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ABSTRACT

Full-depth precast concrete panels offer an eifficalternative to traditional cast-in-place
concrete for replacement or new construction afdeidecks. Research has shown that
longitudinal post-tensioning helps keep the prebadge deck in compression and avoid
problems such as leaking, cracking, spalling, af$equent rusting on the beams at the
transverse panel joints. Current design recomnt@rdasuggest levels of initial compression
for precast concrete decks in a very limited nundfdaridge configurations. The time-
dependent effects of creep and shrinkage in comemrad relaxation of prestressing steel
complicate bridge behavior, making the existingpramendations for post-tensioning in precast
deck panels invalid for all bridges with differiggrder types, sizes, spacings, and span lengths.
Therefore, the development of guidelines for lewdlpost-tensioning applicable to a variety of
bridge types is necessary so designers may eagilgiment precast concrete panels in bridge
deck construction or rehabilitation.

To fulfill the needs described, the primary objgetof this research was to determine the
initial level of post-tensioning required in varg@precast concrete bridge deck panel systems in
order to maintain compression in the transverselgamts until the end of each bridge’s service
life. These recommendations were determined byeslts of parametric studies which
investigated the behavior of bridges with precasiccete decks supported by both steel and
prestressed concrete girders in single spans assvelo and three continuous spans. The three
primary variables in each parametric study inclugeder type, girder spacing, and span length.
The age-adjusted effective modulus method was tesadcount for the ongoing effects of creep
and shrinkage in concrete. Results from the Matimadels used in the parametric studies were
confirmed through comparison with results obtaifred finite element models generated in
DIANA.

Initial levels of post-tensioning for various lyi& systems are proposed based on the
trends observed in the parametric studies. Theaptelecks of the simple span bridges with



steel girders and the one, two, and three spagdsidith prestressed concrete girders needed
only 200 psi of initial post-tensioning to remamdompression under permanent and time-
dependent loads throughout each bridge’s serviee Tihe precast decks of the two and three
span continuous bridges with steel girders, howewsgded a significantly higher level of initial
compression due to the negative moments creatédeblpads.
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CHAPTER 1: INTRODUCTION

1.1 Full-Depth Precast Concrete Bridge Deck Panels

The rapid pace of life in today’s society dematreasportation infrastructure which is
reliable, efficient, and safe. As traffic volumamntinue to increase, the performance and
durability of existing roads and bridges are chragksd and scrutinized on a daily basis. When
problems arise, it is important that the respoesitdnsportation agency have the ability to
perform the necessary maintenance or constructiartimely and effective manner. For the
rehabilitation of bridge decks, full-depth precesihcrete panels provide a solution which is
quick and easy to implement.

Many advantages to using a precast panel systebmiftye decks exist. First, all of the
deck panels can be manufactured at a concretespireg#acility prior to the start of construction
at the bridge site. This prefabrication eliminatestime it would otherwise take to cast and cure
a concrete deck in place at a bridge site, leagimg a minimal amount of cast-in-place material
to be required for securing connections at the $Meng with simplifying the construction
process, the precast panels allow for a much fasidge deck replacement or repair, which
significantly reduces the duration of bridge clesand the corresponding disruptions of traffic.
In most cases, the flow of traffic can be maintdina a portion of the bridge while precast
panels are used to fix segments of the bridge oteckher locations. The precast system is an
economical option due to the savings in requirettlfiabor and the reduced inconvenience of
delays for bridge users. Finally, the precastesystan be a practical solution for a variety of
transportation infrastructure needs, including meigdge construction as well as bridge deck
rehabilitation or replacement (Issa, 1995b).

Although prefabrication of the concrete panels esathe process of constructing the
precast system fairly easy, the design of the gaamad the other components present in the
system are all important to ensure a properly fionatg bridge deck. The panels themselves
usually have thicknesses ranging from 6 to 10while their lengths and widths may vary from
several feet to much longer lengths depending etbthige deck layout and the requirements of
the project. The connection between the precastlm®mponents and the supporting girders is
typically provided by shear studs, which resisthibezontal shear forces created between the
bottom of the precast deck and the top of the gird@he gap between the bottom of the deck



panels and the top of the girders is generallyii-fhick and is referred to as the haunch. A
specific number of open blockouts are formed thhotlng thickness in each precast panel to
provide space for the shear studs which extendarp the top flanges of the girders. The joints
between the precast panels typically have eitmeale-female or female-female configuration.
The precast panels commonly contain prestressingds, regular steel reinforcement, bonded
post-tensioning tendons, or some combination cfehibree in the transverse direction to resist
bending moments across the width of the bridgeadihtion, the panels should contain ducts for
longitudinal post-tensioning of the bridge deckjahhhelps keep the transverse panel joints in
compression and resist bending moments along tiggHeof the bridge (Issa, 1995a).

Given this information about the components offifecast bridge deck system, the
procedure for construction of the system can berdes] in a few easy steps. First, the bridge
girders are erected on their supports. Next, gadprecast concrete panels are arranged on top
of the girders along the bridge, and leveling bafes used to adjust the panels to their final
elevations. After the panels are in place, theswarse panel joints are filled with grout or
coated with epoxy, and the entire bridge deckngikudinally post-tensioned to seal and
compress the joints. If shear connectors areliedtafter the precast deck is in place, this sep
completed next. Formwork to contain the haunasgembled, and a non-shrink, high strength
grout is used to fill the haunch and the open etk in the panels. Most of the grouts used to
fill the haunch and blockouts set very rapidly afdain the strength required to allow traffic on
the bridge within a few hours or days. Followihg grouting process, waterproofing
membranes and overlays may be added to the defelcsuo enhance its appearance, rideability,
and durability. Figure 1.1 illustrates the compatsanvolved in this construction process for a

bridge containing precast concrete deck panelgassiressed concrete girders.
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1.2 Prestressing Methods

Some elaboration on the concepts of prestressingdessary for a complete
understanding of this research. Pretensioningoastttensioning are the two methods used to
produce an initial state of compression in concne¢enbers. While concrete has a significant
amount of strength in compression, its tensilengftie is very low and is often considered to be
zero in design. The initial compressive load agptio a concrete member during the process of
prestressing is therefore intended to lessen mirgite the tensile stresses that would otherwise
develop in the concrete under service loads.

The primary difference between the methods ofgm&bning and post-tensioning
involves the time at which the compressive forcaplied to the concrete member. In a
pretensioned member, the steel strands are tedsamkanchored outside the beam area before
the placement of the concrete. After the condsetast and it attains sufficient strength, the
prestressing strands are cut; this releases thmgaforce, which is transferred from the steel
strands into the concrete through the bond betweetwo materials. In a post-tensioned
member, on the other hand, the steel strandsr@assstl and the compressive force is applied to
the concrete after it has set and has gained ateguangth. Post-tensioned members typically



contain hollow ducts around which the concretealiermember is cast. The steel strands are
threaded through these open ducts, anchored arohend then stressed at the other end. The
stressing mechanism reacts against the concretdenetself. Once the desired jacking force is
reached, additional anchors are used to secuteridens at the stressing end, and the stressing
jack is detached. The strand elongation and ttiarg pressure are both monitored throughout
the stressing process to calculate the amounneiae in the strand at any time.

Following the post-tensioning process, the ductgaining the tendons are usually filled
with grout, which is pressurized and pumped inedhbcts at one end until it emerges at the
other end. Once the grout hardens, the bondsecr@dibw forces to be transferred from the
steel strands through the grout to the walls ofdilrets. While the primary compression force is
still applied to the concrete through the anchosagleich stay in place, grouting increases the
member’s flexural strength and enhances its pedooa in the case of overload (Nilson, 1987).
The post-tensioning operations described hereilydpphe precast concrete bridge deck panels
investigated in this research.

1.3 Time Dependent Effects in Concrete

In concrete structures, creep and shrinkage cstusies to gradually develop. Usually
the concrete contains prestressed and/or non-pssstt steel, so the development of strains in
the cross section over time causes stresses talbeed in every element of the cross section,
including the concrete itself as well as any stieal is present (Dilger, 1982). In many cases, the
stresses and deformations resulting from this naotis redistribution of forces can influence
the structure as much as the dead and live loadswahe applied to it. Therefore, it is very
important to consider the long-term effects of praad shrinkage in concrete, as well as
relaxation of prestressing steel, in the designanadysis of concrete elements. In this research,
the effects which these ongoing changes have opasietensioning and the corresponding level
of compression it applies to the precast concretig® deck panels are of particular interest and

importance.

1.4 Research Objectives
The primary objective of this research is to rentend the initial level of post-tensioning
required in various precast concrete bridge dedelpsystems in order to maintain compression



in the transverse panel joints until the end ohdaradge’s service life. The predictions of stress
changes over time are made by performing time-d#ga@ranalyses which consider the
redistribution of forces in bridge systems causgdreep and shrinkage in concrete and
relaxation of prestressing steel. The age-adjustfiedtive modulus method is used to account
for the ongoing effects of creep and shrinkageoimceete.

In order to recommend initial post-tensioning lever precast concrete deck panels in a
wide variety of bridge systems, another goal df tieisearch is to conduct parametric studies
using numerous models which, as a whole, allowHerevaluation of both steel and prestressed
concrete girders in simple spans as well as twalame@ span continuous bridges. All of these
models were created using Mathcad. Finally, redusm both simple and continuous span
models are compared to analytical results obtairmad finite element models generated in
DIANA. These finite element models were verifiggbarately by experimental results obtained
from a full-scale bridge mockup constructed antetés the Virginia Tech Structures and
Materials Laboratory.

1.5 Thesis Organization

This document includes five chapters which preddférent aspects of the research
performed. Chapter 2 provides a summary of thdicgipe literature regarding full-depth
precast concrete panels used for bridge decksidimg) prior recommendations made
concerning levels of post-tensioning required tepkthe deck panel joints in compression. This
literature review also explains the major time-dejant effects which occur in prestressed
concrete structures, and presents several modé&t$ Wwave been developed and used to predict
these long-term effects. Chapter 3 summarizestbods used to develop the models
containing steel and prestressed concrete girdeysa, two and three spans, and then explains
the process of conducting parametric studies teshgate the initial amount of post-tensioning
needed for each different bridge system. Chaptirséribes the results of the parametric studies
and provides an analysis of these results for ddfdrent type of bridge system. In Chapter 5,
the research is summarized and conclusions arendralve recommended levels of initial
longitudinal post-tensioning for each type of bedgystem investigated in this research are also
provided.



CHAPTER 2: LITERATURE REVIEW

2.1 Precast Concrete Bridge Deck Panel Systems
2.1.1 History

The first attempts at implementing precast coecsétbs for use in bridge decks were
made by New York, Alabama, and Indiana in the eb@ly0’s. These first precast panels were
more frequently applied in the construction of Hawige decks rather than in deck rehabilitation
projects, and non-composite deck-girder systemse w&re common than composite systems.
In 1982, a PCI Bridge Committee survey concluded gnecast, prestressed concrete bridge
deck panels were being used regularly in 21 seatdsvere starting to be integrated in another
seven states. Later, in 1986, a PCI Bridge PraduCemmittee survey led to the development
of design specifications for precast panel systenasthe subsequent publication of suggested
practice for implementing such systems (Issa, 1295b

2.1.2 Implementation

In order to gain a better understanding of thesnaywhich precast bridge deck panels
were being implemented, Issa et al. (1995b) comdlatsurvey of the methods being used by
different transportation agencies throughout théddnStates and Canada. The researchers
requested information regarding construction meshettuctural component dimensions and
details, material specifications, connection ty@esl performance ratings of the various
elements of precast bridge deck panels system®r édmpiling this information, it was clear
that each department of transportation had useguartechniques to design and construct its
own precast panel bridge decks, and the paperides@ome of these applications in selected
states. Examination of these different procedallesved the researchers to identify the most
important parts of a precast bridge deck systencandlude the essential functions of these
parts in such a system. The critical parts of & fwactioning precast deck panel system include
an efficient construction sequence, an appropgetating material, transverse prestressing,
longitudinal post-tensioning, and particular typépanel-to-panel joints and panel-to-girder
shear connectors (Issa, 1995b).



2.1.3 Field Performance

In addition to gathering details on the vital caments of a precast deck panel system,
Issa et al. also wished to use the informatiorectdld throughout their surveys to “evaluate the
stability, durability, and performance of the prepd bridge deck system exposed to harsh
conditions” (1995b). As a result, the survey resss pertaining to the difficulties encountered
with the panel-to-panel joints and the possiblsoea associated with these issues were of
particular interest. Of the small number of trasation agencies that did respond to this part of
the survey, the most common reasons for problertisthe precast panel joints were
construction procedures, material quality, and tesi@nce. These conclusions directly lead to
the first goal for future research presented aetiweof the paper, which involves finding “the
best jointing system between the panels that cavige high flexural and shear resistance, full
bond, and complete tightness” (Issa, 1995b). mheli level of post-tensioning across the
precast concrete panels is a key factor in maimgithe desired compression across the panel
joints.

As a follow-up to the aforementioned studies, ksisal. performed field inspections of
bridges in several different states to assesstthetsral performance of full-depth precast,
prestressed concrete deck panels in service (19998 results of these visual field surveys
supported the findings of the previous study, ferttiarifying the best methods for
implementing precast panels in future bridge dewkstruction or replacement, along with
highlighting the advantages and disadvantagesfiefeint precast panel systems. The primary
conclusion drawn from this follow-up study was tpatcast concrete panels can provide a cost-
effective and efficient replacement for deterioddbeidge decks. In most situations, the
researchers rated the performance of the precastspas excellent. Alternatively, the cases
where inadequate performance was observed weilsuédil to several possible factors,
including the absence of longitudinal post-tensignthe horizontal shear connection type, the
panel-to-panel joint configuration, and the consion methods and materials used.

Of the above possible contributors to poor predask panel performance, the most
important variable in relation to this researcthis level of longitudinal post-tensioning in the
deck. One way to avoid malfunction in a bridgelde@de up of precast concrete panels is to
ensure that the transverse joints between adj@eels remain in compression to prevent
problems such as leaking, cracking, spalling, arf$equent rusting on the beams below. In the



field inspection performed by Issa et al. (1995a)ne of the same bridges which showed
evidence of these problems occurring at the trassvjeints also lacked longitudinal post-
tensioning in their precast decks. The New Yo&T hruway Authority bridges at Krumkill
Road and the Amsterdam Interchange, for examptd, ddibited major cracking, spalling,
leaking, and rusting at the transverse joints;areditions were all mainly credited to the lack
of any longitudinal post-tensioning to keep thecpse panel joints tight. The Route 235 Bridge
over Dogue Creek in Fairfax, Virginia also showealence of leakage, cracking, rusting, and
efflorescence at the precast panel joints in a @ettkno longitudinal post-tensioning.

Similarly, the 18 Alaska DOT bridges over the Daltdighway displayed cracking at nearly all
of the transverse joints, with particularly severacking and some material loss over the
supports. As in the aforementioned bridge exampiese faulty conditions were primarily
attributed to an absence of longitudinal post-tamsg to tighten the transverse joints and keep
the deck in compression. As a result, one of éisearchers’ major recommendations was to
longitudinally post-tension precast concrete bridgek panels “to secure the tightness of the
joints, to keep the joint in compression, and targuagainst leakage” (Issa, 1995a).

2.1.4 Finite Element Modeling

Following their literature review, questionnairgeeys, and field investigations on
precast concrete panels used in bridge deck catistiniand rehabilitation (1995), Issa et al.
presented a third study in 1998 regarding theefiniement modeling and analysis of such a
system. While several different bridges were medietwo of these models were selected to be
presented in detail in the third paper. Theselmnadges were the Route 229 Bridge over Big
Indian Run in Culpeper, Virginia and the Welland/&tiBridge near Niagara Falls in Canada: a
simply supported bridge and a three-span continstrusture, respectively. Both bridges
consisted of precast concrete decks supportedlley isteel beams, and were modeled and
analyzed using the finite element software ALGOR.

The primary objective of this third study by Issgaal. was to use the results obtained
from the finite element analyses to establish thesses in the systems under service loads, and
to recommend the corresponding levels of post-d@mnsg necessary to maintain compression in
the transverse joints (1998). Since the entir& dbould remain in compression, the key areas
of concern were the transverse joints with the ésghension stresses. For the Culpeper Bridge



model, separate analyses considering the indivigifiatts of live load due to maximum moment
and shear as well as several post-tensioning leveis all superimposed to investigate the
resulting bridge deck stresses. As expected impls span case, the highest levels of tension
occurred at the bottom of the transverse jointil&\the largest tension stresses were found to
be around 100 psi, Issa et al. suggested a minimitiad deck post-tensioning level of 200 psi
to keep the transverse joints in compression asa atcount for the time-dependent effects of
creep and shrinkage in the concrete (1998).

The Welland River Bridge model, on the other han@mplified more complicated
behavior due to the negative moment regions indoeed the interior supports of the three-span
continuous structure. Therefore, in this modelsien values were high both at the bottom of
the midspan joints and at the top of the jointsralie interior supports. After modeling this
structure and plotting the stresses at the tobattdm of the bridge deck along its length, it was
confirmed that the most critical tensile stressesavgituated at the interior supports on the top
surface of the bridge deck. Following several addal analyses, Issa et al. recommended a
minimum initial deck post-tensioning level of 458 fo ensure compression in the deck at the

critical interior support locations of such conus bridge structures (1998).

2.1.5 Experimental Testing

In 2000, Issa, et al. performed an additional gttinis time to investigate the behavior of
full-depth precast concrete panels used in bricdgpisiexperimentally. As in previous studies,
one of their main goals was to examine the amotlletngitudinal post-tensioning needed to
keep the transverse panel joints in compressiomaaidtain continuity in the deck. To
accomplish this, they tested three different twarspontinuous bridge models with precast
concrete deck panels supported by steel girddrsgaked down by a factor of % from the design
of a four-span continuous bridge prototype. Th&t firidge model contained a bridge deck with
no longitudinal post-tensioning, whereas the se@nttithird models incorporated initial post-
tensioning levels of 208 and 380 psi, respectivialy their deck systems.

Results of the experimental testing confirmedrtéed for longitudinal post-tensioning in
an efficiently functioning precast deck panel systeThe first loading for the bridge with the
non-post-tensioned deck was a static test, whiakezhthe first crack to form in the transverse

joint near the interior support of the two-spantoarous structure at a load of 11 kips. The



authors credited this early cracking to the absefdengitudinal post-tensioning to keep the
transverse deck panel joints in compression. Uaggting initiated a crack in the transverse

joint at the other end of the same panel neartegior support. This second crack led to
complete splitting in the transverse joints at bends of the panel, which then became separated
from the rest of the panels and caused failurbefieck. It was also determined that the steel
stringers had been over designed, so smaller ssatiere used in the last two bridge models to
reduce the structure’s overall stiffness by a faofd.4.

The second bridge model, which contained 208 fagost-tensioning in the deck,
showed no cracking following an initial static laagl identical to that applied to the nonpost-
tensioned model discussed above. Issa et al. agadited this result to the longitudinal post-
tensioning added to the deck. The additionalttaat the steel stringer size had been decreased
between the first and second tests made the abséncacking after initial loading in the second
test even more significant. The researchers chhitinese results as proof that the added
longitudinal post-tensioning “significantly enhasd@e structural behavior of the bridge deck
model as well as reduces the tensile stresseg imahsverse joints, hence rendering them in
compression” (Issa et al., 2000). When the firatk in the second test did form, its
corresponding load was about three times greaterttie load for first cracking in the first
model. In addition, this crack formed right oviee interior support, not at a transverse joint.
The absence of cracking in the transverse joinbsgalditional loading further confirms the
value of the longitudinal post-tensioning in thedge deck.

The only difference between the second and thidhb models was that the third model
contained a higher level of post-tensioning, 380ipshe deck. Due to this larger amount of
post-tensioning, initial cracking occurred in thed model at a load of 5 kips higher than that
for the second. During further testing of thedhridge model, the most important event
observed was that the post-tensioning helped sedloe crack resulting from the addition of a
substantial amount of loading. The most importaatrall conclusion from the experimental
research was that “the longitudinal post-tensioniag effective in delaying crack initiation”
(Issa et al., 2000).
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2.2 Time-Dependent Effects in Concrete

The behavior of a concrete structure over an ebdemperiod of time depends on two
main criteria. These two factors include the loatigch are applied to the structure, and the
long-term effects of creep and shrinkage in thecoete and relaxation in the prestressing steel.
While the applied service loads will be unique doery different structure, the time-dependent
effects of creep, shrinkage, and steel relaxatéonbe defined and accounted for in the same

way for all concrete structures.

2.2.1 Creep
Creep is defined as deformation of concrete uodestant load over a long period of
time. The basic principles of creep can be desdrising Figure 2.1.

Cresp Elastic

Strain

Creep

Elastic |
i Perrnan ent

Titne

Figure 2.1: Elastic and creep strains due to lgpadimd unloading (after MacGregor, 2005)

When the first load is applied, an initial elagticain,s;, immediately develops in the concrete.
Additional creep straing;, develop over time as long as the load remainhestructure. As
indicated by the slope of the graph between tipasdt in Figure 2.1, the rate of creep is
highest upon initial loading, and then decreasél time after that. Removal of the load at time
t results in the recovery of some of the elastic @eep strains, but the remaining amount of
residual strain results in permanent deformatiaha@eflection of the structure. Other
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consequences of creep may include loss of prestgefegsce and redistribution of stresses within
a given cross section (MacGregor, 2005).

In order to analyze the effects of creep on theb®r of structures, a term called the
creep coefficient is defined as the ratio of theegrstrain after some duration of load (from time
t, to timet in Figure 2.1) to the initial elastic strain:

L) =22 2.1)
&

The value of the creep coefficient depends on s¢gerantities, including the compressive
strength of the concrete and its age at loadirgggdimensions of the component, and the relative
humidity and temperature of the environment in \wliee component is located. Numerous
methods for calculating the creep coefficient efidacGregor, 2005), and the two different

procedures applied in this research are presemted h

2.2.1.1 AASHTO LRFD Creep Model

The method applied for calculating the creep coefits in all of the parametric studies
performed in this research was that presentedd®6 Interim AASHTO LRFD Bridge
Design Specifications, where the creep coefficieisbmputed as:

w(t,t) = 1K KK, ktdti70.118 (2.2)

in which:
k,=1.45- 0.13(/S }> 1. (2.3)
k. =1.56- 0.008 (2.4)
k¢ = 1+5f. (2.5)
K = (2.6)

1 B1- Af +t '
where:

k. = factor for the effect of the volume-to-surfaegio of the component
k.. = humidity factor for creep
k, = factor for the effect of concrete strength

kq = time development factor
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V/S = volume-to-surface ratio

H = relative humidity (%)

cl

members

f. = specified compressive strength of concretena tf prestressing for pretensioned

t = maturity of concrete (days), defined as ageooiccete between time of loading and time

being considered for analysis of creep effects
t; = age of concrete when load is initially appliekys)

2.2.1.2 CEB-FIP Creep Model

The method implemented in selected Mathcad mdded#iow direct comparison with
finite element results from DIANA was that presehby the CEB-FIP Model Code 1990

equations, where the creep coefficient is calcdlftem

¢(t’t0) = ¢oﬂc (t - to)

in which:
By = e B(Fe) B(15)
. 1-RH/RH,
P =10 260 1
~ 5.3
len) = (fon/ fom)®®
~ 1
Alto)= 0.1+ ¢, /t,)?
ho2A
u
N
Al t”{ﬂH +(t—t0)/tj
B 150{14{1.2&] }ﬂ-i- 256 150
RH, ) [h
where:

¢, = notional creep coefficient

P = coefficient to describe the development of cregp time after loading
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t = age of concrete (days)
fem = Mean compressive strength of concrete at aglays8(MPa), obtained by adding 8 MPa to
the compressive strength of the concrete

femo = 10 MPa
RH = relative humidity of the ambient environment (%)
RH, = 100%

h = notational size of member (mm)

A = cross-section of member (mm”2)

u = perimeter of the member in contact with the apie@re (mm)
h, = 100 mm

t; = 1 day

to = age of concrete at loading (days), adjustedraaug to

9 o
t =t,.| ——————+1| > 0.5days 2.15
o or {2+ (tor /tir ) } y (2.19)

where:

a = 0 for normal or rapid hardening cements (asrasslin this research)
tiT=1day

toT = the age of concrete at loading (days) adjustedraing to

(2.16)

tr =D At exp{ 13.65 4000 }
i=1

273+T (At ) T,

where:

tr = the temperature adjusted concrete age whichceglin the corresponding equations
At; = number of days where a temperaflifgrevails

T(4t) = temperature (°C) during the time peridigl

To=1°C

Equation F.10 was not used in the implementatioth@{CEB-FIP Model equations in this

research. The quantityr was simply taken as the age of concrete at loa@ndays) and then
adjusted by equation F.9 to obtén
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2.2.2 Shrinkage
Shrinkage is defined as a decrease in the voldrmoenzrete due to loss of water. The

basic principles of shrinkage can be describedguBigure 2.2.

Shrinkage strain

Titne

Figure 2.2: Shrinkage of an unloaded specimenr(&feeGregor, 2005)

As illustrated in Figure 2.2, this shrinkage begisssoon as the concrete begins to cure, and
occurs most rapidly at this initial time. Like ege the rate of shrinkage decreases over time, and
the shrinkage strain approaches some maximum esltiene approaches infinity.

The main type of shrinkage is referred to mosip$mas shrinkage, or more descriptively
as drying shrinkage. Since moisture must diffusteod the concrete for this type of shrinkage to
take place, the magnitude of shrinkage strainsrgely dependent on the relative humidity of the
concrete element’s environment, with larger shrgeatrains occurring in less humid
environments. Other factors which affect shrinkatyains include the concrete’s composition
and the ratio of volume to surface area of the reEtrRCMEMber.

Similar to creep, there are numerous methodsdtoutating shrinkage strains in

concrete, and the two different procedures apphigtis research are presented here.

2.2.2.1 AASHTO LRFD Shrinkage Model
The method applied for calculating the shrinkatgairss in all of the parametric studies
performed in this research was that presentedd®6 Interim AASHTO LRFD Bridge

Design Specifications, where the strain due tonglage at time is computed as
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gg =Kk K k,*0.48x10° (2.17)
in which:
k., =2.00- 0.01# (2.18)
where:
k.. = humidity factor for shrinkage
t = maturity of concrete (days), defined as ageooiccete between end of curing for shrinkage

calculations and time being considered for analys&hrinkage effects

and all other factors and variables are as defimélge previous section for creep, 2.2.1.

2.2.2.2 CEB-FIP Shrinkage Model

Again, the method implemented in selected Mathuadels to allow direct comparison
with finite element results from DIANA was that pested by the CEB-FIP Model Code 1990
equations, where the shrinkage strain is calcultated

8cs(t’ts) = 8csoﬂs (t - ts) (219)
in which:
8CSO = 83( fcm)ﬂRH (220)
£,(fon) =[160+ 108, (9 fy, /o ]x 10° (2.21)
Pey =-1.550,, for 40%< RH < 99% (2.22)
Py =+0.25 for RH> 99% (2.23)
RH Y’
B =1- (m} (2.24)
) ) ('[—'[S)/tl 0.5
Filt-t)= {350@ /h, ¥+ ¢—ts)/tj (2:25)
where:

&cso = Notional shrinkage coefficient
Ps = coefficient to describe the development of dage with time
t = age of concrete (days)

ts = age of concrete (days) at the beginning of &age
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fem = Mean compressive strength of concrete at aglay8(MPa), obtained by adding 8 MPa to
the compressive strength of the concrete

femo = 10 MPa

Ps = coefficient which depends on the type of cemggt= 5 for normal or rapid hardening
cements (as assumed in this research)

RH = relative humidity of the ambient environment (%)

RH, = 100%

h is defined in equation F.6

h, = 100 mm

ty = 1 day

2.2.3 Steel Relaxation

Unlike the time-dependent effects of creep andthkage which are inherent in the
behavior of concrete as a material, relaxation ecouthe steel strands used for prestressing
operations, and therefore only becomes a concgrretensioned or post-tensioned concrete
members. Because this research focuses on past#tiery of precast concrete bridge deck
panels, the long-term effects of steel relaxati@ncertainly an applicable concern.

Relaxation can be described as “the loss of sinesstressed material held at constant
length” (Nilson, 1987). Although changes in apg@lleads along with concrete creep and
shrinkage produce variations in strand length e@spressed concrete elements, tendon length is
assumed to remain constant for the purposes aiflasilg loss of force due to steel relaxation.
Like creep and shrinkage, relaxation of prestrgssieel may continue for a very long time, and
must therefore be considered in design as a notaligibutor to long-term loss of prestress
force.

Factors which affect the amount of relaxation th#éitoccur include the magnitude and
duration of the initial force, as well as the graael type of steel strands being used. The two
main types of prestressing tendons are low-relarand stress-relieved strand. The method
used for calculating steel relaxation values is tesearch was that given by the 2006 Interim
AASHTO LRFD Bridge Design Specifications, where tb&xation over a certain time interval
is given by:
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f f 3(Af Af
Al gy =| fo 100@A) T ]| ) SO Afyer) | (2.26)
K, log(24; ){ f,

where:

f = stress in prestressing strands immediately afhesfer (ksi)

pt
K, = factor accounting for type of steel, equal tof@iSlow relaxation steel and 10 for stress

relieved steel

f,, = Yyield strength of prestressing steel (ksi)

t = time being considered for analysis of relaxagdfacts (days)
ti = age of prestressing steel at beginning of the theing considered for analysis of relaxation
effects (days)

Af & = prestress loss due to shrinkage of concreteagaren time interval (ksi)
Af . = prestress loss due to creep of concrete ovarea gme interval (ksi)

K., = factor that accounts for the restraint of theatete member caused by bonded

reinforcement

The AASHTO LRFD Commentary notes that in equatidt6zZabove, “the term in the first
square brackets is the intrinsic relaxation with@ctounting for strand shortening due to creep
and shrinkage of concrete,” while “the second tarsquare brackets accounts for relaxation
reduction due to creep and shrinkage of concr&&&SHTO, 2006). Therefore, only the term in
the first square brackets in equation 2.26 was tesedlculate steel relaxation losses in this
research, since creep and shrinkage were accotantedparately using the models presented in

the previous sections.

2.3 Time-Dependent Analysis Methods for Concrete &ictures

The theories regarding creep and shrinkage inrebmare reasonably straightforward
and understandable. The behavior of concrete besomuch more complex, however, once it is
placed in a structural system in which the effectsreep and shrinkage are combined with other
materials and loads. Stresses and deformationsaudby creep and shrinkage of concrete and
other applied loads are also affected by the presehreinforcing or prestressing steel within
the concrete and/or the pairing of concrete elesweith steel sections in composite
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construction. The effects of creep and shrinkage time produce constant force redistributions
in each element of a cross section, and must b&demed in the design and analysis of concrete
structures.

Several procedures for describing and modelingethiene-dependent effects in concrete
have been formulated and discussed. The fundameritsome of these models along with the

reasons for the one chosen for use in this reseaectiescribed in the following.

2.3.1 Effective Modulus (EM) Method

The Effective Modulus method, proposed by McMil[d916) and Faber (1927), is
suggested by Dilger (2005) to be “the oldest antpf@st method to analyze time dependent
effects in concrete structures.” This method imesla reduction of the modulus of elasticity to
account for creep in concrete. To obtain the éffeanodulus, the elastic modulkgt,) is
reduced by a factor which incorporates the creefficent 4(t,t,) defined in equation 2.1:
i 1+E¢(;to ,)to) (&:27)

The effective modulus given in equation 2.27 magimployed in any elastic analysis.

ef

However, this implies that the strain due to craeaget is governed by the magnitude of the
stress at that time, and the stress history iegi@sded. Therefore, there are only two
circumstances under which the EM method produdesbte results. These two situations occur
when there are no major variations in the concess throughout the time interval being
examined, and when the concrete is old enoughhibatffects of aging are negligible. The EM
method underestimates strains when the stress iootiicrete is decreasing, and it overestimates
strains when the stress is increasing (Dilger, 2005

2.3.2 Rate of Creep (RC) Method

A second method for predicting time-dependentctdfen concrete was inspired by the
results of experiments performed by Glanville (1980 early-age concrete. Glanville
concluded that the rate at which concrete creepsrilated to the concrete’s age when it is
loaded; in other words, this means that “all creeqves are parallel” (Dilger, 2005). While
creep curves for fairly young concrete may be appnately parallel, this assumption is

definitely inaccurate for older concrete. Therefayverestimations are produced for both
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deformations due to creep during increasing stiadgelaxation of stress during constant strain.
The following two methods include efforts made émedy the faults of the RC method.

