p = remaining deck creep at a given time,
Yerpfiex = rémaining deck flexural creep at
agiven time,

Ycrgax = remaining girder tension creep ata
given time,

Ycrpax = rfemaining deck tension creep at a
given time,

Y (t, t;) = the creep coefficientat concrete at
t due to load applied at ¢;,

@, = initial curvature array as a function of
time and location, (1/in.),

@, = initial curvature array as a function of
time and location, (1/in.),

A@, = change in curvature due to time-
dependent effects as a function of time and
location, (1/in.),

@aa1p = Netcurvature just after 1stdeck s
placed, (1/in.),

Baazp = Netcurvature just after 2nd deck is
placed, (1/in.),

Draas1i = Netcurvature just after application
of barrier and overlay loads on 1st
superstructure, (1/in.),

Dnaas2 = Netcurvature just after application
of barrier and overlay loads on 2nd
superstructure, (1/in.),

@aa1- = Netcurvature just after deck
removal, (1/in.),

n = modular ratio,

Nps = Modular ratio for prestressing strands,
np = modular ratio for the deck

1p1 = modular ratio for the 1stdeck,

1p2 = modular ratio for the 2nd deck,

A,; = camber at release (in.),

Ay, = pre-erection camber (in.),

Anaa1p = camber just after placement of 15t

deck, (in.),

Anpasi = camber just before application of
barrier and overlay loads on 1st
superstructure, (in.),

Anpas2 = camber just before application of
barrier and overlay loads on 2nd
superstructure, (in.),

A qas1 = Camber just after application of
barrier and overlay loads on 1st
superstructure, (in.),

Aaas2 = Camber just after application of
barrier and overlay loads on 2nd
superstructure, (in.),

Appa1r = camber just before deck removal
process, (in.),

A, q.a1+ = Camber just after deck removal
process, (in.),

Anpbnap = camber just before new deck
placement, (in.),

Anaazp = camber just after placement of 2nd
deck, (in.),

A5, = camber at final considered time,
(in.),

A,, = netdeflection at nth section according
to end of the girder, (in.),

Ay, = relative displacementat point C
accordingto point A, (in.),

Ax = length of a section, (in.),

0 Ng,r = axial effect of relaxation loss on

girder as a function of time and location,
(kips),

8 N¢pr = axial effect of relaxation loss on
deck as a function of time and location,
(kips),

8 Mgpr = moment effect of relaxation loss
on girder as a function of time and location,
(kips — in.),

6 Mp,r = moment effect of relaxation loss
on deck as a function of time and location,
(kips — in.),

Afpr = relaxation loss array as a function of
time and location, (kips),

Afyr, = initial relaxation loss array as a
function of time and location, (kips),
Af, s = elastic shortening loss array as a
function of time and location, (ksi),
AMg,p1 = Cchange in moment on the girder
due to removal of barrier and overlay loads,
(kips — in.),
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AM 410p1+ = Cchange in moment on the 1st
deck due to removal of barrier and overlay
loads, (kips — in.),

AM 415w = Change in momenton girder
due to deck self-weight removal, (kips —
in.),

AM;¢41, = Change in moment on non-
composite structure due to removal of
locked forcesinside the 1stdeck, (kips —
in.),

AM¢sq1, = Change in moment on girder due
to removal of locked forces inside the 15t
deck, (kips — in.),

AM .. = change in moment on the girder
due to change in support condition, (kips —
in.),

AM 415w = Change in moment on the girder
due to 1stdeck load, (kips — in.),

AM 425 = Change in moment on the girder
due to 2" deck load, (kips — in.),

AMp 15w = Change in moment on the girder
due to 1stbarrier load, (kips — in.),

AM 41p1sw = Change in moment on the 1st
deck due to 1stbarrier load, (kips — in.),
AMp2s = Change in moment on the girder
due to 2nd barrier load, (kips — in.),

AM 45125 = Change in moment on the 2nd
deck due to 2" barrier load, (kips — in.),
AM,154 = Change in moment on the girder
due to 1stoverlay load, (kips — in.),

AM 4101sw = Change in momenton the 1st
deck due to 1stoverlay load, (kips — in.),
AM g, = Change in momenton the girder
due to 2" overlay load, (kips — in.),

AM 45025 = Change in moment on the 2nd
deck due to 2" overlay load, (kips — in.),
AMg;,+, = change in moment on girder due
to time-dependent effects between t; and t,
(kips — in.),

AMg,t, = change in moment on girder due
to time-dependent effects between t, and t5,
(kips — in.),

AMpe,:, = change in moment on deck due to
time-dependent effects between t, and t,
(kips — in.),

AMg;,t. = change in moment on girder due
to time-dependent effects between t, and ts,
(kips — in.),

AMp¢,:. = change in moment on deck due to
time-dependent effects between t, and ts,
(kips — in.),

AMg;. ¢, = change in moment on girder due
to time-dependent effects between ts and ¢,
(kips — in.),

AMg;, ¢, = change in moment on girder due
to time-dependent effects between t, and t-,
(kips — in.),

AMp;, ¢, = change in moment on deck due to
time-dependent effects between t and t-,
(kips — in.),

AMg;,t, = change in moment on girder due
to time-dependent effects between tg and to,
(kips — in.),

AMp¢.¢, = change in moment on deck due to
time-dependent effects between tg and to,
(kips — in.),

ANgop1r = Change in axial force on the
girder due to removal of barrierand overlay
loads, (kips),

AN410p1r = Change in axial force on the 1st
deck due to removal of barrier and overlay
loads, (kips),

AN 415w = Change in axial force on girder
due to deck self-weight removal, (kips),
AN;gq1 = Cchange in axial force on non-
composite structure due to removal of
locked forcesinside the 1stdeck, (kips),
AN¢tsq1 = Change in axial force on girder
due to removal of locked forcesinside the 1%
deck, (kips),

AN, = change in axial force on the girder
due to change in support condition, (kips),
AN 415w = Change in axial force on the
girder due to 1stdeck load, (kips),

ANg 426w = Change in axial force on the
girder due to 2" deck load, (kips),
ANgp1sw = Change in axial force on the
girder due to 1stbarrier load, (kips),

AN 41p1sw = Change in axial force on the 1st
deck due to 1stbarrier load, (kips),
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ANgp2sw = Change in axial force on the
girder due to 2" barrier load, (kips),

AN 45125 = Change in axial force on the 2nd
deck due to 24 barrier load, (kips),
AN¢o15w = Change in axial force on the
girder due to 1stoverlay load, (kips),
ANg41,1sw = Change in axial force on the 1st
deck due to 1stoverlay load, (kips),
AN¢q25w = Change in axial force on the
girder due to 2" overlay load, (kips),
AN45025w = Change in axial force on the 2nd
deck due to 2" overlay load, (kips),
AN+, = change in axial force on girder
due to time-dependent effects between t;
and t,, (kips),

ANg¢,:, = change in axial force on girder
due to time-dependent effects between t,
and t5, (kips),

ANp¢,:, = change in axial force on deck due
to time-dependent effects between t, and t5,
(kips),

ANg:,:. = change in axial force on girder
due to time-dependent effects between t,
and tg, (kips),

ANp,t. = change in axial force on deck due

to time-dependent effects between t, and ts,
(kips),

ANg:t, = change in axial force on girder
due to time-dependent effects between t;
and t¢, (kips),

AN+, = change in axial force on girder
due to time-dependent effects between tq
and t,, (kips),

ANp:. ¢, = change in axial force on deck due
to time-dependent effects between tg and t,
(kips),

ANg.t, = change in axial force on girder
due to time-dependent effects between tg
and tq, (kips),

ANp¢4t, = change in axial force on deck due
to time-dependent effects between tg and to,
(kips),

A@,. =change in curvature due to change in
support conditions, (1/in.),

AD 415w = Change in curvature due to 1st
deck self-weight, (1/in.),

AQ 4,44 = Change in curvature due to 2nd
deck self-weight, (1/in.),

AQp15w = Change in curvature due to 15t
barrier self-weight, (1/in.),

AQp2sy = change in curvature due to 2nd
barrier self-weight, (1/in.),

A 15w = change in curvature due to 15t
barrier self-weight, (1/in.),

AQ,,sw = change in curvature due to 2nd
barrier self-weight, (1/in.),

AQ,p1 = Change in curvature due to
removal of barrier and overlay loads,
(1/in.),

A@ 41, = change in curvature due to removal
of locked forces inside the deck, (1/in.),
ADg41swr = Change in curvature due to deck

self-weight removal, (1/in.)
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APPENDIX E: STEEL BEAM EXAMPLE
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E.1 Definition of the Problem

Using the proposed prediction methodology, Approach No. 6, explained in this thesis,

camber and displacement along the span is going to be estimated at:

1.
2.

time at which the deck is placed (¢, );

time at placement of barriersand the opening of bridge to traffic (t,);
time at placement of overlay (t3);

time at deck removal for projects that features a deck replacement (t,);
time at new deck placement (t5);

time at reopening of bridge to traffic (t;);

time at placement of overlay (t-);

time at the end of service life (tg);

for the following steel beam used in M20 project:

Yabottom

Sq

| I —

hy

c.g. composite section

.g. girder 7—"F
99 L/l : Le /Y

Yaebotom

tw

Fig. E.1. Notation used for steel girder

Parameters related to girder and project specific properties are provided in Table E.1.
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Table E.1. Girder and project specific properties

Parameter Value
Gross Area (4;) (in.?) 90
Unit-weight of cross-section (y;) (kcf) 0.490
Girder length (L) (ft.) 173
Centroid of girder measured frombottom (ysporcom) (in.) 35.5
Gross moment of inertia (I;) (in.*) 75840
Modulus of elasticity (E;) (ksi) 28500
Girder overhang length at bridge site (L;,) (in.) 24
Girder height (h) (in.) 72
Top flange width (by,) (in.) 23
Top flange thickness (h;) (in.) 1
Web thickness (t,,) (in.) 0.625
Bottom flange width (by,) (in.) 23
Bottom flange thickness (hy;) (in.) 1
Girder tributary width* (sy) (ft.) 9.17
Thermal expansion coefficient (a) (1/°F) 6.7E-06
Fabricated camber** (As,) (in.) -14.64
*For the fascia beams, spacing should be adjusted accordingly.
**Fabricated camber doesnot include the deflection caused by girder self-weight.

Moreover, parametersrelated of 1stand 2nd super-structuresare provided in Table E.2.
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Table E.2. Parameters related to first and second decks

Parameter for the First Deck Value
Specified concrete compressive strength (f.;,) (ksi) 4
Unit-weight of deck and haunch* (y41) (kcf) 0.150
Average deck thickness™ (t4,) (in.) 9
Average haunch thickness (t;,) (in.) 0
Overlay thickness (t,;) (in.) 2
Unit-weight of overlay (v,;) (kcf) 0.140
Barrier load (wy,4) (kif) 0.475
Aggregate factort (K; ) 1
Unit-weight of plain concrete® (w,,) (kcf) 0.145
Parameter for the Second Deck Value
Specified concrete compressive strength (f.;,) (ksi) 4
Unit-weight of deck and haunch* (y4,) (kcf) 0.150
Average deck thickness™ (t ;) (in.) 9
Average haunch thickness (t;,) (in.) 0
Overlay thickness (t,,) (in.) 2
Unit-weight of overlay (v,,) (kcf) 0.140
Barrier load (wy,,) (klf) 0.475
Aggregate factort (K; ) 1
Unit-weight of plain concrete” (w_,) (kcf) 0.145
*Reinforcement weight is considered as 5 pcf.
**For fascia beam analysis, deck thickness should be adjusted accordingly.
"These are used for AAHSTO LRFD (2020) 9t Edition elastic modulus calculations.

In this example, the following time arrangement is going to be utilized. It should be noted
that the barrier and overlay load is applied to super-structure simultaneously so that there is no
additional time-dependent activity taking place between these two events.

Table E.3. Time arrangement for major activities

Event time index (t)| t(t) (days)
Time at which the deck is placed 1 2
Time at placement of barriersand the 5 9
opening of bridge to traffic =
Time at placement of overlay 3 9
Time at deck removal for projects
that features a deck replacement 4 18250
Time at new deck placement 5 18260
Time at reopening of bridge to traffic 6 18267
Time at placement of overlay 7 18267
Time at the end of service life 8 27375
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For the analysis, it is assumed that both decks (firstand second) subject to 7 days of moist
curing, and Type | cementis used in concrete composition. In addition, it is assumed that deck
concrete reaches 80% of its 28-day strength at the end of curing period. ACI 209R-92 model is
used with corresponding parameters for the development of modulus of elasticity with time. In
addition, AASHTO LRFD (2020) equation is utilized for the estimation of modulus of elasticity.
For conducting time-dependent analysis, AASHTO LRFD (2020) Body creep and shrinkage
models are employed by assuming the flexural and tensile creep are equal to compression creep.
In addition to this, three sections are considered along the half-span to minimize the computation
effort. To estimate the deflection from curvature diagram, Simpson’s rule is employed for
numerical integration. It is assumed that the ambient relative humidity is 70% for Michigan based
on the map provided in AASHTO LRFD (2020) 9t Edition Figure 5.4.2.3.3-1. While generating
the time matrix for the analysis, only onetime-step is goingto be taken between the major activities
as stated above. Finally, the sign convention adopted in this example problem s given in the Fig.
E.2.

(-) Upward (-) Negative (-) Negative
Deflection Curvature Moment

uw (H) ~H-
s (B -B-

(1) Downward (1) Positive (1) Positive (+) Tension
Deflection Curvature Moment

(-) Compression

Fig. E.2. Sign convention

E.2 Definition of Parameters

- Generate the time and section matrix

Since only one time step is going to be considered in this example, the time matrix
generated for this specific example would be same as in Table E.3. In addition to this, since three
sections are going to be considered along the half-span, the section matrix can be assigned as
follows (Table E.4):
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Table E.4. Section array

sectionindex (x) | loc(x) (in.)
1 0
2 519
3 1038

It should be noted that when creating time and section dependent arrays, index number is
going to be used for simplicity throughout the analysis. For example, say a parameter A(t,x) is
both time and section-dependent. A(6,3) refers to the value of A at time t(¢t) = t(6) = 18267

days and at location loc(x) = loc(3) = 1038 in. fromgirder end.

