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ABSTRACT

This research focused on prestressed concrete bulb-T (PCBT) beams made composite
with a cast-in-place concrete deck and continuous over several spans through the use of
continuity diaphragms. The current AASHTO design procedure states that a continuity
diaphragm is considered to be fully effective if a compressive stress is present in the bottom of
the diaphragm when the superimposed permanent load, settlement, creep, shrinkage, 50% live
load, and temperature gradient are summed, or if the beams are stored at least 90 days when
continuity is established. It is more economical to store beams for fewer days, so it is important
to know the minimum number of days that beams must be stored to satisty AASHTO
requirements. In addition, if the beams are stored for 90 days before erection, the positive
moment detail must have a factored nominal strength (¢M,) greater than 1.2 times the cracking
moment (Mc;).

In 2005, Newhouse tested the positive moment diaphragm reinforcement detail that is
currently being adopted by the Virginia Department of Transportation. The first objective of this
research was to determine if the detail was adequate if beams are stored for 90 days. The second
objective was to determine if, based on AASHTO requirements, beams could be stored for fewer
than 90 days.

After the analysis of all PCBT beam sizes and a wide variety of span lengths and beam
spacings, it can be concluded that Newhouse’s detail, four No. 6 bars bent 180° and extended
into the diaphragm, is adequate for all beams except for the PCBT-77, PCBT-85, and the PCBT-
93 beams when the beams are stored for a minimum of 90 days. For these three beam sizes,
three possible solutions are presented: one with two additional bent strands extended into the
continuity diaphragm, one with an additional hairpin bar extended into the diaphragm, and one
with L-shaped mild reinforcing bars extended into the diaphragm.

To determine the minimum number of storage days required to satisfy AASHTO’s
requirement for compression at the bottom of the diaphragm, a parametric study was performed.
The PCA method was used in this analysis with the updated AASHTO LRFD creep, shrinkage,
and prestress loss models. The parametric study included all sizes of PCBT beams, with two
beam spacings, three span lengths and two beam concrete strengths for each size. Both two-span
and three-span cases were analyzed.

It was concluded that about half of the cases result in a significant reduction in the
minimum number of storage days if the designer is willing to perform a detailed analysis. The
other half of the cases must be stored for 90 days because the total moment in the diaphragm will
never become negative and satisfy the AASHTO requirement. In general, narrower beam
spacing and higher concrete compressive strength results in shorter required storage duration. A
recommended quick check is to sum the thermal, composite dead load, and half of the live load
restraint moments. The beam must be stored 90 days if that sum is positive, and a more detailed
time-dependent analysis will indicate a shorter than 90 day storage period if that sum is negative.
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INTRODUCTION
Continuity Diaphragms in Composite Systems

A bridge comprising simple-span precast, prestressed bulb-T beams made continuous
with a cast-in-place diaphragm and composite with a cast-in-place deck is a very efficient and
durable system. In 2005, Newhouse presented a detail for the positive moment connection for
Virginia’s PCBT beams (Newhouse, 2005). In 2007, the AASHTO specification articles
regarding continuity diaphragms were updated to reflect research done as part of NCHRP Project
12-53 (Dimmerling et al.). The research presented in this report was undertaken to determine if
the detail recommended by Newhouse is in compliance with the new AASHTO specification
articles.

Composite Bridges

A composite bridge system is one in which the deck and the beams are bonded together
so that the system strains and deflects as one unit. Composite construction is generally preferred
because there is a substantial increase in strength and stiffness when the deck and beams are tied
together. However, it is more difficult to calculate the forces in the system due to time-
dependent effects, especially in the case of precast prestressed concrete beams with a cast-in-
place deck.

The time-dependent effects that occur in the beams and deck include creep, shrinkage,
and relaxation of prestressing steel. The most dominant forces and moments develop from
differential shrinkage between the deck and beam, which occurs because each component has a
different ultimate value and rate of creep and shrinkage. Nevertheless, the entire cross-section
must strain compatibly since the beams and the deck are made composite when the deck is
poured. The younger concrete in the deck will shrink more than the older concrete in the beam.
The beam restrains the deck shrinkage to some degree. The result is that compression develops
in the top of the beam and tension develops in the bottom of the deck, since there cannot be



discontinuity in the strain through the cross-section of the beam and deck. Figure 1 illustrates
this behavior. The forces that develop cause rotation at the end of the beam if it is simply
supported, and cause restraint moments to develop in the continuity diaphragm if the bridge is
made continuous.
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Figure 1. Strains and Stress in a Composite Section

Precast Prestressed Beams Made Continuous

A continuous bridge is one in which two or more simple spans are connected end-to-end
with continuity diaphragms (Figure 2). To understand the moments that develop in a continuity
diaphragm, consider a simply supported system. The ends of the beam are able to rotate freely
throughout the service life of the bridge from the effects of creep, shrinkage, prestress loss, live
loads, temperature gradients, and other loading conditions. In a continuous system, no further
end rotation is allowed after the continuity diaphragm is poured and the ends of the beams are
fixed. Moments must then develop in the continuity diaphragm to restrain the rotations (Figure
3).