2.3.3 Rate of Flow (RF) Method

Proposed by England and lliston (1965), the r&f®w method was the first attempted
improvement on the RC method. They suggestedhkatreep compliance be defined as the
sum of “(1) elastic strain, (2) delayed elasti@asti(which is recoverable), and (3) (irrecoverable)
flow” (Dilger, 2005). Their experiments showedtthize recoverable elastic strain component
was not influenced by the age of concrete at lgpdimd approached a final value more quickly
than the irrecoverable flow component. Althougis thethod was considerably better than the
RC method, the delayed elastic strain and thedamem@ble flow still had to be individual

components in the formulation of the creep function

2.3.4 Improved Dischinger (ID) Method

Further attempts to enhance the RC and RF metiesd#ed in the improved Dischinger
method, which was a mixture of the RC and RF mettaowl was suggested by Nielsen in 1970.
Nielsen’s approach was to include the delayed ielastin as part of the elastic deformation,
and then take the irrecoverable flow componenet@bntical to the total creep from the RC
method. Nielsen’s method was later modified bydRusungwirth and Hilsdorf (1973) and
presented in the 1978 CEB-FIP Model Code.

2.3.5 Age-Adjusted Effective Modulus (AAEM) Method

The age-adjusted effective modulus method is siraplimproved version of the
effective modulus method described above. The AAB&Ihod enhances the EM method by
including a quantity called the aging coefficientwhich was first presented by Trost in 1967,
and further refined by Bazant (1972). The age<stdjl effective modulus is given by Dilger
(1982) as:

L Uy (2.28)
1+ xp(tot,)
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where:

E.(t,) = modulus of elasticity of concrete loaded at ge
#(t,t,) = creep coefficient at timefor concrete loaded at age

x = aging coefficient

Recall that the EM method was unable to accourtifo frequently occurring instances:
large variations in the concrete stress as wedgargy of the concrete throughout the time
interval being examined. Bazant presents the #teat formulation of the AAEM method, and
then defends its superiority over the EM methodh\séveral examples. He includes
computations of the aging coefficient for creepchions both with and without provision for a
fluctuating elastic modulus. The aging coefficewtich result from the two different creep
models are very different, illustrating the sigcéfhce of considering a time-varying elastic
modulus, which was neglected in prior work. Inifidd, Bazant points out that the inclusion of
the aging coefficient in the effective modulus egprais needed to adjust the quantity for aging
of the material, whereas the previous effective maglcould only provide accurate results for
an unchanging material.

Dilger implements the principles of the age-adjdstffective modulus method in the
calculation of what he refers to as “creep-transfed” section properties in his paper on the
topic (1982). Dilger introduces and explains thes®perties in an attempt to simplify the
analysis of concrete members either (1) with one@re combined layers of prestressed and
non-prestressed reinforcement, or (2) as partlafger composite cross section. He relates a
creep-transformed section analysis to an examinati@lastic stresses in a member made up of
two different materials, where the temperaturers material (concrete) changes, while the
other material (reinforcement) maintains the saenaperature. The final stresses generated in
each of the two different materials may then bemeined by applying the forces created by the
free temperature strain in one component to thestoamed cross section which accounts for the
two different materials in the original cross senti Relating this concept to the method Dilger
presents, the free temperature strain is analogatie strains produced by free shrinkage and
creep, while the time-dependent effects of creegimcrete are handled by the creep-
transformed section properties. Dilger’s creepgfarmed section properties are only applicable

to uncracked concrete cross sections (Dilger, 1982)
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Because of its use of the aging coefficient, tpe-adjusted effective modulus method is
ideal for calculating gradual changes in concratess due to the long-term effects described
previously. The aging coefficient describes tHeafwhich concrete aging has on the final
value of creep associated with gradual changeseasssfollowing the initial application of load
at agd,. Similarly, the magnitude of the aging coeffidieninfluenced by three factors: the
concrete’s age when it is first loaded, the leraftme it is loaded, and the value of the creep
coefficient. The argument, {,) is typically omitted from the notation of the agicoefficient
since it is identical to the argument of the creeefficient to which it is related (Dilger, 1982).

The concept of the aging coefficient may be bettelerstood by investigating its
physical meaning using two different approacheisst,Fconsider a stress of ultimate magnitude
a0 Which is (1) gradually applied to a structure begig at time,, and (2) applied in full,
immediately at ag&. In this case, the creep resulting from the gafig@applied stress is
smaller than that due to the instantly appliedssti®y a factor equal to the aging coefficignt
The alternative explanation is that the creep predby the stress, applied over time is
equivalent to the creep resulting from the immezlagiplication of the reduced strgss at time
t, (Dilger, 2005).

The magnitude of the aging coefficient ranges fofto 1.0. The minimum value of
0.5 is associated with concrete loaded very earitsilife and subjected to a long duration of
creep. The maximum value of 1.0, on the other hdistinguishes a material which is aged at
loading and exposed to only a short time interv@reep. When there is no aging ang 1.0,
the age-adjusted effective modulus from equati@8 2implifies to the effective modulus given
in equation 2.27. When Trost first presented thiagacoefficient (1967), he gave it a value of
0.75, the average of the two bounds (Dilger, 2005).

After elaborating on the age-adjusted effectivalaios concept first introduced by Trost
and Bazant, Dilger explains how this method maggaied to the time-dependent analysis of
non-composite and composite concrete members (198#)both types of members, Dilger
presents equations which satisfy equilibrium, cotibyddy, and constitutive requirements for
modeling and calculating the long-term changes wtwiin a concrete cross section. He
applies these equations in examples, noting the fogeadditional consideration of two
important elements in a composite cross-sectianirtblusion of the concrete deck in the creep-
transformed section, and the force and momenttregutom the unequal free strains which
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develop between the deck and the girder. The mosatised for time-dependent analysis in this
research are based on the same principles asphesented by Dilger (1982).

2.4 Summary of Need for Research

This chapter has described the progress madediagdahe development, application,
and behavior of precast concrete panels used liabrgation or new construction of bridge
decks. Since the long-term effects of creep andlsdge in concrete and relaxation of
prestressing steel significantly impact the behaefqrecast concrete panels, these phenomena
have also been explained. Further details conogtihie various methods available for
predicting the behavior of concrete as a resulhese time-dependent effects are included.

When describing the need for the research presémtéis thesis, it is first important to
note the reasons for which longitudinal post-temsig in precast concrete bridge deck panels
should be required. From their survey of varicasgportation agencies, Issa et al. determined
that the quality of the panel-to-panel joint penfiance was a key element pertaining to the
success of a fully precast bridge deck (1995)théir follow-up field inspections of bridges
containing precast concrete decks, Issa et alribdesicthe performance of the precast panels in
many cases as excellent (1995). The problems wix$an the cases of inferior performance,
however, were partially attributed to the abserfdemygitudinal post-tensioning in the precast
deck. As illustrated by the example bridges memtibabove, some of the same bridges which
experienced leaking, cracking, spalling, and subsegrusting on the beams at the transverse
panel joints also lacked longitudinal post-tengignin their precast decks. These examples
prove that the precast panels should be longitllgipast-tensioned in order to tighten the
transverse joints and keep the deck in comprestgiengby eliminating potential problems with
the panel joints.

After justifying the need for post-tensioning wépast concrete bridge deck panels, it is
necessary to determine the corresponding amouwrtgropressive force which should be applied
to the panels. Further studies conducted by &sa, included finite element modeling (1998)
and experimental testing (2000) of different bridgstems with decks made out of full-depth
precast concrete panels. While the finite elersaurdies produced recommended initial levels of
post-tensioning for both simple and continuous dpadges, each of these two recommendations
was based on only one bridge configuration. Thedanfigurations analyzed were a simple
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span bridge and a three-span continuous bridgh, ittt precast deck panels supported by
rolled steel girders. Furthermore, while the lagperimental studies again indicated the need
for longitudinal post-tensioning in a precast badieck, these experiments included only two-
span continuous bridge models of precast conceatelp on steel girders with three different
levels of longitudinal post-tensioning.

While Issa et al. has provided some recommendategarding levels of longitudinal
post-tensioning for precast bridge decks, thesgesigpns have been limited to systems with (1)
only steel girders and (2) only the specific conf@tions of span length, girder size, girder
spacing, and so on used in each finite element haydexperimental mockup. Due to the time-
dependent effects in concrete discussed earl@eaast concrete bridge deck supported by
prestressed concrete girders is likely to behawe ddferently than a precast deck supported by
steel girders. Clearly, there is a need for simgti@ightforward design recommendations which
provide appropriate levels of post-tensioning fermaety of bridge systems, including those
with steel and prestressed concrete girders ardiit spacings, as well as single or multiple
continuous spans of assorted lengths. By simplifyhe design of a fully precast concrete
bridge deck, the recommendations presented irtliags should motivate the use of more
precast construction, thereby alleviating moreodbly’s transportation problems.
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CHAPTER 3: METHODS, MODELING, AND TESTING

3.1 Introduction

To investigate trends in the amount of longitutpast-tensioning needed to keep the
joints between precast concrete bridge deck pamelsmpression, numerous models of different
bridge systems were developed using the softwatéddd. Each model bridge cross-section
consisted of either steel or prestressed concneterg, a 1 in. haunch, and a deck made out of
full-depth precast concrete panels. The levelostyensioning applied to the precast concrete
bridge deck in each model was varied until thesvarse panel joints were observed to be in
compression at the assumed end of each bridge/eedife. This chapter describes the
procedures used to develop the models in Mathbadjétermination of the girder types and
other bridge details used for the parametric sgyagiad the implementation of the models in the

parametric studies themselves.

3.2 Material Properties
3.2.1 Steel and Prestressed Concrete Girders

The bridge models containing steel girders inaudiher rolled shapes or plate girders,
each with a modulus of elasticity of 29,000 ksheTcross-sections with prestressed concrete
girders included either Virginia PCBT girders or BATO standard girders, each with a
minimum 28 day compressive strength of 7000 psiandging coefficient of 0.7. The value of
0.7 was selected as a typical aging coefficienetas past applications of the quantity and its
range of values from 0.5 to 1 established by T{ps8ger, 2005). The prestressing strands were
all 2 in. diameter, Grade 270 low relaxation steanwith a cross-sectional area of 0.153and
a modulus of elasticity of 28,500 ksi.

3.2.2 Precast Concrete Panels and Haunch

The precast concrete panels making up the bridgk ith each model had a minimum 28
day compressive strength of 5000 psi. The stegégbridges had 8.5 in. thick precast decks,
while the prestressed concrete girder bridges hadt8ick precast decks. Each bridge model
also contained a 1 in. thick haunch separatingdpef each girder from the bottom of the

precast deck. The minimum 28 day compressive ginesf the haunch was assumed to be equal
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to that of the precast deck. As for the prestiessacrete girders, the deck and the haunch were
both assigned an aging coefficient of 0.7. Like strands used in the prestressed concrete
girders, the deck post-tensioning strands wergatl. diameter, Grade 270 low relaxation

strands, with a cross-sectional area of 0.13&m a modulus of elasticity of 28,500 ksi.

3.3 Model Development

The primary steps in the development of the Mathoadels included denoting the time
intervals to be analyzed for each type of bridgel determining the equations to calculate the
redistribution of stresses due to long-term creépnkage, and steel relaxation corresponding to
each of these time intervals. For the multiplendpadges, it was also necessary to consider the
effects of continuity and live loads, particulaalythe interior supports. The procedures used to

develop each type of bridge model are discusséaisrsection.

3.3.1 Construction Time Intervals
The time-dependent analyses performed in eachdddtimodel were separated into the
major time intervals existing throughout the comstion and service life of a bridge with a deck
composed of precast concrete panels. For thedsidgh precast concrete deck panels
supported by steel girders, the two time interealstaining stress redistributions were denoted
as:
1. D/SG 1- Time of post-tensioning the deck to the statarhposite action between the
deck and girders
2. D/SG 2- Start of composite action between deck and grttethe end of the bridge’s
service life, which was estimated as 10,000 days.
While these two phases also applied to the brigdgésprecast concrete deck panels supported
by prestressed concrete girders, an additionalgoplas necessary to account for the time-
dependent effects occurring in the prestressedretengirder. The three time intervals for the
precast deck panel/prestressed concrete girdexmsysere denoted as:
1. D/CG 1- Time of transfer of prestress to the concreateegito the start of composite
action between the girders and deck
2. DICG 2- Time of post-tensioning the deck to the statarhposite action between the
deck and girders
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3. D/CG 3- Start of composite action between deck and grtiethe end of the bridge’s
service life, which was estimated as 10,000 days.

Table 3.1 indicates the construction time intereadsvhich the time-dependent analyses
performed in the various bridge models were baSde times in days indicated for the two steel
girder bridge phases are relative to the time athvthe precast concrete panels for that system
were cast. For the prestressed concrete girdggdsj it was assumed that the concrete girders
and deck panels were both cast at the same tintbedbree concrete girder bridge intervals are
relative to this particular time of girder and plbecgsting. Composite action was assumed to
occur instantaneously at 60 days in both the steelprestressed concrete girder bridges.

Table 3.1: Construction Time Intervals for Bridgedls

Time Interval| Start Time End Time
(days) (days)
D/SG 1 55 60
D/SG 2 60 10000
D/CG 1 1 60
D/ICG 2 55 60
D/CG 3 60 10000

3.3.2 Equations for Time-Dependent Analysis

Once the appropriate time intervals were estaddisit was necessary to write systems of
equations to model the behavior and solve for Hages occurring in a given bridge in each of
the time intervals listed above. Whereas long-tprestress losses only had to be considered in
the decks of the bridges with steel girders, thegars containing prestressed concrete girders
presented a more complicated situation, with tirapeshdent effects occurring in both the
concrete girders and the concrete deck. Maintgiainonsistent sign convention throughout the
development of these equations was essential. il stiesses and lengthening strains were
defined as positive, while compressive stresseshadening strains were considered negative.
In addition, compression or shortening at the tbg member indicated positive moment and
positive curvature. The systems of equations tsadlve for the changes occurring in each

bridge system over time are presented in this@ectsince many of the variables used in each
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type of model appear multiple times in differentiatons, all quantities are defined in Appendix
A.

3.3.2.1 Bridges with Steel Girders

The first time interval for the steel girder bredg D/SG 1, includes the changes in forces
and strains occurring from the time that the degiast-tensioned to the start of composite
action between the concrete deck and the steadrgirdDuring this time, creep, shrinkage, and
steel relaxation simultaneously cause the fordbarpost-tensioning to become less tensile, and
the corresponding force in the deck concrete toimecless compressive. In addition,
compressive shrinkage strains occur in the deckret®, which results in shortening of the post-
tensioning steel as well. These changes are nodgléhe following four equations:

Equilibrium

ANd JrANptd =0 (3.1)
Compatibility
Agd = Agptd (3.2)
Constitutive
N o AN
Ag, = AjdEd By + AiEdd A+ 21,04) + €4y (3.3)
AN, — Af
Agptd _ ptd pRAptd (3 4)
Aptd Eptd

where all variables are defined in Appendix A.

Equation 3.1 defines the equilibrium requireménat the change in the compressive axial
force in the deck concrete must be equal and otgpofthe corresponding change in the tensile
axial force in the post-tensioning strands. Equme8.2 establishes compatibility between the
changes in strain in the deck concrete and thetpastoning steel. Equations 3.3 and 3.4
identify the constituents of the changes in stmaithe deck concrete and the post-tensioning
tendons. The three terms in equation 3.3 reprékerdreep associated with the initial strain in
the deck, the elastic strain and creep strain cowmis of the change in strain in the deck during
D/SG 1, and the shrinkage strain in the deck caeaaring D/SG 1. The two quantities in the
numerator of equation 3.4 represent the changeiah farce which contributes to the change in
strain in the deck post-tensioning strands, ancthiamge in force due to relaxation of the post-
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tensioning steel which is subtracted out sinca# ho corresponding change in strain. The

quantitiesd,, €44, and Af . in equations 3.3 and 3.4 represent the deck aeefiicient, deck

shrinkage strain, and post-tensioning strand rétaxaorresponding to the D/SG 1 time interval
only. Figure 3.1 illustrates the initial axial cprassive force and the changes occurring in the
D/SG 1 phase defined by equations 3.1-3.4. WHiilefahe varying quantities are represented
as positive in the figure, the appropriate signvemtions were accounted for in the
corresponding equations.

ﬁ.ed, ﬂep "

any, /

cg deck

Figure 3.1: Initial Force and Changes OccurrinthexD/SG 1 Phase

The second time interval for the steel girder dpeisl D/SG 2, includes the changes in
forces, moments, strains, and curvature from téw ef composite action between deck and
girders to the end of the bridge’s service life jehhwas estimated as 10,000 days. In the
composite cross-sections of the steel girder badtiee concrete deck and haunch undergo creep
and shrinkage while the steel girder resists tf@ms®s. The corresponding changes in forces,
moments, strains and curvature for the D/SG 2 tntexval in the steel girder bridges are
modeled by the following equations:

Equilibrium
AN, +AN, + AN, +AN, =0 (3.5)
AM +AM, +AM  +AN, * a+ AN * b=0 (3.6)

Compatibility

Agy = Agyy (3.7)
Agy, =Ag, —Ax*a (3.8)
Agy=Ag,—Ax*b (3.9

Constitutive
Ag, = AN“(E, By + j:\é; A+ 21,04) + €4y (3.10)
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AN

Ag, = —2 (3.11)
g
ARy
AN
Ag, =—(L+ 1, #, ) + €y (3.12)
AE,
AN, — Af
Ag g =— Sl (3.13)
APtd Eptd
AM
Ay = | Ed Q-+ p4¢4) (3.14)
dEd
AM
Ay = " (L+ wdy) (3.15)
ILE,
AM
Ay = £ (3.16)
99

where all variables are defined in Appendix A.

Equations 3.5 and 3.6 define the equilibrium regments for the changes in forces and
moments in the composite system. Equation 3.7digasissed previously, and equations 3.8 and
3.9 establish additional strain compatibility re@daships present based on the assumption that
plane sections remain plane throughout the congositss section. The terms in equations
3.10, 3.12, and 3.13 are similar to those discuweithe D/SG 1 time interval, and the quantity
Naoc In equation 3.10 is the force in the deck at thgifning of the composite phase. Equation
3.11 represents the change in strain in the stedrgwhich undergoes no creep or shrinkage.
Equations 3.14 and 3.15 each describe the charngewature based on the elastic and creep-
producing changes in moment in the concrete dedkhaanch, respectively. Equation 3.16 also
represents the change in curvature, but in terniseoélastic change in moment in the steel

girder. The quantitieg,, ¢,, €44, &4, @Nd Af o in the above equations represent the creep

coefficients, shrinkage strains, and steel strafakation corresponding to the D/SG 2 time
interval only. Figure 3.2 illustrates the initfafce present and the changes occurring throughout
the D/SG 2 phase defined by equations 3.5-3.16ileVdh of the varying quantities are
represented as positive in the figure, the appaitggign conventions were accounted for in the
corresponding equations.
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Figure 3.2: Initial Force and Changes OccurrinthexD/SG 2 Phase

3.3.2.2 Bridges with Prestressed Concrete Girders

The first phase listed above for the prestressedrete girder bridges, D/CG 1, includes
the changes in forces, moments, strains, and auesatcurring from the time that prestress is
transferred to the girder to the time that thegjiddecomes composite with the deck. Since steel
girders alone are not affected by long-term presttesses, this phase was not needed in the
analysis of the steel girder bridges. The chawogesrring in the prestressed concrete girder
from transfer of prestress to composite action wWighdeck are modeled by the following

equations:
Equilibrium
AN, +AN__ =0 (3.17)
AM, +AN__*e =0 (3.18)
Compatibility
Ag,=Ae o, —Ax*e, (3.19)
Constitutive
go ANQ
Ag, = AE, ¢, + AE. A+ 11,8,) + £y (3.20)
My, . AM,
Ay = ¢, + L+ 1448,) (3.21)
Eg | gn Eg | gn
AN__ — Af
Ag oy =—2 o= (3.22)
APSQ EPSQ
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where all variables are defined in Appendix A.

While the format and purpose of equations 3.1@ugh 3.22 are similar to that explained
for the steel girder time intervals above, theagaiigns now account for the prestressing force
and time-dependent effects occurring in the coeogetler. The quantitidsy, andMy, indicate

the initial force and moment due to the prestreshe girder, and the variablégs, &g, , and
Af - represent the girder creep coefficient, girdeindage strain, and prestressing strand

relaxation corresponding to the D/CG 1 time intéordy. Figure 3.3 illustrates the initial force
and moment as well as the changes occurring iDt6& 1 phase defined by equations 3.17-
3.22. While all of the varying quantities are eg@nted as positive in the figure, the appropriate

sign conventions were accounted for in the cornegpgy equations.

Ay
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CZ prestress ¥ i

Figure 3.3: Initial Effects and Changes Occurrimghe D/CG 1 Phase

The second phase listed above for the prestresseniete girder bridges, D/CG 2, is
identical to the first time interval for the stggider bridges (D/SG 1). This is true because only
the concrete deck panels are affected by the csaogmirring during this time interval, which
spans from the time of deck post-tensioning tadgnginning of composite action between the
deck and girders. Therefore, the same equatiohdd3.4) presented for calculating changes
during the D/SG 1 phase apply for calculating clesnduring the D/CG 2 phase, and Figure 3.1
again illustrates these quantities.

The third time interval for the prestressed cotecgirder bridge models, D/CG 3, is
similar to the second time interval for the staeder bridges (D/SG 2). For both types of
girders, this phase begins with the start of compa@stion between the deck and girders and
concludes at the end of the bridge’s service lifethe composite cross-sections of the
prestressed concrete girder bridges, however,aherete deck, haunch, and girder each
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experience the effects of creep and shrinkageffareint rates, making the time-dependent
redistribution of forces and moments much more derfhan in the steel girder bridges. The
changes in forces, moments, strains and curvaduithé D/CG 3 time interval in the prestressed

concrete girder bridges are modeled by the follgwequations:

Equilibrium
AN, + AN, + AN, +AN o +AN ;=0 (3.23)
AM, +AM, +AM  +AN, *a+AN_*b+AN_* ¢ =0 (3.24)
Compatibility
Agy = Ag (3.25)
Agy, =Ag, —Ax*a (3.26)
Agy=Ag,—Ax*b (3.27)
Agy=Ag o —Ax*cC (3.28)
Constitutive
Agq = Ajdéc Py + A,Ed @+ 4Py ) + Eqa (3.29)
Ngoc AN,
Ag, = AE, Gy + AE, (1+,ug¢ )+ Egg (3.30)
Ag, = AN, A+ d ) +e (3.31)
h= AE, HnDn shh .
AN _, — Af
Ag g =— o (3.32)
Aptd Eptd
AN __ — Af
Ag oy =— a (3.33)
Apsg Epey
A 3.34
X = | E 4) ( )
AM
Ay = " (L+ wdy) (3.35)
IhEh
M g0 AM,
Ay = Py + L+ 148,) (3.36)
4B, I, E,
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where all variables are defined in Appendix A.

Equations 3.23 through 3.36 represent the santedéinhanges that were discussed for
the composite steel girder bridge phase (D/SGx2g@ now the equations are further
complicated by the prestressing and time-depereféaits in the concrete girder as well as the
deck. The quantitieN4c andNgoc are the initial forces in the deck and girderhat beginning of
the composite phase, whild, is the initial moment in the girder at the begngof the
composite phase. The creep coefficients, shrinkagéns, and steel strand relaxation quantities
correspond to the D/CG 3 time interval only. FgGr4 illustrates the initial forces and moment
as well as the changes occurring in the D/CG 3eda$ned by equations 3.23-3.36. While all
of the varying quantities are represented as pedi the figure, the appropriate sign
conventions were accounted for in the correspondmqgtions.
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Figure 3.4: Initial Effects and Changes Occurrimghe D/CG 3 Phase

3.3.3 Simple Span Models

This section summarizes the step-by-step appr@dem to formulate each of the simple
span bridge models in Mathcad. All variables usethie Mathcad models are presented in
Appendix A. Examples of a simple span steel girdedel and a simple span prestressed
concrete girder model are given in Appendix Bis important to note that any section
properties or stresses calculated in the followaracedures are located at midspan. In the
simple span prestressed concrete girder modelspandwas the critical location for potential
tensile stresses in the deck if upward camberefjttder dominated the curvature of the span.
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In the simple span steel girder models, midspanthes also used as the location for calculating

the stresses throughout the deck, which are carsli@mgy a span under uniform curvature.

3.3.3.1 Bridges with Steel Girders

The basic steps to formulate the simple span gisgdr bridge models included:

1. Define and/or calculate all material propertiestis® properties, and time intervals.

2. Program Mathcad routines to calculate creep coeffis and shrinkage values based on
the AASHTO 2006 Interim equations provided in Cles&.

3. Perform calculations for phase D/SG 1, deck passitaning to composite action:

a. Compute the average stress in the post-tensioamdpns immediately after

jacking, considering instantaneous losses duedbaarseating.

Apply equation 2.9 to find the relaxation in thedens over the time interval.
Apply the creep and shrinkage routines programmestep 2 to calculate the
creep coefficient and shrinkage strain in the cetacdeck during the time
interval.

Insert equations 3.1-3.4 into matrices and useixnalyebra to solve for the

unknown changes in forces and strains.

4. Perform calculations for phase D/SG 2, composit®@at¢o end of bridge service life:

a.

Apply the creep and shrinkage routines programmesiep 2 to calculate the
creep coefficient and shrinkage strain in the cetacdeck during the time
interval.

Update the initial axial forcBly, in the deck to account for the change in force in
the deck from D/SG 1, and use the new quahtdty for the calculations in the
interval D/SG 2.

Apply equation 2.9 to find the relaxation in thesptensioning strands over the
time interval.

Insert equations 3.5-3.16 into matrices and useixralgebra to solve for the
unknown changes in forces, moments, strains, angtue.

Calculate and plot the final stresses throughaaicttimposite cross section.
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3.3.3.2 Bridges with Prestressed Concrete Girders

The basic steps to formulate the simple spannasstd concrete girder bridge models

were very similar to those used for the steel giti&lge models, except for the addition of the

D/CG 1 time interval to account for the concretéha girder. The approach for formulating

these models is described in the following:

1.

Define and/or calculate all material propertiestis® properties, and time intervals.
Include the net section properties and the transfdrsection properties for the
prestressed concrete girder alone.
Include the programmed Mathcad routines to caleuta¢ep coefficients and shrinkage
values based on the AASHTO 2006 Interim equatioasiged in Chapter 2.
Perform calculations for phase D/CG 1, transfegiafer prestress to the start of
composite action between the girders and deck:
a. Calculate the jacking force in the prestressingrgtr and subtract the elastic
shortening losses to obtain the initial force ia tiet concrete cross-section.
b. Calculate the initial moment at midspan, considgthe girder self weight and
the initial prestressing force.
c. Apply equation 2.9 to find the relaxation in thegiressing strands over the time
interval.
d. Apply the Mathcad routines to calculate the creagfficient and shrinkage strain
in the concrete girder during the time interval.
e. Insert equations 3.17-3.22 into matrices and udedagebra to solve for the
unknown changes in forces, moments, strains, angtue.
Perform calculations for phase D/CG 2, post-tensgnf the deck to the start of
composite action between the deck and prestressentate girders:
a. These computations are identical to those descfdrgghase D/SG 1.
Perform calculations for phase D/CG 3, start of posite action to the end of the
bridge’s service life:
a. These computations are similar to those describegHase D/SG 2, except that
the time-dependent equations for the concrete gedmposite section (3.23-

3.36) are implemented.
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3.3.4 Continuous Span Models

All of the two and three span continuous bridgedeais begin with the simple span
procedures described above. Once this procesgdsta find the stresses in the concrete deck in
a simple span case, each Mathcad model contindksadditional calculations to account for the
time-dependent effects in either two or three cuttus spans. Although somewhat
conservative, the continuous spans were createldifpicating the previously designed simple
spans and assuming continuity at the interior stppo maintain simplicity in the models. Itis
also important to note that the most critical lamatin the continuous models was assumed to be
at the interior support(s), where the highest \v@hietension in the concrete should occur at the
top of the deck due to negative bending caused/bydads and stress redistributions.

The first new step introduced in the two and tkspan continuous bridge models
involved using the force method to calculate tihessies induced by the time-dependent effects
and continuity at the interior support(s). Thisgdure was very similar for the two and three-
span continuous models, and is illustrated in FEgW8.5 and 3.6, respectively. The force method
equations are also presented along with the figuRefer to Appendix A for variable

definitions.

a) Two-span contirnuous bridge

=
.
@,

T b} Remove middle support and
ﬂ\_l ! calculate midspan deflection

WTM c) Apply force to restore

P midspan deflection to zero
i
d) Calculate negative momert
\/’// at rmiddle support
5L
4

Figure 3.5: Force Method Approach for Two-Span @matus Bridges
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In Figure 3.5(b), the midspan deflection is
2
A= (3.37)
8
where the curvaturgis calculated from the age-adjusted effective naslmethod.

The deflection restored by the foregis

PL’
A, =——11 3.38
RO48E | (3.38)

gaatr ~ atr
where
Egaarr = age-adjusted transformed modulus of elastiditye girder, ksi

l.w = age-adjusted transformed moment of inertia efabmposite cross section? in

Since4; must equallp, setting equations 3.37 and 3.38 equal and sofeing; results in
6E .. |..x

R = —gat ar (3.39)

After solving forP;, the maximum negative moment at the interior suppas calculated using
the equation in Figure 3.5(d), and the correspandiress in the deck concrete was determined
by

_ M max(dq:)th — Catr) n (340)

| dga
atr
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a) Three-span
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Figure 3.6: Force Method Approach for Three-Spant@aous Bridges

In Figure 3.6(b), the midspan deflection is

L,?
A, =y—2 (3.41)
9
The deflection restored by the foregis
3
__BL (3.42)
’ 28Egaatr I atr

where
Egaarr = age-adjusted transformed modulus of elastiditye girder, ksi

l.w = age-adjusted transformed moment of inertia efabmposite cross section? in

Sinced, must equallp,, setting equations 3.41 and 3.42 equal and sofeing, results in

P = 28Egaatr|atr7(

3.43
2 oL, (3.43)
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After solving forP,, the maximum negative moment at the interior suppas calculated using
the equation in Figure 3.6(d), and the correspandiress in the deck concrete was determined
by equation 3.40.

After finding the critical deck stress due to tiahependent effects, the next new
requirement for a continuous system was to acclourthe component of stress in the deck due
to live loads. The live loads on each bridge @éategative moments and subsequent tensile
stresses at the interior support(s). These negaitoments were found using QConBridge, a
software package created by the Washington Statarideent of Transportation (Brice, 2005).
The QConBridge software allows the user to inpatlihdge specifications, from which it
calculates the shear and moment envelopes foo#ukng combination(s) selected by the user.
The available live load categories were Design €amd Lane, Design Truck + Lane, Dual
Truck Train + Lane, Dual Tandem Train + Lane, aatigue Truck. The Live Load Envelope
option determined the worst case of each of thesghmations, so that envelope was plotted for
each bridge to find the maximum negative mometteainterior support(s). Since QConBridge
included impact but not distribution factors inaisalyses, the live load distribution factor for
moment in an interior girder had to be calculatedelach bridge model. The equations for
computing these distribution factors are providedppendix C.

3.3.4.1 Bridges with Steel Girders
After the simple span analysis, the additiongbsteecessary to analyze two or three
continuous spans with steel girders follow. RébeAppendix C for an example continuous steel
girder bridge model in Mathcad.
1. Calculate the regular and age-adjusted transfosaetion properties for the composite
section including the haunch.
2. Calculate the stresses induced by continuity airtfegior support(s) using the
appropriate force method described above.
3. Use QConBridge to determine the negative mometiiteainterior support(s) due to live
loads on the bridge, and calculate the correspgreinsile stress.
4. Multiply the stress due to live loads by the appiatp distribution factor calculated from
the equations in Appendix C. The stress due ®lbads was also multiplied by a factor
of 0.8, which is for the Service Il “load combiit relating only to tension in
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prestressed concrete superstructures with thetolgexf crack control” (AASHTO,
2004). Although the original intention of this facwas for controlling cracking in the
tensile region at the bottom of prestressed coagedlers in positive bending, for this
research it was similarly assumed to apply to tenat the top of the concrete in a
negative moment region of a bridge deck.