- Generate creep and shrinkage arrays

e Creep function based on AASHTO LRFD (2020) 9t edition

Y(t,t) = 1.9 kg kpekpkyq- 70118 -

v
ks=145-10.13" <§> > 1.0 E2
kne= 1.56 — 0.008 - H, E.3
=17 E-4

P71+ f

kea(®) = d
td o 12 - <100,_—4f6,dl) +t E-5
feai T 20

e Shrinkage function based on AASHTO LRFD (2020) 9t edition

gSh(t) =ks'khs'kf'ktd'0.00048 E-6

kps = 2.00 —0.014 - H, E-7

Here, the volume-to-surface ratio can also be expressed as surface-to-perimeter ratio.
Moreover, accordingto AASHTO LRFD (2020) Bridge Design Specification section 5.4.2.3.3,
shrinkage as determined in Eqn. E-6 should be increased by 20 % if the concrete is exposed to

drying before 5 days of curing have elapsed.
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= Creep and shrinkage calculation for 1st deck
Since initial concrete compressive strength for the deck is generally unknown, it is assumed:
f‘CIdl = 080 - fc,d E'8

fl; = 0804 =32 ksi

It should be noted that since the deck is 7-days moist-cured, there will be no shrinkage that

takes places within the 7-days period after it is cast.

Adl =S8q- tdl + thl ' bf E-9

Sd1=2 'Sd_bf+th1 E-10
Var _ Aay E-11
A1 Sar

Agy = (9.17-12) -9 = 990.4 in.2

Sq1=2-(9.17-12) =23+ 0= 197.1in.

k 1.45 - 0.13 (9904) 0.797 < 1.0 -k 1.0
= — | —) = N —
$ ' ' 197.1 ' ' § '

kyp. =1.56 —0.008 - (70) = 1.00

kps = 2.00 — 0.014 - (70) = 1.02

kr=1332 - 1190
_ t —t; _ t—t;
keac(tt) = . (100 —4- (3.2)) f oty BITE-t)
3.2+ 20 '
kot ts) = t—2-7 _t=9
tas(t,t; —12_<1oo—4-(3.2))+(t_2_7)_36.1+t
3.2 + 20
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Using Eqgns. E-1 and E-6, the creep and shrinkage array for the 1stdeck can be obtained as
providedin Table E.5and Table E.6. To exemplify, Y5, (tg, t3) = Yp1(27375,9) andeg,pq (tg) =

€snp1(27375) can be calculated as shown below.

27375 =9
45.1 + (27375 —9)

27375 -9
36.1+ 27375

Yp1(27375,9) =1.9-1.0-1.0-1.19 - -(9—-2)70%118 =179

£np1(27375) =1.0-1.02 - 1.19 - -0.00048 = 581.67 pe

Table E.5. Creep function for 15t deck

t (days

¥p1(t.t:) 2 9 1825(§ >18)260 18627 | 27375
2 0.00 | 0.00 | 0.00 [ 0.00 | 0.00 | 0.00
9 - 0.00 | 1.79 | 1.79 | 1.79 | 1.79
18250 - - 0.00 | 013 | 0.19 | 0.71
ti (days) g0 - i ~ [ 000 | 001 | 071
18267 - - - - 0.00 | 0.71
27375 - - - - - 0.00

t; = loading time, t = desired time

Table E.6. Shrinkage array for 1stdeck

Event timeindex (t)| &.,p1(t) (ue)
Time at which the deck is placed 1 0
Time at placement of barriersand 9 0
the opening of bridge to traffic =
Time at placement of overlay 3 0
Time at deck removal for projects 4 581
that features a deck replacement -
Time at new deck placement 5 581
Time at reopening of bridge to 6 581
traffic
Time at placement of overlay 7 581
Time at the end of service life 8 581
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= Creep and shrinkage calculation for 2nd deck

Similar to the 1st deck, the creep and shrinkage arrays for the 2" deck can also be
determined. For simplicity, it is assumed that the 2" deck has exactly the same features with 1

deck. The only formulation that is different for the 2nd deck is as follows:

ke (6) t —18260 — 7 t —18267
tds = =
(100 —4- (3.2)) t—18221.9
12 ( 37420 + (t — 18260 — 7)
Table E.7. Creep function for 2nd deck
t (days)
¥o2(88:) 18260 | 18627 | 27375
18260 | 0.00 0.00 0.00
t; (days)| 18267 - 0.00 1.79
27375 - - 0.00
t; = loading time, t = desired time

Table E.8. Shrinkage array for 2" deck

Event timeindex (t) | &spp2(t) (ue)
Time at which the deck is placed 0
Time at placement of barriersand
the opening of bridge to traffic
Time at placement of overlay
Time at deck removal for projects
that features a deck replacement
Time at new deck placement
Time at reopening of bridge to
traffic
Time at placement of overlay
Time at the end of service life

-

1IN

[E= [8)

jon
O] O |Oo] O Ol ©

O[N] o

580

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

e Modulus of elasticity based on AASHTO LRFD (2020) 9t edition with ACI 209R-92

development function
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0.5
Ec(t) = (a +,Bt) Ecag E-12
E.; = 120,000, w20 (f/)1/3 E-13
E 28 = 120,000K, w20 (f/)1/3 E-14

= For 1stand 2nd deck

ACI 209R-92 development model with coefficients corresponding to Type | — Moist-cured

concrete is going to be utilized.

a=4&p =0.85
El,g = 120,000 - (1.0) - (0.145) 2(4)/3 = 4005 ksi

t—2 05
4+ (0.85) - (t — 2)) +4005

Ecpi(®) = (

t — 18260 )0-5 2005
4 +(0.85) - (t — 18260)

Ecpp(t) = (

Table E.9. Elastic modulus development for 1stand 2" deck with time

time E t) | E t
ndex 0| ) | e
Time at which the deck is placed 1 - -
Time at plgcement_of barriers a_md 5 3359 )
the opening of bridge to traffic =
Time at placement of overlay 3 3359 -
Time at deck removal for projects 4 4344 i
that features a deck replacement -
Time at new deck placement 5 4344 -
Time at reopening of bridge to
R attic g 6 4344 | 3359
Time at placement of overlay 7 4344 3359
Time at the end of service life 8 4344 4344
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e Modular ratio and transformed area

Since transformed section properties are utilized in Approach No. 6, the deck is

transformed to girder by using the equation below. Since deck modulus of elasticity varies with

time, the modular ratio will also vary with respect to time.

_Eq(®
n = E,
Adtr =A- Tl(t)
= For 1stand 2 deck
E.p(t)
(t) ==
p Eg

Ager(t) = Ag - ng(®)

Table E.10. Modular ratio and transformed area for the 1stand 2" deck

Transformed deck

time Modular ratio 5
index () area (in.?)
Ng1 (O | g2 (&) | Ag1er(0) | Agaer (O
1 - - - -
2 0.12 - 117 -
3 0.12 - 117 -
4 0.15 - 151 -
5 0.15 - 151 -
6 0.15 0.12 151 117
7 0.15 0.12 151 117
8 0.15 0.15 151 151

= Transformed area for composite structures

Acer () = Ag + Ager (8)

E-15

E-16

E-17
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Table E.11. Net transformed area for the 1stand 2" composite structures

Actr(t’x) (in-z ) Acltr(t) Athr(t)
1 90 -
2 207 -
3 207 -
time 4 241 -
index (t)| 5 241 90
6 241 207
7 241 207
8 241 241

= Transformed moment of inertia for composite structure

_Sdtd(OStd+th)+05bft}21
= Ad

Yadc

Yabottom = h + Yac

y (t) _ Ag - YGbottom T Adtr (t) *Ydbottom
¢ Actr (t)

_Sqty+bsty
d 12

+8q tq* Vac— 0.5 tg —tp)?+ by -t (Yac — 0.5+ tp)?

Lytr = I " 1q1(2)

I.®) =1+ 4 O®) — Yevortom)* + Lagr ) + Ager (O * (Ve (©) = Yavottom)?

E-18

E-19

E-20

E-21

E-22

E-23

Table E.12. Centroid of transformed composite structure with respect to bottom of girder

Ye ®) (in.) ycl(t) Yc2 ®)
1 35.5 -
2 58.7 -

3 58.7 -
time 4 61.2 -
index (t)| 5 61.2 35.5
6 61.2 58.7
7 61.2 58.7
8 61.2 61.2
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Table E.13. Transformed moment of inertia for the 1stand 2nd deck

Transformed
time moment of
index (t) | inertia (in.*)
Iyjzer | Taoer
1 - -
2 788 -
3 788 -
4 1019 -
5 1019 -
6 1019 788
7 1019 788
8 1019 1019

Table E.14. Moment of inertia of transformed composite structure with 1stand 2nd deck

Ic(t) (in-4 ) Icl(t) ICZ (t)
1 75840 -
2 162050 -

3 162050 -
time 4 171630 -
index (£)| 5 171630 75840
6 171630 162050
7 171630 162050
8 171640 171630

e Simpson’s 1/3™ rule for numerical integration

A general idea behind the Simpson’s 1/3" rule is explained briefly below.
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center of gravitiy of girder

I_e center of gravitiy of prestressing strands
A L/2 L/2 ’

B elastic curve

'
i
curvature

/ diagram

arm|

Fig. E.3. Elastic curve and curvature diagram for typical prestressed concrete beam at release

An: AA/C + xntanHB/C

BB/C = Anm

AA/C: Ap %y

Ax
Qn = E} (P1x1 + 4P x7 + 2¢3x3 + 4axs + 2¢5x5+ -+ 4dp_1Xn_1 + Prxy)

Ax
Ap = ?((]51 + 4¢P, +2¢3 + 4P+ 2¢5 + -+ 4y + ¢n)

Ax
Apym = ? ((;bn +4dne1+2¢p4+ -+ 4Py + ¢m)

Lg/2
Ax = -
number of sections — 1

E-24

E-25

E-26

E-27

E-28

E-29

E-30

E-31
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e Time-dependent deflection calculations

Note: For both instantaneous and time-dependent deflection calculations, all matrices such as
location, load effects, material properties and creep and shrinkage functions will be recalled using
index number. In addition, steel girder itself does not creep or shrinkage, there is no time-

dependent effect on camber and deflection.

= For composite structure

q= rownumber(ND (¢, x)) E-32

m = rownumber(loc(x)) E-33

Bp = Do E-34

A(Z)t(l, loc(x)) =0 E-35

Yac = Ydbottom — YGbottom E-36

i = index(t;) E-37

p = index(t;4) E-38

r=i E-39
k=[ro+1;r+2);(@p-2); p-1] E-40

e Foreachvaluein "k" array:

Conp(1,10c(x)) = 0 & Copp(1,l0c(x)) = 0 E-41
esnp = —(ea1 (k + 1) — g4 (K)) E-42
z=1[1;2;-(q—-1);q] E-43
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e Foreachvaluein "z" array:
Yerp = Yp(tlk+ 1),6(2) — ¥p (£ k), t(2))
Yerpflex = Werd * Briex
Ep=Ecp(2)
h=[12;- (m—1); m]
e Foreachvaluein "h" array:
if Np(z,h) >0 Yerpax =Werp” Bax

if Np (zh) <0 lpch,ax =Yerp

Np (z,h) - wch,ax
ED " AD

Conp(h) = + Conp (R)

Mp (z,h)- l/)ch,flex
Ep-Ip

Coyp(h) = + Copmp(h)

e Endof "h"array.

e Endof "z" array.

1ljch,a;vc = Yerp
stopper =1
j=11;2;--(m —1); m]

» For each value in "j" array:

E-44

E-45

E-46

E-47

E-48

E-49

E-50

E-51

E-52

E-53

E-54
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1
—Ydc

Ep-Ap
0

if Ms(1) >0

and stopper =1

_ 1+ wch,ax

1 0 0 0 O
0 1 1 0 O
0 0 0 1 0
1
0 0 0 1
EG.AG
1+
0 _ lpch,flex 0 0 0
Ep-Ip
0 0 ! 0
Eg-Ag
0 0 0 1 -1 yuel
0
0
Conp () + &snp
M, = 0
Comp (j)
0
0

M = [Mc_ol] ’ [Mc]

1'bch,otx = Yerp * Pax
stopper = 0

continue

Np(k +1,)) = Mg(1)
Mp(k+1,)) = Ms(3)
AQ(k +1,)) = My(7) + A@, (k, )
stopper = 1

¢crd,ax =Yerp

E-55

E-56

E-57

E-58

E-59

E-60

E-61

E-62

E-63
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» Endof "j" array.
0.(k + 1,loc(x)) = 8, + A@,(k + 1, loc(x)) E-64

» Endof "k" array.

E.3 Pre-erection Camber

As it is stated in the problem definition, fabricated camber does not include the deflection
caused by girder self-weight. Therefore, to be able to determine pre-erection camber, the girder
self-weight effect needs to be calculated. Before, to be able to perform sectional analysis through

the span, initial curvatures aswellas camberat locations apartfrom midspan needto be calculated.

192 " AGO
a, = W E-65
Xeor () = az - (x) - (Lg —x) E-66

Using fabricated curvature along the span with Eqns. between E-24 and E-31, fabricated
camber can be determined. It should be noted that although the fabricated camber along the span
could be calculated exactly without using numerical integration, it is preferred to be calculated via
this approach to get a consistent results. If sufficiently enough section is considered, this would

notyield significant error in the calculations.

Table E.15. Fabricated camber and curvature along the span

Agor(x) (in.) Xeor(x) (1/in.)
Agor (1) Agor (2) Agor (3) Xgor (1) Xgor(2) Xgor(3)
0.00 -7.32 -14.64 0.00 -2.45E-05 -3.26E-05

> Girder Self-weight Effect

W =Y AG E-67
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wg - x2

if x <Ly Mgg,, (X) = — > E-68
. “Lg-(x—1L - x2
lf x > Lb MGSW(x) = W' ~6 2( b) — WGZ E-69
Mgsw ()
A () = — = E-70
¢ ' le
0.490 - 90 .
We=—"3 = 0.026 kips /in.

Using Eqns. E-67, E-68 and E-69, moment and change in curvature due to girder self-

weight along the span can be calculated as shownin Table E.16.

Table E.16. Moment and change in curvature dueto girder self-weight along the span

Mg, (x) (kips — in.) Adgsy (x) (1/in.)
MGSW (1) MGsw (2) MGsw (3) A¢Gsw(1) Ad’Gsw(z) A¢Gsw(3)
0 9677 13113 0 4.48E-06 6.07E-06

Net curvature after girder erection can be calculated by simply summing the curvature
values in Table E.15 and Table E.16, as provided in Table E.17.