Deck Deck
Continuity
Beam Beam
Diaphragm
[ [ I I
Pier

Figure 2. Simple Continuity Diaphragm lllustration
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Figure 3. Restraint Moment Illustration

A continuous bridge has several advantages over a series of simple span structures. First,
there is a reduction in mid-span bending moment and deflection. This is economical because the
beam cross-section can be reduced, or fewer prestressing strands can be used in cases where the
member size is fixed (Mattock et al. 1960). Second, making a bridge continuous will improve
serviceability by eliminating joints in the deck. The removal of joints will improve the riding
surface of the bridge, and durability will be improved because the water and salts from the deck
will not drain onto the substructure. Many people consider this the most important advantage
(Freyermuth 1969). In addition, the exclusion of joints in a design will reduce the initial cost of
the bridge and also reduce bridge maintenance. Finally, a bridge that has been made continuous
will redistribute moments if the load capacity is exceeded for a particular beam in the system
(Mattock et al. 1960). This provides redundancy.

Although the advantages of continuous systems are numerous and many states are using
them, there is not complete agreement on the best method to calculate the restraint moments that
develop in the continuity diaphragms or how to detail the positive moment connection. Note that
the negative moment connection is not discussed in this document because it is provided through
the deck reinforcement, which is much easier to adjust than the positive moment reinforcement
which must enter into the end of the beam. This study uses the current design standards, which
are the AASHTO LRFD Bridge Design Specifications, for the analysis of the positive moment
connection in continuity diaphragms (AASHTO 2007).

AASHTO LRFD Bridge Design Specifications

The Virginia Department of Transportation (VDOT) has been designing an increasing
number of continuous bridges using the relatively new PCBT beams. The primary goal of this
research was to determine if the continuity diaphragms in bridges using PCBT beams are in
compliance with current LRFD specifications. Section 5.14.1.4.5 of the AASHTO LRFD Bridge
Design Specifications states:

The connection between precast girders at a continuity diaphragm shall be considered fully effective if
either of the following are satisfied:

The calculated stress at the bottom of the continuity diaphragm for the combination of superimposed
permanent load, settlement, creep, shrinkage, 50 percent live load and temperature gradient, if applicable, is
compressive.



The contract documents require that the age of the precast girders shall be at least 90 days when continuity
is established and the design simplifications of Article 5.14.1.4.4 are used.

Section 5.14.1.4.4 states:

The following simplification may be applied if acceptable to the owner and if the contract documents
require a minimum beam age of at least 90 days when continuity is established:

Positive restraint moments caused by girder creep and shrinkage and deck slab shrinkage may be taken to
be 0.

Computation of restraint moments shall not be required.

A positive moment connection shall be provided with a factored resistance, $M,, not less than 1.2 M,,, as
specified in Article 5.12.1.4.9.

Therefore, the AASHTO specifications are straightforward and relatively simple as long
as the beams are older than 90 days before they are made composite and continuous. However,
since it is less economical to wait until beams are 90 days old, it is preferable to store them for
less than 90 days even though the calculations are more involved. Determining the forces and
moments throughout the life of a bridge system can become a fairly in-depth process, especially
if both the deck and the beam are creeping and shrinking at different rates. Therefore, a design
aid that determines if the continuity diaphragm is fully effective for beams younger than 90 days
would be very beneficial.

PURPOSE AND SCOPE

VDOT has been frequently incorporating the fairly new PCBT beam shape into new
bridge designs. In 2005, based on analytical and laboratory research, Newhouse determined that
the most efficient detail for the continuity diaphragm for PCBTs was four No. 6 bars bent 180°
and extended into the diaphragm (Newhouse 2005). This detail is shown in Figure 4. The
research presented in this report was initiated to determine if this detail was adequate to satisfy
the new provisions for continuity diaphragms in AASHTO LRFD 2007.
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Figure 4. Proposed Continuity Diaphragm Detail

OBJECTIVES

Since Newhouse’s work in 2005, the AASHTO LRFD Bridge Design Specifications have
been updated. This leads to the two primary objectives of this research:

1. Determine if the continuity diaphragm detail developed by VDOT engineers and
Virginia Tech researchers and presented in Newhouse (Figure 4) for precast concrete
beams made continuous and composite with a cast-in-place deck is adequate for all
PCBT beams older than 90 days according to the new AASHTO Specifications. If



the detail is not adequate for particular cases, develop a modified detail with
additional strands or mild reinforcing that will provide sufficient moment capacity.