5. Find the final stress in the deck by summing tleantities: the stress at the top of the
deck after the simple span analysis, the stressrgted at the interior support(s) due to

continuity and time-dependent effects, and theofact stress due to live loads.

3.3.4.2 Bridges with Prestressed Concrete Girders

The procedure for analysis of the continuous spatisprestressed concrete girders was
significantly more complicated than that for theedtgirders. Unlike the uniform change in
curvature assumed to exist along the full length obmposite span with steel beams, a span
with composite concrete girders does not exhilob@stant change in curvature along its length
because of the varying centroid of prestress imgttters and the time-dependent effects
involved in the system. In this case, the timeetglent behavior is complicated by the typically
unequal ages of the girder and deck concretes lhasvihe effects of continuity. Therefore, a
sectional analysis was performed for these modaels the change in curvature during the
composite time interval (D/CG 3) was calculatedeateral locations along each span. These
locations included the ends (Section A), the Y3 nabints (Section B) and midspan (Section C)
in each span. The change in curvature at eachidoaduring the interval D/CG 3 was then used
to calculate the component of stress at the cootisisupports due to continuity using the force
method described above.

With reference to the simple span analysis desdrdbove, the additional steps
necessary to evaluate two or three continuous spaingprestressed concrete girders include the
following. Refer to Appendix C for additional ddsaregarding the calculations indicated, as
well as two examples of continuous prestressedretmgirder bridge models in Mathcad.

1. Design the harped strand layout for each girderguallowable stress limits. This task
was not necessary in the concrete girder simple sgalels because midspan was the
only location considered. For the continuous spadels, however, section properties at
the supports had to be calculated and used tdHendorresponding stresses.
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. At each section considered along the beam, catetiat centroid and eccentricity of the
prestressing strands in the girder alone, along thi net section and transformed
section properties for the prestressed concredegir

. Perform calculations for the D/CG 1 time intervaliathe simple span models, except
repeat these calculations at each section (A, 8 rto be analyzed along the span.

. Perform calculations for the D/CG 2 phase as irsthgple span models.

5. Perform calculations for the D/CG 3 time intervaliathe simple span models, again

repeating these calculations at each location @nbé/zed along the span.
. Plot the change in curvature from phase D/CG Zel éocation along the span.

7. Using the change in curvature vs. length graphlyape moment-area method to

compute the resulting deflection at the interigsmurt(s), assuming removal of the
support(s).

. Calculate the regular and age-adjusted transfosaetion properties for the composite
section including the haunch at the cross-sectioated at the end of each span.

. Use the force method described above to restongréhveously computed deflection and
find the corresponding stress at the top of th& @&t¢he same support location. Use the
age-adjusted transformed section properties instieis since the stress is produced by a

slowly developing force.

10. Determine the negative moment and the correspondimgjle stress at the interior

support(s) due to live loads on the bridge. QCaidr was implemented again for

assistance with this task.

11.As in the continuous steel girder bridges, multiglg live load stress by the appropriate

distribution factor and the 0.8 Service |l loadtfar.

12.Compute the final stress in the bridge deck.

3.4 Parametric Studies

After developing each type of bridge model in Maith, these models were employed to

investigate the response of different bridge lagaatvarious amounts of post-tensioning in their

precast concrete decks. The primary goal wasdio fior trends in the behavior of similar

bridges so that simple design recommendations de@gplevels of post-tensioning for bridge

decks could be made. Several design aids werssextéo establish the characteristics of the
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bridges used in these parametric studies. Onchbritige layouts were determined, executing the
parametric studies was fairly straightforward.

3.4.1 Selection of Steel Girders

Span lengths of 60 ft, 90 ft, and 120 ft with girédpacings of 6 ft and 9 ft were selected
for evaluation in the steel girder bridge paramsedtudies. To easily determine appropriate
girder sizes corresponding to these dimensiongesipns from the Structural Steel Designer’s
Handbook (Brockenbrough, 2006) were incorporafEde girder depth to be used in each span
length was determined by the Handbook’s recommeénd#tat the depth of the steel girder
alone should be at least 1/30 of the span for caitgpbighway girders (2006). This guideline
determined the use of W24 and W36 rolled sectionshie 60 and 90 ft spans, respectively, as
well as the use of 48 in. deep plate girders ferR0 ft spans, since W48 rolled sections are not
available. An Excel worksheet created by the aufibiothe design of simple span steel girder
bridges was then used to perform the additionatkhaecessary to determine the specific
dimensions of each girder. The following checksidsl of any steel girder bridge design were
completed:

e Strength limit states, including nominal flexurakistance, compact section, ductility,
flange and web proportions, shear of unstiffenetisyeveb local yielding, and web
crippling

e Fatigue and fracture

e Service limit states

e Constructability, including yielding, lateral-toosial buckling, flange local buckling, and
web bend-buckling

Tables 3.2 and 3.3 provide the details of the dffie steel girders used in the simple and

continuous span parametric studies.
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Table 3.2: Steel Girders used in Parametric Studies

Girder Span Steel Girder W or Plate Girder
Spacing Length Depth Section
(ft) (ft) (in)
6 60 24 W24x103
6 90 36 W36x160
6 120 48 PL 1, d=48
9 60 24 W24x146
9 90 36 W36x232
9 120 48 PL 2, d=50
Table 3.3: Plate Girder Dimensions
Plate Total
Girder Depth t bx tw Ow
(in) (in) (in) (in) (in)
PL1 48 1.125 14 0.75 45.7%
PL 2 50 1.375 16 0.875 47.25

3.4.2 Selection of Prestressed Concrete Girders

Due to the larger availability of PCBT and AASHT®der design aids and the
additional complexity inherent in the time-depertdamalysis of bridges with prestressed
concrete girders, a greater number of cross sectdath concrete girders were analyzed in the
parametric studies. Three different sizes of égphl of concrete girder were selected, and a
‘short’ and a ‘long’ span length for both 6 and gifder spacings were designed for each type of
girder. An attempt was made to maintain consissean length to girder depth ratios for each
set of similar span lengths and girder spacinge&wh girder type.

The bridges with PCBT, or Prestressed Concretb-Bubirders were designed using the
Virginia standard bulb-T details and preliminarsim tables. The PCBT-37, PCBT-61, and
PCBT-85 girders (with respective depths of 37,81 85 in.) were chosen, and the required
number of prestressing strands for each combinatiepan length and girder spacing was
determined using the preliminary design tablese Bindges with AASHTO girders were
designed using the AASHTO I|-Beam details and deslgmts provided in the PCI Bridge
Design Manual (2005). The AASHTO Type I, Type BdhHd Type VI girders with respective
depths of 36, 54, and 72 in. were selected, andetiigired number of prestressing strands for

each combination of span length and girder spasmgdetermined using the preliminary design
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charts. Table 3.4 shows the details of the diffeprestressed concrete girders used in the

simple and continuous span parametric studies.

Table 3.4: Prestressed Concrete Girders used anfeairic Studies

Girder Span No. of ¥z in. Dia.
Girder Type Spacing | Length L/d Strands
(ft) (ft)

6 40 13.0 14

75 24.3 28

PCBT-37 9 40 13.0 14

6 65 12.8 16

125 24.6 50

PCBT-61 9 50 9.8 18

85 16.7 28

6 85 12.0 20

150 21.2 50

PCBT-85 9 70 9.9 22
125 17.6 44

6 45 15.0 8

AASHTO Type II 70 23.3 28
(d =36in.) 9 35 11.7 8

55 18.3 24

6 75 16.7 16

AASHTO Type IV 120 26.7 54
(d =54 in.) 9 65 14.4 18
100 22.2 50

6 100 16.7 22

AASHTO Type VI 160 26.7 76
(d=72in.) 9 100 16.7 30
140 23.3 76

3.4.3 Method for Conducting Parametric Studies

After all of the models were created and the siadlprestressed concrete girder bridges
were designed, the amount of initial compressiothéndeck of each bridge model was varied by
changing the number of post-tensioning strandss pitocess was started at an initial
compression stress of about 100 or 200 psi in ¢ok,dand as the stress was increased by
increments of either 100 or 200 psi, the resulsitigss in the deck panel joints at the end of each
time-dependent analysis was recorded. The nunflpgrst-tensioning strands in the deck was
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increased until the results showed that the denklgaints remained in compression at the end
of the bridge service life.
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CHAPTER 4: RESULTS AND ANALYSIS

4.1 Overview

Parametric studies were performed to investigaemount of post-tensioning required
in precast concrete bridge decks to keep the paimés in compression throughout the service
life of a bridge. These studies included bridgés wany different configurations. Once the
results were obtained, they were examined foricglahips between the required level of
compression in the deck and the three main vasatfigirder type, girder spacing, and
individual span length. The results of the paraimstudies and the trends recognized in these
findings are discussed in this chapter. Beforedrhese parametric studies were performed,
however, the results of selected Mathcad modele werified with finite element model results.

4.2 Comparison with Finite Element Modeling Results

In order to verify the modeling procedures usethis research, results from selected
Mathcad models were compared with results frontfielement models created using the
software DIANA. While the Mathcad models dividéxw tanalysis of each bridge into only the
two or three major time intervals throughout itestwuction and life, the finite element models
incorporated a much more rigorous time-step appré@cconsidering the time-dependent
effects in concrete and the corresponding redidiiohs of forces and moments in the bridge
cross sections. To properly compare results fiwartwo types of models, the AASHTO LRFD
creep and shrinkage equations incorporated in thagndad models and parametric studies were
changed to the CEB-FIP Model Code 1990 equationshakere used to account for creep and
shrinkage in the DIANA software. The CEB-FIP Mo@sde 1990 equations were presented in
Chapter 2.

The first comparison between the two types of nodas performed for the 125 ft long
simple span bridge with PCBT-61 girders spacedfat The precast deck panels were initially
post-tensioned to 309 psi, and the self weighhefdanels was neglected in the calculations for
the composite phase in each model. The differemcessults between the two models are given
in Table 4.1.

a7



Table 4.1: Comparison between Mathcad and DIANAt&iBlement Models

Time Interval Quantity Mathcad Results DIANA Results | % Difference
ANg = 159.18 k 152.62 k 4.30%
ANps = -159.18 k -152.62 k 4.30%
Phase 1: Day 1 - Day 55 Ak = 7.2 puelin 6.59 puelin 9.26%
Agg = -0.000552 -0.000549 0.55%
Agps = -0.00073 -0.0007 4.29%
ANg = 1.36 1.31 3.82%
Phase 2: Day 55 - Day 60 ANp: = -1.36 131 3.82%
Agy = -0.0000521 -0.00005 4.20%
Agpy = -0.0000521 -0.00005 4.20%
ANg = 252 k 2.75 k 8.36%
ANp; = -12.96 kK -11.54 kK 12.31%
ANy = -21.32 k 226 k 5.66%
ANps = -168.86 k -165.7 k 1.91%
Phase 3: Day 60 - Day 10000 Agg=| -0.00049549 -0.000441 12.36%
Aep = | -0.00049549 -0.000441 12.36%
Aep = | -0.00051721 -0.000471 9.81%
Agg=| -0.00066635 -0.00065 2.52%
Agps = -0.0007745 -0.00076 1.91%
Ak = 4.57 puefin 5.295 pefin 13.69%
Od_top = -0.266  ksi -0.254  ksi 4.72%
Od_bot = -0.340 ksi -0.351 ksi 3.13%
Total Stresses at Day 10000 Oh_top = -0.451 ksl 0479 ksl 5.85%
Oh_pot = -0.457 ksi -0.482  ksi 5.19%
Og_top = -0.696 ksi -0.752  ksi 7.45%
Og_bot = -1.81 Kksi -1.77  Kksi 2.26%

The differences in results between the two modadsva in Table 4.1 are all less than 15%, so

the results produced from the parametric studieslected using the Mathcad models were

considered valid.

The second comparison between the Mathcad artd @lement models was drawn using

the bridge model with two continuous 60 ft span8u24x103 rolled steel girders spaced at 6 ft.

Table 4.2 shows the results obtained from perfogrbioth Mathcad and DIANA analyses to

determine the final stress at the top of the de@ the interior support in this two span

continuous steel girder bridge model. The stressasrted in Table 4.2 are only due to the
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initial post-tensioning, member self weight, creapd shrinkage; relaxation losses and live loads
were neglected in both models to obtain these tes#igure 4.1 graphically illustrates the
results given in Table 4.2.

Table 4.2: Final Stresses at Top of Deck overSnopp. for Two Span Cont. W24x103 Girders

No. of Strands in Deck Initial Comp. in Deck Mathcad Result DIANA Result
(psi) (psi) (psi)
6 -300 302 328
12 -600 153 33.9
16 -799 54 -196

400

300 A

200
—e— MathCAD
\ —a— DIANA
100

0 T T T \\ T T
4 6 8 10 12 14 16 18
-100
-200 -

-300

Final Stress at Top of Deck (psi)

Number of Strands Used for Post-Tensioning Operation

Figure 4.1: Comparison of Final Stresses at Tdpexk over Interior Support
Figure 4.1 confirms that the results obtained fidathcad and DIANA exhibit similar trends.

The Mathcad results become more conservative wateasing amounts of initial compression
by predicting larger overall losses of compressiothe precast concrete bridge deck.
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4.3 Simple Span Models
4.3.1 Bridges with Steel Girders

The first set of parametric studies was perforfeedimple span bridges with steel
girders and a precast concrete deck. The precastate decks in each of the six different steel
girder bridges were post-tensioned to stressesn@gufiggm 100 to 400 psi in increments of
approximately 100 psi. The results are given ihl&&.3. Because the initial compression in
the deck was altered by changing the number offgeostioning strands, the initial compressive
stresses vary slightly from 100 to 103 psi in tingt set of parametric studies, 200 to 206 psi in
the second set, and so on. This explanation aplithe slight variation in initial deck
compressive stress for each set of parametricesudiall of the tables that follow. In addition,
Figure 4.2 illustrates typical distributions ofests and strain obtained throughout the steel girder
bridge cross sections at the end of service. &heg shown in Figure 4.2 correspond with the
results for the simple span W24x103 model initigiyst-tensioned to -200 psi in Table 4.3,
which is also provided as an example Mathcad mmd&ppendix B.
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Table 4.3: Parametric Studies for Simple Span &eder Models

Girder Girder Span No. of Initial Comp. Final Stress in Deck
Type Spacing Length Strands in Deck Top Middle | Bottom
(ft) (ft) in Deck (psi) (psi) (psi) (psi)
W24x103 6 60 2 -100 -112 -47 19
W36x160 6 90 2 -102 -63 -19 26
PL 1, d=48 6 120 2 -103 -23 9 41
W24x146 9 60 3 -100 -109 -45 19
W36x232 9 90 3 -102 -62 -19 24
PL 2, d=50 9 120 3 -103 -29 2 34
W24x103 6 60 4 -200 -209 -136 -62
W36x160 6 90 4 -204 -156 -106 -56
PL 1, d=48 6 120 4 -206 -111 -75 -39
W24x146 9 60 6 -200 -205 -133 -62
W36x232 9 90 6 -204 -154 -105 -57
PL 2, d=50 9 120 6 -206 -117 -82 -47
W24x103 6 60 6 -300 -303 -222 -142
W36x160 6 90 6 -306 -246 -191 -136
PL 1, d=48 6 120 6 -309 -197 -158 -118
W24x146 9 60 9 -300 -294 -216 -137
W36x232 9 90 9 -306 -240 -187 -134
PL 2, d=50 9 120 9 -309 -200 -162 -124
W24x103 6 60 8 -400 -393 -305 -218
W36x160 6 90 8 -408 -332 -273 -213
PL 1, d=48 6 120 8 -412 -280 -237 -194
W24x146 9 60 12 -400 -373 -289 -206
W36x232 9 90 12 -408 -316 -260 -203
PL 2, d=50 9 120 12 -412 -274 -234 -193
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Figure 4.2: Typical Distributions of Stress anda8tifor Steel Girder Bridge Models at End of
Service Life

For each bridge model and different amount ofahpost-tensioning in the deck, Table 4.3
shows the final stresses at the top, middle, aidimoof the concrete deck at midspan after
accounting for the time-dependent effects in thecoete. Although these calculations were
performed at midspan, the changes in stress thoautghe depth of the concrete deck are
constant along the length of the simple span whigkeriences uniform changes in curvature.
For the simple span steel girder bridges, it waseeted that the worst location for potential
tensile stresses in the concrete would be alongattem of the deck throughout the span, since
this is where the steel girder provides the greaestraint of creep and shrinkage in the concrete
deck. These predictions were verified by the teswhich showed that in each of the 24
parametric studies, the compressive stresses Wtesh at the top of the bridge deck, and the
stresses became less compressive or even som@nkie from the top of the deck to the
bottom of the deck.

In order to maintain compression throughout thatlilef the concrete deck at midspan,
at least 200 psi of initial post-tensioning in grecast panels was required. The initial
compressive stress of 200 psi resulted in a minimtiB9-62 psi residual compression in the
precast panel joints in each of the six modelsigémamounts of initial post-tensioning were
needed to obtain greater amounts of residual cassjone in the concrete deck. Figure 4.3

illustrates the relationship between the most terigial stress (located at the bottom of the
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concrete deck in each case) and the span lengtchtof the four levels of initial post-

tensioning.
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Figure 4.3: Final Deck Stress vs. Span Length fomp& Span Steel Girder Models

Figure 4.3 indicates a linear relationship betwinenspan length and the critical deck
stress at the end of service for the simple speel girder bridges. The final stresses were not
significantly affected by the girder spacing (®1t9 ft). The figure also shows that at each
different level of initial post-tensioning, the rless of compression in the deck increases with
span length. These losses are better identifi€dgure 4.4.
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Figure 4.4: Net Loss of Compression at Middle otb&r Simple Span Steel Girder Models

The behavior indicated in Figures 4.3 and 4.4Hersimple span steel girder bridges is
logical. While the steel girder sizes increaseppraonally with span length, the size of the
effective deck cross sections at 6 ft. and 9 fdegi spacings stay the same. Therefore, as the
deck becomes less stiff relative to the girder wittieasing girder sizes, the steel girder restrain
the creep and shrinkage of the deck concrete matssing it to experience greater losses of
compression. The deck to girder stiffness ratiessaown in Table 4.4.

Table 4.4: Comparison of Deck and Girder Stiffnedse Each Steel Girder Model

Girder Spacing | Span Ag Ad Eg*Ag Ed*Ad Larger | (Ed*Ad)/(Eg*AQ)
(ft) (ft) | (in® | (in? EA
W24x103 6 60 30.30 | 612 878700 | 2466671 deck 2.81
W36x160 6 20 47.00 | 612 | 1363000 | 2466671 deck 1.81
PL 1, d=48 6 120 | 65.81 | 612 | 1908490 | 2466671 deck 1.29
W24x146 9 60 43.00 | 918 | 1247000 | 3700007 deck 2.97
W36x232 9 90 68.10 | 918 | 1974900 | 3700007 deck 1.87
PL 2, d=50 9 120 | 85.34 | 918 | 2474860 | 3700007 deck 1.50
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4.3.2 Bridges with Prestressed Concrete Girders

The second set of parametric studies was perfofaresimple span bridges with
prestressed concrete girders and a precast coulgeite The precast decks in each of the 23
different prestressed concrete girder bridges west-tensioned to stresses ranging from 100-
330 psi in increments of approximately 100 psi.e Tésults for PCBT and AASHTO girders are
given in Tables 4.5 and 4.6, respectively. Fohda@ge model and different amount of initial
post-tensioning in the deck, these tables shoviinaéstresses at the top, middle, and bottom of

the concrete deck at midspan after accountinghfotitne-dependent effects in the concrete.
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Table 4.5: Parametric Studies for Simple Span PGdler Models

Girder Girder Span No. of Initial Comp. Final Stress in Deck
Type Spacing Length Strands in Deck Top Middle | Bottom

(ft) (ft) in Deck (psi) (psi) (psi) (psi)
PCBT-37 6 40 2 -102 -7 -27 -47
PCBT-37 6 40 4 -205 -92 -108 -123
PCBT-37 6 40 6 -307 -177 -188 -199
PCBT-37 6 75 2 -108 -118 -137 -157
PCBT-37 6 75 4 -215 -207 -222 -237
PCBT-37 6 75 6 -323 -295 -305 -316
PCBT-37 9 40 3 -102 -40 -55 -70
PCBT-37 9 40 6 -205 -130 -140 -150
PCBT-37 9 40 9 -307 -220 -224 -229
PCBT-61 6 65 2 -107 -52 -58 -65
PCBT-61 6 65 4 -213 -135 -139 -143
PCBT-61 6 65 6 -320 -217 -218 -220
PCBT-61 6 125 2 -110 -234 -246 -257
PCBT-61 6 125 4 -219 -319 -327 -336
PCBT-61 6 125 6 -329 -403 -409 -415
PCBT-61 9 50 3 -105 -29 -42 -55
PCBT-61 9 50 6 -209 -116 -126 -135
PCBT-61 9 50 9 -314 -202 -209 -216
PCBT-61 9 85 3 -108 -114 -123 -132
PCBT-61 9 85 6 -216 -203 -209 -215
PCBT-61 9 85 9 -325 -292 -294 -297
PCBT-85 6 85 2 -108 -66 -71 -75
PCBT-85 6 85 4 -216 -147 -149 -152
PCBT-85 6 85 6 -325 -227 -228 -228
PCBT-85 6 150 2 -110 -260 -262 -265
PCBT-85 6 150 4 -220 -341 -342 -342
PCBT-85 6 150 6 -330 -422 -421 -420
PCBT-85 9 70 3 -107 -46 -54 -62
PCBT-85 9 70 6 -214 -131 -137 -143
PCBT-85 9 70 9 -322 -216 -220 -224
PCBT-85 9 125 3 -110 -177 -183 -189
PCBT-85 9 125 6 -219 -264 -268 -272
PCBT-85 9 125 9 -329 -350 -352 -354
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Table 4.6: Parametric Studies for Simple Span AASHZirder Models

Girder Girder Span No. of Initial Comp. Final Stress in Deck
Type Spacing | Length | Strands in Deck Top Middle | Bottom
(ft) (ft) in Deck (psi) (psi) (psi) (psi)
Type Il 6 45 2 -104 -110 -114 -118
Type Il 6 45 4 -207 -206 -205 -203
Type Il 6 45 6 -311 -302 -295 -288
Type Il 6 70 2 -107 -129 -177 -226
Type Il 6 70 4 -214 -229 -271 -314
Type Il 6 70 6 -322 -327 -364 -401
Type Il 9 35 3 -101 -88 -97 -106
Type Il 9 35 6 -202 -184 -187 -191
Type Il 9 35 9 -302 -280 -277 -275
Type Il 9 55 3 -106 -85 -133 -180
Type Il 9 55 6 -211 -186 -227 -269
Type Il 9 55 9 -317 -285 -321 -357
Type IV 6 75 2 -108 -122 -115 -107
Type IV 6 75 4 -215 -210 -200 -189
Type IV 6 75 6 -323 -298 -284 -270
Type IV 6 120 2 -109 -246 -253 -260
Type IV 6 120 4 -219 -335 -339 -342
Type IV 6 120 6 -328 -424 -424 -425
Type IV 9 65 3 -107 -100 -98 -95
Type IV 9 65 6 -213 -192 -186 -180
Type IV 9 65 9 -320 -284 -275 -265
Type IV 9 100 3 -109 -165 -178 -191
Type IV 9 100 6 -218 -259 -268 -278
Type IV 9 100 9 -327 -352 -358 -364
Type VI 6 100 2 -109 -124 -119 -113
Type VI 6 100 4 -218 -205 -197 -189
Type VI 6 100 6 -327 -285 -275 -265
Type VI 6 160 2 -110 -321 -322 -324
Type VI 6 160 4 -220 -401 -401 -401
Type VI 6 160 6 -330 -482 -479 -477
Type VI 9 100 3 -109 -128 -126 -125
Type VI 9 100 6 -218 -214 -210 -206
Type VI 9 100 9 -327 -300 -293 -287
Type VI 9 140 3 -110 -231 -240 -249
Type VI 9 140 6 -220 -317 -324 -331
Type VI 9 140 9 -329 -404 -408 -412
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Due to the greater complexity of a prestressedrebe girder composite cross section,
predicting the time-dependent behavior of thes@k&rapan bridges was much less
straightforward than for the steel girder bridgésthe prestressed concrete girder models, the
negative moment due to the upward camber of tlilegzounteracted the positive moments
caused by the girder and deck self weights. Theader of each system was further
complicated by the time-dependent losses occuatifferent rates in the girder and deck
concretes of different ages. Therefore, the resflthe prestressed concrete girder bridge
parametric studies were much more dependent osphafic dimensions and characteristics of

each model than in the steel girder bridges.

4.3.2.1 PCBT Girder Bridge Analyses

In all of the 33 simple span PCBT girder paransestudies, the entire depth of the bridge
deck remained in compression at the end of theybrsrvice life. In each of these models
except one, the compressive stresses in the bdieigeat the end of service were highest at the
bottom of the deck, and became less compressive thie bottom to the top of the deck. In
order to maintain compression throughout the depthe concrete deck at midspan, at least 100
psi of initial post-tensioning in the precast paneés required. The initial compressive stress of
100 psi resulted in minimum residual compressivesses ranging from 7 psi to 260 psi in the
precast panel joints in the PCBT girder modelgyufé 4.5 illustrates the relationship between
the final stress at the middle of the concrete deukthe span length at the three different levels

of initial post-tensioning in the simple span PC&ilder models.
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Figure 4.5: Final Deck Stress vs. Span Length fionp& Span PCBT Girder Models

Figure 4.5 shows a general trend of increasingluascompression in the concrete deck
with increasing span length at each level of ihpmst-tensioning for both the 6 and 9 ft girder
spacings. This behavior is the opposite of thedi@served in the simple span steel girder
models, which involved decreasing residual comjwess the concrete deck with increasing
span length at each level of initial post-tensigniWWhile most of the concrete bridge decks in
the simple span PCBT girder models experienced Bsg of compression from the time of
post-tensioning to the end of service but stillagmed in compression, a few of the models with
longer span lengths underwent an overall gain mpression during this time. Whereas the
steel girders do not creep and shrink, the indeahpression present in the concrete girders
probably plays a role in helping the concrete gitallge decks to lose a smaller amount of
compression, or even gain some compression, bgrtief service life. Figure 4.6 shows the
net change in compressive stress at the middleeodéck for the simple span PCBT girder
models.
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Figure 4.6: Net Change in Compression at MiddIBectk for PCBT Girder Models

4.3.2.2 AASHTO Girder Bridge Analyses

In the 36 simple span AASHTO girder parametridi&s, the bridge decks again all
remained in compression throughout their deptliseaend of service life of each bridge model.
In 20 of the parametric studies, the minimum residompressive stress was located at the top
of the concrete deck at midspan, while in the ofttemodels the minimum residual compressive
stress occurred at the bottom of the deck at midspa

In order to maintain compression throughout thatlilef the concrete deck at midspan,
at least 100 psi of initial post-tensioning in grecast panels was required. The initial
compressive stress of 100 psi resulted in minimesidual compressive stresses ranging from
85 psito 321 psi in the precast deck panels iP@BT girder models. Figure 4.7 illustrates the
relationship between the final stress at the middlldne concrete deck and the span length at the
three different levels of initial post-tensioningthe simple span AASHTO girder models.
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As observed for the PCBT girder models, Figureidugtrates a general trend of
increasing residual compression in the concret& dett increasing span length at each level of
initial post-tensioning in the AASHTO girder modé&s both the 6 and 9 ft girder spacing. This
time, only a few of the concrete bridge decks egmeed a net loss of compression from the
time of post-tensioning to the end of service lilitremained in compression, while a majority
of the models underwent an overall gain in compo@sguring this time. Possible reasons for
this behavior were addressed in the previous sectiagure 4.8 shows the net change in

compressive stress at the middle of the deck ®stimple span AASHTO girder models.
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4.4 Continuous Span Models
4.4.1 Bridges with Steel Girders

The two and three span continuous models with gteers exemplified behavior
similar to the simple span steel girder models,itcitided much additional tension in the
concrete deck due to negative moments caused djolads and the restraint of downward
deflection at the piers. Tables D.1 and D.2 in &mbix D show the results of the parametric
studies for the two and three span continuous gissdr bridge models, respectively. The tables
give the final stresses at the top of the conatet both with and without the tension due to
live loads for each level of initial post-tensiogiapplied. All stresses given for the two and
three span continuous bridges are located at ttaansupport(s), which was assumed to be the
critical location because of the maximum negativemants created there by live loads and
restraint moments. The results provided in thabes are illustrated graphically in Figures 4.9,
4.10,4.11, and 4.12.
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Figures 4.9 through 4.12 show the much largeel®ss compression generated in the
concrete decks of the two and three span continsi@es girder bridges than the losses which
occurred in the simple span steel girder modelser Aomparing the respective two and three
span graphs with and without the stress due tddiads, it is clear that the live loads contribute
a significant portion of the tensile stress presetihe concrete deck at the interior supports.

In order to further investigate the effect of lieads on the final stresses in the concrete
deck, the live loads and corresponding deck stsemtsa distance of 4 ft away from each interior
support were calculated. While previous calculaiorere performed under the worst case
assumption that a panel joint would be locatedctlyever an interior support, these
calculations incorporated the best case assumgtaira typical 8 ft wide deck panel would be
centered over each interior support, placing e&dtheoadjacent panel joints 4 ft away from the

interior support. The results of these analysegaren in Figures 4.13 and 4.14.
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The results given in Figures 4.13 and 4.14 inditlaae the tension in the deck at a distance of 4
ft away from the interior supports is only redudsdabout 100 psi. These findings verified the
significance of the negative moment and correspuntinsion in the deck produced by live
loads, and the subsequent need for more initigH@msioning than in the simple span steel
girder bridges.

To provide reasonable recommendations for pretssk panel post-tensioning in the
two and three span continuous steel girder mottedsAASHTO LRFD limits regarding tensile
stresses in concrete were incorporated. Tabld.2.2-1 in LRFD establishes a tension limit for
the types of bridges considered in this researdh‘subjected to not worse than moderate
corrosion conditions;” this limit is given in Eque 4.1:

o, =0.19/f ! (4.1)
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where:

f ' is the concrete compressive strength in ksi.

c

Equation 4.1 is equivalent W with f'_ in psi.

For the 5000 psi concrete panels used in this relseaquation 4.1 produces a tensile stress limit
of 425 psi. Based on the results illustrated guFe 4.9 (the two span continuous system with
live load), an initial compressive stress of ab®®b® psi must be provided in the precast concrete
deck of a two span continuous steel girder bridgerévent tensile stresses exceeding the limit
425 psi under time-dependent effects and live lod&as three span continuous steel girder
bridges, Figure 4.11 shows that an initial compvesstress of about 500 psi must be provided in
the precast concrete deck to prevent tensile ssesseeding the limit of 425 psi under time-
dependent effects and live loads. These initiaslp@ssive stresses are provided by longitudinal
post-tensioning in the precast concrete deck.dtht@an to keeping the maximum deck stresses
below the tensile limit, these initial levels ofgtdensioning also keep the deck in compression

under permanent loads and loads induced from tepermbent effects in the concrete.

4.4.2 Bridges with Prestressed Concrete Girders

The two and three span continuous models withigesed concrete girders behaved
differently than the simple span concrete girdedets, but were also less affected by the live
loads than the continuous steel girder bridgesdleBaE.1 and E.2 in Appendix E show the
results of the parametric studies for the two dmdd span continuous prestressed concrete girder
bridge models, respectively. Like the continuotegkgirder results, the tables give the final
stresses at the top of the concrete deck bothamithwithout the tension due to live loads for
each level of initial post-tensioning applied. Agall stresses given for the two and three span
continuous bridges are located at the interior stfg), which was assumed to be the critical
location because of the maximum negative momee&ted there by live loads. Selected results
from Tables E.1 and E.2 are summarized graphicaliyigures 4.15 through 4.22 which follow.
Additional figures which illustrate results for theo and three span continuous PCBT and
AASHTO girder models are provided in Appendix E.
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Figure 4.18: Final Stresses for Three-Span ConSIARO Girder Bridges, Incl. Live Load
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Unlike the continuous steel girder models, the imaxn tensile stress in Figures 4.15-
4.18 above is less than 300 psi. This result visésimed from the smallest applied initial
compressive stress of about 220 psi. For thioreasd for simplicity, Figures 4.15-4.18 do not
depict results for models initially post-tensioriedevels greater than 767 psi. In two and three
span continuous bridges with PCBT or AASHTO girderdy 200 psi of initial compression is
needed to keep the precast concrete deck stresfiagwer the tensile stress limit of 425 psi
after time-dependent effects and live loads arsidened. In addition to keeping the maximum
deck stresses below the tensile limit, these Idéizels of post-tensioning also keep the deck in
compression under permanent loads and loads induam@dime dependent effects in the
concrete. This preservation of compression irdek is depicted in Figures 4.19-4.22 which do

not include live loads.