Table E.17. Net curvature after girder erection

¢pre (x) (1/in- )
¢pre(1) ¢pre(2) ¢pre(3)
0 -2.00E-05 | -2.65E-05

Using the Eqgns. between E-24 and E-31, camber at considered sections can be calculated

as follows:

173 - 12
2
3-1

Ax = = 519 in.
519 )
Apm (1) = T [0+ 4-(=2.00-1075) + (—=2.65-107°)] = —18.42 - 1073 in.2

519
Ay (2) = = [(—2.00-1073) + (—2.65-107>)] = —8.04 - 1073 in.2
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Apm (3) =0

A,(1) =0

519
A,(2) = = [0+ (—2.00-107°)] = —3.46 - 1073 in.?2

519
An(3) = T [0 +4-(-2.00- 10_5) + (—2.65 - 10_5)] = —18.42-1073 in.2
Qn(l) =0

519
Qn(2) === [0 + (=2.00-1075)519] = ~180 in.?

519
Q.13 = = [0+4-(—2.00-1075)-519 + (—2.65-107°)-1038] = —11.94 in.3

Table E.18. Application of Simpson’s rule and pre-erection camber

Sectionindex (x)
Parameters 1 2 3
Q,(x) (in3) 0 -1.80 -11.94
Ay (x) (in2) 0 -3.46E-03 | -1.84E-02
Zy(x) (in.) 0 520.23 648.91
Agjc(x) (in.) 0 -1.80 -11.94
Og/c(x) (rad.) | -1.84E-02 | -8.04E-03 0
xy(x) (in.) 0 519.00 1038.00
Apre(x) (in.) 0 -5.97 -11.94

E.4 Camber just after Placement of 15t Deck

e Deck self-weight effect

990.36 - 0.150 o

Wa1=A41 " Va1 = E = 0.086 kips/in.
if x <24 Mg, () = —0.043 - x2 E-71
if 24 < x My, (x) = 87.2 - x —0.043 - (x — 24)2 — 2117.5 E-72
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M 16 (%) E-73

A(Ddlsw(x) = Eg-Ig

Table E.19. Moment and change in curvature due to 1st deck self-weight

M 415w (x) (kips — in.) ADg15w(x) (1/in.)
Mdlsw(l) Mdlsw (2) Mdlsw (3) Aq)dlsw(l) AQ)dlsw (2) AQ)dlsw (3)
0 32593 44172 0 1.51E-05 2.04E-05

To obtain the net curvature just after 1st deck is placed, the net curvature values from
previous calculation, Table E.17, should be summed up with the change in curvature values given
in Table E.19.

Table E.20. Net curvature just after 1stdeck is placed
(Dadlp (.X') (1/ln)

Q)adlp (1) Q)adlp (2) (Z)adlp (3)
0 -4.90E-06 | -6.11E-06

e Calculation of camber just after placement of 1stdeck

Using eqgns. between E-24 and E-31 with the net curvature valuesgiven in Table E.20, the
camber just after 1stdeck is placed can be estimated.

Table E.21. Camber just after placement of 1st deck

Camber section index (x)
(in.) 1 2 3
Anada1p(x) 0 -1.43 -2.86

E.5 Camber just before Application of Barrier and Overlay Loads on 15t Superstructure
In this part, a time-dependentanalysis for composite structure is conducted. Since steel
girder does not creep of shrink, only the force history of deck is considered. In this step, there is
no force on the deck.
Using Egns. between E-24 and E-64, the time-dependent calculation can be performedtime
t; and t,.
m=3&q=1
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0p,(x) =[0 -501-10"¢ —6.25-10¢]
A@t(x) = [0; 0; 0]
Vag = 41 in.

i=1&p=2&r=1

k= [1]
o Fork=1
Conp(1,l0¢(x)) = 0& Copp(1,l0c(x)) = 0
esnp = —(£41(2) = £1 (1)) = 0
z =[1]
e Forz=1

Yern =1 (t(2), (1)) =9 (t(D), (1)) = 0
Yerp,fiex = Werp
Ep=0
h =1[1;2;3]
Coyp = [0; 0;0]
Comp = [0;0;0]
e Endof "z" array.

j=11;23]

» Forj=1
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1 1 0 0 0 0 0
—41 0 1 1 0 0 0
—102%0 0 0 0 1 0 O
Mg, = 0 —3.90-1077 0 0 0 1 0
0 0 —102° 0 0 0 1
0 0 0 —-463-1071° 0 0 1
0 0 0 0 1 -1 41-

IS
Il
R

M = [Mc_ol] ' [Mc]

Np(21) =0
Mp(21) =0
Ap,(21) =0

Repeat the same procedure for other sections: j = 2 andj = 3. Basically, since both creep
coefficient and shrinkage strain values are 0 in this step, there will be no change in curvature thus

in camber.

» Endof "j" array.
0:(2, loc(x)) = @, + A®,(2,10c(x))
0.(2,loc(x)) =@, =[0 —4.90-10~¢ —6.11-10-6]
» Endof "k" array.

Since there is no change in curvature in this time step, previous camber remains as it is.
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Table E.22. Camber just before application of barrier and overlay loads on 1st superstructure

Camber (in.) section index (x)
1 2 3
Anbas1 (¥) 0 -1.43 -2.86

E.6 Camber just after Application of Barrier and Overlay Loads on 1% Superstructure

As it is indicated above, it is assumed that barrier and overlay loads are applied

simultaneously on the 1st composite structure. In this part, only instantaneous changes in camber

due to application of superimposed dead loads that are barrier and overlay loads are calculated. In

other words, no time-dependent calculation is going to be performed.

e Barrier load effect

wp1 = 0.04 kips/in.

if x <24 Mp 1y (x) = —0.02 - x?
if 24 < x Mpy1s, (¥) = 40.56 - x — 0.02 - (x — 24) 2 — 984.96
Mblsw(x)
ADpisw(X) = ————=
AW T B 14(2)

e Overlay load effect

2-110.04 - 0.140

Wo1 =to1 Sq" Yo1 = E = 0.0178 kips/in.

if x <24 Myigp(x) = —8.92-1073 - x?2

if24 < x My, (x) = 18.08 - x — 8.92- 1073 (x — 24) 2 — 439.06

AD 16w (x) =

Mo1sw (x)
E¢- 101(3)

E-74

E-75

E-76

E-77

E-78

E-79
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Table E.23. Moment applied on composite structure due to barrier and overlay loads

Mpow(x) (kips-in.) M1ow(x) (kips - in.)
Mblsw(]-) Mblsw(z) Mblsw(3) Molsw(l) Molsw(z) Molsw(3)
0 15165 20552 0 6760 9162

Table E.24. Change in curvature due to barrier and overlay load

ADpysw(x) (1/in.) ADg1sw(x) (1/in.)
A(bb lsw(l) A(Z)b 1sw (2) A(Db 1sw (3) A(Dolsw (1) A(bolsw (2) A(Z)olsw (3)
0 3.28E-06 4.45E-06 0 1.46E-06 1.98E-06

e Calculation of camber just after application of barrier and overlay loads

By summing the net curvature values from previous part, Table E.20, with the change in
curvature values due to barrier and overlay loads, Table E.24, the net curvature can be obtained as
shown in Table E.25. Then, using egns. between E-24 and E-31, the camber just after application
of barrier and overlay loads can be estimated as shown in Table E.26. Actually, zero curvature
values mean that the girder is flat that is there is no camber and deflection in the girder just after

application of barrier and overlay load.

Table E.25. Net curvature just after application of barrier and overlay loads

Qnaasl(x) (1/in.)
Q)naasl(l) Q)naabol (2) ®naab01(3)
0 0 0

Table E.26. Camber just after application of barrier and overlay loads

Camber (in.) - section ;ndex (x) -
Apaas1(x) (in.) 0 0 0

Please note that there no camber or deflection on the girder just after application of barrier
and overlay loads. This was done on purpose such that the fabricated camber value was adjusted

accordingly.
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E.7 Camber just before Deck Removal Process

In this part, a time-dependent analysis for composite structure is conducted. To do so, the
force history array for deck should be updated by considering the change in forces on the deck due
to previous time-dependent effects between t; and t, (which is zero in this case), barrier and

overlay self-weight

e Time-dependent effect between ¢, and ¢,

In this case, since only one time step is considered between t; and t,, there is no force

generated on the deck.

e Barrier load effect

ANgp1sw(x) = Mp1sw () - Ag '1[31’2252) — Y6bottoml E-80
C
Mblsw(x) ) IG E_81
AM X)) =—
Gblsw( ) 161 (2)
AN g1p 10 () = Mp 16w (X) * Agier (21) 1([%/)61 (2) = Ya1pottoml E£-82
c
Mp1sw () * 1g1¢-(2) )
DM () = o £-83
C

Table E.27. Change in forces on deck due to barrier load

ANg1p1sw(kips) AM 41p15w (Kips — in.)
ANg1p1sw(1) | ANg1p1sw(2) | ANg1p15w(3) | AMg1p15w (D) | AMg1p15w (2) | AMg1p15w(3)
0 -195 -264 0 73 100

e Overlay load effect

My1sw (x) - Ag- [ycl (3) - YGbottom] E-84
I.:(3)

ANgorsw(x) =
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My 150 () - Ig E-85

AM X) =
Golsw( ) 161 (3)
AN 41010 (X) = Mo1sw (x) -Adltr(31) ([;;)61(3) — ydlbottom] E-86
cl
Mo1sw (%) * Ig1¢r (3) ]
AMdlolsw(X) = LW i (3()11” E-87
cl

Table E.28. Change in forces on deck due to overlay load

ANdlolsw(kips) AMa 1olsw (kips —in. )
ANdlolsw(l) ANdlolsw (2) ANdlolsw (3) AIVIdlolsw(]-) AIVIdlolsw (2) A]\/Idlolsw (3)
0 -87 -118 0 33 45

By summing up the change in forces for deck due to abovementioned effects, the force

history array for deck can be generated as shown in Table E.29.

Table E.29. Net force history array just after application of barrier and overlay loads

. Np(t,x) (kips) Mp(t,x) (kips — in.)

fndex ™1 2 3 1 2 3
1 0 0 0 0 0 0
2 0 -195 -264 0 73 100
3 0 -87 -118 0 33 45

It should be noted that although there is no time-dependent change in forces between t,
and t3, an additional row is added for this in Table E.29. This is done on purpose so that the time
indexes match with the MDOTCamber program where the effects of barrier and overlay loads are
considered separately.

After obtaining the force history array for the deck, using Eqns. between E-24 and E-31,
time-dependent calculation can be performed between time t; and t,. Since it is done explicitly in
section E.5, itis not repeated here.

After conducting time-dependent calculation, the following change in force and curvature

values can be obtained.
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Table E.30. Change in forces on deck due to time-dependent effects between t; and t,

ANp ., (kips) AMp,, (kips — in.)
ANpi.t,(1) | ANptt,(2) | ANpe,e, (3) | AMpre, (1) | AMpe,e, (2) | AMpe,e, 3)
290 365 392 44 -13 -33

Table E.31. Change in curvature betweentime t; and t,

Ap, (1) AQ.(2) AQ,(3)
5.48E-06 6.93E-06 7.45E-06

Using the previous net curvature values given in Table E.25, and change in curvature

values in Table E.31, net curvature values just before the deck removal process can be obtained as
follows:

Table E.32. Net curvature just before deck removal process

?,(4,x) (1/in.)
0,(4,1) 0,(4,2) 0,(4,3)
5.48E-06 6.78E-06 7.78E-06

Using net curvature values provided in Table E.32 and Eqns. between E-24 and E-31,

camber just before the deck removal process can be calculated as shown in Table E.33.

Table E.33. Camber just before deck removal process

. section index (x)
Camber (in.) 1 2 3
Anparr(x) 0 1.92 3.83

E.8 Camber just after Deck Removal Process
Instantaneous change in camber just after deck is removed is composed of two parts: one
is due to removal of self-weight loads of deck, overlay and barrier; other is due to effect of locked

forces inside the deck on girder.

e Removal of barrier and overlay loads

[Mp 15w (%) + Mo16w ()] - Ag1er(4)  [ye1(4) — Yarvottom] E-88
Ie1(4)

ANgiop1r(x) = —
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[Mp 16w (X) + M5 ()] - Ig16r(4) E-89

AMg10p1r(x) = — I..(4)
[Mp 16w () + M1 ()] -
ADop1r(x) = — = Ec-1 1(4)1 =30

Table E.34. Change in forces on deck due to removal of barrier and overlay loads

AN 410p1r (x) (kips) AM 410p1-(x) (kips — in.)
ANdloblr(l) ANdloblr (2) ANdloblr (3) A1VIdlob1r(1) A]\/Idloblr (2) A1\4(1101917* (3)
0 295 400 0 -130 -176

Table E.35. Change in curvature due to removal of barrier and overlay loads

ADop1,(x) (1/in.)

A(Z)ob 1r (1) A(Z)ob 1r (2) A(Dob 1r (3)
0 -4.48E-06 -6.07E-06

e Removal of locked forces in the deck before it is removed

Using Table E.29, Table E.30 and Table E.34, the total net forces on the deck can be

calculated as shown in Table E.36.

Table E.36. Net forces on the deck just before itis removed

Na1pr(kips) M 414 (kips —in.)
Ngipr(1) Ng1pr(2) Ng1pr(3) Mga1pr (1) Ma1pr(2) Ma1pr(3)
290 379 410 44 -36 -65

After determined the net forces on the deck, their effects on steel girder is considered when
estimating the camber using the equations below. It should be noted that only change in moment
would be sufficient to calculate change in curvature due to removal of locked forces inside the
deck.

AMga1r (%) = Mg1pr(X) + Na1pr (%) * [Yepottom — Yaipottom] E-91
AM (%)
My () = — 2= E-92
¢ lg
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Table E.37. Change in moment due to removal of locked forces inside the deck

AM ¢41,.(x) (kips —in.)

AMga1, (1) | AMggq,(2) | AMggq1,(3)
-11849 -15561 -16879

Table E.38. Change in curvature due to removal of locked forcesinside the deck

ABgy,(x) (1/in.)
A(Ddlr(l) Awdlr (2) A(Z)dlr (3)
-5.48E-06 -7.19E-06 -7.81E-06

e Removal of deck load

AMGdlswr(x) = _Mdlsw(x) E-93
AM X -
A®dlswr(x) = —Gdlswr( ) E-94
Eq-1g

Table E.39. Change in curvature due to deck removal

A(Ddlswr(x) (1/111)
Awdlswr(l) A(Ddlswr (2) A(adlswr (3)
0 -1.51E-05 -2.04E-05

After considered all effects, curvature changes given in Table E.35, Table E.38 and Table
E.39 need to be summed together with the previous net curvature values provided in Table E.32

so that the net curvature just after deck removal can be obtained as shown in Table E.40.