2. Determine the minimum number of days that a particular PCBT beam in a continuous
and composite system must age before being erected so that the new AASHTO
specifications are satisfied.

To satisfy the first objective of this research, design parameters were varied and
calculations were performed for each variation to determine if the Newhouse diaphragm detail
for PCBT beams is sufficient for all cases. The parameters that were held constant are as
follows:

The bridge being analyzed is a two-span continuous structure.
The diaphragm concrete has a compressive strength of 4 ksi.
The deck thickness is 8 in.

The haunch height is 1 in.

The yield strength of the reinforcing bars is 60 ksi.

A two-span continuous system is more critical than a three or more span system, and the
other assumptions are typical for VDOT designs. The variable parameters include:

e the beam spacing,
¢ the span length and
e the beam size.

For each size beam, the design strength ($M,) must be greater than or equal to 1.2 times
the cracking moment for all combinations of beam spacings and span lengths. If this
requirement is not met, the detail must be modified to satisfy the requirement. For this analysis,
the strength of the concrete in the beam did not matter because calculations were based on the
strength of the diaphragm concrete, not the beam concrete.

To meet the second objective of this research, it was necessary to develop a design aid (in
the form of a MathCAD spreadsheet) that determines for what beam storage duration continuity
diaphragms for PCBT beam bridges can be assumed to be fully effective according to Article
5.12.1.4.5 of the AASHTO specifications. A variety of different size PCBT beams at different
ages, span lengths, concrete compressive strengths, and deck widths were considered in this
study. The design aid simplifies the current procedure and allows for continuous brides to be
designed and analyzed more efficiently. This will save time and money in the design and
construction processes.

Another component of the second objective was to explore how accurately the PCA
method (Mattock et al. 1960) calculates stresses and strains in composite concrete sections. This
is important because the PCA method is very commonly used and generally accepted for
calculating the restraint moment due to time-dependent effects. Results obtained using the PCA
method were compared to results acquired using another method that is considered to be a more
accurate way to calculate the stress redistribution in composite sections caused by time-

6



dependent effects of creep and shrinkage. Although the PCA method is frequently used, there
are doubts as to how accurate it is, especially when the creep characteristics of the beam and
deck are different. Results from this analysis were used to determine if the PCA method can be
used in conjunction with the AASHTO LRFD specifications in the development of the design aid
for PCBT continuous spans.

METHODS

This section describes the methods used to check the Newhouse diaphragm detail for
compliance with AASHTO LRFD 2007 provisions. First the methods used to check
requirements for beams older than 90 days are described. Then the methods used to determine
the minimum duration of storage required are described.

Beams Older than 90 Days
Background

This portion of this document analyzes prestressed concrete beams that are a minimum
age of 90 days when continuity is established. Appendix C presents dimensions for all PCBT
beams sizes that were analyzed in this study. Figure 5 is a generic sketch of the beam after it is
made composite with a cast-in-place deck.

be

A
\ 4

\/

Figure 5. Sketch of PCBT Beam with Deck and Haunch

The objective of this section is to determine if the standard continuity diaphragm detail
presented by Newhouse (Figure 4) provides sufficient moment capacity for all PCBT beams
older than 90 days. The applicable AASHTO LRFD article requires that the factored nominal
moment of the diaphragm be greater than or equal to 1.2 times the cracking moment, as long as
the beams are stored 90 days before establishing continuity. Newhouse’s detail consists of four
No. 6 bars bent at a 180° angle, with a total area of 3.52 in®. If the detail, with mild reinforcing
bars only, does not provide adequate strength, it is necessary to determine how many 0.5-in-



diameter prestressing strands or additional No. 6 bars must be extended into the section to
provide sufficient moment capacity.

Design Variables and Assumptions

Not all combinations of possible design parameters can be tested. So, some basic
assumptions were made to analyze PCBT continuity diaphragm details. Two-span cases are
considered in the analysis because they are the most critical. The deck and diaphragm concrete
compressive strength is assumed to be 4 ksi, the deck thickness is 8 in, and the haunch height is 1
in. The area of steel in one No. 6 bar is 0.44 in’, and the yield strength of the bars is 60 ksi.
Therefore, the design parameters that are varied are the beam spacing, span length, and beam
size. Note that the strength of the concrete in the beam is not a variable, because all calculations
are based on the strength of the diaphragm concrete.

Calculations

The diaphragm details are evaluated based on the AASHTO LRFD Bridge Design
Specifications for diaphragms connecting beams older than 90 days. In particular, the applicable
equation is from Article 5.14.1.4.9.