4.5 Elaboration on Continuous Span Model Results

As stated in the previous sections, an initial possive stress of 200 psi is
recommended for the precast bridge decks in dh®@PCBT and AASHTO girder bridges as
well as the simple span steel girder bridges ingattd in this research. This recommendation
contrasts the initial compressive stresses of &b@md 500 psi recommended for the precast
decks in the two and three span continuous stesdigbridges, respectively. The large
difference in these recommendations may be bet@enstood by examining two of the three
components of stress which contribute to the &italss in the concrete deck at the interior
supports. Tables D.1 and D.2 in Appendix D pretemtesults of the two and three span
continuous steel girder bridge parametric studidsle Tables E.1 through E.4 in Appendix E
present the results of the two and three spanmamiis prestressed concrete girder bridge
parametric studies. From these results, the sisadsveloped at the top of the concrete deck at
the interior supports due to continuity and livads are summarized in Table 4.7.
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Table 4.7: Summary of Results of Continuous BriBgeametric Studies

Type of Continuous Approximate Range of Stress at Top of Deck over Interior Supports
Bridge and Girders Due to Force Redist. and Continuity Due to Factored Live Load
(psi) (psi)

2 Span Steel 200 to 400 450 to 600

3 Span Steel 100 to 300 450 to 600

2 Span PCBT -200 to 50 100 to 400

3 Span PCBT -200 to 50 100 to 400

2 Span AASHTO -250 to 200 150 to 500

3 Span AASHTO -200 to 150 200 to 450

Table 4.7 shows that the ranges of stresses dou@tliacontinuity and live loads are
significantly higher for the two and three spantaarous steel girder bridges than for the two
and three span continuous prestressed concrets gindges. These differences may be
partially attributed to the relative stiffnessegdltd composite steel and composite concrete girder
cross sections used in the parametric studies.|evilie steel girders were designed based on a
span to depth ratio of 30, some of the prestressedrete girders had a span to depth ratio
significantly less than 30, as shown in Table 3#erefore, some of the composite concrete
girder cross sections were inherently stiffer thacomposite steel girder cross sections,
resulting in less tensile stresses over the intsu@ports in the continuous span concrete girder
bridges compared to the continuous span steelrdimildges. These conditions should be kept in
mind during interpretation of the design recommeioda presented in the next chapter.
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS

5.1 Summary

The research presented herein verifies the efiigi@nd practicality of using full-depth
precast deck panel systems for new constructioat@bilitation of bridge decks. Casting of the
concrete panels prior to their arrival at the beidge eliminates many of the complications
typically involved with a cast-in-place deck, angrsficantly reduces construction time and
resulting traffic delays or detours.

To facilitate the implementation of these full-tleprecast bridge deck systems,
however, designers need an easy, straightforwatkdader guidelines for determining the
amount of longitudinal post-tensioning requiredha bridge deck in order to keep the transverse
joints in compression. Prior to this researchaadiul of recommendations for longitudinal
post-tensioning in precast bridge decks were ptedebut these suggestions were based on the
results of at most a few laboratory tests or fiekement model results. While these models were
all limited to the use of steel girders, this reskancorporates two different types of prestressed
concrete girders as well as steel girders. Inteafgithe results of this research offer two
different options for calculating the required ambaf initial compression in a precast concrete
bridge deck, which include 1) estimating the reedimitial compression from the general
guidelines proposed, or 2) implementing the agesad{l effective modulus method via the

corresponding model developed and used to perfoisrésearch.

5.2 Conclusions

The parametric studies performed in this resemdicated general trends of behavior for
each of the four major groups of bridge models,ciwhincluded both simple and continuous
spans with either steel or prestressed concredergir In the simple span bridges, the steel girder
models experienced greater overall losses of cosafe in their precast decks with increasing
span length. This behavior was contrasted byithple span prestressed concrete girder
models, which demonstrated smaller net lossesra\@n gains in) compression in their precast
decks with increasing span lengths.

In the results of the two and three span contisuwmidge model parametric studies, clear
trends were more difficult to identify. Live loatlad a significant affect on the losses of
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compression and in some cases generated signife@site stresses in the bridge decks,
particularly in the continuous steel girder bridgedels. The precast bridge decks in the
continuous span steel girder models experiencedmigher losses of initial compression than
the precast decks in the continuous span prestresserete girder models. This outcome was
partially attributed to the extra compressive farpeovided by the prestressing as well as the
creep and shrinkage occurring in both the girdedsthe deck in the concrete girder bridge
models. Since the steel girder material was regming and shrinking like the concrete girders,
the greater restraint of the concrete deck provimethe steel girders combined with the effect
of live loads produced greater losses of compragsithese precast bridge decks.

The precast decks in the continuous span steddmgiiridge models without live load,
like the corresponding simple span models, displayreater losses of compression with
increasing span lengths. When live load was irediithowever, these trends were not as clear.
The precast decks in the continuous span concireter dpridges, on the other hand, displayed
results opposite of their simple span behavior.il®\the trends remained very unclear, the
continuous concrete girder bridge decks seem te baperienced greater losses with increasing
span lengths, whereas their simple span countergamed compression in the deck with

increasing span lengths.

5.3 Design Recommendations

The results of this research indicate that themenendations for initial longitudinal
post-tensioning in precast concrete bridge decklgareed to be revised. In order to provide
simple guidelines for use by designers, a singleevaf required initial post-tensioning was
determined for each different type of bridge madeéstigated in this research. These

guidelines are presented in Table 5.1.
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Table 5.1: Recommended Values of Initial Post-Tamsg

Girder Type | Number of Spans| Required Initial P/T (psi)
1 200
Steel 2 650
3 or more 500
1 200
PCBT 2 200
3 or more 200
1 200
AASHTO 2 200
3 or more 200

As shown in Table 5.1, the recommendations foofahe three span continuous bridges
were expanded to include three or more continupass This modification was made based on
the assumption that each additional span wouldréteally provide more restraint against
potential tension at the top of the deck over tierior supports, therefore reducing the
successive amounts of initial compression requimagtie deck. This theory is already
exemplified by the reduction from 650 psi to 500gdsnitial compression needed from two to
three continuous steel girder spans.

As an alternative to the general guidelines predich Table 5.1, the designer may also
choose to implement the modeling procedure develape used in this research to calculate a
more specific initial compressive stress requirethe precast deck of his or her bridge structure.
This option may be productive when a given bridgess section differs enough from the
parametric studies performed in this researchtti@general guidelines provided here may be
overly conservative or unconservative. As a se@taitnative to using the general guidelines
provided, the designer may also be able to intatpad more exact level of initial post-
tensioning appropriate for his or her bridge comfagion from the tables and graphs of results
presented in this thesis.

5.4 Recommendations for Future Research

The results of this research inspire several sofuic further study. First, since Mathcad
is such a powerful tool, the models created foringke parametric studies presented here could
be easily implemented to investigate time-depend#atts in bridges with other types of steel
or concrete girders, different span lengths, and#doious girder spacings. The studies of one,
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two, and three span bridges conducted in this reBeauld also be expanded to investigate
bridges of four or more continuous spans. In @aliitsensitivity analyses could be performed to
examine the ways in which altering the aging caeédfit or other material properties may affect
the results of this research.

Another topic for additional study involves difieg ages of precast concrete decks and
girders. The behavior of a bridge which undergodgck replacement on existing precast
concrete girders, for example, will be influencegdire minimal amount of creep and shrinkage
occurring in the well aged concrete girders. Asdbncrete girders become very old, they will
behave more like steel girders and provide moreaies due to the negligible amounts of creep
and shrinkage occurring in the concrete. Minor ifrcations of the Mathcad models developed
in this research would need to be made in ordactount for precast concrete panels and
prestressed concrete girders which are cast atisgntly different times. Expansion of simple
guidelines for post-tensioning precast concrete|sanill promote the use of these panels in
more newly constructed or rehabilitated bridge dethereby improving the quality and
efficiency of transportation infrastructure everyeu.
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Aatr

Agn
Agtr

Apsy
Apstr
Aptd
Ay
Adzy
Ady
Ahgy
Ahy
ApSatr

ApSatr

Apsy
Apsy
Apsy

Apttr

APPENDIX A
Variable Definitions

Variables used throughout the body of the thesistae Mathcad models include:

distance between deck centroid and haunch agdntno

age-adjusted transformed area of composite sex®on, iA

cross-sectional area of the effective deck, in

gross area of the girder?in

net area of concrete girder? in

transformed area of girder concreté, in

cross-sectional area of the haunch, in

total area of prestressing strands in girdér, in

transformed area of girder prestressing strands,

total area of post-tensioning strands in detk, i

transformed area of the composite cross sedtion,

age-adjusted transformed area of deck condréte,

transformed area of the deck in

age-adjusted transformed area of haunch condnéte

transformed area of the haunch, in

in the steel girder models: age-adjusted transd area of post-tensioning steel
in the deck, if

in the prestressed concrete girder models: dgested transformed area of
prestressing steel in the girder? in

total area of prestressing strands in the coagieder, iR

in the steel girder models: transformed areth@fleck post-tensioning steef in
in the prestressed concrete girder models: fwemed area of the girder
prestressing steel,%n

in the prestressed concrete girder models: fsemed area of the deck post-
tensioning steel, fn
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Apta = in the prestressed concrete girder models: agestadjuransformed area of post-
tensioning steel in the deck?in

Apty = total area of post-tensioning in the deck, in

Astry = area of each post-tensioning strand in the detk,

Astrg = area of each prestressing strand in the congieter, irf

b = distance between deck centroid and girder cehtim

C = distance between deck centroid and centroidrdégprestressing strands, in.

Catr = centroid of age-adjusted transformed cross@®ci.

Cy = centroid of the girder measured from the bottom,

Cgn = net centroid of concrete girder, in.

Cytr = centroid of transformed girder cross section, in

Cir = centroid of the transformed composite cross@ecin.

depthy = depth of the girder, in.

depth; = total depth of the composite section, in.

€ = eccentricity of prestressing strands in the oetecgirder, in.

€A = eccentricity of all strands at cross sectionoded (here, cross section A), in.

€gn = net eccentricity of prestressing strands in cetecgirder, in.

Egtr = eccentricity of prestressing strands in transfxd girder cross section, in.

Eq = modulus of elasticity of the deck, ksi

Edaatr = age-adjusted modulus of elasticity of deck cet&rksi

Eq = modulus of elasticity of the girder, ksi

En = modulus of elasticity of the haunch, ksi

Enaatr = age-adjusted modulus of elasticity of haunchcoete, ksi

Epsg = modulus of elasticity of girder prestressin@stts, ksi

Eptd = modulus of elasticity of deck post-tensioningastls, ksi

Epsy = modulus of elasticity of prestressing strandgh@concrete girder, ksi

Eptqy = modulus of elasticity of post-tensioning stramdghe deck, ksi

foj = stress to which prestressing strands are jadsad,

fojo = percentage of the ultimate stress to which ttaeg prestressing strands are
jacked, ksi

fou = ultimate strength of prestressing and post-temsg strands, ksi
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foy = vyield stress of prestressing and post-tensiostirands, ksi

fcy = compressive strength of deck concrete, psi

fcg = compressive strength of girder concrete, psi

fcn = compressive strength of haunch material, psi

hum = relative humidity, percent

| atr = moment of inertia of age-adjusted transformemiposite cross section,*in
lg = moment of inertia of the effective deck’ in

lg = moment of inertia of the girder,"in

lgn = net moment of inertia of concrete girdef, in

| gtr = moment of inertia of transformed girder crosstiea, iri

In = moment of inertia of the haunch? in

lir = moment of inertia of transformed composite crEsgtion, ifl
KL = factor indicating low relaxation strands

Lg = length of a single span, in.

Mgo = initial moment in concrete girder, kip-in

Mgoc = initial moment in concrete girder for compogtease, kip-in
M max = maximum negative moment at interior support;ikip

n = modular ratio of girder prestressing stranditdeg concrete
Ndg = modular ratio of deck concrete to girder materia

Ndga = modular ratio of age-adjusted deck concretartteg material
Nhg = modular ratio of haunch concrete to girder mater

Nhga = modular ratio of age-adjusted haunch concretgrtter material
Npg = modular ratio of deck post-tensioning steelitdegy material
Npga = modular ratio of deck post-tensioning steelitdey material
NUMk = number of harped strands in the prestressedemngirder
NUMg = number of straight strands in the prestressedrete girder
numstrgee = number of post-tensioning strands in the deck

numstrg = number of prestressing strands in the concriederg

Ndo = Iinitial force at centroid of deck, kips

Ndoc = initial force at centroid of deck for composgitkase, kips

Ngo = initial force at centroid of concrete girdempi
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Ngoc

perimy
perimy
perimy,

tq

tdcomp

talint

tdpt

tgcast
tgcomp
tgi nf

th

thcomp

thint

topwgy

S

XB

Xharp

Yd

Yh

initial force at centroid of concrete girder fmmposite phase, kips

perimeter of the effective deck (not includiig thickness on either side), in.
perimeter of the concrete girder, in.

portion of the haunch perimeter open to the aphere in a composite section
(twice the haunch thickness), in.

thickness of the deck, in.

time that the deck is made composite with tindags relative to the age of the
precast deck panel concrete, days

time considered as end of bridge service liég;sd

time that the deck is post-tensioned relativehtoage of the precast deck panel
concrete, days

time that the girder is cast, days

time that the girder is made composite withdbek, days

time considered as end of bridge service liég;sd

thickness of the haunch, in.

time that the haunch is placed (relative totthench material age), making the
deck and girders composite, days

time considered as end of bridge service liég;sd

girder top flange width, in.

effective width of the deck (interior girder spag), in.

width of the haunch, in.

location of cross section A: the ends of ea@nsp

location of cross section B: the ¥4 and % panhtsach span, in.

location of cross section C: midspan of eacimsjma

location of harping point for girder prestregsstrands: 0.4*L from the end of
each span, in.

centroid of the deck in the composite sectiomasneed from the bottom of the
girder, in.

centroid of the haunch in the composite seati@asured from the bottom of the
girder, in.
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Yps

Yps

Ypsa

Ypshpa

YpsstA

Af

pR

AM
AM
AM,,
AN,
AN
AN,
AN psy
AN
Ay
Ag,
Ag
Ag,
Ag

A&

in steel girder models: centroid of the decktgiessioning in the composite
section measured from the bottom of the girder, in.

in prestressed concrete girder models: centrbile girder prestressing strands
measured from the bottom of the girder, in.

centroid of all prestressing strands at crosi@edenoted (here, cross section A)
measured from bottom of girder, in.

centroid of harped strand group at cross seciomoted (here, cross section A)
measured from bottom of girder, in.

centroid of straight strand group at cross eadatienoted (here, cross section A)

measured from bottom of girder, in.

constant curvature of span, strain/inch

change in stress due to relaxation in girdetemk strands over a given time

interval

change in moment in deck

change in moment in girder

change in moment in haunch

change in force at centroid of deck

change in force at centroid of girder

change in force at centroid of haunch

change in force at centroid of prestress inagird
change in force at centroid of post-tensionimgeck
change in curvature

change in strain at centroid of deck

change in strain at centroid of girder

change in strain at centroid of haunch

change in strain at centroid of prestress idegir

change in strain in post-tensioning strandseickd
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shrinkage strain in deck concrete over a givee interval
shrinkage strain in girder concrete over a githere interval

shrinkage strain in haunch concrete over a giveea interval

aging coefficient for the deck
aging coefficient for the girder concrete
aging coefficient for the haunch

creep coefficient for deck concrete over a gitiere interval
creep coefficient for girder concrete over aegivime interval

creep coefficient for haunch concrete over &gitime interval
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APPENDIX B
Simple Span Bridge Model Details

Two examples of simple span Mathcad models are included in this appendix. Thefirst is

a 60 ft simple span bridge with W24x103 steel girders spaced at 6 ft, while the second is a 40 ft
simple span bridge with PCBT-37 girders spaced at 6 ft.
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Simple Span W24x103 Example

ORIGIN := 1

Deck Panel Prestress Losses:
Precast Concrete Deck with Steel Girder, Simple Spa n
Parametric Study: W24x103, 6' spc., 60' span

Inputs (data to be entered is under blue headings)
a) Steel girder properties
Girder section properties - general

Aq:=30.3 l:= 3000 E

g g g

topwg:: 9 Lg:: 60-12 Cq:= 12.25

:= 29000 depth,:= 24.5

9 .

b) Concrete deck and post-tensioning strand properties

Deck section properties
tq:=8.5 Wq:= 72 pg:=07 fcq:= 5000
Post tensioning strand properties

UMStrge = 4 Astrgi= 0153 Epty:=28500  fp:=270 Ky =45

p

Deck time intervals

tdpt =55 tdcomp = 60 tdi nf = 10000

Calculated properties - deck

Wd'tds
Ad = tgwWy Id = = Ed = 57 de perimd = 2~Wd AdWS = (td + 0.5)~Wd
Ag= 612 Iq= 3685 Eq= 4031 perimd =144 Agws = 648

Calculated properties - P/T strand

Apty:= numstrdpt~Astrd fpy = 0.9-f

Apty=0.612 fpy =243

pu
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Simple Span W24x103 Example

¢) Haunch properties
Haunch section properties

th =1 Hh= 0.7 fCh = de
Haunch time intervals

theomp = 0-7° thinf = tdinf

Calculated properties - haunch

Wh'th3 .
W = topwg Ap= th~topwg l:= o Enh:=Ey perimy, := 2-t,
Wh=9 Ap=9 I,=0.75 Ep, = 4031 perimy, = 2
d) General properties
hum:= 70
e) Composite section properties
h Lg
Yhi= depthg + E Yq:= depthg +th+ E Yps'= Yd depth, := depthg +th+ty
Yh=25 Yq=29.75 Yps = 29.75 depth, = 34
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Simple Span W24x103 Example

Creep and Shrinkage Models (from AASHTO LRFD 2006 Interims)

CREEP(fci, 11,12, hum, area, perim) :=

SHRINKAGE(fci, t1,t2, hum, area, perim) :=

Sign Convention:
Tension = Lengthening = (+)
Compression = (-)

(2 - t1)
61— 219 4 (12— 1y
1000

Kla<c t1~ 0118

khc « 1.56 — (0.008-hum)

area
kvs « max[1.45 -0.13 (—j ,OJ
perim

ktd2 «

kf « > -
fci
1000
creep < 1.90-ktd2-kla-kvs-khc-kf
creep
ktdl « 4t: :
61— [ =2 )1 n
1000
ktd2 « 2

4.fci
61— | —— | +t2
1000

khs <~ 2 — (0.014-hum)

area
kvs « max[1.45 -0.13 (—,j,o}
perim

5
fci

1000

kf «

shrink < —480-10 6~(ktd2 — ktd1)-kvs-khs kf
shrink
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Simple Span W24x103 Example

Outline of calculation steps for a steel girder wit h precast, post-tensioned deck panels
a) D/SG 1: Calculate redistribution of stresses in deck from post-tensioning to composite action

b) D/SG 2: Calculate redistribution of stresses in composite section from when it's made
composite to any time in the future

a) D/SG 1: Calculate redistribution of stresses in deck from post-tensioning to composite
action

Compute state of stress immediately following stressing - use average force in tendons

K= 0.80f unumstrdpt~Astrd Pjack =132.2 Kkips

Plac p
Consider seating losses....

Note: Post-tensioning tendons are straight so only have wobble losses --> k*| term

L
a:=0 p:=0 k:= 0.0002 per foot of length AS:= g inch len:= 1—(‘2;
_ — (p-ou+k-len) B . len = 60
Pdead— PJaCke Pdead_ 130.6 Kkips

Py — P
m:= Jack "dead m = 0.00219 Kips/inch

mw len-12

ASAptdEptd
Pg = ——m88 Po =9.084  kips
SL len-12 SL

ASAptd Eptd
'T Note xAS is longer than the

Xpg = " Xpg = 144.01 feet pridge...revise approach for
finding Pavg
_1 3 yini
Ayris = E'(Pjack_ Pdead) len12:2 aredyig = 1.14x 10°  Kip-in
Given

aredyig + X (len-12) = AS Apt 4 Epty

rh:= Find(x) - 7.5075508666443219600 rh=7.508 Kkips
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Simple Span W24x103 Example

PSl =rh+ Z(PJBCk - Pdead) PSl = 10.661 klpS

Plive:= Pjack ~ Py Piye = 121.53 kips

Pdeadz = Pdead —rh Pdeadz =123.11 kips

5 . Hive™ Pdead

g T Pavg = 12232 kips

Initial state of internal equilibrium, assuming
1) No tendon eccentricity
2) Self-weight causes no significant stresses

Nd, + Nptd, =0

Nptdy = Payg Nptd,, = 122.32 Ndg:= -Nptd,, Nd, = —122.32

Kips kips

Relaxation in deck post-tensioning strands from transfer to composite action
P

g N
Average stress in tendons fot = Apty fot = 199.87
4= theomp t:= tycomp ~ tdpt
t = 0.75 t=5
ot [ Tt log(24-t)
Afpr1= 7| 7 — 055 |——= Afgry = —2.005
Kipr fpy Iog(24~ti)

eshyyg = SHRINKAGE(feg, tpt tgcomp: hum, Ag, perimg) eshyq = —0.00000774
dgig = CREEP(feg, tapt tacomp: UM, Ag, Perimy) ¢g1 = 0.096
A2+ rgoa |
bovata)
d=d ANptdq
degnsl := 0 -1 0 AptsEpt dvarl :=
1 10 0 oo
€|
i 0 01 -1 | P
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Simple Span W24x103 Example

Nd,
—— b4 + esh
AqEq g1+ eSNgy
dansl := —Apr1~Aptd

0

0

dvaluesl := degnsl ! dans1

1.4343626

—-1.4343626
dvaluesl =

—0.0000119

—0.0000119
ANdy := dval uesll ANdq = 1.434
ANptd, := dva ua;l2 ANptd; = -1.434
Aedp := dval u&sl3 Aedq = -0.0000119
Aeptd, := dvaluesl 4 Aeptd, = —0.0000119

deck should be losing
compression --> +

PT strands should be
losing tension --> -

b) D/SG 2: Calculate redistribution of stresses in composite section from when it's made

composite to any time in the future

eshp := SHRINKAGE(fcy, thing> um, Ap,, perimy)

thcomp’

Opp = CREEP(fch, hum, Ay, peri mh)

thcomp’ thinf

eshypp = SHRINKAGE(fcg, hum, Ay, perimy)

tdcomp’ Lgint-

dgp = CREEP(fcd, hum, Ay, peri md)

tdcomp’ Linf»

eshy, = ~0.000345

dpp = 1411

eshy, = ~0.000147

dgp = 0.873

Need to establish all starting values based on results of previous stages: variables with

subscript "oc" indicate starting values for composite stage

Initial moment at midspan of steel girder is due to self-weight only:

W= A 0490 w, = 0.009 Kkip/in
g g 123 g
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Simple Span W24x103 Example

W~L2

MOggi == Mgggf = 556.76  Kip-in

Need to add deck weight moment to girder:

0.150 .
Waself = Adws ™ 5~ Wyegf = 0.056  kip/in
12
2
w -L
Mdggt = —dseg 2 Mdgys = 3645 kip-in

Check deck weight moment...

Stresses in girder due to deck weight only:

Mdgy-(clepthy - cg) Mdgys-Cq
Stop-= ~ | Obot = T T o
g g all stress values in ksi,

positive indicates tension

Otop = ~14.88 Gpot = 14.88

Strains in girder due to deck weight only:

Stop . 6 Shot , 6
®top = 10 epot = 10 all strain values in
9 microstrain/inch
Etop = ~513.2 &pot = 513.2

Moment in girder due to deck weight only (kip-in):

Epot ~ ®to
bq:= R bg=41.9
depthg
—6
Mfromdeck = ¢d10 Eglg MOfromdeck = 3645

Revise starting values for composite analysis to include girder and deck weights (kips and in)

Nd, = —-122.319
Mgoc = MOgaif + MOfromdeck Mg = 4201.76 0
] Nptd. = 122.319
Ndye := Ndg + ANdy Nd, = —120.885 0
Nptdy := Nptd, + ANptdq Nptd,. = 120.885
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Simple Span W24x103 Example

Relaxation in deck post-tensioning strands from composite action to end of service life

fot2 1= Nptdye A= inf ~ tdcomp Aiv=tdcomp

t = 9940 t; = 60

_fpt2 fpt2 log(24-t)
=——.|— -055 odoat)
Kipr | foy og(24~ti)

Calculations for system after it becomes composite

4 Tt tq
a::EJ’_E :E-i‘th-‘r(depthg—Cg)
a=4.75 b=175
i 1 1 1 100000 O 0]
0 a b 011100 0 0
0 0 0 000010 O -10
0 0 0 00001-10 0 a
0 0 0 000010 -10b
| AL+ Hgdd2
Coeff1~=% 0 0O 000010 O OO
dEd
L varsl? :=
0 0 —— 000000 1 00O
AgEq
AL+ Bpdn
0 ( ) 000001 0 00O
AR Ep
000 -1 0 0 0O 00 0 AptyEpty O]
000 O ( ddz) 0 000 0 1
loEg
coeff2 := —(1+ ppop
2
000 O 0 —(IE)OOOO 0 1
h'Eh
-1
000 O 0 0 e 000 0 1
| g-g ]
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Simple Span W24x103 Example

coeffs := stack(coeff1, coeff2)

1 1 1
0 4.75 175
0 0 0
0 0 0
0 0 0
coeffs — —0.0000007 0 0

0 0 —0.0000011
0 —0.0000548 0
0 0 0
0 0 0
0 0 0
0 0 0

0

0

0

0

0

Nd
A EC O+ eSNgp
values12:= | "\d
0
eshipp
—Apr2~Aptd

0

0

0

answers:= coeffs L-valuesl2

1 0 0

0 1 1

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

-1 0 0

0 -0.0000001 0

0 0 —0.0006576

0 0 0
valuesl2 =

95

-0
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|
=

0
1
0
0
0
0
0
0
0
0
0

O O O oo O r kB B OO
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o O O O

0
—-0.00019
0
—0.00035
-0.14705
0
0
0

o O O O

|
==Y

o O O o o +» O

o

o O O o

17442



Simple Span W24x103 Example

37.8626981
3.88202348
-39.0102763
—2.73444528
63.63738876
0.01049826
answers =
—-0.0001652
—-0.00013241
—0.0000444
—-0.0001652
0.0000069

Mg; := Mgy, + answers,

Ndf = NdOC + answers,

Nptd; := Nptd, + answers 4

f = answers,

Define values for plot of strain throughout composite cross-section

Asd = anSNerS8

Ash = answersg

Asg = answerslo

Agbotg = Asg + Xf'cg

Agtopg = Asg - Xf~(depthg - Cg)

th
Aspoth = Asp + Lt~
th
Agtoph = Aep - Xf~;

tq
Agbotd = Asd + Xf~;

600.59233676

Mg = 4802.35  kip-in

Nd; = -83.02 Kips

Nptd; = 118.15 Kips
%f=69x 10 6 strainfinch

Aepotg =

Aepoth =

4.017x 10

-1.29x 10

-1.29x 10

5

4

4

Agtoph = ~1.359x 10

Aepord = ~1.359 % 10

96
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4

varsl2 .=

ANy
ANp,
AN
AN ptd
AMy
AMp,
AM
Aey
Agp
Ag

AS ptd
Ax




Ly
Astopd = A8~ Lf
Ybotg = 0

Yropg = depthy
Yboth = Ytopg
Ytoph = Ytopg T th
Ybotd == depthg + 1y

microstrains := 106~

microstrains =

microstrains
ms2 :=

0

Aetopd
Ae d

Aepotd
Ae h

Asg

Aepotg

-194.5
-165.2
-135.9
-132.4
—44.4
40.2

1
0
-194.544
ms2 =

Simple Span W24x103 Example

4
Aetopd = ~1.945x 10

Ybotg = ©
Yeopg = 245
ybOth =245
Yeoph = 255
ybOtd =255
Yiopd = 34
Ytopd
Yd
Ybotd
depth :=
Yh
“
Ybotg
34
29.75
deoth 255
e
12.25
0
Ytopd
depth2 :=
Ytopd

depth2 34
=
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Graph of strains in composite section

Simple Span W24x103 Example

depth
depth2

f
—200

f
—100 0 100
microstrains, ms2

Define values for plot of stress throughout composite cross-section

Stresses in steel:

stremg =| -1.287

Agtopg' Eg
stressy = ASg Eg
Ae botg Eg
ANg:= answers, ANy = 37.86
ANy, = answers, AN}, = 3.882
AMy:= answers, AM 4= 63.64
AMp, = answersg AM}, = 0.0105

Stresses in concrete:

tqg) |
AM 4| —
Ndoc-l-ANd_ d 2

Ad

Streﬁsd =

NdOC + ANd

tg
AM 4| —
Nd0C+ ANd . d 2

g

+0
Ad

Ad

lg

stressy =

Ytopg

depths,, := Cy

g
Ybotg

Nd, = —122.319

Ndy = ~120.885

Ndk = -83.022

~0.209 Ytopd
~0.136

-0.062

depthsy:=| Yd

Ybotd



_ X _
AM
Ah Ih
ANp,
stressy, := A_h +0
AN, M h'(
+
| Ah Ih
Ytopd
depths;,,q = Yoo
op
Ypotd
depths;, 5 = Yoo
op
Ypoth
depthsy, 3 := "
opg

Simple Span W24x103 Example

str%shzl :

str%shzz :

Stl’eSSth =

0.424
streﬁh =1 0431
0.438

StI’ESSd
1

stress,
d

str&esh

Stl’e$h3

stress,

99
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Simple Span W24x103 Example

Graph of stresses in composite section (ksi)

35T
30+
25T !
depthsy
depthsy,
_____ 20+
depthsg
depthsy,
157
depthsyz»
depthsy, 3
o 10T
st
‘|4 ‘IS ‘|2 ‘Il 0 I1 I2
stressy, stressy,, stressg, stressyq , Stressy, o, stressy, 4
Conclusions for simple span with steel girder
Initial compression in deck (ksi) Final compression at top, middle, &
bottom of deck (ksi)
Nd,
OSIMpIe;pjfig) = ——
d -0.209
. . = -0. ksi
osimplejitig = —0-2 ksi stressy 0136
—-0.062
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Simple Span PCBT-37 Example

ORIGIN := 1

Deck Panel Prestress Losses:
Precast Concrete Deck with Concrete Girder, Simple Span
Parametric Study: PCBT-37, 6' spc., 40' span

Inputs (data to be entered is under blue headings)

a) Concrete girder and prestressing strand properties

Girder section properties - general

depthg:: 37 topwg:: 47 perimg:: 203.65 Lg:: 40.12
Cy= 18.43 Ag:: 690.7 Ig:: 126000

fcg:: 7000 Hg'= 0.7

Girder prestressing strand properties

numstrg =14 Astrg:: 0.153 Epsg := 28500 KLpr =45
oy = 270 Yps = 2.25 fojoe = 075

Girder time intervals

tcast = 1 tgcomp = 60 tginf == 10000

Calculated properties - girder

Eg:: 57 fCg

Eg = 4769

Calculated properties - P/S strand

Apsg:: numstrgAstrg 9= Cg~ Yps fpj = fpj%'fpu fpy:: 0.9~fpu
Apsg =214 €g= 16.18 fpj = 202.5 fpy: 243
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Simple Span PCBT-37 Example

b) Concrete deck and post-tensioning strand properties

Deck section properties

tg:=8 Wy:= 72 Hg=07 fcq:= 5000

Post tensioning strand properties

numstrdpt =6 Astry:= 0.153 Epty:= 28500

Deck time intervals

tgpt = 99 tdcomp = tgcomp Linf = tginf

Calculated properties - deck

Wty .
Ad = tde Id = 12 Ed =57 de perlmd = 2Wd AdWS = (td + 05)
Aq= 576 4= 3072 Eq= 4031 perimy = 144 Agis = 612

Calculated properties - P/T strand
Apty:= numstrdpt~Astrd

Apty = 0.92

¢) Haunch properties
Haunch section properties

th =1 Hh= 0.7 fCh = de

Haunch time intervals

theomp = 0-7° thinf = tginf

Calculated properties - haunch

Wh~th
W = topwg Ap= th~topwg = o Enh:=Ey
wp = 47 Ap=47 I, =392 Ep, = 4031
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Simple Span PCBT-37 Example

d) General properties

hum := 70 n= Epsg
Eg
e) Composite section properties
h g
Yhi= depthg + E Yq:= depthg +t+ E depth; := depthg +th+ty
yh =375 yg= 42 depth; = 46
Calculated net section properties - girder
Agn=Ag~ APy A = 688.56
gn
AL Cq— APSyY,
¢ = —9°9" "Pps C., = 18.48
gn A gn
gn

= ly+ Ay(Cqn — C 2—As CH— 2 |, = 125440.99

gn= g+ Ag(Cgn — o)~ APsg(Sg~ Yps) gn - '
egn = an - ypS egn =16.23

Calculated transformed section properties - girder
Apstr = Apsg~(n -1) Agtr = Ag + Apstr
Apstr = 10.66 Agtr = 701.36
AyCq+ AncrY
g = — PP cqr = 1818
Ag + Apstr

g =15+ Ay(Cqy— C 2+A (Cutr — 2 |4 = 128748.01
gtr— g 9( g gtr) DSU( gtr ypS) gtr — '
egtr = Cgtr - ypS egtr =15.93
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Simple Span PCBT-37 Example

Creep and Shrinkage Models (from AASHTO LRFD 2006 Interims)

CREEP(fci,t1,t2, hum, area, perim) :=

SHRINKAGE(fci, t1,t2,hum, area, perim) :=

Sign Convention:
Tension = Lengthening = (+)
Compression = (-)

(2 - t1)
61— (219 1 (12— 1y
1000
Ka « t1 0118
khc « 1.56 — (0.008-hum)

kvs « max[l.45 ~ 013 (ﬂ)ﬂ
perim

5
fci

1000
creep < 1.90-ktd2-kla kvs -khc-kf

cregp

ktd2 «

kf «

t1

o1 (21 Ly
1000

t2

o1 (21
1000

khs < 2 — (0.014-hum)

kvs « max[l.45 ~ 013 (ﬂ) , o}
perim

kf « > -
fci

1+——
1000

ktdl «

ktd2 «

shrink < —480-10 6~(ktd2 — ktd1)-kvs khs-kf
shrink
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Simple Span PCBT-37 Example

Outline of calculation steps for a precast, prestre ssed girder with precast,
post-tensioned deck panels

a) D/CG 1: Calculate redistribution of stresses in girder from transfer to composite action with
deck

b) D/CG 2: Calculate redistribution of stresses in deck from post-tensioning to composite
action with girder

c) D/CG 3: Calculate redistribution of stresses in composite section from when it's made
composite to any time in the future

a) D/CG 1: Calculate redistribution of stresses in girder from transfer to composite action
with deck

Moment at midspan due to girder self-weight only:

0.150 L
Wg = Ag—3 Wg = 0.06  Kkips/inch

MOgyt == Mgeys = 1726.75 p-in

Jacking force in prestressing strand:

..Aps

Pjack = pr 9 Pjack = 433.75 «Ips

Initial force in prestressing strand (jacking force minus ES losses):

2
Plack . Plack €gtr ~ MOeaif-Egtr

fo= f =126 Ksi
C C
P A lgtr lgtr P
P = Piack — (HfogpAPSy) P, = 417.62 kips
Npsy:= P, Nps, = 417.6 Kkips

Initial force in net concrete section is equal to initial force in prestressing strand:

Ng,:= -Nps, Ng, = —417.6 kips
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Simple Span PCBT-37 Example

Sum moments about net centroid of girder to get initial moment at midspan:
-Mgy+ MOyt — Npso~egn =0

MgO;: Mgse” — Npso.egn MgO: -5051.4 kip-in

CHECK Mgo using a curvature approach...