Table E.40. Net curvature just after deck removal

Qadlr (.‘X,') (1/”1' )
Qadlr (1) (Dadlr (2) Qadlr (3)
0 -2.00E-05 -2.65E-05

Using net curvature values provided in Table E.40 and Eqns. between E-24 and E-31,
camber just after the deck is removed can be calculated as shownin Table E.41.
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Table E.41. Camber just after deck removal

section index (x)
1 2 3

Anaarr(x) 0 -5.97 -11.94

Camber (in.)

It should be noted here that the net curvature and camber values given in Table E.40 and
Table E.41, respectively, are same with the curvature and camber values justafter girder is erected,
Table E.17 and Table E.18. Basically, it means that after the deck is removed, girder turns back to

its original position, and this is expected because steel girder itself does not creep or shrink.

E.9 Camber just before 2" Deck Placement

In this part, since steel girder does not creep or shrinkage, no time-dependent analysis is
conducted,and the netcurvature and camber values providedin Table E.40 and Table E.41 remains
as they are, respectively.

Table E.42. Net curvature just before new deck placement

®nbndp (x) (1/in.)
Pbnap (1) Pnbnap(2) | Pnbnap(3)
0 -2.00E-05 -2.65E-05

Table E.43. Camber just before new deck placement

Camber (in.) section index (x)
1 2 3
Apbnap(x) 0 -5.97 -11.94

E.10 Camber just after 2" Deck Placement

A similar process that is explained in section E.4 is followed in this part to estimate the
camber. Since it is assumed that 1stand 2" decks are identical, equations used for 1stdeck are valid
for 2nd deck.

e Deck self-weight effect

990.36 - 0.150
123

Wao = Agz " Vaz = = 0.086 kips /in..
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if x <24 M ogy(x) = —0.043 - x2 E-95

if24 <x Mgpen(x) = 87.2-x —0.043 - (x — 24)%2 —2117.5 E-96
M X

ABgrew () = Mazow (%) E-97
EG " IG

Table E.44. Moment and change in curvature due to 2" deck self-weight

Md sw(x) (klpS — in-) A(Ddst(x) (1/ln)
Md25w(1) MdZSw (2) MdZSW (3) A(Ddst(l) A(Ddst (2) A(Ddst (3)
0 32593 44172 0.00 1.51E-05 2.04E-05

To obtain the net curvature just after 27 deck is placed, the net curvature values from
previous step, Table E.42, should be summed up with the change in curvature values given in
Table E.44.

Table E.45. Net curvature just after 2nd deck is placed
Qade(x) (1/in.)

wade (1) Qadlp (2) Qade (3)
0 -4.90E-06 -6.11E-06

e Calculation of camber just after placement of 2nd deck

Using Egns. between E-24 and E-31 with the net curvature values given in Table E.45, the
camber just after 1stdeck is placed can be estimated.

Table E.46. Camber just after placement of 2" deck

Camber (in.) section index (x)
1 2 3
Anadzp(X) 0 -1.43 -2.86

E.11 Camber just before Application of Barrier and Overlay Loads on 2"9 Superstructure
In this part, a time-dependent analysis for composite structure is conducted similar to
section E.5. Since steel girder doesnotcreep of shrink, onlythe force history of deckis considered.

In this step, since the deck is placed recently, thereis no force on the deck.
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Using Eqgns. between E-32 and E-64, the time-dependent calculation for 2" composite
structure between time ts and t, can be performed. As it is done in section E.5, it will not be
repeated here, butin any way, since creep coefficient and shrinkage strain values for 2" deck are
zero in this time step, there will be no time-dependent change in curvature, thusin camber, at the
end of time step. Therefore, netcurvature and camber valuesin Table E.45 and Table E.46 remains

as they are, respectively.

Table E.47. Net curvature just before application of barrier and overlay loads

?.(6,x) (1/in.)
Qt(611) ¢t(6l2) @t(6)3)
0 -4.90E-06 -6.11E-06

Table E.48. Camber just before application of barrier and overlay loads on 2 superstructure

Camber (in.) section array (x)
1 2 3
Apbas2(x) 0 -1.43 -2.86

E.12 Camber just after Application of Barrier and Overlay Loads on 2"? Superstructure
Similarly, the process provided in section E.6, is followed in this part to estimate the
camber justafterapplication of barrierand overlay loads on 2" super-structure. Since itis assumed
that same barrier and overlay loads are applied on it, equations used previously for the effect of
barrier and overlay loads on 1st super-structure are valid for 2" super-structure, however,
parameters that are time-dependent should be updated accordingly. Similarly, it is assumed that
overlay load is simultaneously applied with the barrier load for simplicity, hence no time-

dependent calculation is going to be performed between application of barrier and overlay loads.

e Barrier load effect

Wpo = 0.04 kips/in.

if x <24 My s () = —0.02 - x2 E-98

if 24 < x My (x) = 40.56 - x — 0.02 - (x — 24) 2 — 984.96 E-99
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ABy e () = EI\szIs:VZ((J;)) E-100
e Overlay load effect
Wog = toy " SqVaz = 2 110'10;3' 0110 _ 0178 kips/in.
if x <24 Mype(x) = —8.92-1073 - x?2 E-101
if24 < x M6, (x) = 18.08 - x — 8.92 - 1073+ (x — 24) 2 — 439.06 E-102
D00z () = 3222 5 103

Table E.49. Moment applied on composite structure due to barrier and overlay loads

Moo (x) (kips-in.) Mo (x) (kips - in.)
MbZSW (1) MbZSw (2) Mb 25w (3) Monw (1) Monw (2) Monw (3)
0 15165 20552 0 6760 9162

Table E.50. Change in curvature due to barrier and overlay load

Astst(x) (1/ln) AQ)onw(x) (1/!11)
AQ)szw(l) AQ)szw (2) AQsonw (2)
0 3.28E-06 1.46E-07

AQ)bZSw (3) AQ)OZSW (1)
4.45E-06 0

A¢025W (3)
1.98E-06

e Calculation of camber just after application of barrier and overlay loads

By summing the net curvature values from previous part, Table E.47, with the change in
curvature values due to barrier and overlay loads, Table E.50, the net curvature can be obtained as
shown in Table E.51. Then, using Eqns. between E-24 and E-31, the camber just after application

of barrier and overlay loads on 214 super-structure can be estimated as shown in Table E.52.

Table E.51. Net curvature just after application of barrier and overlay loads on 2" super-structure

(bnaasz (.X') (1/111.)
Qnaasl(l) Qnaabol (2) (bnaabol(3)
0 0 0
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Table E.52. Camber just after application of barrier and overlay loads on 2nd super-structure

. section index (x)
Camber (in.) 1 2 3
Anaas2 (x) (in.) 0 0 0

E.13 Camber at Final Time

In this part, a time-dependent analysis for composite structure is conducted. To do so, the
force history array for deck should be generated by considering the change in forces on the deck
due to previous time-dependent effects between ts and t4 (Which is zero in this case), barrier and
overlay self-weight. Asimilarapproach stated in section E.7 is followed. Equations used in section
E.7 are valid in this part, however, parameters that are time-dependent should be updated

accordingly.

e Time-dependent effect between t- and ¢,

In this case, since only one time step is considered between t and t, there is no force generated

on the deck.

e Barrier load effect

My (%) * Ager (6) * [¥c2(6) — Yazpottom)
E-104
1:,(6)

ANgzp2ew (x) =

Mp2sw (x)- Laoer (6)
ICZ (6) E'105

AMgop2sw (x) =

Table E.53. Change in forces on deck due to barrier load

ANazp2sw(kips) AM g3 pp 5 (kips — in.)
ANg2p25w(1) | ANgopasw (2) | ANg2posw (3) | AMgopasw (1| AMaoposw (2) | AMg2pasw(3)
0 -195 -264 0 74 100

e Overlay load effect

Moosw () = Agzer (7) * [¥2(7) = Yazbottom]
I.2(3)

ANgzp25w (x) = E-106

355



M pzsw (x) Loty (7)

AM, x) = E-107
d202sw IcZ (7)
Table E.54. Change in forces on deck due to overlay load
AN 43 025w (Kips) AM 4225w (kips —in.)
ANdZonw(l) ANdZonw (2) ANdZonw (3) AMdZonw(l) AMdZOZSW (2) AMdZOZSW (3)
0 -87 -118 0 33 45

By summing up the change in forces for deck due to abovementioned effects, the force
history array for deck can be generated as shown in Table E.55. Please note that the values in force
history array for the 2nd deck for the indices from 1 to 5 are taken as 0 because the 2" is casted

after time index 5.

Table E.55. Net force history array just after application of barrier and overlay loads

. Np(t, x) (kips) Mp(t x) (kips — in.)

fndex ™1 2 3 1 2 3
5 0 0 0 0 0 0
6 0 1195 264 0 74 100
7 0 -87 -118 0 33 45

It should be noted that although there is no time-dependent change in forces between t¢
and t, an additional row is added for thisin Table E.55. This is done on purpose so that the time
indices match with the MDOTCamber program where the effects of barrier and overlay loads are
considered separately.

Afterobtainingthe force history array for the 2nddeck, using Eqns. between E-24 and E-64,
time-dependent calculation can be performed between time t, and tg. Since it is done explicitly in
section E.7, itis not repeated here.

After conducting time-dependent calculation, the following change in force and curvature

values can be obtained.

Table E.56. Change in forces on deck due to time-dependent effects between t, and tg
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ANp ¢, (Kips) AMp; ¢, (kips — in.)
ANDt7t8(1) ANp¢ .t (2) ANp¢ .t (3) AMpi ¢, €9) AMp; ¢, (2) AMp; ¢, (3)
290 365 391 44 -13 -33

Table E.57. Change in curvature betweentime t, and tg

A9, (1) AQ,(2) AQ,(3)
5.47E-06 6.92E-06 7.44E-06

Using the previous net curvature values given in Table E.51, and change in curvature

values in Table E.57, respectively, the net curvature at final time can be calculated as follows:

Table E.58. Net curvature at final considered time

?,(8,x) (1/in.)

0.(4,1)

?.(4,2)

?.(4,3)

5.4E-06

6.77E-06

7.76E-06

Using net curvature values provided in Table E.58 and Eqns. between E-24 and E-31, the

net camber at considered final time which is 75 years in this example can be estimated as follows:

Table E.59. Camber at final considered time

. section index (x)
Camber (in.) 1 > 3
Apg2 (X) 0 1.91 3.82
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E.14 Nomenclature

A; =girder area, (in.2),

A, = area under curvature diagram between
nth section and midspan, (in.?)

A,, = area under curvature diagram between
nth section and closest girder end, (in.?)
Aqtr = transformed area of composite
structure, (in.2),

A1t = transformed area of 1st composite
structure, (in.2),

Acotr = transformed area of 2" composite
structure, (in.2),

A = netarea of the element that is going to be
transformed, (in.?),

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

Auer = transformed area for the deck, (in.?),
Ag1tr = transformed area for the 1st deck,
(in.2),

Agotr = transformed area for the 2nd deck,
(in2),

Coyc = coefficient related to axial force on
the deck,

C oy = coefficient related to moment on the
deck,

E.p = the modulus of elasticity function for
deck as a function of time, (ksi),

E.p1 = the modulus of elasticity function for
the first deck as a function of time, (ksi),
E.p, = the modulus of elasticity function for
the second deck as a function of time, (ksi),
El,g = 28-day modulus of elasticity of
concrete, (ksi),

E; = modulus of elasticity of girder concrete,
(ksi),

Ep = modulus of elasticity of deck concrete
at a specific time, (ksi),

E: =modulus of elasticity of the transformed
material, (ksi),

f-q; = initial concrete compressive strength
fordeck, (ksi),

f-q = 28-day concrete compressive strength
fordeck, (ksi),

h = section index array,

H, = the average annual ambient relative
humidity (%),

i = index for initial reference time,

144 = transformed moment of inertia of the
deck, (in.%),

1414 = transformed moment of inertia of the
1stdeck, (in.4),

1424 = transformed moment of inertia of the
2nd deck, (in.%),

I, = transformed moment of inertia of
composite structure, (in.*),

I, = transformed moment of inertia of
composite structure with 1st deck, (in.*),
I, = transformed moment of inertia of
composite structure with 2n deck, (in.*),

Jj =section index array,

k =time index array,

k = factor for the effect of the volume-to-
surface ratio of the component

k. = humidity factor for creep,

ks = factor for the effect of concrete strength,
kqc = time development factor for creep,
k45 =time development factor for shrinkage,
ks = humidity factor for shrinkage,

K, = coefficient depending on aggregate
type: for normal weight concrete K; = 1.0,
m = number of sections to be investigated,
M, = moment due to girder self-weight,
(kips — in.),

M., = matrix composed of coefficients for
time-dependent calculations,

M, = matrix of constants for time-dependent
calculations,’

M = solution matrix for time-dependent
calculations,

Np, = array of axial force on the deck a
function of time and location, (kips),

M, = array of moment on the deck a
function of time and location, (kips — in.),
M 415 = moment caused by 1t deck load as
a function of location, (kips — in.),

M 4,5 = moment caused by 2nd deck load as
a function of location, (kips — in.),

My 15, = moment caused by 1stbarrier load
as a function of location, (kips — in.),
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My, = moment caused by 24 barrier load
as a function of location, (kips — in.),
M,15w = moment caused by 1stoverlay load
as a function of location, (kips — in.),
M., = moment caused by 2" gverlay load
as a function of location, (kips — in.),
Mg, = net moment on the 1stdeck before it
is removed, (kips — in.),

p =index for final reference time,

Q,, = firstmomentof the area under curvature
diagram between nt section and closest
girder end, (in.3),

r = helper symbol that is related to time
reference for time-dependent calculations,
Sq = average center-to-center spacing of the
girders, (in.),

Sq41 = perimeter of the first deck, (in. ),

t; = age of concrete at the time of load
application (days),

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

t, = average deck thickness, (in.),

t, = average haunch thickness, (in.),

t,1 = 1stoverlay thickness, (in.),

to2 = 2" overlay thickness, (in.),

u = time index array,

V41 = volume of the first deck, (in.3),

V /S = volume-to-surface ratio (in.),

w = unit weight of concrete, (kcf),

wg = load due to girder self-weight, kips/in.,
wgq = load due to 1stdeck, (kips/in.),

wg, = load due to 2" deck, (kips/in.),

wp1 = load dueto 1stbarrierload, (kips /in.),
wp, = load due to 2" barrier load, (kips/
in.),

w,; = load due to 1t overlay load, (kips/
in.),

Wy, = load due to 2n overlay load,
(kips /in.),

X, = location of nt section measured from
closest girder end, (in.),

Xgos = fabricated curvature along the span,
(1/in.),

X,, = curvature at nth section, (1/in.),

X, = location of midspan measured from
girder end, (in.),

X,, = curvature at midspan, (1/in.),

X, = centroid of the area under curvature
diagram between nth section and closest
girder end, (in.),