M. >12M,, D

It is important to provide reserve capacity past cracking in the diaphragm. This ensures
that if a crack opens, the steel will not immediately yield and the cracks should remain well
controlled. This strength requirement is necessary because additional capacity past cracking will
allow for a warning before larger problems occur. Article 5.5.4.2 defines the appropriate
resistance factor, ¢, as 0.9.

The nominal moment resistance, My, of the continuity diaphragm, is defined in Article
5.7.3.2.2. The following equation results after the appropriate terms are eliminated for the
particular cases being analyzed:

Mn=Apsfps(dp_%j+Asfs(ds_%j @

where:

A, = area of prestressing steel

f,s = average stress in prestressing steel at nominal flexural resistance

d, = distance from extreme compression fiber to the centroid of prestressing tendons

a = depth of the compression block

A = area of non-prestressed tension reinforcement

f, = stress in the mild steel tension reinforcement at nominal flexural resistance

ds = distance from extreme compression fiber to the centroid of non-prestressed tensile
reinforcement



The area of prestressed and non-prestressed steel, and the distance from the extreme
compression fiber of the member to the centroid of the prestressing tendons and to the centroid
of the non-prestressed steel, can be easily determined. The area of mild steel is based on the
detail developed by Newhouse and is held constant for the initial calculation. For a modified
detail with extended strands, the area of the prestressing steel is variable, so it is necessary to
adjust the number of strands extended into the continuity diaphragm until the factored nominal
moment is greater than 1.2 times the cracking moment for all of the cases that are tested.

Assuming that the strains are within the elastic range, the stress in one strand at general
slip can be taken as (Salmons 1975):
3)
L, -825

ps 0.163
where:

L. = length of the strand

The strand length, L., is calculated as the summation of “a” and “b” in Figure 6.
According to the research done by the Missouri Department of Transportation and considering
the minimum lengths specified by AASHTO, the detail considered for this analysis has a value
“a” of 10 in and a value “b” of 20 in. So, the total strand length is 30 in.

Deck
Concrete Continuity
Girder Diaphragm

(o

Prestressing Strand

Figure 6. Length of Prestressing Strand Extended into the Continuity Diaphragm

Due to the very broad top flange width, the depth of the compression block, a, can be
assumed to be less than the depth of the deck. The equation to determine this value is:

4)
A fo+ AT

~0.85f' by,



where

besr = the effective flange width
£, the specified compression strength.

Note that it is important to confirm that the depth of the compression block is indeed less than
the depth of the deck after it has been calculated.

The effective flange width, or be, is defined in Article 4.6.2.6.1 of AASHTO, and must
be calculated to determine the depth of the compression block, a. So, bes is the least of:

o i the effective span length

e 12 times the average depth of the deck, plus the greater of the web thickness or 2 the
width of the top flange of the beam

e average adjacent spacing of the beams.

In addition, Article 4.6.2.6 defines the effective span length for a continuous span as
being “the distance between the points of permanent load inflection.” So, for a two-span bridge,
the distance between points of permanent load inflection is half the span length.

The cracking moment must be found to determine if the diaphragm reinforcement is
adequate for beams older than 90 days. Article 5.7.3.3.2 of AASHTO defines the cracking
moment, M, as:

MCI'=SC(fI’+pre)_MdnC(SS_C_ljSSCfI’ (5)
where

fipe = compressive stress in concrete due to effective prestress forces only (after
allowance for all prestress losses) at extreme fiber of section where tensile stress
is caused by externally applied loads

Mane = total unfactored dead load moment acting on the monolithic or noncomposite

section
Se = section modulus for the extreme fiber of the composite section when tensile stress
is caused by externally applied loads.
Sne = section modulus for the extreme fiber of the monolithic or noncomposite section
where tensile stress is caused by externally applied loads
fi = modulus of rupture.

The parameters f.,. and Mgy in the previous equation are equal to 0 for the purpose of
calculating the diaphragm cracking moment. Therefore, the above equation can be reduced to:

=S f — Icomposite f (6)

cr cr r

M

ycomposite
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Where

Leomposite. = the moment of inertia for the composite section
Yeomposite = the distance from the bottom of the beam to the centroid of the composite
section.

Article 5.4.2.6 in AASHTO defines the modulus of rupture, f;, for normal weight
concrete as:

f=024,T", @

with f; and . in ksi.

Note that f°, for the calculations in this section, refers to the compressive strength of the
diaphragm concrete, not the compressive strength of the beam.

Sample Calculations

Consider a PCBT-77 beam with a beam spacing of 8 ft and a span length of 130 ft. For
this study, the following parameters are considered to be constant:

Diaphragm compressive strength of 4 ksi

Slab thickness of 8 in

Haunch height of 1 in

Area of steel bars of 3.52 in* (Newhouse standard detail of four No. 6 bars bent
180°).

For this particular beam size, the following parameters can be found in Appendix C:

Beam moment of inertia of 788,700 in*

Beam area of 970.7 in’

Beam height of 77 in

Distance from bottom of beam to centroid of 37.67 in.