Plack . Plack €gtr (depthg - Cgtr) ~ Mgself'(depthg - Cgtr)

GIO = Gto = 014
PT Ay lgtr lgtr P
P P: ot €ntr C Mg+ C
ack ack “gtr ~gtr self “gtr
Chot == J _ gr 9 + g Shot = -1.35
A | |
gtr gtr gtr
P P Y
jack  Tjack Egtr Yself Egtr
. _ + 6 oqs = —1.26
cgs A | | cgs
gtr gtr gtr
all stress values in ksi, compression
Stop . 6 Shot , 6 Scgs ., 6
Stop = ?10 SbOt = ?10 chs; ?10
g g
£op = 292 Epot = —283.2 £cgs = ~264.2
all strain values in microstrain/inch
Initial force in strand:
_6 .
Petrand = Pjack ~ (|chs| 10 ~Epsg~ApsQ Pgrand = 4176 kips
Initial force in concrete at net cg:
~ Pack  Fack gt (an - Cgtr) Mgself'(cgn - Cgtr)
Seonc'= ~ A + I - I S conc = -0.61
gtr gtr gtr
Peonc = GconC'Agn Peonc = —417.6 kips
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Simple Span PCBT-37 Example

Moment in concrete:

€ — €
M = ¢-El ¢:=% ¢ = -8.44

g

6
Mgone:= 0-10° -Egl M

olgn ~5051.6  Kip-in

conc ~

Relaxation in girder prestressing strands from transfer to composite action

| Nps,
Average stress in tendons fop=—— fht = 194.97
tj = tgcast t:= tgcomp
=1 t =60
- pt fpt log(24-1) .
Aprl = f_ - 0.55 |— Aprl =-25 Kksi
Kipr | fpy og(24~ti)

Girder time interval 1: Girder shrinkage & creep from transfer to deck placement

eshyyy := SHRINKAGE(feg, tycags tgcomps hum, Ag, perimg) eshy = ~0.00019
bg1 = CREEP(feg, tycagts tgcomps UM, Ag, perimg) bg1 =077
_ . 0 _
0 e
9 ANgl
( g 91) 0 0 1 0 0 ANpsgl
. EgAgn L | Amal
geqnst = 0 1 0 0 ApsyEpsy O FEE=1 et
0 0 0 1 -1 e Aepsgl
Ayol
0 A2+ rgiq) o o 1
i Eglgn ]
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gansl =

27.430574
—27.430574
443.826692

—-0.000275
—0.000362
—0.000005

gvaluesl =

ANgs := gvd ue;ll
ANpsgq := gval ua;l2
AMgy = gva ua;l3
Aegq = gvaluesl 4
Aepsyq = gva ua;l5

Aygq = gvd ue;16

Simple Span PCBT-37 Example

Note: Ngo and Mgo both go in as
negative values here

—0q1 gvaluesl := gegnsl 1~gansl

*Redistribution of stresses in girder from transfer to
deck placement

ANgq = 27.43
ANpsgq = -27.43
AMg; = 443.83
Aegq = -0.000275
Aepsgq = —0.000362

Aygq = ~0.00000535
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Simple Span PCBT-37 Example

b) D/CG 2: Calculate redistribution of stresses in

composite action

deck from post-tensioning to

Compute state of stress immediately following stressing - use average force in tendons

P ack, = 0.80~fpu numstrdpt~Astrd

Consider seating losses....

Plack = 198.3 kips

Note: Post-tensioning tendons are straight so only have wobble losses --> k*| term

L
o:=0 p:=0 k:= 0.0002 per footof length  AS:= g inch len:= 1—2
Pdead = Pjacke_ (-atk-en) Pgeag = 196.7 kips len =40

Plack ~ Pdead
m=———

w len-12

AS Apty Epty
Pg = ————  Pg =2044
SL len-12 SL

Plive’= Fjack = PsL Plive = 177.85 Kips

ASAptd Eptd
y om0

X =
AS 12

1
ae3yis = - (Plack ~ Pdead) 187122
Given

aregy g + x-(len-12) = AS Apty Epty

rh:= Find(x) — 18.859868079211078270
PS| =rh+ Z(PJaCk = Pdead)
Hinve= Plack ~ P

Pdeadz = Pdead —rh

n . Hive* Pdead
avg 2

Xpg = 143.87 feet

m = 0.00329 Kkips/inch

Note xAS is longer than the
bridge...revise approach for
finding Pavg

areay s = 758.39 Kip-in

rh=18.86 Kkips
= 176.27 Kips

Plive

Pdeadz = 177.85 Kkips
=177.06 Kkips

Pavg
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Simple Span PCBT-37 Example

Initial state of internal equilibrium, assuming

1) No tendon eccentricity

2) Self-weight causes no significant stresses

Nd, + Nptd, =0

Nptd,, := Pavg

Nptd,, = 177.06

Nd, := —Nptd,

Kips

Nd, = -177.06
kips

Relaxation in deck post-tensioning strands from transfer to composite action

Average stress in tendons

oo ((f
Mo = —P2| 22 _ 055
Kipr { fpy

P
avg
= — f 4o = 192.87
pt2 Aptg pt2
Aiv= theomp
tj = 0.75 t=5
log(24-1)
T AprZ =-1.73
o(241;)

4= tdcomp ~ tdpt

ksi

eshygp = SHRINKAGE(fcg, tpt tcomp, hum. Ag, perimy) eshyy = —0.00000802
dgp = CREEP(fcg, tapt tacomps um, Ag, perimg) dgp = 0.1
1+ rgégr |
Q 1 0 ANd2
AdEd
I dvar2 ANptd2
egns2 = 0 -1 0 AptyEpt are =
Plg =P Aed2
1 10 0 Aeptd2
. 0 01 -1 |
Nd,,
g dd2t sShep
d=d . 1.9734866
dans2:= | —AfypoApty dvalues2:= degns2 "-dans2 ~1.9734866
dvalues2 =
0 ~0.0000147
0 ~0.0000147

110



ANdZ = dvd ue;21
ANptd, := dva ue;22
Asdz = dvd ue:~323

Aeptd, := dval ue:~324

Simple Span PCBT-37 Example

ANd, = 1.97
ANptd, = ~1.97
Aed, = ~0.0000147

Aeptd, = —0.0000147

c) D/ICG 3: Calculate redistribution of stresses in
composite to any time in the future

composite section from when it's made

eshyg = SHRINKAGE(fcg, tycomps tginf - hum, Ag, perimy) eshyg = ~0.000109
bg3 = CREEP(fcg, tycomp tginf> hum. Ag, perimg) bg3 =074

eshpg = SHRINKAGE(fcy, theomps thinf » hum., Ap, perimy,) eshp3 =0

(I)hs = CREEP(fCh,thcomp, thl nf> hum,Ah, perlmh) (I)hs =0

eshyyg = SHRINKAGE(fcg, tecomps tainf - hum, Ag, perimy) eshyz = —0.000152

bg3 = CREEP(fcg, hum, Ay, perimy) g3 = 0.905

tdcomp’ Linf»

Need to establish all starting values based on results of previous stages: variables with
subscript "pr" (prime) indicate starting values for composite stage

MgOpr = Mgy + AMgq MgOpr = -4607.6

NgOpr = Ngy + ANgq NgOpr = -390.2
NpsOpr := Nps, + ANpsgq NpsOpr = 390.2
NdOpr := Nd, + ANd, NdOpr =-175.1
NptdOpr := Nptd, + ANptd, NptdOpr =175.1
Need to add deck weight moment to girder
0.150 .
Wysalf == Adws'_3 Wgeelf = 005 Kip/in
12
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Simple Span PCBT-37 Example

2
Wasdlf'Lg

2 Mdgys = 1530  kip-in

Mdself =

Stresses in girder due to deck weight only:

Mdgys-(depthg — cqp)

Ktopy= Stop = -0.22
lgtr
Mdggt Catr
Rty —=F Spot = 0-22
lgtr
. Mdself'(cgtr - yps)
R = I Ocgs™ 0.19
gtr
all stress values in ksi, positive indicates tension
Stop , 6 Shot . 6 Scgs
g = —-10 g :?10 A%ogs\':_lo
g g g
Stop = -46.9 €pot = 453 €ogs ™ 39.7
all strain values in microstrain/inch
Force in girder strands due to deck weight only (kips):
-6 .
Pstrcomp = Eogs 10 ~Epsg~Apsg Pstrcomp =24 kips

Force in girder concrete at net cg due to deck weight only (kips):

~ Mdself'(cgtr_ an)

REoRG = S cone = —0.00352
|gtr
Peonccomp = S concAgn Peonccomp = 24 kips

Moment in girder concrete due to deck weight only (kip-in):

€pot ~ ®to
b= P b= 249
depthg
— 6
M gfromdeck = ¢ 10 “Eglgn Mgfromdeck = 1490.7
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Simple Span PCBT-37 Example

Revise starting values for composite analysis to include deck weight

Mo == Mgpr + Mgfromdeck Mgge = —3116.9
NGoc = N9gpr + Peonccomp Nggye = —392.62
Npsye == NpsOpr + Pstrcomp Npsy = 392.62
Nde = Ndlgpy Nd, = ~175.08
NPt = Nptdypy Nptdy, = 175.08

Relaxation in girder prestressing strands from composite action to end of service life

Np: Aiv=tgcom 4= Lginf
(gm0 fg = 183.29 geomp 9
g
t = 60 t = 10000
_fpt3 fpt3 log(24-1) .
MfpRg = ——| ~— — 085 | —= == Mogg=-142 ki
Kipr | fpy Iog(24~ti)

Relaxation in deck post-tensioning strands from composite action to end of service life

Nptdy. Aiv=tdcomp A= tdinf
fpt4 = T fpt4 = 190.72
p
d t = 60 t = 10000
£, (f ,
B g Mopg=-17 ks
Kipr | fpy Iog(24~ti)

Calculations for system after it becomes composite

4t g g
ai=—+— = *tht (depthy — cgyr) Ci= o +ip+ (depthy — yoq)
a=45 b =23.82 c=39.75
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1111100000 0 O OO
0OO0Oabc111200 0 0 00O
000000001 -10 0 00O
coeffl :=
0000000010 -10 0 a
0000000010 O-100MH0m
0000000010 OO0 -1c
{1+ pugo
M 0 0 0 0 0 0 1 0 0
EqAg
—(1+Hd'¢d3)
0 0 0 0 O — 0 0 0 0 0
Eqly
0 0 0 (1+ gty 0 0 0 0 o 0 o0
cf2:= Eg'Ag
0 0 0 0 0 0 0 M o 0 o0
Eg"g
0 -1 0 0 0 0 0 0 0 AptyEpty O
A1+ 1popg
0 Q 0 0 0 0 0 0 1
i EnAh
coeff2 .= cf2 (Note: The matrix variable name above had to be shortened
to fix the matrix on the page for printing purposes)
000O0-10 0 00000Apsg~Epsgo
coeff3 := —(1 + “h’¢h3)

0O000O0OOO 00O0O0O 0 1

Enlh
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Simple Span PCBT-37 Example

0
0
0
0
0
0
0
0
Nd 0
oC
e bast sy 0
d 0
0 0
valuesl4 ;=
Ngoc ~0.000221
bg3 + &y3 valuesl4 =
A E. 9 9 0
g-g
-0.000196
Mgqc
E g3 ~0.000004
g'’g 1.556702
eshpyg 3.036427
Afor3 APSy 0
0
coeffs := stack(coeff1, coeff2, coeff3)
1 1 1 1 1 0 0 0
0 0 45 238159 39.75 1 1 1
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
-0 0 0 0 0 0 0 0
coeffs =
0 0 0 0 0 -0 0 0
0 0 0 -0 0 0 0 0
0 0 0 0 0 0 0 -0
0 -1 0 0 0 0 0 0
0 0 -000001 O 0 0 0 0
0 0 0 0 -1 0 0 0
0 0 0 0 0 0 -0.00006 O

115
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o

o O O O o o

26163

unknownsl4 :=
0 0
0 0
0 0 0
-1 0 0
0 -1 0
0 0 -1
0 0 0
0 0 0
0 1 0
0 0 0
0 0 0
10 0
0 0 61047
0 0 0

ANd
ANptd
ANh
ANg
ANpsg
AMd
AMh
AMg
Aed
Aeptd
Ach
Aeg
Aepsy
Ay,

45
23.8159
39.75

b O O O +»r O B+ O




unknowns := coeffs 1~val uesl4

rfi= unknowns1 4

Ndf = NdOC + unknowns1

Nptd := Nptd + unknowns2

Define values for plot of strain throughout composite cross-section

Aeq:= unknowns, Agg := unknowns

9

Aepy = unknowns11

Agbotg = Asg + Xf'cg

Agtopg = Asg - Xf~(depthg - Cg)

th

Asboth = ASh + Xf~z
. th
Astoph = Aep— Xf~z

Simple Span PCBT-37 Example

66.73037071
—6.10269459
-33.89432117
—-10.3029355
—-16.43041945
—8.70613926
—-0.01812849
1059.73152115
—-0.00017376
—-0.00017376
—-0.00017892
—-0.00020111
—-0.0002194
—0.00000115

unknowns =

%4 =-115x 10" ° trainfinch

Nd; = -108.35  kips

Nptds = 168.98 kips

12

Aepotg = 2223 x 10
Aeqopg = ~1.798x 10

Aepoth = ~1.795 x 10

Aegoph = ~1.784 x 10
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unknownsl4 :=

ANd
ANptd
ANh
ANg
ANpsg
AMd
AMh
AMg
Aed
Aeptd
Ach
Aeg

Aepsg
Ay,




Agbotd = Asd + A

Aetopd = Aeg — %t
Ypotg = 0

Ytopg = depthy
Yboth ‘= Ytopg

Ytoph = Ytopg * th

i
2
tq

2

Ypotd = depthg +th

microstrains := 106~

microstrains =

Aetopd
Ae d

Aepotd
AS h

Asg

Aepotg

-169.2
-173.8
-178.4
-178.9
-201.1
—222.3

microstrai ns,
ms2 :=
0

-169.16
ms2 =

0

Simple Span PCBT-37 Example

4
Aepotg = ~1.784 x 10

4
Aeqopg = ~1.692 x 10

Ypotg = ©
Ytopg = 37
Yboth = 37
Ytoph = 38

Ypotd = 38

Ytopd = 46

Ytopd
Yd
Ybotd
Yh

depth :=

Ybotg

46

42

38
375
18.43

depth =

Ytopd
depth2 :=
Ytopd

depth2 40
PN =146
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Graph of strains in composite section

Simple Span PCBT-37 Example

507

depth
depth2

407

307

207

107

I [
=300 —200 —100
microstrains, ms2

Define values for plot of stress throughout composite cross-section

ANy := unknowns1

ANp = unknowns3

ANg := unknowns 4

Stresses in concrete:

ANy = 66.73
AN}, = -33.89
AN = -10.3

NdOC+ANd_ d(z

tg

Ad

stressy :=

NdOC + ANd
—_— +

Ad

g

0

ld
2

Ad

AM
NdOC+ANd+ d(

g

AM 4= unknowns,

. AMy=-8.71

AMy, = unknowns7 AMy, = -0.01813

AMg = unknowns8 AMg = 1059.73
Ytopd
depthsy:=| Yq
Ybotd
-0.177
stressy = -0.188
-0.199
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_ N
ANp h( j depths, :=
Ah Ih
ANh
stressy, := A_h +0
t —
h stressy, =
ANp AMp (_j
+
| Ah o
Nggc + AN ) AM (depthg - cg) ) M0 (depthg - cg)
Ag l9 lg
Ngge + ANg
stress,, := —=40
essy n
Ngoe + ANg  AM (cg) Mgoc(depthg - cg)
+ +
i Ag lg lg ]
Ytopd Str%sdl
depthsy1 = Yoo stressy,1 =
op 0
str
deoth Ybotd o 5,
= r =
eptns, o Ytoph Sh2= | =
str
deoth Yboth o Sy
= r =
epthsy,3 Yiopg €5hz3 Str%gl

119

Ytoph
Yh
Yboth
-0.719
-0.721
-0.723
Ytopg
depthsg:: Cy
Ybotg
-0.28
strasg: -0.583
—0.888
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Graph of stresses in composite section (ksi)

50T
40T
depthsy
depths, 30+
depthsg
depthsy,
depthshzz 20T
depthsy, 3
10T
-1 -0.8 -0.6 0.4 -0.2
stressy, stressy,, stressg, Stressy,q , Stressy, o, Stressy, 4
Conclusions for simple span with concrete girder
Initial compression in deck (ksi) Final compression at top, middle, &
bottom of deck (ksi)
. Nd,
oSMplejnitig) = ——
d -0.177
. . = -0. ksi
osimple;itig = —0.307  ksi stressy 0.188
—0.199
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APPENDIX C
Continuous Span Bridge Model Details

C.1: General Procedures
The equations for computing the live load disttit factors for moment in an interior

girder were:

Interior girder, moment, two or more lanes loaded:

DFM20_075+[(3) (—SN ]] e
95) \L) (1t

where:
K, =n(l +Ae/’) (C.2)
t d
e ==+t +—= C.3
P (C.3)

S= girder spacing, ft

L = span length, ft

ts = slab thickness, in

n = modular ratio of girder material to deck coneret
A =area

tn = haunch thickness, in

d = depth of girder, in

Interior girder, moment, one lane loaded:
0.4 03/ K 0.1
DFM, =0.06+ [Ej (—Sj 93 (C.4)
14) (L) \1at,

Interior girder, moment, fatigue:

DFM,

DFM, = (C.5)
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where:

m = multiple presence factor, which indicates thenber of lanes loaded

The largest and therefore controlling one of thibsee distribution factors for moment was
always theDFM,, which was then used to factor the stress dugdaddads in every bridge

model.

C.2: Steel Girder Bridges
An example Mathcad model consisting of two coraimsi90 ft spans of W36x232 steel

girders at 9 ft spacing is provided at the enchaf &ppendix.

C.3: Prestressed Concrete Girder Bridges

An example Mathcad model consisting of three caus 100 ft spans of AASHTO
Type IV prestressed concrete girders at 9 ft spaisiprovided at the end of this appendix.
Details regarding calculations performed in thesel@ts are provided in the following.

The straight strand layout for each prestresseadrete girder in the simple span models
was established by filling in the available strdomchtions in each girder from the bottom up.
The center of gravity of the prestressing strands thien calculated for the resulting strand
layout in each girder.

The harped strand layout for each prestressedetengirder in the continuous span
analyses was designed using an iterative proceskiah the number and location of harped
strands was adjusted based on allowable and atteates at the critical locations along each
beam. The number of strands able to be held ih eag of each girder type was accounted for

in this procedure. The allowable stress limitsaver

T

f = ci C.6

1000 (C.6)

. _—06f; (C.7)
1000

where:
fi = allowable tensile stress, ksi
f’'ci = compressive strength of concrete in girder, psi
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fe = allowable compressive stress, ksi

In general, the actual stresses at the supportBampihg points were:
f = _Pjack 4 Pjacke(r( d_ Qr) _ Mo(d — Ctr)
i T
AI’ Itr ltr
fo= ~Plack _ Pack& G N M,c,
Ar Itr Itr

(C.8)

(C.9)

where:

fy = actual tensile stress, ksi

fei = actual compressive stress, Kksi

Piack = jacking force in strands, Kips

Ay = transformed area of girder at appropriate csession, i

er = transformed eccentricity of prestress at appabtgicross section, in.

d = depth of girder, in.

¢y = centroid of transformed girder at appropria@ssrsection, in.

l, = moment of inertia of transformed girder at agpiate cross section, ‘in

M, = initial moment in the girder due to self weigkip-in (equal to zero at supports)
Figure C.1 illustrates the general layout of gadstressed concrete girder, and Table

C.1 provides the corresponding dimensions anddttanters of gravity obtained from the
iterative design process explained above.
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Supp

HP

—

04L

\

04l

Figure C.1: Layout of each Prestressed Concree6in a Continuous Span

Table C.1: Characteristics of Prestressed ConGtkers with Harped Strands

Girder Girder | Span No. of %2 in. No. of No. of Strad cg Strand cg
Type Spacing| Length | Dia. Strands | Straight | Harped at Supp at HP

(ft) (ft) Strands | Strands| (in from bot.) | (in from bot.)
5 40 14 12 2 6.93 2.25
75 28 24 4 7.64 3.25
PCBT-37 9 40 14 12 2 6.93 2.25
6 65 16 14 2 9.34 2.50
125 50 44 6 10.82 5.21
PCBT-61 9 50 18 16 2 8.78 2.69
85 28 24 4 11.07 3.25
6 85 20 18 2 10.72 2.85
150 50 42 8 16.53 5.21
PCBT-85 9 70 22 20 2 10.14 2.98
125 44 38 6 14.72 4.52
45 8 6 2 10.00 2.00
ATASHeT”O 6 70 28 24 4 8.29 4.86
@eaey | o 35 8 6 2 10.50 3.50
55 24 20 4 9.33 5.67
75 16 12 4 14.50 2.50
ATAS;'T\? 6 120 54 44 10 13.41 5.63
(dyE sy | o 65 18 14 4 13.33 2.67
100 50 42 8 12.00 5.28
100 22 18 4 14.91 2.91
ATAS;'I/? 6 160 76 64 12 16.21 7.68
dovy | o 100 30 26 4 12.13 3.60
140 76 64 12 16.21 7.68
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Once the girder designs were complete, the tinpeiddent analyses were performed as
in the concrete girder simple spans, but this tiepeated three times for each section (A, B, and
C) denoted along each span. The variables usesldolate section properties and other
guantities throughout the continuous concrete gibdielge models are defined in Appendix A,
with an additional “A,” “B,” or “C” to denote theross section under consideration.

The next complication which was unique to the cwdus concrete girder bridges
involved finding the time-dependent stress induattthe interior support(s). Since these spans
did not have the constant curvature of the spatis steel girders, the portion of the force
method which required finding the deflection upemoval of the interior support(s) was much
more complex. This deflection was found by apmyihe moment-area method to a graph of the
changes in curvature from the D/CG 3 phase at saction along the continuous spans. The

graph from the AASHTO Type IV example is shown igufe C.2.

curvuhﬂngpsz-lﬂ_ﬁ

I 1 I 1 I I
0 500 1000 1500 2000 2500 0 3000 3300 4000

cutvlengths

440 ° .

Figure C.2: Change in Curvature during Phase D/GG. 8ength

In this case, the changes in curvature during #@&33 time interval were all negative.
However, in other instances, these changes wdrereitl positive or both positive and negative.
An Excel spreadsheet was created to expedite tineemibarea calculations required to find the
initial deflections for each two and three-spantowous concrete girder bridge model.
Following the computation of the initial defleati@t the interior support(s), the steps to
complete the force method as well as the resteohtbdels were identical to those described in

the previous section for the continuous steel gitnlelge models.
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Two Span Cont. W36x232 Example

ORIGIN =1

Deck Panel Prestress Losses:

Precast Concrete Deck with Steel Girder, 2 Cont. Sp
Parametric Study: W36x232, 9' spc., 90' span

ans
Inputs (data to be entered is under blue headings)
a) Steel girder properties
Girder section properties - general
Ag = 68.1 Ig. 15000 Eg:: 29000 depthg:: 37.1
topwg:: 121 Lg:: 90-12 Cg= 18.55
b) Concrete deck and post-tensioning strand properties
Deck section properties
ty:=85 wq:= 108 pg:=07 fcq:= 5000 numspans := 2
Post tensioning strand properties
numstrdpt =9 Astry:= 0.153 Epty:= 28500 fpu == 270 KLpr =45
Deck time intervals
tdpt =55 tdcomp = 60 tdi nf = 10000
Calculated properties - deck
Wd'tds Lg
Aq:=tgwy lq:= I’ Eq:= 57-/fcy perimy == 2-wy len:= 1—2~numspans
Ay=918 lq= 5527 Eq = 4031 perimy = 216 len = 180
Calculated properties - P/T strand Adws = (td * 0'5)'Wd
Apty:= numstrdpt~Astrd fpy:: 0.9~fpu Agws = 972
Apty= 1.377 fpy =243
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Two Span Cont. W36x232 Example

¢) Haunch properties
Haunch section properties

th =1 Hh= 0.7 fCh = de
Haunch time intervals

theomp = 0-7° thinf = tdinf

Calculated properties - haunch

Wh'th3 .
W, = topwg Ap= th~topwg Ih:= o Enh:=Ey perimy, := 2-t,
wh =121 Ap=121 I, = 1.008 Ep, = 4031 perimy, = 2
d) General properties
hum := 70
e) Composite section properties
th tg
Yhi= depthg + E Yq:= depthg +t+ E Yps = Yd depth, := depthg +ih+ty
Yh=37.6 Yq = 42.35 Yps = 42.35 depth; = 46.6
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Two Span Cont. W36x232 Example

Creep and Shrinkage Models (from AASHTO LRFD 2006 Interims)

CREEP(fci,t1,t2, hum, area, perim) :=

SHRINKAGE(fci, 11,12, hum, area, perim) :=

Sign Convention:
Tension = Lengthening = (+)
Compression = (-)

(2 - t1)
61— (219 | 2- 1)
1000
Ka« t1~ 0118
khc < 1.56 — (0.008-hum)

area
kvs « max[1.45 - 013 (—j , OJ
perim

5
fci

1000
creep < 1.90-ktd2-kla-kvs khc-kf

cregp

ktd2 «

kf «

t1

o1 (219 ¢
1000

t2

4.fci
61l-| — | +t2
1000

khs < 2 — (0.014-hum)

area
kvs « max{l.45 - 013 (—j , OJ
perim

5
fci

1000

ktdl «

ktd2 «

kf «

shrink <« —480-10 6~(ktd2 — ktd1)-kvs khs kf
shrink
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Two Span Cont. W36x232 Example

Outline of calculation steps for a steel girder wit h precast, post-tensioned deck panels
a) D/SG 1: Calculate redistribution of stresses in deck from post-tensioning to composite action

b) D/SG 2: Calculate redistribution of stresses in composite section from when it's made
composite to any time in the future

a) D/SG 1: Calculate redistribution of stresses in deck from post-tensioning to composite
action

Compute state of stress immediately following stressing - use average force in tendons

k= 0.80-f unumstrdpt~Astrd Pjack = 297.4 Kips

Plac p
Consider seating losses....

Note: Post-tensioning tendons are straight so only have wobble losses --> k*| term

a:=0 p:=0 k:= 0.0002 per foot of length AS:= inch len = 180

oo lw

. (p-o+k-len)

Pdead = PJBCk e Pdead = 286.9 klpS

. Plack ~ Pdead
W len-12

ASAptdEptd
m Note XAS is NOT LONGER

m = 0.00487 Kkips/inch

*AS = 12 Xag = 144.88 feet than the bridge...
P”VE:: JBCk - PSL P”VE: 280.502 klpS
. PsL y
Pmld = PJBCk - T Pmld = 288.967 IpS
Plive * Pmid Pmid * Pdead
— 5 Xag + — ~(Ien— XAS)
Pavg = e Pavg = 285.36 Kips
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Two Span Cont. W36x232 Example

Initial state of internal equilibrium, assuming
1) No tendon eccentricity
2) Self-weight causes no significant stresses

Nd, + Nptd, = 0

Nptdy,:= Nptd,, = 285.36 Nd,:= -Nptd, Nd,, = —285.36

kips Kips

Pavg

Relaxation in deck post-tensioning strands from transfer to composite action

P

Average stress in tendons = avg fpt: 207.23
Aptd
5 = theomp t:= tycomp ~ tdpt
tj = 0.75 t=5
_fpt fpt log(24-t) .
Aprl = ——.| — - 055 —— Aprl =-231 kS|
Kipr | fpy Iog(24~ti)
eshyyg := SHRINKAGE(feg, tgnt tcomp: UM Ag, perimy) eshyy = —0.00000774
dgig = CREEP(feg, tpt tacomp UM, Ag, perimy) ¢g1 = 0.096
—(1 + Hd'¢d1) 0 ANdy
AdEd ANptdq
degnsl := 0 -1 0 AptsEpt dvarl :=
1 10 0 oot
€|
i 0 o1 -1 | Pl
Nd,
——gq + esh
AqEq g1 + &gy
dansl := —Apr1~Aptd
0
0

dvaluesl := degnsl ! danst
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Two Span Cont. W36x232 Example

3.7335124
-3.7335124
dvaluesl =
—-0.0000141
—-0.0000141
ANd4 = dvalua;l1 ANdq = 3.734 deck should be losing
compression --> +
ANptd, := dval ua;l2 ANptd = -3.734 PT strands should be
losing tension --> -
Acdy = dvalues, Aedy = -0.0000141 g
Aeptd, := dvaluesl 4 Aeptd, = —0.0000141

b) D/SG 2: Calculate redistribution of stresses in composite section from when it's made
composite to any time in the future

eshpy := SHRINKAGE(fcy, tpinf> UM, Ap,, perimy ) eshy, = —0.000265

thcomp’

dhg = CREEP(fop, theomps thint um, Ap, perimy) ¢ = 1.082

eshypp = SHRINKAGE(feg, hum, Ay, perimg) eshy, = —0.000147

tdcomp’ Linf»

del2 = CREEP(feg, tycomp taint - UM, Ag, perimy) ¢gp = 0.873

Need to establish all starting values based on results of previous stages: variables with
subscript "oc" indicate starting values for composite stage

Initial moment at midspan of steel girder is due to self-weight only:

W= A 0490 w, = 0.019 kip/in
g g 123 g

W~L2

MOgaif = Mgy = 281551 Kip-in

Need to add deck weight moment to girder:

0.150 o
Weiself = Adws ™ 5 Wyeef = 0.084  kip/in

12
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Two Span Cont. W36x232 Example

2
Wsdlf'Lg

5 Mdgg = 12301.84ip-in

Mdself =

Check deck weight moment...