Yic = a parameter indicating the distance
between centroids of girder and deck, (in. ),
Yepottom = centroid of girder with respect to
bottom of girder, (in.),

V4c = centroid of the deck & haunch couple
with respect to the bottom of the haunch,
(in.),

Yabottom = distance between centroid of deck
& haunch couple with respect to bottom of
the girder, (in.),

y. = distance of centroid of transformed
composite structure to the bottom of girder,
(in.),

yq1 = distance of centroid of transformed
composite structure to the bottom of girder
with 1stdeck, (in.),

yq2 = distance of centroid of transformed
composite structure to the bottom of girder
with 2nd deck, (in.),

z =time index array,

loc = array for location, (in.),

stopper = helper word for time-dependent
calculations,

continue = loop termthat restarts the current
iteration,

a = parameters for ACI209R-92
development model depending on curing
type,

ay = coefficient used to determine fabricated
camber along the span,

a, = coefficient used to determine fabricated
curvature along the span,

B = parameters for ACI209R-92
development model depending on cement
type,

g,c= relative slope at point B relative to

pointB, (rad.),

359



¥ = unit-weight of girder, (kcf),

Yo1 = Unit-weight of 1stoverlay, (pcf),

Yoz = Unit-weight of 2 overlay, (pcf),
Eqnp = remaining deck shrinkage at a given
time, (in./in.),

Bax = magnification factor tension creep,
Briex = magnification factor flexural creep,
Y .p = remaining deck creep at a given time,
Yerpfiex = remaining deck flexural creep at
a given time,

Ycrgax = remaining girder tension creep ata
given time,

Ycrpax = rfemaining deck tension creep at a
given time,

Y (t, t;) = the creep coefficientat concrete at
t due to load applied at ¢;,

¢pre = Net curvature after girder erection,
(1/in.),

@, = initial curvature array as a function of
time and location, (1/in.),

@, = initial curvature array as a function of
time and location, (1/in.),

A@, = change in curvature due to time-
dependent effects as a function of time and
location, (1/in.),

@aa1p = Netcurvature just after 1stdeck s
placed, (1/in.),

Baazp = Netcurvature just after 2nd deck is
placed, (1/in.),

Dnaas1 = Netcurvature just after application
of barrier and overlay loads on 1st
superstructure, (1/in.),

@nbnap = Netcurvature before new deck
placement,, (1/in.),

Dnaas2 = Netcurvature just after application
of barrier and overlay loads on 2nd
superstructure, (1/in.),

@aaq1r = Netcurvature just after deck
removal, (1/in.),

n = modular ratio,

np = modular ratio for the deck

1p1 = Modular ratio for the 1stdeck,

1p2 = modular ratio for the 2nd deck,

Aoy = fabricated camber along the span,

(in.),

A,re = pre-erection camber along the span,

(in.),

Anqa1p = camber justafter placement of 1st
deck, (in.),

A,pas1 = Camber just before application of
barrier and overlay loads on 1st
superstructure, (in.),

Anpas2 = camber just before application of
barrier and overlay loads on 2nd
superstructure, (in.),

Anaas1 = Camber just after application of
barrier and overlay loads on 1st
superstructure, (in.),

Anqas2 = Camber just after application of
barrier and overlay loads on 2nd
superstructure, (in.),

Anpa1r = camber just before deck removal
process, (in.),

A qq1r = Camber just after deck removal
process, (in.),

Anpnap = camber just before new deck
placement, (in.),

Anqazp = camber just after placement of 2nd
deck, (in.),

A,s, = camber at final considered time,
(in.),

A,, = netdeflection at nth section according
to end of the girder, (in.),

Ay, = relative displacementat point C
accordingto point A, (in.),

Ax = length of a section, (in.),

AM 410p1 = Change in moment on the 1st
deck due to removal of barrier and overlay
loads, (kips — in.),

AM 415w = Change in moment on girder
due to deck self-weight removal, (kips —
in.),

AM 41p1sw = Change in moment on the 1st
deck due to 1stbarrier load, (kips — in.),
AMp06, = Change in moment on the girder
due to 2" barrier load, (kips — in.),

AM 45125 = Change in moment on the 2nd
deck due to 2" barrier load, (kips — in.),
AM 41015 = Change in momenton the 1st
deck due to 1stoverlay load, (kips — in.),
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AM 45025 = Change in moment on the 2nd
deck due to 2" overlay load, (kips — in.),
AMpe,t, = change in moment on deck due to
time-dependent effects between t; and t,,
(kips — in.),

AMp¢.+, = change in moment on deck due to
time-dependent effects between t, and tg,
(kips — in.),

AN 410p1+ = Change in axial force on the 1st
deck due to removal of barrier and overlay
loads, (kips),

ANg41p1sw = Change in axial force on the 1st
deck due to 1stbarrier load, (kips),

AN 4,525 = Change in axial force on the 2nd
deck due to 2" barrier load, (kips),
AN4101sw = Change in axial force on the 13t
deck due to 1stoverlay load, (kips),

AN 4502w = Change in axial force on the 2nd
deck due to 2" overlay load, (kips),
ANp¢.t, = change in axial force on deck due
to time-dependent effects between t; and t,
(kips — in.),

ANp¢.+, = change in axial force on deck due
to time-dependent effects between t, and tg,
(kips — in.),

AQ,. = change in curvature due to change in
support conditions, (1/in.),

A¢.q = change in curvature due to girder
self-weight, (1/in.),

AQ 415w = Change in curvature due to 1st
deck self-weight, (1/in.),

A@ 425w = Change in curvature due to 2nd
deck self-weight, (1/in.),

AQp1sw = Change in curvature due to 1st
barrier self-weight, (1/in.),

A®y. = Change in curvature due to 2nd
barrier self-weight, (1/in.),

AQ,1sw = Change in curvature due to 15t
barrier self-weight, (1/in.),

AQ,2sw = Cchange in curvature due to 2nd
barrier self-weight, (1/in.),

A®@,p1r = Change in curvature due to
removal of barrier and overlay loads,

(1/in.),

AQ 41, = change in curvature due to removal
of locked forces inside the deck, (1/in.),
AQ 415w = Change in curvature due to deck
self-weight removal, (1/in.)
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APPENDIX F: RECOMMENDED REVISIONS, UPDATES AND
GUIDELINES
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Appendix F: Recommended Revision, Updates, and Guidelines

It is recommended that the computational tool developed as part of this research project titled
MDOT Camber together with the user’s manual provided in Appendix C be used as guidelines to
compute the complete camber history of fully prestressed concrete beams usedin simply supported
configurations. Additionally, MDOT Camber may be used to predict the camber and displacement
history of steel beams made composite with a concrete deck and used in a simply supported
configurations. The following MDOT documents were reviewed:

e Slab and Screed Guidance

e Michigan Design Manual - Bridge Design — Chapter 7: LRFD — Section 7.02.22 —

Screeding

e Special Provision for Structure Survey During Construction

e Standard Specifications for Construction — Section 708. Prestressed Concrete

A newslab and screed guidance documentis providedas part of thisreport. This new guidance
includes step by step examples for how to determinecamber and deflectionsin prestressed concrete
and steel beams during the placement of the deck with the purpose of ascertaining slab screed and
bottom of slab elevations. The information provided in the original guide, which explains what
slab screed and bottom of slab elevations are, together with other clarifications, remains essentially
unchanged and includes only editorial changes. However, the old appendix, which showed how
beam camber and deflections were calculated was rewritten to include step by step examples for
prestressed concrete and steel beams.

Section 7.02.22-Screeding of the Michigan Design Manual includes comments that indicate
that the current fixed multiplier based method should be replaced with the MDOT Camber
program.

The document titled “Special Provision for Structure Survey During Construction” includes
some recommendations.

No revisions are proposed for the document titled “Standard Specification for Construction —

Section 708. Prestressed Concrete”.
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Appendix F.1- Sample Camber and Deflection Calculations —

Prestressed Concrete Beam

Problem Statement: Determine camber and deflections for a precast bulb tee beam used in the I-
75 S-11 project due to: 1) prestress and self weight, 2) weight of forms and rebar, 3) weight of
concrete deck, and 4) weight of sidewalk or barrier. This information can be used to determine
slab screed and bottom of slab elevations according to MDOT’s “Slab and Screed Guidance”
document. Forexample, the beam camber profile together with the specified minimum haunchand
beam bearingelevations can be used to determine slab and screedelevations. The biggestunknown
in the process is the deflected shape of the beam at different stages. This deflected shape can be
obtained from the MDOT Camber program as shown below.

Solution:

Step 1): Start the MDOTCamber Program and fill in the information required in the introduction

tab.

w MDOTCamber v6.0

Michigan Department

Name of the Project:
Job Number:
Conducted By:

Checked By:

(-) Upward
Deflection

(1) Downward
Deflection

- d

Introduction Girder Properties Girder Concrete Properties Deck Properties Prestressing Steel | »

Predicting Camber and Deflections in Composite Bridge Superstructures

EMDOT M @ benesch

of Transportation College of Engineering

I75-8S11 Date: Mar04,2021 | =
201437 Project Data: |m|
Furkan Cakmak About: Q9
Fatmir Menkulasi

Sign Convention

(-) Negative (-) Negative
Curvature Moment

= (H) ~Be-
«s (B -H-

(1) Positive (1) Positive (+) Tension
Curvature Moment

(-) Compression

>
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Step 2): Click on the “Girder Properties” tab and select the type of the beam. In this case, it is a
prestressed concrete beam. Check the box next to “Service Camber”. Check the box next to
“Temperature Gradient Analysis” and select the appropriate zoneto obtain a sense for the influence
of positive and negative temperature gradients on beam camber and de flections. Click on “Lock
the selections made above”. Select the appropriate beam type from the dropdown menu. In this
caseitis a Bulb Tee 49” Top Flange Width — 54 Height. Then enter information aboutunit weight
of girder concrete, girder length, girder overhang length at precast facility, girder overhang length
at bridge site, girder tributary width (to determine the portion of the deck supported by the girder),
and coefficient of thermal expansion (this is needed to conduct temperature gradient analysis).

» MDOTCamber v6.0 & O X
Introduction Girder Properties Girder Concrete Properties Deck Properties Prestressing Steel | »
Select the Beam Type Analysis Type

9 Zone 11T v

7Lock tﬁe seiections made aBove
Bulb Tee 49" Top Flange Width - 54" Height v 1 )
Parameter Value Unit
Unit-weight of cross-section® (y) 0.15 kcf
Girder length (L) 136.9 ft.
Overhang length at precast facility (Lt) 215 in.
Overhang length at bridge site (Lb) 55 in.
Girder tributary width** (s) 8.41 ft.
Thermal expansion coefficient (a) 6.7e-06 1/F v
9
br

o
= e

h

~ Yvottom |Le/Lyp Le/Ly
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Step 3: Click on “Girder Concrete Properties” tab. Select a model to predict the variation of
concrete modulus of elasticity with time. The ACI 209R-92 model is recommended since the
selection of this model together with other model which will be discusses later in this example led
to accurate predictions for pre-erection camber. The user may also run the program another time
by selectin the fib MC 2010 model to get a sense for the variability in results. Then the user has
the option to either enter actual concrete compressive strengths at prestress release and 28 days or
enter the specified valueswith or without overstrength factors. If measured concrete compressive
strength values are not available it is recommended that the specified properties with Michigan
overstrength factors be used. Then the user has the select a model for predicting the modulus of
elasticity at prestress release and 28 days. Itis recommended thatthe AASHTO LRFD 2020 model
is selected although the program can be run several times to investigate the influence of other
model selections on beam camber and displacements. After selecting the AASHTO LRFD 2020
model, the parameters needed to predict the modulus need to be entered.

1 MDOTCamber v6.0 — Od X

Introduction Girder Properties Girder Concrete Properties Deck Properties Prestressing Steel | »

A. Variation of Modulus of Elasticity with Time

ACI209R-92 (Recommended) W 9

B. Concrete Compressive Strength at Release and at 28 Days

Click to provide actual concrete compressive strength values.

Specified Concrete Compressive Strength

Symbol Definition Value (ksi)
fei Specified concrete compressive strength at release 7
fc Specified concrete compressive strength at 28 day 10

Overstrength Factors for Concrete Strength

Michigan Factors (Recommended) v 5% |
Symbol Definition Factor
08%1 Qverstrength factor for concrete at release 12
0828 Overstrength factor for concrete at 28 day 1.2

C. Modulus of Elasticity at Release and at 28 Days

Click to provide actual modulus of elasticity values.

Model for estimating elastic modulus: | AASHTO LRFD 2020 (Recommended) ¥ || P

Required Parameters for modulus of elasticity
| Back-calculate parameters. | Unit-weight of plain concrete (wc): 0145 |kef | @

Aggregate factor (K1): 1
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Step 4: Click on the “Deck Properties” tab. Enter surface loads pertaining to deck formwork and
rebar weight, aswell as concentrated loads for diaphragms. In this case only one interior diaphragm
at midspan is selected. Then determine whether the deck will be replaced. In this example it is
assumed that the deck will not be replaced. Enter parameters related to the first deck, any potential
overlay, and barrier.