(See Appendix A for the calculations.)

1.2 M, = 16,490 in-k
oM, = 16,930 in-k.

No additional strands or mild reinforcing bars are needed.

This calculation was performed for a wide variety of beam sizes, span lengths, and beam
spacings.
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Beams Younger Than 90 Days
Introduction

Section 5.14.1.4.5 of the AASHTO LRFD Bridge Design Specifications gives two
conditions that can be used to determine if a bridge can be considered fully continuous for live
loads. Either the calculated stress at the bottom of the continuity diaphragm for the combination
of superimposed permanent load, settlement, creep, shrinkage, 50 percent live load and
temperature gradient, if applicable, is compressive or the beams must be at least 90 days old. It
is important to determine for what beam age at the time continuity is established the diaphragm
moment is negative, because it is not profitable to store beams longer than necessary. However,
one must be able to predict long-term effects in order to determine if the AASHTO requirement
is met for beams that are stored less than 90 days before continuity.

This section presents the methods used to calculate the time dependent moment, the live
load moment, the composite dead load moment and the thermal gradient restraint moment. By
far the most difficult to calculate is the time dependent moment, and there is continued debate
about the best method to use to calculate this moment. For the purposes of this research, the
PCA method (Freyermuth 1969) was used in the analysis with the updated creep and shrinkage
models presented in the AASHTO LRFD Bridge Design Specifications. The model is described
in the following section.

PCA Method

In the 1950s, the Portland Cement Association (PCA) undertook several projects that
focused on composite construction so that an analysis method could be developed (Hognestad et
al. 1960). The findings of a well-known researcher, Mattock, were also included in the
development of the PCA method which states, “the effects of creep under prestress and dead load
can be evaluated by an elastic analysis assuming that the beam and slab were cast and prestressed
as a monolithic continuous beam” (Mattock et al. 1961). The result was the “Design of
Continuous Highway Bridges with Precast Prestressed Beams” bulletin (Freyermuth 1969),
which laid out the PCA method that is still used in the calculation of restraint moments in
continuity diaphragms today.

The article published by Freyermuth (1969) stated that the effects of the prestressing
force and dead load can be modified to account for creep by multiplying by a factor of:

1- e*¢ (8)

The negative restraint moment due to shrinkage can be modified by a factor of:

1—e™ ©)
¢
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where

¢ = creep coefficient for the beam

The PCA method also outlined a method to calculate the creep coefficient. The specific
creep strain for a loading that occurs at a beam age of 28 days is based on the modulus of
elasticity at the time of the loading. This modulus is obtained from a 20-year loading curve,
assuming that the ultimate creep occurs at 20 years. Another figure is then used to adjust the
creep strain for the actual age of the concrete at loading, which occurs when the beam is
prestressed. A size coefficient is used to adjust the creep strain for a particular volume to
surface-area ratio that is being analyzed. Since this method is used to analyze composite and
continuous systems, another figure is used to determine the coefficient that represents the percent
of the ultimate creep that will have occurred at the time the connection is made. The creep
strain that must be developed by the continuity diaphragm must, therefore, be adjusted by a

factor of 100 percent minus the percent of creep strain that has occurred up to the time of
continuity.

The PCA method also defined the differential shrinkage moment due to the different
shrinkage rates of the beam and the deck. The differential shrinkage moment can be calculated
as follows:

tj (10)

where

eqier = differential shrinkage strain
E, = elastic modulus for the deck slab concrete
Ay, = cross-sectional area of deck slab

2

e’» = centroid of the composite section, measured from top of beam
t = thickness of the slab.

The differential strain was to be calculated, if measurements were not available, based on
an ultimate shrinkage strain for both the deck and the beam of 600ue. A time development curve

for shrinkage was provided to determine the remaining shrinkage for the beam based on its age at
erection.

The 1969 PCA bulletin contained the following equation to calculate the final restraint
moment over the pier:

l—e™? (1)
Mr:(Yc_YDL)'(l_e¢)_Ys'( P J+YLL
where
M, = final restraint moment
Y. = restraint moment at a pier due to creep under prestress force
Ypr = restraint moment at a pier due to creep under dead load
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Y, = restraint moment at a pier due to differential shrinkage between the slab
and beam
Yo = positive live load plus impact moment

The PCA bulletin also recommended positive and negative moment reinforcement. It
was determined that a viable option for the positive moment continuity reinforcement was
reinforcing bars at right angles that were extended into the diaphragm. This detail was tested at
the PCA Labs, and it was recommended that 60% of the yield stress be used in design of the
diaphragm so that the live load plus impact stress range is reduced and there is more assurance
against the possibility of diaphragm cracking. It was also suggested that the negative moment
continuity reinforcement be designed using the compressive strength of the beam concrete.