Stresses in girder due to deck weight only:

Mdgys-(cepthg - c¢) Mdgys-cq
Stop = | Shot = | o
g g all stress values in ksi,
positive indicates tension

Otop = ~1521 ot = 15.21

Strains in girder due to deck weight only:

Stop . 6 Shot , 6
“top = 10 epot = ~g_ 10 all strain values in
9 microstrain/inch
Etop = ~524.6 Epot = 524.6

Moment in girder due to deck weight only (Kip-in):

_ ®bot ~ ®top

= - 2828
bd depth bd

g

-6
M0fromdeck = ¢d10 Eglg M0 omdeck = 12301.9

Revise starting values for composite analysis to include girder and deck weights (kips and in)

Nd, = —285.36
Mggc = MOggit + MGfromdeck Mgq. = 15117.38 0
. Nptd,, = 285.36
Ndye = Ndg + ANdy Nd,, = —281.627 0
Nptdg. := Nptd, + ANptdq Nptd,. = 281.627

Relaxation in deck post-tensioning strands from composite action to end of service life

fptz = Nptdge &= tdinf ~ tdcomp A= tdcomp

t = 9940 t; = 60
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Two Span Cont. W36x232 Example

Aoy _fptZ{E B 055} log(24-1)
oR2I= —— 55 | —=

" Kipr Ty log(24))

Calculations for system after it becomes composite

9 th Ly
a=475 b =238
[ 1 1 1 100000 O 0] ANg
0 a b 011100 O 0 AN,
0 0 0O 000010 O -10 W~
0 0 0 00001-10 0 a 9
0 0 0O 000010 -10b ANpig
_| 1+ rgog AMg
Coeff1~=u 0 0O 000010 O OO
Ad'Ed AMh
L varsl2 =
0 0 A_—E 000000 1 00 AMg
g9 Asd
1+ mpdn2
0 ( ) 00001 0 00 Aep
i AnEh : A
000 -1 0 0 0 00 0 AptgEpty O Asyg
p
000 0 ( d dz) 0O 000 O 1 A
lgEq
coeff2 .= —(1+ ppop
2
000 O 0 —( ) 000 0 1
I En
-1
000 O 0 0 —— 000 0 1
I '9Eq 1

coeffs := stack(coeffl, coeff2)
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Two Span Cont. W36x232 Example

1 1 1 1 0 0
0 4.75 23.8 0 1 1
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
coefts = —0.0000004 0 0 0 0 0

0 0 —0.0000005 O 0 0
0 —0.000036 0 0 0 0
0 0 0 -1 0 0
0 0 0 0 -0.0000001 0
0 0 0 0 0 —0.0004325
0 0 0 0 0 0

0

0

0

0

0

Nd
A EC O + ey
values12:= | "d'=d
0 valuesl2 =
eshpo
—Apr2~Aptd

0

0

0

answers = coeffs ~-valuesl2
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Two Span Cont. W36x232 Example

107.03098488 ANy
3.37072098 ANp,
-94.91282107
AN
~15.48888479 9
69.0993659 ANpg
0.01155471 AMy4
answers =
2173.80329612 AM|,
—0.00016699 varsl? =
—-0.00014326 AM g
—0.00004806 Agy
~0.00016699 Aep
0.000005
Ae
g
Ae ptd
Ay
Mgs = Mgq. + answers,, Mg = 17291.19  Kip-in
Nd¢ := Nd. + answers, Nd; = —174.6 kips
Nptd := Nptd,. + answers 4 Nptd; = 266.14  kips

%f = answers %f=5x 10 ®  strainfinch

12

Define values for plot of strain throughout composite cross-section

Asd = anSNerS8

Ash = answersg

Ae ;= answers,

g 10
—5
Aeporg = Aeg + 1fCg Aeporg = 4464 x 10
— 4
Agtopg = Agg - Xf'(depthg - Cg) Agtopg = -1.408 x 10
. th 4
Aepoth = Aeh T 2% Aepoth = ~1.408 x 10
. th 4
Astoph = Aeh = X Aeqoph = 1458 x 10
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Two Span Cont. W36x232 Example

t
Aepotd = Aeq + Xf'zd Aeporg = —1458 x 10 4
Astopd = A ki Ay q= ~1.882x 1077
“topd = 2d T A Stopd = ~1-992 X
Ybotg = 0 Ybotg = ©
Ypoth ‘= Ytopg Yhoth = 37-1
Ytoph = Ytopg * th Ytoph = 381
Ybotd = depthg + 1ty Yootd = 38.1
Yiopd = depthy Yiopd = 46-6
Aetopd Ytopd
Agy Y4
. . 6 | “ebotd Ybotd
microstrains:= 10" depth :=
Aep Yh
Asg Cg
Aepotg Ybotg
-188.2 46.6
-167 42.35
. . -145.8 38.1
microstrains = depth =
-143.3 37.6
—48.1 18.55
44.6 0
microstrains, Ytopd
ms2 := depth2 :=
0 Ytopd
-188.232 466
ms2 = depth2 =
0 46.6
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Two Span Cont. W36x232 Example

Graph of strains in composite section

50T
4071
depth 0T
depth2
__ 20t
107
—éOO —iOO 0 1IOO
microstrains, ms2
Define values for plot of stress throughout composite cross-section
Stresses in steel:
Aetopg Bg 4,082 Ytopg
stressy == AegEy stressy = | -1.394 depthsg =| Cg
ANd:: an::wers1 ANd = 107.03
ANh = an::wers2 ANh =3.371 Ndo — 98536
AM d= an::wers5 AM d= 69.1 Ndoc — 281627
AMh:: an::wers6 AMh = 0.01155 Ndf — 17459
Stresses in concrete:
_ t _
Ndos + ANg  “Mda| 5
Ad l4
Nd.~ + AN
oc d _ Y]
stressy:= —+0 0.243 topd
Ad stressy=| -0.19 depthsy:=| Yd
ML t_d -0.137 Ybotd
NdOC + ANd d 2
+
L Ad 'a
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Two Span Cont. W36x232 Example

_ t, _
AM .| —
An Ih
AN 0.273 Ytoph
stressy, == A_h +0 stressy, = | 0.279 depthsy,:= | Yh
0.284 Yboth
th
AMp| —
e
+
L Ah o
Ytopd Str%sdl
depthsy,q = Yoo stressyq = .
op
stressy
Ybotd 3
depthsy, 5 = stressyo =
Ytoph Str%ﬁnl
stress,
Yboth 3
depthsy, 3 = {y stressy3 == streﬁg
topg i
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Two Span Cont. W36x232 Example

Graph of stresses in composite section (ksi)

50T
20+
depthsy
depthsy, 30t
depthsg
depthsy, 1
depthsy, 20T
depthsy, 3
107
‘|5 ‘|4 ‘IS ‘|2 ‘Il 0 I1 I2
stressy, stressy,, stressg, Stressy,q , Stressy, ., stressy 4
Conclusions for simple span with steel girder
Initial compression at top of deck (ksi) Final compression at top, middle, &
bottom of deck (ksi)
Nd,
OSIMpIe)pitig = ——
d -0.243
. . =| 0. ksi
osimple;iig = —0.311 ks stressy 0.19
-0.137
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Two Span Cont. W36x232 Example

Add Continuity:
Precast Concrete Deck with Steel Girder, Two Contin  uous Spans

Find transformed section properties (regular and age adjusted) for composite section including
haunch

dgic:= CREEP(feg, tgcomps tinf> um, Ag, perimg) dgc= 0.873

dhe:= CREEP(fep, theomps thinf> um, Ay, perimp) Opc = 1.082

Reqular transformed section - for use with transient loads

Deck mod. ratio P/T mod. ratio Haunch mod. ratio
. Ed - Eptd - Eh
dg~ = pPg~ g hg~ =
= = =
Ngg = 0.139 Mg = 0.983 Mpg = 0.139
Ady, = ”dg'Ad Apsy = npg~Aptd Ahy = nhg'Ah
Ady, = 127.586 Apsy, = 1.353 Ahy, = 1.682

(areas transformed to steel equivalent of that in girder)

Ay = Ag + Apsy + Ady + Ahy, Ay = 1987

Ag~ Cgt Aps[r~yps + AdiYg + AhgeYh
Ctr =
At

cy = 34.15
r

Iy = lg+ Ag (ctr - cg)2 + Aps[r~(ypS - Ctr)2 + g Ngg + Adtr'(yd - Ctr)2 + Mg + Ahtr'(yh - Ctr)2

lyy = 41031.1
Age-adjusted transformed section - for use with permanent loads
E S E il
daatr = 7, haatr = - .,
1+ kgddc 1+ pdne
Egaatr = 2502 Enhaatr = 2293
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Deck mod. ratio

I Edaatr
dga -~
Eg

Niga = 0.0863

Adgy = NdgaAd

Adgy, = 79.193

Two Span Cont.

P/T mod. ratio

Eptd

Norys = ——
pga

By

Noga = 0.983

ApSgy = ”pga'Aptd

Apsgy, = 1.353

W36x232 Example

Haunch mod. ratio

e Enaatr
hga -~

Eg
Mhga = 0-079

Ahgy = NhgaAh

Ahg, = 0.957

(areas transformed to steel equivalent of that in girder)

Agr = Ag + Apsgy + Adgy + Ahg,

~ Ag~ Cgt Apsatr'yps + AdgYg + AhgrYh

Catr =

Aat

r

Agy = 149.6

Cotr = 3149

latr1 = lg+ Ag'(catr - Cg)2 + Apsatr'(yps - Catr)2 +lgNgga + Adatr'(yd - Catr)2

2
latr2 = IhMhga + Ahatr'(yh - Catr)

latr = atr + latr2

| gy = 36415.1

Midspan deflection (downward) due to constant curvature:

A=y.—
XS

Midspan deflection (upward) due to restoring force P:

pL

A=
48 E |

Equate expressions for A and solve for P:

[
"8 " aEl
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Two Span Cont. W36x232 Example

Check variable values...
Eg = 29000 |y = 36415.144 Lg = 1080 L= Lg~2 1§ = 4997 x 10
L; = 2160
48 E | 2
Eglar 7Lt .
P:= — 5 P=14.66 kips
8-L¢
Maximum negative moment:
P-L; o
M max = e M max = 7916 Kip-in
Stress at top fiber of composite section at middle support
(tensile due to negative M over middle support):
Mmax (deptht - Catr) »
Ndga ocompy, = 0.28343 Ksi

GCcompy =
| atr

Stress in top fiber due to force redistribution over time at midspan of a single span:

GCOMPRyegigt = —0-243  Ksi

ccompFredist = Stl’eSSdl

Obtain negative moment over middle support from QConBridge (ft-lbs):

M qcon = 2.006: 10°

12 o
M neg = MQCOH'M M neg = 24072 Kip-in

Stress at top of composite section due to live loads (tension):

| M neg| ~(deptht - Ctr)

lr

GcompLL =

142

ccompy | = 1.015 ksi
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Two Span Cont. W36x232 Example

Factor LL using DFM and 0.8 Service lll factor:

ty depth E
eq:=— *tih+ 9 e,=23.8 n::—g n=7.2
9 2 2 9 =
Kq:= n~[l + (A ‘e 2)} K, = 385475.5
g~ L9 g9 g '
[ 0.6
Wy
— 0.2 0.1
12 Wy Kg
DFM5 = 0.075+| | — — DFM, = 0.654
2 2
9.5 Lg 3
i Ly'td
0.4
Wy
 — 0.3 0.1
12 Wy Kg
DFM4:=0.06+| | — — DFM, = 0.458
1 1
14 Lg 3
Lg'td
mp:=1
DFM;
DFM; := DFM; = 0.458
mp
DFM := max(DFM,, DFMy, DFMy) DFM = 0.654
ocomp| | ¢ := ocomp; | -DFM-0.8 ocomp| s = 0531  ksi- tension!!!
Conclusions for continuous span with steel girder
Initial compression in deck (ksi) Final stress in deck (ksi)

Nd

0
SCOMP;nitigl == A_d GCOMPfing) = OCOMPEradist + OCOMP) + SCOMP| | ¢
GCOMP;hitig = —0-311 GCOMPfi 4 = 0.571
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Three Span Cont. AASHTO IV Example

ORIGIN := 1

Deck Panel Prestress Losses:

Precast Concrete Deck with Concrete Girder, 3 Cont.

Spans

Parametric Study: AASHTO Type IV, 9' spc., 100'spa n

Inputs (data to be entered is under blue headings)

a) Concrete girder and prestressing strand properties

Girder section properties - general

depthg:: 54 topwg:: 20 perimg := 166.43
Cg= 24.73 Ag:: 789 Ig := 260730
fcg:: 7000 Hg'= 0.7 numspans:= 3

Prestressing strand properties

numstrg =50 Astrg:: 0.153 Epsg := 28500

fpu = 270 fpj%:: 0.75
Girder time intervals

tgcast =1 tgcomp =60 tgi nf := 10000
Calculated properties - girder

Eg:: 57 fcg L= Lg~ numspans

Eg = 4769 L = 3600

Calculated properties - P/S strand

Apsg:: numstrgAstrg fpj = fpj%'fpu fpy:: 0.9~fpu
Apsg = 7.65 fpj = 2025 fpy: 243
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b) Concrete deck and post-tensioning strand properties

Deck section properties

tg:=8 wy:= 108 Hg=07 fcq:= 5000

Post tensioning strand properties

numstrdpt =12 Astry:= 0.153 Epty:= 28500

Deck time intervals

tgpt = 99 tdcomp = tgcomp Linf = tginf

Calculated properties - deck

Wd~td3 . Lg
Ag=tgWy lg:= o Eq:= 57-/fcy perimy:= 2-wy len:= 1—2~numspans
Aq= 864 |q = 4608 Eq= 4031 perimy = 216 len = 300

AdWS:: (td + 05)Wd

Agws = 918
Calculated properties - P/T strand
Apty:= numstrdpt~Astrd Apty=184
¢) Haunch properties
Haunch section properties
th =1 Hh= 0.7 fCh = de
Haunch time intervals
theomp = tgcomp thinf = tginf
Calculated properties - haunch
Wh~th3

Wh = topwg Ap:i= th~topwg Ih:= " B = Ey perimy, := 2:tp,
Wh =20 Ap=20 I, = 1.67 Ep, = 4031 perimy, = 2
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d) General properties

hum := 70 ni=—— n= 5.98

e) Composite section properties

h g
Yhi= depthg + E Yq:= depthg +t+ E Ypt = Yd depth; := depthg +th+ty

Yh = 54.5 Yq=59 Ypt = 59 depth; = 63

f) Sections for analysis of continuous spans

XA = OLg XA = 0

Xg = 0.25 Lg Xg = 300
Xharp = 0.4~Lg Xharp = 480
Xc = 0.5~Lg Xc = 600
numhp =8 NuMg; == 42

At section A - support

2:52 +2-50 + 2-48 + 246

YpshpA = o Ypshpa = 49
hp
y 122 +104+106+88+2.10 y 405
psstA - numg psstA :
numhp~ypshpA + num5t~ypsstA
= = 12
ypSA numstrg ypSA
egA = cg - ypsA egA = 12.73
Calculated net section properties - girder
Agn = Ag - Apsg Agn = 781.35
Apsgst = numst~A:;trg Apsgst =6.43
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APSypp = UMy Astr _
gnp p g Apsghp =122

A Cy— ApPSyY,
979 g /psA
anA = Agn anA = 2485

lgna = g+ Ag(%g ~ Cgna)” ~ APSger(Cgna ~ Ypssta)” ~ APSgnp:(Cgna ~ Ypshpa)”
|gna = 257483.33

€gnA = CgnA ~ YpsA

egnA = 12.85
Calculated transformed section properties - girder
Apstr = Apsg(n -1) Apstr = 38.07
Apstrhp = numhp~Astrg~(n -1) Apstrhp =6.09
Agtr = Ag + Apstr Agtr = 827.07
B Ag~ cg + Apstr'ypsA _
CgtrA = A A CgtrA =24.14
g+ Apstr

2 2 2
lgtra = Ig + Ag'(cg - CgtrA) + Apgirst (CgtrA - ypsstA) + Apgtrhp (CgtrA - ypshpA)
A, = 27654156

€qtrA = CgtrA ~ YpsA egtra = 12.14
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At section B - between support and harping point - at 0.25*L

ypshpB = 22.75 ypshpB = 22.75
ypsstB = ypSStA ypsstB =495
numy,~-Y, + NuMmg-y,
hp YpshpB st"YpsstB
— =78
TpsB numsir TpsB
egB = cg - ypsB egB = 16.93
Calculated net section properties - girder
Agn = 781.35
from above... Apsgst 643
Apsghp =122
R Mg~ APy Y%pss G = 24.9
gnB -~ A gnB — <™
gn
| =1 A 2 A 2 A 2
anB = g+ Ag (g~ Sgne)” ~ APSst (CgnB ~ Ypssts) "~ APSghp'(Cgne ~ Ypshp)

lgng = 258190.18

egnB = anB — ypSB egnB = 171
Calculated transformed section properties - girder
Apstr = 38.07
(from above)
Apstrhp = 6.09
Agtr = 827.07
Ag~ cg + Apstr'ypsB
CgtrB - A CgtrB = 23.95
g™ Apstr
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lgrg = g+ Ag'(cg - CgtrB)2 + Apgrst (CgtrB - ypsstB)2 + Apstrhp'(cgtrB - ypshpB)

€qtrB "~ CgtrB ~ YpsB

At section C - beyond harping point

ypShpC =7
YpsstC = YpsstA
UMy Ypshpe * MUMgt YpsstC
ypsc::
numstrg

gC = %9~ YpsC

Calculated net section properties - girder

from above...

. AgCg~ APy YpsC
nC=
g Agn

c

2

lgtr = 272759.49

egtrB = 16.15
Ypshpc = 7
YpsstC = 4.95
YpsC = 5.28
€gC = 19.45
Agn = 781.35
Apsgst = 6.43
Apsghp =122
CgnC = 24.92

lgnc= g+ Ag(cg - anC)2 ~ Apsyt (Cgne - ypa;tc)z ~ Apsghp'(Sgne ypshpC)2

€gnC = CgnC ~ YpsC

lgnc = 257803.34

egnc = 19-64
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Calculated transformed section properties - girder

Apstr = 38.07
from above...
Apstrhp = 6.09
Agtr = 827.07
Ag~ cg + Apstr'ypsc
Catrc = At Ang Cqtrc = 23.83
g pstr

lgrc = Ig + Ag'(cg - CgtrC)2 + Apstrst (CgtrC - ypsstC)2 + Apstrhp'(cgtrc - ypshpC)2

lgtrc = 274489.64

€gtrC = CgtrC ~ YpsC €gtrc = 18-55
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Creep and Shrinkage Models (from AASHTO LRFD 2006 Interims)

CREEP(fci,t1,t2, hum, area, perim) :=

ktd2 «

kla «
khc « 1.56 — (0.008-hum)

kvs « max{l.45 ~ 013 (ﬂjﬂ
perim

(12— t1)
61— (219 1 (12— 1y
1000

- 0.118

5
fci

1000

kf «

creep < 1.90-ktd2-kla kvs -khc-kf

creep
. . tl
SHRINKAGE(fci,t1,t2,hum, area, perim) := | ktdl <« e
R iy Y
1000
t2
ktd2 «

Sign Convention:
Tension = Lengthening = (+)
Compression = (-)

o1 (219
1000

khs <~ 2 — (0.014-hum)

kvs « max[1.45 ~ 013 (ﬂj , o}
perim

5
fci

1000

kf «

shrink < —480-10 6~(ktd2 — ktd1)-kvs khs-kf
shrink
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Outline of calculation steps for a precast, prestre ssed girder with precast,
post-tensioned deck panels

a) D/CG 1: Calculate redistribution of stresses in girder from transfer to composite action with
deck

b) D/CG 2: Calculate redistribution of stresses in deck from post-tensioning to composite
action with girder

c) D/CG 3: Calculate redistribution of stresses in composite section from when it's made
composite to any time in the future
a) D/CG 1: Calculate redistribution of stresses in girder from transfer to composite action

with deck

Need to consider 3 different locations in girder

A),(\AAZZ OLg XA =0
ABa= 0.25 Lg xg = 300
m:: 0.4~Lg Xharp =480
A= 0.5~Lg Xc = 600

Girder self-weight:

0.150 o
W= Ay—— w, = 0.068 Kipsf/inch
g g 123 g

Moment at points A, B, and C due to girder self-weight only (girder is still simply supported):

W X

g7A
MOsaita = ——(Lg~ Xa) Mgggtp = O
WgXB
M0y = T~(Lg - xg) Mggyfg = 9246.09
Wy X
M0ggfc = T~(Lg - Xc) Mggyfc = 12328.13
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Jacking force in prestressing strand:

PJBCk = prApSg PJBCk = 1549.13Kips

Initial force in prestressing strand (jacking force minus ES losses):

2
Plack . Plack €gtrA ~ Msgifa-Egtra

f = f =27 Kksi
CgpA CgpA
P Agtr IgtrA IgtrA P
2
‘ _ Pack Pack®rB  M9sifB €gtrB . _o81 ks
cgpB T A T T cgpB — =
otr otrB otrB
2
‘ _ Pack Pack®trc  M9safc €girc . _008 ks
cpC =TT T cgpC =
otr gtrC gtrC
PiA = Pack — ("fegpa APSy) Pia = 142573 kips
Pig = Plack ~ (Moo APSy) P =14208  kips
Pic = Plack = (MfegocAPSy) Pc=141276 kips
Npsga = Pia Npsgp = 1425.7 Kips
Npsyg == Pig Npsyg = 1420.8 kips
Npsyc = Pic Npsyc = 1412.8 Kips

Initial force in net concrete section is equal to initial force in prestressing strand:

Ngoa = ~Npsga Ngop = —1425.7  Kips
Ngyg := “Npsyg Ng,g = -1420.8  Kips
Ngyc = ~Npsyc Ng,c = 14128  Kips

153
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Sum moments about net centroid of girder to get initial moment at each location:

-Mgy+ MOyt — Npso~egn =0
Mgoa = MOgaip — NpsoA'egnA Mggp = —18327.2 Kip-in
Mgy = —15043.5 Kip-in

Mo = MOgeitg — NPSyB-€gnp

Mgoc = MOggic — NpsoC'egnC Mgy = —15419.2 Kip-in
Relaxation in girder prestressing strands from transfer to composite action
Average stress in tendons
NpPspA
fptA = Tpsg fptA = 186.37 ti = tgcast t:= tgcomp
=1 t=60
—f f )
Mopin = =20 | A og5| 292%Y ApRip =206 ks
Kipr | foy Iog(24~ti)
NPsoB
—f f )
Af ptB | 'ptB 0.55 log(24-1)
NPsoc
Af _fptC fptC 055 log(24-1)
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Girder time interval 1: Girder shrinkage & creep from transfer to deck placement
Calculate at each point AB C

eshyyy = SHRINKAGE(feg, tycag tgcomp: Num. Ag, perimg) eshy = ~0.000157
bg1 = CREEP(feg, tycag: tgcomps UM, Ag, perimg) bg1 = 063
CalcsatA
_ L 0 _
0 e
oA ANgl
-1 .
( " M9(])91) 0 0 1 0 0 ANpsgl
A EgAgn L. AMg1l
geqnsia = 0 1 0 0 ApsyEps; O FE=1 et
0 0 0 1 -1 €gA Aepsgl
_ . Aygl
0 (2+ ngtg) L
I Eglgna ]
o ‘I)gl + sshgl
EgAgn Note: Ngo and Mgo both go in as
ganslA = negative values here
AprlAApsg
0
Mdoa "
. gl
Eglgna
gvalueslA := gegnslA 1~ganslA
114.772635
—114.772635
1461055646 *Redistribution of stresses in girder from transfer to
gvalueslA = ' deck placement
—0.000356
—0.000454
—0.000008
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ANgp = gvalu&elA1
ANpsgq p = gvalu&elA2
AMgqp = gvalu&elA3
Aggq p = gvalueslA 4
Aepsgy p = gval u&;lA5

A%9qp = Qval u&;lA6
Calcs at B

1
€8

AL+ ngdg)

Eg'Agn

geqgnsiB = 0

-1

0

NgoB

‘byq + €sh

. ol

. EgAgn

ganslB :=
—AprlBApsg

0

Mdgg

EqlgnB bg1
113.268785
~113.268785
1917.640532
~0.000355
~0.000449
~0.000006

gvalueslB =

gl

Three Span Cont. AASHTO IV Example

ANgy p = 114.77
ANpsgy 5 = ~114.77
AMg; 5 = 1461.06
Aegy p = —0.000356
Aepsgy o = —0.000454

Ayxgpp = —0.00000776

ANgl
0 1 0 0 ANpsgl
1 AMgl
arl .=
0 0 ApsyEps; O & Acgl
0 1 -1 €98 Aepsgl
_ . Axgl
(1+ ngg) L
EylgnB ]

Note: Ngo and Mgo both go in as
negative values here

gvaluesiB := gegnsiB 1~ganslB

*Redistribution of stresses in girder from transfer to
deck placement
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ANg g = gvalu&elB1 ANgy g = 113.27
ANpsg, g == gva ue;le ANpsg, g = -113.27
AMgqg = gvalu&elB3 AMgqg = 1917.64
Aegyg := gvalueslB 4 Aegyg = —0.000355
Aepsgy g := gval u&;lB5 Aepsgy g = —0.000449

A791g = gvalueslB 6 A79;g = —0.00000551

CalcsatC
_ . _
e 1 0 0 0
C
g ANgl
—H{1 + .
( Hg 4)91) 0 1 0 0 ANpsgl
" EgAgn L | Ama
ns = arl =
94 0 1 0 0 Aps;Eps, O v Aegl
0 0 0 1 -1 eqC Aepsgl
_ . Aygl
0 (2 + ngog) L
I Eglgnc ]
Ngoc
0g1 + ey .
EgAgn Note: Ngo and Mgo both go in as
ganslC := negative values here
—Aprchpsg
0
Mdoc
Eloe ol -1
g'gnC gvalueslC := gegnslC ~-ganslC
114.763102
-114.763102
2232.142326
gvalueslC =
-0.000353 *Redistribution of stresses in girder from transfer to
—0.000457 deck placement
—0.000005
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ANgqc = gva u&;lB1
ANpsgq ¢ := gvalueslB 5
AMgqc:= gvd u&;lB3
Aegyc = gvalueslB 4
Aepsyq ¢ = gvalueslB 5

Ay91c = gvaueslB 6

b) D/CG 2: Calculate redistribution of stresses in

composite action

Three Span Cont. AASHTO IV Example

ANgy ¢ = 113.27
ANpsg; ¢ = -113.27
AMg; ¢ = 1917.64
Aegy = ~0.000355
Aepsgy . = -0.000449

Aygyc = ~0.00000551

deck from post-tensioning to

Compute state of stress immediately following stressing - use average force in tendons

P ack = 0.80~fpu numstrdpt~Astrd

Consider seating losses....

Plack = 396.6 kips

Note: Post-tensioning tendons are straight so only have wobble losses --> k*| term

3 .

o:=0 p=0 k:= 0.0002 per foot of length  AS:= E inch len = 300
Pdead = Pjacke_ (-atk-en) Pgeag = 3735 kips

P — P

jack ~ "dead _

= m = 0.00642 Kkips/inch
o len-12
ASApty Epty
\] m Note XAS is SHORTER than

XASi= T Xpg = 145.74 feet the bridge...