“ MDOTCamber v6.0 — O X
Introduction Girder Properties Girder Concrete Properties Deck Properties Prestressing Steel | »
)
Parameter Value Unit
Slab formwork load (wsf) 10 psf
Surface load due to rebars (wsr) 1 psf
Diaphragm load (Pd) 5 kips
Number of interior diaphragms* (Ndp) 1 -
Has the deck been replaced? o7 |
Yes
® No
Parameter for the First Deck Value Unit
Specified concrete compressive strength at 28 day (fed) 4 ks1
Unit-weight of deck and haunch® (with mild steel) () 0.15 kef
Average deck thickness™* (td) 9 n.
Aggregate factor™ (K1) 1 -
Unit weight of plain concrete™ {(wc) 0.145 kef
Average haunch thickness (th) 0 .
Ovwerlay thickness (to) 2 in.
Unit-weight of overlay (yo) 0.14 kcf
Barrier load™" (wh) 0.04 kif

Step 5: Click on “Prestressing Steel Properties” tab and enter information related to prestressing
steel material properties and strand configuration. This includes information related to modulus of
elasticity, nominal diameter, ultimate tensile strength, jacking stress, yield stress, and strand type.
In terms of prestressing strand geometry and layout the user has the opportunity to enter whether
the strands are straight, harped, or debonded. The number of debonded strands and the length of
debondingmay be entered. The location of harpingpointmay also be entered. Finally, the location
of the strands in the cross-section with respect to the bottom of the beam may be entered.
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i MDOTCamber v6.0 - O X
< | Girder Properties Girder Concrete Properties Deck Properties Prestressing Steel Properties C >
| Check if there 1s any harped strand. 0
Parameter Value Unit
Modulus of elasticity (Eps) 28500 kst
Nominal diameter (dps) 0.6 n.
Ultimate tensile strength (fpu) 270 kst
Jacking stress (fpg) 202.5 kst
Yield stress (fpy) 243 kst
Strand Type 1 1:-Low-r...
Layer | Group Number of Strands | Distance from Debonded B
Group |Type in Layer Group Bottom of Girder | Length (ft.)
{in.)
1 Fully Bonded, Straight 14 2 0
2 Fully Bonded, Straight 16 4 0
3 Fully Bonded, Straight 12 6 0
4 Fully Bonded, Straight 8 8 0
5 Fully Bonded, Straight 2 10 0
6 Debonded, Straight 1 2 4
7 Debonded, Straight 2 2 12
Layer |Group Number of Distance from Distance from Harping -
Group | Type Strands in Bottom of Girder | Bottom of Girder | Point (ft.}
Layer Group at Midspan (in.) at End (in.)
1 Harped 12 7 46 4477

Step 6: Click on “Creep and Shrinkage Model Selection” tab and selectthe AASHTO Body (2020)
model. Other models may be investigated to get a sense about the impact of this selection on beam
camber and displacements. Additional information on this topic may be found on MDOT Final
Report “Evaluation of Camber and Deflections for Bridge Girders”. The user also the opportunity
to enter magnification factors for tensile creep and flexural creep. However, since there is no
consensus in the engineering community as to what these magnification factors should be, and
since most prediction methodologies (ACI 435R-95) assume that compressive creep is equal to
tensile creep and flexural creep, it is recommended that these factors be specified as 1.0.
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t MDOTCamber v6.0 — O x

< | Deck Properties Prestressing Steel Properties Creep and Shrinkage Model Selection Time, Enviror »

Note: After the model is selected, the parameters corresponding to the selected model should be provided.
If they are not known, default values (shown below if appropriate) will be assigned to them.

Creep and Shninkage Model: | AASHTO Body 2020 (Recommended) v 9
Parameter Magnification Factor o
Tensile creep magnification factor 1
Flexural creep magmfication factor 1

Parameters needed to be defined:

AASHTO Body 2020

For this model, no parameter 1s required.

Step 7: Click on “Time, Environment and Measured Camber Properties” tab. Select the number of
beam sections along the span for which a time dependent cross-sectional analysis should be
conducted. Itis recommended that this number be at least 51 to obtain a smooth curve for the
deflected shape of the beam, which is important in terms of setting slab screed and bottom of slab
elevations. Indicate parameters related to time and environment such as relative humidity, age of
girder when strands are detensioned, age of girder when the deck is placed, and number of curing
days for the girder. In this example it is assumed that the relative humidity is 70%, the strands are
detensioned one days after the girder concrete is cast, the deck is cast 29 days after the girder
concrete is cast, and that the girder concrete is steam cured for one day. Then select method to
generate the number of time steps that need to be considered in the type dependent analysis. Itis
recommended that the proposed method is selected although as explained in MDOT Final report
“Evaluation of Camber and Deflections for Bridge Girders” the use of the Gilbert et al. (2010)
method also leads to similar predictions. If measured camber at prestress release is available, then
the user has the opportunity to enter this information so that pre-erection camber predictions can
be informed accordingly. In this example, it is assumed that this information is not available.
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+ MDOTCamber v6.0 — O *

< Creep and Shrinkage Model Selection Time, Environment and Measured Camber Properties Results >

Number of sections to be mvestigated: | 51 5 )

A. Time and Environment Properties | &

Parameter Value Unit
Relative humudity* (H) 70 %
Age of girder when prestressing strands are released (i1) 1 days
Age of girder at deck placement (12) 28 days
Age of girder when barrier load is applied on first super-structure (t3) 35 days
Age of girder when overlay load 15 applied on first super-structure (t4) 35 days
Time being considered at final (i5) 27375 days
Number of curing day for girder (tcur_g) 1 days
Number of curing day for first deck (tcur_d1) 7 days

Time Matrix Generation

Proposed (Recommended) Gilbert et al. (2010) 9

A logarithmic timescale will be assigned for conducting time-dependent calculations. Please consult
user's manual for detailed information.

B. Measured Camber Properties | &

Check if there 15 any measured camber value.

Step 8: Click on the “Results” tab and click on “Calculate”. The following should appear when
the analysis is complete. In this example, it took 37.76 seconds to complete the analysis. The first
table presents camber at prestress release, pre-erection, just after deck placement, just before
application of barrier load, just after application of barrier load, just before application of overlay,
just after application of overlay, and camber or displacement at final time with and without the
influence of temperature gradients. The first figure shows how camber grows and reduces at
various stages with and without the influence of temperature gradients. The third table provides
net camber values without the influence of temperature gradients (i.e. the data used to construct
the black line in the figure). The user has the opportunity to obtain camber ata specific time by
clicking on the “Get Camber” button. The user has the opportunity to save the project data and
print the results shown in this tab by clicking the “Print Results” button. This takes a screenshot
of the results shown on this tab and allows the use to save this screenshot and print it if necessary.
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it
< Creep and Shrinkage Model Selection Time, Environment and Measured Camber Properties Results
Calculate Detailed Analysis | | Stress Analysis | | Slab & Screed Guidance New Analysis Download Data
Time (days) Event Net Camber (in.) Camber with... |Camber with
1 Release -5.16 -6.09 -4 38
28 Pre-erection -6.88 -7.82 -6.60
28 Tust after deck placement -3.81 -4.74 -3.53
35 Tust before application of barrier load -3.83 -4.43 -3.64
35 Just after application of barrier load -3.04 -3.64 -2.85
-
- I I - S
; Camber Developement
8- al = -
ep—— 4. MDOTCamber X
-7 [ | == = Camberwith Pes. Temp.
--------- Camber with Neg. Temp. ) o
G - Analysis has been conducted successfully. Elapsed time is 37.76 seconds.
5t
2
ak
0= = I
10° 10* 10°
Time (days)
Time (days) Net Camber (in.) Download Data 10 days Desired day to estimate the camber
1 -5.16
. 5 Get Camber -6.03 . Desired camber at desired time
2 -5.2
3 -5.38 Project Information
4 5.49 , ]
Project Name & Job Number: 175- 511 & 201437
5 -5.60
6 569 Conducted & Checked By: Furkan Cakmak & Fatmuir Menkulasi
7 -5.79 Date- 04-Mar-2021 Save Project Data | | Print Results
-
L] £ o7

To obtain information for setting screed and bottom of slab elevations click on “Slab and Screed
Guidance” button. This produces the table below, which provides camber and displacement
estimates at various points along the span of the beam: 1) just after girder erection, 2) just after
installation of diaphragms, 3) just after installation of formwork and deck reinforcement, 4) just
after application of deck load, 5) just after application of barrier load; and 6) effect of positive and
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negative temperature gradients. This information can be downloaded and be used to plot the
deflected shape of the beam for the various stages of deflection described in MDOT’s “Slab and
Screed Guidance Document”. This is illustrated by the graph below. The black line represents the
deflected shape of the girder after it has been erected on the bridge site; the blue line represents
the deflected shape of the girder after the diaphragms have been erected; the dark red line
represents the deflected shape of the girder after the deck formwork and reinforcement have been
erected; the purple line represents the deflected shape of the girder after the deck concrete has been
placed;and finally the green line represents the deflected shape of the girder after the barriers have

been installed.

# MDOTCamber v6.0 - O X
For the first super-structure Download Data
Location (ft.) |Net Camber just |Net Camber just Net Camber just Net Camber just
after girder after app. of after app. of after app. of
erection (in.) diaphragm load (in.) | formwork and deck | deck load (in.)
rein. (in.)
0 0 0 0 0
1.37 -0.27 -0.27 -0.26 0.17
274 -0.55 -0.54 -0.51 -0.33
4.11 -0.80 -0.78 -0.75 -0.48
548 -1.07 -1.05 -1.00 -0.65
6.84 -1.31 -1.28 -1.22 -0.78
o 1 1 T 1 4 1 47 nnAa ’
8 -
-7+
-6 +
~ _5 +
g
=
- -4
5 -4
e
s -3
© girder erection
-2 diaphragms
formworks and rebars
-1 deck
barriers
0 | I 1 I I I

Distance along the span (ft.)
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Appendix F.2 - Sample Camber and Deflection Calculations — Steel Beam

Problem Statement: Determine camber and deflections for a steel beam used in the M-20 project
(J.N.119069A) dueto: 1) beam self-weight, 2) weight of deck forms and deck reinforcement, 3)
weight of concrete deck, and 4) weight of sidewalk or barrier. This information can be used to
determine slab screed and bottom of slab elevations according to MDOT’s “Slab and Screed
Guidance” document. For example, the beam camber profile together with the specified minimum
haunch and beam bearing elevations can be used to determine slab and screed elevations. The
biggest unknown in the processisthe deflectedshapeof the beamatdifferentstages. This deflected
shape can be obtained from the MDOT Camber program as shown below.

Solution:

Step 1): Start the MDOT Camber Program and fill in the information required in the introduction

tab.

“ MDOTCamber v6.0

Introduction Girder Properties

@®MDOT

Michigan Department of Transportation

Name of the Project: M20

Job Number: 119069A

Conducted By: Furkan Cakmak

Checked By: Fatmir Menkulasi 7
(-) Upward (-) Negative
Deflection Curvature

(+) Downward

Deflection Curvature

Girder Concrete Properties

(+) Positive

- O

Deck Properties

Predicting Camber and Deflections in Composite Bridge Superstructures

§é‘>777 ,
%) benesch

College of Engineering

Date: Mar 05,2021 | =
Project Data: | Load Project Data
About: | @

Sign Convention

(-) Negative

Moiicat (-) Compression

ey (H) ~H-
as (0 -B-

(1) Positive
Moment

(+) Tension

Prestressing Steel | »

X
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Step 2): Click on the “Girder Properties” tab and select the type of the beam. In this case, it is a
steelbeam. Check the box nextto “Service Camber”. Check the boxnextto “Temperature Gradient
Analysis” and select the appropriate zone to obtain a sense for the influence of positive and
negative temperature gradients on beam camber and deflections. Click on “Lock the selections
made above”. Then enter girder properties including fabricated camber (use the scroll down bar to
see this). Fabricated camber represents the intentionally induced camber, which excludes self-

weight.
i MDOTCamber v6.0 — O X
Introduction Girder Properties Girder Concrete Properties Deck Properties Prestressing Steel | »
Select the Beam Type Analysis Type
3 Zone I v
| Lock the selections made above
Parameter Value Unit
Gross area (Ag) 90 in2
Unit-weight of cross-section (y) 0.490 kcf
Girder length (L) 173 ft.
Centroid of girder measured from bottom (ybottom) 355 in.
Gross moment of intertia (Ig) 75840 in4
Modulus of elasticity (Eg) 28500 ksi
Overhang length at bridge site (Lb) 24 in.
Girder height (h) 72 in.
Top flange width (bft) 23 in.
Top flange thickness (ht) 1 in.
Web thickness (tw) 0.625 in.
Bottom flange width (bfb) 23 in. v

| Bre ol
L A2 |
N 7
B\
h,
-+ [t
centroid +—|

wonoq,(

|
e
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Step 3: Skip on “Girder Concrete Properties” tab since this tab does not apply to steel girders.

Step 4: Click on the “Deck Properties” tab. Enter surface loads pertaining to deck formwork and
rebar weight, as well as concentrated loads for diaphragms. In this case three interior diaphragms
are selected; one at midspan and two at quarter points. Then determine whether the deck will be
replaced. In this example it is assumed that the deck will not be replaced. Enter parameters related
to the first deck, any potential overlay, and barrier.

+ MDOTCamber v6.0 — O X
Introduction Girder Properties Girder Concrete Properties Deck Properties Prestressing Steel | »
9
Parameter Value Unit
Slab formwork load (wsf) 10 psf
Surface load due to rebars (wsr) - psf
Diaphragm load (Pd) 5 kips
Number of interior diaphragms™® (Ndp) 3 -
Has the deck been replaced? o |
Yes
®) No
Parameter for the First Deck Value Unit
Specified concrete compressive strength at 28 day (fed) 4 ks1
Unit-weight of deck and haunch® (with mild steel) (v) 0.15 kef
Average deck thickness** (td) 9 i
Aggregate factor™ (K1) 1 -
Unit weight of plain concrete™ (wc) 0.145 kef
Average haunch thickness (th) 0 mn.
Overlay thickness (to) 2 in
Unit-weight of overlay (yo) 0.14 kef
Barrier load™" (wb) 0.04 kif

Step 5: Skip on “Prestressing Steel Properties” tab since this tab does not apply to steel beams.

Step 6: Click on “Creep and Shrinkage Model Selection” tab and selectthe AASHTO Body (2020)
model. Other models may be investigated to get a sense about the impact of this selection on beam
camber and displacements. Additional information on this topic may be found on MDOT Final
Report “Evaluation of Camber and Deflections for Bridge Girders”. The user also the opportunity
to enter magnification factors for tensile creep and flexural creep. However, since there is no
consensus in the engineering community as to what these magnification factors should be, and
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since most prediction methodologies (ACI 435R-95) assume that compressive creep is equal to
tensile creep and flexural creep, it is recommended that these factors be specified as 1.0.

+ MDOTCamber v6.0 — O X

< | Deck Properties Prestressing Steel Properties Creep and Shrinkage Model Selection Time, Enviror >

Note: After the model is selected, the parameters corresponding to the selected model should be provided.
If they are not known, default values (shown below if appropriate) will be assigned to them.

Creep and Shrinkage Model: | AASHTO Body 2020 (Recommended) v 9
Parameter Magnification Factor o
Tensile creep magmfication factor 1
Flexural creep magmification factor 1

Parameters needed to be defined:

AASHTO Body 2020

For this model, no parameter is required.