The theoretical basis for the PCA method is widely considered to be valid and the
outcomes are generally conservative. In this case, conservative means that the error is in
predicting a more positive moment than actually occurs. However, it is also widely recognized
that the creep and shrinkage models presented in the original bulletin are not accurate for today’s
high-performance, high-strength concretes.

Testing the PCA Method

The time-dependent restraint moment that develops in a continuity diaphragm includes
the differential shrinkage restraint moment, the prestress losses restraint moment, the moment to
restrain prestress creep rotations, and the moment to restrain dead load creep rotations. The PCA
method (Equation 11) is a widely accepted method used to calculate the restraint moment due to
time-dependent effects. It is often preferred because it is relatively simple and considered to be
conservative.

The work of Alan Mattock is the basis for what is known as the PCA method today
(Mattock et al. 1961). He states that moments develop to restrain the end rotation that would
have occurred if the beams in continuous spans were not rigidly connected. Mattock concluded
from his research that these moments, “are similar in character and distribution to the secondary
moments which are set up in monolithic prestressed continuous beams, prestressed by a non-
concordant prestressing tendon”. He also concluded that, “for design purposes, and assuming
usual construction procedures, it may be assumed that the distribution of moments and forces
will change toward that which would have occurred if the loads applied to the individual
elements before continuity was established had instead been applied to the structure after
continuity was established” (Mattock et al. 1961). Mattock assumes that the creep coefficients of
the beam and deck are the same, but problems arise because that is not the case for most real
bridge structures. Also, it has been debated if the prestress force should be applied to the beam
alone instead of the composite cross-section as Mattock suggests. Therefore, there are two
questions that needed to be answered before the PCA method was used in the calculation of
prestress restraint moments for this research:

e Should the prestress moment be applied only to the beam or to the composite cross-
section?
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e Does the PCA method accurately predict the restraint moment in continuity diaphragms if
the creep coefficients for the beam and the deck are different?

Separate Sections Method

To answer these questions, results from the PCA method were compared to an alternative
method to determine if the PCA method accurately calculates the diaphragm restraint moment
due to the prestress force. A method was developed by Trost and updated by Menn to calculate
the final stresses in a composite cross-section (Menn 1986). This method is referred to as the
separate sections method in this report, and is considered to be an accurate method for
calculating the stress redistribution in composite sections caused by time-dependent effects of
creep and shrinkage. The stresses from the PCA method were compared to the stresses from the
separate sections method to determine the accuracy of the PCA method.

Figure 7 shows the initial creep producing forces and moments, the changes in forces and

moments, and the change in strain that occur in a composite system over time due to creep and
shrinkage.

Mp® AMp

CG of deck/haunch Np° ANp
_ [ F o uets/Aaet - 9, 9_,

Figure 7. Forces, Moments, and Strain Distribution for a Composite Cross-Section
where

MDO = Initial moment in the deck

Np” = Initial force in the deck

MGO = Initial moment in the beam

Ng” = Initial force in the beam

AMp = Change in the moment in the deck
ANp = Change in the force in the deck
AMg = Change in the moment in the beam
ANg = Change in the force in the beam
ANpgs =Change in the force in the deck
Aep =Change in strain in the deck

Aeg =Change in strain in the beam
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Agps = Change in strain in the prestress

Ay = Change in curvature of the system
a = Distance from centroid of the deck and haunch to the centroid of the beam
b = Distance from the centroid of the beam to centroid of prestress.

The separate sections method is based on the equations of internal equilibrium, the

equations relating forces to deformations in the beam and the deck (constitutive equations), and

compatibility of deformations through the depth of the cross-sections using the above listed
variables. It is assumed that all changes in moments and forces are positive, so a negative
change in force resulting from the solution of the simultaneous equations denotes a more

compressive force. Tensile stresses and elongating strains are considered to be positive, whereas

moments and curvatures with compression at the top and tension at the bottom are positive.

Equilibrium:
ANp +ANg +AN =0 (12)
a-ANp +b-AN +AM, +AM; =0 (13)
Constitutive:
N,° AN
Ag, = —2 + D 1+ pu- 14
D E.A, Po EDAD( U“-9p) (14)
Ng° AN
Agg = —F5 +—S 1+ u- (15)
G EGAG¢G EGAG( M- Ps)
A AN
Epg=—"
ps Aps . Eps (16)
M’ AM
Ay =—2 + D (1+ u-
X EDID¢D EDID( UePp) (17)
Mg’ AM
Ay =—2F +—2(1+u-
4 E.l, s EGIG( M) (18)
Compatibility:
Aep =Agg —Ay-a (19)
AgPS =A€G +AZb (20)

After the equations are derived, they can be solved simultaneously. The initial forces and

moments are considered to be known parameters because they are found from the initial loads on
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the section. Solving the system of equations gives the changes in the forces, moments, and
strains in the system. Note that shrinkage was ignored for this study. Also notice that the
prestress relaxation is not included in this analysis because it is considered to be negligible
compared to the other forces.