Plive’= Fack = PsL
. PsL
Prmid = Pjack = =~

Piye= 37414  kips
Pmid = 385.36 Kips
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Plive t Pmid Pmid * Pdead
———— |Xag+ — ~(Ien— XAS)

2 .
F)avg = len Pavg =379.58 Kkips
Initial state of internal equilibrium, assuming
1) No tendon eccentricity
2) Self-weight causes no significant stresses
Nd, + Nptd, = 0
Nptdy:= Payg Nptd, = 379.58 Nd,:= —Nptd,, Nd, = —379.58
Relaxation in deck post-tensioning strands from transfer to composite action
Average stress in tendons o= I:)avg f = 206.74
Aiv=thcomp A= tdcomp ~ tdpt
t = 60 t=5
_fpt2 fpt2 log(24-1) .
AprZ = —| — - 055 | ———= AprZ =-091 ksi
Kipr | foy Iog(24~ti)
eshygp := SHRINKAGE(fcg, tpt» tacomp um, Ag, perimy) eshyy = —0.00000802
ddlp = CREEP(feg, tapt tacomp, UM, Ag, perimy) dgp = 0.1
{1+ ugdd |
% b0 N2
deans? dd dvar2 ANptd2
eqns2 := 0 -1 0 AptyEpt a2:=
Pra=Pld Aed2
1 10 0 Aeptd2
i 0 o1 -1 |
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Nd,,
AgEq

dans2 := _AprZApsg

0
0

ANd, := dva ue;21
ANptd, := dva ue;22
Aedy = dval ue:~323

Aeptdy := dval ue:~324

c) D/ICG 3: Calculate redistribution of stresses in
composite to any time in the future

———ddp T eShgp

Three Span Cont. AASHTO IV Example

dvalues2 := degns2 ! dans2

ANd, = 7.82
ANptd,, = ~7.82
Aed, = —0.0000165

Aeptdy = —0.0000165

eshyg = SHRINKAGE(feg, tycomps tginf » hum, Ag, perimy)

bg3:= CREEP(fcg, tgcomps tgint - hum, Ag, peri mg)

eshipg := SHRINKAGE(fcp, theomps thinf » hum, Ap, perim,)

(I)hs = CREEP(fCh, thcomp> thinf hum,Ah, peri mh)

eshyyg = SHRINKAGE(feg, tycomps tainf - hum, Ag, perimy)

(I)ds = CREEP(de, tdcomp> tdinf hum,Ad, peri md)

160

7.822326
—7.822326
—-0.0000165
—-0.0000165

dvalues2 =

composite section from when it's made

eshy2 = —0.00009

g3

dg3 = 061

eshpg = —0.000025

dpg = 0.15

gshyg = —0.000152

dqz =09
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Need to establish all starting values based on results of previous stages: variables with
subscript "pr" (prime) indicate starting values for composite stage

Calcsat A

MgoprA = Mggp + AMgqp MgoprA = -16866.1
3

NgoprA = Ngoa + ANg1A NgoprA =-13x 10
3

NpsoprA = Npsyp + ANpPsgq o NpsoprA =13x 10

NdOpr := Nd, + ANd, NdOpr =-371.8

NptdOpr := Nptd, + ANptd, NptdOpr = 3718

Need to add deck weight moment to girder

Wty = Agws 0'120 wty=0.08 kip/in
12
Mdgyta = . ~(Lg - XA) Mdggyp = 0 kip-in

Stresses in girder due to deck weight only:

MdseIfA'(depthg - CgtrA)

StopA = oA Stopa =0
 Mdggifa Ctrp
ShotA = | Spota = 0
gtrA
. MdseIfA'(CgtrA - ypsA)
Toa T IQtrA 7ogeA ” °
all stress values in ksi, positive indicates tension
StopA . 6 ShotA . 6 OcgsA | 6
StopA = E—~1O EhotA = E—~1O €cgsA = = -10
g g g
€topA = 0 ehota = 0 €cgsa =0

all strain values in microstrain/inch
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Force in girder strands due to deck weight only (kips):
P = 10~ C.Eps, A P =0 ki
strcompA = €cgsA” "EPSyAPSy strcompA = IpS

Force in girder concrete at net cg due to deck weight only (kips):

. MdseIfA'(CgtrA - anA)
SconcA = | SconcA = 0
gtrA

P

conccompA = O concA Agn P

conccompA ~ 0 kips

Moment in girder concrete due to deck weight only (kip-in):

_ ®botA ~ FtopA

-0
depth ban

bga
g

— 6
MgtromdeckA = ¢da'10 “Eglgna  Mgromdecka = O

Revise starting values for composite analysis to include deck weight

M9oca = MYgpra + Mgfromdecka M9gea = —16866.13
Noca = Ndopra *+ Peonccompa Ngoca = —1310.95
NPSpea = NPSopra + Petrcompa Npsgea = 1310.95
Nde = Ndlgpy Nd, = ~371.76

Nptd = Nptd Nptdy,, = 371.76

opr
Relaxation in girder prestressing strands from composite action to end of service life

NpPSoca Aiv=Ttgcomp A= lginf

t; =60 t = 10000

—f f )
AprSA — ptSA.L pt3A 0.55} log(24-1)

Kipr | oy Iog(24~ti)
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Relaxation in deck post-tensioning strands from composite action to end of service life

Nptd, Aiv=tdcomp A= inf
fpt4 = T fpt4 = 202.48
p
d ti =60 t = 10000
f o (f ,
Mpg= =22 P2 _ 055 1og(24Y Mopg=-217 ks
Kipr | fpy Iog(24~ti)

Calculations for system after it becomes composite

4 th tg tg
a=—+— 3:E+th+(depthg_cgtrA) C3:E+th+(depthg_ypsA)
a=45 b= 34.86 c=47

1111100000 0 O OO
0O0O0Oabc111200 0 0 00O
coffLA = 00000000110 0 0O
0000000010 -1 0 0 a
0000000010 0 -100H0D
0000000010 O 0 —1c

ANd

ANptd

ANh

ANg

ANpsg

AMd

unknownsl4 := AMR

AMg

Aed

Aeptd

Ach

Aeg

Aepsg

Ay,

163



Three Span Cont. AASHTO IV Example

[ {1+ pgo
M 0 0 0 0 0 0 1 0 0
EgAd
0 0 0 0 0 M 0 0 0 0 0
Eqlg
0 0 0 (1 1) 0 0 0 o o0 o
C2A = EgAg
0 0 0 0 0 0 0 M o o0 o
Eylg
0 -1 0 0 0 0 0 0 0 AptyEpty O
1+ Hpth3
0 u 0 0 0 0 0 0 1
| EnAn
coeff2A = c2A Note: Matrix variable name had to be shortened to fit on the page for printing purposes.
0000 -10 0 0000 0 ApsyEpsy 0
Coeff3A = -1+ “h’¢h3
oooooogooooo 0 1
Enlh
0
0
0
0
0
0
0
0
Nd 0
oC
——— bg3 + eshy3 0
AgEq 0
0 0
valuesl4A =
NGoca ~0.000249
—— 043t eShg valuesl4A =
g9
Mg ~0.000302
= %3 ~0.000008
g'g
3.986228
—Af g Apt
pR4 P ~0.000025
eshpg 7.70257
~Afpraa APSy 0
0
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coeffsA := stack(coefflA , coeff2A , coeff3A)

11 1
0 0 4.5
0 0 0
0 0 0
0 0 0
0 0 0
CoeffsA = 00 0
0 0 0
0 0 0
0 0 0
0 -1 0
0 0 -0.00001
0 0 0
0 0 0

1 1
34.85592 47
0 0
0 0
0 0
0 0
0 0
0 0
-0 0
0 0
0 0
0 0
0 -1
0 0

UNknownsA = coeffsA ™~ “values14A

A final A = unknownsA1

4

LiinaA = M91A + Mlfina A

O O O O O 0O O o o o +r o

0
—-0.00016

unknownsA =

AXﬂnalA =-3.25x 10

XflnalA =-11x 10

o

O O O O O o o +» O

o O O O o o

52326

O O O oo oo r P P P B OO
O O r O O O O O O o

120.86844394
—-14.05173279
—-13.34111395
—-10.50398935
-82.97160784
—36.98755265
—-0.01982438
4362.83421947
—-0.00019236
—-0.00019236
—-0.000207
—0.00030573
—0.00034523
—0.00000325

6

5

165

|
=

o O O o
o O O O O

|
=

o O O O O

218025
0

O O O O O »r O O O

strain/inch

45
34.85592
47

b O O O +»r O +— O

unknownsl14A :=

ANd
ANptd
ANh
ANg
ANpsg
AMd
AMh
AMg
Aed
Aeptd
Ach
Aeg
Aepsg
Ay,
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Conclusions for stresses at section A

ANy := unknownsA1
ANp = unknownsA3
ANg:: unknownsA 4
AMy:= unknownsA6
AMy, = unknownsA7

AMg = unknownsA8

Stresses in concrete:

ANy = 120.87
ANp, = -13.34
ANg=-105

AM 4= —-36.99

AMp, = -0.01982

AM, = 4362.83

g

_ g
Ndoe + ANg  “Ma| 5
Ad lq
NdOC+ ANd
stressyaf == Aq +0
tg
Ndoe + ANy Md| 5
+
L Ad G
_ N
h
AN}, AMh’(Ej
Ah Ih
AN,
stresspaf = A_h +0
th
AN AMh‘(Ej
+
L A '

str%sdAf =

str%shAf =

166

Ypotg = 0

Ytopg = depthy
Yboth ‘= Ytopg
Ytoph = Ytopg * th
Ybotd = depthg +1h

-0.26
-0.29
-0.32

-0.661
-0.667
-0.673

depths;, :=

depthsy :=

Ytopd
Yd

Ybotd

Ytoph
Yh

Yboth

Ypotg = ©
ytopg =54
Yboth = 54
Ytoph = 95

Ypotd = 95

Ytopd = 63



NGgpra + ANg ) AM g(depthg - cg) ) MgOprA~(depthg - cg)
Ag 9 l9
Ng, + AN
prA g
stressyaf 1= ——=10
Nggpra + ANg . AM g'(cg) . MgOprA~(depthg - cg)
i Ag lg '9
Ytopd StreﬁsdAfl
depthsy1 = stressy 1 =
Ytopd 0
Ybotd Stress@"’“s
depthsy - = Yiegh stressyo = < f
op Shaf
deoth Yboth o S A3
eptNShz3 = reSShz3 =

Three Span Cont. AASHTO IV Example
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Ytopg
depthsg =] Cg
Ybotg

-0.271

strasgAf =| -1.675

-3.154



Three Span Cont.

Graph of stresses in composite section (ksi)

AASHTO IV Example

70T
60T
depthsy SoT
depths,
depthsg o1
depthsy, 1
- 30t
depthsy,»
depthsyz3
—_— 20T
10T
f f f f f f f
-35 -3 -25 -2 -15 -1 -0.5 0

StreSSdAf 5 StreSShAf . StreSSgAf 5 StreSSth, StreSShzz, StreSShZS
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Calcs atB
MgoprB = MgOB + AM ng MgoprB =-13125.8
3
NgoprB = NgOB + ANng NgoprB =-13x 10
3
NpsoprB =13x 10

NPSpprg = NPSog + ANPS1

are same as above for A

Note NdOpr and NptdOpr

Add deck weight moment to girder

Mdgysg = 10757.813 Kip-in

Mdggirp = — (Lg~ )

Stresses in girder due to deck weight only:

. MdseIfB'(depthg - CgtrB)
otrB
MdSQIfB'C
) gtrB
ShotB = I— Spotg = 0-94
otrB
. MdseIfB'(CgtrB - ypsB)
GCgSB = | GCgSB = 0.64
otrB
all stress values in ksi, positive indicates tension
StopB . 6 ShotB . 6 ScgsB
£topB ‘= ?10 €hotB = ?10 €cgsB = = .
g g g
&topB = —248.5 €potB = 198.1 £0gsB = 133.6
all strain values in microstrain/inch
Force in girder strands due to deck weight only (kips):
_6 .
PstrcompB = chsB'lo ~Epsg~Apsg PstrcompB =291 Kips
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Force in girder concrete at net cg due to deck weight only (kips):

MdseIfB'(CgtrB - anB)
IgtrB

-0.03727

SconcB -~ SconcB =

P

conccompB = S concB Agn P

conccompB ~ —29.1kips

Moment in girder concrete due to deck weight only (kip-in):

€pbotB ~ ®topB

- 827
depth bdB

dgB =
9

— 6
MgfromdeckB = bgg-10 'Eg'lgnB MgfromdeckB = 101832
Revise starting values for composite analysis to include deck weight

M9oc = MYgprg + MgtromdeckB Mocg = —2942.65

Noc = NdoprB * PeonccompB Ngocg = —1336.65

NPSoe = NPSoprB * PstrcompB Npsyeg = 1336.65

Note Ndge and Nptd,. are same as above for A

Relaxation in girder prestressing strands from composite action to end of service life

NpsyeB A= tgcom L= tgin
fong e —22 f_np = 17473 geomp— w9
pt3B Apsg pt3B

ti =60 t = 10000

—f f )
AprSB _ ptSB.L pt3B 0.55} log(24-1)

Kipr | Tpy ' log(24)
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Calculations for system after it becomes composite

g Tt tq tq
A= /&I?A::EHth(depthg_cgtrB) ,\9\,\3:E+th+(depthg_ypsB)
a=45 b = 35.05 c=51.2
ANd
ANptd
1111100000 0 O OO ANh
0OO0Oabc11100 0 0 00O ANg
00O00O0OO0OO0OOO0O1-10 0 0O AN
coeffl .= P
0000000010 10 0 a AMd
0000000010 0 -10b | A
unknownsl4 :=
0000000010 O O -1c¢c AMg
Aed
Aeptd
Aeh
Aeg
Aepsg
Ay,
[ {1+ pgo
% 0 0 0 0 0 0 1 0 0
d™d
0 0 0 0 0 M 0 0 0 0 0
Ed'ld
0 0 0 (1 1ty 0 0 0 O 0 0
cf2:= Eg'Ag
0 0 0 0 0 0 0 M O 0 0
Eglg
0 -1 0 0 0 0 0 0 0 AptgEpty O
0 ( h h3) 0 0 0 0 0 0 1
i EnAh
coeff2 := cf2
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0000 -10 0 000 0 0 ApsyEpsy O
coeff3 := =1+ puydn3
oooooogooooo 0 1
Enlh
0
0
0
0
0
0
0
0
Nd 0
oC
g, b3+ eshgs 0
d Ed 0
0
valuesl4 = 0
N9ocB ~0.000249
g3+ eSy3 valuesl4 =
A E. 9 9 0
g =g
Mdoes ~0.000306
= 03 -0.000001
g 3.986228
“Af, - Apt
pR4 APy ~0.000025
eshpyg 8.552952
—AfyRrag APy 0
0
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coeffs := stack(coeff1, coeff2, coeff3)

1 1 1
4.5 35.04924 51.2

o O O O O Bk
o
o

o O O o ©o +» O

coeffs =

O O O O O O O O O B
O O O O O o o o
o O O O o

0
0 -0.00001
0 0
0 0

O O O O O O o o o
|
o

|
=

O O O O o o o
|
=

o O O O o

o O O O o o

o

unknowns := coeffs 1~val uesl4

unknowns =

AfinalB = unknowns1 4

LfinaB = M918 + MfinaB

O O O O O O O o o o +r o

0

-0.00016 O

XflnalB = —6.33x 10

L © 0o 0o 0o 0o 0o r o

O O O oo oo r P P P B OO

o O

0

13.32525119
-16.69090279
-16.23087844

90.28692796
—70.69039792

-9.37356302

—-0.00502399
537.27785883

—-0.0002428

—-0.0002428

—0.00024651

—-0.00027169

—0.000285

—0.00000082

—7
AXﬂnalB =-8.24x 10

6
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o O O O o o

52326

|
=

O O r O O O O O O o

o O O O

|
=

o O O O O »r O O O

strain/inch

218025

0

0

0

0 45

0 35.04924
-1 51.2

0 0

0 1

0 0

0 1

0 0

0 0

0

0 1
unknownsl4 :=

ANd
ANptd
ANh
ANg
ANpsg
AMd
AMh
AMg
Aed
Aeptd
Ach
Aeg
Aepsy
Ay,
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CalcsatC
M gOprC =M gOC + AM glC M gOprC =-13501.5
3
NgOprC = NgOC + ANglC NgOprC =-13x 10
3
NpsoprC:: Npsgc + ANpsg ¢ NpsoprC =13x%x 10
Note NdOpr and NptdOpr are same as above for A

Add deck weight moment to girder

Wtd~ XC

Mdgyfc = (Lg~ xc) Mdgyfc = 14343.75 p-in

Stresses in girder due to deck weight only:

Mdggifc (depthg - CgtrC)

O topC = |gtrc O topC = —-1.58
) gtrC
ShotC = | Spotc = 125
gtrC
. MdseIfC'(CgtrC - ypsC)
GCgS(: = | GCgS(: =0.97
gtrC
all stress values in ksi, positive indicates tension
StopC . 6 ShotC | 6 ScgsC . 6
£topC = -10 EhotC = -10 €cgsC = -10
g g g
€topC = -330.5 EpotC = 261.2 €ogsC = 203.3

all strain values in microstrain/inch
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Force in girder strands due to deck weight only (kips):
_6 .
PstrcompC = €ogsC10  EpsgApsy Pstrcompc = 44-3 kips
Force in girder concrete at net cg due to deck weight only (kips):

MdseIfC'(CgtrC - anC)
IgtrC

-0.05673

SconcC = SconcC =

PeonccompC = S concC Agn Pconccompc = —44.3 kips

Moment in girder concrete due to deck weight only (kip-in):

€hotC ~ EtopC

~ 10.96
depth bdc

dgc =
9

— 6
Mgfromdeckc = ¢dc'10 “Eglgnc  Mgfromdeckc = 134718

Revise starting values for composite analysis to include deck weight

M9occ = MYgprc + MgfromdeckC Mgec = —29.74

N9occ = N9gprc * Poonccompc Nggec = —1343.82

NPSocc = NPSoprc + PstrcompC Npspec = 1343.82

Note Ndqe and Nptdqs are same as above for A and B

Relaxation in girder prestressing strands from composite action to end of service life

f NPSocc f 175.66 o™ tgcomp e tgi n
pt3C -~ Apsg pt3C — :

t; =60 t = 10000

—f f
pt3C | 'pt3C log(24-1) .
_ —L— - 0_55} _— AprSC =-1.15 Kksi

. Iog(24~ ti)
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Calculations for system after it becomes composite

g th Ly Ly
e ,R\::E*th*(depthg_cgtrc) ,&ZE*th*(depthg_ypsC)
a=45 b = 35.17 c=53.72

1111100000 0 O OO
0OO0Oabc111200 0 0 00O
coeffle 000000001 -10 0 00O
0000000010 -10 0 a
0000000010 O-100MH0
0000000010 OO0 -1c

ANd

ANptd

ANh

ANg

ANpsg

AMd

unknownsl4 := AMR

AMg

Aed

Aeptd

Ach

Aeg

Aepsg

Ay
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I —(1 + “d"]’dS)
EqAg

cf2:=

coeff2 := cf2
00O00O

coeff3 :=

0O000O0OODO

Nd

valuesl4 :=

Ay E

AqEqg

Ndgcc
g9

Mdocc
E.l

Three Span Cont. AASHTO IV Example

-10 0

—(1 + “h’¢h3)

Enlh

o O O O o o

O3 + eNy3

(])93 + Sshgs

(])93

esh h3

0 0 0
o g trrate)
Ed'ld
1+ ngbg) 0
Eg~A
0 0 0
0 0 0
0 0

000O0O Apngpsg 0

00O0O0O 0 1

o O O O o

0
—0.000249
0
—0.000307
-0
3.986228
—0.000025
8.795208
0

valuesl4 =

177

0 L+ ngogy) 0

Eg' Ig

1 0 0
0 0 0
0 0 0

0 0
0 Aptd Eptd 0
0 0 1

o
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coeffs := stack(coeff1, coeff2, coeff3)

1 1 1
45 35.16523 53.72
0

o O O O O
o O O O o +» O

coeffs =

O O O O O O O O O B
O O O O O o o o
o O O O o

0
0 -0.00001
0 0
0 0

O O O O O O O o o o
O O O O O O O O ©o o +—» O

|
=
o

O O O O O o o
|
=

o O O O O

o O O O o o

o

unknowns := coeffs 1~val uesl4

unknowns =

MfinalC = unknowns1 4

LfinaC = M91c t Mfinalc

-0.00016 O

—7
AXfinaJC =-294x 10

XflnalC =-58x 10

O O O O O o o +—» O
o

O O O O O o

|
o
O O O oo oo r P P kb B OO

o

52326

o

0

-10.71801719
—-17.28093802
-16.88119119
112.51704852
—67.63690212
—-3.34687349

—-0.00179384

—243.91909016

—-0.00025407
—-0.00025407
—-0.0002554
—-0.00026442
—0.00026989
—0.00000029

6
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|
=

O O rp O O O O O O o

o O O O

|
=

O O O O O »r O O O

strain/inch

0

0

0

0 45

0 35.16523

-1 53.72

0 0

0 1

0 0

0 1

0 0

0 0
218025 0

0 1

unknownsl4 :=

ANd
ANptd
ANh
ANg
ANpsg
AMd
AMh
AMg
Aed
Aeptd
Ach
Aeg
Aepsy
Ay,
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Summary of Curvatures

1) Changes in curvature MfinalA = —3-25 10 6
__824x 10 '
Alfingl = ~8-24
~_294x10 '
Adfinac = —2-94x
Alfinal A _325x 10 °
AlfinalB _824x 10 '
AfinelC —294x 10" '
AYfinalB 804y 157
—O. X
AYfina A _6
-3.25x 10
ALfinal A "
-3.25x 10
MfinalB _
-8.24x 10

curvchanges := | ALfinalc
curvehanges = | 294« 10~ !

N finalB ,
ALfinalA -8.24x 10
NfinglA 325+ 10 °
A finalB 3.25x 10 °
AYfinalc 824x 10 '
ALfinalB 294x 10 '
Afinal A 824x 10 '
325x 10 °
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curvlengths :=

+XA

+XC

2~Lg
2~Lg
2 Lg
2~Lg +Xg
2 Lg
3 Lg - Xg
3 Lg

Three Span Cont. AASHTO IV Example

curvlengths =

0
300
600
900
1200
1200
1500
1800
2100
2400
2400
2700
3000
3300
3600

Graph of changes in curvatures during last time interval

curvchanges2 - 10_6

-4.10 °

Sign conventions

Tension = lengthening = +

500 1000 1500

Compression @ top = + curvature and

+ moment

curvliengths

2000
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2500

3000

3500

4000
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Add Continuity

Moment-area method to find deflection if middle support removed:

Need sum of areas times moment arms
Sum moments from left support
Units: strain/inch*inch*inch = inches

Equations for entire graph being NEGATIVE with 3 upside-down U's

1 XB
A= X8| Mfinala ~ Mfinal amy =
Awq = 364x 10 4 = 100
] = 964X amyy =
XB
A1 = Xg'| Mfinaig)| AMpy = —
— u 4 —
Apq=247x 10 arm,q = 150
1 _ (xc -~ *8)
A= E'(XC - XB)'|AXfinaJB - AXfinalc| AMpp:=Xg +
Ay =7.95% 10 ° = 400
2= (99X amyp =
. | (xc~ *g)
Arz:= (xc = *8) | Mfinaic| AMpp=Xg + 7
— u 5 —
Ao =883x 10 arm,» = 450
. . 2
AtS = At2 arrnts = XC + E(XC - XB)
Awa=T7.95% 10 ° = 800
3= [-9ox amy3 =
X~ — X
(xc->g)
Ars = Ar2 armrs = XC + 2
— u 5 —
A;3=883x 10 arm5 = 750
XB
Atg= A amy = Lg-—=
Ao, =364x 10 4 = 1100
t4 = 904X arMmgy =
XB
Ar4:: Arl armr4Z: Lg— ?
— - 4 —
Apg=247x 10 arm, 4 = 1050
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X
At51= Atl arm[5:: Lg+ ?
p— . 4 p—
A = 364 x 10 armys = 1300
B
Ar5 = Arl armrs = Lg + ?
p— . 4 p—
A5 = 247 x 10 arm5 = 1350
A= A (xc ~*g)
6~ "2 aMg = Lg+ Xg +~———
-5
A =795x 10
t6 armyg = 1600
(xc ~*g)
Arg=Ar armyg := Lg +Xg + T
p— . 5 p—
A= 883x 10 arm.g = 1650
Amidy = Arg @My + App-aMypg + Agp-aMey + App @iy Amidy = 0-145
Amid2 = Az @Mz + ArgaMyg + Ag-alMey + Arg aiTyy Amidz = 0.7901
Amid3 = Atg M5 + Arg-aMys + Ag Mg + Arg Mg Amigg = 1.0802
In this case, all areas are (-)
Amiddie = Amid1 * Amid2 + Amid3
Amiddle = 2.0154 inches
Athirdpt = —(Amidone - Amioll)
Athi rdpt = -1.8703
P L3 and solve for restoring force P
Aspoi = — where
thirdpt = g £

E = age adjusted E of girder
| = age adjusted transformed cross-section
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Find transformed section properties (regular and age adjusted) for composite section including
haunch

(])dc = CREEP(de,tdcomp, tdinf hum,Ad, perimd) (])dc =0.9
dhe = CREEP(fep, theomps thinf » um, Ap, perimy) Ope = 0.15
bge = CREEP(feg, tgcomps tginf » Num, Ag, perimg) bge = 061

Reqular transformed section - for use with transient loads

Deck mod. ratio P/T mod. ratio Haunch mod. ratio P/S mod. ratio
- Ed . . Eptd - Eh . . EpSg

= = = =
Ndg = 0.845 Notg = 5.98 Nhg = 0.845 Nosg = 5.98
Ady, = ndg'Ad Apt, = ”ptg'Aptd Ahy, = nhg'Ah Apsy = npSgApsg
Ad;, = 730.21 Apt;, = 10.97 Ahy = 16.9 Aps; = 45.72

(areas transformed to concrete equivalent of that in girder)

AT SECTION A

Ay = Ag + Ady + Apty + Ahy + Aps, Ay = 1592.8

Ag~ Cq+ Adiyg + Apttr'ypt + Ahgyp + Aps[r~ypsA
Ctr = Ctr = 4063
Atr

1 = lg+ Ag'(ctr - cg)2 + g Ngg + Adtr'(yd - Ctr)2 + Apttr'(ypt - Ctr)2

lir2 = I g + Ahtr'(yh - Ctr)2 + Apstr'(ypsA - Ctr)2

i = lpp + 2 Iy = 754936.4
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Age-adjusted transformed section - for use with permanent loads

Eq Ep, Eq

E =
daatr 14 “d"bdc

Eqaatr = 2468

Deck mod. ratio

Ehaatr =

Epaatr = 3657

P/T mod. ratio

1+ updpe

Egamr .

=

Haunch mod. ratio

~atr = 3344

1+ “g"bgc

P/S mod. ratio

. . s s = cach

dga= & tga’= = hga'= = a=

J Egaatr P Egaatr 9 Egaatr P Egaatr element
to girder

Ndga = 0.738 Motga = 8.522 Nhga = 1.094 Nosga = 8.522 mod. ratio

Adgy = Ndga Ad

Adgy, = 637.6

Aptgy = nptga'Aptd

Apty, = 15.65

Ahgy = Nhga Ah

Ahy, = 21.87

ApSgy = npsga'Apsg

Apsgy, = 65.2

(areas transformed to age-adjusted concrete equivalent of that in girder)
AT SECTION A
Agr = 15293  in"2

Agr = Ag+ Adg + Aptg + Ahg + Apsy,

AgCg Adgyg + APtagr-Ypt + AhgirYp + APSztr-YpsA
Catr =
Aat

Cqy = 39.25 in
r

lagr = Ig + Ag’(catr - Cg)2 + g Ngga + Adatr'(yd - Catr)2 + Aptatr'(ypt - Catr)2
latr2 = I Mhga + Ahatr'(yh - Catr)2 + Apsatr'(ypsA - Catr)2
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Need force P to restore deflection at middle support to zero:

pL°

Athi rdpt = E Egaatr = 3344.13 |y = 738784.94

P Athi rdpt’ 28 Egaatr' | atr

3
L

P=-277 Kips

Maximum moment:

PL;
=— M = -3328 ip-in

M = =—
max 3 max

Stress at top fiber of composite section at middle support:

M -(depth; — c
Gcompy, = max( ! atr) 'ndga acompy, = —0.0789

| atr

L; = 3600

ksi

Stress in top fiber due to force redistribution over time at midspan of a single span:

GCOMPEredist -= streﬁdAfl GCOMPE et = —0-258

Obtain negative moment over middle support from QConBridge (ft-lbs):

MQqcon = 2180000

12 _
M = 26160 Kip-in

Mneg = MQcon 1000 negy

Stress at top of composite section due to live loads (tension):

.(deoth, —
ocompy | = |Mneg| (Iept t Ctr).ndg ccomp | = 0.655
tr
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Factor LL using DFM and 0.8 Service lll factor:

t

d

g ”‘['g * (Ag' egzﬂ

K:

DFM, := 0.075 +

DFM4 := 0.06 +
mp:=1
DFMq
DFM¢:= ——
mp

DFM := max(DFMy, DFM 1, DFM)

ccompy | ¢ := ocomp | -DFM-0.8

W

12

9.5

Final stress in deck (ksi)

m

ni= —9 n=1.18
Kg = 1404900.41
0.6
wy 0.2 Kg 0.1
— DFM, = 0.72
L 3 2
Lg'td
0.4
wy 0.3 Kg 0.1
— DFM, =05
L 3 1
Lg td
DFM; = 0.5
DFM = 0.725
ccomp ¢ = 0.38 ksi

GCOMPfi g := GCOMPEyadist + GCOMP) + GCOMP | ¢

GCOMPfj 4 = 0.043
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SUMMARY

Final stresses at section A (end of single beam)

Initial compression in deck (ksi) Compression at top, middle, & bottom of
deck after SS analysis (ksi)
Nd,
StreSSdAi =
Ad ~0.258
stressp = ~0.439 ksi sressga =| 029 | ks
-0.322

Final stress in deck (ksi)

FCOMBsingli= OCOMPEradist T CCOMP) + GCOMP| | ¢

GCOMPfj 4 = 0.043
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APPENDIX D
Results of Continuous Steel Girder Bridge Parametric Studies
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Table D.1: Two Span Continuous Steel Girder Bridge Parametric Studies

Bridge Properties Simple Span Analysis Continuous Span Analysis Results
No. of Initial Final Comp. in Deck Tens. at Top of Deck Stress from Total Total
Girder Girder Span Strands Comp. Due to Due to Factored Stress Stress
Type Spc. Length | in Deck in Deck Top Mid. Bot. Force Redist. LL DFM LL with LL without LL

(ft) (ft) (psi) (psi) | (psi) | (psi) (psi) (psi) (psi) (psi) (psi)
W24x103 6 60 4 -206 -215 -141 -67 276 1416 0.483 547 608 61
W36x160 6 90 4 -207 -159 -109 -59 266 1559 0.476 594 701 107
PL 1, d=48 6 120 4 -207 -112 -76 -40 256 1448 0.474 549 693 144
W24x146 9 60 6 -206 -210 -138 -66 264 941 0.661 498 552 54
W36x232 9 90 6 -207 -157 -108 -59 260 1017 0.654 532 635 103
PL 2, d=50 9 120 6 -207 -118 -83 -48 243 955 0.646 494 619 125
W24x103 6 60 6 -309 -312 -230 -149 304 1413 0.483 546 538 -8
W36x160 6 90 6 -311 -250 -195 -140 293 1556 0.476 593 636 43
PL 1, d=48 6 120 6 -311 -199 -159 -120 283 1445 0.474 548 632 84
W24x146 9 60 9 -309 -302 -223 -144 288 939 0.661 497 483 -14
W36x232 9 90 9 -311 -243 -190 -137 283 1015 0.654 531 571 40
PL 2, d=50 9 120 9 -311 -201 -163 -125 266 952 0.646 492 557 65
W24x103 6 60 10 -515 -490 -395 -301 350 1408 0.483 544 404 -140
W36x160 6 90 10 -518 -419 -355 -291 338 1549 0.476 590 509 -81
PL 1, d=48 6 120 10 -518 -360 -314 -268 326 1438 0.474 545 511 -34
W24x146 9 60 15 -515 -448 -362 -275 316 935 0.661 494 362 -132
W36x232 9 90 15 -518 -385 -326 -268 311 1010 0.654 528 454 -74
PL 2, d=50 9 120 15 -518 -339 -297 -255 292 948 0.646 490 443 -47
W24x103 6 60 12 -618 -568 -469 -369 367 1405 0.483 543 342 -201
W36x160 6 90 12 -622 -494 -427 -360 354 1546 0.476 589 449 -140
PL 1, d=48 6 120 12 -622 -432 -384 -335 342 1435 0.474 544 454 -90
W24x146 9 60 18 -618 -496 -409 -322 316 934 0.661 494 314 -180
W36x232 9 90 18 -622 -432 -374 -315 311 1008 0.654 527 406 -121
PL 2, d=50 9 120 18 -622 -386 -344 -302 292 946 0.646 489 395 -94
W24x103 6 60 14 -721 -636 -533 -431 379 1403 0.483 542 285 -257
W36x160 6 90 14 -725 -560 -490 -421 365 1542 0.476 587 392 -195
PL 1, d=48 6 120 14 -725 -496 -446 -396 353 1431 0.474 543 400 -143
W24x146 9 60 21 -721 -522 -438 -354 304 932 0.661 493 275 -218
W36x232 9 90 21 -725 -460 -404 -347 299 1006 0.654 526 365 -161
PL 2, d=50 9 120 21 -725 -416 -376 -335 280 944 0.646 488 352 -136
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Table D.1: Two Span Continuous Steel Girder Bridge Parametric Studies (continued)

Bridge Properties Simple Span Analysis Continuous Span Analysis Results
No. of Initial Final Comp. in Deck Tens. at Top of Deck Stress from Total Total
Girder Girder Span Strands Comp. Due to Due to Factored Stress Stress
Type Spc. Length | in Deck in Deck Top Mid. Bot. Force Redist. LL DFM LL with LL without LL

(ft) (ft) (psi) (psi) | (psi) | (psi) (psi) (psi) (psi) (psi) (psi)
W24x103 6 60 16 -824 -693 -589 -484 384 1400 0.483 541 232 -309
W36x160 6 90 16 -829 -616 -545 -475 370 1539 0.476 586 340 -246
PL 1, d=48 6 120 16 -829 -551 -500 -450 358 1428 0.474 541 348 -193
W24x146 9 60 24 -824 -522 -445 -368 278 930 0.661 492 248 -244
W36x232 9 90 24 -829 -465 -413 -362 273 1004 0.654 525 333 -192
PL 2, d=50 9 120 24 -829 -425 -388 -350 257 942 0.646 487 319 -168
W24x103 6 60 20 -1030 -766 -665 -564 371 1395 0.483 539 144 -395
W36x160 6 90 20 -1036 -691 -623 -555 358 1532 0.476 583 250 -333
PL 1, d=48 6 120 20 -1036 -629 -580 -531 346 1422 0.474 539 256 -283
W24x146 9 60 29 -996 -455 -400 -345 200 927 0.661 490 235 -255
W36x232 9 90 29 -1002 -414 -376 -339 195 1000 0.654 523 304 -219
PL 2, d=50 9 120 29 -1002 -385 -358 -331 184 938 0.646 485 284 -201
W24x103 6 60 24 -1236 -776 -687 -598 324 1390 0.483 537 85 -452
W36x160 6 90 24 -1243 -710 -650 -501 311 1526 0.476 581 182 -399
PL 1, d=48 6 120 24 -1243 -656 -613 -570 302 1415 0.474 537 183 -354
W24x146 9 60 36 -1236 -196 -196 -195 1 923 0.661 488 293 -195
W36x232 9 90 36 -1243 -192 -192 -192 -2 995 0.654 521 327 -194
PL 2, d=50 9 120 36 -1243 -192 -192 -192 -1 933 0.646 482 289 -193
W24x103 6 60 29 -1494 -680 -624 -567 205 1383 0.483 534 59 -475
W36x160 6 90 29 -1502 -638 -600 -562 196 1518 0.476 578 136 -442
PL 1, d=48 6 120 29 -1502 -604 -576 -549 191 1407 0.474 534 121 -413
W24x146 9 60 44 -1511 387 281 176 -376 919 0.661 486 497 11
W36x232 9 90 44 -1520 320 248 176 -377 989 0.654 517 460 -57
PL 2, d=50 9 120 44 -1520 265 213 161 -353 927 0.646 479 391 -88
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Table D.2: Three Span Continuous Steel Girder Bridge Parametric Studies