Step 7: Click on “Time, Environment and Measured Camber Properties” tab. Select the number of
beam sections along the span for which a time dependent cross-sectional analysis should be
conducted. Itis recommended that this number be at least 51 to obtain a smooth curve for the
deflected shape of the beam, which is important in terms of setting slab screed and bottom of slab
elevations. Indicate parameters related to time and environment such as relative humidity, age of
girder when the deck is placed, etc. In this example it is assumed that the relative humidity is 70%,
the deck is cast 2 days after the girder is fabricated. Then select method to generate the number of
time steps that need to be considered in the type dependent analysis. It is recommended that the
proposed method is selected although as explained in MDOT Final report “Evaluation of Camber
and Deflections for Bridge Girders” the use of the Gilbertet al. (2010) method also leads to similar
predictions. Then the user has the opportunity to enter pre-erection camber so that this information
canbeusedto predictthe restof the camber history. Thisis typically useful for prestressed co ncrete
girder in which pre-erection camber varies with time. In this example, it is assumed that such
information is not available and it will be computed by the MDOT Camber program.
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+ MDOTCamber v6.0 — O X

< Creep and Shrinkage Model Selection Time, Environment and Measured Camber Properties Results >

Number of sections to be investigated: | 51 9
A. Time and Environment Properties | &

Note: All time properties must be based on the assumption that deck is placed after 2 days of
girder erection.

Parameter Value Unit
Relative humidity*® (H) 70 %
Age of girder at deck placement (reference) (1) 2 days
Age of girder when barrier load 1s applied on first super-structure (t2) 9 days
Age of girder when overlay load 1s applied on first super-structure (13) 9 days
Time being considered at final (t4) 27375 days
Number of cuning day for first deck (tcur_d1) 7 days

Time Matrix Generation

Proposed (Recommended) Gilbert et al. (2010) o

A logarithmic timescale will be assigned for conducting time-dependent calculations. Please consult
user's manual for detailed information.

B. Measured Camber Properties = &

Check 1if there 15 any measured camber value.

Step 8: Click on the “Results” tab and click on “Calculate”. The following should appear when
the analysis is complete. In this example, it took 13.69 seconds to complete the analysis. The first
table presents fabricated camber (provided as an input), pre-erection camber (fabricated camber
minus deflection due to self weight), camber just after deck placement, just before application of
barrier load, just after application of barrier load, just before application of overlay, just after
application of overlay, and camber or displacement at final time with and without the influence of
temperature gradients. The first figure shows how camber grows and reduces at various stages
with and without the influence of temperature gradients. The third table provides net camber values
without the influence of temperature gradients (i.e. the data used to construct the black line in the
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figure). The user has the opportunity to obtain camber at a specific time by clicking on the “Get
Camber” button. The user has the opportunity to save the project data and print the results shown
in this tab by clicking the “Print Results” button. This takes a screenshot of the results shown on
this tab and allows the use to save this screenshot and print it if necessary.

< Creep and Shrinkage Model Selection

Time, Environment and Measured Camber Properties

Results

Calculate Detailed Analysis | | Stress Analysis| | Slab & Sereed Guidance New Analysis Download Data
Time (days) Event Net Camber (in.) Camber with... |Camber witk
1 Fabricated camber -14.60 -15.89 -14.21
2 Pre-erection -11.90 -13.19 -11.52
2 TJust after deck placement -2.82 -4.11 -2.43
] Just before application of barrer load -2.82 -335 -2.66
g Just after application of barrier load -0.84 -1.37 -0.68
-
- - - - - - -
Camber Developement
20
Net Camber
= == Camber with Pos. Temp. Gr.
A5k |eaeananan Camber with Neg. Temp. Gr.
_ 4 MDOTCamber - x
£ -10
_E:E Analysis has been conducted successfully. Elapsed time is 14.35 seconds.
O -
e ]
-_'_——-———————
S | sl I L g s s s aall il h i |
10° 10! 10- 10° 10* 10°
Time (days)
Time (days) Net Camber (in.) Download Data 10 days Desired day to estimate the camber
1 -14.60
Get Camber 0.16 in.  Desired camber at desired time
1 -11.90
2 -11.90 Project Information
2 -2.82
Project Name & Job Number: M20 & 119069A
3 -2.82
4 282 Conducted & Checked By: Furkan Cakmak & Fatmir Menkulasi
5 -2.82 Date- 05-Mar-2021 Save Project Data | | Print Results
-
=S o I =
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To obtain information for setting screed and bottom of slab elevations click on “Slab and Screed
Guidance” button. This produces the table below, which provides camber and displacement
estimates at various points along the span of the beam: 1) just after girder erection, 2) just after
installation of diaphragms, 3) just after installation of formwork and deck reinforcement, 4) just
after application of deck load, 5) just after application of barrier load; and 6) effect of positive and
negative temperature gradients. This information can be downloaded and be used to plot the
deflected shape of the beam for the various stages of deflection described in MDOT’s “Slab and
Screed Guidance Document”. This is illustrated by the graph below. The black line represents the
deflected shape of the girder after it has been erected on the bridge site; the blue line represents
the deflected shape of the girder after the diaphragms have been erected; the dark red line
represents the deflected shape of the girder after the deck formwork and reinforcement have been
erected; the purple line represents the deflected shape of the girder after the deck concrete has been
placed;and finally the green line representsthe deflected shape of the girder after the barriers have
been installed.

+ MDOTCamber v6.0 — O >
For the first super-structure Download Data
Location (ft.) |Net Camber just Net Camber just Net Camber just Net Camber just
after girder after app. of after app. of after app. of
erection (in.) diaphragm load (in.) |formwork and deck  deck load (in.)
rein. (in.)
0 0 0 0 ]
1.73 -0.38 -0.35 -0.31 -0.04
346 -0.76 -0.70 -0.63 -0.08
5.19 -1.14 -1.05 -0.94 -0.11
6.92 -1.52 -1.40 -1.26 -0.15
8.65 -1.89 -1.74 -1.56 -0.18
- : »
14 + . -
—— girder erection
12 4| — diaphragms
formworks and rebars
10 | — " deck
barriers
287
)
56 T
g
ST
2 1
_--——o--'—"_T'_-'_-—-'_-—-_
0 I I I I I I I I
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2 L
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Appendix F.3 - MDOT Camber Multipliers

MICHIGAN DESIGN MANUAL
BRIDGE DESIGN - CHAPTER 7:LRFD

Screeding

A. Transfer Screeding

Transverse screeding shall be used for finishing
all bridge decks.

When the skew angle is greater than or equal to
45°, the strike equipment is placed parallel to the
reference lines.

B. Screed Elevations

In computing screed elevations, the specified
camber should be used.

The following dead loads should be used in
computing beam deflection for screed elevations:

10 LBS/SFT for formwork
10 LBS/SFT for reinforcing steel
145 LBS/SFT for plain concrete
4 150 LBS/SFT for reinforced concrete

Screed elevations for suspended spans are to be
figured for the case of no deck concrete having
been poured in any span.

Screed elevations for prestressed concrete beams
are to account for long term effects by modifying
the beam deflection using the following factors:

Factor applied to prestressing force at release
= 1.9+0.6(1 Girdger / | compasite)

Factor applied to beam self-weight at release
= 2.1"‘0-7(' Girder / 1 Cormosite)

Factor applied to slab when poured
(including SIP forms, diaphragms and utility
Ioads) = 10+11(| Girder / | Composite)

Factor applied to barrier and sidewalk when
poured = 2.3

| Girder = moment of inertia of girder
I composite = moment of inertia of composite section

7.02.23
Stay-In-Place Forms
A. Use (9-2-2003)

Because of the design accommaodations, any need
for stay-in-place forms should be anticipated in
the Contract Plans and Specifications.

The criteria for the use of metal stay-in-place
forms are safety and economy in construction.
Where practical, they should be included as a
contractor option.

The use of concrete stay-in-place forms is not
allowed.

B. Design (5-6-99) (9-21-2015)

The design of metal stay-in-place forms is the
responsibility of the contractor. If the beams on a
deck replacement project can't accommodate an
increased dead load of 15 LBS/SFT (7.01.04 1)
then note 8.07.01 R shall be used on the plans.
Because of the load and deflection limits of the
forms, it may be necessary to reduce the beam
spacing resulting in the use of one or more
additional rows of beams. This additional cost
should be justified by the improved safety and/or
in the cost reduction of maintaining traffic on the
roadway below.

When the use of stay-in-place forms cannot be
economically justified the designer shall prohibit
their use by including note 8.07.01 S. on the
plans. (9-2-2003)

Detail steel beam tension zones on plans.
Welding or mechanically fastening permanent
metal deck formsor accessories to structural steel
is prohibited. (6-16-2014) (3-26-2018)

It is recommended that the highlighted text is
replaced with:

“Screed elevations for prestressed concrete beams
shall be obtained from the MDOTCamber
computer program in accordance with the Slab
and Screed Guidance document".

It is recommended that the units for these two items be changed to pounds per cubic feet to indicate the unit
weight of plain and reinforced concrete. For a 9 in. slab the load in terms of pounds per square foot for plain
and reinforced concrete will be 109 psf and 113 psf, respectively. For a more accurate estimation of plain
concrete unit weight refer to AASHTO LRFD (2020) Table 3.5.1-1. To estimate reinforced concrete unit
weight 5 pcf may be added to the unreinforced concrete unit weight.
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Appendix F.4 - MDOT Camber Multipliers
MICHIGAN DEPARTMENT OF TRANSPORTATION
SPECIAL PROVISION

FOR
STRUCTURE SURVEY DURING CONSTRUCTION
BRG:KCK 10f3 APPR:KB:JAB:06-08-18

FHWA:APPR:06-11-18

a. Description. This work consists of providing all the necessary labor, materials, and
equipmentto obtain elevation observations along existing and proposed beams or girders at the
stages of construction set forth in this special provision. Complete all work in accordance with
section 824 of the Standard Specifications for Construction, except as modified herein.

Submit the qualifications of the survey crew chief used to complete this work for review and
approval by the Engineer in accordance with subsection 824.01 of the Standard Specifications for
Construction.

b. Materials. None specified.

c. Construction. Witness horizontal control points in accordance with subsection 824.03.A
of the Standard Specifications for Construction and verify plan benchmarks and establish new
benchmarks in accordance with subsection 824.03.B of the Standard Specifications for
Construction prior to starting work.

Provide the Engineer with elevation observations at the same points along the existing and
proposed beams or girders as the bottom of slab and screed point locations included on the plans
and at the stages of construction listed below. Measure the elevations requested to an accuracy of
0.01 feet. Provide the information using the Bridge Elevation Table spreadsheet included in the
Reference Information Documents (RID).

1. Deck Replacement Projects.

A. Elevation observations along the bottom of the bottom flange of the existing beams
or girders prior to the removal of any of the existing superstructure and without any live
load or materials or equipment stored on top of the existing superstructure.

B. Elevation observationsalong the bottom of the bottom flange of the existing beams

or girders after the existing bridge deck has been removed and prior to installing forms or
reinforcement. Include information regarding any false decking in place.
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12SP-824B-01

BRG:KCK 20f3 06-08-18

C. Elevation observationsalong the bottom of the bottom flange of the existing beams
or girders after installing the forms and reinforcement and prior to placing the
superstructure concrete. Include formwork information.

D. Elevation observations along the bottom of the bottom flange of the existing beams
or girders after the proposed superstructure is complete and without any live load or
materials or equipment stored on top of the proposed superstructure. Provide these
elevations no more than 7 calendar days after the bridge has been opened to traffic.

2. Projects with a New Prestressed Concrete Superstructure.

A. Provide to the Engineer the release date of the prestressing force and the observed
camber at midspan for each beam no more than 7 calendar days after releasing the
prestressing force. The date and time when the measurements are taken shall be noted as
camber may vary markedly during the first 7 days.

B. Elevation observations relative to a local datum, with an elevation of 100.00 feet
at one end of the proposed prestressed concrete beam, along the top of the proposed
beams while they are still at the Precaster’s facility and prior to setting the beam seat
elevations at the abutments and piers. Measure the height of the beam at the point of each
elevation observation and provide this information to the Engineer. Complete this work
and submit the elevations to the Engineer between 14 and 21 calendar days prior to
setting the beam seat elevations at the abutments and piers. Indicate the distance from the
end of each beamto the support location at the time elevations are surveyed. Report the
date and time when measurements are taken.

C. Elevation observations along the top of the proposed prestressed concrete beams
after they have been erected on the abutments and piers and prior to installing forms or
reinforcement. Include information regarding any false deckingin place.

D. Elevation observations along the bottom of the bottom flange of the proposed
prestressed concrete beams after installing forms and reinforcement and prior to placing
the superstructure concrete. Include formwork information.

E.Elevation observations along the bottom of the bottom flange of the proposed
prestressed concrete beams after the proposed superstructure is complete and without any
live load or materials or equipment stored on top of the proposed superstructure. Provide
these elevations no more than 7 calendar days after the bridge hasbeen opened to traffic.

3. Projects with a New Steel Superstructure.

A. Elevation observations along the top and bottom of the proposed steel beams or
girders after they have been erected on the abutments and piers and prior to installing
forms or reinforcement. Include information regarding any false decking in place.

B. Elevation observations along the bottom of the bottom flange of the proposed
beams or girders after installing the forms and reinforcement and prior to placing the
superstructure concrete. Include formwork information.
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C. Elevation observations along the bottom of the bottom flange of the proposed
beams or girders after the proposed superstructure is complete and without any live load
or materials or equipment stored on top of the proposed superstructure. Provide these
elevations no more than 7 calendar days after the bridge has been opened to traffic.

4.Superstructure Widening Projects. Provide the information specified above for deck
replacement projects for the existing beams or girders that will remain in place. Provide
the information specified above for projects with a new prestressed concrete
superstructure or for projects with a new steel superstructure for the proposed beams or
girders.

5.The following information must be submitted with the elevation observations for all
projects:

A. False Decking.
(1) Material type(s).
(2) Material dimension(s).
(3) False decking layout.

B. Formwork.
(1) Material type(s).
(2) Material dimension(s).
(3) Formwork layout.

Work on a subsequent stage must not begin until the Engineer has reviewed and approved the

required information. The Engineer may elect to adjust the proposed bottom of slab and screed
elevations following a review of the documentation.

d. Measurementand Payment. The completed work,as described, will notbe paid for separately,
butwill be included in other bid items.
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Appendix F — Slab and Screed Guidance

The existingslab and screed guidance was reviewed. The old appendix was replaced with two new
appendices F.1 and F.2 that show step by step how beam camber and deflections can be calculated
for prestressed concrete and steel beams in simply supported configurations. The text provided in
the existing guidance is shown in black. In cases where existing text is recommended to be
removed, red color with strikethrough is used. New text is shown in green.

Slab and Screed Guidance
The purpose of this guidance is to further define the determination of slab and screed
elevations and haunch thicknesses for bridge decks in simply supported bridge superstructures,
andto establlsh standard |nteract|on between de5|gn and f|eId offices durlng constructlon %eample

Examples for how prestressed concrete and steel beam camber and deflections can be
determined for various stages of deflections are presented in the Appendix F.1 and F.2.