Calculation of Change in Stresses Using the Separate Sections Method

Equations 12 through 20 are solved simultaneously so the stress distribution changes can
be determined for the cross-section. Consider an example of a PCBT 77 beam with a span length
of 130 ft, beam spacing of 6 ft, 38 prestressing strands, and a creep coefficient of 2.0 for the
beam and deck. The given parameters at mid-span are found in Table 1. The stress distribution
for this example at mid-span, found using the separate sections method, is shown in Figure 8.

The first term in Equation 11 (final moment per the PCA method) calculates the time
dependent moment due to the prestressing moment minus the dead load moment times the

reduction factor (1 e’ ) This is the portion of the PCA method equation that is being analyzed

in this study. So, the initial moments and forces, inserted into Equations 12 through 20, are
computed due to the prestress force and the deck and self-weight moments only. Differential
shrinkage moments and live load moments are not considered for this comparison.

Table 1. Sample Given Parameters for Testing the PCA Method

Ap 576 in’

Ep 3605 ksi
Npo 0 kips

dp 2.0

In 3072 in*
Mpy 0 in-kips
u 0.8

Ag 970.7 in’
Eqg 5098 ksi
NG() -942 kIpS
Og 2.0

Ig 788700 in*
Mo 9167 in-kip
Aps 5.814 in’
Eps 28000 ksi
a 43 in

b 29.7 in

Calculation of Rotation Using the Separate Sections Method

The goal of this analysis is to determine if the PCA method accurately predicts the
restraint moments in continuity diaphragms due to prestressing forces when compared to the
separate sections method. Therefore, it is important to determine if the two methods give similar
rotations at the end of the beam, since the rotation at the ends of the beams is needed to compute
the restraint moments that develop in continuity diaphragms. Note that change in curvature is
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defined as the rate of strain change through the depth of a section, while change in rotation is
considered to be the amount that the section rotates (in radians) over a given time.
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Stress, psi (positive is compressive)
Figure 8. Change in Stress Distribution through Cross-Section

To estimate the change in rotation, the change in curvature should be obtained for several
critical points. These include the end of the beam, the end of the transfer length, half the
distance to the harping point, the harping point, and mid-span. It is necessary to calculate the
change in rotation at these points, if not more, because the location of the center of gravity of the
strands will cause a variable prestressed moment along the length of the beam. Once a plot of
the change in curvature vs. length along the span is created, the moment area method is used to
compute the change in rotation.

Figure 9 presents a general plot of how the change in curvature varies from the support to
mid-span. Note that, for simplicity, it is assumed that the plot is a straight line between each of
these points so that the area under a portion of the curve (and therefore the change in rotation)
can be found by averaging the changes in curvature between points and multiplying by the
distance between them. The total change in rotation at a support is then the total area under half
of the change in curvature diagram, if the beam is symmetric about mid-span.

Note that a certain distance is needed to develop the prestressing force, which is known
as the transfer length. AASHTO states that testing indicates that the transfer length is about 50
times the strand diameter. Therefore, the prestressing force, and consequently the moment
caused by the prestressing force, is zero at the end of the beam. It is assumed in our example,
which uses 0.5 in diameter prestressing strands, that the full prestressing force is transferred at 25
in from the end of the beam.
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Figure 9. Sample of Change in Curvature along Half of the Span Length
PCA Method

As previously mentioned, the PCA method only considers the creep coefficient of the
beam. This allows stresses and strains to be computed directly, which avoids the complicated
simultaneous equations necessary in the separate sections method. In this section, stresses are
computed with the PCA and compared to the results from the separate sections method. This
example is again for a PCBT 77 beam with a span of 130 ft, beam spacing of 6 ft, 38 strands, and
creep coefficient of 2.0 for the beam and deck, as was discussed in the previous section.

Calculation of Change in Stresses Using the PCA Method

The PCA method assumes that, with a change in statical system, a system creeps from its
original state toward the state it would have been in if it was originally constructed in its final
configuration. The difference, in moments or forces or stresses, between the original and final

state is multiplied by (1 - e‘¢) to reflect the influence of creep on the change in system.