Bridge Properties Simple Span Analysis Continuous Span Analysis Results
No. of Initial Final Comp. in Deck Tens. at Top of Deck Stress from Total Total
Girder Girder Span Strands Comp. Due to Due to Factored Stress Stress
Type Spc. Length in Deck in Deck Top Mid. Bot. Force Redist. LL DFM LL with LL without LL

(ft) (ft) (psi) (psi) (psi) (psi) (psi) (psi) (psi) (psi) (psi)
W24x103 6 60 4 -207 -216 -142 -68 191 1303 0.483 503 478 -25
W 36x160 6 90 4 -207 -159 -109 -59 184 1470 0.476 560 585 25
PL 1, d=48 6 120 4 -206 -111 -75 -39 177 1376 0.474 522 588 66
W24x146 9 60 6 -207 -212 -139 -67 183 865 0.661 457 428 -29
W36x232 9 90 6 -207 -156 -108 -59 180 959 0.654 502 526 24
PL 2, d=50 9 120 6 -206 -117 -82 -47 168 907 0.646 469 520 51
W24x103 6 60 6 -311 -314 -232 -150 210 1300 0.483 502 398 -104
W 36x160 6 90 6 -311 -250 -195 -140 202 1467 0.476 559 511 -48
PL 1, d=48 6 120 6 -309 -197 -158 -118 195 1373 0.474 521 519 -2
W24x146 9 60 9 -311 -303 -224 -146 199 864 0.661 457 353 -104
W36x232 9 90 9 -311 -243 -190 -137 196 957 0.654 501 454 -47
PL 2, d=50 9 120 9 -309 -200 -162 -124 183 905 0.646 468 451 -17
W24x103 6 60 10 -518 -493 -398 -303 243 1295 0.483 500 250 -250
W 36x160 6 90 10 -518 -419 -355 -291 234 1460 0.476 556 371 -185
PL 1, d=48 6 120 10 -515 -358 -312 -266 225 1366 0.474 518 385 -133
W24x146 9 60 15 -518 -450 -363 =277 219 860 0.661 455 224 -231
W36x232 9 90 15 -518 -384 -326 -267 215 952 0.654 498 329 -169
PL 2, d=50 9 120 15 -515 -337 -295 -253 201 901 0.646 466 330 -136
W24x103 6 60 12 -622 -571 -471 -372 255 1293 0.483 500 184 -316
W36x160 6 90 12 -621 -493 -426 -359 245 1457 0.476 555 307 -248
PL 1, d=48 6 120 12 -618 -429 -381 -333 236 1363 0.474 517 324 -193
W24x146 9 60 18 -622 -498 -411 -324 219 859 0.661 454 175 -279
W36x232 9 90 18 -621 -432 -373 -315 215 950 0.654 497 280 -217
PL 2, d=50 9 120 18 -618 -385 -342 -300 201 899 0.646 465 281 -184
W24x103 6 60 14 =725 -639 -536 -433 262 1290 0.483 498 121 -377
W36x160 6 90 14 -725 -559 -490 -421 252 1454 0.476 554 247 -307
PL 1, d=48 6 120 14 -721 -493 -443 -394 244 1360 0.474 516 267 -249
W24x146 9 60 21 =725 -523 -440 -356 210 857 0.661 453 140 -313
W36x232 9 90 21 =725 -460 -404 -347 207 948 0.654 496 243 -253
PL 2, d=50 9 120 21 -721 -415 -374 -333 194 897 0.646 464 243 -221
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Table D.2: Three Span Continuous Steel Girder Bridge Parametric Studies (continued)

Bridge Properties Simple Span Analysis Continuous Span Analysis Results
No. of Initial Final Comp. in Deck Tens. at Top of Deck Stress from Total Total
Girder Girder Span Strands Comp. Due to Due to Factored Stress Stress
Type Spc. Length in Deck in Deck Top Mid. Bot. Force Redist. LL DFM LL with LL without LL

(ft) (ft) (psi) (psi) (psi) (psi) (psi) (psi) (psi) (psi) (psi)
W24x103 6 60 16 -829 -696 -591 -487 266 1288 0.483 498 68 -430
W36x160 6 90 16 -828 -615 -545 -474 256 1451 0.476 553 194 -359
PL 1, d=48 6 120 16 -824 -548 -498 -447 247 1357 0.474 515 214 -301
W24x146 9 60 24 -829 -523 -446 -369 192 856 0.661 453 122 -331
W36x232 9 90 24 -828 -465 -413 -361 189 946 0.654 495 219 -276
PL 2, d=50 9 120 24 -824 -424 -386 -349 178 895 0.646 463 217 -246
W24x103 6 60 20 -1036 -769 -668 -566 257 1283 0.483 496 -16 -512
W36x160 6 90 20 -1035 -691 -623 -554 247 1444 0.476 550 106 -444
PL 1, d=48 6 120 20 -1030 -626 -577 -528 239 1351 0.474 512 125 -387
W24x146 9 60 29 -1002 -454 -400 -345 137 853 0.661 451 134 -317
W36x232 9 90 29 -1001 -414 -376 -339 135 943 0.654 493 214 -279
PL 2, d=50 9 120 29 -996 -385 -358 -331 128 891 0.646 460 203 -257
W24x103 6 60 24 -1243 =777 -689 -601 223 1278 0.483 494 -60 -554
W 36x160 6 90 24 -1242 -710 -650 -590 215 1438 0.476 548 53 -495
PL 1, d=48 6 120 24 -1236 -654 -611 -568 209 1345 0.474 510 65 -445
W24x146 9 60 36 -1243 -191 -192 -192 -2 849 0.661 449 256 -193
W36x232 9 90 36 -1242 -192 -192 -193 -1 938 0.654 491 298 -193
PL 2, d=50 9 120 36 -1236 -195 -195 -195 2 887 0.646 458 265 -193
W24x103 6 60 29 -1502 -679 -623 -568 140 1272 0.483 492 -47 -539
W36x160 6 90 29 -1501 -638 -600 -562 136 1431 0.476 545 43 -502
PL 1, d=48 6 120 29 -1494 -604 -576 -548 134 1337 0.474 507 37 -470
W24x146 9 60 44 -1520 400 292 185 -266 845 0.661 447 581 134
W36x232 9 90 44 -1518 318 246 174 -259 933 0.654 488 547 59
PL 2, d=50 9 120 44 -1511 255 204 153 -238 881 0.646 455 472 17
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Table E.1: Two Span Continuous PCBT Girder Bridge Parametric Studies

Bridge Properties Simple Span Analysis Continuous Span Analysis Results
No. of Initial Final Comp. in Deck Tens. at Top of Deck Stress from Total Total
Girder Girder Span Strands Comp. Curvature Due to Due to Factored Stress Stress
Type Spc. Length in Deck in Deck Top Mid. Bot. Changes Force Redist. LL DFM LL with LL without LL

(ft) (ft) (psi) (psi) (psi) (psi) (psi) (psi) (psi) (psi) (psi)

PCBT-37 6 40 4 -216 -63 -87 -110 all(-) -122 261 0.643 134 -51 -185
PCBT-37 6 40 8 -432 -243 -257 -272 all(-) -58 260 0.643 134 -167 -301
PCBT-37 6 75 4 -220 -16 -72 -127 all(-) -201 922 0.546 403 186 -217
PCBT-37 6 75 8 -440 -200 -246 -291 all(-) -135 918 0.546 401 66 -335
PCBT-37 6 75 10 -550 -292 -332 -373 all(-) -103 916 0.546 400 6 -395
PCBT-37 6 75 12 -659 -383 -419 -455 some +/- -71 914 0.546 399 -54 -454
PCBT-37 6 75 14 -769 -473 -504 -536 some +/- -45 912 0.546 398 -120 -518
PCBT-37 9 40 6 -216 -98 -118 -137 all(-) -76 201 0.861 138 -35 -174
PCBT-37 9 40 12 -432 -288 -297 -306 some +/- -15 200 0.861 138 -166 -303
PCBT-37 9 40 18 -648 -476 -474 -473 all (+) 48 199 0.861 137 -291 -428
PCBT-61 6 65 4 -219 -58 -73 -89 all(-) -81 365 0.624 182 43 -139
PCBT-61 6 65 8 -439 -229 -239 -249 some +/- -26 363 0.624 181 -74 -255
PCBT-61 6 65 10 -548 -314 -322 -329 some +/- 1 363 0.624 181 -132 -313
PCBT-61 6 65 12 -658 -399 -404 -408 some +/- 27 362 0.624 181 -191 -372
PCBT-61 6 125 4 -220 20 -33 -86 all(-) -263 919 0.526 387 144 -243
PCBT-61 6 125 8 -440 -153 -201 -248 all(-) -206 914 0.526 385 26 -359
PCBT-61 6 125 10 -550 -239 -284 -329 all(-) -178 913 0.526 384 -33 -417
PCBT-61 6 125 12 -660 -324 -367 -409 some +/- -151 911 0.526 383 -91 -475
PCBT-61 9 50 6 -218 -84 -100 -116 all(-) -107 146 0.897 105 -86 -191
PCBT-61 9 50 9 -327 -174 -187 -200 all(-) -79 146 0.897 105 -148 -253
PCBT-61 9 50 12 -436 -264 -274 -284 all(-) -52 146 0.897 105 -211 -316
PCBT-61 9 85 6 -220 -72 -99 -126 all(-) -121 443 0.776 275 83 -193
PCBT-61 9 85 12 -440 -255 -276 -296 some +/- -65 441 0.776 274 -46 -320
PCBT-61 9 85 18 -660 -436 -451 -465 some +/- -10 438 0.776 272 -174 -446
PCBT-85 6 85 4 -220 -39 -53 -67 all(-) -91 370 0.623 184 55 -130
PCBT-85 6 85 8 -440 -205 -215 -225 some +/- -39 369 0.623 184 -60 -244
PCBT-85 6 85 10 -550 -287 -295 -303 some +/- -14 368 0.623 183 -118 -301
PCBT-85 6 85 12 -660 -369 -375 -382 some +/- 10 367 0.623 183 -176 -359
PCBT-85 6 150 4 -220 -9 -42 -75 all(-) -175 741 0.537 318 135 -184
PCBT-85 6 150 8 -439 -174 -204 -233 some +/- -123 738 0.537 317 20 -297
PCBT-85 6 150 10 -549 -256 -284 -312 some +/- -98 737 0.537 317 -37 -354
PCBT-85 6 150 12 -659 -338 -364 -390 some +/- -73 735 0.537 316 -95 -411
PCBT-85 9 70 6 -220 -70 -83 -97 all(-) -109 214 0.879 150 -28 -179
PCBT-85 9 70 12 -439 -245 -255 -264 all(-) -56 213 0.879 150 -151 -301
PCBT-85 9 70 15 -549 -333 -340 -347 some +/- -30 212 0.879 149 -214 -363
PCBT-85 9 125 6 -220 -47 -75 -103 all(-) -160 469 0.750 281 74 -207
PCBT-85 9 125 12 -440 -224 -248 -271 all(-) -107 467 0.750 280 -51 -331
PCBT-85 9 125 15 -550 -311 -333 -355 some +/- -81 466 0.750 280 -112 -392
PCBT-85 9 125 18 -660 -399 -418 -438 some +/- -55 465 0.750 279 -175 -454
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Table E.2: Two Span Continuous AASHTO Girder Bridge Parametric Studies

Bridge Properties Simple Span Analysis Continuous Span Analysis Results
No. of Initial Final Comp. in Deck Tens. at Top of Deck Stress from Total Total
Girder Girder Span Strands Comp. Curvature Due to Due to Factored Stress Stress
Type Spc. Length in Deck in Deck Top Mid. Bot. Changes Force Redist. LL DFM LL with LL without LL

(ft) (ft) (psi) (psi) (psi) (psi) (psi) (psi) (psi) (psi) (psi)
Type Il 6 45 4 -217 -164 -174 -184 some +/- -13 401 0.592 190 13 -177
Type Il 6 45 8 -434 -366 -364 -362 all (+) 56 399 0.592 189 -121 -310
Type Il 6 45 10 -542 -467 -459 -451 all (+) 90 398 0.592 188 -189 -377
Type Il 6 45 12 -651 -566 -5652 -539 all(+) 123 397 0.592 188 -255 -443
Type Il 6 70 4 -220 -62 -144 -226 all(-) -345 1068 0.528 451 44 -407
Type Il 6 70 8 -439 -267 -337 -406 all(-) -271 1062 0.528 449 -90 -538
Type Il 6 70 10 -549 -369 -432 -496 all(-) -235 1060 0.528 448 -157 -604
Type Il 6 70 12 -659 -470 -528 -585 all(-) -200 1057 0.528 446 -224 -670
Type Il 9 35 6 -214 -176 -184 -192 all(-) -16 213 0.847 144 -47 -192
Type Il 9 35 9 -322 -278 -280 -282 some +/- 15 212 0.847 144 -120 -263
Type Il 9 35 12 -429 -380 -376 -372 all (+) 45 212 0.847 144 -192 -336
Type Il 9 55 6 -218 -111 -176 -241 all(-) -241 472 0.749 283 -69 -352
Type Il 9 55 9 -328 -216 -274 -333 all(-) -209 471 0.749 282 -143 -425
Type Il 9 55 12 -437 -320 -372 -425 all (-) -177 470 0.749 282 -215 -497
Type IV 6 75 4 -220 -113 -117 -121 some +/- 57 621 0.587 292 236 -56
Type IV 6 75 8 -440 -295 -292 -289 all (+) 125 618 0.587 290 120 -170
Type IV 6 75 10 -550 -386 -379 -372 all (+) 158 616 0.587 289 62 -228
Type IV 6 75 12 -659 -476 -466 -455 all (+) 191 615 0.587 289 4 -285
Type IV 6 75 14 -769 -565 -5652 -538 all (+) 224 613 0.587 288 -53 -341
Type IV 6 75 16 -879 -655 -638 -621 all (+) 256 612 0.587 287 -112 -399
Type IV 6 75 18 -989 -743 -723 -703 all (+) 288 610 0.587 286 -169 -456
Type IV 6 120 4 -220 -40 -85 -129 all(-) -184 1153 0.520 480 256 -224
Type IV 6 120 6 -330 -132 -173 -213 all(-) -149 1150 0.520 478 198 -281
Type IV 6 120 8 -440 -224 -261 -298 some +/- -114 1148 0.520 478 140 -338
Type IV 6 120 12 -661 -405 -435 -465 some +/- -46 1142 0.520 475 24 -451
Type IV 6 120 14 -771 -495 -522 -549 some +/- -12 1139 0.520 474 -34 -507
Type IV 6 120 16 -881 -585 -608 -632 some +/- 21 1136 0.520 473 -92 -564
Type IV 6 120 18 -991 -674 -694 -714 some +/- 53 1134 0.520 472 -149 -621
Type IV 9 65 6 -219 -131 -136 -140 some +/- 21 362 0.814 236 125 -110
Type IV 9 65 9 -329 -226 -227 -228 some +/- 54 361 0.814 235 63 -172
Type IV 9 65 12 -439 -322 -319 -316 all (+) 87 360 0.814 234 -1 -235
Type IV 9 65 15 -548 -416 -410 -403 all (+) 119 359 0.814 234 -63 -297
Type IV 9 65 18 -658 -511 -500 -490 all (+) 151 358 0.814 233 -127 -360
Type IV 9 65 21 -767 -604 -590 -576 all (+) 182 357 0.814 232 -189 -422
Type IV 9 100 6 -220 -67 -107 -147 all(-) -182 695 0.725 403 154 -249
Type IV 9 100 12 -441 -259 -291 -323 all(-) -114 692 0.725 401 29 -373
Type IV 9 100 15 -551 -355 -383 -411 some +/- -80 690 0.725 400 -35 -435
Type IV 9 100 18 -661 -450 -474 -499 some +/- -47 688 0.725 399 -98 -497
Type IV 9 100 21 -771 -544 -565 -585 some +/- -15 686 0.725 398 -161 -559
Type VI 6 100 4 -220 -45 -56 -67 some +/- 14 557 0.581 259 228 -31
Type VI 6 100 8 -441 -210 -216 -223 some +/- 67 555 0.581 258 114 -144
Type VI 6 100 12 -661 -373 -376 -378 some +/- 117 552 0.581 257 1 -256
Type VI 6 100 14 -771 -454 -455 -455 some +/- 143 551 0.581 256 -55 -312
Type VI 6 100 16 -881 -535 -534 -532 all (+) 168 550 0.581 256 -112 -367
Type VI 6 100 18 -991 -616 -612 -608 all (+) 192 549 0.581 255 -168 -424
Type VI 6 160 4 -219 31 -15 -61 all(-) -208 963 0.515 397 220 -177
Type VI 6 160 8 -439 -133 -175 -217 some +/- -155 960 0.515 396 108 -288
Type VI 6 160 12 -658 -297 -334 -372 some +/- -102 956 0.515 394 -5 -399
Type VI 6 160 16 -878 -459 -493 -526 some +/- -50 952 0.515 392 -117 -509
Type VI 9 100 6 -220 -55 -72 -88 some +/- -38 437 0.776 271 179 -93
Type VI 9 100 12 -441 -231 -243 -254 some +/- 18 435 0.776 270 57 -214
Type VI 9 100 15 -551 -319 -328 -337 some +/- 45 434 0.776 269 -5 -274
Type VI 9 100 21 -771 -492 -497 -501 some +/- 98 432 0.776 268 -126 -395
Type VI 9 100 24 -881 -579 -581 -582 some +/- 124 431 0.776 268 -187 -455
Type VI 9 140 6 -220 -16 -59 -102 all(-) -228 649 0.708 368 124 -244
Type VI 9 140 9 -330 -104 -144 -185 all(-) -199 647 0.708 366 63 -303
Type VI 9 140 12 -440 -192 -230 -268 all(-) -171 646 0.708 366 3 -363
Type VI 9 140 15 -550 -279 -315 -351 all(-) -143 644 0.708 365 -57 -422
Type VI 9 140 18 -660 -367 -400 -433 some +/- -115 643 0.708 364 -118 -482
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Table E.3: Three Span Continuous PCBT Girder Bridge Parametric Studies

Bridge Properties Simple Span Analysis Continuous Span Analysis Results
No. of Initial Final Comp. in Deck Tens. at Top of Deck Stress from Total Total
Girder Girder Span Strands Comp. Curvature Due to Due to Factored Stress Stress
Type Spc. Length in Deck in Deck Top Mid. Bot. Changes Force Redist. LL DFM LL with LL without LL

(ft) (ft) (psi) (psi) (psi) (psi) (psi) (psi) (psi) (psi) (psi)

PCBT-37 6 40 4 -219 -65 -89 -113 all(-) -84 265 0.643 136 -13 -149
PCBT-37 6 40 8 -438 -248 -262 -276 all(-) -39 264 0.643 136 -151 -287
PCBT-37 6 75 4 -220 -17 -72 -127 all(-) -139 859 0.546 375 219 -156
PCBT-37 6 75 8 -440 -201 -247 -292 all(-) -93 855 0.546 373 79 -294
PCBT-37 6 75 10 -551 -293 -333 -374 all(-) -71 853 0.546 373 9 -364
PCBT-37 6 75 12 -661 -384 -420 -455 some +/- -49 851 0.546 372 -61 -433
PCBT-37 6 75 14 -771 -474 -506 -537 some +/- -27 849 0.546 371 -130 -501
PCBT-37 9 40 6 -219 -100 -120 -140 all(-) -52 204 0.861 141 -11 -152
PCBT-37 9 40 12 -438 -293 -302 -311 some +/- -8 203 0.861 140 -161 -301
PCBT-37 9 40 18 -657 -483 -482 -480 all (+) 35 202 0.861 139 -309 -448
PCBT-61 6 65 4 -220 -59 -74 -89 all(-) -56 337 0.624 168 53 -115
PCBT-61 6 65 8 -441 -231 -241 -251 some +/- -18 336 0.624 168 -81 -249
PCBT-61 6 65 10 -551 -316 -323 -331 some +/- 1 335 0.624 167 -148 -315
PCBT-61 6 65 12 -661 -401 -406 -411 some +/- 19 334 0.624 167 -215 -382
PCBT-61 6 125 4 -219 21 -33 -86 all(-) -182 876 0.526 369 208 -161
PCBT-61 6 125 8 -437 -151 -199 -246 all(-) -143 873 0.526 367 73 -294
PCBT-61 6 125 10 -547 -236 -281 -326 all(-) -124 871 0.526 367 7 -360
PCBT-61 6 125 12 -656 -321 -364 -406 some +/- -105 869 0.526 366 -60 -426
PCBT-61 6 125 14 -765 -406 -446 -485 some +/- -86 867 0.526 365 -127 -492
PCBT-61 9 50 6 -220 -85 -101 -117 all(-) -74 145 0.897 104 -54 -159
PCBT-61 9 50 12 -440 -268 -277 -287 all(-) -35 144 0.897 103 -200 -303
PCBT-61 9 85 6 -220 -72 -99 -126 all(-) -83 415 0.776 258 102 -155
PCBT-61 9 85 12 -440 -255 -276 -296 some +/- -45 413 0.776 256 -43 -300
PCBT-61 9 85 18 -660 -436 -451 -465 some +/- -7 412 0.776 256 -187 -443
PCBT-85 6 85 4 -220 -39 -53 -67 all(-) -63 348 0.623 173 72 -102
PCBT-85 6 85 8 -440 -205 -215 -225 some +/- -27 346 0.623 172 -60 -232
PCBT-85 6 85 10 -550 -287 -295 -303 some +/- -10 345 0.623 172 -125 -297
PCBT-85 6 85 12 -660 -369 -375 -382 some +/- 7 345 0.623 172 -190 -362
PCBT-85 6 150 4 -218 -8 -41 -74 all(-) -167 708 0.537 304 129 -175
PCBT-85 6 150 8 -435 -171 -201 -230 some +/- -86 705 0.537 303 46 -257
PCBT-85 6 150 10 -544 -253 -280 -308 some +/- -68 703 0.537 302 -19 -321
PCBT-85 6 150 12 -653 -334 -360 -386 some +/- -51 702 0.537 302 -84 -385
PCBT-85 6 150 14 -761 -415 -439 -463 some +/- -34 701 0.537 301 -148 -449
PCBT-85 9 70 6 -220 -70 -84 -97 all(-) -75 198 0.879 139 -6 -145
PCBT-85 9 70 12 -441 -246 -256 -265 all(-) -39 197 0.879 139 -146 -285
PCBT-85 9 70 15 -551 -334 -341 -349 some +/- -21 197 0.879 139 -216 -355
PCBT-85 9 125 6 -219 -46 -74 -102 all(-) -111 448 0.750 269 112 -157
PCBT-85 9 125 12 -437 -221 -245 -269 all(-) -74 446 0.750 268 -28 -295
PCBT-85 9 125 15 -547 -309 -331 -352 some +/- -56 445 0.750 267 -98 -365
PCBT-85 9 125 18 -656 -395 -415 -435 some +/- -38 444 0.750 266 -167 -433
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Table E.4: Three Span Continuous AASHTO Girder Bridge Parametric Studies

Bridge Properties Simple Span Analysis Continuous Span Analysis Results
No. of Initial Final Comp. in Deck Tens. at Top of Deck Stress from Total Total
Girder Girder Span Strands Comp. Curvature Due to Due to Factored Stress Stress
Type Spc. Length in Deck in Deck Top Mid. Bot. Changes Force Redist. LL DFM LL with LL without LL

(ft) (ft) (psi) (psi) (psi) (psi) (psi) (psi) (psi) (psi) (psi)
Type Il 6 45 4 -219 -166 -176 -186 some +/- - 409 0.592 194 19 -175
Type Il 6 45 6 -329 -269 -273 -277 some +/- 16 408 0.592 193 -60 -253
Type Il 6 45 8 -439 -371 -369 -366 all (+) 40 407 0.592 193 -138 -331
Type Il 6 45 12 -658 -573 -559 -545 all (+) 87 405 0.592 192 -294 -486
Type Il 6 70 4 -220 -62 -144 -226 all(-) -238 991 0.528 419 118 -300
Type Il 6 70 8 -441 -268 -338 -408 all(-) -187 985 0.528 416 -39 -455
Type Il 6 70 10 -551 -370 -434 -498 all(-) -162 983 0.528 415 -117 -532
Type Il 6 70 12 -661 -472 -529 -587 all(-) -138 980 0.528 414 -196 -610
Type Il 9 35 6 -218 -179 -187 -195 all(-) -10 217 0.847 147 -42 -189
Type Il 9 35 9 -327 -284 -285 -287 some +/- 11 216 0.847 146 -126 -273
Type Il 9 35 12 -436 -387 -383 -378 all (+) 32 215 0.847 146 -209 -355
Type Il 9 55 6 -220 -112 -177 -242 all(-) -166 435 0.749 261 -18 -278
Type Il 9 55 9 -330 -218 -276 -335 all(-) -144 434 0.749 260 -102 -362
Type Il 9 55 12 -440 -323 -375 -427 all (-) -122 433 0.749 259 -185 -445
Type IV 6 75 4 -220 -113 -117 -121 some +/- 40 578 0.587 271 198 -73
Type IV 6 75 8 -440 -296 -293 -289 all (+) 87 575 0.587 270 61 -209
Type IV 6 75 12 -661 -477 -467 -456 all (+) 133 572 0.587 269 -76 -345
Type IV 6 75 14 -771 -567 -553 -539 all (+) 155 571 0.587 268 -144 -412
Type IV 6 75 16 -881 -656 -639 -622 all (+) 177 570 0.587 268 -211 -479
Type IV 6 120 4 -219 -40 -84 -128 all(-) -127 1096 0.520 456 289 -167
Type IV 6 120 8 -438 -222 -259 -296 some +/- -79 1091 0.520 454 152 -301
Type IV 6 120 12 -657 -402 -432 -463 some +/- -32 1085 0.520 451 17 -434
Type IV 6 120 14 -766 -492 -519 -546 some +/- -10 1082 0.520 450 -51 -502
Type IV 6 120 16 -876 -581 -604 -628 some +/- 13 1080 0.520 449 -118 -568
Type IV 9 65 6 -220 -131 -136 -141 some +/- 15 334 0.814 218 101 -117
Type IV 9 65 9 -330 -228 -229 -229 some +/- 38 333 0.814 217 26 -190
Type IV 9 65 12 -441 -323 -320 -317 all (+) 60 332 0.814 216 -46 -263
Type IV 9 65 15 -551 -418 -412 -405 all (+) 83 331 0.814 216 -120 -335
Type IV 9 65 18 -661 -513 -503 -492 all (+) 105 330 0.814 215 -193 -408
Type IV 9 100 6 -220 -66 -106 -146 all(-) -126 659 0.725 382 190 -192
Type IV 9 100 12 -439 -258 -290 -322 all(-) -79 655 0.725 380 43 -337
Type IV 9 100 15 -549 -353 -382 -410 some +/- -56 653 0.725 379 -30 -409
Type IV 9 100 18 -659 -448 -473 -497 some +/- -33 652 0.725 378 -103 -481
Type IV 9 100 21 -769 -542 -563 -584 some +/- -11 650 0.725 377 -176 -553
Type VI 6 100 4 -220 -45 -56 -67 some +/- 10 528 0.581 245 210 -35
Type VI 6 100 8 -439 -209 -216 -222 some +/- 46 525 0.581 244 81 -163
Type VI 6 100 12 -659 -372 -374 -377 some +/- 81 523 0.581 243 -48 -291
Type VI 6 100 14 -769 -453 -453 -454 some +/- 99 522 0.581 243 -112 -355
Type VI 6 100 16 -879 -534 -5632 -530 all (+) 116 521 0.581 242 -176 -418
Type VI 6 160 4 -217 33 -13 -60 all(-) -144 921 0.515 379 268 -111
Type VI 6 160 8 -434 -130 -172 -214 some +/- -107 917 0.515 378 140 -237
Type VI 6 160 12 -651 -292 -330 -367 some +/- -72 914 0.515 377 13 -364
Type VI 6 160 14 -760 -373 -408 -444 some +/- -54 912 0.515 376 -51 -427
Type VI 6 160 16 -868 -453 -486 -520 some +/- -36 910 0.515 375 -114 -489
Type VI 6 160 18 -977 -533 -564 -596 some +/- -19 908 0.515 374 -178 -552
Type VI 9 100 6 -220 -55 -71 -88 some +/- -26 414 0.776 257 176 -81
Type VI 9 100 12 -439 -230 -242 -254 some +/- 12 412 0.776 256 38 -218
Type VI 9 100 15 -549 -317 -327 -336 some +/- 31 411 0.776 255 -31 -286
Type VI 9 100 18 -659 -404 -411 -418 some +/- 49 410 0.776 255 -100 -355
Type VI 9 100 21 -769 -491 -495 -499 some +/- 67 409 0.776 254 -170 -424
Type VI 9 140 6 -218 -14 -58 -101 all(-) -158 618 0.708 350 178 -172
Type VI 9 140 12 -436 -189 -227 -265 all(-) -119 615 0.708 348 41 -308
Type VI 9 140 15 -545 -276 -312 -347 all(-) -100 613 0.708 347 -28 -376
Type VI 9 140 18 -654 -362 -396 -429 some +/- -81 612 0.708 347 -96 -443
Type VI 9 140 21 -763 -449 -479 -510 some +/- -62 610 0.708 346 -165 -511




Final Stress at Top of Deck (psi)

Figure E.1: Final Stresses for Two-Span Cont. PCBT Girder Bridges; Initial Comp. = 219 psi

Final Stress at Top of Deck (psi)

Figure E.2: Final Stresses for Two-Span Cont. PCBT Girder Bridges; Initial Comp. = 438 psi
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Figure E.3: Final Stresses for Two -Span Cont. PCBT Girder Bridges; Initial Comp. = 549 psi
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Figure E.4: Final Stresses for Two -Span Cont. PCBT Girder Bridges; Initial Comp. = 658 psi

199



Final Stress at Top of Deck (psi)

Figure E.5: Final Stresses for Two -Span Cont. AASHTO Girder Bridges; Init. Comp. = 219 ps
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Figure E.6: Final Stresses for Two -Span Cont. AASHTO Girder Bridges; Init. Comp. = 438 ps
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Final Stress at Top of Deck (psi)

Figure E.7: Final Stresses for Two -Span Cont. AASHTO Girder Bridges; Init. Comp. = 549 ps
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Figure E.8: Final Stresses for Two -Span Cont. AASHTO Girder Bridges; Init. Comp. = 659 ps

-200

-400

-600

-700

-800

100

T Tension

-100 A

D

20 40
l Compression

120

140
-

160

-300 A

-500 ~

100

Length of Each Span (ft)

T Tension

-100 A

-200 H

-300 H

-400 -

-500 H

-600 -

-700 A

20 40

l Compression

180

Length of Each Span (ft)

201

¢ Avg init = 549
psi, LL

= Avg init = 549
psi, no LL

< Avg init = 659
psi, LL

= Avg init = 659
psi, no LL




0 T T T T T T

20 40 60 80 100 180 140
l Compression M *
-100
*
— .
®
& *
< -200
(S}
[}
[a}
§S) * Avg init =770
Q si, LL
2 -300 = P
® = Avg init=770
a L psi, no LL
o
m a
< -400
R [ ]
[
-500 =
[ ]

-600

Length of Each Span (ft)

Figure E.9: Final Stresses for Two -Span Cont. AASHTO Girder Bridges; Init. Comp. = 770 ps
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Figure E.10: Final Stresses for Three-Span Cont. PCBT Girder Bridges; Initial Comp. = 219 psi
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Final Stress at Top of Deck (psi)

Figure E.11: Final Stresses for Three -Span Cont. PCBT Girder Bridges; Initial Comp. = 439 ps
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Figure E.12: Final Stresses for Three -Span Cont. PCBT Girder Bridges; Initial Comp. = 549 ps
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Figure E.13: Final Stresses for Three -Span Cont. PCBT Girder Bridges; Initial Comp. = 658 ps
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Figure E.14: Final Stresses for Three -Span Cont. AASHTO Bridges; Init. Comp. = 219 ps
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Final Stress at Top of Deck (psi)

Figure E.15: Final Stresses for Three -Span Cont. AASHTO Bridges; Init. Comp. = 439 ps
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Figure E.16: Final Stresses for Three -Span Cont. AASHTO Bridges; Initial Comp. = 549 psi
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Figure E.17: Final Stresses for Three -Span Cont. AASHTO Bridges; Init. Comp. = 658 ps
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Figure E.18: Final Stresses for Three -Span Cont. AASHTO Bridges; Init. Comp. = 767 ps
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