This guidance also servesto presentanew process for verificationof camberanddeflection
values to ensure comprehensive determination of slab and screed grades on bridge decks for
optimal ride quality.

Screed Elevations:

Screed elevations are shown at the toe of barrier, or toe of sidewalk, as the contractor will
typically place the screed rail for the self-propelled transverse finishing machine on the fascia
beams, or as close as possible to limit the extent of hand finishing of the bridge deck. Elevations
will also be shown atbulkheadsandatthe crown pomtto faC|I|tate settlng up the flnlshlng machlne
properly prior to dry runs. .

en—thethee#eﬂeat—madway%gnmem— Screed elevatlons are based on the condltlon that no deck

concrete has been cast, and beams have already deflected under self-weight, and formsand rebar
weight (See Stages of Deflection section).

SCREED ELEWATION

FASCIA BOTTOM OF SLAB
ELEVATION ELEVATION

Figure 1. Screed elevation location at toe of barrier
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Screed elevations are set higher than the finished deck surface elevations in an amount equal to
the calculated deflections due to the deck concrete, and any sidewalk or barrier to ensure once the
deck, sidewalk and barrier are cast; the deck surface matches the final roadway geometry. On rare
occasions such as long spans, or horizontally curved girders, the self-weight of the transverse
finishing machine resting on the screed rails may induce beam deflections. The deflections from
the machine are insignificant when compared to the deflections caused by the plastic concrete;
however, deflection of the screed rail and finishing machine itself may need to be accounted for.

Standard specifications subsection 706.03.A.2 requires the actual screed rail grades to be
within 1/16 inch of the screed grades shown on the plans. The contractor is responsible to adjust
the rail grades at their supports or to install tighter support spacing to ensure deflection of the rails
(between supports) due to the weight of the self-propelled transverse screed machine does not
exceed 1/16 inch.

Bottom of Slab Elevations:

Bottom of slab elevations are typically provided on the slab and screed sheet, and are
calculated based on the proposed roadway vertical alignment (and horizontal alignment if on a
curve or transition) and cross sectlon Elevatlons are prowded at the right and left edge of each
beam Ilne

LEET MR [GHT BOTTOM OF

SLAB ELEVATION A FRRRRLIR

e

Figure 2. Bottom of Slab elevation points

The bottom of slab elevations take into account the factthatthe beamsand diaphragms are erected,
and allowances are made for vertical alignment, and deflections due to forms and rebar weight,
and bridge deck concrete weight. Bottom of slab elevations shown on the plans are set higher than
the actual finished bottom of slab elevations in an amountequal to all the calculated dead load
deflections (except for beam self-weight) to ensure once the deck, sidewalk and barrier are cast;
the bottom of slab elevations equal the deck surface elevations minus deck thickness (typically 9
inches).
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Bottom of slab elevations are important, as the contractors typically tack welds the stay -
in-place metal deck form angles to the appropriate haunch heightbased on these elevations, except
in tension zones, where straps are used. If the actual beam camber, or deflections deviate from the
calculated valuestoo much, thisimpacts the bottom of slab elevation, and could resultin excessive
or negative haunches.

Bulkhead Elevations:

Bulkhead elevations are deck surface elevations transverse to beam lines at each abutment,
and when crossing expansion or construction joints. The intent is to provide the contractor with an
elevation to place expansion jointrails, or metal bulkheads for construction joints when following
the deck pour sequence as shown on the plans. Similar to bottom of slab elevations, bulkhead
elevations take into account vertical alignment, and deflections (there is no deflection at the
abutments or piers) due to beam self-weight, forms and rebar, and bridge deck concrete weight.
Bulkheads may be eliminated when combining deck pours. Changes to the pour sequence or the
combining of deck pours must be approved by the design engineer.

Haunches:

Haunches are determined based on the fact that the final deflected shape of the beam will not
exactly match the proposed roadway vertical alignment. Designers calculate haunch thicknesses
based on the difference between the bottom of slab elevation, and the top of beam elevations. On
new structures or superstructure replacements, designers willassume a minimum haunchthickness
to afford flexibility in the field if bottom of slab elevations require adjustment. On deck
replacements, designers are at the mercy of existing beam conditions and must calculate haunches
on known conditions and calculated deflections. The beam elevations are determined based on the
elevations of points of support, and the in-span deflections. Haunch thicknesses are variable along
the length of the beam to accommodate the difference between roadway geometry, and structural
deflections of the beams. The goal beingsatisfactory ride quality transitioning from road to bridge.

For structures on sag vertical curves with ideal beam camber, the haunch will typically be
maximum atthe ends of the span, and minimum atmidspan. For structures on crest vertical curves,
the haunch may be minimum at the ends of the span, and maximum at midspan. Designers try to
coordinate the beam camber to match the crested roadway when possibleto offer consistent haunch
grades. The Michigan Bridge Design Manual, section 7.02.19C directs designers to use a uniform
1 thick haunch for steel beams, and a minimum 2 thick haunch for prestressed concrete beams.

Haunch thicknesses are also variable across the cross section, given the crown, or
superelevation of the roadway surface, or the skew of the bridge.

Beam Camber:

Beamsare positively or negatively cambered to compensate for dead load and live load deflections
to match the proposed roadway vertical alignment. There are several stages of dead load deflection
that are taken into account as described in the Stages of Deflection section, and the camber
ordinates are determined based on the magnitude of these deflections. There are differencesin
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control of camber and deflections between steel beams and prestressed concrete beams as
described below.

Steel Beams:

Camber ordinates on steel beams are developed based on the vertical alignment going
across the bridge, haunches, and the calculated dead load and superimposed dead load. As a
minimum, typically, a 1.0 in. haunch is targeted for deck replacement, and a 2.0 in. haunch is
targeted for new superstructures. All of the stages of dead load deflection, plus the live load
deflection are summated to determine the maximum required midspan camber ordinate value.
Additional camber may also be required for geometry.

MDOT Bridge Design Manual section 7.02.06 requires acompensating camber to be designed into
the beams where dead load deflection or vertical curve offsetare greater than 4. This may include
a negative camber for portions of beams on continuous spans to ensure uniform haunch depths,
and bottom of slab elevations such that the sum of all dead load deflections results in the deck top
surface matching the proposed roadway vertical alignment as close as practicable.

During fabrication, camber is easier to control for steel beams than for prestressed concrete beams.
For built up steel plate girder, fabricators have two options to fabricate beams to the specified
camber:

« The web plate can be cutin a parabolic shape to match the camber ordinates shown on
the contract plans, and the top and bottom flange plates are then welded to the shaped
web plate.

« The web plate can be cut straight, the top and bottom flanges welded on, and the entire
beam heated as to allow manipulation to the desired camber. The beam is then allowed
to cool while being restrained to the required position as to lock in the cambered shape.

For rolled wide flange shapes, fabricators heat the beams is the same fashion as the second option
for built up plate girders to achieve the required camber. Asa result, the maximum camber for
steel beams is a function of fabricated geometry and greater control of camber can be achieved.

For deck replacement projects on steel beam superstructures, the slab and screed elevations in the
plans will be based on the beams rebounding to their original elevation prior to weight of the
concrete deck. This does not always occur due to beam deterioration, change in support conditions

and screed sheets, and provide this informationto the designer for review, and to make adjustments
to grades if necessary.

Prestressed Concrete Beams:

Similar to steel beams, camber is also required for prestressed concrete beams; however, the
amountof upward deflection isafunction of the prestress force, the eccentricity of the prestressing
strands to the neutral axis of the beam, the beam shape, shortterm and long term properties of the
concrete mix, beam concrete age at prestress release, erection, placement of deck, and placement
of superimposed dead loads. For a complete discussion on the factors that affects beam camber
and displacements please refer to MDOT Final Report “Evaluation of Camber and Deflections for
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Bridge Girders”. Examples for how prestressed concrete and steel beam camber and deflections
can be determined for various stages of deflections are presented in the Appendix.

Designers specify a minimum compressive strength required at prestress strand release based on
acceptable levels of stress in the beams, and this value is used in the deflection calculations when
calculating the modulus of elasticity. Fabricators often add accelerators and water reducers to
increase the short-term strength gain in the concrete mix, to ensure the prestressing beds can be
turned around in a specified time needed for production. Although fabricators are required to meet
camber tolerances per Table 708-1 of the standard specifications, the result is the actual prestress
beam deflections diverging from the theoretical deflection calculated during design due to the
higher compressive strength. The MDOT Camber program allows the user to account for expected
material properties thus leading to more accurate camber and deflection predictions.

Stages of Deflection:

The slab and screed, and bulkhead elevations on the project plans are calculated to ensure
the final deck position closely matches the design roadway alignment taking into account camber,
and all stages of superstructure deflection. To accomplish this, the calculations assume thata beam
lying on its side is fully cambered, as shown in Figure 3.

The camberordinates shown in Figure 3 will be shown onthe projectplans for steel girders
to direct the fabricator what camber is required. These camber ordinates exclude beam self-weight
for steel beams.

Maximum midspan camber taking into account beam dead load deflection will be shown
on the plans for prestressed concrete beams.

e
\\\ “\\_‘/

TS\ CAMBER ORDINATES
Figure 3. Steel beam lying on its side

The first step in determining the slab and screed grades is calculating the reduction in
camber due to the girder self-weight. When a girder is supported at points of bearing, either on a
pier or abutment, the girder will deflect under its own self-weight. At support points there will be
no deflection. For simply supported spans, maximum deflection will occur at midspan, and for
continuous girders, maximum downward deflection will occur at some point prior to midspan, and
upward deflection in adjacentspansis consideredin the bridge deck pour sequence. Figure 4 shows
a span supported atbearingpoints deflectingunder the girder self -weightload, which is designated
as Aq.
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THEORET ICAL r— BEAM DEAD LOAD ORIGINAL
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———————————

~ THEORETICAL FINAL POSITION

Figure 4. Deflection of the beam due to self-weight (applies to steel beams; prestressed
concrete beams already include beam self-weight deflection)

Note that the theoretical roadway profile is actually below the top flange line during this
stage, as the beam has not fully deflected into its final position. The theoretical final position of
the bottom flange of the girder is the position required to ensure the top surface of the bridge deck
matches the roadway vertical alignment as closely as practicable.

Another stage of deflection to consider is that produced by the weight of the forms and
rebar. The MDOT Bridge Design Manual section 7.02.22.B instructs designers to assume 10 Ibs/sft
each for the weight of forms and rebar in computing the screed elevations. Figure 5 shows the
additional deflection, A2, due to the weight of forms and rebar that is taken into account by
designers in computing slab and screed grades. This results in a relatively small deflection when
compared to self-weight, or deck dead load deflection, however, it needs to be taken into account,
and field offices should communicate with the designers if the actual deflections significantly vary
from the design assumptions.

At this stage during construction, if Contractor Staking is included in the contract, the
Contractor may take shots along the top flange of the girder, at the same interval as shown on the
slab and screed detail sheetin the project plans, and provide this survey informationto the engineer
and designer. If Contractor Stakingis notincluded in the contract, the project office may have their
surveyor performthis function. If there is cause for concern, or significant anomalies in deflection
are identified, this information should be submitted to the designer to compare these elevations to
the theoretical elevations based onthe camber and self-weight deflection calculations. This allows
the designer to make any necessary grade adjustments to the haunch or deck thicknesses to ensure
proper corroboration of the deck surface with the final roadway vertical alignment, and provide
the new grade information to the field. Because the deflections due to forms and rebar is relatively
small, most deflection issues may be identified after beam erection and evaluation of beam self -
weight effects.
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Figure 5. Deflection of the beam due to the weight of forms and rebar

Once the forms and rebar are set, the screed rails for the self-propelled transverse finishing
machine should be set on the fascia beams to either the elevations shown on the plans, or adjusted
elevations based on changes between the theoretical and actual camber and beam self-weight
deflections. At this stage, a dry run is to be conducted by the contractor to ensure proper deck
thickness measurements from the bottom of finishing machine to the top of the deck forms.

The most significant deflections of the beams occur under the wet load of concrete, prior
to concrete cure, and attainment of composite action. Figure 6 shows the deflection, A3 due to the
weight of the deck concrete. At this stage the beams should be very near their theoretical final

position.
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Figure 6. Deflection of the beam due to the weight of deck concrete

Once the bridge deck has been continuously wet cured for seven days per Standard
Specifications subsection 706.03.N, succeeding portions of the structure, such as sidewalk and
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bridge barrier railing may be cast on the deck. Figure 7 shows the deflection, A4 due to the weight
of sidewalk and barrier.
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Figure 7. Deflection of the beam due to the weight of sidewalk or barrier

The value of A4 will be relatively small, as the moment of inertia used in the deflection
calculation is now that of the composite section of beam and concrete deck.

The slab and screed grades shown on the plans take into account the beam camber minus
the sum of all stages of construction deflection (Al + A2 + A3 + A4) to obtain grades that result in

the bridge deck surface closely matching the theoretical roadway alignment upon completion of
the sidewalk and barrier concrete pours.

At this stage, any bumps in the bridge deck, or surface tolerances exceeding 1/8 inch over
10 feet must be removed via grinding. This results in the removal of the densified floated finish
portion of the bridge deck, and can introduce micro-cracks into the deck structure, both of which
are undesirable. Ensuring the finished deck surface matches the final vertical roadway geometry
as close as possible will help prevent grinding on the finished bridge deck. This requires careful
attention to detail on the actual beam camber and deflections compared to what is shown on the
plans and communication with the designer when values do not correspond.

Staged Construction:

Staged construction on bridge projects presents a challenge for geometry control on the
finished deck surface.
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On curved steel girder bridges constructed part width, there is a potential for the bridge
deck not matching at the stage line due to differential deflections from the difference in beam
stiffness (due to length and curvature) from beam to beam. This can be compensated by taking
survey measurements on the tops of the Stage 2 beams, and the Stage 1 bridge deck, and providing
these elevations to the designer for review.

On prestressed side-by-side box beam bridges constructed part width, all the box beams
may be fabricated at the same time. The Stage 1 beams will be erected and experience full dead
load deflection, while the Stage 2 beams may experience camber growth due to the prestressing
force eccentricity. This causes issues during Stage 2 construction such as transverse post
tensioning ducts not lining up, or potential change in deck thickness at the stage line. If all the
beams for a staged construction project are cast together, the Stage 2 beams should be monitored
for camber growth. The most significant camber growth is a result of curing concrete and strength
gain and occurs within the first 28 days after beam casting. Any growth in camber should be
communicatedto the designerand adjustments made to the haunch grades if necessary. Preloading
the beams after erection may be necessary to align post tensioning ducts. Contact the designer for
assistance with prestressed side-by-side box beam bridge projects that are done part width.
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