First, the stress in the original configuration due to the prestress and dead load must be
calculated. This calculation uses the section properties of the bare beam. This is because there
would be no transfer of force or moment from the prestress in the beam to the deck or haunch at
the time the deck is placed. Also note, if creep of the beam were zero, this would also be the
final distribution of stress through the cross-section. Figure 10 shows the initial stress
distribution on the bare beam at mid-span.
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Figure 10. Initial Stress through Cross-Section

Then, the stress is computed if the creep is infinite, which is the state of stress if all forces and
moments were applied to the final composite system. The composite cross-sectional properties
of the beam and deck are used in the calculations. The stress distribution is shown in Figure 11.
Note the sudden change in stress at the deck-beam interface (at the beam height, 77 in). This is
due to the difference in the moduli of elasticity at this point.
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Figure 11. Stress Through Cross-Section If Creep Is Infinite (forces applied to final system)

Subtracting the stress in the initial configuration from the stress in the final configuration
(stresses if creep is zero from the stresses if creep is infinite) will yield the change in stress due
to creep. This is shown in Figure 12.
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Figure 12. Change in Stress Through Cross-Section (from Zero to Infinite Creep)

Then, the final stress for the top of the deck, bottom of the deck, top of the beam, and bottom of
the beam can be found using the relationships defined in the PCA Method. They are:

fat = Faot fuc (1 e ¢g) (21)
fu i = Togo+ fogc-(1-€7%) (22)
ftg,f = tgo tgc (1 € ¢g) (23)
fbg o fbgo+ fbgc (1 € ¢g) (24)

where

fiar = stress in the top of the deck at final time

fiao = stress in the top of the deck in initial configuration

fiqc =change in stress in the top of the deck from initial to final with infinite creep
¢; = creep coefficient of the beam.

The other variables in Equations 22 through 24 are defined similarly to those in Equation
21 for the bottom of the deck, the top of the beam, and the bottom of the beam. Note that
differential shrinkage is ignored.

Calculation of Rotation Using the PCA Method

As mentioned previously, in addition to comparing stresses, it is important to compare
the unrestrained rotation at the end of the beams since that will cause diaphragm restraint
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moments to develop in continuous spans. The PCA Method states that the rotation at the end of
the beam due to prestress can be computed using the following equations:

where

Ss : Peff '(ycomp _es)' L

fpca, =
2By ogmp (25)
Sh : Peff : lo'l(ycomp - ehms )_ 0'2(ehend - ycomp )J L (26)
tpea, = E. -1
g~ !comp
fhca = Gpca, + Gpca, (27)

Opcas = rotation due to straight strands

Opcan = rotation due to harped strands

Opca = total rotation

Ss = number of straight strands

Sn = number of harped strands

P.r = effective prestressing force per strand

Yeomp= composite centroid measured from the bottom of the beam

es = centroid of straight prestressing strands measured from the bottom of the beam
ehys = centroid of harped prestressing strands from the bottom of the beam at mid-span
eheng = centroid of harped prestressing strands from the bottom of the beam at end of

beam
L = span length
E, =modulus of elasticity of the beam

Leomp = composite moment of inertia.

One of the objectives of this comparison was to determine if 0,c, should be computed by

applying the prestress force at an eccentricity relative to the centroid of the bare beam or relative
to the composite centroid. Also, notice that Equations 25 and 26 are derived using the moment
area method, so for reference, the M/EI diagrams for straight and harped strands are shown in
Figures 13 and 14.

Pe/El

0.5L L
Figure 13. M/EI Diagram for Straight Strands

Pe/El

0.4L 0.5L L
Figure 14. M/EI Diagram for Harped Strands
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Prestress Applied to Composite Cross-Section

A brief study was performed to determine if the prestress force should be applied to the
composite cross-section as recommended by the PCA method. The prestress was the only
loading condition considered in this study, and shrinkage was ignored. The work of Newhouse
(Newhouse 2005) contains a design example which was used to compare the PCA method and
the separate sections method. The parameters are presented in Table 2.

Table 2. Design Parameters from Newhouse

Beam Size PCBT-45
Beam compressive strength 8 ksi

Span length 100 ft
Modulus of the beam 4578 ksi
Moment of inertia of the beam 207,300 in*
Distance from beam centroid to the bottom 22.23 in
Area of the beam 746.7 in®
Deck width 6 ft
Thickness of the deck 7.51n
Haunch thickness 1.51in
Composite moment of inertia 432700 in*
Creep Coefficients (Beam and Deck) 2.0

The updated AASHTO LRFD models for creep, shrinkage, and prestress loss are used in
the time-dependent calculations. The separate sections method gives a rotation of 16,705,478/EI.
The rotation using the PCA method when the prestressing force is applied to the bare beam is
9,921,428/El, while the rotation when the PCA method is used applying the prestressing force to
the composite beam gives a rotation of 16,943,831/El. Newhouse (2005) provides a more in-
depth discussion of the calculations using the separate sections method.

Notice that there is substantially more difference when the prestress is applied only to
the beam cross-section. No further study was undertaken because limited results showed very
clearly that applying the prestress to the composite section is more correct.
